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Highly transparent Y03 ceramics were fabricated suppressing the formation of oxygen vacancies during vacuum
sintering for the first time. Oxygen stabilization in transparent Y03 ceramics was successfully enabled by addi-
tional ZrO, oxygen source considering thermodynamics. The oxygen-stabilized ceramics approached nearly the-
oretical transmittance without further post-annealing and hot isostatic presssing. This new approach is
potentially applicable for the fabrication of other transparent ceramics.
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Transparent polycrystalline ceramics have been investigated for in-
frared (IR) windows, solid-state laser media, scintillators and bio-appli-
cations in order to substitute for the single crystals [1-9]. From the
perspective of Mie scattering theory, high optical performance of poly-
crystalline ceramics can be achieved by fabricating pore-free and high
purity ceramics [10]. Special sintering technologies such as vacuum
sintering, vacuum hot pressing and spark plasma sintering (SPS) are
used in order to obtain fully dense ceramics. Sintering in a vacuum con-
dition is widely preferred to remove the nitrogen gas from the pellets
[11]. While full density can be obtained via sintering in a vacuum, the
final products show black color, or so-called discoloration [12,13]. It is
known that the discoloration is due to the oxygen vacancy in the ce-
ramics resulted from the reducing condition in the vacuum. The oxygen
vacancies give rise to the formation of Fand F* centers in the wide band
gap and these absorption bands can contribute to the transmission per-
formance below 300 nm [10,14]. It is still unclear what the exact conse-
quences of oxygen vacancies are for larger wavelengths and
discoloration.

The oxygen vacancies in the sintered ceramics can be removed con-
ventionally by post-annealing in air or in an oxygen atmosphere [15,16].
However, the post-annealing is insufficient to improve the optical trans-
mittance due to the pore development by evaporation of residual car-
bon or sulfur particles in the bulk [17,18]. It is difficult to eliminate the
oxygen vacancies perfectly preventing the pore development during
the post-annealing and the optical performances are inevitably deterio-
rated. The pore development during the post-annealing inevitably dete-
riorates the optical performance and therefore, it is difficult to obtain
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highly transparent ceramics by post-annealing. To solve this problem,
the transparent ceramics fabricated via sintering in a vacuum need
post-annealing in air for a long time and then further a hot isostatic
pressing (HIP) procedure [13,19]. The further HIP process is disadvanta-
geous in the aspect of cost-effectiveness. There is demand to fabricate
transparent ceramics via the most simple route possible for the
commercialization.

The transparent yttria ceramics has been fabricated recently by one-
step vacuum hot pressing employing tantalum foil [20,21]. The green
body was wrapped by the tantalum foil to prevent carbon contamina-
tion from the graphite mold. The formation of oxygen vacancies also
could be restricted to some degree resulting from the low sintering tem-
perature of the hot pressing. The as-sintered samples showed high opti-
cal transmittance, but the use of tantalum still has limitations in
commercialization considering cost-effectiveness. Wrapping the Y,03
green body with tantalum foil also can cause deformation of the final
sintered body including wrinkles.

Herein, we fabricated transparent Y,O3 ceramics preventing the
formation of oxygen vacancies during the vacuum sintering step.
The development of oxygen vacancies was suppressed by thermody-
namic stabilization of yttria phase in a vacuum. At elevated temper-
atures in a vacuum condition, the decrease in oxygen of the yttria
powder bed induces oxygen ion diffusion from the pellets to the
bed, thereby yielding an undesired oxygen-deficient phase. It was
possible to prevent loss of oxygen ions from the pellets using a suit-
able oxygen supplier considering the thermodynamics. We applied
this strategy and successfully fabricated transparent Y,03 ceramics
by one-step vacuum sintering for the first time. The as-sintered ce-
ramics showed transmittance that was close to the theoretical
value from the visible to the IR range.
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Commercial nano powder Y,03 (99.999%, Dso = 50 nm, Lumi M Co
Ltd., Seoul, Korea) and ZrO(CH,COO), (Sigma-Aldrich, St. Louis, MO)
powders were prepared as raw materials. The raw powders were mixed
according to the ZrO, doping concentration of 3 mol% and ball milled
with ZrO, balls in ethanol (99.9%, Samchun, Pyeongtaek, Korea) for 24 h.
After ball-milling process, the slurry was dried by hot plate at 80 °C. The
dried powder were ground and sieved through a 200-mesh sieve and
then calcined at 900 °C for 5 h. The as-calcined powders were uniaxially
dry-pressed under 20 MPa into 15 mm diameter steel disks and subse-
quently were cold isostatically pressed (CIP) under 200 MPa. Sintering
was conducted at 2025 K for 5 h in a graphite vacuum furnace. The Y505
transparent ceramics were mirror-polished on both surfaces. The post-an-
nealing was conducted at temperatures between 1250 and 1450 °C in air
for 5 h. The in-line transmittance of the Y,03 ceramics was measured by
a UV-Vis-NIR spectrophotometer (Lambda 1050, Perkin Elmer, Wellesley,
MA). All the transmittance data were re-calculated to the transmittance at
1 mm thickness. The grain boundaries and pores were observed by
transmission electron microscopy (FE-TEM Tecnai G2 F30, FEI Company,
Netherlands). The TEM specimens were prepared by a dual beam focused
ion beam (DB-FIB, Helios NanoLab, FEI, Netherlands).

The oxygen vacancies are generated in the oxide materials in low ox-
ygen partial pressure at the elevated temperature. An additional source
of oxygen is needed to fill the oxygen vacancies [22]. Stabilization of
Y505 is possible by reduction of ZrO,, which is determined from the
Ellingham diagram (Fig. 1(a)) [23]. The oxidation reactions of the Y
and Zr are expressed as

§Y+02-»§Y203 &)
Zr + 0,—Zr0, (2)

The change of the Gibbs free energy (AGo) of Egs. (1) and (2) is rep-
resented as Eq. (3).

AG(1)—AGY(2)<0 (3)
4 2
Y+ 210, 2Y,05 4 Zr (4)

The change of Gibbs free energy is negative (i.e. — 40 < kcal/gfw) and
Eq. (4) is favored. The Y,0s3 is thermodynamically stable in contact with
the ZrO,, and the oxygen diffusion could be possible in the Y,03/ZrO, in-
terface. The vacuum sintering could be performed at 2025 Kin the Y,05-
Zr0, system considering that the melting points of Zr and ZrO, are
2130 K and 2990 K, respectively.

The Y,03 powder bed (Fig. 1(b)), which is conventionally used, is
sacrificed to prevent some reduction of the Y,05 pellets. However, at
high temperature, oxygen ions are diffused from the Y,05 pellets to
the oxygen deficient Y,05; powder bed. The Y,053 pellets suffer oxygen
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depletion and the oxygen vacancies make the final sintered products
darker. To prevent the development of oxygen vacancies in the sintered
oxides, oxygen replenishment is needed by supplying an oxygen source.
In the Y>03/ZrO, dual powder bed (Fig. 1(c)), an additional ZrO,, layer is
used as a source of oxygen. The oxygen vacancies in the Y,05 pellets
could be eliminated by oxygen ion diffusion from the ZrO, powder,
and an oxygen defect-free final product is obtained after sintering in a
vacuum. The reduced ZrO, powder layer after the vacuum sintering
can be easily recycled by heat treatment in air.

Photographs and in-line transmittance of 1-mm thick Y,05 transpar-
ent ceramics are presented in Fig. 2(a). The as-sintered body, which is
presumed to contain oxygen vacancies, is black and shows decreased
overall transmittance. It was also reported that the transparency is ex-
tremely deteriorated in all wavelength ranges due to the oxygen-defi-
cient phase in the transparent ceramics [10]. The post-annealing was
conducted for the blackish samples to fill the oxygen vacancies. The
post-annealing was conducted for the blackish samples to fill the oxygen
vacancies. The post-annealed sample shows higher in-line transmittance
but a slightly whitish color. A further process such as HIP is needed to ob-
tain nearly theoretical transmittance. In this work, we used the Y,03/ZrO,
dual powder bed to make oxygen-stabilized Y,03 ceramics for one-step
vacuum sintering. The oxygen-stabilized sample shows nearly theoretical
transmittance without the post-annealing and HIP procedure. The color
of the oxygen-stabilized sample is also very clear as seen by the naked
eye. The effects of post-annealing temperature and time on the optical
properties of the transparent ceramics have been researched to find the
best annealing conditions [12,24]. The post-annealing temperature was
changed from 1250 to 1450 °C and all the post-annealed samples were
compared with the oxygen-stabilized sample (Fig. 2(b)). The relative
in-line transmission at 800 nm was highest in the ceramics post-annealed
at 1300 °C (98% @ 800 nm). The oxygen-stabilized specimen shows 99.8%
relative in-line transmission at the same wavelength.

The microstructure of the final products was observed to confirm the
optical scattering factor in the post-annealed specimen. TEM images of
the grain boundary in the transparent Y,03 ceramics are presented in
Fig. 3. The as-sintered ceramics for both uncontrolled and oxygen-stabi-
lized specimens are shown in Fig. 3(a) and (c). All the grain boundaries
are clean and pore-free. On the other hand, nano pores are observed in
the ceramics post-annealed at 1300 °C for 5 h (Fig. 3(b)). The pore size
at the grain boundaries is around 23 nm. It is concluded that the grain
boundaries include the pores resulting from the post-annealing. A pos-
sible reason for pore development during post-annealing has been
demonstrated [12,18,25]. The de-sintering phenomenon has been as-
cribed to minor impurities in the oxide oxidizing and gathering at the
grain boundaries in a gas phase. Minor impurities such as carbon or sul-
fur can be one of the sources of pores, and the preparation of ultra-high
purity powder is needed [26,27]. The post-annealing procedure inevita-
bly produces porosity and deteriorates the optical property of transpar-
ent ceramics.
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Fig. 1. (a) Ellingham diagram for oxygen reactions at the Y,03/ZrO, interface calculated with thermodynamic data [23]. Mechanisms of 0?~ diffusion during vacuum sintering at 2025 K. (b)
Y,05 powder bed; 0~ diffusion from the Y,0; pellet to bed. Y,05 pellets suffering for oxygen depletion and metallic during vacuum sintering. (c) Y,0s/ZrO, dual powder bed; 0?~ diffusion

from additional ZrO, layer as an oxygen source.
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Fig. 2. (a) In-line transmittance of 1 mm-thick Y,03 transparent ceramics. Inset:
photographs of the corresponding samples. (b) In-line transmittance evaluated at \ =
800 nm (Tj,, 800) of the oxygen-stabilized Y,03 ceramics and post-annealed samples
from 1250 to 1450 °C for 5 h, respectively.

The origin of the decrease in transmission at the short wavelength
region is porosity and it can be demonstrated by the Mie scattering the-
ory. We calculated the estimated size and volume fraction of pores
based on the Beer-Lambert law and Mie scattering theory using the
in-line transmittance curve of the post-annealed specimen. The Beer-
Lambert law can be expressed as Eq. (5), and the surface reflection, R
is determined by Eq. (6) [28].

RIT = (1 —Rs) exp(—+yd) (5)
Rs— 2R withR — (ﬂ)z 6)
T14+R T \n+1

where R; is the reflection losses at the two sample surfaces at normal
light incidence, and d is the thickness of ceramics. <y describes the total
scattering coefficient consisting of grain boundaries, impurities, and
pore scattering. The surface reflection is determined by the refractive
index n of polycrystalline ceramics, and it is a fundamental physical pa-
rameter of materials. The refractive index of Y,0s is given by Eq. (7)
[29].
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Fig. 3. (a) TEM images of the grain boundary microstructure in transparent Y03 ceramics.
(a) As-sintered ceramics (uncontrolled). (b) Post-annealed one at 1300 °C for 5 h; nano
pores at the grain boundaries indicated by the black arrows. (c¢) As-sintered ceramics
(oxygen-stabilized).

The scattering coefficient of porosity, Ypore €an be expressed as Eq.
(8) [28,30].

p
'Ypore = (4/3),”1.3 'CSca,pore (8)

where p is the total porosity, r is the pore radius, and Csc, pore is the scat-
tering cross-section of one spherical pore. The Cqcapore Can be derived
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from the Mie solution to the Maxwell equation. The specific calculation
was conducted using the computation code [31]. Here, we assumed that
the pore size is bimodal and follows a Zero-Order Lognormal Distribu-
tion (ZOLD). The ZOLD distribution function, f(r), is expressed as Eq.
(9) [32].

2s2

fr) = K exp {[log<r> - log<rm>]z} )

where k is the normalization factor, ry, is the most frequent radius, and s
is the distribution width. Curve fitting was attempted to obtain the max-
imum R square value, R.

As shown in Fig. 4(a), the calculated transmittance curve shows
good agreement with the measured value when assuming the pores
have a bimodal distribution (R, > 99%). The calculated radius, ry,, is
around 8 and 20 nm, respectively. The calculated ZOLD distributions
of the pore radius are also represented in Fig. 4(b). The estimated pore
radius is very similar with the observed value at the grain boundaries.
It is determined that the post-annealing can deteriorate the transmis-
sion of transparent Y,03 ceramics because of the development of
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Fig. 4. (a) Calculated pore size and distribution based on the measured transmittance data
of the post-annealed one at 1300 °C for 5 h. The solid curve; measured transmittance. The
circles; calculated transmittance assuming that bimodal pore size and ZOLD distribution
by using Mie scattering theory. (b) Semi-logarithmic plot of ZOLD distributions, f(r)
versus pore radius.

pores at the grain boundaries. Further study of the origin of pore devel-
opment in transparent Y,03 ceramics is needed.

In conclusion, the suppression of the oxygen vacancies during the
fabrication of transparent ceramics is demonstrated successfully by in-
troducing a Y,03/Zr0O, dual powder bed, considering the thermodynam-
ics. The problem of oxygen depletion in the Y03 pellets can be solved by
utilizing an additional ZrO, powder layer as an oxygen supplier. The
one-step vacuum sintering is a powerful method enabling facile, cost-
effective fabrication and high in-line transmittance of the as-sintered
transparent ceramics. This concept is potentially applicable for the fab-
rication of other transparent oxides.
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