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Yttrium oxide has multiple applications both as a transparent material with good optical, mechanical, and
thermal properties, and for photonics when doped with rare earth ions. To achieve full transparency, a careful
control of the process, from the selection of powders to the final densification by sintering, is required. In this
context, the characteristics of the starting powders have a great impact on the final properties. In the present
work, the effect of milling conditions of two commercial Y203 powders on the properties of ceramics obtained by
cold isostatic pressing (CIP) and vacuum sintering was investigated. The milling rate varied between 80 and 300
rpm, and the milling time between 1 and 22 h. It was found that the optimal treatment conditions are 300 rpm

for 65 min, which provided a homogeneous nano-sized Y,03 powder. IR-transparent Y203 ceramics obtained by a
vacuum sintering have a transmittance of 78.30% (1100 nm).

1. Introduction

The interest in polycrystalline transparent materials is constantly
increasing due to the potential application in different areas, such as
solid-state laser materials, windows, scintillators, etc. [1-4]. Compared
to single crystals, polycrystalline materials have many advantages,
including a variety of shapes, low cost of fabrication, and improved
mechanical properties [5,6].

Yttrium oxide can be used in different applications because of its
physical and chemical stability, high melting point (2430 °C), relatively
high thermal conductivity, and transparency at a wide range of wave-
lengths (0.2-8 pm). Moreover, Y203 ceramics are characterized by a
lower emissivity at high temperatures compared to sapphire, ALON and
spinel [7,8]. However, due to the high melting point it is difficult to
grow Y503 single crystals. YoO3 transparent ceramics, on the other hand,
may be produced by sintering at temperatures much below the melting
point.

To ensure transparency, ceramics based on yttrium oxide must be
fully dense and free of defects. The most common defects in transparent
ceramics are pores [9,10]. The presence of pores in ceramics greatly
affects their optical properties, since the pores are the centers of light
scattering, which leads to a decrease in optical transmission values. To
avoid the pore formation, the right processing conditions and raw
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materials have to be chosen.

There are several methods for the fabrication of high-density trans-
parent ceramics: vacuum sintering, hot isostatic pressing (HIP), hot
pressing (HP), microwave, spark plasma sintering, or combinations of
the above (often vacuum sintering followed by HIP). The HP, HIP, and
SPS methods have many advantages, but their use is limited by the high
cost of the equipment and in the case of HP and SPS only components
with simple shapes can be produced. Therefore, the possibility of
obtaining transparent Y503 ceramics just by vacuum sintering, which is
a relatively widespread and available technique, is of high interest
[11-15]. To use vacuum sintering only in an effective way, it is bene-
ficial to increase sintering activity and reduce consolidation tempera-
tures, for example using very fine powders (submicron- to nanometric
powders) with high excess surface energy. Also, it is worth considering
that working with nanometric powders is quite challenging and there-
fore their comprehensive analysis is necessary. The powder character-
istics, such as particle size, morphology or specific surface area,
influence the sintering behavior and, as a consequence, the possibility
and conditions required for the achievement of fully dense, transparent
ceramics [1,16].

However, it should be noted that the effect of different starting
powders on the processability of Y,03 transparent ceramics has not been
studied much in detail. This work is focused on the powder treatment of
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Fig. 1. FESEM of raw yttria powders: (a) Nippon, (b) Stanford.

Fig. 2. FESEM of yttria powders after 22 h roller ball milling: (a) Nippon, NR; (b) Stanford, StR.
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Fig. 3. DLS results Nippon and Stanford powders before (raw) and after roller milling (NR and StR, respectively).
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Table 1
Parameters of ball milling; the NR and StR powders were milled by roller mill-
ing, all the other powders by planetary milling.

Powder Rate, rpm Time
NR (R - roller mixer) 80 22h
IN 100 65 min
2N 200 65 min
3N 300 65 min
2.1N 200 10h
3.IN 300 10h
StR (R - roller mixer) 80 22h
1St 100 65 min
28t 200 65 min
3St 300 65 min
Table 2

Powders characteristics. The Agglomeration degree has been calculated dividing
agglomerate size (DLS) with the primary particle size (SEM).

Sample  Agglomerates size SSA (BET) of Agglomeration
(DLS), nm powders, mz/g degree

N-raw 546 23.11 8

NR 289 19.22 4
St-raw 1784 4.08 12

StR 527 6.24 4

1IN 569 21.05 8

2N 489 19.64 7

3N 482 21.28 7

1St 981 - 7

25t 538 - 4

3St 458 7.17 3

2.1IN 288 24.38 4

3.IN 247 25.66 3.5

Y203 and the production of transparent ceramics: two commercial
powders with different morphology are selected for the study of the
effect of milling parameters on the morphology and sinterability of the
powders, eventually with the use of sintering aids.

To reduce the sintering temperature and improve the optical prop-
erties of Yy03 ceramics, sintering additives are usually used, for
example, AlyO3, YbyOs3, LayOs, ZrOs, ThO4, HfO5, Nd2O3 or their com-
binations [17-23]. However, the use of AlyO3 or LayOs easily leads to
the formation of a second phase, whereas ThO5 and HfO, have a high
cost and are toxic. Therefore, in this work, we used ZrO, as sintering
additive. With ZrO, the formation of secondary phases is generally
prevented as long as the Zr** concentration is within the solubility limit.
Indeed, changes in crystal lattice occur during the formation of a Y,0s:
Zr** solid solution from the starting materials, and this activates diffu-
sion processes that promote the densification without the formation of a
secondary phase.
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The aim of this study is to provide practical information related to
the selected powders, and to make more general considerations, linking
the microstructure and the type of defects in the sintered ceramics to the
process parameters and powder characteristics, using only vacuum
sintering to produce transparent ceramics.

2. Materials and methods
2.1. Ceramics fabrication

Highly pure commercial powders were used as starting materials: (a)
Y203 (99.99%, Nippon Yttrium Co., Ltd., Japan) and (b) Y203 (99.99%,
Stanford Advanced Materials, USA) further denoted as N- and St-
powders, respectively. ZrOz (Tosoh TZ-0Y), was used as sintering ad-
ditive (3 mol. %). PEG 400 (1 wt%) was used as dispersant. The powders
were weighed according to stoichiometry and ball milled for 1-22 h
with 2 mm zirconia balls in absolute ethanol as solvent. Rotation speed
was tested in the range 80-300 rpm, using either roller ball mill with
plastic jars (at 80 rpm) or a planetary ball mill with a zirconia jar (at
speeds from 100 to 300 rpm). The powder:ball:ethanol ratio was 1:15:3
by weight. After milling, the slurries were dried in a furnace for 12 h at
80 °C. Green bodies were obtained by uniaxial pressing (d = 20 mm) at
55 MPa and cold isostatic pressing (CIP) at P = 250 MPa. Annealing in
air was performed at 800 °C for 1 h. Afterwards, samples were sintered
in vacuum at 1700-1735 °C with a soaking time of 24-32 h. All samples
were mirror-polished after sintering and further analysed. The thickness
of the samples after polishing ranged from 1.05 to 2.2 mm.

2.2. Characterization of the powders and sintered samples

The morphology of the starting and ball milled powders as well as the
microstructure of sintered ceramics were analysed by scanning electron
microscopy (SEM, Sigma, Zeiss) after ultrasonication treatment. The size
of the primary particles and of the agglomerates has been determined
from the SEM analysis of approximately 10 pictures. The Brunauer-
Emmett-Teller (BET, Surfer 11510300, Thermo Scientific) specific sur-
face area of the powders was measured by nitrogen adsorption appa-
ratus. Dynamic light scattering method (DLS, Malvern Zetasizer Nano
ZSP) was used to measure particle size. The density values of the green
bodies and bulk densities of the sintered samples were determined by
the geometrical and the Archimedes method, respectively. For SEM
analysis ceramics samples were thermally etched at 1150 °C for 1 h. The
transmittance spectra of the ceramics were obtained with UV-VIS-NIR
spectrometer (Lambda 750, PerkinElmer).

Fig. 4. SEM micrographs of Y,O3 powders milled at a milling rate of 300 rpm for 65 min: (a) 3N powder; (b) 3St powder.
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Fig. 5. DLS results for (a) 1N, (b) 2N, (c¢) 3N, (d) 2.1N, (e) 3.1N powders.
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Fig. 6. DLS results for (a) 1St, (b) 2St, (c) 3St powders.

3. Results and discussions
3.1. Milling of powders

3.1.1. Raw Y,03 powders

Fig. 1 shows SEM photographs of the two as-received Y,03 com-
mercial powders. Nippon powder (Fig. 1a) (further N-raw powder) has
loosely connected agglomerates with an irregular shape which easily

break during ball milling. According to the SEM results, this powder
consists of round, slightly elongated primary particles. The average
primary particle size of N-raw powder is approximately 70 nm. The
Stanford powder (further St-raw powder) (Fig. 1b) is more agglomerated
compared to N-raw Y,Os; the size of agglomerates is quite large, and
their shape is irregular. These agglomerates consist of densely packed
particles and have a lot of cracks whose presence seems to facilitate the
milling process of St-raw powder. The individual particles seem to have
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Fig. 7. SEM micrographs of 3.1N-powders milled at 300 rpm for 10 h.

plate-like shape. The average size of the primary particles for St-raw
powder is about of 145 nm. Specific surface area (BET) of N-raw and
St-raw powders is 23.11 m?/g and 4.08 m?/g, respectively (see Table 2).

According to the SEM, the agglomerates size of the N-raw Y,03
powder is around 0.6 pm, which correlates quite well with the DLS re-
sults (average size is about 0.55 pm). Conversely, the agglomerates size
of St-powder is in the range 1.0-10.0 pm, whereas by DLS it is smaller.
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This difference is probably due to the fact that large agglomerates
sediment fast and therefore are not detected by the DLS analysis.

3.1.2. The 1st milling treatment (NR and StR powders)

Both yttrium oxide powders were milled in a roller mixer at 80 rpm
for 22 h. SEM micrographs of these milled powders (further indicated as
NR and StR) are shown in Fig. 2. The NR powder exhibits smaller ag-
gregates compared to the StR. Both powders still exhibit some agglom-
eration, but the size of the agglomerates decreased as a result of the
milling treatment. Agglomeration degree, which is number of primary
particles in an agglomerate, decreased. It indicates that the milling
process is effective. Conversely, the average size of the primary particles
was not changed significantly after milling.

According to the DLS analysis, the particle size for N-raw and NR
powders is in the range 0.3-4.0 pm (Fig. 3). Conversely, St-raw powder
has a monomodal and narrow distribution of particle size around 1 pm
whereas StR exhibits a wider particle size distribution.

Both for Nippon and for Stanford powder, there is a shift of the peaks
to the area of smaller particle sizes after the milling treatment. This
indicates that already the low-energy roller milling is efficient in
reducing the particle size. In addition, NR powder does not exhibit the
quasi-bimodal distribution of the N-raw, but a wide particle distribution
in the range from 100 nm to 1 pm, plus a smaller number of particles
with a larger size (Fig. 3). As for the Stanford powder, a wider particle
size distribution is observed after milling, but with a significant decrease

Table 3
Relative density of green bodies after CIP.
Sample IN NR 2N 3N 2.IN 3.1N StR 1St 2S5t 3St
p, % TD  47.48 +£1.51 47.88+0.83 48.12+198 50.30+1.28 49.45+1.19 48.83+1.32 5411+1.16 5432+262 5586+135 52.64+6.18

Fig. 8. Microstructure of fracture surface of sintered St-ceramics at 1700 °C for 24 h: (a) 1St, (b) StR, (c) 2St, (d) 3St.
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Fig. 9. SEM micrographs showing the microstructure of fracture surface of sintered N-ceramics at 1700 °C for 24 h: (a) 1N, (b) NR, (c) 2N, (d) 3N.

Table 4
Characteristics of vacuum sintered ceramics.

Vacuum sintering at 1700 °C for 24 h

Sample IN NR 2N 3N 18t StR 28t 38t

p, % TD 99.88 £ 0.2 99.66 + 0.2 99.44 £ 0.1 99.83 + 0.2 85.74 £ 0.3 93.66 + 0.2 92.51 £ 0.3 93.65 + 0.3
Grain size, pm 1-3 1-3 1-3 1-3 1-3 2-5 2-5 2-5
Vacuum sintering at 1735 °C for 32 h

Sample IN NR 2N 3N 2.IN 3.IN

p, % TD 100.0 + 0.1 100.0 + 0.3 100.0 + 0.2 100.0 + 0.1 100.0 + 0.3 100.0 + 0.2

Grain size, pm 3.6 £ 0.2 4.2+ 0.4 4.6 £ 0.3 3.8+ 0.3 4.1+0.3 4.1+0.5

in particle size, which is consistent with the results of SEM morphology
analysis (Figs. 2-3).

3.1.3. The 2nd milling treatment (1IN — 3N and 1St - 3St)

In a second set of experiments, N-raw and St-raw powders were
milled by the planetary ball mill at milling rates in the range of 100-300
rpm for 65 min (Table 1). The N-powders exhibit a similar morphology
after the various treatments, despite the different milling rate. The same
applies to the St-powders. An example of the obtained morphologies is
shown in Fig. 4. The N-powders have a more uniform morphology with
smaller agglomerates compared to St-Y,0s. The small size of the N-
powder can promote the interaction between the particles, leading to
the formation of the agglomerates shown in the SEM pictures.

BET results for analysed powders are shown in Table 2. Increasing of
milling rate leads to a slight decrease of the SSA, even with reference to
the raw powder. This can be due to the aforementioned interactions
among particles.

The DLS analyses reported in Fig. 5(a—c) and 6 show that for both
Nippon and Stanford powders, with a milling time of 65 min, the

increase of the milling rate from 100 to 300 rpm leads to a slight
decrease of the agglomerate size (Table 2). In addition, for Nippon
powder a more uniform particle distribution was observed with a mill-
ing rate of 300 rpm. This effect is observed due to the increased process
energy and intensity of interaction between the particles, balls, and jar
surfaces during milling. The probability of collisions that lead to milling
increases at higher milling rate. As a result, smaller particles are formed
[24].

The irregular hard agglomerates of the Stanford powder do not
disappear after milling, even if their size decreases to about 460 nm.
These data are in agreement with the SEM and BET results (Table 2).
Following these results, Stanford powder does not seem to be suitable for
obtaining fully dense transparent ceramic samples. Indeed, the presence
of the hard agglomerates in the Stanford powder would easily lead to
defects, in particular to residual porosity with an uneven distribution,
that would prevent to obtain fully transparent components. In this re-
gard, for the following milling tests, the Nippon powder was chosen.
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Fig. 10. SEM photographs of microstructure of thermal etched N-samples obtained by vacuum sintering at 1735 °C for 32 h: (a) 1N, (b) NR, (c) 2N, (d) 3N, (e) 2.1N,

(f 3.1N.

3.1.4. The 3rd milling treatment (2.1 N and 3.1 N)

The Nippon powder was milled at the rate in the range of 200-300
rpm for 10 h to investigate the effect of milling time. The obtained 2.1N
and 3.1N powders have similar morphology, so SEM photographs are
presented only for 3.1N-powder (Fig. 7). According to DLS results,
increasing the milling time allows to obtain more uniform and finer
powders (see Fig. 5 d-e). No decrease of primary particles size is
observed, but the agglomeration degree decreased significantly
compared to the raw powder (Table 2). The average particle size
calculated from SEM analyses is around of 70 nm, and the SSA of 2.1N
and 3.1N powders is higher compared to the SSA obtained with shorter
milling time. According to these results, the increase of the milling time
is particularly effective in the decrease of the agglomerates size, as
shown by the morphology of the 3.1N-powder characterized by presence
of some soft agglomerates. The decrease of agglomerates size with the

extension of process duration was promoted by a more extensive colli-
sion among the particles, the milling balls and the jar walls.

3.2. Shaping

Green bodies were obtained by uniaxial pressing followed by CIP and
their relative density in % of the theoretical density (further TD) is
presented in Table 3. The relative density of N-samples is in the range
from 47.5 to 50.3 TD % and in the case of St-samples it is higher
(52.6-55.9 TD %).

The dependence of the relative density of these pressed compacts on
the specific surface area of powders was investigated. In case of the
Nippon powders, the relative density of the green bodies increases with
the increase of the specific surface area for IN-3N and then decreases for
2.1N-3.1N, as shown in Tables 2 and 3. This indicates that 3N powder
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Fig. 11. SEM photograph of microstructure illustrated of residual porosity of
1N sample obtained by vacuum sintering at 1735 °C for 32 h; some large pores
are visible on the right side of the image.

has optimal characteristics to achieve fully dense ceramics. A further
increase in specific surface area (2.1N and 3.1N), even a slight one, led
to lower green density. These latter powders are therefore less suitable
for shaping by pressing than 1N-3N because their green microstructure
may easily contain defects, which prevent the obtainment of pore-free
final microstructure [1]. As for the agglomerates of Nippon Y203,
these are loosely connected (Figs. 2a, 4a and 7), and do not affect the
pressing operations. On the other hand, if the particles are nanometric
with a high specific surface area as for Nippon powders, it may be
necessary to change the pressing conditions (e.g., apply a lower pres-
sure) in order to prevent cracking of the pressed bodies. The use of other
shaping methods may also be contemplated.

Conversely, with the Stanford powder that is coarser, the green
density is higher, but the presence of hard agglomerates (Figs. 2b and
4b) prevents the obtainment of a uniform microstructure that could lead
to fully dense transparent ceramics after sintering. As it was noticed in
the part 3.1.3, this type of powders is not suitable to obtain fully dense
materials by pressing.

3.3. Vacuum sintered ceramics

The green bodies obtained from N- and St-powders by uniaxial
pressing and CIP, were calcined in air at 800 °C for 1 h and sintered in
vacuum at 1700 °C for 24 h. Only the N-ceramics were transparent,
while all St-samples were opaque. The microstructure of all samples was
analysed by SEM (Figs. 8-9).

Fig. 8 shows the microstructure of St-ceramics. These samples are
highly porous. The pores are interconnected, and their size is compa-
rable with the grain size (1-3 pm). As a result, these samples are opaque
and their relative density is low (Table 4). The low density is caused by
the high number of pores. The presence of hard agglomerates with
irregular shape in the powders, which did not break during milling play
also a role in preventing a dense packing of particle. Among the 4
Stanford powders, those exhibiting the higher densities (StR and 3St)
have the lower agglomerates size and higher SSA. Still, since these ce-
ramics are highly porous, they are opaque. As mentioned above, the
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pores in ceramics are centers of light scattering, which leads to deteri-
oration of optical properties of material due to different refractive in-
dexes of air and Y503 [10,25-28].

The microstructure of N-ceramics (Fig. 9) is more uniform compared
to St-samples because the powder is finer and less agglomerated. All the
fracture surfaces are transgranular, which indicates good mechanical
properties. Some defects, in particular residual porosity, are present in
all N-samples. Compared to St-samples, the Nippon ones exhibit much
less pores, which in addition are isolated. The microstructure is more
uniform with the less agglomerated powder (2.1N and 3.1N), since they
can be pressed easier. Density of ceramics samples obtained at 1700 °C
for 20 h is in the range 92.51-93.66% TD and 99.44-99.88% TD for St-
and N-ceramics, respectively. These data are confirmed by the SEM re-
sults and optical properties of these samples, since the St-samples pre-
sent the highest porosity and the lowest transmittance.

In addition to pressing, densification during vacuum sintering is
important. The size, shape and curvature of powder particles have a
significant influence on these processes, ultimately determining the
sinterability of these powders. SEM and DLS analyses reveal that the N-
powders have a smaller particle size, resulting in a higher excess surface
energy compared to the St-powders. Thus, Nippon is characterized by a
higher sintering ability which translates in denser ceramics samples. As
a result of densification, transmittance increases. The same regularity is
observed in the sintering of N-powders obtained under different milling
conditions. The smaller the particles and the more uniform their size
distribution, the more efficient the first stage of sintering. Thus, it can be
concluded that increasing of milling rate of powders leads to a higher
quality of samples due to formation of smaller particles.

Since the analysed samples are porous and pores are at the grains
boundaries, it should be possible to remove these defects by increasing
the sintering time and/or the temperature [20,29,30]. A second sinter-
ing cycle was therefore performed at a higher temperature (1735 °C) for
a longer soaking time (32 h) on N-samples only, since they exhibited the
more promising microstructure. As expected, increasing of sintering
temperature leads to an increase of density and grain size (Table 4). The

—— 3N (300 rpm, 65 min}
— MR (80 rpm, 22 h)

— 3.1N (300 rpm, 10 h)
— 2 1N (200 rpm, 10 h)
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Fig. 13. In-line transmittance of Y,O3 ceramics obtained by vacuum sintering
at 1735 °C for 32 h, normalized for 1 mm thickness. Captions to curves are
arranged in order of decreasing transmittance.
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Fig. 12. N-ceramics obtained by vacuum sintering at 1735 °C for 32 h: (a) 1IN, (b) NR, (c¢) 2N, (d) 3N, (e) 2.1N, (f) 3.1N.
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obtained relative density is high and close to the theoretical values.

The SEM micrographs of thermally etched surfaces of the sintered
samples are shown in Fig. 10.

Small spots formed on the surface of the ceramic in consequence of
the thermal etching treatment and in some cases, the effect of the
thermal etching is less effective due to scratches on the surface of the
samples. In general, the samples have a quite uniform microstructure
with no secondary phase. It should be noticed, however, that some re-
sidual porosity is still present despite the increased temperature and
soaking time, probably as a consequence of the presence of some re-
sidual agglomerates [31]. Since the amount these residual pores is
limited, it may be within the measurement error of the Archimedes’
method, but it may influence the optical properties. Some pores with
size of about 1 pm were observed in samples 1N and 2N along the grain
boundaries (Fig. 11). According to the SEM results, other N-ceramics are
characterized by an almost pore-free microstructure. As discussed in
section 3.1, higher milling rate and time lead to a smaller particle size
and higher specific surface area. Increasing the specific surface area
improves the sinterability of powders and, as a result, it leads to an in-
crease in the densification of samples [16].

3.4. In-line transmittance

Optical properties were analysed only for N-samples, since St-
ceramics are opaque. The appearance of mirror-polished ceramics ob-
tained from N-powders is shown in Figs. 12 and 13 shows the in-line
optical transmittance spectra.

Optical transmittance spectra of the sintered samples obtained from
NR, 2.1N and 3.1N powders are very similar, which indicates that the
treatments performed on these powders have a similar effect for
obtaining transparent samples. The highest transmittance has been
achieved with the 3N-sample sintered at 1735 °C for 32 h from powder
with a relatively uniform morphology, narrow particle size distribution
and a specific surface area of 21.28 m%/g.

To compare the optical properties of Y203 ceramics, the obtained
data were normalized to a thickness of 1 mm. The theoretical trans-
mittance of Y203 is 82.43% at 1100 nm, which was calculated using the
formula Tpax = 2n/(1+n2), and refractive index data for Y503 from
Ref. [32]. For 3N sample (thickness 1.3 mm), the normalized in-line
transmittance value reached 78.30% at 1100 nm, i.e. 95.0% of theo-
retical transmittance.

4. Conclusions

In this study the influence of the starting powders and routes of their
treatment on the optical transparency of Y03 transparent ceramics
were investigated, with the following conclusions.

1. The Nippon powder is better suited than the Stanford powder for
obtaining high-density optically transparent ceramics due to its
smaller primary particle size (around 70 nm), softer agglomerates,
and higher specific surface area. In contrast, Stanford powder is still
agglomerated after milling. In addition, the shape of agglomerates is
irregular, which affects the shaping of green bodies by uniaxial
pressing. A high-energy milling could improve the morphology of St-
powder, but it can be a source of contamination.

2. The optimal ball milling parameters for obtaining powder with
suitable characteristics were a milling speed of 300 rpm for 65 min.
These results are supported by SEM, DLS and the specific surface area
of 3N powder. The powder obtained under these conditions has a
uniform morphology. Increasing the milling time to 10 h leads to
powders with slightly higher values of specific surface area, but also
to the formation of defects (pores) during pressing and, as a result, to
a decrease of in-line transmittance.

3. A transparent high-density defect-free Y503:3 mol. % ZrO; ceramic
was obtained from 3N powder by CIP and vacuum sintering at

Open Ceramics 15 (2023) 100391

1735 °C for 32 h. This ceramic exhibited a density close to the
theoretical one, an average grain size of 3.8 + 0.3 pm, and optical
transmittance of 78.30% at 1100 nm (95.0% of the theoretical
value).
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