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Abstract

The effects of ball milling of starting powder and post-annealing of spark plasma sintered (SPSed) Lu,O5 on its microstructure and optical
property were investigated. When ball-milled powder was used, the SPSed Lu,O3 was found to have a larger grain size with wider distribution and
lower transparency than in the case using powder without ball milling. After annealing at 1323 K in air, the Lu,05 that was SPSed using ball-milled
powder became colorless, had a higher transmittance in the visible spectrum than the case where as-received powder was used, and exhibited
transmittances of 71.4% and 81.6% for wavelengths of 550 and 2000 nm, respectively.

© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Polycrystalline transparent ceramics have attracted much
attention owing to their many applications, including gain
media for solid-state lasers [1], envelopes for high-intensity
discharge lamps [2], and windows and domes for infrared
sensors [3]. Optically transparent ceramics have been
fabricated by pressureless sintering in a vacuum or hydrogen
(H,) atmosphere. The grain size of a sintered body produced by
pressureless sintering usually exceeds several or hundreds of
micrometers because of the high sintering temperature and long
holding time. This results in a deterioration of its mechanical
properties. Spark plasma sintering (SPS) is a promising method
that can be used in the fabrication of high-density ceramics
having fine grains at a relatively low temperature and within a
short holding time. By carefully controlling the SPS conditions,
highly transparent ceramics can be fabricated [4,5].

Lutetium oxide (Lu,O3) is a promising transparent ceramic
material that has various optical applications owing to its high
mechanical properties, good chemical stability, and high
thermal conductivity [6]. Transparent Lu,O; has been
fabricated using different starting powders, mainly homemade
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nano-sized powders. Zych et al. reported transparent Eu:Lu,03
using powder synthesized by a combustion method [7].
Transparent Nd:Lu,O3 using powders synthesized by a co-
precipitation method was reported by Lu et al. [8] and Chen
et al. [9]. Although these homemade powders are highly
sinterable and yield superior transparency, commercially
available powder is more useful for a wider range of practical
applications. We have previously reported the preparation of
transparent Lu,O3 using commercial powder by SPS [10].
However, the sintered Lu,03 body was slightly colored. Pre-
treatment of the source powder and post-annealing of the
sintered body can be effective in improving the transparency of
a SPSed Lu,O; body. In this study, we investigated the effects
of ball milling of commercial powder and post-annealing of
SPSed Lu,05 on its microstructure and optical properties.

2. Experimental procedure

Commercial Lu,O3; powder (Kojundo Chemical Lab, Japan;
purity: 99.9%) was used. The as-received powder was pre-
treated by ball-milling with a small amount of ethanol and
zirconia balls for 12 h. The milled slurry was dried at 333 K in
an oven for 24 h, and then ground and sieved through a 200-
mesh grid. For comparison, both the as-received and ball-
milled powders were sintered using an SPS apparatus (SPS-210
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LX, SPS SYNTEX INC., Japan). The sintering temperature was
increased to 873 K within 180 s and then to 1373 K within a
further 300 s. This temperature was then maintained for 300 s.
The sintering temperature was subsequently increased further
to 1723 K at a heating rate of 0.17 Ks™'. The sintering
temperature was then kept at 1723 K for 2.7 ks. A pressure of
10 MPa was pre-loaded at room temperature, and a final
pressure of 100 MPa was loaded above 1373 K and maintained
until the end of the sintering procedure. The linear shrinkage of
the specimens during the SPS process was continuously
monitored by observing the displacement of the punch rod and
corrected by the thermal expansion or contraction of the punch
rods. The SPSed specimens were mirror-polished on both sides
using diamond slurry. The final thickness of the specimens was
approximately 1 mm. The specimens were annealed in air at
1323 K for 43.2 ks.

The density was measured using the Archimedes method in
distilled water. The specimens were thermally etched in air at
1573 K for 3.6 ks. The microstructure was observed using a
field emission scanning electron microscope (FESEM, JSM-
7500F, JEOL, Japan). The average grain size was determined
from the linear intercept length [11], and the in-line
transmittance was measured using a spectrophotometer (UV-
3101PC, Shimadzu, Japan) for wavelengths between 190 and
2500 nm, and with a Fourier transform infrared spectrometer
(FTIR, 460 Plus, Jasco, Japan) between 4000 and 400 cm”!
(2.5-25 pm).

3. Results and discussion

Fig. 1 shows FESEM images of (a) as-received and (b) ball-
milled Lu,O3 powder. The as-received powder was scaly with
an average particle size of 5.55 pm (Fig. 1 (a)). After ball
milling, the particles became more homogenous and their
average diameter was reduced to about 0.29 pm (Fig. 1(b)).

Fig. 2 shows the sintering curves acquired during the SPS
process using as-received and ball-milled powders. Although
the final relative density of the Lu,O3 that was SPSed using
both powders was almost the same (more than 99.5% of the
theoretical value), the densification process was affected by the
powders. The starting packing density for ball-milled powder
was 39.0%, which is slightly greater than the 37.6% that was
calculated for as-received powder. At the point where the final
pressure was applied (dashed line), the Lu,Oj3 that was SPSed
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Fig. 2. Sintering curves of Lu,Oj3 sintered by SPS at 1723 K for 2.7 ks using as-
received and ball-milled powders. The dashed line refers to the application of
final pressure.

using ball-milled powder had a relative density of 55.4%,
whereas that using as-received powder was 52.0%. The
increase in relative density may be attributed to a decrease
in particle size and the improvement in the flowability of the
raw material after ball milling (Fig. 1(b)) [12]. After the
pressure was increased to 100 MPa, the relative density of the
Lu,0; that was SPSed using as-received powder increased and
the densification process finished more quickly than when ball-
milled powder was used.

Fig. 3 depicts the microstructure and grain size distribution
of SPSed Lu,Oj3 using as-received and ball-milled powders.
The Lu,0Oj3 that was SPSed using as-received powder had an
average grain size of 0.68 = 0.05 pm (0.05 pm: standard
deviation, Fig. 3(c)), while that using ball-milled powder was
0.91 £ 0.14 pm (Fig. 3(d)). In the Lu,O5 that was SPSed using
ball-milled powder, there were larger grains having a wider size
distribution than when as-received powder was used.

Fig. 4 presents photographs of Lu,05 that was SPSed using
both as-received and ball-milled powders. The lines of text,
which were placed 30 mm below the specimens, were legible,
and in both cases, were slightly gray in color. The color of the
ball-milled powder was a little darker. Fig. 5 shows the
transmittance spectra of both specimens in the visible and
infrared ranges. As shown in Fig. 5(a), the transmittance
increased with wavelength from 275 to 2500 nm, and for the
Lu,05 that was SPSed using as-received powder, it was higher

Fig. 1. FESEM images of (a) as-received Lu,O5; powder and (b) ball-milled Lu,O5; powder.
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Fig. 3. Microstructure and grain size distribution of Lu,O3; SPSed using (a, c) as-received powder and (b, d) ball-milled powder.
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Fig. 4. Photographs of Lu,05; bodies SPSed using (a) as-received powder and (b) ball-milled powder. The bodies were placed 30 mm above the text.
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Fig. 5. Transmittance spectra of transparent Lu,Oj3 sintered at 1723 K for 2.7 ks using as-received and ball-milled powders in the ranges (a) 190-2500 nm and (b)

2.5-12.5 pm (4000-800 cm ™ ").

than the case when ball-milled powder was used. The refractive
index of Lu,0j is reported to be 1.90 at 2000 nm [13] and thus
the theoretical transmittance can be calculated as 82.5%. The
transmittance of the Lu,0O5 that was SPSed using as-received
powder approached 75%, which exceeds 90% of the theoretical

value. Weak absorption peaks that were located at 1105 cm™ ' in
both specimens may be associated with C—O-C stretching.
Since SPS uses a graphite die, the sintering atmosphere may
contain CO and CO, gases, and these gases may have been
trapped in the specimens.
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Fig. 6. Photographs of SPSed Lu,0; bodies (a) without annealing and (b) annealed at 1323 K for 43.2 ks using ball-milled powder. The bodies were placed 30 mm

above the text.

In general, residual pores and defects can be the main
scattering and absorption centers in transparent ceramics. As
shown in Fig. 3, pores were rarely observed in the thermally
etched surfaces. Defects, particularly oxide vacancies, would
form because of the reduced atmosphere during the SPS
process, resulting in a darkened, gray appearance [14]. A high
concentration of defects may be assumed to be present in the
specimen using ball-milled powder because of surface defect
formation during the ball milling process [15]. A high
concentration of defects may also have caused the gray color
[4]. Moreover, the defects would accelerate the grain growth
during sintering [16].

Fig. 6 shows photographs of Lu,O5 that was SPSed using
ball-milled powder before and after annealing in air at 1323 K
for 43.2 ks. The color disappeared and the specimen became
colorless after annealing. Fig. 7 shows the transmittance
spectra of the annealed Lu,05 that was SPSed using different
starting powders. When SPSed with either as-received or ball-
milled powders, the post-annealing transmittance of the Lu,0;
increased significantly over the entire spectrum. For example,
the transmittance of Lu,O3 that was SPSed using ball-milled
powder increased from 25.5% to 71.5% at a wavelength of
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550 nm and also increased from 50.0% to 81.6% at a
wavelength of 2000 nm. When using ball-milled powder,
the corresponding transmittance in the visible spectrum from
230to 830 nm was higher than when using as-received powder.
The weak absorption peak that is located at 1105 cm™'
remained in both specimens post-annealing. Two additional
peaks appeared at 1514 and 1412cm™', which was in
agreement with the case of Lu,O3 powder and may have been
due to C-O stretching [17]. Both of these absorption peaks
were more intense in the Lu,O5 that was SPSed using ball-
milled powder than the case when as-received powder was
used. CO and CO, gases would have been readily trapped at
pores in the non-uniform microstructure of the Lu,Os3 that was
SPSed using ball-milled powder. The ultra-violet absorption
edge began at 270 nm for Lu,O3 that was SPSed without
annealing (Fig. 5(a)) and was 230 nm for those annealed at
1323 K (Fig. 7(a)). The blue-shift of the absorption edge
implied that there was a decrease in the number of oxide
vacancies [18]. During the annealing process, oxide vacancy
was compensated, resulting in its colorlessness and also
enhancing its transparency, particularly in the visible range
using ball-milled powder.
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Fig. 7. Transmittance spectra of Lu,O; bodies SPSed using as-received and ball-milled powder after annealing at 1323 K for 43.2 ks in the ranges (a) 190-2500 nm
and (b) 2.5-12.5 pm (4000-800 cm ™~ "). Both specimens were sintered at 1723 K for 2.7 ks. The dashed line refers to the theoretical limit in transmittance.
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4. Conclusions

The result of ball milling was the formation of small and
homogeneous particles. The Lu,05 that was SPSed using ball-
milled powder exhibited a larger grain size having wider
distribution and lower transmittance than that using as-received
powder. After annealing at 1323 K for 43.2 ks, the color of the
Lu,05 that was SPSed using both as-received and ball-milled
powder disappeared and the transmittance was enhanced. The
Lu,Oj; that was SPSed using ball-milled powder showed higher
transmittance in the visible range than that using as-received
powder after annealing. The highest transmittance of Lu,O3
that was SPSed was 81.6% at a wavelength of 2000 nm.
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