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Technical note

Highly transparent lutetium titanium oxide produced
by spark plasma sintering
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bstract
ransparent Lu2Ti2O7 pyrochlore was fabricated by reactive sintering using spark plasma sintering at 1723 K for 45 min. The sintered body
xhibited 72% transmittance at a wavelength of 2000 nm and 40% transmittance at 550 nm. The average grain size was 14.5 �m with uniform
icrostructure.
2010 Elsevier Ltd. All rights reserved.
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. Introduction

Pyrochlore rare-earth (RE) titanates (RE2Ti2O7) have varied
nteresting applications such as ion conduction,1 dielectrics,2

atalytic activity,3 radiation resistance for nuclear waste
ncapsulation,4 and phosphors.5,6 These characteristic prop-
rties result from their unique crystal structure consisting of
wo interpenetrating networks of corner-sharing Ti2O6 octahe-
ra and RE2O chains of distorted cubes.7 Thus, transparent
yrochlore rare-earth titanates are promising multifunctional
aterials combining the optical and other properties, such as

ielectric and photocatalytic properties; however, they have
ttracted little attention as transparent bodies because they are
ifficult to be fabricated by melting due to high melting point.

Lutetium titanium oxide (Lu2Ti2O7) also has a pyrochlore
tructure and is particularly suitable for application in an optical
maging system due to its high refractive index and high den-
ity. Although ionic and catalytic properties of polycrystalline
u2Ti2O7 were reported, transparent polycrystalline Lu2Ti2O7
ody has not been synthesized so far.
Recently, spark plasma sintering (SPS) has been used to
abricate transparent ceramics because of its characteristic fast
ensification without significant grain growth. By controlling
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he sintering parameters, such as temperature, heating rate, pres-
ure, dwell time, and atmosphere, highly transparent ceramics
ave been produced.8,9 In this paper, we report the fabrication
f transparent Lu2Ti2O7 by SPS using commercially available
ommon powders.

. Experimental procedure

Lu2O3 (Shin-Etsu Rare Earth, Tokyo, Japan, 99.99%) and
iO2 (Kanto Chemical Co. Inc., Tokyo, Japan, 99.9%, Rutile)
ere used as the starting materials for Lu2Ti2O7. These pow-
ers were mixed in the stoichiometric ratio Lu:Ti = 1:1 and then
all-milled with zirconia balls in ethanol for 10 h. Then, they
ere dried at 333 K for 24 h and passed through a 200-mesh

ieve. The mixed powder was poured into a graphite die with a
iameter of 10 mm and then directly reactive-sintered using an
PS apparatus (SPS-210 LX, SPS SYNTEX, Japan). The sin-

ering temperature was raised to 873 K in 3 min and 1373 K in
min, and then held at that temperature for another 5 min. The

emperature was further increased to 1723 K at 0.17 K/s and
aintained for 45 min. A pressure of 10 MPa was maintained

p to the point that the temperature reached 1373 K, after which

t was increased to 100 MPa in 1 min. After sintering, the spec-
men was annealed at 1023 K in air for 6 h. The specimen was

irror-polished on both sides using diamond slurry. The final
hickness of the specimen was 0.8 mm.

dx.doi.org/10.1016/j.jeurceramsoc.2010.09.010
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absorption edge. This value is in between Lu2O3 (5.4 eV) and
TiO2 (3.0 eV) and similar to that of cubic pyrochlore Y2Ti2O7
and Gd2Ti2O7 (3.5 eV).10 The reflective loss across both sur-
faces of the specimen can be calculated as 32.4%, assuming
Fig. 1. FESEM of starting p

The density was measured by the Archimedes method in dis-
illed water. The specimen had a relative density of 99.7%. The
rystal phase was investigated with X-ray diffraction (XRD,
AD-2C, Rigaku, Japan). A field emission scanning electron
icroscope (FESEM, JSM-7500F, JEOL, Japan) was used to

bserve the morphology of the starting powders. The mir-
ored surface was thermally etched at 1623 K in air for 1 h.

icrographs of the thermally etched and fracture surfaces were
ecorded in a scanning electron microscope (SEM, S-3100H,
itachi, Japan). The average grain size was determined from

he linear intercept length.10 The in-line transmittance in the
avelength range from 190 to 2500 nm was measured with a

pectrophotometer (UV-3101PC, Shimadzu, Japan). The trans-
ittance in the range from 4000 to 400 cm−1 (2.5–25 �m)
as measured with a Fourier transform infrared spectrom-

ter (FTIR, 460 Plus, Jasco, Japan) without an integrating
phere.

. Results and discussion

Fig. 1a and b shows FESEM images of as-received (a) Lu2O3
nd (b) TiO2 powders. The Lu2O3 powder is spherical and
lightly agglomerated with an average particle size of 30 nm.
he TiO2 powder is polyhedron and about 500 nm in size.

Fig. 2 shows the XRD patterns before (a) and after (b) anneal-
ng of the specimen sintered by SPS at 1723 K for 45 min. The
atterns matched up accurately with a standard pattern of cubic
u2Ti2O7 pyrochlore (JCPDS card No. 23-0375). The relative

ntensities of the peaks were close to those of the standard
ard, but a slight (1 1 1) orientation was identified. No impu-
ity peak was observed. A low-temperature phase transition of
u2Ti2O7 from fluorite to pyrochlore occurred at about 1073 K,
nd the cation disorder (antistructural defects in positions Lu–Ti)
ecreased from 18% to 6% as the calcined temperature increased
rom 1133 to 1323 K.8 In the present work, the SPS tempera-

ure was 1723 K, high enough to result in an ordered pyrochlore
ithout detectable cation disorder by the XRD. The calculated

attice parameters for the specimens before and after annealing
ere 1.00221 and 1.00231 nm, respectively, which agreed with

F
a

rs: (a) Lu2O3 and (b) TiO2.

he values on the JCPDS card (1.0019 nm) within experimental
rror.

Fig. 3a and b shows FESEM images of the thermal-etched
nd fracture surfaces of the Lu2Ti2O7 body sintered at 1723 K
or 45 min. The average grain size was about 14.5 �m, with
standard deviation of 4.3 �m. The fracture mode is mainly

ntergranular.
Fig. 4 is a photograph of the transparent Lu2Ti2O7 body

intered at 1723 K for 45 min. Fig. 5a shows the in-line transmit-
ance spectrum for wavelengths from ultraviolet to near infrared.
he absorption edge is at about 340 nm, and the transmittance
as a value of 40% and 72% at wavelengths of 550 nm and
000 nm, respectively. The band gap of Lu2Ti2O7 has been
eported to be 3.0 eV, as estimated from the reflectance spectrum
f the Lu2Ti2O7 powder prepared by a polymerized complex
echnique.11 We calculated the band gap to be 3.6 eV from the
ig. 2. XRD pattern of Lu2Ti2O7 body sintered at 1723 K for 45 min (a) before
nd (b) after annealing.
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Fig. 3. The thermal-etched and fracture surfaces
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ig. 4. Photograph of transparent Lu2Ti2O7 sintered at 1723 K for 45 min. The
pecimen was placed 30 mm above the texts.

s
t
t

Fig. 5. Transmittance spectra of Lu2Ti2O7 sintered at 1723 K for
of Lu2Ti2O7 sintered at 1723 K for 45 min.

refractive index of 2.57 at 632.8 nm.12 Therefore, at the
avelengths 632.8 nm and 2000 nm, respectively, 70% and an

lmost 100% of the theoretical value were achieved. Although
u2Ti2O7 crystals have been studied previously, no transmit-

ance data have been reported.13 The present data provide the
rst report of a transparent Lu2Ti2O7 sintered body.

Fig. 5b shows the transmittance for wavelengths from 2.5 to
.5 �m. The transmittance was almost constant with a value of
2% from 2.5 to 4.6 �m and then decreased gradually to zero
t 7.9 �m. The strong absorption peak at 4.24 �m might be due
o gaseous CO2.14 The weak absorption peaks located at 2.68
nd 6.37 �m might be due to O–H and C–O band stretching,
espectively.15 This kind of FTIR absorption peaks have been
eported to be observed in the SPSed ceramics.16,17 Since SPS
ses a graphite die, the sintering atmosphere could contain CO
nd CO2 gases. These gases might have been trapped in the

pecimen due to rapid sintering process of SPS. The peak related
o O–H might come from adsorbed moisture on the surfaces of
he specimen in air.

45 min in the ranges (a) 190–2500 nm and (b) 2.5–8.5 �m.
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transparency in lead-free bulk BaTiO3 and SrTiO3 nanoceramics. Nan-
40 L. An et al. / Journal of the Europe

. Conclusion

We have successfully fabricated transparent Lu2Ti2O7 by
eactive sintering using SPS with commercially available com-
on powders. The specimen, sintered at 1723 K for 45 min
ith post-annealing at 1023 K in air for 6 h, showed a the-
retical transmittance of almost 100% at a wavelength of
000 nm.
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