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Abstract Amorphous ZrW,0g powder and amorphous
SiO, powder were prepared by a sol-gel process as raw
materials, and high-density ZrW,0g—SiO, were success-
fully prepared at a much lower temperature of 923 K for a
much shorter holding time of 10 min by spark plasma
sintering (SPS) method rather than by conventional melt-
quenching method. The relative densities of 0.85ZrW,0g—
0.15Si0, and 0.70ZrW,04-0.30SiO, were 99.4% and
96.6%, respectively. The combined technique of a sol-gel
process and SPS should enable us to prepare the varied
types of high-density composites of ZrW,0Og without
severe thermal cracking caused by melt-quenching. The
thermal expansion properties and dielectric properties of
ZrW,035-Si0O, were also investigated.
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Introduction

ZrW,0Og exhibits isotropic negative thermal expansion in a
wide temperature range, 0.3—1050 K, so it can be used as a
compensator material for controlling the thermal expansion
coefficient (CTE) of ceramics, metals, and polymers [1-4].

From the ZrO,—~WOj; pseudo binary phase diagram, the
thermodynamically stable region of ZrW,Oyg is only limited
to between 1378 and 1530 K, and ZrW,Og is kinetically
stable at temperatures lower than its thermal decomposition
temperature of 1050 K [5]. Therefore, ZrW,0Og must be
rapidly quenched in that high-temperature region to pre-
serve it at room temperature [6—8]. However, the melt-
quenching method has several problems such as the
changes of chemical composition due to the volatilization
of WO; at the high-temperature region and the crack
generation in ZrW,Og due to the rapid quenching.

Recently, low-temperature preparation processes for
ZrW,0g have been studied. Xing et al. have reported
preparation by a hydrothermal process [9, 10]. Sleight et al.
have reported preparation by an aqueous sol-gel process,
using ZrOCl, - 8H,0 and (NH4)¢H,W 5,049 as raw mate-
rials [11, 12]. The single-phase ZrW,Og is prepared by the
sol-gel process at 873 K for 10 h, whereas it is very dif-
ficult to prepare the high-density ZrW,0g. Wilkinson et al.
have reported preparation by a non-hydrolytic sol-gel
process [13]. The ZrW,Og gel is amorphous below 873 K
and crystallizes into trigonal ZrW,0Og at about 1013 K.
However, in all the preparation processes of ZrW,Og, the
conventional melt-quenching method was essential for
preparing the high-density ZrW,Os.

Spark plasma sintering (SPS) method is similar to con-
ventional hot-pressing method in that the precursor is
loaded in a graphite die, and a uniaxial pressure is applied
during the sintering process. However, instead of using an
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external heating source, a pulsed direct current is allowed
to pass through the electrically conducting die and, in
appropriate cases, also through the sample [14]. The SPS
enables metals and ceramics powder compacts to be sin-
tered at relatively lower temperatures and in much shorter
sintering periods compared with conventional hot-pressing
method [15-19].

SiO, has attracted considerable attention because its
dielectric constant is extremely low (x4) [20]. The low
dielectric constant reduces the delay time of electronic sig-
nal transmission, that is, microwave telecommunication can
transmit a large amount of information at a very high speed.

There are many reports on the composites of ZrW,0Osg,
such as ZrW,04-7r0, [21-25], ZrW,0g—Cu [26, 27], and
ZrW,Og-phenolic resin [28]. However, in all the prepara-
tion processes of the composites, the conventional melt-
quenching method was also essential for preparing the
high-density composites of ZrW,Os.

In this study, amorphous ZrW,0Og powder and amor-
phous SiO, powder were prepared by a sol-gel process as
raw materials, and high-density ZrW,0g—SiO, were suc-
cessfully prepared at a much lower temperature of 923 K
for a much shorter holding time of 10 min by SPS rather
than by conventional melt-quenching method. The com-
bined technique of a sol-gel process and SPS should enable
us to prepare the varied types of high-density composites of
ZrW,0g without severe thermal cracking caused by melt-
quenching. The thermal expansion properties and dielectric
properties of ZrW,0g—SiO, were also investigated.

Experimental procedure
Preparation of raw materials

Amorphous ZrW,0g powder with a particle size of 50—
300 nm was prepared by a sol-gel process, as described
previously [29]. First, 0.0628 mol of WClg (99%, Mitsuwa
Chemicals Co., Ltd., Japan) was dissolved in ethyl alcohol
at room temperature under a nitrogen gas atmosphere
because tungsten alkoxides react with water and oxygen in
air. Next, 0.0314 mol of ZrOCl, - 8H,O (99%, Kishida
Chemical Co., Ltd., Japan) was dissolved in a mixture of
100 mL of 2-butyl alcohol, 50 mL of ethyl alcohol, and
50 mL of distilled water. Then, the tungsten solution was
poured into a zirconium solution to prepare the precursor
sol, and this was stirred at room temperature for 72 h. The
precursor sol was heated at between 351 and 358 K to
prepare the precursor ZrW,0,(OH),(H,0),. This precursor
was calcined at 723 K for 12 h in air to prepare the
amorphous ZrW,0Og powder.

Amorphous SiO, powder with a particle size of less than
63 um was used in this study. First, 0.058 mol of
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Si(OC,Hs)4 (99%, Kishida Chemical Co., Ltd., Japan) was
dissolved in 21 mL of ethyl alcohol at room temperature.
Next, 11 mL of 0.18 mol/L HCI was added dropwise to the
alkoxide solution of Si(OC,Hs), in order to accelerate the
hydrolysis reactions of Si(OC,Hs),, and the whole was
heated at 315 K for 48 h in air to form silica gel. This gel
was calcined at 1123 K for 3 h in air to prepare the
amorphous SiO, powder. These powders for sintering were
mixed in the volume fraction of 0.85ZrW,0g-0.15Si0,
and 0.70ZrW,05-0.30Si0,.

Low-temperature sintering by SPS

About 3-g portions of ZrW,03-Si0, powder were poured
into the graphite dies having inner diameter of 20 mm and
then pressed into pellets at 45 MPa. These pellets were
sintered at 923 K for 10 min with a heating rate of about
60 K/min under a nitrogen gas atmosphere using the SPS
apparatus (SPS-1050, Sumitomo Coal Mining Co., Ltd.,
Japan). The applied pressure of 45 MPa was held constant
until the end of the sintering period. The sintering tem-
perature of ZrW,03-SiO, was measured with type-K
thermocouples which were inserted into the wall of the
graphite die. The prepared ZrW,03—SiO, were re-oxidized
in air at 873 K for 8 h.

Characterization

Each sample was identified with an X-ray diffractometer
(UltimalIl, Rigaku, Japan). The IR spectra were recorded
using KBr pellets on a Fourier transform infrared spec-
trometer (FT-IR: JIR-WINSPECS50, JEOL, Japan).

A microstructure analysis of each sample was performed
with a field emission scanning electron microscope (FE-
SEM: JSM-7000F, JEOL, Japan) equipped with an energy
dispersive X-ray spectrometer (EDS: JED-2300, JEOL,
Japan).

Each density of ZrW,05-SiO, was measured by the
Archimedes method, and each theoretical density of the
composite p.om Was calculated using the mixture rule:

Peom = V1P1 + V22, (1)

where py, pp, Vi, and V, are the density of ZrW,Og, the
density of SiO,, the volume fraction of ZrW,Og, and the
volume fraction of SiO,, respectively.

The thermal expansion properties of ZrW,0g—-Si0, were
measured with a thermal mechanical analyzer (TMA: TMA
4000S, Mac Science, Co., Ltd., Japan) at the heating and
cooling rates of 5 K/min.

The dielectric properties of ZrW,03-SiO, in a fre-
quency range from 1 kHz to 1 MHz were measured with an
impedance analyzer (4194A, Hewlett-Packard, USA) at
300 K. The Au electrodes were formed on the both
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surfaces of ZrW,0g—Si0,. The microwave properties of
ZrW,03-Si0O, were measured by a waveguide method with
a network analyzer (8720ES, Agilent, USA) at a frequency
of 8 GHz at 300 K.

Results and discussion
Phase identification of samples sintered by SPS

Figure 1 shows the X-ray diffraction patterns of ZrW,Og—
SiO,. The (a) and (b) patterns consisted of cubic ZrW,Og
and amorphous SiO,. Figure 2 shows the FT-IR spectra of
ZrW;,0g-Si0,. We assigned the main band centered at
1000, 910, and 875 em™! to WO, symmetric stretching
vibration and those at 804, 764, and 742 cm™! to WO,
asymmetric stretching vibration [30]. The other band cen-
tered at ~ 1100 and ~470 cm™" can be assigned to Si—-O—
Si asymmetric stretching vibration and Si—O-Si bending
vibration, respectively [31]. As shown in Fig. 3, EDS
analysis and backscattered scanning electron microscopy
(BSE) revealed that the microstructures consisted of light
gray grains (ZrW,Og) and dark black grains (SiO,).

Thermal expansion properties of ZrW,0g—SiO,

As shown in Fig. 4, thermal expansion hysteresis at a
temperature range of 323-398 K was slightly observed in
0.70ZrW,04-0.30S10,, which indicates that physically
bound water disturbs the torsion of WO, tetrahedra [32,
33]. On the contrary, thermal expansion hysteresis was not
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Fig. 1 X-ray diffraction patterns of (a) 0.70ZrW,05—0.30SiO, and
(b) 0.85ZrW,04-0.15Si0,
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Fig. 2 FT-IR spectra of (a) 0.70ZrW,05-0.30SiO, and (b)

0.85ZrW,05-0.15Si0,

observed in 0.85ZrW,0g—0.15Si0,, which indicates that
there are no micro cracks [34], and the density of
0.85ZrW,03-0.15Si0, is higher than that of 0.70ZrW,0g—
0.30Si0,.

The CTE of ZrW,03-Si0, composites were considered
by using the rule of mixtures (ROM) approximation [28]:

Olcal = O!1V1 + 052‘/27 (2)

where o, o, V1, and V, are the CTE of ZrW,Og [35], the
CTE of SiO, [20], the volume fraction of ZrW,0Os, and the
volume fraction of SiO,, respectively. The experimental
CTE of ZrW,04-SiO, at a temperature range of 323-
398 K represents “Data (A)” and that of ZrW,0g-SiO, at a
temperature range of 473-673 K represents “Data (B)”.
The relative densities of 0.85ZrW,05-0.15Si0, and
0.70ZrW,04-0.30S10, were 99.4% and 96.6%, respec-
tively. As shown in Fig. 5, the both CTE of 0.85ZrW,0¢—
0.15S10, and 0.70ZrW,05-0.30S10, well agreed with the
ROM approximation (Eq. 2).

Dielectric properties of ZrW,0g—SiO,

Figures 6 and 7 show the frequency dependence of the
dielectric constant (¢,) and dielectric loss (tand) of re-oxi-
dized ZrW,03-SiO,, respectively. The tand of reduced
ZrW,05-Si0O, was too large to measure because SPS is
usually performed in a reducing atmosphere in order to
prevent the oxidation of graphite dies. To improve the
problem, the reduced ZrW,03-SiO, was re-oxidized at
873 K for 8 h in air. The ¢ and tand of re-oxidized
ZrW,05-SiO, tended to decrease with increasing
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Fig. 3 BSE images of the
polished surfaces of (a)
0.70ZrW,,05-0.30Si0, and (b)
0.85ZrW,04-0.15Si0,; EDS
spectra of (c¢) SiO, and (d)
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Fig. 4 TMA curves of (a) 0.70ZrW,05—0.30Si0, and (b) 0.85ZrW,Og—
0.158i0,

frequency. The observed ¢ and tand behaviors can be
rationalized as follows [30]. Dielectric loss in ionic solids
results from three primary effects: (1) ion migration losses
(dc conductivity), (2) ion vibration and deformation losses,
and (3) electron polarization losses. Of these, the most
important process is ionic migration loss, which tends to
show a large increase in the loss at low frequencies.
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Fig. 5 CTE of ZrW,04-SiO, and its fitting to Eq. 2

Therefore, a high value of tand of ZrW,0g-SiO, is prob-
ably due to oxygen vacancy.

Table 1 shows the microwave properties of re-oxidized
ZrW,0g-Si0,, where Q and f represent the quality factor
and the resonant frequency of re-oxidized ZrW,Og—
Si0,, respectively. The ¢ of 0.70ZrW,04—0.30Si0, was
lower than that of 0.85ZrW,0g-0.15Si0,, and thus the
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Fig. 7 Frequency dependence of the tand of re-oxidized ZrW,Og—
Si0,

Table 1 Microwave properties of re-oxidized ZrW,0s-SiO,

Sample & Of [GHz]
0.85ZrW,04-0.15Si0, 11.3 2200
0.70ZrW,05-0.30Si0, 9.5 3800

amorphous SiO, phase should be capable of reducing the &,
of ZrW>0g. On the other hand, the Qf of 0.70ZrW,0g—
0.30Si0, was higher than that of 0.85ZrW,0g—0.15Si0,,
and thus the amorphous SiO, phase should be capable of
increasing the Qf of ZrW,0Os.

Conclusions

Amorphous ZrW,0g powder and amorphous SiO, powder
were prepared by a sol-gel process as raw materials, and
high-density ZrW,05—SiO, were successfully prepared at a
much lower temperature of 923 K for a much shorter holding
time of 10 min by SPS rather than by conventional melt-
quenching method. The relative densities of 0.85ZrW,0g—
0.158i0, and 0.70ZrW,04-0.30SiO, were 99.4% and
96.6%, respectively. The combined technique of a sol-gel
process and SPS should enable us to prepare the varied types
of high-density composites of ZrW,0g without severe ther-
mal cracking caused by melt-quenching.

The values of both CTE of 0.85ZrW,05-0.15Si0, and
0.70ZrW,04-0.30Si0; in our study well agreed with the
ROM approximation (Eq. 2).

The amorphous SiO, phase should be capable of
reducing the ¢, of ZrW,Og, and also it should be capable of
increasing the Qf of ZrW,0Os.
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