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Abstract

ZrW,0s/Zr,; WP,0, composites were fabricated by sintering ZrW,Os—Zr, WP, 0, powder mixtures at 1473 K for 1 h, and their negative thermal
expansion properties were investigated. The relative density of sintered pure-phase ZrW,Og was 72.3%, while that of the sintered composites was
88.4-92.3%. In the composites, the observed hysteresis in the thermal expansion data was small because of the small difference between the CTEs
of ZrW,0g and Zr, WP,0,. The CTE of the composites was negative and increased with the Zr, WP,0,, content. When the Zr, WP,0;, volume
fraction in the composites was increased from 0 to 75 vol%, the CTEs of the composites increased from —9.1 x 1076 to —3.1 x 107° K~! and from
—5.0x107° to —1.9 x 107 K~! over the temperature ranges of 323-373 and 473-673 K, respectively. In composites with Zr, WP,0,, volume
fractions of 0-25 vol%, the experimentally obtained CTE values were in good agreement with the calculated values obtained by assuming mixed

law behavior.
© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Zirconium tungstate (ZrW,Og) exhibits a relatively large
isotropic negative thermal expansion over a wide temperature
range of 0.3-1050 K.12 Therefore, ZrW»,0g is considered an
attractive candidate for use as a filler material to control the
coefficient of thermal expansion (CTE) of ceramics, glasses,
metals, and polymers. Recent studies have reported the success-
ful fabrication of ZrW,QOg composites, e.g., Z1r0,/ZrW,0g,3™
Sn0,/ZrW>03,° Si02/ZtW>0s,” ZrW>0s/ZryWP,012,% low-
melting  glass/ZrW,0g,” Cu/ZrW,0g,'%12  Al/ZrW,03,13
polyester/ZrW,0g,'* epoxy/ZrW,0g,'* polyimide/ZrW,0g,"
and phenolic resin/ZrW,0g!® systems. A decrease in the
CTE values of these composites has been observed when
the amount of ZrW,Og filler is increased. However, the
thermal expansion behavior of the composites is compli-
cated. ZrW,Og has two cubic phases at ambient pressure
(a-phase below 423K and B-phase above 423 K) and one
orthorhombic phase at high pressures (y-phase). The CTEs
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of these three phases are negative but vary in magnitude,
with CTE,=—8.7 x 1079 K~!, CTEg=—4.9 x 107K, and
CTE, =—1.0 x 107®K~1.1217 Some of the composites show
unusually large hysteresis in thermal expansion because of the
stress-induced formation of y-ZrW,Og, which could pose a
problem in practical applications.>> When the thermal expan-
sion mismatch between the matrix and filler is small, the
formation of y-ZrW,Og is inhibited. Therefore, for realizing
practical applications, it is desirable to develop composites of
ZrW»Og and negative/low thermal expansion materials. Evans
etal.!® and Mary and Sleight19 reported that Zrp(WO4)(PO4)2
(also referred to as ZryWP,01) showed negative thermal
expansion. Recently, Isobe et al.® reported the liquid phase
sintering of ZrW;,Og/Zr; WP, 01, composites (with a P,Os5 con-
tent of less than 40%) using ZrO,—WO3-NH4H;PO4 powder
mixtures. The relative density of their samples, which con-
tained >5 mol% P,0s5, was about 90%. The identified phases
were mainly ZrW,Og with small amounts of WO3, ZrO», and
ZryWP;01,.

In this study, we present a new fabrication route whereby
ZrW;,03/ZrWP,012 composites can be obtained over the
entire range of possible ZrWP,01, volume fractions, i.e.,
0-100vol%, by sintering ZrW,0Og—Zr WP>,01, powder mix-
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tures. The composition dependence of the thermal expansion of
the composites was investigated in detail.

2. Experimental procedure

ZrW;0g was prepared from two commercially avail-
able precursor materials: zirconium oxychloride octahy-
drate (ZrCl,O-8H;0; Wako Pure Chemical Industries Ltd.,
Osaka, Japan) and ammonium tungstate para pentahydrate
((NH4)10W 12041 -5H;0; Wako Pure Chemical Industries Ltd.).
Stoichiometric mixtures of the precursors were aged in a water
bath and stirred with a magnetic stirrer at 373 K for 3 h; the mix-
tures were then dried. To avoid the problem of high weight loss
due to inorganic precursor decomposition, a separate burnout
step was performed at 873 K for 3h before pressing and fir-
ing so that a large volume of the volatile species could be
eliminated. Powder mixtures weighing 10g were pressed at
60 MPa into pellets (30 mm in diameter) using a hand press
and then fired in air to 1473 K (heating rate: 20 K/min) with
a dwell time of 3 h in a Pt crucible. The heated pellets were then
rapidly quenched in liquid nitrogen. The pellets were ground
to a powder by wet milling in ethanol for 24h. The mean
volume particle size, as determined by laser diffraction and a
scattering method (model LA-920, Horiba Ltd., Kyoto, Japan),
was 3.2 wm. Phase analysis was carried out by X-ray powder
diffraction (XRD; model RINT 2500, Rigaku, Tokyo, Japan),
which utilized CuK,, radiation at 40kV and 50 mA; the anal-
ysis revealed that the powder had a phase-pure cubic a-phase
structure. Commercially available Zr,WP>0O1, powder (KCM
Corporation, Nagoya, Japan) was used, and the mean volume
particle size was 0.94 pm. ZrW,0g and Zr,WP,01,> powders
were mixed together using an agate mortar and pestle and were
pressed into bars (5 mm x 5mm x 20 mm) at 60 MPa using a
hand press. The composites were prepared by firing in air at
1473 K (heating rate: 20 K/min) with a dwell time of 1h in a
Pt crucible. The heated pellets were then rapidly quenched in
liquid nitrogen.

The thermal expansion of the bars was measured using a ther-
mal mechanical analyzer (model TMA 8310, Rigaku, Tokyo,
Japan) in N; flowing at 50 ml/min with a heating rate of 5 K/min
over the temperature range of 300-680 K. The CTE was deter-
mined from the slope of the plot between the thermal expansion
and the temperature over two temperature ranges: 323-373
and 473-673 K. The microstructures of the composites were
observed with a scanning electron microscope and energy dis-
persive X-ray spectrometer (SEM-EDX; model JSM-6460LA,
JEOL, Tokyo, Japan) at 20 kV and a working distance of 10 mm.
Phase analysis was carried out by XRD, which utilized CuKy
radiation at 40kV and 50 mA. Phase identification was accom-
plished by comparing the experimental XRD patterns with the
standards compiled by the International Center for Diffraction
Data (ICDD, Newtown Square, PA).

3. Results and discussion

The XRD patterns of the composites (Fig. 1) revealed
the presence of y-ZrW;Og, Zr,WP,01y, and y-ZrW;Og.
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Fig. 1. XRD patterns of the composites obtained by
ZrW,03—Zr2(WO4)(PO4)2 powder mixtures in air at 1473 K for 1 h.

sintering

Furthermore, the XRD patterns of composites contain-
ing 75vol% ZryWP;012 (ZWO25ZWP75) and 50vol%
ZryWP012 (ZWO50ZWP50) showed small unidentified peaks.

The relative density of sintered pure-phase ZrW,Og was
72.3%, while that of the sintered ZrW,Og/Zr, WP,01, com-
posites were 88.4-92.3% (Fig. 2). Thus, the Zr, WP,0O1, phase
effectively facilitated the densification of ZrW,Og. The rela-
tive densities of our composites were in good agreement with
the corresponding value (about 90%) reported by Isobe et al.,
who pointed out that Zr,WP,0O1, cannot function as the lig-
uid phase since its melting point is >2023 K.?° They considered
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Fig. 2. Relative density of the ZrW,0g/Zr, WP,0;> composites.
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that a ZrO,—P,0Os liquid phase was formed during the initial
and/or intermediate stage of sintering and that this phase filled
the gaps between the ZrW,Og grains. In our process, however,
the addition of Zr, WP,01; resulted in a high relative density.
ZroWP;01; is easier to sinter than ZrW,Og. The relative den-
sity of sintered pure-phase ZryWP,0O1> was 89.6%, which is
much higher than that of ZrW»Og (72.3%). Moreover, we con-
sider that the addition of small ZryWP,O1, particles increases
the packing efficiency because the mean volume particle size of
the precursor Zr, WP,01, powder was 0.94 pm, which is much
smaller than that of ZrW,Og (3.2 m).

SEM backscattered electron images of the polished surface
of the ZrW,0g/Zr, WP,01,> composites revealed the presence

of numerous large pores in the microstructure of pure-phase
ZrW;,0g (Fig. 3(a)); this observation correlates with the fact
that the relative density of sintered ZrW,Og is 72.3%. EDX
analysis revealed that the small black grains and large white/gray
grains in the composites were Zry WP, 01, and ZrW;Og, respec-
tively (Fig. 3(b)—(e)). The grain size of ZrW,0Og was larger
than that of Zr,WP,01,, because the mean volume particle
size of the precursor powder for ZrW;Og was larger than
that for ZroWP,0;. The images of pure-phase ZrW,Og and
Zr WP,01; indicated areas of different contrast. The light gray
areas were ZrW,O0g/Zr,WP,01, grains whereas the dark gray
areas were pores (Fig. 3(a) and (f)). In comparison with pure-
phase ZrW;Qg, sintered pure-phase Zro, WP,O1, was dense and

Fig. 3. SEM backscattered electron images of the polished surfaces of the ZrW,Og/Zr, WP,01, composites at the following ZroWP,01, volume fractions: (a)

0vol%, (b) 10 vol%, (c) 25 vol%, (d) 50 vol%, (e) 75 vol%, and (f) 100 vol%.
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Fig. 4. Thermal expansion behavior of ZrW,Og/Zr, WP,01, composites with
10 and 75vol% Zr,WP,0;, during two thermal cycles. Start and finish are
marked by “S” and “F,” respectively. The solid and dotted lines indicate the
results for the heating and cooling measurements, respectively.

its microstructure showed only a few small pores (Fig. 3(f));
this is because the relative density of sintered pure-phase
Zry WP, 013 is higher than that of pure-phase ZrW,Os.

We investigated the thermal expansion behavior of
the ZrW,0g/Zr;WP,012 composites (ZWO25ZWP75 and
ZrW,0g-10vol% ZryWP,012 (ZWO90ZWP10)) over two
thermal cycles (Fig. 4). In the first heating scan for
ZWO25ZWPT5, we observed a slightly higher thermal expan-
sion, along with a volume change, over the temperature range
of 300-380K; this observation can be attributed to y — o
phase transformation, which occurs in conjunction with a vol-
ume change. In both ZWO25ZWP75 and ZWO90ZWP10, a
small hysteresis was observed in the thermal expansion data
between the heating and cooling measurements. For both
ZWO25ZWPT5 and ZWO90ZWP10, the second cycle was in
good agreement with the first cycle, with the exception of the
initial first heating scan for ZWO25ZWP75. In some compos-
ites, such as Sn0,/ZrW,0g,° low-melting glass/ZrW208,9 and
Cu/ZrW,0g,'%12 an unusually large hysteresis in the thermal
expansion data has been observed because of the stress-induced
formation of y-ZrW;,Og. However, in our ZtW,Og/Zry; WP,012
composites, the observed hysteresis in the thermal expansion
data was small. This result can be explained by the fact that the
thermal expansions of both ZrW;0Og and Zr, WP,O1, are nega-
tive and the CTE difference between ZrW,Og and Zro WP,01,
is small.

Initial cooling measurements after heating revealed that
the thermal expansion of the ZrW,0g/Zry, WP,O1> composites
decreased with temperature and increased with the Zr, WP,0O1»
content (Fig. 5). The shape of the thermal expansion curve of
the composites changed due to the phase transition between
a-ZrW70g and B-ZrW,0Og. The « <> 8 phase transition tem-
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Fig. 5. Thermal expansion of the ZrW,0g/Zr,WP,01> composites based on
initial cooling measurements after heating.

perature (Ty) of the composites decreased with an increase in
the Zr,WP,O1, content of the composites. At 0, 10, 25, 50,
and 75 vol% ZrWP;01,, the composites showed Ty values
of 442, 434, 431, 427, and 422 K and their thermal expansions
from 300 to 675 K were —0.30, —0.27, —0.23, —0.17, —0.09,
and —0.11%, respectively. The CTEs of the composites were
determined from the slopes of the experimental plots between
thermal expansion and temperature over two temperature ranges:
323-373 and 473-673 K.

We plotted the experimentally obtained CTE values of the
ZrW,03/Zr,WP,01> composites as a function of the volume
fraction of Zr, WP,O15; for comparison, we calculated the CTE
values of the composites by assuming the rule of mixtures
(ROM)?! and plotted these values on the same graph (Fig. 6).
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Fig. 6. Experimentally obtained CTE values and calculated CTE values
(obtained by assuming the rule of mixtures (ROM)) of the ZrtW,Og/Zr, WP, 012
composites plotted as a function of the ZryWP,01, volume fraction.



J.-i. Tani et al. / Journal of the European Ceramic Society 30 (2010) 1483—-1488 1487

Over 323-373 and 473-673 K, the CTEs of ZrW,0g were
—9.1 x 107%and —5.0 x 1079 K, while those of Zr,WP,01,
were —3.7x 107% and —2.4 x 1079 K~!, respectively. The
CTE:s of the ZrW,0Og and Zr, WP, 01 in this study were in good
agreement with previous experimental results.!->!822.23 The
CTEs of the composites were negative and increased with the
ZroWP,01, content. When the Zr, WP,01; volume fraction in
the composites was increased from 0 to 75 vol%, the CTEs of the
composites increased from —9.1 x 107® to —3.1 x 1070 K~!
and from —5.0 x 107¢ to —1.9 x 107®K~! over 323-373 and
473-673 K, respectively.

The ROM serves as the first-order approximation to the over-
all calculation of the CTE of the composites:

ac = azwpd + azwo(l — @) (D

where ac, azwp, and azwo denote the CTEs of the composites,
ZryWP,013, and ZrW;,Og, respectively, and ¢ is the volume
fraction of ZrWP,O13. In the composites containing 0-25 vol%
ZryWP,013, the experimental and calculated CTE values were
in good agreement over both the 323-373 and 473-673 K ranges.
However, at 50-75vol% Zr, WP,01,, the experimental CTE
values were positioned higher than the calculated values. As
discussed above, in XRD analyses, small unidentified peaks,
as well as small peaks corresponding to the high-pressure y-
ZrW,0g phase (CTE, =—1.0 x 107°K),!” were detected for
the ZWO25ZWP75 and ZWOS50ZWP50 composites. There-
fore, the CTEs of the ZrW,0g/Zr, WP,01, composites might
be influenced by small amounts of the unidentified phases and
also by the y-ZrW»Og phase, which is closely related to the inter-
nal stress in the composites. Another possible reason is that the
ROM model does not account for the influence of voids/cracks,
the mechanical properties of ZrW,Og and Zr, WP,O1; phases,
and the interface factors. Balch et al.?* reported that the CTEs of
Al-matrix composites, reinforced with SiC particles or micro-
cellular form, were influenced by a small proportion of voids
in the matrix. Because the relative density of the sintered
ZrW;0g/Zry WP,01, composites was 88.4-92.3%, the presence
of pores/voids might reflect as the higher experimental CTEs
than the calculated values.

4. Conclusions

ZrW;,03/Z1rWP,01> composites were fabricated by sinter-
ing ZrW,Og—Zr, WP,0O1, powder mixtures at 1473 K for 1h,
and their negative thermal expansion properties were investi-
gated. The relative density of sintered pure-phase ZrW,Og was
72.3%, while that of the sintered composites was 88.4-92.3%. In
the composites, the observed hysteresis in the thermal expansion
data was small because of the small difference between the CTEs
of ZrtW»0g and Zr, WP,01;. The CTE of the composites was
negative and increased with the Zr,WP,O1, content. When the
Zr; WP,01, volume fraction in the composites was increased
from 0 to 75vol%, the CTEs of the composites increased
from —9.1 x 107° to —3.1 x 107®*K~! and from —5.0 x 107°
to —1.9 x 1079 K~! over the temperature ranges of 323-373
and 473-673 K, respectively. In composites with Zr,WP,01,

volume fractions of 0-25vol%, the experimentally obtained
CTE values were in good agreement with the calculated values
obtained by assuming mixed law behavior.
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