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Abstract

We focused on the linear negative thermal expansion of Y, W30, in a wide-temperature range and on the chemical stability of ZrSiO4 in the
fabrication of the composite material ZrSiO4/Y,W3O1, with a zero-thermal-expansion. The compact composed of Y, W30, and ZrSiO,4 had a
thermal shrinkage rate smaller than that of Y,W30,, and higher than that of ZrSiO4. SEM-EDX observation clarified that the ZrSiO4/Y, W30,
sintered body fabricated at 1400 °C for 10 h had a microstructure composed of ZrSiO, and Y, W30, grains, and XRD indicated that only ZrSiO4
and Y, W30, phases existed in the sintered body. The relative density of the ZrSiO,/Y, W3O, sintered body reached 92%, which was larger
than that of the ZrSiO4 sintered body because Y, W30, grains could be sintered at lower temperatures. The average linear thermal expansion
coefficients of the ZrSiO4/Y, W30, sintered body were —0.4 x 107° and —0.08 x 107°°C~! in the temperature ranges from 25 to 500°C and

from 25 to 1000 °C, respectively, which showed an almost zero-thermal-expansion.

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

Recently, a zero- or near-zero-thermal-expansion property
has been required for achieving high precision in mod-
ern industries, such as optics, microelectronics and energy
transformation, to reduce measurement errors due to thermal
deformation in the above fields.'~3 To meet the above require-
ments, zero- or near-zero-thermal-expansion materials have
been studied. Composite materials have been of interest because
they have an advantage in that one can control their thermal
expansion coefficients by regulating the chemical compositions
of their components.

For instance, ceramic composites fabricated by a reac-
tion sintering process exhibited near-zero-thermal-expansion
in the temperature range from RT to 773K,* in which
Fep2ScosMo301,2 with a negative thermal expansion coeffi-
cient has been dispersed in a MoO3 matrix with a positive
thermal expansion coefficient. However, the composite exhib-
ited positive thermal expansion above 773 K. BaO-Al,O3—
B,0; system glass-ceramics were fabricated>® as materials
with a zero or even a negative thermal expansion coeffi-
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cient, which was smaller than that of glass-ceramics with
B-spodumene’; however, their near-zero-thermal-expansion
temperature region was narrow, that is, from RT to 373 K.
ZrW703-ZrOr—Al,03-Al(WO4)3 system composites with a
near-zero-thermal-expansion coefficient have been reported
recently.8 However, the zero-thermal-expansion behavior
changed discontinuously as a function of temperature owing
to the structural phase transition of ZrW,Og phase at approxi-
mately 430 K. Thus, it has been difficult to develop materials
with a zero- or near-zero-thermal-expansion coefficient in a
wide-temperature region. Moreover, ceramic materials without
glass components are attractive for application at higher temper-
ature.

Yttrium tungstate,g’10 Y,W301», has a structural type of
AsMz0121714 with orthorhombic symmetry and exhibits
an average negative thermal expansion coefficient of
—7.0x 107°K~! from 15 to 1373K. The negative ther-
mal expansion is considered to occur owing to transverse
thermal vibrations'? perpendicular to the Y-O-W linkage of
the Yo W3O, unit cell. Three lattice parameters, namely, a-, b-,
and c-axes of the unit cell, decreased continuously as functions
of temperature, which results in a negative thermal expansion
of the lattice volume of Y,W301, over the above temperature
range.’ YoW30y5 is easily synthesized because it has a more
stable phase at RT than ZrW,Og, which is necessary for quench
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processes in the synthesis of ZrW,0Og powders!>® and in

the fabrication of composites including ZrW,0Og.® Therefore,
YoW301, is attractive as an additive to positive-thermal-
expansion materials from the viewpoint of the fabrication of
composite materials exhibiting a zero-thermal-expansion.

Zircon, ZrSiOy, is an interesting refractory material for high-
temperature applications, having several excellent properties
such as chemical stability, low thermal expansion, low thermal
conductivity, and high resistance to thermal shock.!”-'® In par-
ticular, the chemical stability of zircon is thought to be useful as
a matrix phase in the fabrication of composite materials exhibit-
ing zero-thermal-expansion because chemical reactions among
components of the composites must be suppressed in the sin-
tering of the composite materials. Therefore, in this study, we
focused on the negative thermal expansion of Y,W301; in a
wide-temperature range and on the chemical stability of ZrSiOg,
and fabricated the composite material YoW3012/ZrSiO4 with a
zero-thermal-expansion.

2. Experimental procedure
2.1. Fabrication

Y, W30, powders were prepared by solid-state reaction.
Y203 (99.9% pure; Wako) and WO3 (99.9% pure; Wako)
powders were mixed in a stoichiometric ratio in ethanol by ball-
milling for 24 h. The Y,03 powders were dried in advance at
473 K for 5 h to remove absorbed water molecules. The as-dried
mixed powders were shaped into cylindrical pellets of 10 mm
diameter and 2 mm thickness by uniaxial pressing at49 MPa, and
then the compacts were heated at 1273 K for 5 h in an aluminum
crucible. Here, the compacts were put on pre-prepared Yo, W3O12
powders to prevent the compact from reacting with the alumina
crucible. The heated compacts were ground into powders with
an agate mortar, and then the resulting Yo W301, powders and
commercial ZrSiO4 powders (99% pure; Wako) were mixed with
nominal compositions in ethanol by ball-milling for 24 h. The
prepared powder mixtures of Yo W3017 and ZrSiO4 were shaped
into 5mm x 5Smm x 50 mm compacts by uniaxial pressing at
98 MPa, and the compacts were divided into four equal parts of
approximately 5 mm x 5 mm x 12 mm each. The compacts put
on pre-prepared Yo W301, powders in an alumina boat were sin-
tered at temperatures of 1473—-1673 K for 10 h in air at a heating
rate of 5 K/min to fabricate ZrSiO4/Y,W30O1; sintered bodies.

2.2. Evaluation

The phases present in the powders and the sintered bodies
were investigated by X-ray diffractometry (XRD; Rigaku Rad-
C) using Cu Ko radiation within the 20 range of 15-40°. The
bulk densities of ZrSiO4, Yo W3012, and ZrSiO4/Y, W30 sin-
tered bodies were measured by the Archimedes method, with
deionized water as the immersion medium. The relative densities
of the sintered bodies were calculated using the theoretical den-
sities (4.60 g/cm?® for ZrSiOy4, 4.698 g/cm® for Yo, W30, and
4.637 g/cm3 for ZrSi04/Y>2W3017). The relative density of the

Z1Si04/Y, W3 013 sintered body with a zero-thermal-expansion
was calculated from the mass ratio of ZrSiO4/Y, W30 = 1.660.

The microstructures of the fractured surfaces of the sin-
tered bodies were examined by scanning electron microscopy
(SEM; Hitachi S4100) and energy dispersive X-ray analysis
(EDX; Quantax400-125S). The thermal shrinkage behaviors
of the compacts and the thermal expansion properties of the
sintered bodies in the temperature range from 298 to 1273 K
were investigated by thermomechanical analysis (TMA; Rigaku,
Thermoplus TMA8310) at heating and cooling rates of 5 K/min.

3. Results and discussion

The thermal shrinkage behaviors of the compacts of
Yo W3012, ZrSiOy4, and ZrSiO4/Y,W301; in the temperature
range from RT to 1473 K were investigated by TMA. The results
are shown in Fig. 1. The Y, W30, compact began to expand
at approximately 323 K and reached around 0.8% in the expan-
sion rate at 473 K, owing to the dehydration of Y, W50,.19:20
The thermal expansion rate of the Yo W301, compact decreased
gradually up to 1173 K, and then the compact began to shrink
rapidly above 1173 K and reached a 6.0% shrinkage rate at
1473 K. The ZrSiO4 compact showed almost no thermal shrink-
age behavior in the temperature range from RT to 1173 K,
although it shrank slightly above 1173 K. The ZrSiO4/Y,W3012
compact showed thermal shrinkage with a shrinkage rate lower
than that of Y, W301; and higher than that of ZrSiO4. The expan-
sion of the ZrSi04/Y,W301,> compact in the temperature range
from RT to 1173 K was due to the removal of water molecules
from Y,W3O1; in the compact.

The relationships between the sintering temperature and rela-
tive density of the sintered bodies of ZrSiO4/Y2W3012, ZrSiO4,
and Y, W30, are shown in Fig. 2. The Y, W30, sintered body
had a relative density of about 95% at 1473 K, which showed
almost no change in the temperature range from 1473 to 1673 K.
The high relative density corresponded to the thermal shrinkage
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Fig. 1. Thermal shrinkage behaviors in temperature range of 298-1473 K for
Y, W30, (@), ZrSiO4 (O), and Y, W3012/ZrSiO4 (A; gray) compacts.
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Fig. 2. Relationships between sintering temperature and relative density of
Y2 W3012/Z1SiO4 (O), ZrSiO4 (@), and Y, W30, (O) sintered bodies fab-
ricated at temperatures of 1473, 1573, and 1673 K for 10 h.

behavior of YoW301, showninFig. 1, suggesting that Y, W301>
could be sintered at low temperatures. The relative density of
the ZrSiOy4 sintered body increased to about 85% at 1673 K,
which was clearly lower than that of YoW301,, and which cor-
responded to the low shrinkage rate of ZrSiO4, as shown in
Fig. 1. The relative density of the ZrSiO4/Y,W301, sintered
body was almost equal to that of the ZrSiO4 sintered body at
1473 and 1573 K, although the shrinkage rate increased gradu-
ally, suggesting that the existence of ZrSiO4 grains suppressed
the sintering among Y, W31, grains. On the other hand, the
relative densities at 1623 and 1673 K of the ZrSiO4/Y,W301,
sintered body were larger than that of the ZrSiOy4 sintered body
and increased to about 92% at 1673 K, indicating that the sin-
tering among Y,W30j; grains proceeded with increasing the
sintering temperature.

Fig. 3(a) and (b) shows the fractured surfaces of the Y, W30O12
sintered body fabricated at 1673 K for 10h. The densifica-
tion of the YoW3Oy, sintered body was recognized from the
grains grown in the Y,W3Oj, sintered body. The thermal
expansion property of the Yo, W30, sintered body was inves-
tigated by TMA. The result is shown in Fig. 4. The sintered
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Fig. 4. Thermal expansion property in temperature range from 298 to 1073 K
for Y,W301, sintered body fabricated at 1673 K for 10 h.

body showed a negative thermal expansion in the temperature
range of RT to 1273 K with a thermal expansion coefficient of
—7.63 x 107° K—!, which was almost similar to the report21 in
the temperature range of 473-1073 K.

The fractured surfaces with the porous structure of the
ZrSi0Oy sintered body, which were fabricated at 1673 K for 10 h,
are shown in Fig. 5(a) and (b). The difference between the
microstructures of the YoW30;, and ZrSiOy4 sintered bodies
implies that the YoW30O1> compact can be sintered at lower
temperatures than the ZrSiO4 compact, corresponding to the
thermal shrinkage behaviors of these compacts shown in Fig. 1.
The fractured surfaces of the ZrSiO4/Y, W30, sintered body,
which were fabricated at 1673 K for 10 h, are shown in Fig. 6(a)
and (b). The microstructure of the ZrSiO4/Y,W30O1, sintered
body was clearly different from that of the ZrSiOy4 sintered body
fabricated under the same conditions. From the microstructure
of the ZrSi04/Y,W3 015 sintered body, it was considered that the
grain growth of Yo W31, occupied space in the porous structure
of the ZrSiO; sintered body, which resulted in the densification
of the ZrSi04/Y>, W30 sintered body.

Fig. 7 shows a SEM image (a) and EDX composition
maps (b)—(d) of the microstructure of the ZrSiO4/Yo,W301>
sintered body fabricated at 1673 K for 10h. Map (b) is for the

Fig. 3. SEM images of fractured surfaces of Yo W3O, sintered body fabricated at 1673 K for 10 h: (a) lower and (b) higher magnifications.
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Fig. 5. SEM images of fractured surfaces of ZrSiOy4 sintered body fabricated at 1673 K for 10 h: (a) lower and (b) higher magnifications.

distribution of Yo W30, and ZrSiO4 grains, map (c) for that
of ZrSiO4 grains, and map (d) for that of YoW3012 grains. It
was observed that the ZrSiO4/Y2W301, sintered body had the
microstructure composed of ZrSiO4 and Yo, W30, grains, and
that these ZrSiO4 and Y, W3Oy, grains were dispersed. Fig. 8
shows the XRD pattern of the dense ZrSiO4/Y,W301; sintered
body. Only Y,W30j2 and ZrSiO4 crystalline phases were
observed in the sintered body, suggesting that the Y, W3012
and ZrSiOy4 grains did not react with each other in the sintering
process owing to the chemical stability of ZrSiOj.

The thermal expansion property with a slight hysteresis of the
dense ZrSiO4/Y,W30j; sintered body is shown in Fig. 9. The
thermal expansion rate of the sintered body was almost zero in
the temperature range of RT to 1273 K on heating, and the aver-
age thermal expansion coefficients were —0.4 x 107¢ K~!in the
temperature range from 298 to 773 K and —0.08 x 107 K~! in
the temperature range from 298 to 1273 K.

According to Kelly’s rule using the volume ratios and thermal
expansion coefficients of ZrSiO4 and Y, W30O1,, the mass ratio
of ZrSiO4/Y,W301, =1.843 was considered to be necessary
to fabricate a zero-thermal-expansion material, which means
that in this study excess Y,W3012 was mixed with ZrSiO4
to fabricate the sintered body with a zero-thermal-expansion
because a zero-thermal-expansion material could be obtained
when the mass ratio was 1.660. Indeed, when the mass ratio
of ZrSi04/Y>,W301; was larger than 1.660, the thermal expan-
sion rate of the ZrSiO4/Y, W30, sintered body increased, and

when it was smaller than 1.660, the thermal expansion rate of
the sintered body decreased.

On the other hand, it was noted that the thermal expansion
property exhibited a collapsed behavior over the temperature
range from RT to 1073 K. This is because the mass ratio of
ZrSi04/Y,W301; for the fabrication of the compact was calcu-
lated using the average linear thermal expansion coefficients in
the temperature range from RT to 1273 K although the coeffi-
cient of the Yo,W301; sintered body increased gradually with
increasing temperature, as shown in Fig. 2. Furthermore, the
thermal contraction in the temperature range from approxi-
mately 1073 to 1173 K and the slight positive thermal expansion
above 1173 K were recognized in the thermal expansion property
of the ZrSiO4/Y>,W301, sintered body. Sumithra and Umarji
reported that the Y, W30, sintered body shows contraction due
to creep at high temperatures'>?? and that creep brings about
hysteresis in the thermal expansion of the Y,W3O1, sintered
body. Therefore, the contraction of the ZrSiO4/Y,W301, sin-
tered body on heating was considered to occur due to the creep
of Y2 W30 grains in the sintered body in the temperature range
from approximately 1073 to 1173 K. The thermal expansion of
the ZrSi04/Y, W30, sintered body above 1173 K suggests that
the positive thermal expansions induced by the ZrSiO4 grains
were not successfully suppressed by Yo W301, grains owing to
the creep of Yo, W30, grains.

Thus, the combination of the creep of YoW30;> and the
positive thermal expansion of ZrSiO4 above 1073 K was con-

Fig. 6. SEM images of fractured surfaces of YoW3012/ZrSiO4 sintered body fabricated at 1673 K for 10 h: (a) lower and (b) higher magnifications.
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Fig. 7. SEM image (a) of Y2 W3012/ZrSiOy sintered body and EDX composition maps: Y2 W3012 and ZrSiOy4 grains (b), ZrSiO4 grains (c), and Yo W301; grains

(d).

sidered to give rise to the slight hysteresis in the thermal
expansion curve of the ZrSiO4/Y>,W3O1, sintered body. How-
ever, the dense composite composed of Yo W30, and ZrSiO4
successfully showed an almost zero-thermal-expansion in the
temperature range from RT to 1073 K on heating, showing
that ZrSiO4 can be an attractive candidate in the fabrication of
zero-thermal-expansion materials including negative-thermal-
expansion substances.
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Fig. 8. XRD pattern of Yo, W3012/ZrSiO4 sintered body fabricated at 1673 K
for 10h: Y,W3012 (O) and ZrSiOy4 (A).
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Fig. 9. Thermal expansion property in temperature range of 298-1273 K for
Y, W30, sintered body fabricated at 1673 K for 10 h.

4. Conclusions

Composites of Yo,W3012 and ZrSiO4 were fabricated by
sintering at 1673 K for 10 h. The fabricated Y, W3012/ZrSiO4
sintered body had a dense microstructure, and ZrSiO4 and
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YoW301, grains were observed in the microstructure of the
dense sintered body. Its XRD pattern indicated that Yo, W3012
and ZrSiO4 grains did not react with each other in during sin-
tering. The average linear thermal expansion coefficients of the
sintered body were —0.4 x 107° K~! in the temperature range
from 298 to 773K and —0.08 x 10" K~! in the temperature
range from 298 to 1273 K, showing an almost zero-thermal-
expansion.
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