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Abstract

Zirconium tungsten phosphate (Zr,WP,0 ,, denoted as ZWP) is a negative thermal expansion material which
can be used as filler in controlling the thermal expansion coefficient of other materials. In this study, dense ZWP
ceramics without any additives was prepared via solid-state reaction method, by milling the as-synthesized
powder for different times and sintering at 1300 °C. The influence of the milling time, i.e. reduced particle
sizes, on properties of the Zr,WP,0,, was investigated. The obtained samples were characterized by X-ray
diffraction (XRD) method, scanning electron microscopy (SEM), thermal mechanical analysis (TMA), Ra-
man spectroscopy and Vickers hardness tester. The results showed that the milled powders have high crys-
tallinity with single phase orthorhombic structure. The ZWP ceramics exhibits NTE property with high den-
sity. With the increase of milling time the coefficient of thermal expansion changed from —2.607 x 1075 I/K to
—3.914 x 107° I/K. In addition, the grain sizes decrease and the relative density and HV hardness of the ob-
tained ceramics increase confirming that grinding is an effective method to improve the performance of ZWP
ceramics.
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I. Introduction heating instead of expanding compared with most mate-
rials. Due to the negative expanding property, they can
be used to control CTE of other materials. For exam-
ple, they can be combined with other material to make
. composites with zero or controlled thermal expansion
(CTE)' These differences between components ofade- 1911, During the last twenty years, the field of NTE
vice are known as thermal mismatch, which have been materials has expanded rapidly since Sleight’s group

recognized as a serious problem in many fields, suchas ¢4 that Zr'W208 has large isotropic NTE behaviour
road surfaces, railroad tracks and bridges, thin films and  poiween the temperature range of 0.3-1050K in 1996

other high-end applications (e.g. acrospace field) [1-6]. 12 ;3] From then on, NTE materials began to attract
Reportedly, thermal mismatch between different mate-  ,yention of many researchers and formed a specialized
pals may lf:ad to a series of .problf.:ms, such as crack- field of research [1]. Zr'W,Oq, Zr'V,0, and Sc,W;0,,
ing of coatings or layers, device failures, device preci-  ,pe the typical representatives. Many researches have
sion reduction and service life shortening of devices.  poah focused on ZrW, 0 for its large isotropic CTEs.
This phenomenon is especially evident in electronics Ty structure of ZrW, 0y is composed of corner-sharing

and optoelectronic devices [7,8]. Fortunately, in nature 7rO, octahedra and WO, tetrahedra, with each ZrO,
there is another kind of materials called negative ther- 1o ted to six WO, units [1]. Due to its cubic struc-

mal expansion (NTE) materials, which contract upon ture, ZrW, 0, expands and shrinks equally in all axes,
with large a; value of —9.1 x 107¢ 1/K [1,9,14]. How-
ever, this material may undergo a phase transition from

As it is well known, most of the materials in na-
ture expand when heated. However, different materials
may display different coefficient of thermal expansion
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a-ZrW, 04 to B-ZrW, 0y at about 420K and a-ZrW,0q
to y-ZrW,0; at the pressure of about 0.2 to 0.3 GPa
[1,8,9,14-17]. Correspondingly, the CTE value changes
to —4.9 x 107 1/K [8,10] and —1 x 107° 1/K [18-20],
respectively. This kind of phase transition induced by
temperature or pressure is undesirable and maybe fatal
in important application areas. For example, device in
aerospace fields using ZrW,Oq4 as NTE filler may not
work properly or crack due to the sharp change of CTE.
Thus, cataclysmic or fatal events may happen [8]. From
this point of view, the stability of thermal expansion is
very important.

Based on these backgrounds, Isobe er al [8,9]
specifically examined zirconium tungsten phosphate
Zr,(WO,)(PO,), or Zr,WP,0,, (hereafter denoted as
ZWP) as a novel NTE material. The crystal structure of
ZWP at room temperature was assigned to orthorhom-
bic space group Pnca by Evans et al. [21]. ZWP con-
tains ZrOy octahedra sharing corners with four PO,
tetrahedra and two WO, tetrahedra [8,22]. The NTE be-
haviour of ZWP material mainly derives from the bridg-
ing O atoms’ transverse motions or the coupled rotation
between the octahedral and tetrahedral [8,23]. ZWP is
stable at all temperatures from at least as low as —50 °C
to at least as high as 1150°C [8,24]. The structure,
preparation process and properties of ZWP have been
reported, e.g. Wilkinson [22,25], Evans [21,26], Isobe
[9], Martinek [27], and so on. Evans et al. [26] measured
the CTE of ZWP by X-ray diffraction and dilatometric
method. The mean linear CTEs were —3 x 107 1/K and
—6 x 107 1/K, respectively. Due to its attractive CTE,
cheap raw material and stability in large temperature
range, ZWP can be used as a good filler to make com-
posites with zero or controllable CTE [8,15]. However,
there have been no results reported about the effect of
ZWP particle sizes on its properties to date. Particle size
may greatly influence the material properties. For ex-
ample, small particle sizes will improve mixing [1]. Re-
portedly, small particles may reduce agglomeration and
easily disperse uniformly in matrix [1,10]. Interaction
between filler and matrix can be improved when filler
particle size decreases or specific surface area increases
[10]. Sharma et al. [28] reported that NTE ZrW, O filler
with nanoparticles can improve the mechanical strength
of polyimide. NTE materials with small or even nano-
sized particles can be used as pure phase or used to con-
trol the CTE of other materials. Hence, it is interesting
to explore the effect of ZWP particle sizes on its own
performance or its composites.

In this study, ZWP powder was prepared by a solid-
state reaction method without sintering additives. To re-
duce the particle sizes, the synthesised ZWP powder
was ball milled at different times. ZWP ceramics with
different particle sizes were pressed by cold pressing
and sintered at 1300 °C. The structure and morpholo-
gies of the ZWP particles were examined and its effects
on the thermal and mechanical properties of the ZWP
ceramics were studied.
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I1. Experimental

ZWP powder was prepared by solid-state reaction
method using stoichiometric amounts of ZrO, (pur-
chased from Tianjin Guangfu Fine Chemical Research
Institute, China), WO,, and NH,H,PO, (purchased
from Tianjin Kermel Reagent Co., Ltd. China) with pu-
rity of more than 99.0% and average particle size of
about 1.5pum, 15um and 1 mm, respectively. A molar
ratio of Zr : W : P =2 : 1 : 2 was maintained dur-
ing the preparation process. The starting materials were
ground in an agate mortar and mixed thoroughly. The
mixture was heated to 1200 °C for 4 h in a crucible and
slowly cooled in furnace to room temperature. Then the
mixture was ball mixed using a planet lapping machine
for different time (2, 12, 24, 48, 72, 96h) in ethanol.
The powder mixture was heated for 6 h at 80 °C to re-
move the ethanol after the milling process. The resulting
powders were then uniaxially cold pressed at 30 MPa
to form disks (10 mm in diameter and 4 mm in height).
The disks were then sintered at 1300 °C for 4 h to obtain
ZWP ceramics for thermal and mechanical properties
tests.

A Bruker D8 Advance Diffractometer was used to
carry out the XRD measurements. The morphologies of
the ZWP powders were obtained on a scanning elec-
tron microscope (SEM). The particle sizes of the milled
ZWP powders were calculated from SEM images us-
ing a Nano-Measurer program (1.2 version). The mean
linear CTEs of the ZWP ceramics were obtained on a
dilatometer (LINSEIS DIL L76, LINSEIS Instruments
Ltd., Germany). The Archimedes technique was used
to determine the relative densities of the sintered ZWP
ceramics. The HV hardness of the ZWP ceramics was
tested by a Vickers hardness tester with a load of 9.8 N.
Each sample was tested 10 times at different points and
then the average value was calculated as the final HV
hardness.

II1. Results and discussion

3.1. XRD and Raman analyses

Figure 1 shows the XRD patterns of the milled ZWP
powders. It can be seen that the XRD pattern of the
ZWP powder milled for 96h (Fig. 1b) coincides well
with the orthorhombic phase with space group Pnca
(No. 60). The XRD patterns of the samples milled
for different times keep unchanged and they were al-
most the same, which demonstrates that the orthorhom-
bic structure is maintained with different milling times.
Thus, the results confirm that single phase orthorhombic
ZWP was successfully synthesized by solid-state reac-
tion method. From the graph, the main peaks at about
22.5° and 23.7° move towards right slightly with in-
creasing milling time, which can be seen obviously from
the insert in Fig. 1a. This could be confirmation of con-
tinuous incorporation of some smaller cations in the lat-
tice of the final product. More detailed research will be
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Figure 1. XRD patterns of: a) the obtained ZWP powders milled for different time and b) powder milled for 96 h (compared
with the standard PDF card)
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Figure 2. Raman spectra of the obtained ZWP powders
milled for different times

carried out later. On the other hand, according to the
Bragg equation, when diffraction angles move to higher
values, the interplanar spacing decreases and this may
influence the thermal expansion of the final product.
Figure 2 gives the Raman spectra of the ZWP syn-
thesized by solid-state reaction and milled for different
times. It is obvious that the Raman spectra of the ZWP
powders milled for different times are almost the same.
ZWP comprises ZrO, octahedra sharing corners with
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two WO, tetrahedra and four PO, tetrahedra [21,22].
The Raman modes at about 1040 to 900cm™, 900 to
700cm™ and 475 to 305cm™ can be assigned to the
symmetric stretching vibration (v;), asymmetric stretch-
ing vibration (v3) and bending vibrations (v, + v4) of
WO, tetrahedra, respectively [29]. The lower Raman
modes, below 300cm™, can be ascribed to the lattice
modes arising from Zr atom motions, translational and
vibrational motions of WO, tetrahedral and ZrO, octa-
hedra [30,31]. P-O stretching vibration can be observed
at high Raman modes. The bands at about 1174 and
1095 cm™ may be attributed to the symmetric stretching
vibration (v) and the asymmetric stretching vibration
(v3) of PO, tetrahedra, respectively [32,33]. The Ra-
man spectra confirmed the presence of ZrO, octahedra
and WO, and PO, tetrahedra. Table 1 gives the Raman
bands positions of the obtained ZWP powders and the
vibrations of PO, and WO, tetrahedra.

Table 1. Raman band positions of ZWP

Band position [cm™] Assignment
1174, 1097 v1 (PO,)
1039,1021, 1011, 872, 828 vi (WO,)

634, 612, 583,475, 428, 408
347,317, 305

V) + V4 (PO4)
Vy + V4 (WO4)

3.2. SEM analyses

SEM micrographs of the ZWP powders were shown
in Fig. 3. It can be seen obviously that the particle sizes
are reduced with the increased milling time. From Fig.
3 we can also see that the morphologies of the par-
ticles changed with the milling time. For low milling
times (2, 12, 24 and 48 h), particles of all powders are
nearly spherical. Because of large surface energy, these
spherical particles may easily agglomerate. However,
for longer milling times (72 and 96h), cone granular
particles appear and the size decreases. These kinds of
particles may become less agglomerated.

The average particle sizes of the obtained ZWP pow-
ders were calculated using a Nano-Measurer program
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Figure 3. SEM images of the ZWP powders milled for different times: a) 2h, b) 12h, c¢) 24h, d) 48h, e¢) 72h and f) 96 h

(1.2 version) [34] according to SEM photographs; more
than 200 particles were chosen for the calculation. We
can see from Fig. 4 that the average particle sizes
decrease apparently with the milling time increasing.
Thus, the average particle size decreases from 2700 to
about 650 nm when milling time increases from 2 to
96 h. It is well known that small particles can be more
easily dispersed in the matrix [10]. The insert in Fig.
4 illustrates the particle size distribution of the pow-
ders milled for 96 h, which proved that the particle size
mainly distributes in the range from 550 to 650 nm.

3.3. Influence of particle size on relative density

The Archimedes technique was used to estimate rel-
ative densities of the ZWP ceramics (Fig. 5). With the
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milling time increasing, the experimental density value
increase (the insert), indicating that densities were af-
fected by milling time. This may be due to the fact
that with milling time increasing, the particle sizes de-
crease and become less agglomerated, which lead to the
high density of the ZWP ceramics. The lowest relative
density of the obtained ZWP ceramics is about 81.5%
of their theoretical density. With the milling time pro-
longing, the relative density increases. When the milling
time was 96 h, the relative density of the obtained ZWP
ceramics reached 95.4% of their theoretical density.
Compared with the result published by Isobe et al. [9],
in which the relative density of ZWP ceramics without
MgO additive is about 60%, the result in our case is
pretty good.
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Figure 4. ZWP average particle sizes determined by
Nano-Measurer program (inset shows the size distribution of
the powders milled for 96 h)
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Figure 5. Dependence of the relative density on milling time
Figure 6 presents the SEM morphologies of the ZWP

ceramics obtained from the powders milled for 2 and
96 h, respectively. It can be seen that the particle size

Z1gnal=3El

Hode=SEM  WD=T . 4mm 18:2

in the ZWP ceramics obtained from the powder milled
for 96 h is comparatively smaller, which leads to en-
hanced densification of the ceramics, as identified in
Fig. 6 with green circles. The ZWP ceramics obtained
from the powder milled for 2h has larger grains and
more pores which cause the reduction of the relative
density [8]. Hence, the relative density of the obtained
samples increases with the increase of the milling time.

3.4. Influence of particle size on CTEs

CTEs of the sintered ceramics prepared from the
ZWP powders milled for different times were measured
using a TMA and calculated according to Eq. 1 [35-38]:

a= 1 (AL (1)
Ly AT

In the formula, L, represents the initial length of the

sample and AL/AT is the length change caused by tem-

perature variation.

Figure 7 illustrates AL/L, (the relative length
changes) of the obtained ZWP ceramics in temperature
interval from 298 to 800 K. It can be seen that all ZWP
ceramics shrank with increasing temperature, i.e. ex-
hibit negative thermal property. With the milling time
increasing (from 2 to 96 h), the CTE value of the ob-
tained ZWP ceramics changes from —2.607 x 1076 1/K
to —3.914 x 107%1/K. It is reported by Evans et al.
[21] that the mean linear CTEs of ZWP tested by
XRD and dilatometer method were —3 x 107 1/K and
-6 x 1079 1/K, respectively. Isobe et al. [9] prepared
ZWP ceramics using 0.5 wt.% of MgO as a sintering
additive. The CTE was tested by a thermomechani-
cal analyser from 303K to 873K and its value was
—3.4x107°1/K. In our case, the ZWP samples were ob-
tained without any additive and the CTE value can reach
-3.914 x 107° 1/K. This proves that extended grinding
time is an effective method to reduce CTE of ZWP. It is
worth mentioning that the curves in Fig. 7 are smooth
and no steep slopes appear, which fully proves that the

-
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Figure 6. SEM images of the ZWP ceramics obtained from powders milled for: a) 2h and b) 96 h
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and milling time

prepared ZWP is stable in the range of testing tempera-
ture and no new phase appears [8,9]. The result agrees
with that deduced from the XRD analysis.

The CTE of the materials is also related to the rela-
tive density, i.e. amount of porosity. It is reported that
the porosities may accommodate the internal thermal
expansion of material, which lead to the CTE reduction
[39]. In our case, the particle sizes decrease with the
milling time increasing. The smaller the particles are,
the denser of the ZWP ceramics will be obtained, which
is consistent with the results from Figs. 5 and 6. As a
result, the CTE value reduced with the milling time in-
creasing.

3.5. Influence of particle size on hardness

The hardness of the obtained ZWP ceramics was
measured by a Vickers hardness tester with a 9.8 N load
and kept for 30 s. Each reported HV value of each sam-
ple is an average of at least 10 measurements. Figure 8
portrays the HV hardness of the ZWP ceramics changed
with the milling time. It can be seen that with the milling
time increasing, the HV hardness of the ceramics in-
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creases. This may be due to the fact that with the milling
time increasing, the relative density of the ZWP ceram-
ics increased (Fig. 5), which will lead to the densifi-
cation of the samples. In general, materials with high
density will have high hardness. So, the hardness of
the obtained ZWP samples enhanced with the milling
time increasing. However, the hardness of our samples
is lower compared to the data published by losbe et al.
[9]. They prepared ZWP ceramics by using sintering ad-
ditive and obtained also high hardness. We think that
in their case the sintering additive (0.5 wt.% of MgO)
may act as a kind of strengthening phase or a kind of
bonding medium between ZWP particles, which lead to
high hardness. Hence, adding sintering additive and at
the same time prolonging the powders milling time may
be a good combination method to improve the proper-
ties of ZWP ceramics. Related research will be carried
out in the future.

IV. Conclusions

Zirconium tungsten phosphate (ZWP) ceramics with
high relative density and acceptable CTE were ob-
tained from solid-state synthesized powders and without
any sintering additives. By solid-state reaction method
and grinding, single phase orthorhombic ZWP powders
were obtained and their average particle size decreases
with the milling time increasing. Prolonging the pow-
der milling time (up to 96 h) also improved the perfor-
mance of the ZWP ceramics. The obtained ZWP ceram-
ics exhibit NTE property. The CTE of the ZWP ceram-
ics obtained from the ZWP powder milled for 96 h is
—-3.914 x 107° 1/K. Both the relative density and the
hardness increase with the milling time and when the
milling time is 96 h, the relative density of the obtained
ZWP ceramics is 95.4% of its theoretical density. These
results suggest that extending the grinding time is an
effective method to improve the performance of ZWP
ceramics.
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