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Materials that exhibit negative thermal expansion are
of considerable scientific and technological interest.1—3
Their use in composites can facilitate the control of bulk
thermal expansion properties to obtain a good match
to other system components or zero expansion. Zero,
or close to zero, thermal expansion is needed for various
applications in optics, electronics, and other fields where
exact positioning of parts is crucial. Nearly all materials
that undergo negative thermal expansion display this
property over a narrow temperature range or show
anisotropic expansion behavior that can lead to micro-
cracks. Recently, isotropic negative thermal expansion
over the temperature range 0.3—1050 K has been
reported for cubic Zrw,0g*° along with studies of its
behavior under pressure.>” The structural similarity
of many tungsten and molybdenum compounds strongly
suggested the possibility of a cubic ZrMo,Og with related
properties. Sleight and co-workers have recently pre-
pared compositions in the solid solution ZrW,_,MoOs,
although they have been unable to make samples with
x > 1.5.3 Here we report the first preparation and
characterization of the end member cubic ZrMo,Os.

Zirconium molybdates and basic zirconium molybdate
hydrates have been investigated as acid and oxidation
catalysts,® ion-exchangers,® luminsecent materials,°
fission products in nuclear fuel,’* and byproducts in
nuclear fuel reprocessing.? However, only trigonal3-15
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and monoclinic#16 forms of ZrMo,0g had been reported,
suggesting that cubic ZrMo,Og, if it could be prepared,
would only exist as a metastable material. Our experi-
ence with the low temperature (~650 °C) synthesis of
pure cubic ZrW,0g by the dehydration of ZrW,07;(OH/
Cl),-2H,0'8 combined with literature on the preparation
of HfW,0sg'” and a comment by Clearfield and Blessing,®
regarding an unidentified, possibly metastable, phase
formed upon heating ZrMo,0;(OH),-2H,0, led us to
attempt the low-temperature preparation of cubic
ZrMo,0Og.

Zirconium molybdenum oxide hydroxide hydrate
(ZrMo,07(0OH),:2H,0)° was dehydrated by heating to
365 °C at 4°/min, holding at this temperature for 13.5
h, and heating further to 390 °C for 5—15 min. The
product obtained on rapid cooling to room temperature,
cubic ZrMo,Og, has an X-ray diffraction pattern that is
very similar to that of Zrw,0g. A comparison of the
calculated pattern for cubic ZrMo,Og, assuming a
p-ZrW;0g structure, with the observed X-ray data is
presented in Figure 1. The presence of trigonal ZrMo,0g
in trace amounts is apparent from this figure. Other
heating times and temperatures led to an as yet
unidentified dehydrated phase which forms at about 150
°C, trigonal ZrMo,0Og, or mixtures of these three phases.
A similar procedure was also used to prepare HfMo0,0g
andavariety of solid solutions of formula Hf,Zr, -, \WyMo,-,Og
with0 <x<1and0 <y < 2. The temperature required
to obtain the pure cubic phase varies with composition.
Freshly prepared cubic ZrMo,Og was examined by SEM
and found to contain rodlike aggregates with dimensions
5-10 um. Each aggregate was made up of submicron
rodlike crystallites.

The thermal expansion of cubic ZrMo,Og was inves-
tigated using both variable temperature X-ray and
neutron diffraction. Neutron diffraction data were
collected using the special environment powder diffrac-
tometer (SEPD)™ at the Intense Pulsed Neutron Source,
Argonne National Laboratory, in a Displex refrigerator
between 11 K and room temperature and in a furnace
between room temperature and 573 K. X-ray data were
collected between 298 and 573 K on a Scintag X1-
diffractometer equipped with a Scintag variable tem-
perature sample stage. For all of the X-ray measure-
ments, NIST SRM 660 LaBg or NIST SRM 640b Si was
used as an internal standard. The diffraction data were
analyzed by the Rietveld method using GSAS.2° Lattice
constants for cubic ZrMo,Og were obtained from the
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Figure 1. A comparison of the room-temperature powder
X-ray diffraction pattern for cubic ZrMo,Os with that calcu-
lated by Rietveld refinement assuming a $-ZrW,Og structural
model. The calculated reflection positions are indicated by tick
marks and the difference between the observed and calculated
patterns is also shown. Peaks from trace amounts of trigonal
ZrMo0g can be seen in the region 20—25° 260 and at ap-
proximately 31° 26.

X-ray diffraction data by fixing the lattice parameter
of the internal reference material at the certified value
after correction for thermal expansion?! and refining the
lattice constant for cubic ZrMo,Og along with sample
height and zero point correction terms. The required
diffractometer constants for the analysis of the neutron
diffraction data were obtained by fitting them to the
room-temperature data measured in both the Displex
refrigerator and the furnace while fixing the ZrMo,Og
lattice constant at the value determined using X-ray
diffraction at room temperature. These diffractometer
constants were then used for the analysis of the neutron
diffraction data obtained at other temperatures. Neu-
tron diffraction data were also collected over the pres-
sure range 0—0.6 GPa at room temperature in a cell
pressurized with helium.2?2 Lattice constants were
obtained from these data by Rietveld analysis.

The lattice constant of cubic ZrMo,Og at 298 K was
determined to be a = 9.1304(2) A by averaging the
values obtained from six independent X-ray data sets.
Cubic ZrMo,Og is thermodynamically metastable; it
crystallizes in a temperature range that is also compat-
ible with the formation of trigonal ZrMo,Og, to which it
is converted completely upon long holding times at ~390
°C or by heating to higher temperatures. The conver-
sion of cubic ZrMo,0g to the trigonal phase is sensitive
to the exact conditions used to prepare the cubic phase.
The formation of trigonal ZrMo,Og from the cubic phase,
rather than the thermodynamically more stable mono-
clinic phase, indicates that the outcome of the trans-
formation process is kinetically controlled.

Cubic ZrW-0s is reported to adopt an ordered struc-
ture (a-ZrW,Og, space group P2;3) below 428 K and to
transform to a disordered centrosymmetric form at
higher temperatures (5-ZrW,QOg, space group Pa3).*°
This results in a discontinuity in the thermal expansion
for the material; oo ~ —4.9 x 1076 K~ (430—950 K) and
o~ —8.8 x 1076 K~1 (0—400K). Our neutron and X-ray
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Figure 2. Relative thermal expansion for cubic ZrMo,Og
(defined as 100 x [ar — azgs]/azes). The solid and open diamonds
were determined from neutron and X-ray diffraction data,
respectively. The straight line is a best fit to all of the data
points, giving an average linear thermal expansion coefficient
of —5.0 x 1076 K1,
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Figure 3. Compressibility for cubic ZrMo,Os up to 0.6 GPa
(relative volume expansion is defined as 100 x [Vp — Vambient)/
Vambient). All of the data points were determined from neutron
diffraction data. The straight line is a best fit to all of the data
giving an average linear volume compressibility of 2.24 x 1072
GPa™.

diffraction experiments on cubic ZrMo,Og show no
evidence for a phase transition in the temperature range
11-573 K. As shown in Figure 2, cubic ZrMo,Og
undergoes negative linear isotropic thermal expansion
over the entire temperature range (o = —5.0 x 107
K™1). Additionally, the disordered structural model
proposed for B-ZrW,Og in space group Pa3 gives a
significantly better fit to all of our data than the
o-ZrW,0g model. This suggests that the disorder
present in p-ZrW,0g and cubic ZrMo,Os may not be
thermal in origin. Details of the structure analysis will
appear in a subsequent paper. It should be noted that
the linear thermal expansion coefficient for cubic
ZrMo,0Og is identical within experimental error to that
observed for 5-ZrwW,0s.

Cubic ZrMo,0Og (190.29 A3formula unit) shows no
evidence for a phase transition below 0.6 GPa, analo-
gous to the a to y transition reported by Evans and co-
workers for cubic Zrw,0g,® or a transformation to the
more dense monoclinic (143.08 A3/formula unit) or
trigonal (173.82 A3/formula unit) ZrMo,Og structures.
The average linear volume compressibility for cubic
ZrMo,Og at room temperature is 2.24 x 1072 GPa™!
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below 0.6 GPa (see Figure 3). This value is more than
50% greater than that observed for a-ZrWw,0g (1.38 x
1072 GPa 1) and may be due to the different structures
adopted by the two materials at room temperature.
While cubic ZrMo,Og (from 0 to ~660 K) exists over
a narrower range of temperatures than cubic ZrwW,Osg
(0—1050 and 1378—1530 K) its properties may offer
advantages over ZrW,0g. In particular, the molybdate
has a lower density than the tungstate, the lack of a
discontinuity in thermal expansion at ~428 K may be
important for some applications, and the absence of a
low-pressure phase transition to a more dense structure
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is of significance in the preparation of composite materi-
als.
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