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There has been a considerable amount of interest in negative
thermal expansion (NTE) phases which are of importance, for
example, in the manufacture of low or zero expansion composite
materials. The cubic AM,0g family of materials are of particular
interest as the magnitude and isotropic nature of the NTE give them
great technological potential.' > The exemplar material, cubic
ZrW,0g, has been widely studied and can be prepared by a variety
of methods including high temperature synthesis from the compo-
nent oxides at 1473 K followed by rapid quenching. Once this
metastable phase is formed it is kinetically stable up to ~1050 K.
There are two potential disadvantages of using ZrW,0Og in composite
materials. First, it undergoes a phase transition from the a to 3
form which, although both phases show strong NTE, causes a
discontinuity in the lattice parameters at ~450 K.** Second, a
pressure of 0.21 GPa induces a cubic to orthorhombic phase
transition resulting in a denser structure with an ~5% lower volume
and a less negative (or positive) coefficient of NTE which may be
detrimental in applications.’

In contrast, the cubic form of ZrMo,Og (y-ZrMo,Os ®) does not
show any major discontinuities in lattice parameter with temperature
and pressure induced transitions are reversible at room temperature,”®
making it more attractive for composite materials. Unlike cubic
ZrW,0g, it has not been possible to synthesize y-ZrMo,Os directly
from the constituent oxides, and the cubic phase has been assumed
to be thermodynamically metastable at all temperatures.® Synthesis
at temperatures above 670 K gives the trigonal phase
(a-ZrMo,0y),"°~'? while at lower temperatures the thermodynami-
cally stable phase is monoclinic 3-ZrMo,Os.'""'* The enthalpies
of formation of some AM,0Og phases from the binary oxides were
investigated by Varga et al.® They found the enthalpy of formation
becomes more endothermic from (-ZrMo,Og — o-ZrMo,Og —
y-ZrMo,0Og — amorphous ZrMo,Og and that the monoclinic
B-ZrMo,Og phase is the only enthalpically stable phase at room
temperature. Preparation of ZrMo,Og phases is further complicated
by the volatility of MoOs, and trigonal ZrMo,Og has been shown
to lose MoOs above ~1125 K.!#

The recognized synthetic procedure for the formation of
y-ZrMo,Og involves the careful decomposition of a hydrated
precursor phase, ZrMo,0;(OH),*2H,0, via another polymorph
LT-ZrMo,0g.”-*'> Work by Lind et al. highlighted that the precise
reagents used in the synthesis of this precursor can significantly
alter the ratios of y-ZrMo,Os and o-ZrMo,Og formed upon
dehydration, with the cubic y-phase only being accessible in a very
narrow temperature window.”-

Surprisingly we recently obtained indications that it may be
possible to form the supposedly metastable cubic phase by firing
the constituent oxides at high temperatures (~1450 K) for a few
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seconds followed by very rapid quenching. These conditions differ
markedly from the careful kinetic control used in previous synthetic
routes but proved hard to investigate in a conventional manner due
to the extremely short time scales over which different phases
appeared. In this communication we show that rapid in-situ powder
X-ray diffraction experiments prove unambiguously that supposedly
metastable cubic y-ZrMo,Og can be synthesized directly from the
oxides. Full quantitative analysis of the reacting systems and
observation of transient intermediates on time scales down to 0.1 s
give significant insight into the process.

All in-situ experiments were carried out at beamline ID11 at the
European Synchrotron Radiation Facility (ESRF) using a wave-
length of 0.19902(2) A. Stoichiometric amounts of ZrO, and MoO;
were mixed and packed into 0.57 mm diameter Pt capillaries with
a 0.04 mm wall thickness, and the ends mechanically sealed. A
Frelon 2K CCD 2D detector'® was used at a minimum readout
time of 20 ms and allowed collection of diffraction patterns of
sufficient quality for quantitative Rietveld refinement in as little as
0.1 s. A mirror furnace was used to rapidly generate the high
temperatures required for synthesis.!” The furnace was constructed
from a ceramic body with three halogen lamps as the heat source.
The temperature was controlled by the amount of power to the
bulbs; quoted here as a simple % of maximum power. An
approximate calibration of temperature versus heater power was
carried out prior to data collection based on the thermal expansion
of Al,O; and the Pt of the capillary.'® In a typical experiment, the
capillary containing the reaction mixture was translated into the
preheated furnace and data were collected in 0.25 s time slices for
120 s (480 separate patterns) before the furnace power was turned
off and the sample was allowed to cool. Samples typically reached
~1400 K within 5 s and cooled by 500 K within a similar period.
Fit2D was used to integrate raw diffraction images,'” and
Powder3D?° was used to generate 2D surface plots of the data to
allow quick qualitative examination.

For quantitative analysis, Rietveld refinements were carried out
using the program TOPAS.?' Five phases were included in all
refinements, MoO3,>* Zr0,,>* a-ZrMo,0s,>'° y-ZrMo,0s,” and Pt**
from the capillary. An 18 term background function together with
a pseudo-Voigt peak profile function was used. All lattice param-
eters were allowed to vary, but individual atomic coordinates were
not. An overall isotropic thermal parameter was included for all
phases except Pt, for which a separate isotropic thermal parameter
was used.”” The localized nature of the “hot spot” in the mirror
furnace means that it is not possible to measure the variation in
sample temperature throughout the experiment using a thermo-
couple. Temperature was therefore estimated based on refined cell
parameters of the Pt capillary using an expression derived from
thermal expansion coefficients reported by Edwards et al. and
Manoun et al.>”*®* An independent check was performed using
thermal expansion data for ZrO,,?® with little difference between
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the two methods. The resulting temperature profiles for all
experiments are given in the Supporting Information.
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Figure 1. Two-dimensional film plots of the diffraction data obtained for
(a) ratio of ZrO, and MoOs 1:2 in the starting mixture at 1520 K and (b)
ratio of ZrO, and MoOs 1:3 in the starting mixture at 1400 K. The strongest
ZrO, and MoOj peaks are indicated by { and * respectively.

Figure 1a shows diffraction data obtained using a furnace power
of 72%. We estimate that this corresponds to a temperature after
100 s in the furnace, T, of 1520 K. At low temperature, diffraction
peaks correspond to ZrO,, MoOs, and the Pt of capillary walls as
expected. On inserting the sample into the furnace, all peaks initially
shift to lower 20 indicating positive thermal expansion; certain
reflections of MoO; shift more dramatically due to marked
anisotropy in the thermal expansion of this layered structure.
Between approximately 1.6 and 2.5 s (7'~ 1030 and 1260 K) peaks
due to MoO; disappear and those of trigonal a-ZrMo,Og are
observed for the first time. A drop in the overall diffracted intensity
occurs at this point, which is consistent with the melting of MoO3
(Tmer = 1068 K).? Between 2.5 and 5 s (T &~ 1434 K) the amount
of trigonal o-ZrMo,Os increases before gradually disappearing. New
peaks corresponding to cubic y-ZrMo,Og appear from 4.5 s (T =~
1400 K). These peaks disappear after a total elapsed time of 8 s (T’
~ 1525 K), and ZrO, is the only crystalline material that remains.
On quenching after 120 s (7 falls from ~1520 to ~700 K within
8 s), significant quantities of cubic ZrMo,Og were again observed
in the diffraction data.

Results from the quantitative phase analysis are shown in Figure
2a. The data are plotted as Rietveld scale factor x number of
formula units per unit cell x molar mass x volume, or ZMV. This
allows for absolute comparison between the different phases. We
note that ZMV values derived before heating are consistent with a
1:2 molar ratio of ZrO, to MoOj; as expected. Quantitative analyses
confirm the phase evolution and show that cubic y-ZrMo,Og can
be formed directly from the oxides but is only stable for a few
seconds under these conditions.
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Figure 2. Plots of composition obtained by quantitative Rietveld refinement
versus time for experiments discussed. (a) ZrO,/MoO; 1:2 in starting mixture
and 72% heater power (T190 = 1520 K), (b) ZrO,, MoOs 1:2 in starting
mixture and 70% heater power (Top = 1470 K), (c¢) ZrO/MoOs 1:2 in
starting mixture and 68% heater power (T390 = 1350 K), and (d) ZrO,:
MoO; 1:3 in starting mixture and 70% heater power (790 = 1400 K).

The observation that cubic y-ZrMo,Og disappeared during
heating in this experiment, yet reformed on cooling, suggested that
a lower temperature might favor the formation of crystalline cubic
y-ZrMo,0Og. The experiment was therefore repeated at a lower
power of 70% which corresponds to a final temperature of 7oy ~
1470 K. Under these conditions melting of MoO; was again
observed from ~1060 K, followed by growth of the trigonal phase
which reached maximum intensity at ~7 s (Figure 2b). Significant

J. AM. CHEM. SOC. = VOL. 131, NO. 48, 2009 17561



COMMUNICATIONS

amounts of the cubic phase began to form from ~6.5 s (T ~ 1350
K), and it was the dominant crystalline material with maximum
intensity after ~12 s (T~ 1360 K). After this point there was a
slow increase in sample temperature (reaching ~1460 K by the
end of the heating period), and ZMV of the cubic phase steadily
decreased to zero. This loss of y-ZrMo,Og was accompanied by
only a small rise in ZMV for ZrO,. Again, once the heater was
switched off, we observed y-ZrMo,Os on cooling. There was no
evidence for the formation of the trigonal phase during this latter
stage of the experiment. The loss of y-ZrMo,Os is consistent with
either volatilization of MoOj; (though one might then expect a more
significant rise in ZMV of ZrO,) or melting of y-ZrMo,0Os. We note
that the phase diagram of ZrO,—WOs; has a peritectic point at 1530
K such that cubic ZrW,0g melts to form ZrO, and a liquid slightly
richer in WO,;.3°

Decreasing the power to the heater to 68% (T =~ 1350 K)
results in trigonal o-ZrMo,Og being formed after 8 s (7' &~ 1350
K), persisting over the course of the entire experiment, even upon
cooling, Figure 2c. There is no evidence of y-ZrMo,Og being
formed at any time during the experiment. We conclude that this
temperature is too low for formation of the cubic phase.

These three experiments were carried out using a ratio of 1:2
Zr0»/Mo0s, and it is notable that ZrO, is observed throughout the
experiments. It is well known, however, that MoO; is volatile at
high temperatures, which suggests that MoOs could be lost from
the hot zone of the capillary at the temperatures used before it can
react. A further experiment was therefore carried out using a ZrO,/
MoO; ratio of 1:3 at a power of 70%, the results of which are
shown in Figures 1b and 2d. Under these conditions trigonal
ZrMo,0g forms from ~4 s (7' ~1310 K) and transforms cleanly to
cubic y-ZrMo,Og from ~8 s (T ~1400 K), which is the only
crystalline phase present thereafter.

These experiments show conclusively, and for the first time, that
cubic y-ZrMo,Og can be synthesized directly from its constituent
oxides, in contrast to previous assumptions. The reaction proceeds
extremely rapidly at elevated temperatures with formation occurring
within seconds at ~1360—1400 K. Reactions appear to occur via
initial melting of MoO; which is accompanied by formation of
trigonal ZrMo,Ogs. This phase grows in intensity, typically peaking
around the point where the cubic phase starts to form. We note
that similar experiments on ZrW,0Og in which the capillary
temperature was gradually increased showed formation over a much
slower (~60 min) time scale at a temperature estimated from the
Pt cell parameter of ~1359 K. The published phase diagram shows
ZrW,04%° is stable above 1378 K which gives confidence in our
estimated sample temperatures. Cubic y-ZrMo,Os is stable over
the time periods of these experiments at a temperature of ~1400
K, as evidenced by the data of Figure 2d. The data of Figure 2a
and 2b both show that as temperature exceeds ~1460 K the amount
of crystalline y-ZrMo,Oyg decreases significantly. These observations
are consistent with melting at this temperature. These preliminary
investigations suggest that the high temperature behavior of
ZrMo,0Oy is not dissimilar to that of ZrW,Os, which is thermody-
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namically stable from 1378 to 1530 K. The cubic phases of both
materials are presumably entropically stabilized at high temperature.
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