Polymorphism in the negative thermal expansion material
magnesium hafnium tungstate
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Magnesium hafnium tungstate [MgHf(WO,);] was synthesized by high-energy ball
milling followed by calcination. The material was characterized by variable-
temperature neutron and x-ray diffraction. It crystallized in space group P2,/a below
400 K and transformed to an orthorhombic structure at higher temperatures. The
orthorhombic polymorph adopted space group Pnma, instead of the Pnca structure
commonly observed for other A,(MO,); materials (A = trivalent metal, M = Mo,
W). In contrast, the monoclinic polymorphs appeared to be isostructural. Negative
thermal expansion was observed in the orthorhombic phase with o, = —=5.2 x 107°

Ko =44x10°K ", o, = 29 x 10°K™", ay = =3.7 x 107° K-', and o

—1.2 x 107® K~'. The monoclinic to orthorhombic phase transition was accompanied
by a smooth change in unit-cell volume, indicative of a second-order phase transition.

I. INTRODUCTION

There has been significant interest in negative thermal
expansion (NTE) materials.'™ Since NTE materials will
contract upon heating rather than expand, their incorpo-
ration into composites could reduce the overall thermal
expansion of the composite. Previous work in the
A,(MO,); system (A = trivalent metal, M = Mo, W)
has shown that this thermal expansion behavior is highly
dependent on the identity of the A** cation.®™'" For tri-
valent ions up to the size of the smaller rare earths, the A
cation is usually six coordinated, and the materials form
either monoclinic or orthorhombic structures, the latter
being the phase that exhibits NTE. For many composi-
tions, a transition from monoclinic to orthorhombic sym-
metry is observed upon heating.

It has been shown that the A site in A,(WQO,); com-
pounds can be substituted by a mixture of Hf** and
Mg>*."? MgHf(WO,), was reported to adopt an ortho-
rhombic structure with space group Pnma at room tem-
perature and 700 °C. Negative thermal expansion along
the a and c axes, combined with positive expansion along
b, were observed for MgHf(WOQO,),, and it was argued
that the mechanism of NTE should be the same as for
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“isostructural” Sc,(WO,);. However, all previous reports
on NTE materials in the A,(MO, ), family assigned them
to space group Pnca. Pnma and Pnca do not share a
sub/supergroup relationship; in fact, the only common
subgroups of Pnma and Pnca are Pna2, and P2,/c.

In this paper, we report a detailed structural investiga-
tion on MgHf(WO,); by powder x-ray and neutron dif-
fraction. The material was found to adopt a monoclinic
structure below 400 K, and to transform to an orthorhom-
bic polymorph that is not isostructural to Sc,(WO,); at
higher temperatures.

Il. EXPERIMENTAL

MgHf(WO,); was prepared by ball milling and sub-
sequent calcination. Magnesium carbonate, hafnium ox-
ide, and tungsten oxide were milled for a total of 2 to 3
h in a molar ratio of 1:1:3. The powder was pressed into
pellets and calcined at various temperatures ranging from
1173 to 1473 K in air.

The composition and structure of the powder samples
were evaluated by x-ray diffraction (XRD) using a
PANalytical (Westborough, MA) X-Pert Pro diffractom-
eter with an X’celerator detector. Variable-temperature
studies were carried out on a Scintag XDS-2000 diffrac-
tometer with a Moxtek (Orem, UT) detector and an
Anton—Paar (Ashland, VA) variable-temperature stage
with a platinum heater strip. Both instruments use Cu K,
radiation and Bragg-Brentano geometry. Data were
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collected from room temperature to 973 K using silicon
as an internal standard.

Neutron powder diffraction data were collected at the
BT-1 32 detector neutron powder diffractometer at the
NCNR, NIST. A Cu(311) monochromator with a 90°
take-off angle, A = 1.5403(2) A, and in-pile collimation
of 15 min of arc were used. Data were collected over the
range of 3 to 168° 20 with a step size of 0.05°. The
sample was loaded in a vanadium sample container of 50
mm length and 6 mm diameter. Data were collected from
4 to 700 K. The diffraction data were analyzed by the
Rietveld and Le Bail methods using FullProf."?

lll. RESULTS AND DISCUSSION

Single-phase MgHf(WO,); was obtained by heating
the ball-milled powder to 1373 K for 24 h. Temperatures
below 1298 K only yielded impurity phases (HfO,, WO;,
and MgWO,). Phase pure MgHf(WO,); could be ob-
tained between 1323 and 1423 K, while the pellets
melted at 1433 K and higher temperatures. Ball milling
appeared to be crucial for the preparation of the quarter-
nary phase. Only binary and ternary oxides could be
observed at all temperatures when heating pellets of ma-
terial that had not been milled.

A slow, room-temperature XRD scan was collected for
Rietveld analysis. Attempts to fit the data in an ortho-
rhombic unit cell were unsuccessful. Several weak re-
flections were unaccounted for, even using the Le Bail
method and with the symmetry lowered to P222. As
many A,(MO,); compounds adopt a monoclinic struc-
ture at low temperatures, the model for monoclinic
Al,(MoO,); (space group P2,/a) was tested. An excel-
lent fit could be obtained using this structure and mixed-
cation occupancy Mg/Hf for all Al sites.

The thermal expansion and phase transition behavior
of MgHf(WQO,); was investigated using variable-
temperature x-ray and neutron diffraction. Lattice con-
stants from x-ray data were obtained by fixing the lat-
tice parameter of the internal reference material to
known values'* and refining the lattice constants of
MgHf(WO,); along with the sample height. For the neu-
tron data, a zero-point error was refined along with the
lattice constants. All data sets converged with zero-point
errors of —0.071(1)°.

An absorption correction was applied to the neutron
data, and all data were refined in P2,/a using the mono-
clinic structure of Al,(MoQO,); as a starting model. This
model gave an excellent fit for the data up to 400 K (Fig.
1), but resulted in less than satisfactory agreement for the
550 and 700 K data sets. A full structural refinement of
the 4 K data with mixed Mg/Hf cation occupancy on all
four sites showed a strong preference for magnesium on
two of the sites, and a strong preference for hafnium on
the other two sites. As the refined occupancies suggested
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FIG. 1. Rietveld refinement of the neutron diffraction data of
MgHf(WO,); collected at 4 K. Diamonds represent data points, the
calculated pattern corresponds to the solid line, and a difference plot
is shown below the pattern. Tick marks indicate peak positions for
MgHf(WO,); (top) and Al from the heat shield (bottom).

complete cation ordering, the structure was refined with
two pure Mg and two pure Hf sites. The final structural
model is available as supplementary material.

For the XRD data, the monoclinic cell could account
for the data up to 373 K. Some subtle changes were
observed in the diffraction patterns above 400 K. This
suggested a change in lattice symmetry, similar to what is
observed for other A,(MO,); compounds upon heating.
However, the data could not be fitted with the ortho-
rhombic Al(Mo0O,), structure in space group Pnca. This
space group gave a less than satisfactory fit, both using a
structural model and with the Le Bail method [Fig. 2(a)].
Indexing using Crysfire'> returned an orthorhombic cell
with high figures of merit for ITO,'"® DICVOL,'’
TREOR,'® TAUP,' and KOHL.*° Systematic absences
pointed to Pnma as the highest possible symmetry. This
difference in unit-cell symmetry could be related to the
presence of two different cations on the octahedrally co-
ordinated sites, and the tendency toward cation ordering
observed during neutron data refinement of the mono-
clinic phase. Le Bail fits of each variable-temperature
data set were carried out using this space group. The fits
were excellent for the 473 K and above data sets [Fig.
2(b)], which were clearly orthorhombic, while the room-
temperature data resulted in poor agreement between cal-
culated and observed intensities. The orthorhombic unit
cell in space group Pnma also gave good fits for the 550
and 700 K neutron diffraction data. Data collected above
873 K were not refined, as sample decomposition was
observed. The lattice constants and unit-cell volumes
were extracted from the refined data and are shown in
Table 1.

Very little change in cell volume was observed in the
monoclinic region, followed by negative thermal expan-
sion in the orthorhombic phase (Fig. 3). The expansion
behavior in the orthorhombic phase is anisotropic, with
positive thermal expansion along b, and negative thermal
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FIG. 2. Le Bail fits of the 473 K XRD data for MgHf(WO,), in (a)
space group Pnca and (b) space group Pnma. Diamonds represent data
points; the calculated pattern corresponds to the solid line, and a dif-
ference plot is shown below the pattern. Tick marks indicate peak
positions for MgHf(WQO,); (top) and the Si standard (bottom).
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expansion along a and c. The relative expansion coeffi-
cients for the orthorhombic phase in the 400 to 800 K
temperature range are o, = —5.2 x 10° K™, o, = 4.4
x10°K"', a. = 29x10°K™", ay = -3.7x 107
K™, and oy = —1.2 x 107° K™', respectively. No abrupt
change in unit-cell volume was observed at the transition
temperature, suggesting a second-order phase transition.
This behavior is very different from that observed for
other A,(MO,); materials, which undergo a first order
monoclinic (P2,/a) to orthorhombic (Pnca) phase tran-
sition associated with a significant increase in unit-cell
volume. This difference could be related to the fact that
the orthorhombic structures are not identical.

IV. CONCLUSIONS

MgHf(WO,); undergoes a reversible phase transition
from monoclinic to orthorhombic symmetry between 400
and 473 K. Monoclinic MgHf(WO,); was observed for
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TABLE I. Refinement results for variable-temperature powder x-ray
and neutron diffraction data of MgHf(WO,);. Monoclinic volume is
divided by 2 to scale to orthorhombic results.

Temperature Volume
() aldy bAoA B() (A%

X-ray diffraction data
298 16.297 9.606 19.038 125.639 1209.639
373 16.298 9.603 19.029 125.670 1209.716
473 9.594 13.253 9.511 90.000 1209.394
573 9.586 13.261 9.509 90.000 1208.858
673 9.582 13.267 9.506 90.000 1208.296
773 9.578 13.273 9.503 90.000 1208.066
873 9.577 13.275 9.502 90.000 1208.011

Neutron diffraction data

4 16.297 9.603 19.029 125.668 1209.679

200 16.297 9.603 19.029 125.669 1209.693
400 16.298 9.603 19.028 125.669 1209.677
550 9.586 13.261 9.509 90.000 1208.887
700 9.582 13.266 9.506 90.000 1208.307

the first time for temperatures up to 400 K. It adopts the
same monoclinic structure as other A,(MO,); com-
pounds in space group P2,/a with an ordered arrange-
ment of the +2/+4 cations, but it transforms to a different
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FIG. 3. Expansion of MgHf(WO,); from neutron (open symbols) and
XRD (filled symbols) data. (a) Volume expansion. (b) Linear expan-
sion coefficients in the orthorhombic phase along a (diamonds), b
(squares), and c (circles) axes.
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orthorhombic space group, Pnma. The reversibility of the
phase transition suggests that the atomic connectivity in
Pnma must be similar to that of the Pnca and P2,/a
polymorphs. However, these subtle differences result in
distinct properties of the two phases at the phase transi-
tion temperature: The P2,/a to Pnca conversion is a first-
order transition associated with a sharp increase in unit
cell volume, whereas second-order behavior is observed
for MgHf(WQO,)); during the P2,/a to Pnma transforma-
tion. Second-order behavior offers advantages for poten-
tial applications of NTE materials in composites, where a
sudden change in cell volume during a first-order tran-
sition can lead to composite deterioration through crack-
ing. MgHf(WO,); shows negative-volume thermal ex-
pansion in the orthorhombic phase up to its decomposi-
tion above 873 K.
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