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1 | INTRODUCTION

Dylan W. Blake' |

Gerard S. Mattei’? |

Abstract

ZrW,0g (Z1r0,+2W03) and HfW,0g (HfO,+2WO;) have been the focus of ther-
mal expansion studies due to their isotropic negative thermal expansion (NTE)
measured previously at temperatures below 775°C. This work presents measure-
ments of these materials at their thermodynamically stable temperature ranges
of 1105 and 1257°C for ZrW,0g and 1105-1276°C for HfW,Og, where they were
characterized with in situ, powder X-ray diffraction. The linear coefficients of
thermal expansion were measured to be —5.52 X 107° and —4.87 x 10-°°C~!
for Zrw,0g and HfW,Og, respectively. The mechanism leading to this NTE is
discussed. Powder samples were synthesized by a solution-based process called
the organic-inorganic steric entrapment method. In situ characterization in air
was carried out at the National Synchrotron Light Source II using a hexapole
lamp, optical furnace and the Advanced Photon Source using a quadrupole lamp,
optical furnace to achieve elevated temperatures.

KEYWORDS
equilibrium, HfW,0Og, high temperature, in situ, isotropic, negative thermal expansion,
synchrotron radiation, ZrW,0Og

range than most materials.” ZrW,0g and HfW, Oy studies
are motivated by their application in the engineered

Zirconium tungstate, ZrW,0g (ZrO,+2WO03), and hafnium
tungstate, HfW,0g (HfO,+2WO5;), are archetypal exam-
ples of negative thermal expansion (NTE) in ceramics.'©
They have previously been studied primarily where they
are metastable and outside of their equilibrium tempera-
ture ranges from —272.85 to 775°C.”® The interest in these
two materials is due to the isotropic nature of the NTE
and because they exhibit NTE over a larger temperature

thermal expansion of composite materials'’ and recent
studies' " have focused on the mechanism leading to
NTE. An improved understanding of the fundamental
NTE mechanism could be applied to the control of ther-
mal expansion properties of other systems. ZrW,0g and
HfW,Og have also shown low thermal conductivity!>!°
and have been wused in thermal management
applications."”
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In the binary ZrO,-WO; phase diagram, Chang et al.'®
concluded that ZrW,0Og has a narrow stability region in
that it forms only between 1105 and 1257°C at 101.3 kPa
(1 atm) pressure. Below this temperature range, its phase
separates into its component oxides, ZrO, and WO3. Above
this temperature range, it melts incongruently, forming a
liquid with ZrO, precipitates. If it is quenched from about
1200 to 25°C, two cubic phases can persist at lower temper-
atures as metastable phases. The kinetics are slow enough
at temperatures below about 800°C that the metastable
cubic ZrW,0g crystal structures persist outside of their
thermodynamically stable temperature range. Previous
studies have probed the thermal expansion of Zrw,0Og
below 800°C.>7%1>16 However, Duan et al.'? collected one
neutron diffraction pattern of Zrw,0Og at 1170°C showing
a continued unit cell contraction. HfW,0g has a simi-
lar phase diagram with its stability region from 1105 to
1276°C."® ZrMo,0g (ZrO,+2Mo,05) has a similar structure
and has NTE but at atmospheric pressure is not stable at
any temperaturezo; therefore, it was not included in this
study.

ZrW,0g and HfW,0g4 have an open framework struc-
ture with two related o and 8 phases, both in the cubic
crystal system. The high-temperature -Zrw,0Og crystal
structure, shown in Figure 1, forms between 1105 and
1257°C and has a Pa3 (SG 205) space group, with four for-
mula units per unit cell.® This structure also exists from 164
to 775°C, where it is metastable if quenched. On cooling,
there is a phase transition from the metastable 5-Zrw,0g
to a-Zrw,0g at 164°C,?! which has a similar cubic crys-
tal structure, P2;3 (SG 198), also having four formula units
per unit cell. The crystal structure change between a and
B phases is characterized by an order-disorder transition
of the WO, tetrahedra.’” For both phases, all six oxygens in
ZrOg octahedra are corner sharing with oxygen atoms in
WO, tetrahedra. However, only three of the four oxygen
atoms in WO, tetrahedra are corner sharing with ZrOg,
whereas one oxygen has an unshared vertex on WO, or
a terminal oxygen. The flexibility in the structure due to
this terminal oxygen on the WO, tetrahedron, which is
along the high symmetry [111] axis, is partially responsible
for the NTE behavior in these materials. HfW,Oyg is iso-
morphous with ZrW,0g,” and the a-HfW, Oy to B-HfW, Oy
transformation occurs at 191°C.%!

NTE in ZrW,0g was initially shown by Martinek and
Hummel? in 1961. In 1996, Mary et al.” published the crys-
tal structures Zrw,0g and HfW, Oz and measured thermal
expansions from —272 to 775°C by X-ray and neutron
diffraction. Since then, numerous studies have worked to
determine the mechanism leading to this uncommon ther-
mal expansion.! Many different types of characterization
experiments and computational lattice dynamics studies
have been performed, including dilatometry,”*%* X-ray

FIGURE 1 (A)Crystal structure of 3-ZrW,0Og in the Pa3 space
group and (B) a selected subset of the unit cell shown with atom
labels to depict the corner sharing nature of the HfO4 octahedra and
WO, tetrahedra. Each WO, tetrahedron has three of its four corners
shared with ZrOg octahedra; oxygen atoms O, and O; are terminal
vertices. O, located on each of the six vertices of each ZrOg
octahedron are shared with surrounding WO, tetrahedra. HfW,Og
and ZrW,Oyg are isomorphous; HfW,Og can be visualized by
replacing Zr atoms with Hf atoms. Orientations of (A) and (B) are
seen from the same perspective using the program VESTA.?

diffraction (XRD),"*?! neutron diffraction,’**?* X-ray pair
distribution function (PDF) analysis,'>"* neutron PDF
analysis,'! Raman spectroscopy,”?® X-ray absorption fine
structure (XAFS),”’?® extended XAFS (EXAFS),"? inelas-
tic neutron scattering (measuring phonon and Griineisen
parameters),”>?° heat capacity,”*’ infrared spectroscopy,
density functional theory calculations,'>'**> and other
studies as summarized here."* It is important to note the
following three features concerning the previous studies.
There has been some disagreement about which lattice
dynamics and phonon modes are responsible for the pre-
cise mechanism causing NTE. Most previous studies were
completed within the temperature range from —272.85 to
775°C, and some only investigated the a phase. Addition-
ally, it can be inferred that ZrW,0g and HfW,0gz samples
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FIGURE 2 Powder diffraction patterns and Rietveld fits for

(A) Zrw,0q4 at 1210 (+2)°C and (B) HfW, Oy at 1209 (+4)°C both in
the Pa3 space group. Pt peaks were from the internal temperature
standard. Corresponding crystallographic and Rietveld data can be
found in Table 1. Minor phases of WO, and ZrO, in (A) formed
when ZrW,Og began to phase separate as it was quickly heated from
25°C to the 1100 to 1275°C temperature range. Both crystal structures
were refined from the starting structures reported by Evans et al.”
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FIGURE 3 Unit cell parameter values for ZrwW,0Og4 and

HfW,0Oq from 25 to 1300°C, showing negative thermal expansion at
their equilibrium temperature ranges from 1100 to 1300°C.
Estimated standard uncertainties are smaller than the data markers.

in many previous studies had thermal stresses and strains
present from the quenching process during sample syn-
thesis, although Yamamura et al.”! and Evans et al.>* had
included an annealing step to mitigate against this.

This article will describe (i) a new, solution-based
synthesis method for ZrW,0g and HfW,Og, (ii) in situ
XRD measurements from 25 to 1300°C with synchrotron
radiation, and (iii) structural analyses via the Rietveld
refinements. The purpose was to determine if 5-Zrw,0g
and $-HfW,Oq continue to show NTE at their equilibrium
temperature ranges as well as to determine if the ther-
mal expansion mechanism is similar to that of the lower
temperature studies.

2 | EXPERIMENTAL PROCEDURES

2.1 | Powder synthesis and preliminary
characterization

Powders of ZrW,0g and HfW,0gz were synthesized by
the organic-inorganic steric entrapment method.>*’
This involved the mixing of stoichiometric ratios of
zirconium(IV) chloride, ZrCl, (98%, Sigma-Aldrich), or
hafnium(IV) chloride, HfCl, (98%, Sigma-Aldrich), in
water with tungsten(IV) chloride, WCl,, (>99.9% trace
metals basis, Sigma-Aldrich) in isopropanol. Solvents for
each were chosen for the ease of dissociation of the chlo-
ride salts. This solution was combined with a 5 wt%
ethylene glycol, HO-CH,-CH,-OH (99%, Fisher Scien-
tific), in isopropanol solution. A 1:4 ratio was kept for
the number of negative hydroxyl (—OH) groups (two in
each ethylene glycol molecule) to the total positive cation
valence charges (Zr** or Hf** and W**). This solution was
stirred continuously on a hot plate for 4 h and then heated
until the isopropanol had evaporated.

The next step in the heat treatment involved placing
the hot plate-dried, zirconium or hafnium (IV) chloride,
tungsten (IV) chloride, and ethylene glycol mixture in a
Carbolite box furnace at 200°C for 3 h with ramp rates of
5°C/min on heating and 10°C/min on cooling, followed
by grinding with a mortar and pestle. A calcination step
was followed at 700°C for 2 h with 2°C/min on heating
and 10°C/min on cooling. This calcined powder was then
pressed to 60 MPa into a 12.7 mm (0.5”) diameter pellet,
placed on platinum foil in an alumina crucible and crys-
tallized in a Teresco furnace at 1200°C for 6 h at a ramp
rate of 5°C/min on heating followed by quenching in air,
on cooling. The quenching process was necessary to avoid
phase separation into HfO, and WOs;.

Sample characterization was performed using powder
XRD to confirm that a single phase ZrW,0g was formed
without major impurities on a Siemens-Bruker D5000 with
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(Continued)

TABLE 1

erZ 08

Rietveld refinement

eramic Society

TOPAS

TOPAS

Computer program
Weight %-Rietveld®

Ryp (%)
Rexp (%)b

R, (%)°
GoF (%)°

rnal

HULBERT ET AL.

95.81 (11)
6.60
0.36
5.02

95.66 (9)

3.80
1.52
2.74
2.50

18.49
2.731

0.888

RBragg

2Remaining wt% from internal temperature standard Pt or minor phases.

bValues are as defined in Bruker TOPAS Software.

°XRD data was collected at different locations due to beam-time availability.

Abbreviations: APS, Advanced Photon Source; ANL, Argonne National Laboratory; BNL, Brookhaven National Laboratory; NSLS II, National Synchrotron Light Source II.

Cu-K, radiation (4 =1.5418 A, 40kV,and 30 mA). XRD pat-
terns were measured via Bragg-Brentano geometry. XRF
measurements on a Shimadzu ED-XRF instrument were
also collected to determine the elemental composition,
which is shown in Section S1.

2.2 | High-temperature synchrotron
characterization

Prior to synchrotron experiments, 5-10 wt% Pt powder
(0.15-0.45 um in size, 99.9%, Sigma-Aldrich, then heat
treated at 800°C for 2 h) was mixed with each sam-
ple. This Pt was added as an internal standard, enabling
calculation of the sample temperature to +5°C,*® serv-
ing as a thermal conductor, and determination of cal-
ibration and integration parameters for the azimuthal
integration of area detector images. The sample and Pt
powder mixture was mounted in a 0.5 mm fused-silica
capillary (Charles Supper Company) and held at the
end of an alumina tube (0.6 mm ID, 1.0 mm OD, Alfa
Aesar). Sapphire capillaries could not be used due to
the reactivity of Al,0; with HfW,0g and ZrW,0g above
700°C.

In situ XRD experiments were performed in air in optical
furnaces at two synchrotron beamlines, due to beam-time
availability. Details for each beamline are described in the
following:

a. High temperatures were achieved with a quadrupole
lamp optical furnace®® at beamline 17 BM-B at the
Advanced Photon Source (APS) at Argonne National
Laboratory (ANL). The wavelength was 0.24117 A
(51.4062 KeV), the data was collected in a dy,; ~'-spacing
range of 0.05 to 0.90 A-1 and the sample-to-detector
distance of 1001.8 mm was determined from a single
LaBg image calibration. Each sample was rotated by
a sample spinner in the goniometer at 17 BM-B. Data
was collected with a 17” x 17" Varex 4343CT flat area
detector.

b. A hexapole lamp furnace heated samples at beamline
28-ID-2 at the National Synchrotron Light Source II
(NSLS II) at Brookhaven National Laboratory (BNL),
where the wavelength was 0.1847 A (671231 KeV).
The sample-to-detector distance was 1423-1426 mm, as
determined for each sample by the image calibration
from internal standard Pt for each sample. Data was col-
lected with a 16” X 16” flat scintillator area detector in a
dp ~'-spacing range of 0.09-1.55 A1,

Area detector images were calibrated for sample-to-
detector distance, beam center, tilt angle, tilt rotation,
and penetration and then azimuthally integrated with
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Unit cell data and negative thermal

The linear thermal expansion value, «;, was calculated

HULBERT ET AL.
(A) 15 B) 1 XRD plots are summarized in Table 1. Details describing
10 e o s 10 o s the Rietveld refinement procedure are given in Section S2.
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@ 3.82] g 38? R HfW,0g agreed with past data from Mary et al.® and
g 3.74] £3.74 Yamamura et al.”! in the regions where they overlapped.
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(E) - (F) 55 uncertainty, a common issue in powder XRD.*
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> 1.8 joinne 3 2181 333541 with Equation (1). Due to the high symmetry of the cubic
51_6 i g g E 16 * ; .} H 'H .} B crystal structures investigated, only a single value was
214 214 needed to describe the expansion of the cubic unit cell.
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FIGURE 4 Atomic displacement parameters in (A) and (B) for
ZrW,0g4 and HfW,Og, respectively. Selected atom-atom distances as
a function of temperature; (C) Zr-W distances; (D) Hf-W distances;
cation-oxygen distances for (E) ZrW,0Oz and (F) HfW,Og. Estimated
standard deviations are shown for all data points, but some are
smaller than the marker. Atom labels can be found in Figure 1B.

the program General Structure Analysis System I1.* The
Rietveld method*! was used to sequentially refine the Pa3
a-ZrwW,0g and Pa3 B-HfW,Oq structures described by
Evans et al.” from the temperature-dependent, XRD data
with the Bruker TOPAS software.***3

3 | RESULTS AND DISCUSSION

3.1 | High temperature crystal structure
refinements

XRD patterns and the corresponding Rietveld fit are shown
in Figure 2 for Zrw,0g and HfW,Og in the middle of
the equilibrium temperature range at 1210°C. Structural
results of ZrWw,0g and HfW,0Oq at this high temperature
range agreed well with the g-phase crystal structure deter-
mined by Evans et al.’ each with low goodness of fit
parameters. Crystallographic and Rietveld data for the two

for the length as a function of temperature, I(T), led to a
constant value for ¢; in the given temperature range. Addi-
tional details on thermal expansion calculations can be
found elsewhere?®45:4:

Lo 1 di®)
'™ Lsec dT

@

In Equation (1), the linear thermal expansion coeffi-
cient, o, calculated from a length at 25°C, l,50c, and a
polynomial of length as a function of temperature, I(T).

The linear thermal expansion was calculated for four
sets of data for Zrw,0g and for HfW,0Ogz and then aver-
aged to give a single value for each material. From 1100 to
1300°C, ; for ZrW,0g was —5.52 (6) X 107°°C~1, and «; for
HfW,0g was —4.87 (11) X 107°°C L. «; for f-ZrW,0g and 8-
HfW,Og reported here agreed with results from Yamamura
et al.’! from 227 to 287°C for the 3 phase. Values of «; for
each dataset of zirconium tungstate and hafnium tungstate
can be found in Sections S3 and S4, respectively.

The change in unit cell parameter slopes in Figure 3
between 150 and 200°C corresponds to the a to 8 phase
transformations, described previously.®?! The temperature
was held for approximately 2 min at each temperature
before a diffraction pattern was collected. This time may
not have been long enough at low temperatures for equili-
bration. However, because there was no significant differ-
ence in unit cell parameter values when data was obtained
on heating and on cooling, it could be concluded that in
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these high temperature experiments, there is no issue with
annealing leading to structural changes as described by
Evans et al.*

3.3 | Thermal expansion mechanism

In both the a and § phases, the WO, tetrahedra lie along
the [111] direction, the difference being that they are
disordered in the  phase. With this in mind, the ther-
mal expansion mechanism in each temperature range (as
well as crystal structure) could be compared. Selected
atomic displacement parameters (B.q) and atom-to-atom
distances, as determined from Rietveld refinement of both
ZrW,0g and HfW,Og structures, are shown in Figure 4.
The same trends are seen in the changes in unit cell for
both ZrW, 04 and HfW, Og, but they are described in terms
of Zrw,0Og below.

The Zr;-W; and Zr,-W, distances both decrease with
increasing temperature as the unit cell contracts. The
increase in Zr;-0;-W; and O;-W;-05 angles as well as the
decrease in Zr;—0;-W, and O,;-W,-0, angles in Figure 5
are consistent with this contraction of the distance of the
WO, tetrahedra along the [111] direction relative to the
ZrOg octahedra. The W;-05 distance is the only cation-
oxygen bond length that appears to change length, where
NTE can be seen in Figure 4E,F. W;-05 is the terminal
oxygen bond, and although it appears to have a shorter
bond length at higher temperatures, this is likely due

to transverse vibrations that lead to a measured contrac-
tion of the bond length, whereas the W-O, Hf-O, and
Zr-O bonds were rigid with temperature.*’ This mea-
sured contraction of the W-0O3; bond can be interpreted
as greater vibration perpendicular to the bond direction,
not a decrease in bond length.”#”*® This is consistent with
lower temperature studies that show that the NTE mech-
anism comes from the flexibility and vibrations of WO,
tetrahedra.!~13%8

The B,y values increased with temperature for all atoms
due to the increased thermal vibration. B., values were
largest for the lighter atoms, O;, O,, and O3, as expected.
However, even though the tungsten atoms were the heav-
iest in this system, they had larger B,y values than both
zirconium and hafnium atoms. This was likely due to the
inherent static disorder in the B-ZrW,Og structure. Both
the increased Bq of light atoms as well as the increased
vibrations at high temperatures make the thermal expan-
sion mechanism more difficult to determine and have
been an important aspect of mechanisms presented in
studies of the a-phase.!"'? Atomic displacement param-
eters were refined isotropically, as they generally cannot
be refined anisotropically for powder XRD data.** How-
ever, a powder neutron diffraction study”* found that
refining displacement parameters anisotropically led to
differing bond angles when compared with an isotropic
model for the same data. This would be an opportunity
for additional studies in which anisotropic displacement
parameters could be found.
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The large temperature range measured here of (-
ZrW,0g and B-HfW,0g made it possible to see trends
in bond angles and atom-to-atom distances which were
not distinguishable in previous powder XRD experiments
over more limited temperature ranges. This data suggests
that the NTE mechanism in this temperature range comes
from translations of the WO, tetrahedra along the [111]
direction as well as small rotations of the HfO4, and WO,
polyhedra. This was consistent with mechanisms of NTE
found previously in lower temperature experiments."”
Experiments in the 1100-1300°C temperature range with
additional techniques such as X-ray PDF, neutron PDF,
EXAFS, or infrared spectroscopy could more accurately
describe the local structure and low energy phonon modes
of this system.

For each dataset in this article, there is a corresponding
diffraction pattern file (.xye), TOPAS output file (.out), and
acrystallographic information format file (.cif) found in an
online repository at the hyperlink given in the Supporting
Information Section. Tabulated unit-cell parameter data is
also included in the Supporting Information section.

4 | CONCLUSION

It was shown that ZrW,0g and HfW,0g have NTEs over
the entire range at which they are thermodynamically
stable from 1105 to 1257 and 1105 to 1276°C, respectively,
expanding upon previous studies from —272.85 to 775°C
where they are metastable. At their equilibrium tempera-
ture ranges, ZrW,0gz and HfW,Og still showed NTE. The
thermal expansion values measured here from 1100 to
1250°C for ZrW,0g were —5.52 x 107%°C~! and from 1100
to 1275°C for HfW,Og were —4.87 X 1076°C~1. The thermal
expansion coefficient was found to be constant over this
temperature range. The mechanism of NTE appears to be
similar to previous lower temperature studies in which a
decrease in the distance between HfOs and WO, polyhe-
dra along the [111] direction due to transverse vibrational
modes leading to an average decrease in the HfO4 and
WO, polyhedra and a decrease in W;-0; distance occur.
HfW,0z has NTE over the largest temperature range yet
studied. Previously, it showed NTE at all temperatures
below 775°C.

5 | RELATED LITERATURE
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