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Abstract

Powder XRD-analysis and thermo-mechanical analysis on sintered TiO,-WO;-ZrO, mixtures revealed the formation of
Zr;_Ti,W,Og solid solutions. A noticeable decrease in unit cell parameter ‘@’ and in the order—disorder transition temperature could
be seen in the case of Zr;_,Ti,W,Og solid solutions.

Studies performed on other ZrW,Og solid solutions have attributed an increase in phase transition temperature to a decrease in free
lattice volume, whereas a decrease in phase transition temperature was suggested to be due to the presence of a more disordered state.
Our studies indicate that the phase transition temperature in our materials is strongly influenced by the bond dissociation energy of the
substituting ion—oxygen bond. A decrease in bond strength may compensate for the effect of a decrease in lattice free volume, lowering
the phase transition temperature as the degree of substitution by Ti*" increases. This hypothesis is proved by differential scanning

calorimetry.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The anharmonicity of the potential well causes positive
thermal expansion in most solid materials. However, it is
not uncommon for materials to contract upon heating.
Examples in this field are tetrahedrally bonded crystals and
water at low temperature and f-quartz at high tempera-
tures [1,2]. Most of them show anisotropic negative
thermal expansion in a very narrow temperature range.
ZrW>0g is a widely examined member of the negative
thermal expansion materials. This cubic material exhibits
large isotropic negative thermal expansion over a broad
temperature range (0—1050 K) [3].

Being part of the AM,Og family, zirconium tungstate is
built from ZrOg octahedra and WO, tetrahedra. The
polyhedra are corner linked to one another by shared
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oxygen atoms. In the octahedra, all oxygen atoms are
bounded to the surrounding tetrahedra, whereas the WO,
tetrahedra have one free oxygen atom. The polyhedra are
part of an open frame work structure. The large negative
thermal expansion behaviour is caused by low-energy
vibrational-rotational modes of the polyhedra within this
open frame work structure. The coupled rotations, without
distortion of the intrahedral bond distances or angles, are
often referred to as Rigid Unit Modes or RUMs [4-11].
This material has a cubic crystal structure at room
temperature with the WO, tetrahedra aligned along the
[111] axis. ZrW,Og undergoes a phase transition from
cubic o (P2,3) to cubic f (Pa-3) at 430K. In the high
temperature fS-phase, the direction in which the WOy,
tetrahedra point, becomes dynamically disordered. Zirco-
nium tungstate maintains its negative thermal expansion
over the a—f-phase transition, but the thermal expansion
coefficient becomes smaller (a-phase: —10 x 107°K™'; -
phase: —4 x 107°K ") [12]. This order—disorder transition
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can be easily detected in temperature-dependent X-ray
diffraction. The [310] reflection disappears completely
after the o—f-transition. The phase transition temperature
can also be seen by thermo-mechanical analysis as a- and
f-phases have different thermal expansion coefficients.

There are two different mechanisms published in
literature. The first mechanism is a so-called Sy2 reaction
in which the free We.— O bonds are broken followed by an
inversion of the tungstate tetrahedra [13]. On the other
hand, O'” NMR studies have revealed the mechanism
behind the phase transition [14]. It was confirmed that all
oxygen atoms in the structure are in dynamic exchange
even below the phase transition. At the phase transition
temperature, adjacent tetrahedra will rotate as a whole in a
“ratchet” motion causing mutual exchange between all
oxygen sites. This implies breaking of the Zr—O bounds in
the Zr—O-W linkages. In that sense, it is clear that
substitution of the Zr** ion within the crystal structure
by another ion must strongly affect the phase transition
temperature. According to conventional knowledge, the
occurrence of substitutional solid solutions requires that
the ions that are replacing each other must be similar in size
[15]. Another important issue is the charge neutrality of the
materials, thereby restricting our choice largely to ions with
4+ wvalency. Good results concerning solid solutions were
obtained by substituting Zr** ions (86 pm) [16] by other
4+ -valency ions such as Sn*" (83 pm) [17] with 0<x<0.2
and Hf*" (85pm) with 0<x<]1.

The most widely discussed substituted material is
HfW,0g [3,18]. Hafnium tungstate exhibits the same
remarkable negative thermal expansion properties as
ZrW,0g. The a-phase (¢ = 0.9157 nm) is isostructural with
a-ZrW-0g [19]. HfW,0g4 shows an order—disorder transi-
tion at 460 K. Substitution by Sn** ions induces a decrease
in phase transition temperature [17]. In addition to
tetravalent substituents, some trivalent ions such as
Y3 (0<x<0.04), Lu*"(0<x<0.04), Sc*"(0<x<0.04),
In® " (0<x<0.04), etc. were also used to prepare substi-
tuted ZrW,Og materials [20-24]. Again, the phase transi-
tion temperature was affected by the substitution as a
decrease in phase transition temperature was noticed.

Substitution of the tungsten ion is most widely studied in
ZrMo0,0g. Cubic y-ZrMo,Og is isostructural with f-
ZrW>0g [25-27]. Recently, it has been shown that it is
possible to prepare ZrW,_,Mo,Og phases over the entire
composition range 0<x<2 [28-30]. The phase transition
temperature shifts to lower values as the amount of Mo
present in the material increases. For example, the a—f
phase transition of ZrMoWOyg is reduced with 160 K
compared to the parent compound [31]. The study of shifts
in phase transition from «- to f-phase is of great practical
importance because it gives the possibility to exclude a
phase transition and a disturbing shift in thermal expan-
sion above room temperature.

In this paper, we attempt to substitute Zr* " by Ti*" ions
and study the effect of the substitution on the crystal
structure and the phase transition temperature. The results

are compared to our earlier published Sn-substituted
ZrW,0Og materials in order to understand the main
parameters affecting the shift in phase transition tempera-
ture [17].

2. Experimental

The Zr,_,Ti,W,0g5 (x=0-0.1) and Zr;_,.Sn,W,04
(x = 0-0.05) materials were synthesized using a solid state
reaction starting from the commercially available oxides
Zr0Q,, TiO, and SnO, (Aldrich). WO3 was obtained from
Acros Organics. The oxide mixtures were co-milled during
24 h in an attrition mill filled with zirconia pearls. The mass
ratio of powder:pearls was 1:1. These oxide mixtures were
pressed at 750MPa into small bars of 0.3g
(2mm x 2mm x 13mm). The bars were sintered during
15h in a preheated furnace at 1450K, followed by
quenching in liquid nitrogen to avoid decomposition into
the metal oxides precursors. The bars were used as such to
examine their thermo-mechanical behaviour. The coeffi-
cients of thermal expansion and the phase transition
temperature were measured with a vertical push rod
thermo-mechanical analyser (TA instruments 2940) using
a heating rate of 5 K/min from room temperature to 573 K
under a constant force of 0.5N. Differential scanning
calorimetry was performed on powder samples using a
DSC 2910 (TA Instruments). These measurements were
performed under N, atmosphere (50 mL/min) between 233
and 573K at a heating rate of 20 °C/min. Identification of
the different phases present in the powder samples was
performed on a X-ray diffractometer D5000 using CuKo
radiation (Siemens). The XRD powder diffraction data
were collected by a step scanning method (260 range from
10° to 80°). Simultaneous scanning electron microscopy
and energy dispersive analysis of X-rays were performed on
a FEI-200F (FEI).

3. Results and discussion

The samples of Zr;_,Ti\W,0Og (x=0-0.1) and
Zri_.Sn,W,04 (x =0-0.05) were analysed by powder
X-ray diffraction to determine the presence of a single
phase. The signal:noise ratio was high enough to detect
small amounts of crystalline material. As can be seen in
Fig. 1, for the Zr,_,Ti,W,Oyg series, no other reflections
besides those belonging to ZrW,0Og are present except for
the highest degree of substitution in the ZroTig;W,Og
composition. Here, reflections due to the presence of TiO,
can be seen. It is hereby proved that this composition
exceeds the limit of the solid solution. No reflections of
impurity phases can be remarked for the Zr;_,Sn ,W,0Og
series mentioned in Fig. 2. This is a first indication that a
solid solution is formed in this range of composition.

SEM-EDX line mapping was used to confirm the
homogeneity of the Ti ions among the ZrW,0Og matrix.
As can be seen in Fig. 3, the signals collected at 10keV
(W Lj edge) and SkeV (Ti K edge) are corresponding with
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Fig. 1. X-ray diffraction patterns of Zr,_,Ti,W,Og (x = 0-0.10) at room
temperature (298 K).
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Fig. 2. X-ray diffraction patterns of Zr,_,Sn,W,Og: (a) x = 0.025 and (b)
0.05.

each other. The places where both signals drop are
associated with pores in the material. Ti can be seen on
every spot where a positive signal for the W L edge is
obtained. This confirms a homogeneous distribution of the
Ti atoms within ZrW,Og necessary to obtain a solid
solution.

The influence on the unit cell parameter caused by
substitution of the Zr position by cations with a smaller
ionic radius was investigated for all the samples mentioned
in Figs. 1 and 2. The lattice parameters were calculated
using 30 peaks between 30 and 80 20 by a least-square fit
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Fig. 3. Line mapping of the Ti and W distribution in Zrg 5Tig0sW,Osg.
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Fig. 4. Lattice parameters of ZrW,Og (x=0), Zr,_,Ti,W,0g
(x=0.01-0.10) (A) and Zr,_,Sn,W,0g (x =0.025 and 0.05) (H) at
298 K. The linearity according to Vegard’s law is indicated by the dotted
lines.

after correcting 20 with Nelson—Riley’s method [32]. LaBg
of 6wt% was added to the samples as internal standard.
Fig. 4 shows the cell parameter ‘a’ for ZrW»Og, Zr;_, Ti,.
W->0g (x =0.01-0.10) and Zr;_,Sn,W,0g (x = 0.025 and
0.05) at 298 K. For Ti*" and Sn*", the relative magnitude
of the decrease in unit cell parameter is nicely linked to the
relative sizes of the substituting ions versus the size of
Zr*". The linear decrease in unit cell parameter with
increasing degree of substitution follows Vegard’s law
[15,17]. The Zry¢TigW,0Og material does not obey this
law. The cell parameter of the material does not further
decrease in comparison with the 5% substituted material
which means that the limit for substitution of Ti*" at the
Zr*" position is obtained at 5%, which proves the earlier
mentioned observations in XRD-analysis. Materials, which
exceed this limit, are not further discussed here.

The decrease of unit cell parameter in the case of Ti and
Sn substitution follows the trend that was already reported
for substitution with Hf*" [3]. However, these observations
are in contrast with the substitution of Zr*" ions by
trivalent ions where a decrease of the unit cell parameter is
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Fig. 5. Relative length differences of sintered Zr,_,Ti,W,O0g
(x =0.00-0.05) bars as a function of temperature. The top curve is
measured on a pure ZrW,Og bar as indicated by ().
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Fig. 6. Thermal expansion coefficients of o- and f-Zr;_,Ti,W,Og.

noticed despite the larger radii. The main reason for this
behaviour is the oxygen deficiency, caused by the lower
valency of the substituting ions [20]. The substitution by
Ti** and Sn*" respects the electroneutrality of the
compound without any need for changes in the oxygen
content thus the smaller ionic radius is directly reflected in
a decrease in unit cell parameter.

Fig. 5 represents the thermo-mechanical analysis of
Zr;_, Ti,W,05 (x =0.00-0.05) samples. The top curve
represents a pure ZrW,Og sample. Substitution will not
affect the negative thermal expansion properties of the
materials. The thermal expansion coefficients of the a- and
p-phases of all Ti-substituted materials are plotted in Fig. 6
and no large differences in thermal expansion behaviour
can be seen.

The phase transition temperatures of ZrW,Oyg, Zr;_, Ti,.
W50 (x = 0.01-0.05) and Zr;_,Sn,W>Og (x = 0.025 and
0.05) were determined by differential scanning calorimetry
as the maximum in the anomaly of the heat capacity. The
shift in maxima for ZrW,Og, Zrgg9Tigo;W,0g and
Zry.98Tip o W-Og can be seen in Fig. 7 and the phase
transition temperatures for all substituted materials are
gathered in Fig. 8. The temperature at which the a-phase
transforms into the p-phase decreases as the Ti%"-
substitution degree increases. Translated into the order—
disorder theory this means that with increasing substitu-
tion, less thermal energy—reflected in a lower phase
transition temperature—is needed to induce the disorder-

x=0.02
x=0.01
x=0.00

280 —

260 —

240

Heat capacity (J/mol K)

220

I I I I T
300 350 400 450 500

Temperature (K)

Fig. 7. Heat capacity determined by DSC of ZrW,Og, Zr(99Tig 01 W20g
and Zrg.0gTig.02W20s.
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Fig. 8. Phase transition temperatures ZrW,Og (x =0), Zr;_,Ti,W,Og
(x =0.01-0.05) (A) and Zr;_,Sn,W>0g (x = 0.025 and 0.05) (H).
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Fig. 9. FWHM calculated for [310] reflection of Zr,_,Ti,W,Og
(x = 0-0.05) solid solutions.

ing of the WOy tetrahedra. An even more pronounced
decrease in phase transition temperature can be noticed for
Sn** -substituted solid solutions. Some authors state that
the main reason for the lower phase transition temperature
is the presence of a locally disordered state induced by the
substituting ion [24]. The disturbance of the periodic order
of some WO, tetrahedra clusters in the orientationally
disordered state in Zr;_,Ti,W,Og can be confirmed by an
increase of the FWHM of the [3 1 0] reflection. An increase
in FWHM with 15% was calculated for Zr;_,Ti,W,0Og
(x = 0.00-0.05) samples as given in Fig. 9.

The effect of Hf** substitution mentioned in literature is
in contrast with this latter theory as the phase transition
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temperature increases with increasing substitution degree.
As explanation for this, it is stated in literature [18] that the
phase transition of Zr;_ Hf W,03 (x = 0-1) solid solu-
tions is dependent of the free lattice volume. The free lattice
volume is defined as the unit cell volume minus the sum of
the volumes for all ions occupying the unit cell. The
increase of the phase transition temperature is considered
to be due to the decrease of the free space around the WO,
tetrahedra. To relate our results to the change in free lattice
volume, this free lattice volume was calculated for
Zr_ Ti,W,05 (x =0.00-0.05) and plotted against the
phase transition temperature (Fig. 10). As can be seen in
this figure, the phase transition temperature decreases as
the lattice-free volume decreases, which is in contrast with
the results mentioned for the Hf** substitution.

De Meyer et al. [17] have published a phenomenon,
which cannot be neglected. The order—disorder transition
mechanism, revealed by O'” NMR, indicates that during
the ratchet motion Zr—O bonds in the Zr—O-W linkages are
broken. Substitution of the Zr*" ion by another ion may
increase or decrease the bond strength. In Table 1, the ionic
radii and bond dissociation energy data are assembled.
From this table, it can be seen that the reason for the
higher phase transition temperature of Hf-substituted
ZrW,0Og materials is not only the smaller lattice-free
volume but extra evidence can be found in the higher
dissociation energy of a Hf-O bond in comparison with a
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Temperature (K)

410 H hd

405,
I I I I I I I
4948 4950 4952 4954 4956 4958 4960

303
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Fig. 10. Phase transition temperatures of Zr,_,Ti,W,Og (x = 0.00-0.05)
solid solutions versus the calculated lattice free volumes in the unit cell at
298 K.

Table 1
Tonic radii and M—O bond dissociation energies of the substituent ions of
the Zr,_.M,W,0Og described in this paper

Zri_ M, W->0g4 Ionic radius M-0 bond dissociation energy
with M: (pm) [15] (kJ/mol) [33]

Zr*t 86 776.149.2

Hf*" 85 801.7+13.4

Sn** 83 531.8+12.6

Ti** 74.5 672.4+9.2

Y3 " 104 719.6+11.3

Lu®t 100.1 678+8

Zr—0 bond as stated in the publication of De Meyer et al.
For the Ti*" substitution, however, the lower dissociation
energy of the Ti—-O bond in comparison with the Zr-O
bond will compensate the effect of the smaller lattice-free
volume resulting in an overall decrease of the phase
transition temperature as the substitution degree increases.
The literature data for Y°* and Lu’" also mention a
decrease in phase transition temperature, which we can
attribute to differences in bond strength. Further con-
firmation of this phenomenon can be found in the fact that
the decrease of phase transition temperature is larger in the
case of Zr;_,Sn,W,Og materials than for Zr,_,Ti,W,Og
solid solutions due to the higher dissociation energy of
Ti—O in comparison with an Sn—O bond.

Differential scanning calorimetry is used to quantify the
phase transition enthalpy. As mentioned above, the heat
capacity shows an anomaly around the phase transition
temperature due to an order—disorder transition. The
excess heat capacity is defined as the heat capacity after
subtraction of the baseline. The phase transition enthalpy
can be calculated as the integration area in which this
excess heat capacity can be detected. The phase transition
enthalpy for ZrW,Og was experimentally quantified as
490.4 J/mol. This value is smaller than other values (907J/
mol) stated in Ref. [20]. These differences can be under-
stood as originating from another calorimetry technique
(DSC versus ASC), baseline calculation and preparation
history (presence of quenching effects). The phase transi-
tion enthalpies for the Ti-substituted materials are given in
Fig. 11. A clear decrease of the phase transition enthalpy
can be seen as the substitution degree increases. An
increase in phase transition enthalpy after substitution
with Hf*" has been reported [19]. Here, we clearly see a
decrease because of substitution by Ti*" with a small Ti-O
bond strength. This supposes the ratchet motion as the
mechanism behind the phase transition. The introduction
of less firm bonded ions will only affect the phase transition
enthalpy if the Zr-O-W or M—O-W linkages are broken
during transition. The substitution of Zr** by other ions
clearly affects the thermo-dynamical parameters involved
in the phase transition.
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Fig. 11. Phase transition enthalpy for Ti-substituted materials.
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4. Conclusion

In this paper, substitution of Zr*" jons by Ti*" resulted
in successful synthesis of Zr,_,Ti,W,0g solid solutions
with x = 0.00-0.05. A decrease in lattice parameters could
be identified and was attributed to a smaller ionic radius
(74.5 pm) of the substituting metal. The decrease in phase
transition temperature noticed in these solid solutions is
thought to result from the combination of the presence of a
larger disorder state (broadening of the [310] reflection)
and a lower bond dissociation energy of the Ti—-O bond in
comparison with the Zr—O bond, which compensates for
the decrease in lattice-free volume. This phenomenon is
proved by differential scanning calorimetry measurements.
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