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Abstract

A powder X-ray diffraction experiment was performed on cubic Zr1–xHfxW2O8 (x=0.25, 0.50 and

0.75) solid solutions from 90 to 560 K. The lattice parameters of Zr1–xHfxW2O8 at 121 K decreased

linearly with increasing Hf contents, due to smaller ionic radius of hafnium than that of zirconium.

Transition temperatures due to �–� structural phase transition increased with increasing Hf contents,

reflecting the decrease of lattice free volume related to the orientation of unshared vertex of WO4.

Anomaly in the heat capacity of Zr0.5Hf0.5W2O8 was observed around 450 K which was 9 K lower

than that by X-ray diffraction method. Transition entropy of Zr0.5Hf0.5W2O8 was 2.1 J mol–1 K–1,

consistent with those of ZrW2O8 and HfW2O8. This consistent entropy supports that Zr1–xHfxW2O8

(x=0–1.0) has the same order–disorder phase transition mechanism.
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Introduction

ZrW2O8 has received considerable attention in the past several years because of its

isotropic negative thermal expansion over a wide temperature range from 0.3 to

1050 K [1–3]. The crystal structure of ZrW2O8 has a framework structure that is char-

acterized by linkage of corner shared WO4 tetrahedron and ZrO6 octahedron. Those

polyhedrons share the oxygen atoms at the vertices of the polyhedron each other ex-

cept one of oxygen atoms of a unit. The framework structure and the libration of the

WO4 unit with the unshared vertex result in the nature of negative thermal expansion

[4, 5]. ZrW2O8 undergoes an �–� structural phase transition at about 440 K from an

acentric to a centric structure with increasing temperature. The �–� structural phase

transition is related to the orientation of the unshared vertex of WO4 unit and consid-

ered to be order–disorder type [1, 2].
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HfW2O8 having the same crystal structure as ZrW2O8 shows a negative thermal

expansion. It is well known that zirconium and hafnium ions resemble each other in

chemical property. However, the ionic radius of hafnium is slightly smaller than that

of zirconium and the atomic mass of hafnium is about twice heavier than that of zir-

conium. Many studies were available on those of ZrW2O8, but only negative thermal

expansion data by thermomechanical analysis (TMA) were reported for HfW2O8 and

Zr0.5Hf0.5W2O8 [6].

Recently we have reported the study of negative thermal expansion and phase

transition on ZrW2O8 and HfW2O8 by X-ray diffraction and calorimetric measure-

ments [7, 8]. Heat capacity data showed that phase transition temperature of HfW2O8

was about 25 K higher than that of ZrW2O8 and both transition entropies were the

same. The fact of the same entropy supports that phase transitions of ZrW2O8 and

HfW2O8 are of the same order–disorder type, where two WO4 tetrahedra on [111] di-

agonal in the unit cell have only two conformations in a concerted manner.

In this paper we report the effects of Hf contents on the lattice parameters and phase

transition of Zr1–xHfxW2O8 (x=0.25, 0.5 and 0.75) solid solutions by X-ray diffraction

method and on phase transition of Zr0.5Hf0.5W2O8 by calorimetric measurement.

Experimental

Zr1–xHfxW2O8 (x=0.25, 0.5 and 0.75) solid solutions were synthesized by solid-state

reaction. ZrO2, HfO2 and WO3 were mixed at the required proportion thoroughly in an

agate mortar and pressed in a steel die to form pellets. The pellets were then calcined

at 1473 K for 12 h in air and rapidly cooled down to room temperature. After grinding

the quenched pellets to get homogeneous solid solution, the resulting powders were

pressed into pellets. The pellets were sintered at 1473 K for 12 h and quenched in liq-

uid nitrogen to avoid decomposition of solid solution.

The samples of Zr1–xHfxW2O8 (x=0.25, 0.5 and 0.75) solid solutions were charac-

terized by X-ray powder diffractometer using CuK� radiation with 40 kV–200 mA

(RINT 2500V, Rigaku), having low and high temperature attachments capable of

controlling temperature within �1 K. The XRD data were collected by a step scan-

ning method in the 2� range from 10 to 100� with a step width of 0.01� and a scan

time of 0.7 s. The powder patterns were obtained at about 35 temperatures from 90 to

560 K in a vacuum environment. Temperature was kept at constant at each tempera-

ture. For XRD, the sample was on copper plate and temperature was controlled by

K-type thermocouple attached to the back of copper plate. We measured temperature

at the surface of the sample by using another K-type thermocouple thermometer and

then a correct temperature was used in this study.

The heat capacity of Zr0.5Hf0.5W2O8 was measured by an adiabatic scanning calo-

rimeter (ASC) at temperatures from 350 to 550 K. Details of the apparatus and opera-

tion of the ASC have been described elsewhere [7]. The crushed samples of

Zr0.5Hf0.5W2O8 were loaded into a quartz ampul as a calorimeter vessel and sealed

with small amounts of helium gas (20 kPa at room temperature) to assist thermal

equilibration within the ampul. The amount of the sample used for the measurement
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was about 16 g. Before heat capacity measurement, the ampul with the sample was

annealed at about 800 K for 1 h, in order to remove the quenching effects in the sam-

ple preparation. The heating rate chosen in this study was about 1.8 K min–1. A pre-

liminary heat capacity measurement of sapphire using the ASC showed that a preci-

sion and an accuracy of the calorimeter were within �2% and �2%, respectively, in

comparison with the reliable data of sapphire [9].

Results and discussion

All samples of Zr1–xHfxW2O8 (x=0.25, 0.5 and 0.75) solid solutions were character-

ized to be of a single phase by a powder X-ray diffraction method. The X-ray diffrac-

tion profiles of Zr1–xHfxW2O8 (x=0.25, 0.5 and 0.75) solid solutions at 121 K are

shown in Fig. 1, together with those of ZrW2O8 and HfW2O8 by our previous work

[8]. The X-ray diffraction profiles of Zr1–xHfxW2O8 (x=0.25, 0.5 and 0.75) are very

similar to those of ZrW2O8 and HfW2O8. The 310 peak of all samples shown in Fig. 1

disappeared above phase transition temperature. The diffraction peaks in the X-ray

profiles were assigned by referring to the previous work on ZrW2O8 by Sleight’s

group [2]. Lattice parameters of these samples were determined using about 40 dif-

fraction peaks between 40 and 100 by a least-square calculation after correcting 2�

with Nelson–Rieley’s method [10].

Figure 2 shows the lattice parameters of Zr1–xHfxW2O8 (x=0.25, 0.5 and 0.75)

solid solution at 121 K, together with our previous data of ZrW2O8 and HfW2O8 [8].

The lattice parameters decrease linearly with increasing Hf contents, reflecting

smaller ionic radius of hafnium (85 pm) than that of zirconium (86 pm) [11]. Since

the dependence of the lattice parameters on Hf contents follows the Vegard’s law,

Zr1–xHfxW2O8 is considered to form a complete solid solution.
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Fig. 1 X-ray diffraction patterns of Zr1–xHfxW2O8 (x=0.25, 0.50 and 0.75) at 121 K, to-
gether with those of ZrW2O8 and HfW2O8 by our previous work [8]



Figure 3 shows the lattice parameters of Zr1–xHfxW2O8 (x=0.25, 0.5 and 0.75) as

a function of temperature. Anomalies in the lattice parameters of Zr1–xHfxW2O8

(x=0.25, 0.5 and 0.75) are seen for each sample in the temperature range from 400 to

500 K, similar to those for ZrW2O8 and HfW2O8 [8]. These anomalies are due to �–�

phase transition. Transition temperatures are decided from disappearance of 310 dif-

fraction peak in Fig. 1 and from the temperature where the lattice parameter curve of

low temperature phase reaches the extrapolated line of the lattice parameters in high

temperature phase. A typical extrapolation line of Zr0.25Hf0.75W2O8 determined by a

least square method is shown as a dashed line in Fig. 3. Phase transition temperatures

(Ttrs) of Zr1–xHfxW2O8 (x=0.25, 0.5 and 0.75) were determined to be 446, 456 and 464

�2 K, respectively. The increase of phase transition temperatures is considered to be

due to the decrease of free space around WO4 unit on going from ZrW2O8 to HfW2O8,

because this structural phase transition is related to the orientation of the unshared
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Fig. 2 Lattice parameters of Zr1–xHfxW2O8 at 121 K vs. Hf contents

Fig. 3 Lattice parameters of Zr1–xHfxW2O8 as a function of temperature. � – x=0.25,
� – x=0.50, � – x=0.75. A dashed line for x=0.25 is calculated from the fitting
of lattice parameter vs. temperature above phase transition by a least square
method



vertex of WO4 unit in the framework structure of ZrO6 and HfO6. We define the lat-

tice free volume (Vfree) as Vfree=V–Vion, where V is the unit cell volume and Vion is the

sum of the volumes for all ions occupying the unit cell. By using the lattice parameter

in this study and the ionic radius in the literature [11], lattice free volume of

Zr1–xHfxW2O8 (x=0–1.0) in unit cell is calculated. Phase transition temperatures (Ttrs)

of Zr1–xHfxW2O8 (x=0.25, 0.5 and 0.75) in this study, together with those of ZrW2O8

and HfW2O8 by our previous study [8] are plotted as a function of the calculated lat-

tice free volume (Vfree) at 121 K. The correction of ionic radius at 121 K is not carried

out for simplicity. The phase transition temperatures increase with decreasing lattice

free volume as expected.

The 310 peak in Fig. 1 is considered to be one indicator of the observed parame-

ters on order–disorder type phase transition, since the 310 diffraction peak disap-
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Fig. 4 Phase transition temperatures of Zr1–xHfxW2O8 (x=0.25, 0.50 and 0.75) vs. the
calculated lattice free volumes (Vfree) in unit cell at 121 K. Ttrs and lattice free
volume of ZrW2O8 and HfW2O8 in our previous study [8] are also shown

Fig. 5 Normalized intensities of (I310/I210)T /(I310/I210)91 for Zr1–xHfxW2O8 as a function
of (T–Ttrs)/Ttrs. o – x=0,� – x=0.50, � – x=1.0



peared above �–� structural phase transition temperature, where P213 at low temper-

ature changes to Pa3 at high temperature. The relative intensities of (I310/I210)T at

the temperature T was calculated from XRD profiles, where I310 and I210 are inten-

sities of 310 and 210 diffraction peaks, respectively. Figure 5 shows normalized in-

tensity (I310/I210)T /(I310/I210)91 as a function of (T–Ttrs)/Ttrs, where (I310/I210)91 is the rela-

tive intensity at 91 K. The normalized intensities of Zr0.5Hf0.5W2O8 follow the same

curve as those of ZrW2O8 and HfW2O8. The normalized intensities are constant in the

low temperature region and approach to zero at Ttrs. These facts support that

Zr0.5Hf0.5W2O8 has the same phase transition mechanism as ZrW2O8 and HfW2O8.

Figure 6 shows heat capacities of Zr0.5Hf0.5W2O8 as a function of temperature.

Anomaly in the heat capacity is seen at about 450 K. The temperature range of the anom-

aly in the heat capacity seems corresponding to that of the anomaly in the result of X-ray

experiment as seen in Fig. 3. The baseline was determined by interpolating heat capaci-

ties in both higher- and lower-temperature ranges excluding the phase transition. The ex-

cess heat capacities of Zr0.5Hf0.5W2O8 are obtained by subtracting the baseline and the re-

sults are shown in Fig. 7. The shape of the excess heat capacity for Zr0.5Hf0.5W2O8 was

similar to those of ZrW2O8 and HfW2O8 in our previous works [7, 8]. This �–� structural
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Fig. 6 Heat capacity of Zr0.5Hf0.5W2O8 as a function of temperature

Fig. 7 Excess heat capacity of Zr0.5Hf0.5W2O8 as a function of temperature



phase transition is regarded as �-type, which is a general shape of second-order phase

transition. In calorimetric measurement, transition temperature was decided from the

peak in heat capacity to be 447 K, which is 9 K lower than that determined by X-ray

diffractometry. The temperature difference is attributed to gas environment around the

sample in ASC and XRD equipments. In ASC the sample in the calorimeter vessel is in

some He gas to assist quick thermal equilibration. On the other hand, the XRD measure-

ment is carried out under vacuum environment, where the sample shows poorer thermal

conductivity due to larger gas thermal resistance among particles. This different thermal

conductivity of sample between XRD and ASC may lead to the difference in the phase

transition temperature. Figure 8 shows transition temperatures of Zr1–xHfxW2O8 (x=0.25,

0.5 and 0.75) determined by X-ray diffractometry and that of Zr0.5Hf0.5W2O8 by heat ca-

pacity measurement, together with those of ZrW2O8 and HfW2O8 by our previous studies

[7, 8]. Transition temperatures obtained from both measurements increase with increas-

ing Hf contents.

Transition entropies and enthalpies were estimated from numerical integration of

the excess heat capacity. The transition enthalpy and entropy of Zr0.5Hf0.5W2O8 are de-

cided to be 924�10 J mol–1 and 2.1�0.2 J mol–1 K–1, respectively. The transition entropy

of Zr0.5Hf0.5W2O8 is consistent with that of ZrW2O8 and HfW2O8 (2.1 J mol–1 K–1) [7, 8].

The consistent entropy supports that Zr1–xHfxW2O8 (x=0–1.0) has the same order–disorder

type phase transition mechanism, which two WO4 tetrahedra on [111] diagonal in the unit

cell have only two conformations in a concerted manner.

Conclusions

Effects of Hf contents on lattice parameter and phase transition of Zr1–xHfxW2O8 solid so-

lutions were studied by X-ray diffraction and calorimetric measurements. The lattice pa-

rameters of Zr1–xHfxW2O8 decreased linearly with increasing Hf contents, reflecting

smaller ionic radius of Hf than that of Zr. Transition temperatures due to �–� structural
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Fig. 8 Phase transition temperatures of Zr1–xHfxW2O8 vs. Hf contents. Open and solid
circles are determined by X-ray diffraction and calorimetric measurements, re-
spectively



phase transition increased with increasing Hf contents, reflecting the decrease of lattice

free volume which has difficulty in the orientation of unshared vertex of two WO4 tetra-

hedra. Transition entropy and normalized 310 peak intensity of Zr0.5Hf0.5W2O8 deter-

mined by XRD as a function of (T–Ttrs)/Ttrs was consistent with those of ZrW2O8 and

HfW2O8. These facts support that Zr1–xHfxW2O8 (x=0–1.0) has the same phase transition

mechanism.
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