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Abstract. The article investigates the phase composition of (Al2O3 – 20 wt % ZrO2)–ZrW2O8 ceramic composites obtained 
by cold-pressing and sintering processes. Using X-ray analysis it has been shown that composites mainly have 
monoclinic modification of zirconium dioxide and orthorhombic phase of aluminum oxide. After adding zirconium 
tungstate the phase composition of sintered ceramics changes, followed by the formation of tungsten-aluminates spinel 
such as Alx(WOy)z. It has been shown that thermal expansion coefficient of material decreases approximatly by 30%, as 
compared with initial ceramics. 

Keywords: ceramics, zirconium tungstate, negative thermal expansion coefficient, phase transformation, spinel  

INTRODUCTION 

Ceramics is one of the priority groups of materials for creating composites that can be used in extreme conditions 
[1]. High potential of ceramics is associated with such properties as high temperature stability, corrosion resistance, 
etc. [2]. However, ceramics like other materials undergo changes in its size when exposed to temperature, which 
cannot but limit their applications in many industries. 

One of the most promising ways to create a new class of ceramic materials is to add to their composite such 
components that have special thermal expansion coefficient (CTE), i.e. material with small or negative CTE. In 
order to implement this approach one can add zirconium tungstate which has negative CTE ( = –9  10–6 С–1) in a 
wide temperature range from –273 to 770С [3, 4]. 

Unfortunately, there is a lack of research aimed at establishing the structure and the phase equilibrium in these 
composites, therefore, the question of relationship between the structure and properties of composites still remains 
open. For example, there are many investigations devoted to zirconia, zirconia-alumina systems [5] and ZrW2O8 
powders [6] but there is almost no information about (ZrO2 – 20 vol % Al2O3)–ZrW2O8 composites. 

The goal of this paper is to investigate the structure, phase transformations and thermal properties of ZrO2–
Al2O3–ZrW2O8 oxide system. 
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MATERIALS AND EXPERIMENTAL PROCEDURES 

A mixture of nanocrystalline powders of zirconia with 20 vol % aluminum oxide (TOSOH, Japan) and 
nanopowder of zirconium tungstate produced by hydrothermal method [6] was used as initial components. The 
content of zirconium tungstate in the initial mixture was equal to 10, 25, and 55 wt %. 

According to SEM, ZrO2(Y2O3)–Al2O3 powder was designated by dense spherical particles, shown in Fig. 1a. 
The average size of agglomerates was equal to 80 µm with unimodal size distribution. The phase composition of the 
powder mixture was represented by tetragonal and monoclinic phases of zirconium dioxide and aluminum oxide. 

Zirconium tungstate powder had single and interlocked needle-like particles (Fig. 1b). The average transverse 
size of particles was equal to 0.2 µm. The longitudinal size varied from 0.5 to 5 µm. The phase composition was 
represented by cubic modification of ZrW2O8 [3, 6]. 

The initial powders were mixed in the AGO-2 planetary mill for 1 min to evenly distribute particles of zirconium 
tungstate in the powder mixture. Mixing was carried out in drums with ceramic inserts using corundum grinding ball 
media. As a result of the mixing process, zirconium dioxide granules were decomposed and the final mixed powder 
was made up of irregularly shaped agglomerates (d = 31 µm), a fine powder and needle-like particles of zirconium 
tungstate (Fig. 1c). 

Ceramics (ZrO2–Al2O3)–ZrW2O8 was produced by uniaxial cold pressing in steel molds (d = 7 mm) at 10 MPa, 
followed by sintering in high-temperature muffle furnace Nabertherm LHT 02/17 at 1 200С for 1 hour. 

The phase composition of the initial powders and composites was studied using diffractometer with CuK 
radiation with step-by-step exposition and time for obtaining statistics accuracy better than 0.5%. Quantitative phase 
analysis was carried out by determining the ratio of the total integral peaks area of each phase to the total integral 
area of all diffraction peaks. 

The morphology of the powders and the ceramic structure was analyzed by optical microscopy, scanning 
electron microscopy (SEM) with the Vega Tescan 3SBH microscope and transmission electron microscopy (TEM) 
with the JEM-2100 device. A random linear intercept method was used to determine the particle size. The 
dilatometer investigation was conducted using the DEL 402 C DIL 402 C (env.—argon, temperature changed from 
–170 to 500С). The thermal expansion coefficient of ceramics was defined as the slope of ΔL/L0–T dependence and 
compared with values calculated by using the mixture rule  = ΣiVi, where i is thermal expansion coefficient and 
Vi is component volume concentration. 

RESULTS AND DISCUSSION 

Powder diffraction patterns of sintering ceramic composites with different contents of zirconium tungstate are 
shown in Fig. 2. The phase composition of ZrO2–20% Al2O3 sintered ceramics was mainly represented by high-
temperature tetragonal modification of zirconium dioxide (t-ZrO2) and rhombohedral phase of aluminum oxide. 
There are small (–111) and (111) peaks of monoclinic ZrO2 (m-ZrO2) phase [7, 8]. Calculations of phase contents 
based on X-ray data show that the phase composition coincides with the initial phase contents of powders. 

 

  

FIGURE 1. SEM image of (a) the ZrO2(3 mol  % Y2O3) – Al2O3, (b) the ZrW2O8,  
(c) mixture after 1-minute activation in a ball-mill 
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FIGURE 2. Powder diffraction patterns of (ZrO2–20% Al2O3)–
ZrW2O8 sintering ceramics. Content of ZrW2O8: 0 (1), 10 (2), 

25 (3), 55 wt % (4) 

FIGURE 3. The dependence of sum of integral  
peaks intensity of phases on ZrW2O8 content 

 
The addition of zirconium tungstate into the powder mixture led to the change in the phase composition of 

sintered ceramics: the diffraction pattern of (ZrO2–20% Al2O3)–10 wt % ZrW2O8 composite exhibited reflexes of 
monoclinic ZrO2 and orthorhombic phase of aluminum oxide and peaks of tetragonal ZrO2 with low intensity. The 
content of tetragonal phase of zirconia decreased to 8%. Peaks of zirconium tungstate were not recorded, as shown 
in Fig. 3, which probably means that ZrW2O8 was decomposed into separate oxides [1, 2, 9]. The diffraction patterns 
of samples with 55% ZrW2O8 show peaks of monoclinic zirconium dioxide and Alx(WOy)z (AlWO4 and Al2(WO4)3) 
spinels. 

It is well known that ZrW2O8 is stable up to 770C [9, 10]. The further temperature increase results in the 
decomposition of the compound into component oxides—ZrO2 and WO3. According to ZrO2 – WO3 constitutional 
diagram [11], zirconium tungstate should be re-synthesized at a temperature higher than 1150оC. According to our 
XRD data, this process is not observed. This may be caused by the evaporation of WO3 at 1000С [3, 4] and the 
reaction between Al2O3 and WO3 that are generated after the decomposition of ZrW2O8, with the formation of 
Alx(WOy)z spinels [12]. Therefore, the addition of zirconium tungstate in ceramics brought about a drastic change in 
the phase content of ZrO2 with an increase in monoclinic phase of zirconia.  

Nevertheless, according to dilatometer studies, zirconium tungstate affects the thermal properties of ceramics. 
The dependence of relative elongation of samples on the change in temperature is presented in Fig. 4. The 
relationship obtained for composites can be divided into two stages with different slope, which describe various 
values of CTE. For the first range the value of CTE was  = 6.3 to 3.5  10–6 C–1 and for the second area—5.7 to 
9.6  10–6 C–1. Composites containing 10 wt % ZrW2O8 showed the smallest value of CTE  = 5.4  10–6 C–1. 

The measured CTE values do not coincide with calculations made by using mixture-rule that should be up to  
–0.45  10–6 C–1 for material with 55 wt % of ZrW2O8.  On the contrary, for ceramic ZrO2–20% Al2O3 they turned 
out to be in a good agreement. The observed differences are caused by phase transformations and new phases 
formed in the course of composite sintering. 

CONCLUSION 

The phase composition of ZrO2–20% Al2O3 sintered ceramics was mainly represented by tetragonal modification 
of zirconium dioxide and rhombohedral phase of aluminum oxide. The content of Al2O3, ZrO2 tetragonal phase and 
ZrO monoclinic phase calculated from X-ray data was equal to 20, 78 and 2%, respectively. 

The addition of zirconium tungstate led to the change in the phase composition of sintered ceramics, followed by 
the formation of 80% monoclinic phase of zirconia.  
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FIGURE 4. The dependence of thermal expansion of samples on temperature: 
0 (1), 10 (2), 25 (3), 55 wt % of ZrW2O8 (4) 

 
It has been shown that during the sintering process, zirconium tungstate is likely to have been decomposed into 

component oxides—ZrO2 and WO3. The increase of zirconium tungstate content resulted in the disappearance of 
aluminum oxide and the formation of Alx(WOy)z spinels. The latter is associated with the interaction between 
aluminum oxide and tungsten oxide generated after the thermal decomposition of ZrW2O8 during the sintering 
process. 

The addition of zirconium tungstate affected the thermal expansion of sintered ceramics. There is a reduction in 
the thermal expansion of ceramic composite materials by 30%, compared with ZrO2–20% Al2O3 ceramics.  
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