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Nanocrystalline powders in the ZrO2−Y2O3−CeO2 system were produced by hydrothermal synthesis 

in an alkaline environment. The powder properties were studied by differential thermal analysis, X-
ray diffraction, electron microscopy, petrography, and BET. A low-temperature ZrO2-based cubic 

solid solution crystallized in the powders in hydrothermal conditions. The specific surface area of 
the powders was 81−110 m2/g. The lattice parameters of the ZrO2-based solid solution increased 

monotonically with higher CeO2 amount. The research results are needed for the microstructural 

design of composites in the ZrO2−Y2O3−CeO2 system with high resistance to low-temperature ageing. 

Keywords: ZrO2−Y2O3−CeO2, ZrO2-based solid solution, hydrothermal synthesis, nanocrystalline 

powder, F-ZrO2. 

INTRODUCTION 

Zirconia-based composites in the ZrO2–Y2O3–CeO2 system are promising for the development of 

structural, functional, and biomedical materials since they exhibit high strength characteristics and their properties 
do not degrade at low temperatures in a humid environment. In particular, the constitution of structural and 
biomedical composites has to correspond to the region in which T-ZrO2 (tetragonal ZrO2-based solid solution) exists 

in the ZrO2–Y2O3–CeO2 phase diagram to promote effective transformation hardening. There is a direct relationship 

between the processes for producing the starting powders and the properties of resultant transformation-hardened 
ZrO2-based materials [1, 2].  

To produce nanocrystalline ZrO2-based powders, a number of techniques are currently employed. One of 

them is hydrothermal synthesis (HTS), which combines the advantages of sol–gel process and coprecipitation. The 
potential to control the nucleation and particle growth processes in hydrothermal synthesis (through change in 
concentration, decrease or increase in hydrolysis temperature, increase in hydrolysis time, introduction of surfactants 
during dehydration, change in pH during removal of impurities, etc.) allows high-purity homogeneous powders of 
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different shapes to be produced in these conditions. These powders do not require additional grinding or heat 
treatment operations at high temperatures that commonly lead to contamination of the powders and decrease their 
activity in sintering. The properties of ‘perfect’ and hydrothermally synthesized powders were compared; it was 
revealed that the hydrothermal powders had properties close to those of ‘perfect’ nanocrystalline powders [3, 4]. 

Among the various HTS options to produce nanocrystalline ZrO2-based powders [5–8], hydrothermal 

synthesis in acidic [9–11] and alkaline [12–17] environments and HTS combined with mechanical mixing [18] or 
microwave heating [19, 20] have been recently employed. Hydrothermal synthesis is used to deposit coatings [21–
23] and make microspheres [24], catalysts [25–29], and functional nanomaterials [30, 31]. 

Hydrothermal synthesis of nanocrystalline ZrO2-based powders in an alkaline environment can produce 

composites of various constitutions and for various purposes [1, 2], including biomedical applications [32]. The 
ZrO2-based composites acquired the required mechanical properties at an optimum content of stabilizers: 2–

3 mol.% Y2O3 and 8–12 mol.% CeO2 [12]. These findings underlay the choice of compositions for nanocrystalline 

powders in the ZrO2–Y2O3–CeO2 system to be studied, wt.%: 97ZrO2–3Y2O3  Zr(3Y), 95ZrO2–3Y2O3–

2CeO2  Zr(3Y2Ce), 92.5ZrO2–2.5Y2O3–5CeO2  Zr(2.5Y5Ce), 90ZrO2–2Y2O3–8CeO2  Zr(2Y8Ce), and 

88ZrO2– 12CeO2  Zr(12Ce). 

The objective of this paper is to examine the properties of ZrO2-based solid-solution powders produced by 

hydrothermal synthesis in an alkaline environment. 
The knowledge of these properties is a prerequisite for the microstructural design of advanced ZrO2-based 

composites in the ZrO2–Y2O3–CeO2 system, whose properties would not degrade at low temperatures in a humid 

environment. The microstructural design of ZrO2–Y2O3–CeO2 composites relies on a four-term relationship of 

physicochemical analysis, such as ‘composition  structure  particle size  properties’, establishing links 
between all stages of producing these composites [1]. The use of dispersions for developing ZrO2-based materials 

raises inevitable questions about their activity and metastability since the presence of metastable phases besides 
equilibrium ones may significantly influence the microstructural design of the composites. 

EXPERIMENTAL PROCEDURE 

The production of nanocrystalline powders in the ZrO2–Y2O3–CeO2 system by hydrothermal synthesis in 

an alkaline environment is described in detail in our paper [33]. The main distinction of the synthesis procedure 
employed in this research effort is that zirconium oxychloride (ZrOCl2 · 8H2O), yttrium nitrate (Y(NO3)3 · 6H2O), 

and cerium nitrate (Ce(NO3)3 · 6H2O) were chosen as the starting components instead of zirconium oxynitrate 

(ZrO(NO3)2 · 8H2O). The hydrothermal synthesis used only water that remained in coprecipitated hydroxides of the 

starting components after boiling and filtering. The hydrothermal treatment to synthesize nanocrystalline powders 
in an alkaline environment was conducted using a laboratory autoclave at 225°C for 4 h (1.6 MPa pressure in the 
autoclave corresponded to the saturated water vapor pressure at this temperature). Following the hydrothermal 
synthesis, a mother solution formed above the precipitate and the precipitate volume became ~25–30% smaller 
compared to the starting mixtures. The powders were dried at 60°C for 8 h. 

The powders’ properties were examined by X-ray diffraction (DRON-1.5, Cu-K radiation source, 

scanning rate 1–4/min, 2 = 15–90), differential thermal analysis (DTA) (Q-1500 D derivatograph, 10C/min 
heating rate in range  20–1000C), electron microscopy (JEM-2100 F and ZEISS EVO 40 XVP microscopes), and 
electron microprobe analysis (Philips Analytical X-ray diffractometer). The sizes of primary particles were 
determined with the Scherrer equation. The petrographic method was used for microstructural analysis with a MIN-
8 microscope and a standard set of immersion liquids (60–620 magnification). The specific surface area of the 
nanocrystalline powders was measured by thermal nitrogen adsorption (BET). 

RESULTS AND DISCUSSION 

Electron microprobe analysis showed that the compositions of Zr(3Y), Zr(3Y2Ce), Zr(2.5Y5Ce), 
Zr(2Y8Ce), and Zr(12Ce) powders synthesized hydrothermally in an alkaline environment corresponded to those 
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calculated previously, and the integral content of CaO, HfO2, La2O3, and Nd2O3 admixtures was no more than 

1 wt.%.  
Figure 1 presents DTA curves from powder derivatograms. All DTA curves show intensive endothermic 

effects with minima at 100–110°C, associated with the removal of adsorbed water from the powders. The most 
intensive effect is seen on the DTA curve for the Zr(2Y8Ce) powder. Note that these processes were accompanied 
by a 5 to 6% weight loss of the Zr(3Y), Zr(3Y2Ce), Zr(2.5Y5Ce), and Zr(12Ce) powders and by a 9% weight loss 
of the Zr(2Y8Ce) powder. The minor endothermic effects on the DTA curves observed at 220–230°C for all 
compositions are also associated with the removal of residual water. Contrastingly, they were not accompanied by 
significant weight losses. The DTA curves show sharp exothermic effects for the Zr(12Ce), Zr(2Y8Ce), and 
Zr(3Y2Ce) powders at 310–320°C and a flattened exothermic effect for the Zr(2.5Y5Ce) powder at the same 
temperatures. We assume that these effects are associated with the crystallization of the amorphous phase that 
remained after HTS in an alkaline environment.  

Differential thermal analysis established the total weight loss of the samples, %: 9 for Zr(3Y), 9 for 
Zr(3Y2Ce), 10 for Zr(2.5Y5Ce), 12 for Zr(2Y8Ce), and 11 for Zr(12Ce). This weight loss of the samples when 
heated to 500°C is due to the loss of structural (bound) water that remained in the powders after HTS. 

Figure 2 presents X-ray diffraction patterns for the powders synthesized hydrothermally in an alkaline 
environment, and Table 1 summarizes their phase compositions. It is seen (Fig. 2) that thermodynamically 
nonequilibrium systems formed in the powders, which include a low-temperature metastable cubic ZrO2-based            

(F-ZrO2) solid solution. Note also that the F-ZrO2 lattice parameters increase with higher CeO2 content of the ZrO2-

based solid solution (Table 1).  
The formation of metastable low-temperature F-ZrO2 when the Zr(3Y), Zr(3Y2Ce), Zr(2.5Y5Ce), 

Zr(2Y8Ce), and Zr(12Ce) powders crystallize in hydrothermal conditions is an expected process that obeys 
Ostwald’s step rule and Dankov’s orientation–dimensional principle [34–36]. Under pressure of saturated water 
vapors, the nanocrystalline powders of ZrO2-based solid solutions form both through ‘topotactic crystallization’ of 

F-ZrO2 on nuclei in amorphous ZrO2 gel and through dissolution–crystallization. The topotactic crystallization 

mechanism complies with Ostwald’s step rule. According to this rule, a compound that exists in several 
polymorphic modifications crystallizes in steps: the unstable modification with higher Gibbs energy shows up first 
and then, in appropriate conditions, transforms to the stable modification with the minimum Gibbs energy. Hence, 
when a substance has more than one modification, the least stable modification crystallizes first and then finally 
transforms to the most stable one.  

 

 
Fig. 1. DTA curves for hydrothermally synthesized nanocrystalline powders in the ZrO2−Y2O3−CeO2 

system 
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Fig. 2. X-ray diffraction patterns for hydrothermally synthesized nanocrystalline powders in the 
ZrO2−Y2O3−CeO2 system 

 

TABLE 1. Physicochemical Properties of Powders in the ZrO2–Y2O3–CeO2 System 

Powder 
Phase 

composition 
Specific surface 

area, m2/g 
Particle size, nm 

Lattice parameters  

af, nm Vf, nm3 

Zr(3Y) F-ZrO2 99   6/10* 0.5126 0.1347 

Zr(3Y2Ce) F-ZrO2 81 7/12 0.5143 0.1361 

Zr(2.5Y5Ce) F-ZrO2 110 8/9 0.5157 0.1371 

Zr(2Y8Ce) F-ZrO2 93  9/10 0.5159 0.1373 

Zr(12Ce) F-ZrO2 106 7/9 0.5161 0.1375 

*According to Scherrer’s equation/specific surface area. 
 

A mixture of coprecipitated hydroxides is a thermodynamically unstable system that, in compliance with 
Ostwald’s rule, transforms directly to metastable F-ZrO2. Hydrothermal treatment leads to the formation of 

zirconium hydroxocomplex, [Zr(OH)2 · 4H2O]4
8+  (OH)8

–], with a near-cubic structure. For this reason, the 

crystallization of metastable F-ZrO2 obeys also Dankov’s orientation principle: phase transformations on a solid 

proceed in the direction of a new crystalline lattice whose orientation and dimensions correspond to the crystalline 
lattice of the starting surface [34]. Therefore, low-temperature metastable F-ZrO2 forms when the Zr(3Y), 

Zr(3Y2Ce), Zr(2.5Y5Ce), Zr(2Y8Ce), and Zr(12Ce) nanosized powders crystallize at the highest rate since its 
structure is the least different from that of the starting mixture of coprecipitated oxides. 

The powders’ specific surface area (Table 1) falls into the range 81–110 m2/g. Noteworthy is that there is 
no direct correlation between the specific surface areas of the Zr(3Y), Zr(3Y2Ce), Zr(2.5Y5Ce), Zr(2Y8Ce), and 
Zr(12Ce) powders and CeO2 content of the ZrO2-based solid solution. Table 1 also shows sizes of primary particles 

in the powders of all compositions calculated with Scherrer’s equation and data on the specific surface areas. The 
values agree with each other. 

According to microstructural analysis carried out with the petrographic method employing an optical 
microscope, areas with different crystal optical characteristics formed in the powders: crystalline areas containing 
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high-relief particles (F-ZrO2) and transparent ones. The high-relief particles are due, in particular, to a great 

difference between the refractive indices of ZrO2 and the experimental liquid agent. The fact that all powders are 

isotropic and agglomerates are not polarized confirms that low-temperature metastable F-ZrO2 forms in the Zr(3Y), 

Zr(3Y2Ce), Zr(2.5Y5Ce), Zr(2Y8Ce), and Zr(12Ce) powders.  
At the same time, the ratio of crystalline and amorphous areas changes in the powders. The Zr(3Y) powder 

contains only individual transparent isotropic areas, while the number of transparent isotropic areas in the 
Zr(3Y2Ce) powder increases to ~10%. 

It should be noted that F-ZrO2 crystallizes at the boundaries of these areas. The Zr(2.5Y5Ce) powder 

contains ~25% of transparent isotropic agglomerates with layers of crystalline F-ZrO2 particles being formed at 

their boundaries. The Zr(2Y8Ce) powder already contains transparent areas with layered rims of a crystalline phase 
with high-relief particles (F-ZrO2) at its boundaries. The crystal optical characteristics of the Zr(12Ce) powder are 

similar to those peculiar to the Zr(2Y8Ce) powder. Microstructural analysis shows that the amount of the isotropic 
phase with a layered rim of the crystalline phase with high-relief particles (F-ZrO2) decreases with a greater amount 

of cerium oxide in the ZrO2-based solid solution. In addition, the experiments confirmed the conclusion of 

differential thermal analysis: exothermic peaks on DTA curves for the Zr(3Y), Zr(3Y2Ce), Zr(2.5Y5Ce), 
Zr(2Y8Ce), and Zr(12Ce) powders (Fig. 1) are associated with the crystallization of the amorphous phase that 
remained in the powders synthesized hydrothermally in an alkaline environment. 

Morphological analysis carried out by electron microscopy revealed a three-layer structure in the powders: 
primary particles–aggregates–agglomerates. The morphology of primary particles is presented in Fig. 3a. This 
microphotograph is typical of all powders studied. Round primary particles ~5 nm in size were revealed. The results 
confirm the calculated sizes of primary powder particles (Table 1). Clear separation of the lattices is seen (Fig. 3a). 
This testifies that the ZrO2-based solid solutions crystallize in the Zr(3Y), Zr(3Y2Ce), Zr(2.5Y5Ce), Zr(2Y8Ce), 

and Zr(12Ce) nanosized powders in the hydrothermal synthesis process. The morphology of primary particle 
aggregates is presented in Fig. 3b–f. Weak aggregates of primary particles are seen. 

 

 
a b c 

 
d e f 

Fig. 3. Morphology of primary particles (a) and particle aggregates (b−f) in hydrothermally 
synthesized powders in the ZrO2−Y2O3−CeO2 system: b) Zr(3Y); c) Zr(3Y2Ce); d) Zr(2.5Y5Ce); e)  

Zr(2Y8Ce); f) Zr(12Ce) 
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Fig. 4. Morphology of agglomerates in hydrothermally synthesized powders in the ZrO2−Y2O3−CeO2 

system: a) Zr(3Y); b) Zr(3Y2Ce); c) Zr(2.5Y5Ce); d) Zr(2Y8Ce); e) Zr(12Ce) 

The morphology of powder agglomerates is shown in Fig. 4. ‘Soft’ round agglomerates from 0.2–0.5 to 
5 µm in size formed in the powders; they easily failed in microstructural experiments. With higher CeO2 content of 

the ZrO2-based solid solution, the agglomerates decreased in size: the average size of the Zr(12Ce) powder 

agglomerates is half as great as that of the Zr(3Y) agglomerates. 

CONCLUSIONS 

A low-temperature metastable cubic ZrO2-based solid solution (F-ZrO2) crystallizes in the Zr(3Y), 

Zr(3Y2Ce), Zr(2.5Y5Ce), Zr(2Y8Ce), and Zr(12Ce) powders in hydrothermal conditions. The lattice parameters of 
the ZrO2-based solid solution increase with higher CeO2 content. In addition, higher CeO2 content of the powders 

decreases the amount of the residual amorphous phase that crystallizes when the powders are further heat-treated. 
There is no direct correlation between the specific surface area of the nanocrystalline powders and CeO2 

content of the ZrO2-based solid solution. The nanocrystalline powders generally show a three-layer 

structure: primary particles (~5–10 nm)–aggregates–agglomerates. The formation of low-temperature metastable         
F-ZrO2 leads to nonequilibrium resultant powders that are highly active in the production of ZrO2–Y2O3–CeO2 

composites.  
The use of respective approaches to heat treatment and consolidation processes for the microstructural 

design of composites from the Zr(3Y), Zr(3Y2Ce), Zr(2.5Y5Ce), Zr(2Y8Ce), and Zr(12Ce) powders will allow the 
production of advanced ceramic materials whose properties would not degrade at low temperatures in a humid 
environment.  
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