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The hydrothermal method of preparation of zirconia nanopowders was reviewed with respect to the 
influence of solution pH, mineralizer and TiO2 concentration on the composition and morphology of 
zirconia crystallite phase. The pH dependence of both the ratio of the needle-shaped monoclinic to oval 
tetragonal zirconia nano-crystallites and CaO concentration in the zirconia solution has been described. 
Compressibility improvement and sinterability deterioration of zirconia nanopowders due to the presence 
of needle-shaped crystallites have been shown. Hydrothermal crystallisation of zirconia nanopowders 
with a mineralizer-dependent amount of the tetragonal and monoclinic zirconia polymorphs composed of 
oval and elongated crystallites with various ratios or plate-shaped crystallites has been discussed. The 
effect of TiO2 on hindered hydrothermal crystallisation of zirconia solid solutions was shown. A potential 
of the in-situ method for shaping the nano-structure of the TiC/ZrO2 composites has been presented. A 
slight effect of the carbon precursor and a significant one of the carbon incorporation way on the mor-
phology of TiC in-situ inclusions have been documented. 
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1. Introduction 

Zirconia ceramics, a truly remarkable group of materials, range from electrically insu-
lating, mechanically weak pure monoclinic zirconia through the fast ion conducting stabi-
lised cubic and tetragonal forms to the TZP and Mg-PSZ ceramics characterised by superb 
mechanical properties. The latter materials utilize benefits of the transformation toughen-
ing associated with the tetragonal (t) to monoclinic (m) phase transformation. Further-
more, zirconia brings a potential for nanotechnology development. The last 35 years of 
extensive studies of the zirconia systems have delivered a wealth of exciting results [1–3], 
also those usable in the nanotechnology. Developed methods of fabrication of zirconia 
micropowders with controlled chemical and phase compositions and morphology can be 
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easily adopted to produce zirconia nanopowders [4–6]. Reactivity of zirconia-based ce-
ramics has been studied contributing to development of new methods of production of the 
zirconia matrix composites and nanocomposites [7–9]. 

This paper is devoted to a nano-technological aspect of the methods of fabrication 
of zirconia nanopowders. Selected factors influencing the chemical composition, mor-
phology and structure of hydrothermally crystallised zirconia nanopowders have been 
described. The potential of the in-situ method for shaping the nano-structure of the 
TiC/ZrO2 and TiB2/TiC/ZrO2 composites is shown. 

2. Zirconia nanopowders crystallised under hydrothermal conditions 

2.1. Effect of pH 

The effect of pH of the mineralizer solution on chemical and phase compositions, 
morphology, compaction and sintering behaviour of zirconia nanopowders was stud-
ied using zirconia solid solutions doped with 6 mol % CaO. The nanopowders were 
fabricated by the co-precipitation method followed by hydrothermal crystallisation 
described in detail elsewhere [10]. Calcia-zirconia hydrogels were precipitated from 
aqueous solutions of zirconyl and calcium chlorides with a solution of NaOH free of 
Na2CO3, hydrothermally crystallised for 4 h under autogeneous water vapour pressure 
at 240±5 oC and at pH ranging from 8.2 to 12.4. 

Two populations of zirconia nano-crystallites differing in shape are observed as 
revealed by TEM (Fig. 1). The population content depends on the solution pH. Oval 
and nearly isometric particles belong to the first population. The second one is com-
posed of needle-shaped particles. It was arbitrarily assumed that an aspect ratio of the 
needle-shape crystallites exceeds a value of 1.6. 

  

Fig. 1. SEM microphotographs of the 6 mol % CaO–ZrO2 nanopowders 
crystallised at solution pH of: a) 8.2, b) 12.1 

Oval crystallites prevail over the needle-shaped ones at any pH. Their sizes 
change slightly upon pH changes (Fig. 2). An increase of the average values from 
9.3 nm to 14.0 nm has been found within the studied pH range. An aspect ratio of the 



Preparation and processing of zirconia nanopowders 

 

405

oval crystallites remains nearly constant in this pH range (Fig. 3) keeping an average 
value of 1.32±0.03. The needle-shaped crystallites triple their width from 7.3±0.8 nm 
to 20.5±7.8 nm (Fig. 2). Simultaneously, their length increases more than seven times 
reaching 102±39 nm. As a result, the aspect ratio increases to the value of 5.2±1.9. 

 

Fig. 2. Size of oval and needle-shaped crystallites
in function of pH 

Fig. 3. Aspect ratio of oval and needle-shaped  
crystallites and number content of needle-shaped 

crystallites in function of pH 

The crystallites which look like plates have been sporadically found in the zirconia 
nanopowders crystallised at pH 8.2 and 12.0. In this case, the average crystallite sizes 
are equal to 13.7±1.9 nm and 18.1±6.4 nm and aspect ratios to 1.37±0.12 and 
1.30±0.22, respectively. The amount of CaO introduced into the zirconia solid solution 
during the hydrothermal treatment depends on the solution pH as is shown in Fig. 4. 
Only pH values higher than ~10.3 are suitable to retain CaO quantitatively in the zir-
conia nanopowder. The tetragonal and monoclinic zirconia polymorphs are present in 
the zirconia nanopowders (Fig. 4). The X-ray diffraction measurements reveal the 
tetragonal and monoclinic symmetries for the oval and needle-shaped crystallites, 
respectively. This is consistent with the finding that both the monoclinic phase content 
and number of the needle-shaped crystallites (Fig. 3) increase with pH. 

The presented data indicate an in-situ transformation as the most probable crystallisa-
tion mechanism of tetragonal zirconia nanocrystallites suggested first by Adair et al. [11] 
for pure zirconia crystallising under hydrothermal conditions. This mechanism assumes a 
spontaneous transformation of amorphous zirconia hydrogel particles into a crystalline 
form with no dissolution-precipitation. A continuous and great increase of the needle-
shaped particle aspect ratio with pH suggests a dissolution-precipitation mechanism for 
growth of monoclinic zirconia crystallites. Its contribution to development of the calcia 
–zirconia powder morphology increases with pH as a result of an increased zirconia solu-
bility in the mineralizer solution. Tani et al. [12] and Bućko et al. [13] also reported this 
mechanism for hydrothermally grown pure zirconia crystallites. 

The needle-shaped crystallites affect densification of zirconia nanopowders during 
compaction and sintering. The green density increases with pH reaching the value of 
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49.5 % of theoretical density for pH = 12.4 (Fig. 5). This is consistent with a general 
knowledge on densification of polymodal systems with controlled grain size distribu-
tions during compaction. An opposite dependence is observed for the density of 
a sintered body (Fig. 5). Therefore, the presence of needle-shaped nanocrystallites 
improves compressibility of the nanopowders but deteriorates their sinterability. The 
latter property is most probably related to the effects of both differential sintering and 
back stresses which can be generated by relatively large needles. 

 

 

Fig. 4. Monoclinic phase content in 6 mol % CaO-
ZrO2 nanopowders and the bodies sintered  

at 1200 °C, and loss of CaO during zirconia  
hydrogel processing in function of pH 

Fig. 5. Relative density of green compacts 
 and bodies sintered at 1200 °C in function of pH 

The phase composition of the sintered materials is shown in Fig. 4. Zirconia 
phases of the monoclinic and tetragonal symmetry are detected. A minimum exists in 
the dependence of monoclinic zirconia content on pH. An increase of the monoclinic 
zirconia content observed at pH lower than 10.3 is attributed to destabilisation of the 
zirconia solid solution due to the loss of CaO. An increase of the monoclinic zirconia 
content observed at pH above 10.3 is attributed to needle-shape crystallites which 
reduce sinterability of the zirconia nanopowder. This finding is crucial for fabrication 
of TZP materials stabilised with CaO indicating that zirconia nanopowders with the 
monoclinic phase content limited to minimum and containing nanocrystallites of 
slightly diverse shapes and sizes are only suitable for the production of tetragonal cal-
cia–zirconia based materials and nanomaterials. 

2.2 Effect of mineralizer on the zirconia nanopowder morphology 

Zirconia nanopowders with no stabilizer were crystallised under hydrothermal 
conditions. Water, 1 M water solutions of NaCl, Na2SO4, NaNO3 or Na2CO3 and satu-
rated water solutions of Na2B4O7 or NaF were used as mineralizers. Zirconia hy-
drogels were precipitated with ammonia, washed with water, mixed with the mineral-
izer and hydrothermally treated for 4 h at 250 °C under a saturated water vapour 
pressure at pH < 9.1. 
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Fig. 6. Morphology of zirconia nanopowders depending 
on a mineralizer: a) H2O, b) Na2SO4, c) NaF, d) Na2CO3 

A strong dependence has been found of the morphology of zirconia nanopowder 
on the mineralizer applied. Nanopowders with a mineralizer dependent amount of the 
tetragonal and monoclinic zirconia polymorph composed of oval, elongated, a mixture 
of oval and elongated or plate-shaped crystallites were produced. The zirconia 
nanopowders derived from H2O (Fig. 6a), NaCl (Fig. 6b), Na2SO4 and NaNO3 crystal-
lization environments are similar to one another having an oval crystallite shapes, 
a projection size of 10.3±0.4 nm, a specific surface area of 97±2 m2/g, and tetragonal 
and monoclinic phase contents of 79±6% and 21±6%, respectively. NaF crystallisation 
environment leads to increased crystallites of the size ranging from 10 nm to 47 nm, 
nearly plate-shaped morphology (Fig. 6c) and solely monoclinic symmetry. The zirconia 
nanopowders crystallised in the Na2B4O7 (Fig. 6d) and Na2CO3 environments were 
composed of both oval and needle-shaped crystallites. Monoclinic phase contents of 
75.3 % and 80.9 %, oval crystallite projection sizes of 2.6–10.2 nm and 5.6–26.6 nm, 
needle-shaped crystallite projection sizes of 6.0–27.4 nm and 10.5–75.1 nm, the aspect 
ratios of the needle-shaped crystallites of 4.5 and 4.3 were measured for the nanopow-
ders crystallised in the Na2B4O7 and Na2CO3 environments, respectively. The pre-
sented results indicate that the 2

4 7B O − ions inhibit growth of tetragonal crystallites and 
aid monoclinic but the 2

3CO − ions aid also some growth of the tetragonal crystallites. 
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The latter ions especially favour an increase of a monoclinic crystallite length. The 
value of 154 nm was measured being the largest for the studied nanopowders. 

2.3 Effect of TiO2 content on zirconia crystallisation 

Hydrothermal crystallisation of zirconia solid solutions containing 3 mol % Y2O3 
and 20–50 mol % TiO2 with the step of 10 mol % was studied. Zirconia hydrogels 
were co-precipitated from aqueous solutions of appropriate chlorides with ammonia at 
pH = 9, washed with water and hydrothermally treated for 4 h at 250 °C under a satu-
rated water vapour pressure at pH = 7.5.  

 

Fig. 7. X-ray diffraction patterns of the zirconia powders containing 3 mol % Y2O3 and the indicated TiO2 
concentration after hydrothermal crystallisation for 4 h at 250 °C 

The X-ray diffraction measurements revealed TiO2 playing a very important role 
in hydrothermal crystallisation of the zirconia solid solutions as shown in Fig. 7. TiO2 
contents exceeding 30 mol % hindered crystallisation of tetragonal and cubic poly-
morphs of the zirconia solid solution and left the zirconia hydrogel in an amorphous 
state accompanied additionally by anatase in the case of the 40 mol % TiO2 sample. 
The results suggest that nuclei formation and growth of the TiO2 rich phases, e.g., 
ZrTiO4 requires temperatures and/or pressures higher than the applied ones. 

2.4. An in-situ synthesis of the TiC and TiB2 inclusions in the zirconia matrix 

Carburisation of the zirconia structure and chemical reaction occur when carbon 
encounters with zirconia. Carbon easily diffuses throughout the zirconia lattice occu-
pying the octahedral interstitial sites as a neutral atom [15]. Diffusion kinetics depends 
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on time and temperature. The process commences when the temperature exceeds 
700 °C. The carburisation prevents degradation of tetragonal zirconia polycrystals 
doped with 3 mol % of yttria (3Y-TZP) in water or steam at 200 °C [15]. Heat treating 
of sintered 3Y-TZP in a carbon atmosphere resulted in a surface layer formation stabi-
lised by carbon ions but the bulk strength was slightly decreased. 

Carbothermal reduction of zirconia is another result of the interaction of carbon 
with zirconia solid solutions. The value of the standard Gibbs free energy of ZrC for-
mation indicates that the carbothermal reduction of zirconia can occur at about 
1627 ºC under CO partial pressure of 1 atm. Decreasing the CO partial pressure de-
creases the reaction temperature. 

Titanium oxide forms a substitutive solid solution with zirconia which is well 
known and documented [16]. Titanium oxide segregation during the solution forma-
tion has been reported [17]. The segregation factor of 5 was determined within a layer 
extending up to 6 nm into the zirconia grain. The titanium segregation affects zirconia 
grain growth increasing the rate of growth. Finally, in some conditions titanium can 
reduce its valence and increase the oxygen vacancy concentration. This affects the 
phase composition of zirconia polycrystals increasing the amount of the cubic zirconia 
polymorphs which do not participate in transformation toughening. Titanium ox-
ide dissolved in the zirconia structure is subject to carbothermal reduction at 1280 °C 
under CO partial pressure of 1 atm as indicated by the thermodynamic calculations 
[7, 8]. This temperature, being lower than that of zirconium carbide formation, pro-
vides opportunity to carbonise TiO2 selectively while leaving ZrO2 unchanged. There-
fore, a new process aiming at preparing tetragonal zirconia powders containing tita-
nium carbide was developed at the AGH University of Science and Technology in 
1998 [7]. A year later, Liu et al. reported similar studies [18]. The process was further 
developed to produce titanium diboride inclusions in the zirconia matrix [19]. This 
new approach provides methods to control the morphology and size of the inclusions 
via a control of nucleation and nuclei growth opposite to the physical mixing method 
in which reduction of the reinforcement particle size proceeds. Therefore, it is attrac-
tive for production of the zirconia based transformation toughened composites and 
nano-composites reinforced with hard and stiff inclusions. 

The preparation route of the zirconia matrix composites with in-situ TiC and/or 
TiB2 inclusions utilises benefits of the TiO2 doped zirconia nanopowders produced by 
the co-precipitation method followed by calcination or hydrothermal treatment. The 
original zirconia nanopowder is homogenised with a carbon precursor, e.g., phenol-
formaldehyde resin [7, 9], sucrose [18] or carbon nanotubes and a boron precursor in 
the case of the TiB2/TiC/ZrO2 composites [19]. The in-situ synthesis is performed at 
temperatures ranging from 1000 °C to 1650 °C in argon or under vacuum. The com-
posite powder is always ground to receive an appropriate sinterability. 

A method of surface carburisation of dense tetragonal zirconia polycrystals com-
bined with carbothermal TiO2 reduction has also been reported [8]. The presence of 
both TiC and TiB2 in-situ inclusions affects sintering of titania–zirconia nanopowders.  
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Fig. 8. Morphology of the in-situ inclusions depending on the carbon precursor  
(PF – phenol–formaldehyde resin, CNT – carbon nanotubes), processing (B – bulk synthesis, S – surface 

carburisation) and sintering temperature: a) 10.2 wt. % TiC–ZrO2, B, 1500 °C, b) 10.7 wt. %  
TiC–ZrO2 – PF, B, 1500 °C; c) and d) TiC–ZrO2–PF, B, 1400 °C, e ) ~10 wt. % TiC–ZrO2%–PF, S,  

1650 °C, f) 12.9 vol. % TiB2, 8.9 vol.% TiC–ZrO2–PF, H3BO3, B, 1500 °C 

The inclusions inhibit grain growth by a pinning effect leading to a decreased densifi-
cation. The composites derived from the nanopowders with unreacted carbon exhibit in-
creased porosity due to CO which evolves when the additional amount occurs of the car-
bothermal TiO2 reduction. 

Hardness improvement (18.3±1.0GPa) of the surface carburised TZP has been re-
ported [8]. Promising fracture toughness (KIc=8.8 ±0.5 MPa·m0.5) and bending strength 
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(σ = 912±72 MPa) were obtained for not optimised composites with in-situ TiC and 
TiB2 inclusions [19]. 

Morphological diversities of the in-situ inclusions depending on the carbon pre-
cursor and processing conditions are shown in Fig. 8. A comparison of Figs. 8a and 8b 
indicates a slight effect of the carbon precursor morphology on the morphology of the 
TiC in-situ inclusions. However, the way of introducing carbon, i.e., surface or bulk 
carburisation, was found to be a significant factor influencing the TiC inclusion shape 
(Fig. 8e). 

3. Concluding remarks 

The results presented show that the hydrothermal method of fabrication of zirco-
nia nanopowders is a real example of the ceramic nanotechnology. pH of the solution, 
type of mineralizer and TiO2 concentration belong to factors influencing composition 
and morphology of the zirconia crystallite phase. However, processing the zirconia 
nanopowders to nanoceramics is not an easy task. Even very sophisticated methods of 
nanocomponent homogenisation do not lead to fully nanostructural materials if high 
temperature treatment is applied. This is proved by the results of the in-situ synthesis 
of TiC inclusions by using carbon nanotubes or carbon delivered by phenol 
-formaldehyde resin. A TiC inclusion size touching the nanometric limit was only 
obtained. However, when benefits of the carbon diffusion through the zirconia lattice 
are fully utilized, the real nanometric in-situ TiC is produced as a surface carburisation 
method shows. 
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