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ABSTRACT

Nanocrystalline zirconia has gained much attention in recent years for its
technological and biological importance as a ceramic material. Tetragonal t-ZrO2 with
high mechanical strength and fracture toughness is a recommended phase for
biological applications. However, t-ZrO2 is high temperature stable phase and
transforms to monoclinic ZrO2 upon cooling. Another problem with zirconia is its bio-
inertness. TiO2 is bioactive material and its addition in ZrO2 improves the bioactivity of
zirconia. In this research work 5wt% TiO2 is doped in ZrO2 sol and effect of different
reaction temperatures (50, 100, 150, 200 and 250oC) have been studied. XRD results
show the formation of pure t-ZrO2 at relatively lower reaction temperature of 150ºC.
Crystallite size of TiO2 doped zirconia is consistent with literature for occurrence of t-
ZrO2. SEM image shows formation of dense and monodispersed nano sized particles.
FTIR spectra reveal the formation of t-ZrO2 at relatively low reaction temperatures as
observed in XRD data. Formation of dense particles leads to higher value of hardness
confirmed by Micro Vickers hardness indenter. Frequency dependence of dielectric
constant and dielectric loss are investigated at room temperature. Results show linear
dependency of dielectric constant with crystallite size.

1. INTRODUCTION
The tetragonal monoclinic phase transition of zirconia can also be stimulated by

stresses and volume variations. Un-doped and doped zirconia has long been used to
enhance the strength and hardness (Garvie and Hannink 1975, Hirvonen et al. 2006,
Duszovda et al. 2008). Tetragonal ZrO2 has high mechanical strength and fracture
toughness, therefore is recommended phase for biological applications (Bashir et al.
2015). In spite of good mechanical properties, some negative cases (Allain et al. 1999)
pertained to the in vivo phase stability of zirconia implants, and it has poor bioactivity. In
this approach bioinertness in zirconia-based implants is the development of new
materials by adding bioactive materials to a zirconia matrix. TiO2 is bioactive material
and addition in ZrO2 improves the bioactivity of zirconia. The idea behind the creation of
this material was to take advantage of the good mechanical properties of ZrO2 and the
bioactivity of TiO2. Moreover, these oxides are highly soluble to form a homogenous



material (Marchi et al. 2013). In order to retain the stability grain size plays a crucial role
(Mahmood et al. 2013). To achieve fine and well dispersed nanocrytsalline reaction
temperature during synthesis has prominent effect.
In this research paper we have doped TiO2 in zirconia to stabilize tetragonal phase.
The effect of dopant concentration and reaction temperature on structural, mechanical
and dielectric properties is studied.

2. Experimental Details

2.1 Materials
ZrOCl2.8H2O (Sigma–Aldrich, 99.99% pure), TiCl4 (Merck 99.99% pure) and NH3

(Sigma–Aldrich, 99.99% pure) were used as starting materials. Deionized (DI) water
was used as solvent.

2.2 Method
ZrOCl2.8H2O was dissolved into DI water to form stock solution of molarity 0.1M

and pH 1. Solution was stirred at constant stirring at room temperature to form a
transparent and shiny solution. Then pre synthesized 5wt% TiO2 (Riaz and Naseem
2015) was added drop wise into the prepared ZrO2 solution. Subsequently NH3 was
added drop wise which leads to sol formation. The effect of reaction temperature on
TiO2 doped zirconia five different reaction temperatures were used i.e. 50ºC, 100ºC,
150ºC, 200ºC and 250ºC. These as-synthesized powders were subjected to different
characterizations without any further treatments.

2.3 Characterizations
Structure analysis was obtained by X-ray diffractometer (Bruker D8 advance)

using Cu kα (λ=0.1540598 nm). Dielectric properties of zirconia powders were studied 
with 6500 Precision Impedance Analyzer. Mechanical properties were studied by
Shimadzu HMV-2 micro vickers hardness indenter.



Fig. 1 Schematic approach for synthesis of TiO2 doped zirconia nanoparticles at
various reaction temperatures
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3. Results and Discussion
The synthesized zirconia powders were checked for their crystal structure at

different reaction temperatures as shown in Fig. 2. XRD patterns of TiO2 doped zirconia
powders are a mixture of monoclinic and tetragonal phases at low reaction temperature
as illustrated in Figs 2 (a and b). Peaks at approximately 28. 2º, 31.6º and 45.5º
correspond to the (11-1), (111), and (20-2) planes of monoclinic zirconia (m-ZrO2)
[JCPDS card no. 13-307] respectively. However, peaks at 30.6º, 56.5º 66.6º and 75.2º
correspond to the (111), (221) (231) and (004) planes of tetragonal zirconia (t-ZrO2)
[JCPDS card no. 17-923]. As the reaction temperature proceeds, chemical shift occurs.
Peak at 31.6º shifts to lower angle of 30.6º, which causes phase transformation from
monoclinic to tetragonal at 150ºC of reaction temperature and retains this phase up to
250ºC. Phase shift occurs due to removal of OH ions. In TiO2 doped ZrO2, Ti4+ ion
occupying a zirconium site (Zr+4) introduces oxygen vacancy in a different way than
others e. g. Y3+ and Ca2+ etc. where oxygen vacancies are created due to difference in
valences of host and dopants. But zirconium ion and titanium ion are isovalent, having
same valences. The ionic radius size of Ti4+ (0.68 Å) is lesser than Zr4+ (0.79Å) and
consequently this size difference could encourage the creation of oxygen vacancies.
This phenomenon is often called as ‘‘size effect’’. It is normally recognized that the size
difference between dopant and host ions causes the distortion of lattice structure and in
crystal structure by creating oxygen vacancies.

Fig. 2 XRD patterns of TiO2 doped zirconia at reaction temperatures (a) 50ºC, (b)
100ºC, (c) 150ºC, (d) 200ºC and (e) 250ºC



The crystallite size of zirconia powder was estimated using Eq. 1 (Cullity 1956).
Crystallite size of TiO2 doped ZrO2 powders synthesized by varying the reaction
temperature is shown in Fig. 3. As reaction temperature increases, crystallite size
shows a sharp decrease at 150ºC due to phase transition (Riaz and Naseem 2007).
After the phase stabilization crystallite size begins to increase due to coalescence of
nuclei. Researchers (Wang et al. 2013, Chrask et al. 2000, Chen and Chiao 1983) had
observed that crystallite sizes below 10 –15 nm tended to be tetragonal at room
temperature. Calculated crystallite size (~ 13nm) at 150ºC of reaction temperature is in
good agreement with literature. Relatively lower dislocation density was calculated
using Eq. 2 for TiO2 doped zirconia powders as shown in Fig. 3

θλ BCosD /9.0= (1)

(2)

Unit cell volume calculations [Fig. 4] revealed decreasing behavior after treatment
at reaction temperature 150ºC. These variations are consistent with the appearance of
different zirconia. It has already been discussed in XRD results that higher tetragonal
content has been observed at 150ºC. Therefore, unit cell volume of such sample
sharply decreases as compared to other samples. Removal of OH- ions causes
shrinkage in unit cell volume at relatively high reaction temperatures. Decrease in
volume leads to increase in density especially for sample synthesized at reaction
temperatures 150, 200 and 250ºC [Fig. 4] with phase purity. For biological applications
relatively higher densities are required because dense the material, more compact the
powder and higher hardness of samples.

2/1 D=δ



Fig. 3 Crystallite size and dislocation density of TiO2 doped zirconia at various reaction
temperatures

Fig. 4 Unit cell volume and x-ray density of TiO2 doped zirconia at various reaction
temperatures

Hardness of the samples was observed to be in the range of 400HV to 965HV.
Maximum hardness was observed for the sample with reaction temperature at 250ºC. A
small variation in hardness was observed with the increase in reaction temperature.
These results are in close agreement with the XRD data presented in Fig 2. It has
already been shown in the XRD results that suppression of the monoclinic phase
started at reaction temperature 150ºC and strengthens after that temperature. Relation
between phase transformation and hardness can be explained by chevalier’s model
(Chevalier 2006) which says that transformation begins in individual particles on the



surface through a mechanism of stress corrosion. The initial transformation of specific
particles can be related to a state of imbalance: greater particle size, specific guidance
from the surface, the presence of residual stress, or even the presence of a cubic
phase. Table 1 summarizes the hardness values.

Table 1 Hardness of TiO2 doped zirconia powders at various reaction temperatures

Reaction

temperature (ºC)

Hardness (HV) at constant

load and time ASTM C-

1327-99

50
590

100
400

150
710

200
849

250
965

Dielectric properties are very crucial for any oxide material to be used in bio-
medical applications. The environment such material may create in body along with
their stability plays a critical role. For studying the dielectric properties dielectric
constant and tangent loss were calculated using Eqs.3 and 4;

ACd oεε /= (3)

ρεεπδ of2/1tan = (4)

Dielectric constant and tangent loss decreases as frequency of applied field
increases and becomes constant at high frequencies thus exhibiting normal dispersion
behavior. The dielectric constant at low frequency for prepared samples is relatively
high. From this result we infer that the dielectric constant of TiO2 doped zirconia
strongly depends on phase and crystallite size (Sujit et al. 2010). Like dielectric
constant, tangent loss also decreases with frequency for synthesized
samples.Observed high tangent loss in the low frequency region may be due to a high
defect charge density existing in material (Pazhani et al. 2011). At low frequencies a
marked increase in dielectric constant is most likely related with the onset of dipolar



relaxation. Different studies have shown that oxygen vacancies are more likely to sit
nearest neighbor to Zr.

Fig. 5 Dielectric constant of TiO2 doped zirconia at various reaction temperatures

Fig. 6 Tangent loss of TiO2 doped zirconia at various reaction temperatures

3. CONCLUSIONS

(1) Zirconyl chloride octahydrate was used as precursor of zirconia, whereas pre-
synthesized TiO2 was added 5wt%. Five different sols by varying the reaction
temperature from 50 to 250ºC were prepared. (2) XRD results showed that doped
zirconia powders are a mixture of monoclinic and tetragonal ZrO2 at low reaction



temperatures (50 and 100ºC) whereas, phase pure tetragonal zirconia has been
obtained as temperature reached to 150ºC and remained stable up to 250ºC. (3)
Crystallite size showed sharp decrease with phase transition due to restructuring and
after stabilization of phase it started to increase. (4) Maximum hardness of the zirconia
was 965HV. Samples with phase pure tetragonal zirconia exhibited high value of
hardness. (5) Zirconia nanocrystallites prepared using sol gel method showed higher
dielectric constant value at lower frequency.
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