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Abstract

Stabilized tetragonal zirconia nanocrystalline powders have been prepared through a chemical synthesis method using thorium

(IV) or titanium (IV) salts. In this method, the precursor solution prepared from zirconyl nitrate, thorium nitrate or titanium tar-
tarate and TEA (triethanolamine), which are evaporated, pyrolysed and calcined to nanocrystalline powders. Stabilizing ability of
thorium (IV) is better than that of titanium (IV). In both the cases pure t-ZrO2 is formed initially at the calcination temperature of
650 �C but their thermal stabilities are different. The crystallite sizes of the powders are in the range of 10–30 nm and the particle

size is in the range of 30–70 nm within the range of calcination temperature of 650–1100 �C.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Zirconia (ZrO2) has three polymorphs: monoclinic
(m), tetragonal (t) and cubic (c).1 Among them c- and
t-ZrO2 are metastable high temperature polymorphs.
The transition between the first two (t!m) is displacive
in nature and involves a large volume expansion of
�4% at �950 �C on cooling and on heating the trans-
formation (m$t) occurs at �1150 �C in pure ZrO2.
This volume change prevents its use in refractory.2,3 The
problems of phase transformation may be avoided by
adapting the principles of phase stabilization. The
t-phase is a very important engineering material because
of its tunable martensitic transformation, which is
responsible for transformation toughening in zirconia
ceramics.4,5

The stabilization of t- and c-phases of ZrO2 by using
the aliovalent dopants, such as Y3+, Ca2+, and Na+

was elaborately studied and the oxygen vacancies,
introduced by these dopants for charge compensation,
was shown to play an important role for the stabili-
zation.6,7 Tetravalent dopants like Si4+, Ce4+, Ge4+

etc. were also found to be effective agents to stabilize
t-ZrO2 forming cationic network and high-energy sur-
face layer.8�10 In cases of aliovalent dopants and tetra-
valent dopants, it was suggested that the larger size of
dopant had the higher stabilizing effect. Aliovalent
dopants like Na=, Ca2+, Y3+ etc. has been used suc-
cessfully to stabilize the t- and c-phase of ZrO2. But the
stabilizing ability of the tetravalent ions is not fully
explored. Some reports of the stabilization with Si4+,
Ce4+, Sn4+ etc. are available, where the stabilization of t-
ZrO2 by Si

4+ is achieved by strong surface interaction11

and the stabilization of c- and t-ZrO2 by Ce
4+ is achieved

by its larger size with higher coordination number.12 But
the stabilization of the metastable states of ZrO2 with
Th4+ or Ti4+ not so explored in the literature is the sub-
ject of the paper.
2. Experimental

The starting materials are zirconium oxychloride
(ZrOCl2. 8H2O) (Aldirich Chemical, 99.99%), thorium
nitrate [Th (NO3)4] (Aldrich Chemical, 99.99%), titanium
oxide (E. Merk. India 99.0%)., tarataric acid (E. Merk.
India 99.0%), hydrofluoric acid (E. Merk. India 99.0%)
and Triethanolamine (TEA) (E. Merk. India 99.0%).
Other materials are common laboratory reagents.
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2.1. Preparation of the precursor solution

Zirconium oxychloride is converted into zirconyl
nitrate solution via zirconyl hydroxide and mixed with
thorium nitrate solution with proper mole ratio to form
1.0, 2.50, 5.0, 10.0 at.% Th4+ containing ZrO2 in the
final product (samples are denoted as ZT-1, ZT-2.5, ZT-
5, ZT-10). With the above mixed solution 6 M. TEA is
added per mole of total metal ion to form the precursor
solution. In the similar way Ti4+ containing precursor
solution is prepared. In this case Ti4+ is entered into the
precursor solution as its tartarate, which is synthesized
chemically.13 In the latter case, the samples are desig-
nated as ZTi-1, ZTi-2.5, ZTi-5, ZTi-10.

2.2. Preparation of precursor material and nanopowders

The precursor solutions are evaporated and pyrolyzed
over a hot plate for about 4 h at bed temperature
�250 �C to form the precursor material. These are cal-
cined at different temperatures (650–1200 �C) to form
the nanocrystalline powders.

2.3. Characterization

Thermal decomposition/combustion of precursor
material into ThO2–ZrO2 and TiO2–ZrO2 ceramic pow-
ders are studied with thermogravimetry and differential
thermal analysis (TG–DTA) using a thermal analyzer
(Model DT-40, Shimadzu Co. Kyoto, Japan). The data
are obtained by heating the sample at 5 �C/min. Phase
analysis of samples calcined at various temperatures is
carried out with X-ray powder diffraction. The diffrac-
tion patterns are recorded with the help of a Philips
PW-1817 X-ray powder diffractometer using Ni-filtered
CuKa radiation of wavelength, l=0.15418 nm. Crystal-
lite sizes are calculated from peak broadening of princi-
pal peaks with the Scherrer formula.14 The finer details
of the powder are determined by transmission electron
microscopy (TEM) using Hitachi H-600 electron
microscope.
3. Result and discussion

3.1. Synthesis method producing nanocrystals

In this synthesis method, zirconyl nitrate, thorium
nitrate or titanium tartarate and TEA form the pre-
cursor solution in water. This, on evaporation, gives
a highly porous and fluffy carbonaceous mass, where
the metal oxides are embedded in amorphous carbon
matrix termed as precursor material, which on calci-
nation at lower temperatures results in nanocrystals
with controlled crystallite size. Here the role of TEA
is dual:
(i) It forms stable co-ordinate complexes with the
metal ions in solution. (ii) It forms mesoporous carbo-
naceous mass which acts as a host to accommodate
nano-sized oxides, forms during pyrolysis of precursor
solution.
The amount of TEA is optimized with respect to

metal ions to get the smallest particles. The optimum
ratio of metal ion to TEA is 1:6.

3.2. Thermal analysis

Fig. 1 shows DTA and TG curves in thermal decom-
position/combustion during heating 6.5 mg of a pre-
cursor (ZTi-5) at a heating rate 5 �C/min. DTA curve
initially shows a small endothermic effect (A–B) prob-
ably due to desorption of water and then it shows a
monotonically increase of heat output due to slow
combustion (B–C) of the precursor. An exothermic
peak at 505 �C indicates the peak point of mass com-
bustion of carbonaceous material along with crystal-
lization of Ti4+ doped ZrO2. The coincidence of the two
processes indicates clearly that sensible heat of combus-
tion helps to form nanocrystals. The TG curve shows a
slow mass loss up to up to D and a sharp loss up to
point E. The total mass loss is up to �35% of the initial
weight of the precursor at a temperature of about
600 �C. At this temperature, the sample becomes carbon
free. All the precursor materials show similar thermal
effects. The data of two representative samples are given
in Table 1.

3.3. Phase analysis

The phase analysis and the calculation of the crystal-
lite sizes of the calcined powders are determined from
the X-ray diffraction patterns obtained in the 2� range
20–70� in the CuKa radiation of wavelength l=0.15418
nm. Fig. 2 shows the X-ray diffraction patterns of the
sample ZT-5 calcined at (a) 650 �C, (b) 950 �C and (c)
Fig. 1. DTA–TG diagram of the precursor mass of the sample ZTi-5.

The data are obtained with the heating at 5 �C/min using a thermal

analyzer (Model DT- 40, Shimadzu Co. Kyoto, Japan).
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1200 �C. The phase formed at the calcination tempera-
ture of 650 �C (Fig. 2a) is t-ZrO2 with the average crys-
tallite size of �10 nm. As the calcination temperature
increases, the peak splitting occurs characteristic to
t-phase. Though this splitting is absent in Fig. 2a, the
asymmetric broadening of the peaks clearly indicates
the overlapping of the split peaks. The t-phase is stable
up to 950 �C with some m-phase (Fig. 2b). Beyond this
temperature, transformation of t-phase into m-phase
starts and at 1200 �C, complete transformation occurs
[Fig. 2(c)]. The average crystallite sizes at these tem-
peratures are 20 and 35 nm respectively. Other details of
phase analysis of ZT-5 are given in Table 2. Lower
concentration of Th4+also can stabilize the t-ZrO2, but
its thermal stability is lower than ZT-5. Even 1 mol%
Th4+ can stabilize t-ZrO2. However, higher concen-
tration of Th4+ does not improve the thermal stability
of t-phase. Therefore, ZT-5 is the optimum composition
for the stabilization.
Stabilization characteristics of t-ZrO2 using Ti

4+ is
displayed in Fig. 3 for the sample ZTi-5. It is almost
similar to ZT-5 except the lower thermal stability. At
the calcination temperature of 1000 �C, total transfor-
mation into m-phase occurs in case of Ti4+ stabilized
t-ZrO2. At 900

�C, about 8% m-phase appears for the
sample ZTi-5, but in the case of sample ZT-5 about 3%
m-phase is present even at the calcination temperature
of 950 �C. Therefore, it can be concluded that the sta-
bilizing ability of Th4+ is better than Ti4+ with respect
to thermal stability. This observation gives an insight of
Table 1

Comparison of the thermal effects of the precursor materials
Sample
 Peak temp.

(�C)
Complete combustion

temp. (�C)
Mass loss

(%)
ZTi-5
 505
 600
 35
ZT-5
 465
 620
 33
Peak temperature is the temperature of the exothermic peak in DTA

curve and complete combustion temperature is the temperature at

which no mass loss occurs in TG curve.
Fig. 2. X-ray diffraction patterns of the sample ZT-5 calcined at (a) 650 �C, and (b) 950 �C and (c) 1200 �C (using Philips PW1710 X-ray powder

diffractometer, Ni-filtered CuKa radiation of wavelength, l=0.15418 nm).
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the stabilization mechanism of ZrO2. The cationic
radius of Th4+ (0.95Å) is greater than Ti4+ (0.64 Å),
which is probably the reason of different stabilizing
ability. This again proves the dopant size effect for sta-
bilization.12 Ionicity of Th4+ and Ti4+ is not very dif-
ferent, so it may not play an important role for making
any difference in ability of stabilization.
The stabilization of t-ZrO2 with ThO2 is similar to
effect with SiO2 as reported by del Monte et al.

15 and
superior to the stabilization of t-ZrO2 with SnO2 as
reported by Ray et al.16 Here again ionic charges of
Si4+, Sn4+ and Th4+ are same. The effect of Si4+ will
be different from the other because its higher covalent
character of the Si–O bond. In general it shows that
Table 2

Crystallite size, particle size and phases with corresponding dhkl values of the principal peaks at different calcining temperatures of the sample ZT-5
Calcining temp. (�C)
 dhkl values (Å) of principal peaks (observed)
 Av. crystallite size (nm)
 Av. particle size (nm)
 Phasesa
650
 2.99101
 1.84112
 1.82200
 1.55211
 10.0
 30
 t
1000
 2.98101
 1.83112
 1.82200
 1.55211
 15.0
 35
 t
1200
 3.15111
 2.98101
 2.83111
 1.82200
 35.0
 50
 m
a t and m denote tetragonal and monoclinic phases respectively, hkl values are given as subscripts of the corresponding ‘d’ values, crystallite sizes

are determined by Scherrer equation from full width at half intensity of the principal peaks with correction of instrumental broadening and the

particle sizes are determined by TEM.
Fig. 3. X-ray diffraction patterns of the sample ZTi-5 calcined at (a) 6500 �C, and (b) 900 �C and (c) 1000 �C (using Philips PW1710 X-ray powder

diffractometer, Ni-filtered CuKa radiation of wavelength, l=0.15418 nm).
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with an increase of size of ion the stabilization effect
from metal ion increases.

3.4. Transmission electron microscopy studies (TEM)

The nanocrystalline nature of the powders is observed in
the TEM experiment. One representative pattern of the
particles is displayed in Fig. 4a of the sample ZT-5, cal-
cined at 650 �C. The particles are hexagonal in shape hav-
ing size ranges 30�5 nm. Fig. 4b shows the magnified
pattern of the selected area of Fig. 4a, which clearly indi-
cates the narrow size distribution of the particles. As the
calcination temperature increases, the particle size increa-
ses with their crystallite sizes that are shown in Table 2.
4. Conclusions

The chemical synthesis process using TEA is a very use-
ful process to prepare stabilized nanocrystalline powders
of ZrO2. Both Th

4+ and Ti4+ is effective agent to stabilize
t-ZrO2 at low calcination temperature but the former is
more effective. In stabilizing the metastable states of ZrO2
with tetravalent dopants, size effect is more important,
particularly when the covalence betweenM–O is weak.
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