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In this study, phase-pure titanium dioxide TiO, ceramics were sintered at different temperatures (1,000, 1,100, 1,200, 1,300,
1,400 °C). The effects of sintering temperature on the compaction, dielectric and impedance properties were investigated.
Frequency and temperature dependencies of dielectric permittivity and dielectric loss were revealed by using dielectric
measurements. When the TiO, ceramics sintered at 1,400 °C, it exhibits the larger dielectric constant and the smaller dielectric
loss as a result of increased density and decreased porosity. The analysis of complex impedance in the frequency range 100
Hz-10 MHz indicated that the TiO, ceramics were dielectrically combinations of bulk grains and grain boundaries. These
results suggest that the sintering temperatures have effects on the microstructure, leading to the variations in dielectric and
impedance properties of TiO, ceramics.
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Introduction tion will occur from anatase to rutile with increasing
temperature. Rutile has a more closely of the crystal
Titanium dioxide (TiO,) materials are widely used in accumulation, a higher refractive index and an energy
the fields of coatings, electrochromic devices [1, 2], band gap of 3.06 eV, which explains why it has a wide
photochemical catalysis [3, 4], photovoltaic cells [5, 6], prospect in practical optical and electrical applications
electrochemical gas sensors and fiber waveguid [7, 8]. [17,18]. In this study, we present the fabrication of
For many of these applications, the crystal structure, phase single-phased rutile TiO, ceramics by a traditional
transition, and calcination temperature have demonstrable ceramic process, but sintered at different temperatures.
effects on the properties of TiO, ceramics [9, 10]. In The effects of temperature on the microstructures and
recent years, many researchers focus on the preparation dielectric properties were investigated. The complex
of TiO, microsphere [11], nanofibers [12], and nano- dielectric properties were measured as functions of
particles [13], and investigate the remarkable photo- temperature and frequency. The impedance analysis in
catalytic behavior and improved efficiency in dye- a broad frequency range was used to reveal the grain
sensitized solar cells. It has been reported that TiO, and grain boundary development with the sintering
ceramics show large dielectric constants and interesting temperatures.
nonlinear optical coefficients, and these properties are
functions of compaction and synthesis temperature [12]. Experimental Procedure
As is known, the sintering temperature has promising
effects on the physical properties of transition metal The TiO, ceramics were fabricated by using TiO,
oxides, especially the electrical and pore characteristics powder with a purity of 99.95% (Macklin Chemical
[14-16]. In addition, TiO, ceramics have the advantages Co. Ltd.). The powder was grinded and pressed into
of easier processing method and lower cost as com- high-density pellets with a thickness of 5 mm and a
pared with other oxides. Therefore, the preparation of diameter of 15 mm under a pressure of 7 MPa. The
TiO, ceramics and experimental studies on the dielectric samples were sintered separately at different tempera-
and impedance properties are even more attractive to tures for 6 hours in air atmosphere. Throughout this
the researchers. paper, we assigned symbols of TO-0, TO-1, TO-2, TO-
Generally, there are three different structural phases 3, and TO-4 for the samples sintered at 1,000, 1,100,
for TiO, as rutile, anatase and brookite. Except the 1,200, 1,300 and 1,400 °C, respectively. The ceramic
metastable brookite phase, the stable phase transforma- phases were analyzed by using x-ray diffraction (XRD)

with Cu Ko radiation at 1.54 A. The bulk densities of
e o o the samples were measured by the Archimedes method.
T;rfefgpgq;;g%ulz%g The fabricated ceramic pell.ets were ca?efull.y polished
E-mail: wtwang@ytu.edu.cn and subsequently pasted with conductive silver paste
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on both sides as electrodes for the purpose of dielectric
measurements. The determination of complex dielectric
responses was performed using a capacitor arrange-
ment in a temperature range from 80 to 300 K. The
impedance spectroscopy was examined in a frequency
range from 100 Hz to 10 MHz using a LCR meter
(HP4194A) with an applied signal voltage of 0.05 V.

Results and Discussions

Fig. 1 displays the XRD patterns of the prepared
TiO, ceramics sintered at various temperatures. The
black lines at the bottom indicate the allowed Bragg
reflections, and all the peaks could be marked as a
rutile phase with the space group P42/mnm. All the
XRD patterns are similar and no impurity could be
detected indicating the single phase of the prepared
samples. The calculated lattice parameters of the rutile
TiO, ceramics are obtained to be a = 4.594 A and ¢ =
2.957 A, which are similar with that of JCPDS No. 21-
1276. It is obvious from Fig. 1 that the rutile TiO,
diffraction peaks become sharper and stronger as the
sintering temperature improved from 1000 to 1400 °C,
which suggests that the average crystalline grain grows
with increase in the sintering temperature. The mean
crystallite size d can be estimated according to the
Scherrer’s method by the following equation [19],

kA
_ﬂcosé' ’ (1

where £=0.9 is the Scherrer constant, A is the wave-
length, and g is the full width at half maximum
(FWHM) of the XRD peak at the diffraction angle 6.
The average grain sizes from the characteristic peaks in
the XRD patterns of the samples are shown in Fig. 2.
The results suggest that mean grain size is incline to
increase with the increase of sintering temperatures in
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Fig. 1. XRD data for the prepared samples sintered at different
temperatures.
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the range of 1,000-1,400 °C. The grain size trend is in
agreement with the reported results of other oxide
ceramics [20-23].

The densification of the prepared TiO, ceramics at
various temperatures is shown in Fig. 2. In the tem-
perature range of 1,000-1,400 °C, the density increases
with increasing temperature as a result of the larger
crystallite size and the decrease in the number of pores
at higher temperature. Despite reports that further
increase in the sintering temperature could lead to the
decrease of the density of some multicomponent per-
ovskite oxide ceramics [23, 24], this feature was not
revealed in our experiment. This may be due to the fact
that the sintering temperatures are not high enough to
cause possible element loss since TiO, has high
melting point and thermal and chemical stability.

Figs. 3(a) and 3(b) show the typical variations of the
real part of the complex permittivity &' and the loss
tangent tand at 800 KHz with different sintering tem-
peratures, respectively. The values of &' fluctuate within
a narrow range in the low temperature range from 80 to
200 K. When the temperature is over 200 K, &' increases
intensively with the increasing of 7. Moreover, as can
be seen from Fig. 3(a), &' of the samples sintering at
higher temperature is larger than that of sintering at
lower temperatures. The maximum value of &' increases
from 200 to 520 as the temperature increases from
1,000 to 1,400 °C. This can be attributed to the increasing
density at higher sintering temperature shown in Fig. 2.

The values of tand, as shown in Fig. 3(b), increase
with the increasing of measuring temperature. However,
the tand of samples sintering at higher temperature is
lower than that of sintering at lower temperatures,
which is in the opposing trend of ¢'. With the sintering
temperature increasing, the number of pores and
defects decrease, which may result in the decrease of
tand. The results in Fig. 3 indicate that the dielectric
properties of the TiO, ceramics vary with the sintering
temperature. Similar results have also been reported by
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Fig. 2. Changes of density and average grain size with sintering
temperature for the TiO, ceramics.
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Fig. 3. Temperature dependence of (a) &' and (b) tand at 800 KHz
for the prepared samples sintered at different temperatures.

other workers [25, 26].

It should be noted that the data of tand [Fig. 3(b)]
display typical peaks in the temperature range from 80
to 300 K. The positions of tand peaks shift to higher
temperatures as the sintering temperature increases.
Generally, the peaks of tand indicate distinct diffused
transitions which possibly come from the crystal grain
and grain boundary effects in polycrystalline ceramics
[27, 28]. Analysis of the peak positions of tand will
reveal the different properties of thermally activated
relaxations in the prepared samples.

Typical temperature-dependent tand for sample TO-4
at different frequencies is shown in Fig. 4. The experi-
mental data of tand can be simulated by using a Gaussian
function overlying on an exponential increasing back-
ground. By extracting the Gaussian function, the
Gaussian peak position can be obtained accurately. The
simulating Gaussian curve and background for the data
at 800 KHz were shown in the plot. T, is the Gaussian
peak position. The solid curves are the fitting results.
The experimental data agree well with the theoretical
simulation.

During common thermally activated relaxation process,
the Arrhenius relationship can be used to describe the
relaxation time, which can be expressed as

t=1,exp(E,/kT) , 2)
where 7 is the relaxation time, 7, is the preexponential

factor, E, is the activation energy and k is the Boltzmann
constant. When T = T, the equation In(27f%) + E/kTp
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Fig. 4. Typical temperature dependence of tand for the sample TO-
4 at different frequencies. Dashed lines are Gaussian and
exponential functions fitting for the experimental data at 800 KHz.
The solid curves are the fitting results. The inset shows the
relationship between In (f) and 1/7,, for the sample TO-4.

= 0 should be satisfied. The linear relationship between
In (f) and 1/T, is shown in the inset of Fig. 4. The
determined E, and 7, for the sample TO-4 were 0.21
eV and 1.51 x 107" s, respectively. Similar measurements
were performed on the other samples, and similar
results were obtained (not shown here). The Arrhenius
plots for all the samples are shown in Fig. 5. The deter-
mined E, and 7, for all the samples are given in Table
1. The different values indicate the influence of sintering
temperature on the thermally activated relaxations in
the prepared samples.

Generally, the oxide polycrystalline ceramics are
dielectrically heterogeneous, and usually have at least
three components contributing to the dielectric effects
[29]: the crystal grains, grain boundaries, and electrodes.
Impedance analysis is often used to reliably demonstrate
the different dielectric processes. The most common
equivalent circuit used to describe the dielectric
responses of polycrystalline ceramics can be assumed a
series association composed of parallel connection of a
resistor R and a capacitor C. Each parallel RC element
will bring about a semicircle in the complex plane.
According to the impedance spectroscopy analysis
method [29, 30], the complex impedance Z" is defined
as

Z=7-jz
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l/R, +iwC, 1/R, +ioC, -
where
R R

' g gb

= 7t 2
1+ (wR,C,)"” 1+(wR,C,)

and @)



60

14

13F

12

In f (Hz)

1p

L i i L L L I

40 44 4B 52 58 60 64 68
1oourrpc+<‘)

Fig. 5. Arrhenius plots of Inf with inverse of temperature for the
prepared samples.

Table 1. The determined £, and 7, for the samples

Samples TO-0 TO-1 TO-2 TO-3 TO-4

E, (eV) 0.29 0.17 0.16 0.18 0.21
7 (x107s)  0.02 1.31 3.95 4.74 1.51

2 2
oR,C, oR,C,

= F 7 (5)
1+(0R,C,)" 1+ (@R,C,)

4

The subscripts g and gb denote the bulk grains and
grain boundaries, respectively. Different components in
these types of materials have different relaxation
frequency f. Under normal conditions, the f of the
crystal grains is often at least two orders of magnitude
higher than that of the grain boundaries. Then two
separate semicircles will be shown on the impedance
spectra.

Fig. 6 shows Z" versus Z' plots for TiO, samples
sintered at different temperatures in the frequency
range of 100 Hz-10 MHz at room temperature. The inset
shows an enlarged view of the complex impedance at
high frequencies. The solid curves are the theoretical
fits using equation (3). The dielectric responses from
grains and grain boundaries in TiO, ceramics are
responsible for the observed two arcs from left (high)
to right (low) frequencies, respectively. It is clear from
Fig. 6 that the arcs at high frequencies become larger
with the sintering temperature increasing, as shown in
the inset of Fig. 6, while those at low frequencies are
getting smaller. Since the semicircles in the impedance
plane related to the resisitances of the different parts in
the samples, the variation of the semicircle size suggests
the change of R, and Rg. The deduced R, and R
values versus the sintering temperatures are plotted in
Fig. 7. The resistance of intrinsic grains increases with
the increasing sintering temperature, while that of grain
boundaries decrease monotonously for the TiO,
samples. This is due to the fact that the grain size tends
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Fig. 6. Impedance Z" vs. Z' plots for the samples. The inset
displays an enlarged view of the complex impedance at high
frequencies. The solid curves are the fitting results.
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Fig. 7. Variations of R, and R, with the sintering temperatures.

to increase while the porosity in the samples tends to
decrease with sintering temperatures. All the results
suggest the influence of sintering temperatures on
dielectric properties of TiO, ceramics.

Conclusion

Rutile TiO, ceramics were prepared at different tem-
peratures and the effects of the sintering temperature on
the dielectric and impedance properties were studied.
With increasing the sintering temperature, both the
density and the crystalline size increased, while the
porosity decreased. The dielectric properties of the TiO,
ceramics are affected by the sintering temperature. The
maximum value of dielectric permittivity &' increases as
the sintering temperature increases from 1000 to 1,400
°C, but the values of tand develop in the opposing
trend. The complex impedance spectroscopy indicates
that the heterogeneous structures exist in the TiO,
ceramics consisting of grains and grain boundaries. The
typical semicircle arcs at high and low frequencies vary
with the sintering temperature, which suggests the
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effects of the sintering temperature on the grains and
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ain boundaries of TiO, ceramics.
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