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Abstract CaCu;Ti4O;, powders were obtained by calcin-
ing the precursor, which was synthesized by sol-gel pro-
cess, at different temperatures, and the ceramics were
obtained by dry pressing and sintering using the powders.
The dependence of calcining temperature on the
microstructure and dielectric properties of the ceramics
was studied. The results show that the grain size of the
powder grows larger with increasing calcining temperature
from 700 to 1000 °C. With increasing the calcining tem-
perature, the grain size of CCTO ceramics increases and
then decreases, while the porosity exhibits an opposite
trend. The ceramic, obtained by using the powders calcined
at 850 °C, shows the largest grain size, and it also shows
good dielectric properties with the dielectric constant of
2.61 x 10* and the dielectric loss of 0.12 at 1 kHz.

1 Introduction

Materials which show high dielectric constants (&)
accompanied by low dielectric loss (tan &) and good
temperature stability have drawn much attention due to
their significant applications in energy storage devices and
microelectronic devices [1-4]. In the last few years, cal-
cium copper titanate (CaCu3TizO;,, CCTO), a kind of
perovskite-like material, has gained more and more pop-
ularity because of its unusual giant dielectric constant of
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about 10* and good stability in the 100-400 K tempera-
ture range below 1 MHz [5-7]. Therefore, CCTO has
attracted considerable attention for its potential applica-
tions and nature of its dielectric properties since high
dielectric constant will lead to miniaturization of elec-
tronic devices [8, 9]. A model of internal barrier layer
capacitor (IBLC) has been widely used to describe the
colossal dielectric constant in CCTO system [10]. How-
ever, some experimental results cannot be explained rea-
sonably [11, 12], and a detailed explanation of the giant
dielectric constant mechanism and a discussion of the
influence of preparation process on the properties of
samples are needed.

Most of previous works focused on the sintering
method to get the well-qualified CCTO ceramics, such as
microwave sintering, spark plasma sintering and rapid
sintering [13-16]. But the property of CCTO powder is
also the key factor to obtain high performance of CCTO
ceramics, so the powder preparation method and the
parameters during the process are important to ceramic
microstructure and dielectric properties, and some groups
have done such researches to obtain well-quality CCTO
ceramics [17, 18]. CCTO powders in many researches
were prepared by traditional solid state method, which is
not benefit to the homogeneous of the powder. The sol—
gel method, which has shown considerable advantages
such as lower reaction temperatures and ultra-fine pow-
ders which are good for ceramics, is considered to be
efficient to obtain CCTO ceramics with higher dielectric
constant [5]. Sun et al. have reported the preparation of
CCTO ceramics with dielectric constant of 1-4 x 10* and
tan 6 below 0.05 (at 1 kHz and room temperature) by the
sol-gel route [19]. Somsack et al. [20] have reported a
modified sol-gel process for the preparation of CCTO
ceramics with lower tan & of 0.02 and a dielectric
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constant of 9.5 x 10 at 1 kHz at room temperature.
Also, the calcining temperature is an important factor for
the powder properties which will affect the ceramics [17],
but there are a limited number of literatures reporting the
effects of calcining temperature of CCTO powders pre-
pared by the sol-gel method on the microstructure and
properties of ceramics. In this work, CCTO powders were
prepared via a sol-gel method followed by calcining at
different temperatures. The obtained CCTO powders with
perovskite-like structure were used to fabricate CCTO
ceramics. The dependence of calcining temperature of
CCTO powders on the microstructure and properties of
ceramics was investigated.

2 Experimental procedure

Ca(COOH),-4H,0 (99 %), Cu(NO3),-:3H,0 (99 %) and
Ti(OC4Ho)4 (>98.0 %) were used as raw materials. Firstly,
an appropriate amount of Cu(NO3),-3H,0O was dissolved in
ethanol to form solution 1, and calculated amount of
Ca(COOH),-4H,0 was dissolved in distilled water to form
solution 2. Meanwhile, Ti(OC4Hg), was dissolved into
ethanol, and CH3COOH was added into the solution
immediately under vigorously stirring to form solution 3.
Secondly, solution 1 was added into solution 3 slowly
under stirring followed by stirring for 20 min, then solution
2 was added into the preceding mixed solution under stir-
ring, and the mixed solutions were then stirred for 1 h at
room temperature after the pH value was adjusted to 3.
Then, the mixture was dried at 85 °C for 15 h and 125 °C
for 8 h in a drying oven, followed by drying at 350 °C for
3 h in a muffle furnace to form the precursor. Finally,
different CCTO powders were obtained by calcining the
precursor at 700, 750, 800, 850, 900 and 1000 °C for 10 h,
respectively. The as-prepared different CCTO powders
were pressed into different pellets with the diameter of
10 mm under the pressure of 200 MPa. Different CCTO
ceramics were obtained by sintering the different pellets at
1050 °C for 20 h.

The crystal structures of the powder and ceramic sam-
ples were identified by X-ray diffraction (XRD, Bruker D8
discover) at 40 kV and 40 mA. The microstructures of the
samples were observed by field emission scanning electron
microscopy (FE-SEM, Zeiss SUPRA 40). For measuring
the dielectric properties, both sides of the ceramic samples
were coated by silver paste and fired at 680 °C to form
silver electrodes. Dielectric properties were measured by
LCR meter (Tonghui, TH2826) at room temperature.
Temperature dependence of the dielectric properties for
CCTO ceramics was conducted by putting samples in oil
bath.

3 Results and discussion

Figure 1 shows the XRD patterns of the CCTO powders
obtained by calcining at different temperatures. As shown
in Fig. I, CCTO phase appear in all the samples, and
diffraction peaks are indexed as the perovskite phase. It can
be seen clearly that the main peaks of powders obtained by
calcining at 700 °C are assigned to CCTO phase, indicating
the temperature has reached the CCTO formation temper-
ature, and the crystalline temperature in the sol-gel method
has reduced 100 °C compared with that in the traditional
solid state method [1, 3, 21-23]. In addition, secondary
phases of CaTiO;, CuO and TiO,, are also detected in
powders obtained by calcining at 700 °C. With increasing
the calcination temperature, the diffraction peak intensities
of CCTO phase are gradually increased. While the peak
intensities of the TiO,, CuO and CaTiO; impurities
become strong in the calcination temperature range of
700-800 °C and then become weak when the temperature
is higher than 800 °C.

Figure 2 reveals the SEM images of CCTO powders
obtained by calcining at 700-1000 °C for 10 h. As
observed in Fig. 2a, there are lots of ultrafine particles in
the powder obtained by calcining at 700 °C. The grains
grow larger with increasing the calcination temperature to
750 °C according to Fig. 2b. Higher than 800 °C, some
grains begin to grow larger abnormally in the matrix of
small grains, as seen in Fig. 2c. Figure 2d shows that the
grains agglomerate together obviously when calcination
temperature reaches to 850 °C, and it could be attributed to
the forming of liquid in the calcining process. Figure 2e, f
show dense grains and clear grain boundaries in samples
obtained by calcining at 900 and 1000 °C, indicating that
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Fig. 1 XRD patterns of CCTO powders obtained by calcining at
700-1000 °C
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Fig. 2 SEM images of CCTO powders obtained by calcining at a 700 °C, b 750 °C, ¢ 800 °C, d 850 °C, e 900 °C and f 1000 °C

the calcination temperature is too high and that sintering
process has begun in the calcining process.

Figure 3 reveals the XRD patterns of the ceramic
specimens sintered at 1050 °C for 20 h from powders
obtained by calcining at 700—1000 °C. It is noted that a
single perovskite structure was observed in all the sintered
ceramics and no second phase could be detected in the
sintered samples. According to the XRD patterns of pow-
ders shown in Fig. 1, we can draw a conclusion that all
other phases, such as CaTiO3;, CuO and TiO,, are trans-
formed into CCTO during the sintering process.

Figure 4 shows SEM images of CCTO ceramics pre-
pared at 1050 °C for 20 h from CCTO powders obtained
by calcining at different temperatures for 10 h. With
increasing the calcining temperature, the grain size of the
samples firstly increases and then decreases, while the
porosity exhibits an opposite variation trend. As is depicted
in Fig. 4a, b, ceramics prepared from powders obtained by
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Fig. 3 XRD patterns of CCTO ceramics prepared from powders
obtained by calcining at 700-1000 °C
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Fig. 4 SEM images of CCTO ceramics obtained from powders obtained by calcining at a 700 °C, b 750 °C, ¢ 800 °C, d 850 °C, e 900 °C and

f 1000 °C

calcining at 700 and 750 °C show a relatively homoge-
neous microstructure with clear grain boundaries and small
grain size with 2-6 um. Figure 4c, d show the surface of
ceramics prepared from powders obtained by calcining at
800 and 850 °C, a number of grains grow abnormally, and
the size of the largest abnormal grain exceeded 10 um for
ceramics prepared from powders obtained by calcining at
800 and 850 °C. However, as illustrated in Fig. 4e, the
grain size of ceramics prepared from powders obtained by
calcining at 900 °C becomes small again. The
microstructure becomes inhomogeneous with high porosity
for ceramics from powders obtained by calcining at
1000 °C. The abnormal grain growth in ceramics obtained
from powders prepared by calcining at 800 and 850 °C
could be attributed to those larger grains in the matrix of
small grains, which have higher chemical activity [5], and
the small grain will disappear in sintering process due to
the secondary recrystallization. For powders with high

calcining temperature of 900 and 1000 °C, the serious
aggregation or sintering phenomena during calcining pro-
cess is harmful to the following sintering process. Thus the
powder calcining temperature has a great influence on
ceramic microstructures. Densities of ceramic samples are
listed in Table 1, and the density of ceramic increases and
then decreases with the increasing of calcining tempera-
ture. The density of the CCTO ceramics obtained from
powder calcined at 850 °C reaches to a maximum value of
4.43 g/cm?. The variation of density is consistent with the
variation of CCTO ceramic microstructure.

For ceramics sintered at 1050 °C for 20 h using differ-
ent powders obtained by calcining at different tempera-
tures, the dependence of dielectric constant and dielectric
loss tan & on frequency at room temperature is shown in
Fig. 5a, b. It was seen that calcining temperatures have
obvious effects on the dielectric properties of CCTO
ceramics. According to Fig. 5a, the dielectric constant
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Table 1 Densities and dielectric properties of CCTO ceramics prepared from powders obtained by calcining at 700-1000 °C

Calculating temperature (°C) Density (g/Cm®)

Dielectric properties

1 kHz 10 kHz 100 kHz
¢ (x10% tan & g (x10% tan & g (x10% tan &
700 432 1.22 0.04 1.20 0.04 1.19 0.04
750 438 1.27 0.07 1.26 0.04 1.24 0.04
800 438 2.01 0.19 1.78 0.20 1.64 0.25
850 4.43 261 0.12 241 0.15 2.28 0.25
900 436 1.59 0.09 1.51 0.10 1.45 0.12
1000 4.02 1.23 0.09 1.18 0.11 1.14 0.18
a b
3.0x10° [ e 700°C  —— 850°C L5} TTwC oo 8s0C ]
. o —or 900" —+—750°C  —+— 900°C J
850°C —e—1750°C —*— 900°C $00°C 1000°C 74
- —+—800°C —<— 1000°C = T X J
S 2.5x10° 2 850°C i
< b4 800°C P
£ o T 1000°C
o 2.0x10' = 200°C 3 ]
‘T 3 %
~— —
8 4 '2
< 1.5x10 =]
* p—(
a
1.0x10* | 113(5;3"8 E
700°C
A aaaaaaal aaal A s aaaal A aaaaaaal
10 10’ 10* 10° 10°
Frequency(Hz) Frequency(Hz)

Fig. 5 Frequency dependence of a dielectric constant and b dielectric loss measured at room temperature of CCTO ceramics prepared from

powders obtained by calcining at 700-1000 °C

decreases with increasing measurement frequency and
knee points were observed at around 10° Hz. All ceramics
exhibit giant dielectric constant and the value of dielectric
constant for all samples are higher than 10 over a wide
frequency range from 107 to 10° Hz. The dielectric con-
stant of ceramics increase and then decrease with increas-
ing the calcining temperature of powders, and the dielectric
constant of sample ceramic prepared from powders
obtained by calcining at 850 °C reaches the maximum
value of 2.61 x 10* (1 kHz), which is about 2 times higher
than that of the samples whose powders are obtained by
calcining at 700, 750, 900 and 1000 °C. The dielectric
constant is comparable with the reported results
[4, 15, 24, 25]. As shown in Fig. 5b, the dielectric loss tan
o of all CCTO ceramics begins to increase quickly at
around 10° Hz, corresponding to the knee points of
dielectric constant in Fig. 5a, and this can be explained by
the Debye relaxation [26, 27]. As shown in Fig. 5b and
Table 1, ceramics with relatively homogeneous

@ Springer

microstructure show low dielectric loss, and the ceramics
obtained from powders whose calcining temperature are
700 and 750 °C show the lowest dielectric loss of about
0.04 in a wide frequency range. Meanwhile, the ceramics
with abnormal grain growth show higher dielectric loss,
and the ceramics prepared from powders with the calcining
temperatures of 850 °C show a slightly lower dielectric
loss (tan & = 0.12 at 1 kHz) than that of ceramics prepared
from powders obtained by calcining at 800 °C in a wide
frequency range. The dielectric properties are sensitive to
the calcining temperature of powders, which leads to dif-
ferent microstructures of ceramics, and the dielectric
properties were thought to be mainly dependent on the
grain size and the thickness of the grain boundary layer.
The large grain size leads to giant dielectric constant
together with high dielectric loss.

Figure 6a demonstrates the temperature dependence of
the dielectric constant (¢') and dielectric loss for CCTO
ceramic obtained from powders prepared by calcining at
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Fig. 6 a Temperature and b frequency dependence of dielectric constant and dielectric loss (insets) for CCTO ceramic prepared from powders

obtained by calcining at 850 °C

850 °C for 10 h. The sample shows both high dielectric
constant and low dielectric loss in the measured tempera-
ture range from 20 °C up to 200 °C. Dielectric constant is
nearly independent on measuring temperature at high fre-
quency, while it increases rapidly with increasing mea-
surement temperature at low frequency, as illustrated in
Fig. 6a. The increasing of dielectric constant with mea-
surement temperature could be attributed to the variation of
dielectric loss, which is shown in insets of Fig. 6a. Fig-
ure 6b reveals frequency dependence of dielectric constant
and dielectric loss for CCTO ceramic prepared from
powders obtained by calcining at 850 °C for 10 h between
100 Hz and 1 MHz at different measuring temperatures. A
plateau region of the dielectric constant at low frequency
can be observed in the dielectric spectra measured at higher
temperature than 160 °C, and the dielectric loss corre-
sponding to the plateau region of the dielectric constant at
low frequency is also relatively higher than that of other
frequency region, which is according to the previous work
[19]. Behind the plateau region, the dielectric constant
decreases rapidly to another plateau region at higher fre-
quencies in the dielectric spectra measured at higher tem-
perature than 160 °C, and this relaxation behavior can be
described by Debye theory. With decreasing the measuring
temperature, the plateau region disappears slowly and the
frequency corresponding to the rapid decrease of dielectric
constant changes to low frequency slowly.

4 Conclusions
CaCu;3Ti4O,, powders were obtained by sol-gel process

followed by calcining at different temperatures from 700 to
1000 °C, and the ceramics were obtained by sintering

green pellets using the powders at 1050 °C for 20 h. With
increasing the calcining temperature, the grain size of
CCTO ceramics increases and then decreases, while the
porosity exhibits an opposite trend. The ceramic, obtained
by using the powders prepared by calcining at 850 °C,
shows abnormal grain growth, leading to large grain size in
the ceramic, and it also shows good dielectric properties
with the dielectric constant of 2.61 x 10* and the dielectric
loss of 0.12 at 1 kHz. While the ceramics obtained from
powders with the calcining temperatures of 700 and
750 °C, show relatively homogeneous microstructure, and
they also show good dielectric properties with the dielectric
constant of about 10* and dielectric loss of about 0.04 in a
wide frequency range.
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