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a  b  s  t  r  a  c  t

A  new composite  ceramics  of  CaCu3Ti4O12/Pb(Zr0.52Ti0.48)O3 have  been  designed  and  fabricated  to
reduce  the  dielectric  loss  with  certain  higher  dielectric  constant.  Pb(Zr0.52Ti0.48)O3 was  coated  on
the  surface  of  CaCu3Ti4O12 particles,  and  then  the composite  particles  were  sintered  to obtain
CaCu3Ti4O12/Pb(Zr0.52Ti0.48)O3 composite  ceramics  using  conventional  technologies  which  include  the
spark  plasma  sintering.  The  phase  composition  and  microstructure  were  studied  by means  of  X-ray
eywords:
aCu3Ti4O12/Pb(Zr0.52Ti0.48)O3 composite
eramics
ielectric constant
ielectric loss

diffraction  and  scanning  electron  microscopy.  The  result  shows  that  the ceramics  are  composed  of
CaCu3Ti4O12, Pb(Zr0.52Ti0.48)O3 phases  (this  phase  mainly  exists  at the  grain  boundary)  and  some  impuri-
ties.  It is  also  found  that  the  grain  size  and  the  grain  shape  of  composite  ceramics  are  greatly  affected  by
interfacial  coating  of  Pb(Zr0.52Ti0.48)O3.  The  impedance  spectrum  measurement  result  shows  that  the
CaCu3Ti4O12/Pb(Zr0.52Ti0.48)O3 composite  ceramics  with  the  Pb(Zr0.52Ti0.48)O3 content  of  20%  has  the

t  and
rain boundary highest  dielectric  constan

. Introduction

Recently, CaCu3Ti4O12 (CCTO) ceramics [1–4] and doped-CCTO
5–8] have been attracting much attention due to their colossal
ielectric constant about 105 at room temperature in the frequency
ange of 100 Hz–1 MHz  [9–11]. Furthermore, due to the high dielec-
ric constant, they demonstrate good temperature stability over a
ange of 100–600 K [5,8,12,13]. So far, the origin of giant dielectric
onstant of CCTO ceramics has been extensively studied [14–16].
t has also been investigated that the colossal dielectric constant of
CTO is not due to the intrinsic nature of polarization or the ferro-
lectricity, but it is the result of an extrinsic effect of the barriers
1,5,11]. The interaction of space charge with electrically resistive
nternal barriers is the most important reason for detecting colossal
ielectric constant of CCTO [16]. The study on impedance spec-
roscopy (IS) of CCTO ceramics has been demonstrated its electrical
eterogeneous nature, semiconductor grains and high resistance
f boundaries [14]. On the other hand, the internal barrier layer

apacitance (IBLC) model has been employed to explain the colossal
ielectric constant of CCTO ceramics [4,15].  The dielectric constant
epends highly on the material microstructures such as grain size
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 the  lowest  dielectric  loss.
© 2011 Elsevier B.V. All rights reserved.

and high resistivity at the grain boundary, which support the IBLC
model [6,7,16]. The grain boundary is the main source of internal
barrier layer for polycrystalline CCTO ceramics, and hence grain
boundary of CCTO ceramics is very important to be characterized
[6,7,16].

The main disadvantage of CCTO ceramics is its large dielectric
loss. Therefore, studies on the dielectric loss of CCTO have received
much attention [1,11,13,17–21].  The small dielectric loss of CCTO
ceramics is significant for the device implementation. The relation-
ship between dielectric loss and frequency or temperature has been
clearly shown in some researches [1–3,9–11,14,17–22].  From these
studies, we can conclude that the dielectric loss of CCTO ceramics
is mainly the result of semiconducting grain and grain boundary
leakages. Some methods have been explored in order to reduce the
current leakages by modifying the semiconducting properties and
the interfacial structure of CCTO ceramics [21]. The most important
means of changing the intrinsic semiconducting properties of CCTO
ceramics is doping. However, doping can decrease the dielectric
constant and the dielectric loss of CCTO ceramics [3,6,7,10].

It  is very important to investigate the effect of interfacial modifi-
cation to obtain lower dielectric loss with higher dielectric constant.
In the present study, we attempt to use Pb(Zr0.52Ti0.48)O3 (PZT)
as an interfacial layer to modify the interfacial properties of CCTO

ceramics. PZT has been intensively studied, and the results have
shown that PZT composition with the Zr/Ti ratio of 52/48 has very
high dielectric properties and low leakage current intensity [23]. In
this study, PZT was coated on the surface of CCTO powder by sol–gel

dx.doi.org/10.1016/j.jallcom.2011.11.052
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:wdfei@hit.edu.cn
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the diffusion of PZT into CCTO is not very serious because the lattice
constant of CCTO should be changed when Pb and Zr (stand for PZT)
are being doped into CCTO.
ig. 1. XRD patterns of CCTO/PZT composite ceramics with different PZT contents.

ethod to introduce the interfacial layer of CCTO/PZT composite,
nd a new CCTO/PZT composite ceramics with low dielectric loss
nd high dielectric constant was synthesized. In addition, the rela-
ionship between the microstructure and properties of CCTO/PZT
omposite ceramics was also analyzed.

. Experimental

The CCTO powders used in this study were prepared by sol–gel technol-
gy.  Ca(NO3)2·4H2O (≥99%), Cu(NO3)2·3H2O (≥99.5%), [CH3(CH2)3O]4Ti (98%), and
thylenglycol monomethylether (C3H8O2: 95%) as a solvent, were utilized as the
tarting materials. CCTO sol was dried at 170 ◦C for 460 min, and then it was  sin-
ered at 800 ◦C for 240 min  in air atmosphere to obtain CCTO powder. Finally, the
btained CCTO powders were milled carefully.

PZT precursor with the PZT content of 10 wt%  (provided by Mitsubishi Co. Ltd.)
as  mixed with CCTO powders, and then dried at 200 ◦C for 10 h. The contents of PZT

n  CCTO/PZT composite powders were selected in proportion of 20%, 30% and 40%
n  weight. The powders were milled again and were hot-pressed into the disks with
0  mm in diameter and 4–5 mm in thickness. Subsequently, the CCTO/PZT compos-

te  ceramics were sintered using spark plasma sintering (SPS) at 800 ◦C and 50 MPa
or  5 min. Finally, the composite samples were sintered again at 1000 ◦C for 4 h in the
ir  atmosphere, and were cooled to room temperature in the conventional furnace.
owever, the required time for common sintering process of CCTO ceramic is gen-
rally longer than 20 h [24]. Therefore, to prevent the serious interfacial diffusion,
PS was used to decrease the sintering time in this study.

The relative densities of the obtained composite were measured to be 63%, 85%,
5% and 83% for the PZT contents of 0%, 20%, 30% and 40%, respectively, compared
o  the theoretical density of pure CCTO [17]. The results suggest that the addition of
ZT is helpful for the sintering process of CCTO/PZT composite ceramics.

The phase composition of CCTO/PZT composite ceramics was  analyzed by means
f X-ray diffraction (XRD) on a Philips X’Pert diffractometer with Cu K� radiation
perated at 40 kV and 40 mA.  The microstructure of fracture surface was studied
y  scanning electron microscopy (SEM) on a Hitachi S-3400N SEM. All the disk
eramics were polished and thinned before IS measurement. The capacitance mea-
urements were carried out as a function of frequency (100 Hz–1 MHz) at 300 K
sing an impedance gain phase analyzer (Agilent 4294 A) at the signal strength of
.5  Vrms. For the electrical measurements, the pellets were electroded with room
emperature silver agglutinate on both sides, and were dried at 120 ◦C for 120 min
n  the furnace.

. Results and discussion

.1. Phase composition

The XRD patterns of CCTO/PZT composite ceramics with dif-
erent PZT contents are shown in Fig. 1. The results show that all
amples are well crystallized, and the diffraction peaks of PZT and
CTO can be clearly identified according to the JCPDS files of 75-
149 and 33-0784. As it can be seen in Fig. 1, the positions and
ntensity of standard peaks of CCTO and PZT are also labeled for
ach XRD pattern. Using Bragg’s law, the lattice constant of CCTO
n the composites was calculated using high angle diffraction peak.
he result indicates that the lattice constant for all specimens is
Fig. 2. EDS line scan analysis of Cu and Pb in a typical microstructure of CCTO/PZT
composite ceramics with the PZT content of 30%.

0.7394 nm.  The obtained lattice parameter for all the samples are
in agreement with the values of 0.7391 and 0.7373 nm reported in
the previous literatures [1,26].  The mentioned result suggests that
Fig. 3. EDS analysis of the different points in the CCTO/PZT composite ceramic with
the  PZT content of 30%: (a) morphology and the insert figures are the average com-
position of the area marked by white square and (b) Pb and Zr content in the different
points shown in (a).
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rent PZT contents (C: CCTO and P: PZT): (a) 0%, (b) 20%, (c) 30%, and (d) 40%.
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Fig. 4. SEM microstructures of CCTO/PZT composite ceramics with diffe

On the other hand, as shown in Fig. 1, the diffraction peaks of
aTiO3 (CTO), CuO and TiO2 can be identified in the XRD patterns
f composite ceramics with different PZT contents, which is the
esult of the decomposition of CCTO phase during sintering process.
his result is also in agreement with the results from the previous
esearch [24]. It is worth to mention that the contents of CTO phase
re almost the same for all specimens according to the intensity
atios between CTO and CCTO peaks of the composite ceramics.
urthermore, when the PZT content increases, the formation of TiO2
uppresses and the decomposition of TiO2 from CCTO decreases.

.2. Microstructure

Fig. 2 outlines the line distributions of Pb and Cu elements in the
CTO/PZT composite ceramic obtained by the line scan analysis of
nergy dispersive spectrum (EDS) of SEM. It can be seen that Pb
ontent, which belongs to PZT, is higher in both the grain boundary
nd the edge of the bigger grain but it is lower in the central part
f the bigger grain. The content of CuO in the different CCTO/PZT
eramics is low, and that is difficult to say whether CuO content is
ecreased or increased with PZT content increasing.

To identify the grains with different shapes, the EDS analysis was
arried out point by point corresponding to the morphology, and
he results are presented in Fig. 3. As shown in Fig. 3a, the average
omposition of the area marked by square with white line shows
he existence of Pb and Zr on the surface of the sample. As it can be
een in Fig. 3b, Pb and Zr contents at B and D are obviously high for
he points in the irregular grain shapes. On the other hand, Pb and Zr
ontents are very low in the regular grain shapes at points A, C and

. Consequently, the irregular and regular grain shapes might be
n association with PZT and CCTO, respectively. However, the light
iffusion between CCTO and PZT can be due to the low content of
b and Zr in the CCTO grains during the sintering process.
Fig. 5. Average grain size of CCTO/PZT composite ceramics with different PZT con-
tents.

Fig. 4 shows the SEM microstructures of CCTO/PZT composite
ceramics with different PZT contents. It can be seen that the grain
shapes in pure CCTO are equiaxed while the cuboid-like shapes
are regular. The result demonstrates that the growth behavior of
CCTO grains changes due to the interfacial coating of PZT. This effect
can be caused by the small diffusion of PZT into CCTO grain which
changes the surface energy of CCTO particles.

Meanwhile, the grain size of CCTO in the ceramics is also
changed greatly. As shown in Fig. 5, the average grain size of
the composite ceramic is the maximum for PZT content of 20%.

The density measurements of ceramics show that adding the spe-
cific amounts of PZT can improve the sintering process. In fact, a
small additional PZT is helpful to induce a better contact between
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ig. 6. Comparison of frequency dependences of dielectric properties of CCTO/PZT
omposite ceramics with different PZT content: (a) dielectric constant and (b) tan-
ent of dielectric loss angle.

he neighbor grains, resulting in the bigger grains and thin inter-
ace. The large additional PZT causes a further thickness of the
nterfaces, and consequently, the contact of CCTO particle would
e more restricted, resulting in small grain size of CCTO.

.3. Dielectric properties

Fig. 6 highlights the variation of the dielectric constant (ε) and
ielectric loss (tan ı) versus the frequency. As it can be seen from
ig. 6a, the sample with 20% PZT content has the highest dielec-
ric constant within the whole frequency range selected in this
tudy. The CCTO/PZT ceramics with the PZT contents of 30 and 40%
ive the same high value of the dielectric constants, as shown in
ig. 6a. The mentioned values are higher than the pure CCTO in the
ow-frequency range and even lower in the high-frequency range.
owever, the dielectric constant of pure CCTO ceramic is almost
onstant through the whole frequency range with a lower ε value.
he ε value of pure CCTO in the present study is lower than that has
een already reported in the other literatures [13,20–21,25–26].
he only reason to explain the observed effect can be the insuffi-
ient density levels of pure CCTO ceramic which causes the high
uality CCTO ceramics not to be obtained easily at lower sintering
emperature and shorter time.

The dielectric loss of pure CCTO is much lower compared to
CTO/PZT composite ceramics, but its dielectric constant is lower

hich may  be caused by the insufficient compact interface. The
ielectric loss of CCTO ceramics is generally high within the high-
requency range [21] which also observed in our study as shown in
ig. 6b. In the lower frequency range, the value of tan ı increases

[
[

[
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initially with the increase of PZT content, and then it decreases with
further increasing of the PZT content.

Compared to the data published in previous literatures
[19–22,25,26], our study shows that the CCTO/PZT composite
ceramic with the PZT content of 20% has both high dielectric con-
stant and low dielectric loss. According to the above results, it can be
concluded that PZT coating of CCTO powder may  improve the inter-
face or grain boundary in CCTO/PZT composite ceramics. As shown
in Fig. 4, the interfacial layer of CCTO/PZT composite ceramic with
the PZT content of 20% is more uniform, and there are small PZT
particles on the surface of CCTO grains. In addition, the PZT layer
between CCTO grains in the ceramic with the PZT content of 20%
should be thinner than that in the ceramics with the higher PZT
content. Therefore, the dielectric properties of CCTO/PZT compos-
ite ceramic with the PZT content of 20% exhibits higher dielectric
properties among the CCTO/PZT composite ceramics.

As shown in Fig. 4c and d, by further increasing the PZT con-
tent, the interfacial layer between CCTO grains becomes thicker
and some small PZT particles are formed in the composite ceram-
ics. The mentioned phenomenon can reduce the IBLC effect, and it
can also enhance the dielectric loss.

4. Conclusions

CCTO/PZT composite ceramics were prepared via the combi-
nation of sol–gel, PZT coating of CCTO powders and sintering
technology. The PZT phase exists mainly at the interface between
the CCTO grains. The grain shape of CCTO is converted into cuboid-
like from equiaxed ones with increase in the PZT content. The PZT
interfacial coating increases the dielectric constant with an increase
of little dielectric loss at suitable coating content. The CCTO/PZT
composite ceramics with the PZT content of 20% has the highest
dielectric constant and the lowest dielectric loss.
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