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Abstract

(1 � x)Ba0.4Sr0.6TiO3/xCaCu3Ti4O12 composite ceramics were prepared by spark plasma sintering. Sintering behavior, microstructures and

dielectric properties of the composite ceramics were investigated by XRD, SEM, EDS and dielectric spectrometer. Dense composite ceramics

consisting of Ba0.4Sr0.6TiO3 phase and CaCu3Ti4O12 phase were prepared at 800 8C for 0 min. The dielectric loss of the composite ceramic

decreased with increasing amount of Ba0.4Sr0.6TiO3, and the high dielectric constant were retained. Moreover, the better temperature stability of

dielectric constant was obtained. These improvements of dielectric characteristics have great scientific significance for potential application.
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1. Introduction

The miniaturization of electronic devices has increased the

demand of dielectric ceramics with high dielectric constant,

low dielectric loss and good temperature stability. Recently,

CaCu3Ti4O12 (CCTO) with complex perovskite structure has

attracted much scientific attention because of its giant dielectric

constant over a wide range of temperature and frequency [1–4].

However, pure CCTO have difficulties in satisfying the

requirements of potential application due to its high dielectric

loss and relatively large temperature dependence of dielectric

constant. One promising method to overcome these problems is

to prepare composite ceramics of CCTO and other oxides with

low dielectric loss [5–9]. BaTiO3–CaCu3Ti4O12 (BTO–CCTO)

composite with low dielectric loss has been prepared by

Fechine et al. [5]. Yang et al. fabricated (1�x)BaTiO3–

xCaCu2.94Mn0.06Ti4O12 (BTO–CCMTO) composite with low

dielectric loss by a traditional solid-state method [6]. Compared

with BTO, Ba1�xSrxTiO3 (BST) with a lower Curie temperature

offers another advantage for modification of the temperature

dependence of dielectric constant of CCTO [10–12].
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On the other hand, spark plasma sintering (SPS) has been

widely investigated as a rapid preparation method to prepare

composite materials [13–16]. It is a newly developed sintering

technology that makes use of microscopic electrical discharges

between particles under pressure and allows for quick

densification [17–23]. In addition, a relatively low sintering

temperature and a short sintering time are the most attractive

features for preparing multi-phase materials [13–16].

In this paper, Ba0.4Sr0.6TiO3/CaCu3Ti4O12 (BST/CCTO)

composite ceramics were prepared by spark plasma sintering.

The sintering behavior, microstructures and dielectric proper-

ties of the composite ceramics were investigated.

2. Experimental

Ba0.4Sr0.6TiO3 and CaCu3Ti4O12 powders were synthesized

via a standard solid state reaction method, respectively.

Stoichiometric mixture of SrCO3 (>99.9%), BaCO3

(>99.93%) and TiO2 (>99.5%) were well ground and calcined

at 1150 8C in air for 3 h to yield Ba0.4Sr0.6TiO3. Meanwhile,

well-ground stoichiometric mixture of CaCO3 (>99.99%), CuO

(>99%) and TiO2 (>99.5%) were heated to 1025 8C in air for 3 h

to prepare CaCu3Ti4O12. The mixture of (1 � x)Ba0.4Sr0.6TiO3/

xCaCu3Ti4O12 with x = 0.3, 0.5 was re-milled, placed in a

graphite die, and sintered at 800 8C under a vacuum of 6 Pa with
d.
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Fig. 1. Shrinkage curve and sample’s temperature as a function of sintering

time in spark plasma sintering of 0.7BST/0.3CCTO composite ceramics.

Fig. 2. X-ray diffraction patterns of (1 � x)BST/xCCTO composite ceramics.

(a) x = 0.3, spark plasma sintered at 800 8C; (b) x = 0.3, subsequently heat

treated at 600 8C for 2 h; (c) x = 0.5, spark plasma sintered at 800 8C; (d)

x = 0.5, subsequently heat treated at 600 8C for 2 h.
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an SPS apparatus (SPS-1050, SPS Syntex Inc., Kanagawa,

Japan). During the period of heating, a pressure of 30 MPa was

applied to the sample. The heating rate was 100 8C/min from

room temperature to 800 8C. Ba0.4Sr0.6TiO3 and CaCu3Ti4O12

end members were also prepared for comparison. All the spark

plasma-sintered samples were polished and thermally treated at

600 8C for 2 h in air.

The densities of the sintered samples were measured by the

Archimedes method. The crystalline phases of sintered samples

were characterized by X-ray diffraction (XRD, D/MAX 2550/

PC, Rigaku, Tokyo, Japan) using Cu Ka radiation. The

microstructures were observed from the fracture surfaces with

field emission scanning electron microscopy (SEM, S-4800,

Hitachi, Tokyo, Japan), and element analysis with energy
Fig. 3. SEM micrographs of the fracture surfaces for (1 � x)BST/xCCTO composite

and (d) small grain regions.
dispersive spectrometer (EDS, EMAX 7593-H, Horiba, Ltd.,

England). The dielectric properties of the composite ceramics

were evaluated from 1 Hz to 10 MHz at temperatures ranging

from 135 to 573 K by a broadband dielectric spectrometer

(Turnkey Concept 80, Novocontrol Technologies, Germany).

Before the dielectric measurement, silver electrodes were

pasted on the polished surfaces of the samples.

3. Results and discussion

The sintering behavior of the 0.7BST/0.3CCTO composite

ceramics during SPS is shown in Fig. 1. A very small thermal
ceramics: (a) x = 0.3; (b) x = 0.5. Enlarged micrographs of (c) large grain regions



Fig. 4. EDS spectra of BST/CCTO composite ceramics: (a) large grain regions

and (d) small grain regions.
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expansion was observed when the temperature increased from

room temperature to about 680 8C. The shrinkage initiated at

about 700 8C, and it increased rapidly as the temperature

increased from 700 8C to 800 8C. In order to prevent

unexpected interaction between BST and CCTO, no soaking

period was employed. The sintering behavior of the 0.5BST/

0.5CCTO composite ceramics was similar. Both the relative

densities of 0.7BST/0.3CCTO and 0.5BST/0.5CCTO compo-

site ceramics sintered at 800 8C for 0 min by SPS are over 97%,

suggesting that a low sintering temperature of 800 8C without

soaking period is enough for densification of BST/CCTO

composite ceramics by SPS. Although the local temperature of
Fig. 5. Temperature dependence of dielectric constant at typical frequencies for (a) B

composite ceramics; (d) CCTO ceramics.
the sample is higher than the temperature measured at the

surface of the die, it should be noted that the densification

temperature of SPS is about 300 8C lower than that of the

conventional solid state sintering. This can be attributed to the

microscopic electric discharge between particles and the

application of mechanical pressure during SPS. In the initiate

period of SPS, the microscopic electrical discharges between

particles clean the surfaces of particles from the absorbed

species and activate the surface. The cleaned and activated

surfaces enhance the diffusion, promote transfer of material,

and densify the sample. On the other hand, the application of

mechanical pressure aids in removing pores and enhancing the

diffusion.

Fig. 2 shows the X-ray diffraction patterns for

(1 � x)Ba0.4Sr0.6TiO3/xCaCu3Ti4O12 (x = 0.3, 0.5) composite

ceramics sintered by SPS. The main phases of all sintered

samples are indexed to be cubic perovskite BST phase and

CCTO phase without any other detectable crystalline phase,

which implies that no obvious chemical reaction occurs

between BST and CCTO phase. The diffraction intensities of

CCTO phase increases with increasing of x.

The SEM micrographs of fracture surfaces of the BST/

CCTO composite ceramics are shown in Fig. 3. It is very clear

that two component phases were co-existed and the dense

microstructures were observed. The typical micrographs of the

large grain regions and the small grains regions are shown in

Fig. 3(c) and (d) respectively. Energy dispersive spectroscopy

(EDS) spectra of the large grain regions and the small grain

regions, as shown in Fig. 4, indicate that the large grains are

CCTO and the small grains are BST.
ST ceramics; (b) 0.7BST/0.3CCTO composite ceramics; (c) 0.5BST/0.5CCTO



Y.J. Wu et al. / Ceramics International 37 (2011) 1979–19831982
The temperature dependence of dielectric constant (e0) for

CCTO ceramics, BST/CCTO composite ceramics and BST

ceramics are shown in Fig. 5. Typical giant dielectric response

was observed for CCTO ceramics. The dielectric constant of

the CCTO ceramics prepared by SPS at 800 8C for 0 min is

lower than that of the CCTO ceramics prepared by the

traditional solid state method. This can be attributed to the

much smaller grain size of the spark plasma sintered samples.

The BST ceramic exhibits typical dielectric response of

ferroelectrics with a Curie temperature of about 168 K. The

dielectric constant for BST/CCTO ceramics is between those of

the BST ceramic and the CCTO ceramics. As the CCTO

content increases, the dielectric constant of the BST/CCTO

composite ceramics increases.

The dielectric constant and dielectric loss at 100 kHz in the

temperature range from 200 to 400 K of CCTO ceramics, BST/

CCTO composite ceramics and BST ceramics were compared

in Fig. 6. The dielectric constant of the CCTO ceramics

increases and the dielectric constant of the BST ceramics

decreases with increasing temperature. The BST/CCTO

composite ceramics show a much better temperature depen-

dence due to the compensation of the positive temperature

coefficient of dielectric constant for the CCTO and the negative
Fig. 6. Temperature dependence of (a) dielectric constant and (b) dielectric loss

at 100 kHz for CCTO ceramics, (1 � x)BST/xCCTO composite ceramics and

BST ceramics.
temperature coefficient of dielectric constant for the BST.

Moreover, compared with the CCTO ceramics, the BST/CCTO

composite ceramics have much smaller dielectric losses. The

BST/CCTO composite ceramics with high dielectric constant,

low dielectric loss and good temperature stability are promising

to be utilized for capacitors.

4. Conclusions

(1 � x)Ba0.4Sr0.6TiO3/xCaCu3Ti4O12 composite ceramics

were prepared by spark plasma sintering and their phase

constitute, microstructure and dielectric properties were

investigated. The dense composite ceramics consisted of

BST phase and CCTO phase. The composite ceramics have

high dielectric constants between those of the CCTO ceramics

and BST ceramics. The dielectric loss of CCTO was decreased

and the temperature stability of CCTO was improved by

forming the BST/CCTO composite structure. These improve-

ments of dielectric characteristics have great scientific

significance for potential application.
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