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Abslract. A class of ceramic composite prepared with two kinds of oxide ceramic. namely 
fenoelectric BaTiOi and supercnnducting YBazCu30s+a. is mponed. and the phase SWcture 
and electrical transpon propemes of the samples are investigated. The mul t s  show lhat 
the main phases varied in different composition repions. For low nominal YBazCu,Osta 
contents, lhe conductive characteristics of the two-phase (BaTiO, and YBa3TizOs.s) composite 
follow the threedimensional percolation model while, for high nominal YBa2Cu306,a contents, 
superconductivity was observed. 

1. Introduction 

Perovskite-type oxides have received considerable attention since the discovery of high- 
T, superconducting oxide ceramics in the field of solid state physics. Rich and varied 
physical phenomena exist in these oxide ceramics, whose properties are closely related 
to their composition and structure [ 1.21. For instance, high-temperature superconductivity 
in YBazCu306+8 ceramics is obtained by drawing electrons from the antiferromagnetic 
base; the ferroelectric BaTiO3 and SrTiO3 by means of doping undergo insulator-to- 
semiconductor-to-conductor (superconductor) phase transitions [3,4]. Hence detailed 
investigation of the physical properties in the materials is important. 

Moreover, various composite materials 1561 with excellent performance superior to 
those of single materials have been prepared with the development of materials science. 
Recent progress in the research and application of composite materials such as metal- 
ceramic composites and polymer-ceramic composites is amazing. However, composite 
materials consisting of two different kinds of functional ceramic are rarely reported. 
The present paper is mainly concerned with the phase structure and electrical transport 
properties of polycrystalline composite materials consisting of ferroelectric BaTi03 and 
superconducting YBazCU,O6+s. 

2. Experiments 

The samples of the ceramic composite were prepared with sintered BaTiO3 and sintered 
YBazCU306+s powders by means of solid state reaction. The nominal composition is 
(1 - @)BaTi03-q5YBa2Cu306+s, where the volume fraction 4 of YBa2Cu306+s is 0, 0.05, 
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0.10, 0.16, 0.18, 0.20, 0.30, 0.40, 0.45, 0.55, 0.60, 0.65, 0.70, 0.80 or 0.90. The powders 
were weighed, mixed, dried and pressed into pellets. The pellets were then sintered at 980- 
1250°C and annealed at 550°C for 4 h in air. The sintering temperatures for the samples 
were decided according to the ceramic densities of the samples. The ceramic densities of 
all samples obtained are in the range from 5.3 to 5.5 g 

The resistivity was measured by the four-probe method in the temperature range 10- 
300 K. X-ray powder diffraction using Cu KO: radiation was carried out on samples at room 
temperature to determine the crystallographic structure. 

3. Results and discussion 

3.1. Phase structure 

Various phases were observed in different nominal composition regions for the ceramic 
composite prepared from ferroelectric BaTiO3 ceramics and superconducting YBa2Cu306+8 
ceramics. Typical x-ray diffraction (XRD) patterns of the samples are shown in figure I .  
The composition can be divided into three parts according to the XRD results. 

( I )  In the low-nominal-YBa~Cu~~~+~-content  range 0 < q4 < 0.45 (denoted as region 
I), it is observed that the predominant phases are BaTi03 and YBa3Ti208.5 and also a little 
BaCuOl phase and CuO phase existed. In this composition region, the sintering temperature 
of the samples was 1180"C, which is much higher than tha of the YBa&sO6+8 phase 
(980°C). It is probable that the YBazCU3O,j+s phase was integrated under this sintering 
condition and further reacted with elemental Ti to form a new phase YBa3Ti~08.~, which 
was reported recently. The phase YBa3TizO8.5 can be written in terms of (Yo.sBal,s)TiO.++a, 
representing the Ba sites of the Ba3TiOa phase partly subsitututed by Y. 

(2) For higher YBa~Cu306,s contents 0.60 < q4 e 1 (denoted as region In), the 
YBa2CU306+8 phase was formed; the sintering temperature for these compositions was 
decreased to 1050°C for 1 h, close to the sintering temperature for the YBazCu,06+~ 
superconductor. The predominant phases became YBazCU306+a and YBa3Ti208.5, and a 
little BaCuOz and CuO still exist, but Bali03 was not observed in this composition range. 

(3) Between regions I and III for 0.45 < q4 e 0.60, there existed a transition region 
denoted as region II. In this region, the results of XRD show that the main phase was 
YBa3Ti208.5 and a little YBazCUsOf,+&, BaTiO3, BaCuOz and CuO exist. 

3.2. Conducfion of the funcrional ceramic composite 

The resistivity of the samples is closely related to the nominal content q4, as well as to the 
phase structure, as shown in figure 2. For @ = 0, the resistivity of the BaT103 is about 
3 x IO7 S2 cm. For q4 < 0.40, an abrupt decrease in resistivity in the vicinity of a certain 
content q4, instead of a linear decrease, was observed, and then the resistivity decreases 
almost linearly for q4 > 0.45. This electrical transport behaviour arose from the variation 
in the phase structure of materials and the conductivity of each phase, which is discussed 
in the following. 

3.2.1. The percolation conductivity in region I ( 0  < q4 < 0.45). It is clear that the 
main phases in region I are BaTiO3 and YBa3Ti208.5 and the proportion of YBa3Ti~08.5 
phase increases while the proportion of BaTiO3 phase decreases with increasing content 
q4 according to the above XRD results. Grains of YBa3Ti~Os.s phase were randomly 
incorporated into the BaTiOs matrix from the viewpoint of microstructure. The whole 
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Figure 1. Typical XRD pmems of the samples, (a) q5 = 0,30,0.40.0.45 and 0.50: (b) @ 
(c)  0 = 0.60, 0.65 and 0.70. 
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Figure 1. Typical XRD pmems of the samples. (a) q5 = 0.30 
(c)  0 = 0.60, 0.65 and 0.70. 
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Figure 2. Composition dependence of the resistivity of 
the samples. 

resistivity is dependent upon the volume proportions and the resistivities of the two phases 
in the composite materials consisting of BaTi03 and YBa3Z208.5 phases. Figure 2 shows 
the composition dependence of resistivity. For 0 < 4 6 0.10, the high resistivity of the 
composite indicates the high-resistivity phase BaliO3. For 4 in a narrow range from 0.16 to 
0.20, the resistivity decreases abruptly from IO7 to IO4 Q cm. The percolation threshold 4 is 
defined as the volume fraction at which conducting paths begin to form. That is, for 4 < #c, 

the segregation of limited clusters predominates and the material cannot conduct when the 
volume fraction of the YBa3Ti208.5 phase is very low; at 4 = &, an infinite continuous 
YBa3Ti~Os.5 grain cluster begins to form conducting pathways and the materials conduct, 
resulting in low resistivity. Finally, in the range 0.20 < 4 < 0.45, the resistivity decreases 
to a saturation value, wherein the resistivity is relatively insensitive to the volume fraction 
of the conducting phase owing to extensive interparticle contacts.' Here the resistivity of 
the composite is expected to approach that of the conducting YBa3T1zo8.5 phase, 

From the above discussion, it is concluded that the conductivities of the materials follow 
the percolation behaviour in a two-phase system consisting of BaTiO, and YBa3TizOs.5 and 
i t  is deduced that the resistivity of the YBaJTi208.5 phase is lower than that of the BaTiOl 
phase. 

In a system composed of a high-conductivity phase and a low-conductivity phase of 
random distribution, according to the three-dimensional percolation theory, in the vicinity 
of the percolation threshold there exists a characteristic length of transition and it  can be 
expressed as [7] 

Figure 3. Plol of u'18 versus 0 

e - I4 - 4 J "  (1) 

where 4 is the percentage of high-conductivity phase and is the percolation threshold. 
The physical properties of the composite materials are related to the characteristic length 5 .  
For instance the conductivity of the composite materials can be expressed by the percolation 
equation as follows: 

U(+ > 4 c )  - P" - I4 - 4 J  

< 4d - 5"'" - I& - 41-* 

(2) 

(3) 
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where the critical exponents r and s are constants, which are dependent upon the dimensions 
of the percolation system. It is reported that t = 1.6 and s = 1 in three-dimensional 
materials. So the percolation threshold can be obtained by the following method. For 
t = 1.6, equation (2) can be expressed as follows: 

> 0 ~ 1  - IO - OP = IO - 02’~ (4 1 
i.e. 

U @  > q5P - IO - q5cL (5) 

The u51s versus 4 curve is plotted in figure 3 according to the logp versus Q curve in 
figure 2. The straight line in figure 3 extrapolated to U = 0 gives the intercept @c N 0.17. 
This critical volume fraction is in good agreement with the theoretical value of the three- 
dimensional percolation threshold, 0.16 * 0.02 [7]. This result further shows that the 
YBa3Til_08,5 phasc and the BaTiO3 phase are randomly distributed in the ceramic composite 
and the influence of the secondary phase on its conductivity can be neglected. 

3.2.2. Conductivity in region I1 (0.45 < 4 4 0.40). In this region, the results of XRD 
show that the main phase is YBa31iz08,5 and a little YBa2Cu30s+a, BaTiO3, BaCuOz and 
CuO exist. The electrical properties of the samples mainly indicated the characteristics of 
the doped YBa3TiZOg.5 phase. The resistivity of samples in region I1 ranged from 10’ to 
lo3 S-2 cm, and it is nearly independent of temperature as shown in figures 2 and 4. The 
electrical transport behaviour of the single YBa3Ti~08.5 phase as well as that of the doped 
YBa3Tiz08.5 phase need further study. 
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rim 
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Figure 4. Temperature dependence of resistivity in the 
temperature range from 10 lo 300 K for r$ = 0.55 and 
0.60. 

Figure 5. Temperature dependence Of resistivity in the 
temperature range from IO to 300 K for r$ = 0.90 (curve 
I). 4 = 0.80 (curve 2) md r$ = 0.65 (curve 3). 

3.2.3. Superconductivity in region III(O.60 < @ < 1 ). In region UI, the XRD results indicate 
that the ceramic composite mainly consists of Y B a z C u 3 0 ~ ~  phase and YBa3Ti208.5 phase 
for 0.65 < q5 < 1. Percolation behaviour similar to region I should have occurred, as the 
resistivity of the YBazCu306+~ phase is much lower than that of the Ba3Ti~08.5 phase. 
In fact, the resistivity of the composites decreases almost linearly with increasing nominal 
content $, as shown in figure 2. The measured temperature dependence of resistivity of 
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the composites in the temperature range from 10 to 300 K for @ = 0.55, 0.60, 0.65, 
0.80 and 0.90 is shown in figures 4 and 5. The resistivity of the composite material is 
about 10 Q cm for 4 = 0.6 and it shows semiconducting behaviour at low temperatures. 
As the YBazCU&6+s nominal content increases further, for @ = 0.8 and 0.9, a weak 
negative temperature characteristic occurs initially; then at 60-70 K the resistivity drastically 
decreases, and the superconducting transition occurs at much lower temperatures. 

The previous results on the single-phase YBazCu306+6 indicated that the low- 
temperature dependence of resistivity of the YBazCu306+8 system undergoes a transition 
from semiconducting behaviour to metal conducting behaviour and the cowsponding 
resistivity at room temperature decreases, as the oxygen content S increases [3]. 

The temperature dependence of the resistivity together with the resistivity at room 
temperature in figures 2,4 and 5 indicated that the resistivity of the composites is dependent 
upon that of the YBa&!u306+6 in region III. Meanwhile, it is known that the resistivity of 
YBazCu306+6 depends upon the oxygen content S [3], so it can be deduced that the variation 
in resistivity at room temperature and the R-T characteristics of the composite correspond to 
the variation in the oxygen content of YBaZcU@6+6 in the composites. For instance, for low 
nominal YBazCu&+s contents, the higher resistivity of composites possibly corresponds 
to the higher resistivity of YBazCu,Ot,+8 with the lower oxygen content 6 in the composites; 
the decrease in the resistivity of the composites corresponds to the decrease in the resistivity 
of YBa2Cu306+a, which is possibly due to the increase in oxygen content 6 of YBa~CupO6+6 
in composites with increasing proportion of YBazCu,Ob+s phase. In region III, percolntion 
behaviour similar to region I does not occur, although the resistivity of the YBa2Cu306+& 
phase is much lower than that of the YBa3Til08.5 phase. This behaviour i s  attributed to 
the change in the resistivity of the maZcu306+8 phase in the whole composition range of 
region III. 

The present work shows that a mechanical mixture of two kinds of functional ceramic 
is obtained by means of an appropriate manufacturing process; rich and varied physical 
phenomena exist in this new class of material, whose development will promote the 
development of new functional materials, new properties and new applications. 
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