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Abstract

The effects of corn-starch content and high-energy ball-milling time on the microstructure and electrical properties of porous Y-doped (Ba,

Sr)TiO3 samples were investigated. All the (Ba, Sr)TiO3 samples at room temperature crystallized in the tetragonal structure and the crystal

structure was independent of the corn-starch content and ball-milling time. We found that the corn-starch additive and the ball-milling time affected

the microstructure and the electrical properties. The (Ba, Sr)TiO3 samples exhibited a large PTCR jump (>105) due to the high porosity. The PTCR

jump of the samples increased with increasing corn-starch content, while it decreased with increasing ball-milling time. In addition, the resistivity

increased with increasing corn-starch content, while it decreased with increasing ball-milling time.
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1. Introduction

Polycrystalline barium titanate (BaTiO3) exhibits a positive

temperature coefficient of resistance (PTCR) characteristics

[1–6]. The characteristics involve a substantial non-linear

change of resistivity when the temperature reaches the Curie

temperature (Tc) [7–17]. Several models have been developed

to explain the PTCR characteristics [8,9,11,13]. One of the

most recognized models is the Heywang’s model [8,11]. The

model is based on the formation of a potential barrier at the

grain boundaries. This model has been extended by Jonker [9],

who took into account of the influence of the polarization on the

resistivity below the Curie temperature. This model is termed

the Heywang–Jonker model. The PTCR characteristics provide

wide applications such as color TV degausser, motor starter,

self-regulating heaters, overcurrent limiters and so on [14].

Various fabrication techniques have been investigated to

improve the PTCR characteristics. One of the techniques is

to fabricate the porous BaTiO3-based ceramics [12]. To date,
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porous BaTiO3-based ceramics have been prepared with the

incorporation of graphite, borides, silicides, carbides, partially

oxidized Ti powders, polyethylene glycol and graphite to

BaTiO3 [14–18]. It can be considered that the composition and

fabrication processes affect the microstructure and the PTCR

characteristics in the porous ceramics. In this study, the effects

of the corn-starch content and high-energy ball-milling time on

the microstructure and electrical properties of the porous

ceramics have been investigated.

2. Experimental procedure

Porous BaTiO3-based ceramics, called (Ba, Sr)TiO3, were

fabricated by the addition of corn-starch (0–15 wt.%).

Commercially available high-purity (Ba, Sr)TiO3 powders

containing 25 mol% SrO and 0.2 mol% Y2O3 (Toho Titanium

Co. Ltd., Japan) were used. The mean particle size and

ferroelectric Curie temperature of the powders were 0.7 mm

and 61 8C, respectively. A mixture of the corn-starch (Shinyo

Pure Chemicals Co. Ltd., Japan) and the Y-doped (Ba, Sr)TiO3

powders was ball-milled in planetary mill (Fritsch, Germany)

with ethanol media for 1–20 h using ZrO2 balls (Ø 2 mm). And

then the mixed powders were dried at 100 8C for 4 h. The dried
d.
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Table 1

Summary of the samples obtained in this study

Corn-starch (wt.%) Ball-milling time (h) Sample

0 1 C0

5 1 C5

10 1 C10

15 1 C15

20 1 C20

15 1 1H (C15)

15 5 5H

15 10 10H

15 15 15H

15 20 20H

Fig. 1. Electrical resistivity as a function of temperature for samples C0–C20.

Fig. 2. Electrical resistivity as a function of temperature for samples 1H–20H.
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powders were compacted by die-pressing at 40 MPa to prepare

the green compacts (15 mm � 12 mm � 7 mm). The green

compacts were sintered at 1350 8C for 1 h in air. The samples

obtained in this study are summarized in Table 1. The

microstructure and crystal structure of the as-fabricated Y-

doped (Ba, Sr)TiO3 samples were analyzed by the scanning

electron microscopy (SEM: S-4200, Hitachi) and the X-ray

diffraction (XRD: PW-1710, Philips), respectively. The average

grain size and porosity or pore size of the samples were

estimated using the line-intersection method and the mercury

porosimeter, respectively. The electrical resistance was

measured with a digital multi-meter under air atmosphere.

Capacitance–voltage (C–V) characteristics were measured with

an impedance analyzer at room temperature at a frequency of

10 kHz in order to calculate the donor concentration of grains

and the electrical potential barrier of grain boundaries.

3. Results and discussion

Fig. 1 shows the relationship between the electrical

resistivity and temperature for samples C0–C20, indicative

of PTCR characteristics. All samples show a large PTCR jump

(>105). The electrical resistivity and the PTCR jump (rmax/

r258C) increased with increasing corn-starch content. For

example, the room-temperature resistivities of samples C0, C10

and C20s are 31.8, 46.7 and 189 V cm, respectively, and the

PTCR jumps of samples C0, C10 and C15 are 3.03 � 105,

9.10 � 105 and 9.14 � 105, respectively. Since the high-

temperature (200–250 8C) electrical resistivity of sample
Table 2

Porosity, average pore size, average grain size, room-temperature electrical resistivity (r258C), maximum electrical resistivity (rmax), PTCR jump, donor

concentration of grains and electrical potential barrier of grain boundaries at 25 8C for all the samples

Sample Porosity

(%)

Average

pore size (mm)

Average

grain size (mm)

r258C

(V cm)

rmax

(V cm)

PTCR jump

(rmax/r258C)

Donor concentration

of grains (Nd, #/cm3)

Electrical potential barrier

of grain boundaries (F, eV)

C0 7.18 0.28 6.71 3.18 � 10 9.63 � 106 3.03 � 105 5.12 � 1018 0.005

C5 12.45 0.85 6.52 3.43 � 10 2.35 � 107 6.85 � 105 4.77 � 1018 0.006

C10 15.15 1.37 6.35 4.67 � 10 4.25 � 107 9.10 � 105 4.62 � 1018 0.007

C15 17.59 2.38 5.94 6.26 � 10 5.72 � 107 9.14 � 105 4.53 � 1018 0.011

C20 20.57 3.12 5.66 1.89 � 102 >1.00 � 108 >5.29 � 105 4.29 � 1018 0.029

1H (C15) 17.59 2.38 5.94 6.26 � 10 5.72 � 107 9.14 � 105 4.53 � 1018 0.011

5H 16.21 1.81 6.21 4.16 � 10 1.31 � 107 3.14 � 105 4.61 � 1018 0.007

10H 15.19 1.46 6.65 3.85 � 10 1.17 � 107 3.04 � 105 4.95 � 1018 0.006

15H 13.83 0.90 6.81 2.51 � 10 4.26 � 106 1.69 � 105 5.29 � 1018 0.004

20H 10.45 0.34 7.03 1.99 � 10 2.53 � 106 1.27 � 105 5.46 � 1018 0.003



Fig. 3. SEM micrographs of the mixed powders and the fractured surfaces for samples 5H (a, d), 10H (b, e) and 20H (c, f).
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C20 is higher than the measuring limit (108 V cm) of the multi-

meter used, it cannot be measured and is not seen in this figure.

Sample C15 shows the highest PTCR jump (9.14 � 105) and

sample C20 shows the highest room-temperature resistivity

(189 V cm) due to its high porosity. In order to reduce the

resistivity of the samples, we tried to decrease the porosity by

increasing the ball-milling time.

Fig. 2 shows the electrical resistivity as a function of

temperature for samples 1H–20H ball-milled for 1–20 h. The

resistivity and the PTCR jump of all the samples decreased with

increasing ball-milling time. For example, the room-tempera-

ture resistivities of samples 5H, 10H and 20H are 41.6, 38.5 and

19.9 V cm, respectively, and the PTCR jumps of samples 5H,
10H and 20H are 3.14 � 105, 3.04 � 105 and 1.27 � 105,

respectively. In order to understand the variation in the

resistivity of the samples depending on the corn-starch content

and ball-milling time, we investigated the average grain size,

porosity, average pore size, donor concentration of grains and

electrical barrier height of grain boundaries for the samples.

Table 2 shows the porosity, the average grain size and the

average pore size in all the samples. It is seen that with

increasing corn-starch content, the porosity and average pore

size increased because the added corn-starches acted as sites of

the pore generation. The pores can be formed by the burning-

out of corn-starches during sintering. Also, the grain size

decreased as the corn-starch content increased due to the pore



Fig. 5. XRD patterns measured at room temperature for samples C0, C10 and

C20.
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pinning effect. On the other hand, with increasing ball-milling

time, the porosity and average pore size decreased and the grain

size increased. For example, the SEM micrographs of the mixed

powders and the fractured surfaces for the samples 5H, 10H and

20H ball-milled for 5–20 h are shown in Fig. 3. The average

sizes of the mixed powders for samples 5H, 10H and 20H are

0.92, 0.72 and 0.64 mm, respectively. The powders with higher

uniformity and narrower size distribution were obtained with

increasing ball-milling time. Moreover, the porosities of

samples 5H, 10H and 20H are 16.21, 15.19 and 10.45%

respectively, and the average grain sizes of samples 5H, 10H

and 20H are 6.21, 6.65 and 7.03 mm, respectively.

The capacitance-applied voltage variations at room tem-

perature for samples C0, C10 and C20 are shown in Fig. 4. We

calculated the donor concentration of grains and the electrical

potential barrier of grain boundaries from the slope of the line

and the intercept of the line on the voltage axis, respectively, as

well as the equation proposed by Mukae et al. [19]. Table 2

shows the calculated donor concentration of grains and the

electrical potential barrier of grain boundaries for all the

samples. One can see that the donor concentration of grains for

the samples did not change noticeably, but that the electrical

barrier height of grain boundaries increased and decreased,

respectively, with increases in corn-starch content and ball-

milling time. An increase in the electrical barrier height of grain

boundaries is mainly caused by the oxidation of grain

boundaries. Oxygen is adsorbed at the grain boundaries during

sintering in air to oxidize the grain boundaries. The porous

ceramics are more favorable to oxidize grain boundaries, in

comparison with dense ones [13,20,21].

From Table 2, an increase in the resistivity with increasing

corn-starch content is mainly attributed to the increase in the

electrical barrier height of the grain boundaries and partly to the

increase in porosity and the decrease in the grain size. In

addition, a decrease in the resistivity with increasing ball-

milling time is due mainly to the decrease in the electrical

barrier height of the grain boundaries and partly to the decrease

in porosity and the increase of the grain size. Besides, it is
Fig. 4. Capacitance-applied voltage relation at room temperature for samples

C0, C10 and C20.
important to note that the PTCR jump substantially increased

with increasing porosity, which can be explained by the barrier

model proposed by Heywang [8,11].

In order to investigate the effects of the corn-starch content

and ball-milling time on the crystal structure, XRD analysis

was performed with all the samples. It is difficult to identify the

tetragonal and cubic phases in the (Ba, Sr)TiO3 samples since

the lattice parameters of the two phases are quite similar. Thus,

the crystal structure of the samples was analyzed at high angles.

The XRD patterns measured at room temperature for samples

C0, C10 and C20 are shown in Fig. 5. All the samples

crystallized in the tetragonal structure. The (1 0 3) and (3 1 0)

peaks of the tetragonal phase are located at 2u = 75.518 and

76.148, respectively. The two peaks are slightly shifted towards

higher angles compared with BaTiO3 because of the substitu-

tion of Sr for the Ba site in the (Ba, Sr)TiO3. The ionic radii of

Sr and Ba atoms are 1.16 and 1.35 mm, respectively [22]. Also,

the crystal structure of the (Ba, Sr)TiO3 samples ball-milled for

5–20 h was basically the same as that of Fig. 5 (not shown here).

These results suggest that the crystal structure of the (Ba,

Sr)TiO3 samples at room temperature is independent of the

corn-starch content and ball-milling time. No secondary phase

like carbon was detected.

4. Conclusions

Porous Y-doped (Ba, Sr)TiO3 samples were prepared by

adding corn-starch (0–15 wt.%) and their microstructure and

electrical property were investigated. All the (Ba, Sr)TiO3

samples at room temperature crystallized in the tetragonal

structure and the crystal structure was independent of the corn-

starch content and ball-milling time. With increasing corn-

starch content, the porosity and average pore size increased and

the grain size decreased. With increasing ball-milling time, the



K. Park et al. / Ceramics International 34 (2008) 1573–1577 1577
porosity and the average pore size decreased and the grain size

increased. High porosity was responsible for a large PTCR

jump (>105). As the corn-starch content increased, the

resistivity also increased. This was attributed mainly to the

increase in the electrical barrier height of the grain boundaries

and partly to the increase in porosity and the decrease in the

grain size. In addition, as the ball-milling time increased, the

resistivity decreased. This was mainly due to the decrease in the

electrical barrier height of grain boundaries and partly to the

decrease in porosity and the increase in the grain size.
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