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Abstract

Porous BaTiO3 (n-BaTiO3) ceramics doped donor were fabricated by the addition of polyethylene glycol (PEG) into then-BaTiO3 powder.
The effects of PEG on the microstructure and PTCR characteristics of the porousn-BaTiO3 ceramics have been investigated. An endotherm
was found at 60◦C, with strong exotherm at 262◦C, weight loss commenced at 165◦C and was virtually complete by 265◦C from the
differential thermal analysis (DTA) and thermogravimetric analysis (TGA) of the PEG. It was also found that the porosity increased and
the grain size decreased with increasing PEG. The crystalline structure ofn-BaTiO3 ceramics was independent on the PEG content and the
n-BaTiO3 ceramics containing PEG showed the presence of (Ba, Sr)TiO3 peaks only from the XRD results. Then-BaTiO3 ceramics containing
PEG showed higher PTCR characteristics than that of then-BaTiO3 ceramics without PEG.
© 2004 Elsevier Ltd and Techna S.r.l. All rights reserved.
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1. Introduction

Donor doped BaTiO3 (n-BaTiO3) ceramics exhibit a pos-
itive temperature coefficient of resistivity (PTCR)[1–11]. A
widely accepted model that elucidates the conduction mech-
anism of the PTCR characteristic has been proposed by Hey-
wang[8]. PTCR characteristics originate from the existence
of an electrical potential barrier arising from the presence
of a two-dimensional surface layer of acceptor states, e.g.,
segregated acceptor ions, or adsorbed oxygen at the grain
boundaries[8–13].

The transition temperature, which is near the ferroelectric
Curie point (Tc), shifts to lower temperature upon substitu-
tion of Sr2+ for Ba2+. The PTCR thermistors are used in a
variety of applications, including current limiting and ther-
mal controllers. Various fabrication techniques have been at-
tempted to investigate the PTCR characteristic and improve
the thermistors performance[12,13].

It has been reported that porousn-BaTiO3 exhibited large
PTCR characteristics[14–16]. Oxygen can be adsorbed at
the grain boundaries due to the presence of pores in the
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porous ceramics, which are more favorable to form surface
acceptor states compared with ordinary dense ceramics[13].
Porousn-BaTiO3 has been fabricated by the incorporation
of graphite, borides, silicides, carbides, partially oxidized Ti
powder, corn- and potato-starch to BaTiO3 [14–18].

In this study, porousn-BaTiO3 ceramics are prepared
by adding polyethylene glycol (PEG). The PEG utilized
pore-forming agent is a very cheap material compared with
the above-mentioned additives. The effects of PEG on the
microstructure and electrical properties were carefully in-
vestigated.

2. Experimental procedure

High-purity BaTiO3 ceramic powder was utilized in
this study (Toho Titanium Co. Ltd., Japan). The powder
was commercially obtained as BaTiO3 powder containing
SrTiO3 (19.2 mol%) and Y2O3 (0.2 mol%). The mean par-
ticle size and ferroelectric Curie temperature of the powder
were 0.7�m and 61◦C, respectively. The PEG (powder
form, mean particle size: 50�m, Shinyo Pure Chemicals
Co. Ltd., Japan), with amount ranging from 1 to 20 wt.%
was added to then-BaTiO3 powder and then mixed in
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a mortar for 1 h. The mixed powder were compacted by
die-pressing at a pressure of 40 MPa to prepare the green
compacts (15 mm× 12 mm× 7 mm). The green compacts
were sintered at 1350◦C for 1 h in air. The samples were
heated up to the sintering temperature at a rate of 3◦C/min,
and cooled at a rate of 10◦C/min from the sintering tem-
perature to 300◦C, and then furnace cooled.

Both faces of the samples (15 mm× 12 mm) were con-
tacted with ohmic electrodes. The commercial ohmic paste
(Ag–7 mass% Ni) of∼10�m thickness was thinly spread
on the two sides of the surfaces. After the paste was dried at
room temperature, the Ag paste of∼10�m thickness was
covered on the ohmic paste layers. These pastes were baked
at 580◦C for 5 min with a heating rate of 10◦C/min in air.

The microstructure, phase identification and crystalline
structure of then-BaTiO3 ceramics were analyzed by scan-
ning electron microscopy (SEM: S-4200, Hitachi) and X-ray
diffraction (XRD: PW-1710, Philips, Cu), respectively.
The average grain size of the ceramics was estimated by
the line-intersection method. The electrical resistance was
measured with a digital multi-meter under air atmosphere.
In order to determine the separate electrical properties of
grain boundary and grain, complex impedance analysis was
conducted with an impedance analyzer (HP LF 4192A) at
room temperature and 150◦C in the frequency range of
5 Hz–13 MHz. Differential thermal analysis (DTA) and ther-
mogravimetric analysis (TGA) of the PEG was performed
in air, at a heating rate of 10◦C/min, using a Thermal
Analyzer (SDT Q600).

3. Results and discussion

DTA and TGA were performed on the PEG material used
as additive. The result is illustrated inFig. 1. An endotherm
was found at 60◦C, with strong exotherm at 262◦C. Weight
loss commenced at 165◦C and was virtually complete by
265◦C. It was found that no residue was found after heating
PEG to 300◦C.

Fig. 1. DTA–TGA curves of PEG.

Fig. 2. Porosity and grain size of then-BaTiO3 ceramics containing
various amount of PEG.

Fig. 2 shows the porosity and grain size ofn-BaTiO3
ceramics containing various amount of PEG. The poros-
ity increased and the grain size decreased with increasing
PEG content. For example, the porosity and grain size of
then-BaTiO3 ceramic containing 5 wt.% PEG is 10.4% and
6.3�m, respectively, while it is 25.2% and 5.0�m, respec-
tively for the n-BaTiO3 ceramic containing 20 wt.% PEG.
These porous ceramics are advantageous to oxidize grain
boundaries and to produce surface acceptor states[9]. The
porosity of then-BaTiO3 ceramics containing the PEG in-
creased with increasing PEG content. This can be explained
by the fact that the cavities formed due to the burning-out of
PEG during sintering act as the sites of the pore generation.

Fig. 3 shows the SEM micrographs of the fractured sur-
faces for then-BaTiO3 ceramics containing (a) 5 wt.%, (b)
15 wt.% and (c) 20 wt.% of PEG. It is confirmed that the
porosity increased and the grain size decreased with increas-
ing PEG content.

The phases present in then-BaTiO3 ceramics without and
with PEG were confirmed by XRD as shown inFig. 4. This
figure shows the presence of (Ba, Sr)TiO3 peaks only in the
n-BaTiO3 ceramics with and without PEG.

Also, in order to investigate the effect of PEG content on
the crystalline structure, XRD analysis was performed with
the n-BaTiO3 ceramics containing PEG.Fig. 5 shows the
XRD patterns measured at room temperature forn-BaTiO3
ceramics containing (a) 0 wt.%, (b) 10 wt.% and (c) 20 wt.%
of PEG. It is difficult to identify the tetragonal and cubic
phases in (Ba, Sr)TiO3, since the lattice parameters of the
two phases are quite similar. The crystalline structure of the
two phases was thus analyzed at high angles.Fig. 5 shows
the (1 0 3) and (3 1 0) peaks of the tetragonal phases. The
n-BaTiO3 ceramics without PEG (Fig. 5a) had the tetragonal
structure and all then-BaTiO3 ceramics containing PEG in-
cluding the samples containing 10 and 20 wt.% PEG (Fig. 5b
and c) also had the tetragonal structure. This suggests that
the crystalline structure of then-BaTiO3 ceramics at room
temperature is independent on the PEG content.
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Fig. 3. SEM micrographs of the fractured surfaces for then-BaTiO3

ceramics containing (a) 5 wt.%, (b) 15 wt.% and (c) 20 wt.% PEG.

Fig. 6 shows the effect of temperature on the electri-
cal resistivity of then-BaTiO3 ceramics containing various
amount of PEG. All then-BaTiO3 ceramics showed PTCR
behavior in which the PTCR jump was slightly increased
with increasing PEG content. For example, the PTCR jump
of then-BaTiO3 ceramics containing PEG of 1 and 20 wt.%
is 2.84 × 105, 6.76 × 105, respectively. The enhancement

Fig. 4. XRD patterns measured at room temperature forn-BaTiO3 ceramics
containing various amount of PEG.

Fig. 5. XRD patterns measured at room temperature forn-BaTiO3 ceramics
containing (a) 0 wt.%, (b) 10 wt.% and (c) 20 wt.% of PEG.
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Fig. 6. Effect of temperature on the electrical resistivity of then-BaTiO3

ceramics containing various amount of PEG.

in the PTCR jump is due to the porosity and can be ex-
plained by the barrier model proposed by Heywang[11].
However, at room temperature the electrical resistivity of the
n-BaTiO3 ceramics containing PEG is higher than that of
then-BaTiO3 ceramics without PEG, and increased with in-
creasing PEG content. This can be explained by the fact that
the increase of room temperature resistivity in then-BaTiO3
ceramics containing PEG results from increase of porosity
and decrease of grain size with increasing PEG.

The complex impedance was measured to determine the
electrical resistance of the grain boundaries.Fig. 7 shows
the impedance spectra of then-BaTiO3 ceramics containing
20 wt.% PEG measured at 25◦C (a) and 150◦C (b). The
electrical resistivity of grain boundaries at 25◦C (ρgb,25◦C)
and 150◦C (ρgb,150◦C) are 6.24× 10 and 9.11× 105 � cm,
respectively. The electrical resistivity of grain boundaries for
the n-BaTiO3 ceramics containing various content of PEG
is summarized inTable 1. The electrical resistivity of grain
boundaries at above 150◦C could not be measured because
the value is above the measuring limit (106 � cm) of the

Table 1
Electrical resistivity of the grain boundaries (ρgb) for the variousn-BaTiO3

ceramics containing various amount of PEG

PEG content
(wt.%)

Electrical resistivity

ρgb,25◦C

(� cm)
ρgb,150◦C

(� cm)
ρgb,150◦C/ρgb,25◦C

0 2.01× 10 7.32× 104 3.64 × 103

1 2.02× 10 7.87× 104 3.89 × 103

5 2.27× 10 9.22× 104 4.06 × 103

10 2.82× 10 1.35× 105 4.78 × 103

15 3.97× 10 2.79× 105 7.03 × 103

20 6.24× 10 9.11× 105 1.46 × 104

Fig. 7. Impedance spectra of then-BaTiO3 ceramics containing 20 wt.%
PEG at 25◦C (a) and 150◦C (b). The arrow F indicates the direction of
frequency increase from 5 Hz to 13 MHz.

analyzer used. The observed complex impedance indicates
that the development of PTCR characteristic in the porous
n-BaTiO3 ceramics containing various content of PEG is
related to grain boundaries, which basically equals to that
in ordinary BaTiO3 without PEG.

The porousn-BaTiO3 ceramics can be successfully uti-
lized for ceramic sensors (temperature, humidity and gas
sensors)[19–21].

4. Conclusions

Porous BaTiO3 (n-BaTiO3) ceramics doped donor were
prepared by adding polyethylene glycol (PEG) and the ef-
fects of PEG on the microstructure and PTCR characteristics
of the porousn-BaTiO3 ceramics have been investigated.
The results obtained were as follows:

(1) From the DTA and TGA of the PEG, an endotherm
was found at 60◦C, with strong exotherm at 262◦C,
weight loss commenced at 165◦C and was virtually
complete by 265◦C.

(2) With increasing PEG, the porosity increased and the
grain size decreased. The porosity and grain size
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of the n-BaTiO3 ceramic containing 5 wt.% PEG is
10.4% and 6.3�m, respectively, while it is 25.2%
and 5.0�m, respectively for then-BaTiO3 ceramic
with 20 wt.% PEG.

(3) From the XRD results, the crystalline structure of
n-BaTiO3 ceramics was independent on the PEG
content and then-BaTiO3 ceramics containing PEG
showed the presence of (Ba, Sr)TiO3 peaks only.

(4) The n-BaTiO3 ceramics containing PEG showed
higher PTCR characteristics than that of then-BaTiO3
ceramics without PEG.

(5) The development of PTCR characteristic in the
porousn-BaTiO3 ceramics containing various amount
of PEG, in the same way as usual BaTiO3 ceramics
without PEG, is associated with grain boundaries.

(6) It is believed that newly preparedn-BaTiO3 ceramics
can be used for temperature, humidity and gas sen-
sors.
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