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bstract

aTiO3–(Bi1/2K1/2)TiO3 (BT–BKT) ceramics have a low ρRT of 101–102 � cm like that of semiconducting materials prepared by sintering in a
2 flow with low O2 concentration. By annealing in air, the BT–BKT ceramics show an abrupt increase in their resistivity near the Tc, namely,

positive temperature coefficient of resistivity (PTC) characteristic. With 5 mol% and 10 mol% BKT added to BT, the ceramics display the PTC

haracteristic at 155 ◦C and 165 ◦C, respectively. Furthermore, the ratio, ρmax/ρRT, of the highest resistivity (ρmax) and the resistivity at room
emperature (ρRT) of the ceramics increased on adding a small amount of Mn and a sintering aid.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

Barium titanate (BaTiO3: BT)-based semiconducting ceram-
cs are widely utilized as materials with a positive temperature
oefficient of resistivity (PTC).1 Numerous applications, such
s current limiters, constant temperature heaters and thermal
ensors, make use of this PTC effect.2 It is well known that
he PTC property is exhibited near the ferroelectric Curie
emperature, Tc. The control of the Tc is easily achieved by
ubstituting Sr2+ or Pb2+ for Ba2+.3 For commercial PTC heater
evices, Pb2+ has been considered as the only element to achieve
c > 130 ◦C. Actually, the BaTiO3–PbTiO3 system shows excel-

ent PTC characteristics.4 Lead-free materials recently have
een demanded from the viewpoint of environmental protec-
ion. For this reason, PTC thermistor materials without the lead
lement have been developed recently. Takeda et al.5 has pro-
osed a semiconducting BaTiO3–(Bi1/2Na1/2)TiO3 (BT–BNT)

ystem as a new lead-free PTC thermistor material with a
c > 130 ◦C. An excellent PTC property at about 170 ◦C has been
emonstrated in lanthanum (La) doped BT–BNT ceramics. Sub-
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equently, Shimada et al.6 reported that 8.8 mol% BNT added
o a sample sintered in a N2 flow displayed an especially supe-
ior PTC characteristics, comparable to those of lead-containing
TC materials by optimizing the preparation conditions. Fur-

hermore, Xiang et al.7,8 reported the ceramics prepared with
0 mol% BNT additions, and the obtained BT–BNT ceramics
intered in a N2 flow showed a resistivity anomaly starting at
bout 210 ◦C. These reports indicate that the BT–BNT system
hows an excellent PTC characteristics. Therefore, incorpo-
ation of the BNT phase into the semiconducting BT-based
eramics is considered an effective way to increase the tem-
erature of resistivity anomaly. In order to raise the temperature
f resistivity anomaly to a high temperature, we have investi-
ated another candidate for a lead-free end member compound,
amely bismuth potassium titanate, (Bi1/2K1/2)TiO3 (BKT) with
Tc = 380 ◦C,9 which is higher than the Tc of BNT (Tc = 320 ◦C).

In this study, we report the synthesis and electrical properties
f BT–BKT ceramics with a BT-rich composition. We show the
TC characteristics of the ceramics after sintering in a N2 atmo-
phere with low O concentration and subsequent annealing in
2
ir and propose a new PTC material without lead as well as one
aving a higher Tc. We also describe a process of improving the
TC properties by adding a small amount of Mn and a sintering
id and also the characterization of the BT–BKT ceramics.

mailto:htakeda@ceram.titech.ac.jp
dx.doi.org/10.1016/j.jeurceramsoc.2009.08.009
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. Experimental procedure

The conventional ceramic fabrication technique was used to
repare Ba1−x(Bi1/2K1/2)xTiO3 (abbreviated BBKT100x) solid
olution ceramics. Powders of BaCO3, TiO2, and K2CO3 with
9.99% purity and Bi2O3 with 99.999% purity were used as
he starting raw materials. These oxide or carbonate powders
ere mixed in ethanol with yttrium-stabilized zirconia balls by
all milling for 10 h followed by calcining at 800 ◦C for 2 h and
000 ◦C for 2 h in an alumina crucible. After granulation with
binder (2 wt% polyvinyl alcohol), these powders were uni-

xially pressed into disks of 13 mm diameter and about 1 mm
hickness at a pressure of 190 MPa. These disk samples were
intered at 1290–1320 ◦C for 2 h in air and 1300–1350 ◦C for
h in a N2 flow with low O2 concentration. The resulting sam-
les did not show PTC properties, as will be explained later.
ence, we annealed the as-sintered ceramics in air to obtain the
TC property, which means an abrupt increase in resistivity over

he Curie temperature. As-sintered samples were heated to the
esired temperature at 20 ◦C min−1, held at that temperature for
he required time and then cooled down to room temperature
t the natural cooling rate of the furnace. Furthermore, in order
o improve the PTC property, the ceramics were sintered after
dding 5 mol% of a mixed powder of Al2O3:SiO2:TiO2 = 4:9:3
ole ratio (abbreviated AST) and/or 0.1 wt% MnCO3.10,11 In

his paper, the ceramics with added AST and Mn are defined as
BKT100x-ASTMn. For comparison, the BT and Nb-doped BT
eramics with a chemical composition of BaTi0.999Nb0.001O3
ere fabricated by sintering in a N2 flow and in air at 1400 ◦C

or 2 h, respectively.
The phase identification of the sintered ceramics was deter-

ined using a powder X-ray diffractometer (XRD, MAC
cience M18XHFVA). The densities of the ceramics were mea-
ured by the Archimedes method using distilled water. The
intered surfaces of the samples were observed using a scan-
ing electron microscope (SEM, TOPCON SM-300) in order
o investigate the microstructure. For the measurement of elec-
rical properties, Ag–Zn paste was applied to both surfaces of
he samples as an electrode and fired at 500 ◦C for 10 min.
he temperature dependence of the dielectric properties was
easured using an impedance/gain phase analyzer (Agilent
P4194A) from room temperature to 500 ◦C at a heating rate of
◦C min−1. The temperature dependence of resistivity was mea-

ured using a digital resistance meter (ADVANTEST R8340).
uantitative chemical analysis of the samples was carried out
sing an electron probe microanalyzer (EPMA, SHIMADZU
PMA-1610) equipped with a wavelength dispersive X-ray
pectrometer (WDS).

. Results and discussion

Fig. 1 shows the X-ray powder diffraction patterns of the
ure BT, BBKT5 and BBKT10 ceramics fabricated by sintering

n a N2 flow with low O2 concentration. At room temperature,
he diffraction patterns of the BBKT ceramics show a tetragonal
tructure similar to that of the pure BT ceramics. All diffrac-
ion peaks of the BBKT samples were indexed according to

a
i
r
t

ig. 1. Powder X-ray diffraction patterns of (a) pure BT (b) BBKT5 and (c)
BKT10 sintered in a N2 flow.

he BT standard sample (ICCD No. 05-0626), indicating no
ormation of by-products. On the basis of the XRD results,
he calculated lattice constants of the BBKT5 and BBKT10
re a = 0.3991(4) nm, c = 0.4038(8) nm and a = 0.3989(5) nm,
= 0.4039(4) nm, respectively. In comparison with the lattice
onstants of the pure BT (a = 0.3994(6) nm, c = 0.4038(0) nm),
he values of the c-axis of the BBKT ceramics are almost the
ame as those of the pure BT; however, a slight decrease is found
n the value of the a-axis. The fact that the lattice constants of
he BBKT ceramics change with the BKT content demonstrates
hat the BT and BKT phases have formed a solid solution.

Fig. 2 shows the temperature dependence of the dielectric
onstant, εs, and dielectric loss, tan δ, of the BBKT100x (x = 0,
.05 and 0.1) ceramics sintered in air measured at a frequency of
0 kHz. The peak of the pure BT is sharp; however, the shape of
he peaks gradually became broad and the εs at room temperature
ecreased with the increasing amount of the BKT. The Tc shifted
o a higher temperature with increasing amount of BKT. The Tc
alues of the BBKT5 and BBKT10 were 170 ◦C and 180 ◦C,
espectively.

According to the work of Takeda et al.,5 Shimada et al.,6 and
iang et al.,7,8 the BBKT5 ceramics were sintered in a N2 flow
ith low O2 concentration, and their temperature dependences
f resistivity were investigated. The BBKT5 ceramics sintered
t 1350 ◦C showed a low ρRT of 101–102 � cm but displayed
very small resistivity anomaly at about 155 ◦C. This feature

s the same as that of pure BT ceramics but is different from
hat in BT–BNT system. The origin of the difference between
he BT–BNT and BT–BKT systems requires further investiga-
ion. It has been reported that the BT-based semicondouting,
ot semicondouting ceramics sintered in a reducing atmosphere
how a clear PTC property after annealing in air.12–14 Hence the
s-sintered semiconducting samples, BBKT5 ceramics sintered
t 1350 ◦C in a N flow with low O concentration were annealed
2 2
n air at various soaking temperatures and times. Fig. 3 shows the
atio, ρmax/ρRT, of the highest resistivity (ρmax) and the resis-
ivity at room temperature (ρRT) of the ceramics annealed at
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ig. 2. Temperature dependence of dielectric constants, εs, (upper) and loss,
an δ, (lower) of (a) pure BT, (b) BBKT5 and (c) BBKT10 ceramics sintered in
ir.

000–1300 ◦C for 0–10 h. The ρmax/ρRT ratio increased with
he increased soaking temperature below 1250 ◦C and dropped
t 1300 ◦C. The ratio generally increased with the soaking time
p to 5 h. However, the resistivity ratio of the sample annealed

t 1200 ◦C for 5 h was almost the same as that for 10 h. Based
n these results, we judged that the appropriate annealing condi-
ions for the BBKT5 ceramics are a soaking temperature 1250 ◦C
nd a time of 5 h.

ig. 3. Comparison of resistivity ratio (ρmax/ρRT) after annealing at
000–1300 ◦C for 0–10 h.
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ig. 4. Temperature dependence of resistivity of (a) as-sintered BBKT5, (b)
BKT5 after annealing, (c) BBKT5-ASTMn after annealing and (d) Nb-doped
T ceramics.

Fig. 4 shows the temperature dependence of the resistiv-
ty of BBKT5 ceramics. As mentioned above, the as-sintered
BKT5 ceramics in a N2 flow showed a lower ρRT of 10 � cm
ut a smaller increase in resistivity over the measured temper-
ture range (Fig. 4a). Fig. 4(b) and (c) shows the temperature
ependences of resisitivity of the BBKT5 and BBKT5-ASTMn
eramics annealed at 1250 ◦C and 1200 ◦C for 5 h, respectively.
he BBKT5 and BBKT5-ASTMn ceramics in these figures were
intered at 1350 ◦C and 1300 ◦C, respectively. The annealing
onditions for the BBKT5-ASTMn samples were determined in
he same manner as those for the BBKT5 described earlier. After
he annealing treatment, the PTC characteristic of the BBKT5
eramics was significantly improved. The ρmax/ρRT ratio of the
BKT5-ASTMn is over 102 times that of the BBKT5 as shown

n Fig. 4(b) and (c). For comparison of the PTC properties,
he Nb-doped BT sintered in air at 1400 ◦C is also shown in
ig. 4(d). The switching temperature Ts, which is almost equal

o the Tc for PTC materials, was determined from the temper-
ture showing ρ = 2ρRT.15 The Nb-doped BT shows an abrupt
hange in the resistivity at 131 ◦C. The BBKT5 and BBKT5-
STMn after annealing show a resistivity anomaly at about
55 ◦C. These observations indicate that the Tc of the BBNT5
eramics is apparently higher than that of pure BT. We also fab-
icated both AST-added (BBKT5-AST) and Mn-added BBKT5
eramics (BBKT5-Mn) by sintering at 1300 ◦C and 1350 ◦C for
h in a N2 flow and by annealing at 1200 ◦C and 1250 ◦C for
h, respectively. The temperature dependence of the resistivity

f the BBKT-AST ceramics was the same as that of the BBKT5
eramics. However, the BBKT5-Mn sample showed a high ρRT
ver 1012 � cm, namely, an insulating characteristic. As men-
ioned above, in the AST and Mn co-added ceramics, the ρRT
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ignificantly decreased by the order of about 1010 at RT and
howed a high resistivity change. According to Nikahara and

urakami16 and the work reported in reference,17 we assume
he following mechanisms. In the BBKT5-Mn ceramics, Mn
iffuses into the grain and increases the resistivity. On the other
and, in the BBKT5-ASTMn ceramics, Mn preferentially seg-
egates to the grain boundaries and results in an increase of the
urface-state acceptor density and the consequent enhancement
f the PTC effect.

The BBKT10 ceramics were fabricated under the same con-
itions as the BBKT5 samples and annealed in air. Fig. 5
hows the temperature dependence of resistivity of the (a)
s-sintered BBKT10, (b) BBKT10 after annealing and (c)
BKT10-ASTMn after annealing the samples. The fabrication
onditions and the obtained PTC properties of the BBKT5 and
BKT10 ceramics are summarized in Table 1. The temperature
oefficient of resistivity (α)15 of the BBKT10 samples is also
igher than that of the BBKT5 materials. The Ts of the BBKT10
amples after annealing is almost the same as that of BBKT5.
he Bi3+-doped BT ceramics show a PTC characteristic, but the
c of these ceramics is almost same as that of the pure BT.18

ecause it is known that the BT and BKT phases have formed
solid solution,19 the BBKT ceramics should show a higher Ts
nd Tc than 130 ◦C ( = Tc of BT). As shown in Figs. 4 and 5,
ncorporation of the BKT phase as well as BNT into the BT

ample is also considered an effective way to increase Ts.

Fig. 6 shows typical SEM images of the BBKT5-ASTMn and
BKT10-ASTMn samples after annealing treatment. Although

he relative density of BBKT10-ASTMn ceramics is lower than

t
t
s
s

able 1
ummary of the sintering conditions and results for BBKT100x ceramics.

ample Sintering conditions

Sintering temperature (◦C) Soaking time (h) O2 conce

BKT5 1350 2 0.15
BKT5-ASTMn 1300 2 0.15
BKT10 1350 2 0.4
BKT10-ASTMn 1300 2 0.4

Fig. 6. SEM images of (a) BBKT5-ASTMn and (b)
ig. 5. Temperature dependence of resistivity of (a) as-sintered BBKT10, (b)
BKT10 after annealing and (c) BBKT10-ASTMn after annealing ceramics.
hat of the BBKT5-ASTMn materials as shown in Table 1,
he microstructure of both ceramics was the same. The grain
ize of both ceramics is about 10 �m. A chemical analy-
is using EPMA-WDS showed that no impurity phases were

Results

ntration (%) Relative density (%) ρRT (� cm) Ts (◦C) α (%/◦C)

93.0 3.1 × 101 153 9.1
83.2 3.1 × 102 156 10.8
89.9 1.3 × 103 165 11.4
69.9 5.6 × 103 151 11.6

BBKT10-ASTMn after annealing treatment.
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mation energy of point defects in perovskite-type NaNbO by first-principles
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etected in the grain interiors and grain boundaries of either
eramics. Furthermore from the chemical analysis, it was
ound that the molar ratios of the BBKT5 ceramics sintered
n air and in N2 flow are Ba:Bi:K:Ti = 0.95:0.020:0.017:1
nd = 0.95:0.017:0.015:1, respectively. In addition, the molar
atios of the BBKT10 ceramics sintered in air and in N2 flow
re Ba:Bi:K:Ti = 0.90:0.038:0.030:1 and = 0.90: 0.023:0.016:1,
espectively. In these determined chemical compositions, the
ontent of Ti was fixed at unity, because it was reported that
efect formation at the B site in perovskite-type (ABO3) struc-
ures is very difficult.20,21 These results indicate that the extent
f evaporation of Bi and K in the semiconducting ceramics sin-
ered in a N2 flow is greater than that of the dielectric ceramics
intered in air. In fact, by comparing Figs. 2a and 4d, it can
e seen that the Ts of the BT semiconducting ceramics agrees
ith the Tc. On the other hand, the Ts values of the BBKT

eramics were 15–30 ◦C lower than the Tc. Hence, it is clear
hat the Ts values in the BBKT5 and BBKT10 semiconducting
eramics obtained by sintering in an N2 flow are lower than
he Tc determined using the dielectric samples, because the Tc
f BBKT ceramics depends on the BKT content. We believe
hat the hot pressing method suppress as the evaporation of Bi
nd K.22

. Conclusions

We have fabricated lead-free BT–BKT semiconducting
eramics with low ρRT by sintering in a N2 flow with low O2
oncentration. The PTC characteristics of the BT–BKT can be
mproved by annealing in air and adding a small amount of Mn
nd a sintering aid. By incorporating the BKT phase into BT, we
ere able to increase the Ts of the PTC ceramics and achieve a
alue over 130 ◦C, which is the Ts value of BT. Although the PTC
haracteristics of the BT–BKT are currently inferior to those of
he existing lead-containing PTC ceramics, this BT–BKT sys-
em may be a promising lead-free material in addition to the
T–BNT system.
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