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Abstract

The electrical resistivity of (Bag oPbg 3;)TiO3; PTCR ceramic thermistors aged at temperatures of 175, 200, 250 and 300 °C, respectively,
were measured. When the samples were aged at temperatures of 175 and 200 °C, room-temperature resistivity decreased at the initial ageing
stage, and then increased with the ageing time. The samples displayed a monotonous rise of the room-temperature resistivity when the ageing
treatments were performed at 250 and 300 °C. PTCR effects showed different characteristics after different ageing treatments. These ageing
characteristics were analyzed by considering interior oxidation and reduction reactions.
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1. Introduction

Ferroelectricity is a phenomenon which was first
discovered in single crystal materials (Rochelle salt) in
1921. A huge leap in the research on ferroelectric ceramics
came in the 1950s, leading to the widespread use of BaTiO3-
based ceramics in various applications, such as capacitors,
piezoelectric transducers, microwave filters, medical diag-
nostic transducers, positive temperature coefficient of
resistivity (PTCR) sensors and switches, ultrasonic motors
and so on. The PTCR sensor exhibits an anomalous increase
in electrical resistivity near the ferroelectric Curie tempera-
ture, which is a grain boundary related phenomenon [1,2].
Many other ferroelectric ceramics have been developed for
various operating temperatures, e.g. (Ba,Sr)TiO; for the
temperatures lower than 120 °C and (Ba,Pb)TiO; for the
temperatures higher than 120 °C. It has been a large interest
in its fundamental behavior such as electronic transport
properties, microstructure and lattice dynamics [3—7]. The
stability of the electric properties is important for the
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practical application. But, in fact, the electrical properties of
the PTCR elements would deteriorate during enduring under
various conditions such as electric field, humidity and high
temperature, etc. The PTCR effect becomes worse in H;
atmosphere [8] and under N, atmosphere [9]. However, the
PTCR characteristics improved when the element was held
in oxidizing environment [10], and the resistivity was
closely related to treatment temperature [11]. Ageing
treatment in air is also one way to study the influence of
temperature on the stability of the electrical properties of the
ferroelectric ceramics [12]. Our recent results in aged
BaTiO5 ceramics revealed that the ageing characteristics
depended on the type of dopant because of different
electronegativity, besides the influence of the temperature
[13]. The combination of interior oxidation and reduction
reactions of the ceramics and the electronegativities of the
doping elements could explain the abnormal ageing
characteristics [12,13].

In this report, we will describe an abnormal ageing
characteristics of (BaggoPbg31)TiO; PTCR ceramic ther-
mistors. The influence of ageing on the electrical properties
will be discussed by considering interior oxidation and
reduction reactions.
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2. Experimental

(Bag goPbg 31)TiO3 ceramics was prepared by using
BaCOs3 (99%, Merck Darmstadt, Germany), PbO and
TiO, (99%, British Drug Houses Ltd., UK) by traditional
solid sintering method. The Curie temperature of the sample
is of about 235 °C. The powders were mixed by ball milling
using distilled water for 18 h, followed by calcination at
900 °C for 1.5h. BiO3 (99.8%, Merck Darmstadt,
Germany) and Sb,Os (99.8%, Kebo Lab, Sweden) were
added by the concentration of 0.06 mol% Bi cation and
0.10 mol% Sb cation, respectively, in order to obtain the
semiconducting behavior. The addition of 1 mol% Al,O;
and 1.4 mol% SiO, (95%, Fisher Scientific, USA) favors the
formation of the liquid phase during sintering and can thus
improve the properties of the ferroelectric ceramics. The
mixture was mixed by ball milling for 18 h, and then dried at
120 °C. The dried powder was granulated by using polyvinyl
alcohol and pressed into pellets of 15 mm diameter and
thickness of about 4 mm. Sintering was performed at
1280 °C for 30 min in a box furnace (model VMK 1800,
Linn High Therm GmbH, Germany) in air. All sintered
samples were ground to a thickness of about 2.5 mm. Gold
paste was painted on the sample surfaces, and then the
samples were heated to 1020 °C for 1 h to make the good-
contact electrode.

Ageing treatment was performed in air at tempera-
tures of 170, 200, 250 and 300 °C, respectively. The
room-temperature (20 °C) electrical resistivity (0r00m)
was measured by a standard ohmmeter before and after
different treatments. The resistivity-temperature (o-T)
curves were recorded at a heating rate of 1 °C/min before
and after each treatment. Here the resistivity change (y) is
defined as

_ Proom —

Lo
where p.o0m 18 the room-temperature resistivity after various
ageing treatment, p, is the room-temperature resistivity of
the sample before ageing treatment.
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3. Results

Fig. 1 shows the resistivity change versus ageing time of
the samples aged at 170, 200, 250 and 300 °C, respectively.
Two types of ageing characteristics can be summarized from
these results. One, for the ageing temperatures of 250 and
300 °C, the room-temperature resistivity increased rapidly
during the initial treatment stage, and then increased slightly
and monotonously with ageing time in the later stage.
Another, for the ageing temperatures of 170 and 200 °C,
however abnormal ageing characteristics was obtained:
the poom decreased at the initial treatment stage; and
then the p,oom increased monotonously during the later
ageing stage.
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Fig. 1. Resistivity change versus the ageing time in (BaggoPbg31)TiO3
ceramic thermistors.

Fig. 2a shows p—T curves of a sample before ageing (open
circles) and after ageing at 200 °C for 5 h (full squares).
Both the low-temperature resistivity and the high-tempera-
ture resistivity of the aged samples are lower than before
ageing. Similar results were also obtained in the sample aged
at 170 °C.

Fig. 2b shows the temperature dependence of resistivity
of a sample before (open circles) and after 250 °C ageing
treatment for 170 h (full squares). It can be seen that both the
low-temperature resistivity and the high-temperature resis-
tivity of the aged samples are higher than before ageing
treatment. Furthermore, a sample aged at 300 °C gave the
same results.

4. Discussion

Generally, the room-temperature resistivity of a PTCR
ceramic thermistor can be attributed to the resistivities of
grain interiors, grain boundaries, electrode, and the interface
between the electrode and the ceramic body. It is well known
that, for the PTCR ceramic thermictors, the grain boundary
is the major contributor to the high-temperature electrical
resistivity [2,9]. As described above, two different results
were obtained: (i) when the samples were aged at either 170
or 200 °C, the p;oom decreased at the initial treatment stage,
the high-temperature resistivities (specially, the maximum
resistivity) were also lower than those before ageing (Figs. 1
and 2a); (ii) the p,oom and high temperature resistivities of
the samples aged at 250 and 300 °C were larger than those
before ageing (Figs. 1 and 2b). This indicates that the room-
temperature resistivity changes mainly must be related to the
change of the status of grain boundaries instead of the
electrode and the electrode/ceramic interface. The ageing
characteristics may result from the thermal effect of the
thermistors. The different ageing characteristics may be due
to different ageing mechanisms. For example, desorption
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Fig. 2. Temperature dependence of resistivity of (Bag¢oPbg31)TiO;3 cera-
mic thermistors: (a) before and after ageing for 5 h at 200 °C, (b) before and
after ageing for 170 h at 250 °C.

and adsorption of oxygen probably lead to release and
concentration of some captured electrons in grain bound-
aries, respectively, resulting in a resistivity change during
ageing [1,7,12,13].

Following, we will first discuss the ageing characteristics
of the samples aged at 250 and 300 °C by considering the
oxidation mechanism. Then we will discuss an interior
reduction mechanism for the abnormal ageing character-
istics in the samples aged at 170 and 200 °C.

Tri-valent (Bi) and penta-valent (Sb) dopants act as donor
dopants, and they replace A-site and B-site in ABOj;
perovskite structure, respectively, inside the grains of the
samples [3,6,14]:

2Bi,03 + 4BO; — 4Bip® + 4Bg + 120, + O, + 4¢’
(1a)

2Sby0s + 4A0 — 4Sbg*® + 4A + 120, + O, + 4¢’
(1b)

where Biy *and Sbg*are the positions the dopants occupy in
the A-site (Ba- or Pb-site) and B-site (Ti-site), respectively,
O, is an oxygen ion at O-site, ¢ is an electron in the
conduction band. At the same time, the oxygen absorption
at the grain boundaries acts as an oxidizing reaction:

2BO, + 0y — 2Bg 4 600 + 2V/4 + 4h* )

where V, is a cation vacancy of A-site and h® represents the
holes contributing to conduction. This reaction is then
gradually propagating into the interior of the grains. Com-
bining this reaction with that in Eq. (1a), the following result
is obtained:

2Bi;03 4+ 6BO; + O, — 4Bip* + 6Bg + 180, + O,

+ 4¢e + 4h* 3)
The electron compensation occurs as:
4¢’ + 4h — nil “4)

where nil represents the standard state which is taken as the
perfect crystal with all electrons in the lowest available
energy states. For the penta-valent dopant (Sb), a similar
reaction can occur by combining Eqgs. (2) and (1b), and the
same result as shown in Eq. (4) is obtained. On the other
hand, the cation vacancy compensation reaction predomi-
nates at the grain boundaries:

2Bi;03 + 6BO; — 4Bia® + 6Bg + 180, + 2V (5a)

2Sb,05 4 2A0 — 4Sbg® + 2A, + 120, + 2V% (5b)

Reactions by Eqgs. (4), (5a) and (5b) cause the concentration
of the cation vacancies to increase and the electron con-
centration to decrease. Thus, the room-temperature resistiv-
ity of the aged samples increases. Because these reactions
occur mainly at grain boundaries, it is reasonable to assume
that the high temperature resistivity also increases after
ageing as shown in Fig. 2b.

If the oxygen absorption at the grain boundaries only
occurs during ageing, it is impossible to get the results after
ageing at 170 and 200 °C shown in Fig. 2a. The resistivity
decrease must result from the other reaction, which is
suggested to be the reduction reaction occurring at grain
boundaries:

2BO; — Oy — 2Bg + 20, + 2V/s — 4h° (6)
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Combining this reaction with that shown in Eqgs. (1a) and
(1b), the following result is obtained:

2Biy03 + 4BO, — 0y — 4Bia® + 4B + 120,

+4¢’ — 4h® (7a)
2Sb,05 + 4A0 + 2BO; — Oy — 4Sbg® + 4A4

+2Bg + 160, + 4¢’ — 4h* (7b)

Therefore, the concentration of hole electrons decreases
at the grain boundaries during ageing and the concentration
of conducting electrons increases, resulting in decreased
room-temperature resistivity during the initial ageing stage.
On the other hand, the free electrons will be captured by the
barium vacancy at the grain boundary during the ferro-
electric phase transformation when the samples are heated
above the Curie temperature. This electron capturing
process should respond the PTCR effect [8]. So the PTCR
effect of the ceramics depends on the concentration of
electrons and barium vacancies. Because of the combination
of oxidation/reduction reaction processes, the number of
conduction electrons will be more than in samples with only
oxidation, resulting in a maximum resistivity lower than
before ageing. This should be the reason for the p-T
behavior shown in Fig. 2b.

5. Conclusion

1. For ageing temperatures of 170 and 200 °C, the room-
temperature resistivity of (BaggoPbg31)TiO3 ceramic
thermistors decreases at the initial ageing stage, and then
increases with ageing time. The maximum resistivity and
the resistivity rise in PTCR effect at the initial ageing
stage became less than those before ageing;

2. For ageing temperatures of 250 and 300 °C, the room-
temperature resistivity increases monotonously during
the whole treatment stage. The maximum resistivity and
the resistivity rise became larger than those before
ageing.

3. The ageing characteristics are related to interior
oxidation and reduction reactions. The oxidation leads
to increased concentration of the cation vacancies and

decreased electron concentration close to the grain
boundaries, resulting in a simultaneously increased low-
temperature and high-temperature resistivity; the reduc-
tion contributed to decreased concentration of hole
electrons and increased concentration of conducting
electrons at grain boundaries, resulting in decreased
resistivities at low and high temperature.
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