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Abstract

Yttrium-doped Sry4Pbg ¢TiO5 ceramics were prepared at relatively low sintering temperature using conventional sintering tech-
nology. The sintered ceramics exhibit novel NTC-PTC composite effects. The influences of doping PbO and SiO, on the properties
of Sry 4Pbg ¢TiO5 ceramics were compared. It was found that suitable PbO additives reduce the room-temperature resistivities (orT)
of Srg 4Pbg ¢TiO3 ceramics and weaken their NTC effects, but the effect of doping SiO, is reverse. The XRD analyses show that SiO,
additives can cause Pb> " ions segregating out from Sry 4Pbg ¢TiOj lattices and form PbO-SiO, phase. It is estimated that the strong
NTC effects of Sry4Pbg ¢TiO3 ceramics should be closely related to the Pb?* immigration. The domain structure, morphology and
compositional distribution of Y-doped Sry 4Pbg ¢TiO5; ceramics were investigated using TEM, SEM and EDAX respectively. The
results of EDAX indicate that the Pb/Sr ratio on the grain boundaries is slightly lower than that in the grains. According to the
results, the V-shaped PTC behaviors of (Sr,Pb)TiO; ceramics are discussed. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Since the V-shaped positive temperature coefficient
effect in (Sr,Pb)TiO; materials was firstly found in
1988,! a lot of research work has been conducted for
making known the conduction mechanism of these
materials.>? As a kind of perovskite materials, (Sr,Pb)
TiO5 ceramics exhibit novel NTC-PTC composite effect
and sinter at relatively low temperature comparing to
the conventional BaTiO; PTCR.*> Moreover, the Curie
temperature of (Sr,Pb)TiO; materials can be shifted to
higher temperature by increasing Pb>" concentration.
Therefore (Sr,Pb)TiO; semiconductor ceramics can be
used in many apparatus, such as temperature controls,
self-regulating heaters and degaussers, especially, as
overflow protection devices because (Sr,Pb)TiO; V-
shaped PTCRs have higher resistivities at room tem-
perature.®

At present, (Sr,Pb)TiO; V-shaped ceramics are gen-
erally prepared using microwave sintering (MS)’ and
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rapidly thermal sintering (RTS) processing,®® but these
ceramic microstructures are non-equilibrium system,
their performances, such as the densification, polariza-
tion, dielectric constant and fatigue etc., are deterio-
rated. Conventional sintering (CS) processing still has
advantage of fabricating high performance (Sr,Pb)TiO3
V-shaped PTCRs, but it is rarely reported.

The Heywang-Jonker model'® is widely accepted to
explain the PTC effect of (Sr,Pb)TiO; ceramics above
T.. It is suggested that the abrupt jumps of resistivity
above T, is originated from a barrier on the grain
boundary, the height of barrier can be increased rapidly
near the Curie temperature because the phase of (Sr,Pb)
TiO; material changes from tetragonal to cubic struc-
ture. As to the NTC effect below T, some theories, such
as the deep energy level'!! and the grain boundary
effect,'!> were proposed to interpret the conduction
mechanism of (Sr,Pb)TiO3; materials, but some experi-
mental phenomena still can not be reasonably inter-
preted. Moreover, D.J. Wang et al.'3 first prepared the
low resistivity (Sr,Pb)TiOjz-based PTCR with weak
NTC effect (T<T,) using chemical synthesis and RTS
processing, the results indicated that the intensity of
NTC effect can be changed by different ingredients or
processing. Therefore, it is significant for practice to
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research and control the NTC effect of (Sr,Pb)TiO;
ceramics.

In this paper, high-performance Sry4Pbg¢TiO; V-
shaped PTCR were prepared at 1100 °C using conven-
tional sintering processing. The influences of doping
PbO and SiO, additives on the properties of Srg4
Pby¢TiO5 ceramics were compared. The samples’ resis-
tivity-temperature characteristics, Phase structure,
microstructure and compositional ditribution were
investigated respectively to reveal the conduction
mechanism of Y-doped Sry 4Pbg ¢TiO3 thermistors.

2. Experimental

Analytical grade 0.6 mol PbO, 0.6 mol TiO,, 0.008
mol Y(NOs); and high purity 0.4 molSrTiO; (decom-
posed SrTiO(C,Hy),-4H,O at 1000 °C for 4 h) were
mixed and wet-milled in ethanol for 48 h in a plastic jar.
After being preheated at 800 °C for 2 h, analytical grade
0.08 mol Si(OC,Hs)4 and 0.02 molPbO were added to
the preheated powders respectively and well mixed
again, then the mixed powders were pressed into discs
with 10mm diameter and about Imm thickness at pres-
sure of 200 Mpa, then the green pellets were sintered at
1100 °C for 60-90 min in air and cooled at the rate of
4 °C/min.

The surfaces of sintered ceramics were coated with
In-Ga alloy and the characteristics of p-T were mea-
sured from room temperature up to 400 °C with a DC
resistance-temperature measuring system. The phase
structure of samples was examined using a Regaku D/
max IIIB X-ray diffraction meter. The microstructure
and compositional distribution were investigated using
a Hitachi-800 transmission electron microscope (TEM)
and a JSM-6301F scanning microscope (SEM) with
energy dispersive analysis of X-ray (EDAX) respec-
tively.

3. Results and discussion

The resistivity-temperature curves of Srg 4Pbgy ¢TiO05 +
0.8 mol% Y3* ceramics sintered at 1100 °C for different
times are shown in Fig. 1. The samples exhibit low room
temperature resistivities (prt) and NTC-PTC compo-
site characteristics. With elevating measuring tempera-
ture, the samples’ resistivities decrease more than one
order of magnitude in the NTC effect region (T'<T,)
and jump about five orders of magnitude in the PTC
effect region (7>T,). At the same time, the samples’
prt Increase and their NTC effects (T'<7,.) become
stronger with increasing the soaking time.

In general, Sr.Pb;_,TiO3 ceramics with NTC-PTC
composite effects were fabricated by glass/ceramic com-
posing.® The strong NTC-PTC composite effects were

demonstrated to originate from the electrical behavior
of grain boundary according to the complex impedance
analysis.>!'3 In this article, 2 mol% PbO and 8 mol%
Si(OC,Hs)4 were doped into preheated Y-doped Srg4
Pby¢TiO; powders respectively and the influences of
PbO and SiO, additives on the properties of (Sr,Pb)
TiO; thermistors were investigated. Fig. 2 gives the
resistivity-temperature curves of samples sintered at
1100 °C for 1 h. All samples in Fig. 2 exhibit strong

108k —O— 60min
—A— 75min
—7— 90min
107F
T 10
Q
<}
B’ 10°:
=
% 104
(14
10°
107
101 1 1 | 1 1
0 100 200 300 400 500
Temperature (°C)
Fig. 1. Resistivity-temperature curves of Sry4Pbg¢TiO3; ceramics

sintered at 1100 °C for 60, 75 and 90 min.
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Fig. 2. Resistivity-temperature curves of Srg4Pbg¢TiO; ceramics
sintered at 1100 °C for 1 h.
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PTC behaviors (T>T,), their resistivities jump more
than 4.5 orders of magnitude in the PTC effect regions.
The sample’s prt (undoped glass) is 2.2x 10°Q-cm and
its resisitity variability log(orT/omin) in the NTC effect
region is near 1.0 order of magnitude. Furthermore, the
ort and NTC effects (T'< T.) are changed with doping
different impurities. The sample’s prt and log(orT/Pmin)
at doping 2 mol% PbO reduce to 4.78x 10°Q-cm and
0.45 order of magnitude respectively. On the contrary,
the sample’s prt and 1og(orT/Pmin) at doping 8 mol%
Si(OC,H5),4 increase to 1.57x10%*Q-cm and 1.38 order of
magnitude respectively.

The XRD patterns of sintered samples corresponding
to those in Fig. 2 are shown in Fig. 3. It can be seen that
the samples have typical tetragonal crystal structure,
and the ratio c¢/a can be calculated by (002) and (200)
diffraction peaks, its value is about 1.015. The obvious
diffraction peaks corresponding to PbO-SiO, phase
(marked *) only appeared in the sample with doping 8
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Fig. 3. XRD patterns of Sry4Pbg ¢TiO5 ceramics sintered at 1100 °C
for 1 h.
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Fig. 4. TEM micrograph of Srg4Pbg¢TiO3+0.8 mol% Y3" ceramic
sintered at 1100 °C for 1 h.

mol% Si(OC,Hs),. The results indicate that a small
amount of Pb>" ions separated out from Sry 4Pbg ¢TiO;
lattices and dissolved into the glass phase during sinter-
ing.

A “‘core-shell” microstructure model in SiO,-doped
(Sr,Pb)TiO5 ceramics has been reported using microwave
sintering (MS) or rapid thermal sintering (RTS) proces-
sing.”8 According to the results of EDAX, it was sug-
gested that (Sr,Pb)TiO; ceramics contains grains of “‘core-
shell” microstructure, the Pb-deficient core is packed by
the Pb-enriched perovskite (Sr,Pb)TiO5 and the electrical
behavior of the core is completely shielded. The thickness
of the shell varies with the temperature below the Curie
temperature, which results in a strong NTC effect. In
our experiments, Figs. 1 and 2 show that Y-doped
Sro 4Pby ¢TiO5 ceramics without SiO, additives also
exhibit strong V-shaped PTC behaviors. 2 mol% PbO
additives decrease the ceramic prt and log(orT/Omin)
and 8 mol% Si(OC,Hs), additives increase the ceramic
prT and 10g(prT/Pmin)- Furthermore, the XRD analyses
in Fig. 3 show that SiO, additives result in the Pb>*
immigration. Therefore, it is assumed that the variation
of Pb?* concentration in Sry 4Pbg ¢TiO5 ceramics forms
some acceptor defects on the grain boundary, which is
primary factor to cause the NTC behaviors below 7.

Fig. 4 gives the TEM micrography of Srg4Pbge
TiO;+ 0.8 mol% Y ceramic sintered at 1100 °C for 1 h.
It shows, from Fig. 4, that the grains have obvious
electrical domains and that most domains have a paral-
lel or vertical distribution with each other. This domain
distribution is beneficial to releasing thermal stress dur-
ing phase transformation. At the same time, this
domain structure indicates the grains are composed of
ferroelectric phase.

SEM and EDAX were also employed to investigate
the microstructure and compositional distributions of
samples. The morphology of sintered surface and frac-
ture are shown in Fig. 5(a) and (b) respectively. It can
be seen from Fig. 5(a) that the sizes of most grains on
the ceramic surface are in the range of 2—-5 um. Fig. 5(b)
shows that the ceramic ruptures partly through the
grains, others rupture along the grain boundaries. The
samples’ compositional distributions in the grains and
grain boundaries were respectively measured using
EDAX and the results are shown in Fig. 5(c) and (d). By
comparison, it can be seen that the intensive ratio of
Sri,/ Pbr, in Fig. 5(d) is slightly larger than that in
Fig. 5(c). After simulate calculation, the content ratio of
Sr/Pb in the grains is 1.20:1.00 and that at the grain
boundaries is 1.34:1.00. It confirms that the Pb con-
centration at the grain boundaries is slightly lower than
that in the grains. The grain boundaries of samples are
composed of Pb-deficient perovskite. This micro-
structure accords with the proposed model in literature.'#

As a donor, trivalent Y?* ions (rg2r =0.89 A) pre-
ferentially substitute Sr>* (rgpr =1.16 A) or Pb?™



1174 Z. Jingchang et al. | Journal of the European Ceramic Society 22 (2002) 1171-1175

Counts Counts
5000 5000 5
3 r E d
4000 Pb (© 4000 FJ (d)
4 u E .I_I
30001 T 3000- ‘ l
20004 | “ | ( 20004 |o !‘ l
L | ‘l‘ L L ‘EiH’b ‘ Pb
g M Pb  ppg, El i i Pbgr
dee L e By I S L
) 5 10 15 0 5 10 15
Energy (keV) Energy (keV)

Fig. 5. SEM micrographs of Sry4Pb¢TiO3+0.8 mol% Y3* ceramic sintered at 1100 °C for 1 h: (a) surface, (b) fracture and the EDS spectra: (c)

grains, (d) grain boundaries.

(rppe+ =1.18 A) in Sry 4Pb ¢ TiO5 lattices to form defects
Yg, orYy, .° However th,e phase diagrams show that the
melting temperature of PbTiO3; (mp~1285 °C) is much
lower than that of SrTiO; (mp~2040 °C) and PbO loss
by volatilization is difficult to be avoided during calci-
nation.® Therefore, it is assumed that Pb?>" ijons in
Srg 4Pbg ¢TiO3 lattices should mainly be substituted by
Y3" ions. The redundant charges can be compensated
for by two ways: (i) Ti*" ions are reduced as Ti*" ions.
(i) form cationic vacancies, e.g. Vp,. Both defect reac-
tions can be described as follow:

Sro4PboTiO3 + xYO3,2 — (Sro4Pbos—xYy)

!
(Ti* Ti3*)05 + xPbO + 202 4 O

Sr4PbgTiO3 + XYO3/2 — Sr0.4Pb0.6—%xTiol—%x

. 3 x. o, 3 2
+ xYPb + EXPbO + EVPb + EXOO

According to above formulae, PbO loss will cause (i)
a move to the right, which is beneficial to improving the
semiconduction of Sry4Pbg¢TiO; materials by produ-
cing more Ti*" ions. However, overmuch PbO loss also
causes (ii) a move to the right and formation of large Pb
vacancies to compensate the defects Yp,. The defect
complex (Vp,*2Yp, )'declines the effect of donor Y3+
ions. Therefore, a suitable amount of PbO additives will
compensate the PbO loss in Sry 4Pbg ¢TiO5 lattices dur-
ing calcination and benefit to decrease the resistivity of

(Sr,Pb)TiO5; materials at room temperature. It well
explains the samples’ resistivity-temperature behaviors
in Figs. 1 and 2.

Y-doped Sry4Pbg ¢TiO3 V-shaped PTCR is a kind of
n-type perovskite ceramics, whose electrical conduction
significantly depends on the leap of electrons among the
Ti** ions under an electric field. The conduction of
Srg 4Pbg ¢TiO5 ceramics in the NTC effect region should
be controlled by the charge carriers of perovskite
(Sr,Pb)TiO; structure similar to that in the PTC region.
However cationic vacancies, especially Pb>* vacancies
Ve, Will be disadvantageous to forming Ti** ions in
(Sr,Pb)TiO; polycrystalline because the donor defects
Y}, have been compensated.® With Vp,, concentration
increasing, the defect complexes (V'l;b~Y;,b) in
(Sr,Pb)TiO; ceramics increase and result in highpgt. Of
course, the constraint to forbid partial Ti** ions parti-
cipating in electrical conduction will be impaired with
the elevating temperature. So the samples’ resistivities
decrease sharply below T, (NTC effects).

4. Conclusions

A kind of V-shaped PTCR based on Srg4PbgTiO3
materials was fabricated by conventional sintering
methods. The influence of some glass on the properties
of Sry 4Pbg ¢TiO3 materials was investigated, SiO, addi-
tives cause Pb?" segregation and form a PbO-SiO,
phase, which is beneficial to increasing room-temperature
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resistivities of Sry4Pbg¢TiO3 ceramics and enhancing
their NTC effects below T.. On the contrary, doping a
small amount of PbO decreases the sample’s prt and
NTC effects. The compositional distributions of sam-
ples without doping glass were measured using EDAX,
the results confirm that Pb/Sr ratio on the grain
boundaries is slightly smaller than that in the grains.
Therefore it is assumed that the electrical properties of
Srg.4Pbg ¢TiO5 ceramics should be significantly affected
by Pb2* immigration and the strong NTC effect of
(Sr,Pb)TiO5 ceramics below T, might be closely related
to the Pb?>™ vacancies at the grain boundaries.
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