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A bstvfzct 

(Sr,.,BaO.J TiO, materials have been effectively 
denstfied by microwave sintering process. The grain 
size (- 6 km) and PTCR characteristics (T, = 

5ooc~ Pmax/Pmin = 102) of the as-sintered samples 
vary insignificantly with sintering temperature 
(IlOO-1180°C) and soaking time (1040 min). 
However, lowering the cooling rate after sintering 
substantially increases the resistivity jump 
(p,a.J~,i,,) from IO2 to 105”‘, without altering the 
microstructure. Subsequent annealing, on the other 
hand, substantially modifies the microstructure and 
PTCR characteristics. The resistivity jump 
increases monotonously with heat treatment temper- 
ature (T,,) and reaches (p,,Jp,in) = IO7 for sam- 
ples heat-treated at 1300°C for 2 h. The grain size 
remains nearly unchanged for T,, I 1200°C and 
grows markedly for samples heat-treated at a 
higher temperature. The effective trap level is esti- 
mated to be E, = 1.46 eV. The activation energy for 
the densification rate is Qus = 8.2 kcal/mol for 
microwave sintering and Q, = 62.5 kcabmol for 
convent&ma1 sintering process. 

ture higher than the Curie temperature (T,). The 
spontaneous polarization which occurs in the fer- 
roelectric state, when T < T,, results in compensa- 
tion of surface statessp6 and lowers the resistivity 
of the materials. Therefore, the concentration of 
effective surface states, N,, is one of the dominat- 
ing factors which determine the resistivity jump of 
the materials. The PTCR characteristics of these 
materials are, thereby, tremendously influenced by 
the processing parameters which modify the sur- 
face states of the materials.7-‘5 

1 Intr*ction 

Since their discovery in 1955, semiconducting 
BaTiO, materials, which possess positive tempera- 
ture coe&ient of resistivity (PTCR) characteristics, 
have found extensive application as thermistors, 
safety circuits, degaussers, and other devices.‘y2 
The models of Heywang and Jonker3-5 are the 
most popular conduction models used to account 
for the PTCR behavior of these materials. 
According to these models, the Schottky barrier 
induced by the surface states existing at grain 
boundary regions leads to high resistivity of the 
materials in the paraelectric phase at a tempera- 

The preparation of these materials by conven- 
tional sintering process normally requires a very 
high sintering temperature (>135O”C), even when 
liquid phase sintering aids are applied16. The 
microwave sintering process, on the other hand, 
has been observed to densify the ceramic materials 
at a very rapid rate and at a substantially lower 
temperature.‘7-2’ This technique is, therefore, 
adopted in this study in an attempt to rapidly sin- 
ter the donor-doped (Sr,.,Ba,,.,)TiO, materials. The 
effect of processing parameters, such as sintering 
temperature, soaking time, cooling rate and the 
post-heat treatment schemes, on the microstruc- 
ture and PTCR properties of these materials is 
systematically examined. The correlation of the 
defect chemistry possibly occurred during process- 
ing with the electrical behavior of the samples will 
be discussed. 

2 Experimental Procedure 

The (Sr,,.,Ba,,.,)TiO, powders, which contained 
0.3 mol% Sb203 as semiconductive dopants and 
5 mol% AST (A1203:Si02:Ti0, = 4:9:3) as sinter- 
ing aids, were prepared by the conventional mixed 
oxide method. In which, the mixtures containing 
high purity oxides of proper proportion were ball- 
milled in a plastic jar, using plastic-coated iron 
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(b) 

Fig. 1. Microstructure of the (Sr0.2Ba0.8)Ti03 samples microwave sintered: (a) at 113&118O”C for 40 min and (b) at 1130°C for 
lo-40 min, cooled at 154Wmin. 
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balls, with deionized water, for 8 h. They were 
then calcined at 1000°C in air for 4 h, followed by 
pulverization in a ball-mill for 8 h to around 1 km 
size. The green compacts made of these powders 
were heated at 600°C for 1 h to remove the 
binders (PVA) and then microwave sintered at 
1 lOO--1180°C for lo-40 min in an applicator 
made of WR284 waveguide. The 2.45 GHz 
microwave generated from commercial source 
(Gerling GL107 magnetron) was used to heat up 
the samples. The temperature protie was then 
meas& using Pt-13%Rh thermocouple, placed 
near the sample surface. The heating rate was 
controlled at SO”C/min and the cooling rate was 
varied (4”C/min, 9”C/min, or 154”CYmin). In the 
annealing experiments, the materials microwave 
sintered at 1130°C for 40 min (cooled at 
154”CYmin) were heat-treated at either 1000, 1130, 
1200, 1250, or 1300°C for 2 h in an electrical fur- 
nace. The heating and cooling rate in the anneal- 
ing process were all controlled at S”C/min. To 
facilitate the comparison of the microwave 
sintering process with the conventional sintering 
process, the green compacts of the same materials 
were sintered in a resistive heating furnace by a 
two-step process. The samples were preheated at 
1200°C for 2 h, followed by rapidly heating to 
1225, 1250, 1275 or 1300°C and then sintered at 
that temperature for 2 h. The preheating and cool- 
ing rate were controlled at S”C/min. 

The density of the samples is measured by 
Archimedes’ method and the densification rate is 
calculated by dividing the change in density value 
by the time interval at temperature. The crystal 
structure and microstructure of the sintered samples 
were examined using Rigaku D/max-IIB X-ray 
diffractometer and Joel JSM-840A scanning elec- 
tron microscope (SEM), respectively. The average 
grain size of the samples is estimated from the 
SEM micrographs by linear interception method. 
The resistivity-temperature (~7’) properties of 
these samples were measured using H.P. 3457A 
multimeter after the In-Ga alloy was rubbed onto 
the sample surface to serve as electrodes. 

3 Results 

The beneficial effect of microwave sintering tech- 
nique on enhancing densification process of the 
(Sr,.,Ba,.,)TiO, material is enormous, as illustrated 
by the fact that the samples microwave-sintered at 
1180°C for 20 min already reach the same density 
(- 95% T.D.) as those sintered by the furnace- 
heating process at 1300°C for 2 h. In other words, 
the diffusivity of the cations and anions in these 
materials is substantially enhanced in the microwave 

sintering process. The microstructure of the sam- 
ples varies insignificantly with the sintering tem- 
perature and soaking time. The grain size of the 
samples increases slightly with sintering temperature, 
from around 6 pm for 1130”Csintered samples to 
around 9 pm for 1180”Csintered samples (Fig. 1 (a)) 
and the grain size is around 6pm for all samples 
microwave sintered at 1130°C for 10-40 min 
(Fig. 1 (b)). 

To facilitate the comparison, the microstruc- 
tures of the (Sr,.,Ba&TiO, materials sintered by 
conventional method in two-step process are 
shown in Figs 2(a)-(c). These figures indicate that 
the growth of the grains can be triggered only 
when the sintering temperature is higher than 
1275°C which is slightly higher than the eutectic 
point reportedI for (SrO.,Ba,&TiO, and AST system. 
Compared to the microstructure of the samples 
directly sintered at 1300°C for 2 h shown in Fig. 
2(d), the uniformity of the grain size distribution 
has been substantially improved by a two-step sin- 
tering process, and that of the microwave sintered 
samples is even better (c.f. Fig.1). The temperature 
range suitable for the microwave sintering process 
is, however, very narrow. The materials are hardly 
sintered when the sintering temperature is main- 
tained at 1100°C or lower. The sintering process is 
rather unstable and the thermal runaway phe- 
nomenon frequently occurs when the sintering 
temperature is increased to 1190°C or higher. The 
crystal structure of the calcined powders and the 
as-microwave sintered (Sr,,.,Ba,.g)TiO, samples are 
shown in Figs 3(a) and (b), respectively. The (002) 
and (200) diffraction peaks are only barely split, 
indicating that the c/a ratio of the materials is 
very small. The tetragonality, (i.e. c/a ratio) of the 
samples does not vary with the temperature and 
soaking time in the microwave sintering process. It 
is also not significantly different from that of the 
conventionally-sintered samples (c.f. Fig. 3(d)). 

To further elucidate how the microwave sinter- 
ing process enhances the sintering behavior of the 
(Sr, Ba)TiO, materials, the activation energy (Q) 
for the densification process is evaluated from the 
densification rate of the samples. For this purpose, 
a simplified densification theory23 was adopted, 
that is, 

dg/dt = JAN0 = (96Ty0/kTG3).D,exp(-Q/kT) 
= (WT) D,exp(-QlkT) 

where J is the diffusive flux, A is the area over 
which diffusion acts, N is number density of pores 
and fl is the atomic volume. Moreover, y is surface 
energy, G is grain size and K is a geometric 
factor, D,, is the pre-exponential term of diffusivity, 
k and T are the Boltzmann constant and temp- 
erature, respectively, and dg/dt is the densification 
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Fig. 2. The microstructure of (Sr,.zBa,.,)TiOj samples sintered by conventional method in two-step process: (a) 12OO”C-2 h; 
(b) 1275”C-2 h after 12OO”C-2 h; (c) 13OO”C-2 h after 12OO”C-2 h and (d) that directly sintered at 13OO”C-2 h. 

rate of the samples. The activation energy (Q) 
for densification can be estimated from the Arrhe- 
nius plot of the densification rate. Figure 4, in 
which the density of the microwave-sintered and 
furnace-sintered samples are listed as the inset, 
shows that the activation energy for densification 
in microwave sintering process (QMs = 8.2 kcal/mol) 
is significantly smaller than that of the conven- 
tional sintering process (Q. = 62.5 kcal/mol). The 
deviation of the data corresponding to the samples 
furnace-sintered at 1275 or 1300°C (open trian- 

from the Arrhenius plot is .presumably 
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Fig. 3. The X-ray diffraction patterns of (Sr0.2Ba&Ti03 sam- Fig. 4. The Arrhenius plots for densification rate of the 
ples: (a) as calcined powders; (b) as microwave sintered samples sintered by the microwave sintering process (MS) 
(at 1180°C for 40 min); (c) 12OO”C-2 h annealed (after and the conventional sintering process (CS). The inset shows 
microwave sintering) and (d) the 13OO”C-2 h conventionally the density of these samples. (T: sintering temperature in 

sintered samples. “C; g: density in % of theoretical density). 

caused by the change in the densification mecha- 
nism, since the liquid phase is expected to occur 
for these samples at these temperatures. The sam- 
ples are densified by solid state diffusion mecha- 
nism when sintering temperature is lower. 

The above mentioned results indicate that the 
microwave sintering process can densify the 
(Sr,.,Ba,+JTiO, materials at a substantially lower 
temperature than the conventional sintering process. 
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The additional benefit of utilizing the microwave 
sintering technique is the capability of initiating 
the densification process without triggering the 
grain boundary migration. Consequently, the 
materials are dens&d without grain growth, leading 
to a microstructure with a fine and very uniform 
grain size distribution. The microwave sintering 
process is, therefore, substantially advantageous 
over the conventional sintering process in the 
preparation of the (Sr0.2Ba,&Ti03 PTCR materials. 

The resistivity-temperature properties of the 
samples vary moderately with the sintering tem- 
perature and soaking time. The minimum (pmin) 
and maximum (p,,) resistivity of the samples alter 
only slightly with the sintering conditions. The 
resistivity ratio (a = p,,,lp& slightly increases 
with sintering temperature but varies insignifi- 
cantly with soaking time (Fig. 5, curve 3). The 
positive temperature coefficient of resistivity 
(PTCR) of these samples, which is defined as 

P = ((low, + a+w& r> 

is around p = 0.01 Osm/“C for T, = 50°C and 
AT = lOO”C, and the resistivity ratio is around 
(Y = 10”75. The Curie temperature of these samples 
is roughly the same (T, = 50°C). 

According to the Heywang and Jonkee’ models, 
the PTCR behavior of these materials primarily 
arises from the Schottky barrier formed at grain 
boundary regions. Besides the common practices 
to modify the potential barrier by artificially dop- 
ing some modifiers, (e.g. Mn),9-‘0 the cooling rate 
after sintering has been observed to effectively 
modify the defect chemistry near the grain bound- 
ary regions by the oxidation-reduction process so 
as to increase the PTCR behavior of BaTiO,” and 
(Sr, Ba)Ti0,12 samples. The same approach is 
thereby adopted here to improve the PTCR prop- 
erties of the microwave sintered samples. Figure 5 
shows that reducing the cooling rate does lead to 
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Fig. 5. The resistivity-temperature properties of the 
(Sr,.,Ba&TiO, samples as microwave sintered at 1130°C (40 

min) and cooled at different rate (4-154Wmin). 

a tremendous change in resistivity-temperature 
characteristics. It does not cause any significant 
modification on the microstructure of the samples. 
As the cooling rate decreases, the maximum resis- 
tivity (p,,) increases markedly while the minimum 
resistivity (Max) remains unchanged, such that the 
resistivity jump ((Y = P&P& increases substan- 
tially from (Y = 1O1’75 (p = 0.01 0cmK) for 
154”C/min-cooled samples to (Y = 1@85 (p = 0.04 
L+cm/“C) for 4”C/min-cooled samples. The tem- 
perature of maximum resistivity (T,,,) shifts 
slightly towards a lower temperature as the cooling 
rate after sintering is reduced. Similar behavior 
has also been observed in the BaTiO, and 
(Sro.,Bao.s)Ti03 materials sintered by conventional 
process’ lpi2 and was accounted for by the model 
that the grain boundary regions are richer in cationic 
vacancies, due to the compensation of the oxygen 
vacancies by the inward diffused oxygen ions during 
the cooling period. These atomic vacancies act as 
effective electron traps and increase the Schottky 
barrier height of the materials. This model is 
adopted to quantitatively estimate the effective trap 
level induced in Fig. 5 and will be discussed later. 

The residue stress induced by the isostatic pres- 
sure is another factor which has been reported to 
markedly influence the dielectric constant and, 
hence, the Schottky barrier height of the (Sr, 
Ba)Ti0324 materials. The 1130°C (40 min) sintered 
(154”CYmin cooled) samples were thus heat-treated 
at lOOO--1200°C for 2 h and then slowly cooled 
(S”C/min) to examine the influences of residual 
stress possibly induced by a rapid cooling process 
on the characteristics of these materials. Figures 
6(a-c) show that the microstructure of these sam- 
ples has not been modified. The contrasting 
increase of the grain boundaries in the micrograph 
of 12OO”Cannealed samples (Fig. 6(c)) is due to 
the thermal etching effect on the polished samples. 
On the other hand, Fig. 7(a) indicates that the 
maximum resistivity (p,,,) of the samples was 
increased and the T,,,-value was also shifted 
towards a lower temperature for the samples heat- 
treated. The higher the heat treatment temperature 
the larger the modification is. 

The other phenomenon of interest is the 
influence of grain size on the PTCR properties of 
the materials. Figures 6(c-e) illustrate that the 
grains start to grow when the heat treating temper- 
ature (T,,J is higher than 1250°C. The variation of 
grain size with T,,, is plotted in the inset of Fig. 7. 
The X-ray diffraction patterns shown in Fig. 3(c) 
infer that the tetragonality of the materials remains 
the same. The p-T curves in Fig. 7(b) show that the 

Pmax value abruptly increases and the resistivity 
ratio markedly jumps whenever the grain growth 
has occurred. Excellent PTCR behavior is obtained 



68 H.-Y. Chang, K.-S. Liu, I.-N. Lin 

Fig. 6. The microstructure of (Sr,.,Ba,,8)Ti0, samples microwave sintered at 1130°C for 40 min and heat treated at: (a) 1000°C; 
(b) 1130°C; (c) 1200°C; (d) 1250°C and (e) 1300°C for 2 h. 

for samples heat-treated at 1300°C for 2 h (a = 107, 
p = 0.053 Kkn/“C). Interestingly; the grain size of 
the 1300°C (2 h) heat-treated samples (microwave- 
sintered) is the same as that of the samples sintered 
by a conventional method, (two-step process) at 
1300°C for 2 h (c.f Figs 2(c) and 6(e)). The tetrago- 
nality of the two samples are almost the same 
(c.f. Figs 3(c) and (d)). However, the p-T character- 
istics of the microwave-sintered samples (after heat 
treatment), which is shown as a dash-dotted curve 
in Fig. 7(b), are significantly superior to that of the 
conventionally sintered samples (dotted curve, 
Fig. 7(b)). This phenomenon reveals the importance 
of having a uniform grain size distribution on the 
electrical properties of the PTCR materials. 

4 Discussion 

The annealing process after microwave sintering 
was observed to modify the PTCR behavior of the 
(Sr,.,Ba,.,)TiO, material in a very similar way with 
the cooling rate did, viz., the T,,,-value lowered 

as the pmax increased (c.f. Figs. 5 and 7). The 
increase in resistivity, accompanied by the 
decrease in T,,,-value, due to slow cooling rate 
has been ascribed to the increase in the concentra- 
tion of the effective electron traps, i.e. cationic 
vacancies.11,12 The same mechanism is adopted to 
account for the effect of heat treatment on the 
pT behavior shown in Fig. 7. In other words, the 
cationic vacancies, which act as effective electron 
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Fig. 7. The resistivity-temperature (~7) properties of 
(Sr,.,Ba,,.s)TiO, samples microwave sintered at 1130°C and 
then heat treated (a) at lOOO_1200°C for 2 h, including that 
of the as-sintered samples (dotted curve) and (b) at 
12%1300°C for 2 h, including that of the samples sintered 
by conventional process at 1300°C for 2 h (dotted curve). The 

inset shows the grain size of the annealed samples. 

traps, are larger in concentration when heat- 
treated at higher temperature. This occurs proba- 
bly due to the fact that the equilibrium 
concentration of cationic and anionic vacancy 
pairs generated at higher temperature is larger so 
that the residue concentration of the cationic 
vacancies, after re-oxidation due to inward diffusion 
of oxygen during cooling process, is significantly 
higher. 

Since the samples shown in Figs 5 and 7 are of 
similar microstructure and the cooling rate during 
microwave sintering or post-annealing process 
only modifies the concentration of effective elec- 
tron traps, i.e. cationic vacancies, the energy level 
of these effective traps can be evaluated from the 

log(pmaxlPmin)-T,,,~’ plot.” The (PmaxlPmin) and 7’,,, 
values estimated from p-T curves in Figs 5 and 7 
are plotted in Fig. 8, showing that the energy levels 
of the effective traps (E,) induced by cooling rate 
process (open circles) is very close to that by the 
annealing process (solid circles). That is, Es = 1.36 
eV + Ef. This phenomenon confirms again, that 
the effective electron traps induced in the two pro- 
cesses are of the same nature. The Fermi level (I$) 
of the (SrO.zBaO.,)TiO, semiconducting oxide is 
usually close to the donor level (Ed = 0.1 eV)25 in 

Es=lAb eV 

Fig. 8. The log@ lp )-Z’,&’ max. InI” plot of the resistivity- 
temperature curves for estimating the effective trap level; 
open symbols and closed symbols correspond to the PT 

curves in Figs 5 and 7, respectively. 

the donor-doped materials. The effective trap level 
is, therefore, concluded to be Es = 1.46 eV. 

5 Conclusions 

The microwave sintering process has been 
observed in this study to effectively densify the 
(Sr,.,Ba,.,)TiO, materials at substantially lower 
temperature than the conventional sintering pro- 
cess does. However, the sintering temperature 
should be controlled in a very narrow range 
(1130-l 180°C). Neither the sintering temperature 
nor the soaking time in the microwave sintering 
process shows significant influence on the PTCR 
behavior and the microstructure of the as-microwave 
sintered samples. Contrarily, the cooling rate at the 
end of sintering cycle or the post-heat treatment 
after sintering exhibits a tremendous effect on 
increasing the PTCR properties of the samples. 
The resistivity jump (PmaxlPmin) reaches 10’ for 
samples heat-treated at 1300°C for 2 h. The effec- 
tive trap level is estimated to be around Es = 1.46 
eV and is assumed to have been resulted from the 
excess cationic vacancies residing in the regions 
near grain boundaries. The activation energy for 
the densification in the microwave sintering pro- 
cess is estimated to be QMs = 8.2 kcal/mol, which 
is significantly smaller than that of the conven- 
tional sintering process (Q,, = 62.5 kcal/mol). 
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