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Undoped and Nb-doped SrTi03 specimens with excess titania compositions were prepared by 
sintering in air at 1420 or 1480 ~ Large grains due to liquid-phase sintering were obtained for 
undoped specimens containing >~ 0.6 mol% excess titania and fired at 1480~ On the other 
hand uniform fine grains were observed for samples fired at 1420 ~ resulting from grain-growth 
inhibition due to exsolved Ti02 second phase. The solubility of excess titania seemed less than 
0.2 mol % under our experimental conditions. The microstructural behaviour of Nb-doped SrTi03 
could be explained well by the Sr-vacancy compensation model. According to this model, the 
solubility of excess titania in SrTi03 increased with Nb205 dopant concentration. Thus, for 
specimens which had high excess titania compositions and were sintered at 1480 ~ large grains 
were observed when the Nb content was low enough to retain sufficient excess titania-forming 
liquid phase. For specimens having the same compositions and fired at 1420 ~ uniform fine 
grains were obtained due to grain growth inhibition by the exsolved Ti02 second phase, when the 
Nb content was low. If the excess titania was less than the solubility determined by the amount of 
Nb dopant, Ruddlesden-Popper-type phases were believed to be formed and resulted in poor 
densification. Although excess titania was the major factor in determining the grain size of the 
specimens, the niobium dopant enhanced grain growth. 

1. Introduction 
Strontium titanate (SrTiOs) is one of the perovskite- 
structure materials which have been widely used in the 
electronic ceramic industry. Specifically, SrTiO3 is 
used for internal boundary layer (IBL) capacitors be- 
cause of its high dielectric constant and excellent stab- 
ility with temperature and applied voltage [1-3]. Its 
application has been expanded to electrodes for the 
photoassisted electrolysis of water [4, 5] and the oxy- 
gen sensors [6]. 

As expected from the crystal structure and the ele- 
ments comprising the material, SrTiO3 exhibits char- 
acteristics similar to BaTiO3. Studies have shown the 
defect chemistry of undoped or doped SrTiO3 to be 
nearly identical to that of BaTiO3 [7-10]. Like Ba- 
TiO3 ceramics, donor-type dopants are often added in 
order to obtain useful electrical properties. Although 
the defect structures and incorporation of donor ele- 
ments in SrTiO3 are expected to be very similar to 
those of donor-doped BaTiOs, the electrical proper- 
ties at room temperature are quite different. It is well 
known that donor-doped BaTiO3 sintered in air ex- 
hibits a conductivity anomaly and a grain-size anom- 
aly with respect to donor concentration [11-13]. 
However, this behaviour has not been reported for 
donor-doped SrTiOs. 

The microstructure of BaTiO3 ceramics has been 
extensively studied [14-17], whereas only a few stud- 
ies may be found for SrTiO3 [8, 18-20]. The micro- 
structures of SrTiOs-based IBL capacitors, which 
consist of donor-doped semiconducting grains and 
mixed-oxide insulating grain boundary phases, have 
been investigated. The investigations focused prim- 
arily on the grain boundary phases [2, 21]. Since SiO2 
and A1203 or GeOa are usually added to control the 
microstructure of the SrTiO3 conductive grains, 
the effect of donor dopants, such as niobium, on the 
microstructure of S r T i O 3  ceramics is hard to identify 
in these IBL capacitors. 

In the present study, the microstructure of undoped 
and Nb-doped SrTiO3 sintered in air was investigated 
as a function of excess titania and/or niobium dopant 
concentration. Since defect structure, type of defects 
and defect concentration play an important role in 
SrTiO3, the microstructural behaviour was inter- 
preted in terms of defect chemistry. 

2. Experimental procedure 
Strontium titanate powder was prepared using the 
Pechini process 1-22]. First, a Ti-organic solution 
batch was prepared and the appropriate amount of 
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reagent-grade SrCO3 (Baker Chemical, Philipsburg, 
New Jersey), powder was dissolved into a small 
amount of this solution to produce the desired com- 
positions. To obtain Nb-doped SrTiO3, quantitative 
addition of a niobium oxalate solution (Cabot Corp., 
Boyertown, Pennsylvania) was made to the solution. 
After the solution cleared, heat was applied to form 
a resin which was then calcined at 900 ~ for 3 h in 
flowing air to form SrTiO3. Since the calcined product 
was not a fine powder but rather coarse, brittle ag- 
glomerates, the agglomerates were ground using an 
agate mortar and pestle. The ground powder was 
humidified to improve pressability. No binders were 
used. Details of the powder preparation are given 
elsewhere [23]. 

Disc-shape green pellets were dry-pressed at 
140 MPa using a carbon steel die set. The samples 
were 1.27cm in diameter and 1.5-2.0mm thick. 
Pressed pellets were placed on an alumina setter 
covered with a platinum sheet and sintered in a fur- 
nace under the ambient atmosphere. Two different 
sintering conditions, 1420 ~ for 8 h and 1480 ~ for 
4 h, were employed at a heating rate of 1.7 ~ min- 1 
and a fast cooling rate. 

The compositions used in this study were 
SrTiO3 + yTiO2 (0.000 ~< y ~< 0.014) for undoped 
SrTiO3, and Sr/(Ti + Nb)=  0.996 and 0.986 with 
0.1-1.5 mol % Nb205 for donor-doped SrTiO3. The 
composition of stoichiometric undoped SrTiO3 was 
repeatedly determined using wet chemical analysis. 
Semi-quantitative spectrographic analysis of the cal- 
cined powder showed that major impurities were Si 
and Ca. Since SiO 2 affects microstructure signifi- 
cantly, the content was further examined using induc- 
tion-coupled plasma atomic absorption spectroscopy 
(ICP-AAS). The amount of SiO2 present in the final 
powder was ~< 0.02 wt %. The Nb dopant concentra- 
tion was also determined using ICP-AAS, and agreed 
very well with the amount added. The results of ICP- 
AAS analysis were obtained from a commercial ana- 
lytical laboratory (Corning Engineering Laboratory 
Services, Corning, New York). 

For microstructure analysis, sintered specimens 
were cut using a low-speed diamond saw and polished 
to 0.3 ~tm alumina finish. The polished surface was 
etched with a mixture of HNO3 and HF solution, and 
examined using a scanning electron microscope 
(Autoscan from Etec Corp., Hayward, California) 
equipped with an energy-dispersive spectrometer 
(Princeton Gamma-Tech, Princeton, New Jersey). 
Average grain size was determined by measuring the 
mean linear intercept of the grains as described by 
Underwood [24] and Mendelson [25]. Several 
specimens were prepared for transmission electron 
microscopy (2000FX from Jeol, Tokyo) and energy- 
dispersive spectroscopy (EDS) analysis by polishing 
and subsequent ion-milling. The bulk density of the 
sintered specimen was measured according to the 
ASTM standard [26]. 

The phase identification of the calcined powder and 
lattice parameter measurements for the sintered sam- 
ples were carried out using X-ray diffractometers 
(Norelco from Philips Electronic Inst., Mount Ver- 
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Figure ] Effect of excess titania on the average grain size of 
undoped SrTiO a specimens sintered at different temperatures in air: 
(D) 1480 ~ for 4 h, (Hi) 1420 ~ for 8 h. The specimens containing 
0.2 and 0.4 mol % excess titania and fired at 1420 ~ have small 
grains ( ~ 5 #m) which were not counted in the average grain size 
measurement. 

non, NY; Kristalloflex 810 from Siemens, Germany). 
For the lattice parameter measurements, sintered pel- 
lets were ground using an agate mortar and pestle, 
and mixed with silicon powder as an internal stan- 
dard. X-ray diffraction patterns were collected at 
10~ 20 ~< 90 ~ using CuK~ radiation, and analysed 
using the National Institute of Standard and Techno- 
logy's least-squares fitting program. 

3. Resul t s  and d i s c u s s i o n  
First the microstructures of undoped samples were 
examined. Fig. 1 shows the average grain size of the 
sintered specimens as a function of excess titania con- 
tent. The samples containing 0.2 and 0.4 mol % excess 
titania and sintered below the eutectic temperature at 
1420 ~ consisted of 30-40% fine grains (4-5 I.tm), and 
the average grain size shown in Fig. 1 does not reflect 
these grains due to difficulty in measurement. The 
effect of excess titania becomes very clear when its 
content reaches 0.6 mol %. HoweVer, the effect was 
developed in two different ways depending on the 
sintering temperature. The samples sintered at 
1420~ showed grain-growth inhibition, and those 
sintered at 1480 ~ (above the eutectic temperature) 
showed grain-growth enhancement. 

Typical microstructures of the sintered samples are 
shown in Fig. 2. The samples in Fig. 2 contained 
excess titania. An exsolved second phase (generally 
brighter than SrTiO3 grains) is observed in all 
samples. The second phase was mainly found in triple 
grain junctions, but those found in the fine-grain 
samples were usually particle-like and large in num- 
ber, whereas in the large-grain samples they were large 
in size but small in number. 

The microstructure of these samples can be easily 
understood on the basis of their eutectic temperature. 
Since the eutectic temperature in the binary 
SrTiO3-TiO2 system is 1440 ~ [27], a liquid phase 
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Figure 2 Scanning electron micrographs of undoped SrTiOa specimens sintered in air: (a) Sr/Ti = 0.986, 1480~ for 4h; 
(b) Sr/Ti = 0.986, 1420 ~ for 8 h; (c) Sr/Ti = 0.996, 1480 ~ for 4 h; (d) Sr/Ti = 0.996, 1420 ~ for 8 h. 

formed in all samples sintered at 1480 ~ which sur- 
rounded the grains and enhanced the grain growth 
when the amount of liquid phase was sufficient (high 
excess titania), whereas the samples sintered at 
1420~ had a discrete solid second phase formed 
during sintering. The amount of the second phase was 
determined by the solubility of excess titania in the 
SrTiOa lattice, and when the amount of second phase 
in the grain boundaries was large, grain-growth inhi- 
bition occurred. 

EDS analysis of the second phase exhibited very 
strong titanium peaks and weak strontium peaks. This 
result agrees with the observation of Witek et al. [8] 
and the second phase is believed to be TiO2. Experi- 

4868 

mental proof of the composition of this phase will be 
discussed further for the case of Nb-doped samples, 
where EDS analysis was carried out in the TEM 
mode. Bulk densities of these samples were about 97% 
of theoretical density, and no significant differences 
were observed either with respect to the sintering 
temperature or excess titania content. The colours of 
the sintered specimens were all yellowish brown. 

The solubility of excess titania is important to both 
the defect chemistry and microstructure development 
of SrTiO3. Witek et  al. [8] suggested that the solubil- 
ity of excess titania in SrTiO3 is less than 0.5 tool %, 
whilst Eror and Balachandran [9] reported that no 
second phase was detected up to 2 mol % excess 
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Figure 3 Average grain size as a function of Nb concentration for 
samples having Sr/(Ti + Nb) = 0.996 and sintered at 1480 ~ 
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titania. The present results based on the micrographs 
of polished and etched surfaces show the solubility of 
excess titania to be less than 0.2 mol %. 

Microstructures of the sintered samples investig- 
ated in the present study can be classified into three 
groups, based on grain size: fine grains (3-5 pro), nor- 
mal grains (14-22 gm) and large grains (35-100 gin). 
For convenience, the microstructure will be described 
using these three expressions for the grain size. 

The microstructures of Nb-doped samples were 
also examined. The composition of samples having 
a fixed A-site to B-site ratio of 0.996 can be expressed 
as SrTit-xNbxO 3 + 0 . 0 0 4 T I O 2  (0 .002 ~< x ~< 0.020).  

Average grain sizes of the specimens sintered at 
1480 ~ are shown in Fig. 3. The large grain size of the 
specimens containing 0.4 at % Nb was an unexpected 
result. As was determined for the undoped samples 
containing excess titania, enhanced grain growth was 
observed for excess titania ~> 0.6 mol %. Since these 
doped samples contained only 0.4mo1% excess 
titania, enhanced grain growth due to excess titania 
was not expected. Indeed, the samples containing 0.2 
and 0.8 at % Nb show normal grain sizes; however, 
a large grain size was observed for 0.4 at % Nb and 
very fine grain sizes for ~> 1.2 at % Nb. Quantitative 
measurement of those very fine grains was not pos- 
sible, because the samples were very porous. The spe- 
cimens sintered at 1420 ~ exhibited a similar trend 
but some fine grains were present. The specimens 
containing 1.0 at % Nb and sintered at 1420 ~ had 
very fine grains and porous structures, whilst those 
sintered at 1480 ~ had small grains and dense struc- 
ture. All of the specimens containing >~ 1.2 at % Nb 
showed poor densification regardless of sintering tem- 
perature. This is shown in Fig. 4, which plots the 
densities of the samples as a function of Nb concentra- 
tion. These results will be interpreted later in conjunc- 
tion with the results of samples having A/B = 0.986. 

Assuming that all donor-dopants are incorporated 
into the lattice, the compositions of the second set of 
Nb-doped samples investigated can be expressed 
as SrTil_~NbxOa + 0.014TIO2 (0.002 ~< x ~< 0.030). 
Average grain sizes of the sintered specimens of this 
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Figure 4 Bulk density as a function of Nb concentration for samples 
having Sr/(Ti + Nb) = 0.996 and sintered in air: (D) 1480 ~ for 4 h, 
( l l )  1420~ for 8 h. 
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Figure 5 Average grain size as a function of Nb concentration 
for samples having Sr/(Ti + N b ) =  0.986 and sintered in air: 
([~) 1480 ~ for 4 h, (Hi) 1420~ for 8 h. 

composition are shown in Fig. 5. The samples contain- 
ing Nb up to 1.4 at % exhibited an enhanced grain 
growth when fired above the liquid phase formation 
temperature, and a grain-growth inhibition when sin- 
tered below the liquid phase formation temperature. 
The microstructurat evolution of these samples was 
similar to that of the undoped specimens which con- 
tained /> 0.6 mol % excess titania. However, the spe- 
cimens containing 2.2 at % Nb had normal grains. 

A batch of powder containing 1.6 at % Nb was 
prepared as Sr/(Ti + Nb) = 0.988, or 1.2 mol % excess 
titania, instead of 0.986. The average grain size of these 
specimens, sintered at 1480~ was 21.5 + 1.2 ~tm, 
whilst the specimens sintered at 1420 ~ consisted of 
large grains ( ~ 40 gm) and fine grains ( ~ 5 gin). The 
specimens containing 3.0 at % Nb were poorly sin- 
tered at both sintering temperatures. Typical micro- 
structures of the Nb-doped samples are shown in 
Fig. 6. The specimens were about 97% of theoretical 
density except the specimens containing 3.0 at % Nb, 
which were less than 85%. 
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Figure 6 Scanning electron micrographs of specimens containing various Nb concentrations (Sr/(Ti + Nb) = 0.986): (a) 1.2 at % Nb, sintered 
at 1480 ~ for 4 h; (b) 1.2 at % Nb, sintered at 1420 ~ for 8 h; (c) 2.2 at % Nb, sintered at 1480 ~ for 4 h; (d) 2.2 at % Nb, sintered at 1420 ~ 
for 8h. 

The porosity, especially intergranular pores found 
in large grains, can be understood from the character- 
istics of the starting powder. Fig. 7 shows a transmis- 
sion electron micrograph of the calcined powder. The 
particles are very fine (a few hundred nanometres) but 
form strong agglomerates. 

The microstructural behaviour of Nb-doped 
specimens was initially difficult to interpret. If all the 
niobium ions were incorporated in the lattice fol- 
lowing the electronic compensation mechanism, 
i.e. SrZ+Nb~ +w;3+m;4+ ~ 2 -  - , x  -,1-x,-,3 , all samples would have 
1.4 mol % excess titania. First, the samples sintered at 
1480~ were considered. Assuming sintering and 
grain growth to be governed by the amount of liquid 

4870 

phase present during sintering, the sintered micro- 
structures should be similar to those for the undoped 
samples sintered at the same temperature. Since the 
solubility of excess titania in SrTiO3 is very limited as 
determined f rom the microstructures of the undoped 
samples previously investigated and the phase dia- 
gram [27], the amount of liquid phase is determined 
by the amount of excess titania added. Grain growth 
should then be observed for these specimens, but this 
does not agree with the experimental result. 

Secondly, the samples sintered at 1420~ were 
considered. As was observed for undoped and TiO2- 
excess samples, grain-growth inhibition occurred 
when excess TiO2 content reached 0.6 mol %. Since 
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Figure 8 Lattice parameters determined by X-ray diffraction for 
samples having Sr/(Ti + N b ) =  0.986 and sintered at 1480~ 
for 4 h. 

Figure 7 TransmiSsion electron micrograph of the calcined powder 
which is stoichiometric undoped SrTiO3 dispersed in alcohol, 

the amount of excess TiO2 in these Nb-doped samples 
is greater than 0.6 mol %, grain-growth inhibition 
should prevail in all samples. However, this does not 
agree with the experimental result either. In order to 
understand the microstructural behaviour of Nb- 
doped samples, several situations were considered 
and examined, including (i) a solubility limit or 
segregation of Nb, (ii) sintering totally controlled by 
Nb, and (iii) solubility of excess titania increasing with 
Nb concentration. 

The solubility limit of Nb was investigated by lattice 
parameter measurements using X-ray diffraction. Fig. 
8 shows lattice parameters determined as a function of 
Nb concentration. The lattice parameter increased 
with Nb concentration up to 3.0 at %, suggesting that 
the solubility limit of Nb was not reached within the 
compositions studied. Also, incorporation of Nb in 
SrTiO3 up to 2.5 at % has been reported for air-fired 
samples [18]. 

Compositional variation was investigated using an 
analytical scanning transmission electron microscope. 
EDS analysis was performed on the grain boundary 
and several regions gradually further from the grain 
boundary as indicated in Fig. 9. The results indicated 
no compositional variation for either the Sr to Ti ratio 
or the Nb content, within the detection limit. EDS 
analysis for the second phases in the samples, sintered 
either at high temperature or low temperature, 
showed strong Ti peaks and traces of Sr and Nb, 
presumably from the matrix phase activated by the 
finite beam spread in the sample. Electron diffraction 
patterns of the second phase confirmed that these are 
crystalline phases. It is believed that the second phase 
is TiO2 as was reported by Witek et al. I-8] and 
Stenton and Harmer [20]. 

Figure 9 Transmission electron micrograph of a sample containing 
1.4 at % Nb and sintered at 1420 ~ 8 h (Sr/(Ti + Nb) = 0.986), 
Dark spots are where EDS analysis were carried out. A TiO2 second 
phase is observed in the upper right-hand side. 

The hypothesis that sintering is totally controlled 
by Nb dopant is not convincing. Although the grain 
size and densification of Nb-doped specimens were 
both affected by Nb concentration, the Nb concen- 
tration causing these affects was very different for 
samples having Sr/(Ti + N b ) =  0.996 and 0.986. It 
can therefore be concluded that Nb concentration is 
responsible for the microstructural behaviour, but 
only indirectly. 

The increase of solubility of excess titania in SrTiO3 
with Nb concentration was investigated carefully. 
Chanet al. [7] suggested that the solubility of excess 
titania may be enhanced by the tendency of the 
Nb205 content to reduce the Vo content. Considering 
only accommodation of excess titania and Nb/O5 in 
the lattice: 

TiO2 ~ TiTi + 20o + V~r + Vo 

1 
Nb2Os(-2TIO2)  ~ 2NbTi + 40o + ~O2 + 2e' 
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The solubility increase of excess TiO2 is proportional 
to the niobia concentration, and the summation of the 
above two equations results in Sr vacancy compensa- 
tion for donor centres. Thus, maximum solubility of 
excess TiO2 can be achieved when Nb donor centres 
are compensated by Sr vacancies. 

Since it became clear that defect structure plays an 
important role in the microstructural evolution of 
donor-doped SrTiO3, defect models for Nb-doped 
SrTiO3 were examined. For stoichiometric composi- 
tions, i.e. Sr/(Ti + Nb)= 1.000, assuming electronic 
compensation, the reaction of the starting composi- 
tion can be expressed as 

SrO + (1 - x ) T i O z  + XNb205 
Z 

�9 ' t  . X SrNbxTt~Tll-2xO3 + 702 
4 

(1) 

Assuming vacancy compensation (only the Sr vacancy 
was considered because the Ti vacancy was struc- 
turally unfavourable), one may write 

SrO + (1 - x ) T i O 2  + XNb205 
Z 

--* S r l  ,, . . X _(x/2)(Vsr)x/zNbxTlt_x03 + ~SrO (2) 

If the samples have excess TiO2, i.e. Sr/(Ti + Nb) 
= 1/(1 + y), and assuming electronic compensation, 

the equation can be expressed as 

x 
SrO + (1 - x + y)TiO2 + ~Nb205 

x 
SrNb~,Ti~Til-2xO3 + yTiO/ + ~O2 (3) 

and assuming vacancy compensation 

SrO + (1 - x + y)TiO2 + XNb205 0.2 
z 0.4 

0.8 
Sr l -~x/2)(V~r)x/2 NbxTi  t - x 0  3 1.2 

+ ~SrTiO3 + y - TiO/ (4) 1.6 
2.2 
3.0 

Equation 1 is the most common description for elec- 
tronic compensation of donor-doped SrTiO3 or 
BaTiO3. Here, niobium donors are compensated by 
the creation of Ti 3 § ions. Equation 2 is almost the 
same as the equation for stoichiometric La-doped 
SrTiO3 suggested by Balachandran and Eror [28]. 
The SrO in the right-hand side of Equation 2 is 
thought to be present as a structural accommodation 
in the perovskite structure like a Ruddelsden-Popper 
type of phase [29]. For stoichiometric La-doped 
SrTiO3, the formation of a Ruddelsden-Popper phase 0.2 
at high oxygen partial pressure has been suggested 0.4 
[10, 28]. Defect energy calculations using atomistic o.8 
computer simulation techniques support the presence 1.0 
of this phase for SrO-rich SrTiO3 [30]. Equation 3 is 1.2 
same as Equation 1 except for the exsolution of excess 2.0 
TiO2 in the grain boundary area. The exsolved excess 
TiO2 forms a liquid phase by reaction with the SrTiO3 
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matrix above the liquid-phase formation temperature, 
or forms a second phase (TiO/) below the liquid-phase 
formation temperature. Equation 4 considers the 
formation of SrTiO3 between the excess TiO2 and the 
Sr ions which are released by the creation of Sr va- 
cancies. In this way the solubility of excess TiO2 in the 
SrTiO3 lattices increases, and hence the amount of 
excess TiO2 present in the grain boundaries decreases. 
The structure determined using Equation 4 can be 
rewritten as 

Sr(V~r)x/2Nb'~ Til-~x/2,03fl +ix/2)l + (Y  - 2)TIO2. 

Table I shows the amount of excess TiO2 present in 
the grain boundaries for samples having Sr/(Ti + Nb) 
= 0.986, in accordance with Equations 3 and 4. When 

vacancy compensation is employed, excess TiO2 de- 
creases with Nb concentration. The excess TiO2 re- 
duces to 0.7 mol % when the Nb concentration is 
1.4 at %. The samples containing 2.2 at % Nb. have 
0.3 mol % excess TiO2, whilst the samples doped with 
1.6 at % Nb have 0.4 mol %. Therefore, the large 
grains observed in the samples containing 
0.2-1.4 at % Nb and sintered at 1480~ can be ex- 
plained by liquid-phase sintering in which the amount 
of liquid phase is determined by the amount of excess 
TiO2 present in the grain boundaries. Also the other 
microstructural behaviour can be completely under- 
stood in the same manner. 

The amount of excess TiO2 present in the grain 
boundaries for samples having Sr/(Ti + Nb) = 0.996 

T A B L E  I Excess TiO2 present in the grain boundaries for 
different compensation mechanisms (Sr/(Ti + Nb) = 0.986) 

Nb (at %) Excess TiO2 (mol %) 
Electronic a Vacancy b 

1.4 1.3 
1.4 1.2 
1.4 1.0 
1.4 0.8 
1.4 0.7 
1 .2  c 0.4 

1.4 0.3 
1.4 0.1 

" 100y: refer Equation 3. 
b 100(y -- X/2): refer Equation 4. 
c This composition has A/B = 0.988. 

T A B L E  I I  Excess TiO2 present in the grain boundaries for 
different compensation mechanisms (Sr/Ti + Nb) = 0.996) 

Nb (at %) Excess TiO2 (mol %) 
Electronic" Vacancy b 

0.4 0.3 
0.4 0.2 
0.4 0.0 
0.4 - 0.1 
0.4 - 0.2 
0.4 - 0.6 

" 100y: refer Equation 3. 
b 100(y -- x/2): refer Equation 4. 



is shown in Table II. Again, the normal grains ob- 
served in the samples containing 0.2 and 0.8 at % Nb 
can be understood in terms of the amount of excess 
TiO2 in the grain boundaries. Notable are negative 
values of excess TiO2 found for samples containing 
~> 1.0 at % Nb. A negative value is also found for 

samples having Sr/(Ti + Nb)=  0.986 and 3.0 at% 
Nb, as shown in Table I. The meaning of a negative 
value of excess TiO2 is that those samples do not have 
sufficient excess titania to form SrTiO3 with the Sr 
ions exsolved from the lattice through the compensa- 
tion of donor centres by Sr vacancies. Thus, the Sr 
ions which do not form SrTiO3 may form SrO layers 
and be accommodated in the structure as Ruddels- 
den-Popper layers. This can be a reason why those 
samples could not be sintered well under the present 
sintering conditions. One may expect that the densifi- 
cation of specimens having a complicated ordered 
structure such as the Ruddelsden-Popper phase is 
very difficult to achieve. It has often been observed 
that SrO-rich SrTiO3 samples are porous and low in 
density [13, 19]. 

The average grain sizes of the undoped samples and 
Nb-doped samples sintered at 1480 ~ as a function of 
excess titania are given in Fig. 10. The same plot for 
the samples sintered at 1420~ is given as Fig. 11. 
Here, excess titania content for Nb-doped samples 
was determined by Equation 4. The change of grain 
size with excess titania for both undoped and Nb- 
doped samples shows the same trend. The net effect of 
Nb can be deduced from differences between the cur- 
ves of undoped and Nb-doped samples. Niobium does 
enhance the grain growth of the samples containing 
a sufficient amount of excess titania, presumably due 
to the increase of Sr vacancy concentration caused by 
the accommodation of Nb ions. Apparently diffusion 
of Sr ions is enhanced by the increased Sr vacancy 
concentration, since vacancy diffusion is the most 
probable diffusion mechanism for perovskite-struc- 
ture material [31]. 
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Figure 10 Average grain size as a function of excess TiO2 present 
in the grain boundary region for samples sintered at 1480~ for 
4h: (El) undoped samples, (IB) Nb-doped samples having 
Sr/(Ti + N b ) =  0.986. Excess TiO2 for Nb-doped samples were 
determined using Equation 4 (see also Table I). 
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Figure 11 Average grain size as a function of excess TiO2 present 
in the grain boundary region for samples sintered at 1420~ 
(rT) undoped samples, (11) Nb-doped samples having Sr/(Ti + Nb) 
= 0.986. 

In order to check the validity of our interpretation 
for Nb-doped SrTiO3 sintered in air, samples having 
an A/B = 0.988 and doped with 1.6 at % Nb and 
those having A/B = 0.986 and doped with 2.2 at % 
Nb were sintered at 1480 ~ for 4 h in a 90% N2-10% 
H2 gas flow. These samples showed large grains, in 
contrast to the air-fired samples which showed normal 
grains. Because donor-doped SrTiO3 is electronically 
compensated when sintered under a reducing atmo- 
sphere [28], these samples have sufficient excess TiO/ 
to form a liquid phase during sintering in accordance 
with Equation 3, resulting in large grains. 

The abrupt decrease of grain size by a very small 
increase in donor concentration (0.05 at %) found in 
donor-doped BaTiO3 ceramics [13, 17] was not ob- 
served in the present experiment. Moreover the colour 
of the specimens, which indicates the conductive or 
insulating nature of the grains, does not coincide with 
the grain size. Samples containing ~< 0.4 at % Nb 
had a brownish colour, whilst the samples containing 
~> 0.8 at % Nb showed a dark greyish colour, regard- 

less of grain sizes. The electrical properties of 
Nb-doped specimens were reported elsewhere [32]. 
However, the effect of excess titania and Nb concen- 
tration on the grain size observed in the Nb-doped 
BaTiO3 ceramics containing ~> 0.35 a t% Nb, and 
sintered at high temperature in air, agrees with the 
present results [17]. 

Although it is clear that niobium content enhances 
grain growth, the large grains observed in the samples 
having an A/B = 0.996 and 0.4 at % Nb as shown in 
Fig. 3 are not yet understood. Again, since these sam- 
ples exhibited a brownish colour, the grain-size anom- 
aly observed in BaTiO3 cannot be considered. Such 
a large grain size was also observed in an air-fired 
SrTiO3 which contains 0.2 at % Y but does not have 
appreciable excess titania [18]. Since the authors 
could not prepare another batch for this particular 
composition, the possibility of experimental error can- 
not be excluded. 

4873 



4. Conclusions 
Air-fired, TiO2-rich SrTiO3 ceramics showed large 
grains when the samples contained excess TiO2 ~> 
0.6 tool % and were sintered at temperatures higher 
than the liquid-phase formation temperature. The 
grain size increased with the excess TiO2 content. In 
contrast, fine grains were obtained when the same 
samples were sintered below the liquid-phase forma- 
tion temperature. Grain-growth inhibition observed 
for samples fired at low temperature was attributed 
to the TiO2 second phase exsolved at the grain 
boundaries. 

Titania second phase was clearly distinguished from 
the matrix SrTiO3 grains in electron micrographs by 
chemical etching. The solubility of excess TiO2 in 
SrTiO3, determined by scanning electron microscopy, 
was less than 0.2 mol % under our experimental con- 
ditions. 

The microstructural behaviour of Nb-doped 
SrTiO3 ceramics sintered in air could be explained 
using an Sr vacancy compensation model. According 
to this model, the solubility of excess TiO2 increased 
with the Nb205 dopant concentration, and hence the 
loss of excess TiO2 due to high dopant concentration 
can be understood. Also, the poor densification ob- 
served in some Nb-doped samples could be explained 
using this model in conjunction with the formation of 
a Ruddelsden-Popper type of phase. Although the 
amount of excess TiO2 governs the sintering of these 
materials, niobium did enhance grain growth, presum- 
ably by increasing the diffusion rate of strontium ions. 

The solubility of Nb in SrTiO3 seems higher than 
310 at % under our experimental conditions. The lat- 
tice parameter of Nb-doped SrTiO3 determined using 
an X-ray diffractometer showed a constant increase 
with Nb concentration up to 3.0 at %. 
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