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Preparation and sintering behaviour of submicronic 
Bi4Ti3012 powders 
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Submicronic powders of Bi4Ti3012 with different morphologies were prepared by both the 
oxalate coprecipitation and the conventional mixing oxides methods. Compacts of the two 
calcined powders were sintered at 850-1100 ~ in air, and the densification process was 
studied by non-isothermal and dilatometric experiments. A rapid densification ( > 97% 
theoretical density) below 875 ~ took place in the Bi4Ti3012 oxalate powder which was 
attributed to an extremely uniform pore-size distribution in the green compact. The possible 
formation of a transient liquid which promotes densification also was taken into account. 
The development of plate-like morphology in the conventional Bi4Ti3012 powder, broad 
pore-size distribution, and the plate-like colony formation, hindered rapid densification of 
the green compacts at low temperature. Microstructural development was studied; 
preliminary dielectric and electrical results are also reported. 

1. Introduction 
The bismuth titanate (Bi4Ti3012) belongs to the Aur- 
ivilius compounds family that can be described by the 
general formula Bi/O22 + (Am- 1BmO3m+ 1) 2- in which 
A and B are cations and m corresponds to the number 
of perovskite-type units between the bismuth oxide 
layers. In the particular case of the Bi4Ti3012 layer 
compound, its structure is formed by two BiTiO3 unit 
ceils of hypothetical perovskite structure interleaved 
with Bi2022+ layers [1]. At room temperature, 
Bi4Ti301/ presents a monoclinic (Clh -- m) sym- 
metry, and above the Curie temperature (~675~ 
the symmetry is tetragonal D,h = 4mmm. At this 
temperature a reversible ~-13 transformation takes 
place and the compound is characterized by ferroelec- 
tric properties. The vector of major spontaneous po- 
larization lies in the perovskite plane, i.e. in the mon- 
oclinic a c  plane, and the vector intensity values of 
spontaneous polarization are 50 and 4 ~tC cm- 1 along 
axes a and c, respectively [2, 3]. In the same way, the 
piezoelectric coefficient is relatively high along these 
directions and small in the perpendicular plane. All 
the above-mentioned characteristics make Bi4Ti3012 
compound of particular importance as a piezoelectric 
ceramic material for high temperature applications. 

As reported by several authors [4-8] optimized 
piezoelectric properties are achieved by almost com- 
plete alignment of the plate-like bismuth titanate par- 
ticles, and different techniques, such as tape casting, 
hot pressing and forging, were used to obtain well 
grain-oriented Bi4Ti3Ox2 materials [9-12]. This be- 
ing so, the main problem with these bismuth titanate- 
based ceramics is their extremely high electrical con- 
ductivity anisotropy which is also maximum in the 
basal plane [6, 9]. Such an anisotropy increases with 

temperature and reaches a maximum ratio near the 
transition temperature in Bi4Ti3012 single crystals 
[13]. Given that both the piezoelectric properties and 
the electrical conductivity are maximized in the same 
directions, then a well grain-oriented Bi4Ti3012 ce- 
ramic material could be unsuitable for high-temper- 
ature applications. 

Because the mechanism of electrical conductivity 
seems to be associated with the presence of oxygen 
defects in the form of anionic vacancies in the Bi2022 + 
layers [14], new attempts for increasing the resistivity 
of these bismuth titanate-based ceramics could be (a) 
to obtain low-temperature well-densified Bi4TiaO12 
ceramics with randomly oriented small grain size 
which would contribute to the hindrance of the easy 
path conductivity in BizOz 2+ layers, and (b) to study 
different additives and sintering schedules for control- 
ling both the oxygen vacancies concentration and the 
microstructure. The main goal of the present 
work was to study the influence of the Bi~Ti3Oa2 
powder morphology on its densification process and 
microstructural development. On that basis, some 
preliminary dielectric and electrical conductivity 
measurements also are given. 

2. Experimental procedure 
In order to obtain Bi4Ti3Oaz powders with different 
morphologies, two preparation methods were used. 
One of them used the unconventional oxalate prep- 
aration method, and the other one the conventional 
mixing of oxides. In the first method a titanium tet- 
rabutoxide, Ti(But)4"C4H9OH and Bi(NO3)3xHzO as 
TiO2 and Bi203 precursors, respectively, were used. 
Stoichiometric amounts of both precursors were 
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dissolved in a slightly acid isopropyl alcohol solution 
and then were added to a 0.3 M aqueous oxalic acid 
solution by dropping. A good coprecipitation of the 
oxalates was achieved by a careful pH control, and 
a small amount of aqueous OH(NH4) was added at 
the end of the coprecipitation process. The coprecipi- 
tate was thoroughly washed with isopropanol until an 
amorphous powder was obtained. After drying, the 
powder was calcined at 750 ~ for 1 h and attrition 
milled for 2 h in an isopropanol medium. The calcined 
powder was granulated and isostatically pressed 
at 200 MPa. The compacts were sintered at 850- 
1100~ for 2 h. The densification process was also 
studied by dilatometry in a (DI-24 Adamel-L'homargi) 
dilatometer. 

Both the coprecipitated and the calcined powders 
were characterized by specific surface area measure- 
ments by using the BET method with nitrogen as the 
adsorbate (Micromeritics Accusorb 2100E model), 
a (Coulter LS 130 model) particle-size analyser, a dif- 
ferential thermal analyser (STA409 Nescht model), an 
X-ray diffractometer (D-5000 Siemens model), and 
a scanning electron microscope (DSM950 Karl Zeiss 
model). 

The density of the sintered compacts was measured 
by the Archimedes' method with water, and the pore- 
size distribution and the pore volume in the green 
compacts were calculated by mercury porosimetry 
using a (Micromeritics Autopore II 9215 model) po- 
rosimeter. The microstructure of both the green and 
the sintered compacts was studied by SEM. 

Dielectric and electrical characterization was car- 
ried out by using a HP-4192A impedance analyser in 
the temperature range 25-600 ~ 

For comparison, a Bi4Ti3012 powder was prepared 
by mixing stoichiometric amounts of TiO2 (Rhone 
Poulenc) and a-BizOa (Riedel) and calcined at 800 ~ 
for 1 h. After attrition milling for 2 h and drying, the 
powder also was granulated, isostatically pressed, and 
sintered under the same conditions as the unconven- 
tional powder. The Bi4Ti30~ z powder obtained by the 
unconventional method will be referred to as BIT (A) 
and that of the conventional one BIT (B). 

3. Results and discussion 
3.1. P o w d e r  cha rac te r i s t i cs  
As shown in the micrograph of the Fig. I, the copre- 
cipitated BIT (A) powder was formed by agglomerates 
of particles with a size less than 50 nm and a specific 
surface of 25 m2g - t as determined by BET. Differen- 
tial thermal analysis of this powder showed two 
exothermic effects at 244 and 756~ and two en- 
dothermic ones at 515 and 650 ~ see Fig. 2. The first 
exothermic effect, between 200 and 400 ~ was due to 
both the combustion of the residual isopropanol, and 
the oxatate decomposition. In this temperature inter- 
val the main weight loss of the coprecipitate took 
plac e. The second exothermic effect could be due to 
the formation of the Bi4Ti30~2 compound. The two 
endothermal effects were probably due to the loss of 
some hydroxyl groups and the a-[~ transformation of 
an incipiently formed Bi4Ti3012, respectively. 
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Figure I Coprecipitate oxalate BIT (A) powder. 
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Figure 2 DTA curve of BIT (A) powder. 
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After calcining and attrition milling, BIT (A) and 
BIT (B) powders consisted of soft agglomerates of 
almost equiaxed shape particles or strong spherical 
agglomerates with ultimate average particle sizes of 
0.6 and 0.4 gm, respectively, see Fig. 3. The specific 
surface of the BIT (A) and BIT (B) powders were 2 and 
2.4 m~g -1, respectively. It must be mentioned that 
some initial sintering seemed to take place during the 
calcination, and the XRD analysis of both kinds of 
calcined powders indicated the presence of a unique 
Bi4Ti3Olz phase. Apparently neither platelets nor 
needle-like particles were developed during the calci- 
nation of the two powders. After compaction the den- 
sity of the green compacts were 55 % and 68% theoret- 
ical, for BIT (A) and BIT (B), respectively, and the 
pore-size distribution curves, as shown in Fig. 4, 
showed an almost single and narrow pore-size 
distribution for BIT (A) and a bimodal one for BIT 
(B): The average pore diameters were 0.1 and 0.09 jim, 
respectively. 
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Figure 3 Particle-size distributions of BIT (A) and BIT (B) calcined 
powders. 
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Figure 5 Densification behaviour of BIT (A) and BIT (B) compacts. 
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Figure 4 Pore-size distributions in BIT (A) and BIT (B) green com- 
pacts. 

3.2. S i n t e r i n g  
Green compacts of BIT (A) and BIT (B) were fired at 
850-1150 ~ for 2 h. Fig. 5 shows the effect of sintering 
temperature on the densification of both kinds of 
powder compacts. Although the temperature depend- 
ence in both cases was similar, BIT (A) compacts 
densified at a temperature almost 100~ lower. The 
maximum densities were achieved for sintering tem- 
peratures of 875 and 950 ~ for BIT (A) and BIT (B), 
respectively. The densification of BIT (A) compacts  
took place rapidly in a narrow temperature interval, 
between 850 and 875 ~ and above that temperature 
the density slightly decreased. In the case of the BIT 
(B) compacts, the densification process was slower, 
taking place in a broader temperature interval, 
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Figure 6 Shrinkage and shrinkage-rate curves of (a) BIT (A) and (b) 
BIT (B) compacts. 
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Figure 7 Fracture surface of BIT (A) samples sintered at (a) 850 ~ 
(b) 875 ~ and (c) 900 ~ 

between 850 and 950~ decreasing the density for 
higher temperatures. 

The densification process also was studied by con- 
stant-rate heating (CRH) experiments. As shown in 
Fig. 6a and b, BIT (A) compact starts to shrink at 
a temperature as low as 600~ and an end point was 
reached at 875 ~ for a shrinkage of about 21%. The 
shrinkage-rate curve showed two maxima, one at 
about 750~ and the other one at approximately 
860 ~ Above those temperatures the shrinkage rate 
decreased slightly. 

In the case of BIT (B) compacts, the shrinkage 
started at about 750 ~ and no end point was reached 
below 1000~ at which temperature a shrinkage of 
about 15% was produced. The shrinkage-rate curve 
also presented two maxima at 850 and 980 ~ Above 
850 ~ the shrinkage rate decreased slightly, and then 
increased again to reach the second maximum at 
980 ~ 
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3.3. Microstructural development 
A detailed study was made of the microstructure 
evolution with temperature for BIT (A). Fig. 7 shows 
the surface fracture of BIT (A) samples sintered at 850, 
875 and 900 ~ At the lower temperature, randomly 
oriented grains with some developed plates or needles 
were observed. The porosity was located mainly on 
grain boundaries, and no pores were located in the 
interior of the grains or plates. The grain size, less than 
1 gin, indicated that no appreciable grain growth was 
produced at this sintering temperature. In the sample 
sintered at 875 ~ a rearrangement of both the grains 
and/or plates with the virtual disappearance of the 
porosity took place. This rearrangement phenomenon 
coincides with the maximum of the density reached at 
this temperature, see Fig. 5. The few developed plates 
were ~ 0.5 gm thick and ~ 2 ~tm diameter. With fur- 
ther increase in temperature, many spherical pores 
were developed, and a rapid grain growth in the 
sample sintered at 900 ~ was observed. 
Thus, the plate-like grains were ~ 1 gm thick and 

5 gm diameter. At higher temperatures, spherical 
pores located in the interior of the plate-like grains 
and non-spherical or triangular pores located between 
them, were observed. As a consequence, many cracks 
were also produced and, therefore, a decrease in den- 
sity. Fig. 8 shows the microstructure of the BIT (A) 
polished surfaces and thermally etched samples sin- 
tered at 950 and 1000 ~ 

In the case of the BIT (B) sintered samples the 
microstructure was only studied in the sample with 
the highest density. Fig. 9a shows the microstructure 
of a BIT (B) polished and thermally etched sample 
sintered at 1000 ~ for 2 h, in which colonies of plate- 
like grains of ~ 2  gm thick and higher than 10 ~tm 
diameter, were developed. Despite the use of a 



Figure 8 Microstructure of polished and thermally etched BIT (A) samples sintered at (a) 950 ~ and (b) 1000 ~ 

pressureless sintering process, a certain orientation 
degree of the plate-like bundles can be observed. Tri: 
angular-shaped pores between the plate-like colonies 
were developed. Fig. 9b shows the fracture surface of 
the same sintered sample in which a randomly 
oriented plate-like deformed bundle is clearly ob- 
served. 

3.4. D ie l ec t r i c  p r o p e r t i e s  
The dielectric constants of BIT (A) and BIT (B) sin- 
tered samples were measured at room temperature 
and, depending on the sintering temperature, the di- 
electric constant values ranged from 180-140 and 
from 170-125 for BIT (A) and BIT (B) samples, respec- 
tively, which indicated some influence of the grain size. 
It must be noted that the dielectric constant values for 
the denser samples were 180 and 125 for BIT (A) and 
BIT (B), respectively. The bulk conductivity measured 
at 250 ~ was within the same order of magnitude, 
7.8x 10 -6 and 2.1 x 10-6 ~ - l c m  -1 for BIT (A) and 
BIT (B) samples, respectively. 

Figure 9 Microstructure of (a) polished a~d thermally etched sur- 
face and (b) fracture surface of BIT (B) samples sintered at 1000 ~ 

4. Discussion 
The sintering behaviour of BIT (A) and BIT (B) com- 
pacts strongly depends on the morphology of the 
Bi4Ti3012 particles. Thus the sintering behaviour of 
BIT (A) powder with equiaxed shaped particles was 
quite different to BIT (B) with incipient plate-like 
particles. In bo th  cases the calcined powders were 
formed by aggregates of different sizes and shapes but 
the primary particle was smaller than 1 gin, see Fig. 3. 
In the case of BIT (B), spherical agglomerates without 
breaking remained after attrition milling which prob- 
ably indicates an incipient sintering during the calci- 
nation process. In spite of a lower green density the 
BIT (A) compacts densified at a temperature lower 
than that for BIT (B) ones. Thus a maximum density 
of 97.5% was achieved at 875 ~ for BIT (A), and only 
~ 9 6 %  density was reached at 950~ in the case of 
BIT (B), see Fig. 5. A rapid densification occurred in 
a temperature interval as narrow as 25 ~ in the case 

953 



of BIT (A) compacts, and a rather slow densification 
process was present for BIT (B). For higher temper- 
atures, the density decreased in both cases. Although no 
liquid formation was detected at 875 ~ it would be 
reasonable to think that small deviations of the 
stoichiometric Bi4Ti3012 composition could be present 
and, if this is so, then the presence of a small transient 
liquid amount will coexist with the Bi4Ti3012 com- 
pound above 860~ according to the Bi203-TiO2 
phase diagram [15], and the fast densification process 
could thus be explained. A deeper study of the micro- 
structure by TEM will help to elucidate this. If a transi- 
ent liquid was not formed, then the rapid densification 
could be attributed to the very uniform pore-size distri- 
bution in the green starting compact, see Fig. 4. The 
steep shrinkage curve, as shown in Fig. 6a, could also 
support such an assumption [16]. 

As presented in Fig. 8a and b, two maxima in the 
shrinkage-rate curves were registered, and the temper- 
ature difference between them was 85 and 125 ~ for 
BIT (A) and (B), respectively. At the two lower temper- 
ature maxima, 760 and 850~ the density of the 
sintered samples was less than 70% theoretical, and 
both maxima could be attributed to the porosity mi- 
gration from the intraagglomerate to the interag- 
glomerate pores. During this first step the finer poros- 
ity was eliminated and an increase in the volume of 
pores between agglomerates with a slight densification 
took place. Above those temperatures, a decrease of 
the shrinkage rate occurred in both BIT samples, and 
then a fast increase of the shrinkage rate between 800 
and 845 ~ took place in the BIT (A) sample. Such an 
increase in the shrinkage rate indicates a rapid elim- 
ination of the interagglomerate pores and coincided 
with the maximum density found in the non-isother- 
mal sintering experiments, see Fig. 5. These facts, to- 
gether with the majority of transgranular fracture of 
the sample sintered at 875 ~ as shown in Fig, 7, 
could corroborate the assumption of a combined ef- 
fect of both the presence of a transient liquid at this 
thermal level and the extremely uniform pore-size 
distribution. On the other hand, no exaggerated grain 
growth was observed up to 875 ~ but above that 
temperature a rapid plate-like grain growth with the 
generation of an additional porosity occurred, see 
Fig. 8. The shape of the generated pores, leads us to 
assume that a rapid gas loss (oxygen ?) could be 
produced at high temperature. Such an additional 
porosity and the cracks produced as a consequence of 
the plate-like grain growth, led to a decrease in the 
density. 

In the case of the BIT (B), a broader pore-size 
distribution in the green compacts must be assumed, 
see Fig. 4. In addition, as a consequence of the plate- 
like development and colony formation, a slower den- 
sification process takes place. The number of particles 
in a colony, the number of colonies, and the random 
colony orientation plays an important role in pore 
elimination and, therefore, in the densification rate. As 
shown in Fig. 9, the formation of both face-to-face 
contact between particles and the colony formation, 
are clear, and although pore elimination between par- 
ticles can take place during the above-mentioned 
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fact-to-face interaction, the random colony orienta- 
tion could hinder the elimination of the pores between 
colonies and, thus, the densification process. The typi- 
cal microstructure of the BIT (B) sintered samples was 
formed by a dense colony with a variable number 
of plate-like grains with triangular-shaped pores 
between them, see Fig. 9. 

Dielectric permittivity measurements carried out in 
the denser samples of BIT (A) and BIT (B) showed 
a higher dielectric permittivity in the case of BIT (A). 
This finding could be associated with both a higher 
oxygen defect concentration [13] and a different 
microstructure. If this is so, the higher bulk conductiv- 
ity of the BIT (A) sintered samples could corroborate 
such an assumption. 

5. Conclusion 
Randomly oriented ceramics were fabricated by sin- 
tering anisotropic Bi4Ti3012 particles obtained by 
both the oxalate coprecipitation method and the mix- 
ing oxides method. The formation of almost equiaxed- 
shaped particles in the oxalate method favoured the 
densification process and, thus, high density ( > 97% 
theoretical) was achieved at a temperature as low as 
875~ In the conventional method, the incipient 
plate-like Bi4Ti3012 particles formed during calcina- 
tion, impeded a high densification rate at low temper- 
ature, and only 96% dense samples were achieved at 
950-1000 ~ It is believed that both a uniform pore- 
size distribution in the green compact and the forma- 
tion of a transient liquid favoured the rapid densifica- 
tion of oxalate Bi4Ti3Olz prepared powders above 
850~ and a broader pore-size distribution, the 
formation of plate-like Bi4Ti3012 colonies and their 
arrangement, hindered a rapid densification below 
950~ in the conventional Bir powders. In 
both cases, a rapid grain growth with randomly 
oriented grains above the maximum densification 
temperature gave rise to a decrease in density. Prelimi- 
nary dielectric and electrical results indicate the strong 
influence of the microstructure, and it is suggested that 
different sintering schedules and doping be carried out 
to control exaggerated grain growth. 
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