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Precursor powders of a modified lead titanate-based ceramic material have been synthesized 
by two different chemical techniques and also by the conventional attrition milling method. 
The influence of powder processing techniques on the phase development, powder 
morphology and thermophysical behaviour of the material have been examined. The study 
shows that the above properties in this material are strongly dependent on the powder 
synthesis method as well as the thermal treatment of the precursor powders. 

1. I n t r o d u c t i o n  
The high-performance characteristics desired in ad- 
vanced ceramics necessitate the development of new 
and improved techniques for ceramic powder pro- 
cessing. Conventionally, ceramic bodies are produced 
by first preparing the precursor powders through 
mechanical mixing of the chemical ingredients in the 
form of oxides or carbonates, calcining the powders to 
decompose the carbonates and to pre-react the mater- 
ial, and finally treating at high temperature to densify 
and develop mechanical strength through diffusion of 
the particulates. The major emphasis in conventional 
processing has been on the physical property control 
through microstructural development without due at- 
tention given to the chemical aspect of the material or 
processing. This approach causes serious limitations 
in the control of chemical composition, homogeneity, 
particle size, shape and other key parameters con- 
sidered necessary to produce high-performance ad- 
vanced ceramics, and has contributed to rather limited 
progress in the field of ceramic science and technology. 

It is increasingly being realized that the ceramic 
powder processing via chemical routes may be the key 
to produce high-performance advanced ceramics. This 
is evident from the surge of research activity seen in 
this area throughout the industrialized world and the 
tremendous increase in the number of publications 
that have appeared within the past ten years [1-5]. 
These studies indicate that the localized variations in 
the physical chemistry of the surfaces and interfaces 
within the material can strongly influence the final 
properties of the ceramic product. Chemical pro- 
cessing can provide manipulation and control of the 
surfaces and interfaces at the initial stages of the 
processing at the molecular scale, thus providing more 
homogeneous materials. It also provides better con- 
trol over the particle size and shape. The progress in 
the ceramic powder processing via chemical routes 
has been very encouraging; a variety of high-per- 

formance structural and electromagnetic ceramics 
with predictable properties, improved reliability and 
greater resistance to severe environments are being 
produced using chemically derived ceramic powders 
[6-9]. 

Recently, we have been involved in the development 
of lead titanate-based piezoelectric ceramics via chem- 
ical routes [10]. The growing interest in this material 
is because of its low dielectric constant (~ 200), high 
Curie temperature (> 250 ~ a large difference be- 
tween the thickness coupling constant, kt, and planar 
coupling constant, kp, and relatively low mechanical 
quality factor, Qm., These characteristics make it a 
promising candidate for high-frequency ultrasonic 
transducer applications. However, difficulties are en- 
countered in the sintering and subsequent poling of 
PbTiO 3 due to the high anisotropy in its crystal 
structure (large c/a ratio), which leads to the develop- 
ment of micro- and macrocracks upon sintering and 
subsequent cooling through the Curie point. Doping 
with alkali metals, transition metals or rare-earth 
oxides has been shown to produce crack-flee high- 
density material [11-14]. In an earlier study [10] we 
reported the synthesis and characterization of calcia- 
doped lead titanate compositions having a general 
formula [Pbl - xCax] [(Co, W)yMnzTil _ 2y- z] 03, where 
x ~ 0.35, y ~< 0.03, z ~< 0.01. Two different chemical 
routes and also conventional attrition milling meth- 
ods were used to synthesize the precursor powders. 
The influence of powder processing methods on the 
crystal structure, unit cell parameters and the particle 
size/surface area were discussed. It was observed that 
gel processing can furnish virtually single-phase 
PbTiO 3 at temperatures above 600 ~ However pow- 
ders produced by attrition milling and chemical co- 
precipitation contained impurity phases even when 
heat treated to 800 ~ This study provides data on the 
microstructural characteristics and thermophysical 
behaviour of the powders. It also shows how minor 
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variations in the processing conditions can improve 
the structural characteristics of the chemically derived 
powders. 

2. Experimental procedure 
A schematic diagram showing the powder preparation 
methods for modified lead titanate composition is 
given in Fig. 1. For gel-processing, appropriate 
amounts of PbCO~/Pb(CH3COO)/'3H20, calcium, 
cobalt and manganese acetates were dissolved in 80% 
aqueous acetic acid. Titanium-N-tetra butoxide 
(TNBT) also dissolved in 80% aqueous acetic acid, 
was then added dropwise to the above mixture to give 
a pink solution. This solution was evaporated in a 
rotary vacuum flask at ~ 40 ~ to form a viscous gel. 
The gel was subsequently precipitated in isopropanol 
and splat dried at 125 ~ to give bluish grey powders. 

For chemical coprecipitation, lead, calcium, cobalt 
and manganese acetates were dissolved in a minimal 
amount of water at --~ 60 ~ TNBT was dissolved in 
excess oxalic acid forming a yellow solution and this 
solution was then added dropwise to the acetates to 
form pinkish precipitates. The precipitation was com- 
pleted by adding concentrated ammonium hydroxide 
to a pH of 8.5. The mixture was evaporated in a rotary 
vacuum flask and oven dried at f25 ~ 

The conventional approach involved wet attrition 
milling the raw materials in the form of oxides or 
carbonates for 4 h followed by vacuum filtration of the 
slurry and subsequent oven drying at 125 ~ Details 
of the powder synthesis are given elsewhere [10]. 

Powders were calcined in small batches (< 10 g) in 
alumina crucibles loosely covered with platinum foil 
at temperatures ranging from 150-800~ The sam- 

pies were kept at the desired temperature for a period 
of 2 h and allowed to cool to room temperature by 
turning off the furnace. X-ray diffraction patterns for 
these powders were obtained using a Rigaku auto- 
mated powder diffractometer with CuK~ radiation 
and a graphite monochromator. 

For the study of the thermal behaviour of the 
precursor powders, a DuPont 9900TA thermal ana- 
lysis system with 951 TGA and high-temperature 
DTA module was used. All the samples were examined 
in both air and nitrogen atmosphere using a heating 
rate of 10 ~ rain-1. In some experiments, concurrent 
TG/DTA technique was used. This technique was 
explained in detail earlier [15]. 

3. Results and discussion 
3.1. X-ray diffraction studies 
The XRD data in our earlier work [10] indicated that 
the development of phases in all three powders is 
strongly influenced by both the powder preparation 
methods and the calcination temperatures. The gel- 
derived material produced virtually single phase 
PbTiO3 (with only trace amounts of PbO) at 500 ~ 
However, both coprecipitated and attrition-milled 
powders displayed the presence of substantial 
amounts of impurity phases, i.e. PbO, TiO 2 and 
CaCO 3 along with PbTiO 3 even after heat treating to 
800~ The presence of unwanted impurity phases 
was rather intriguing, especially for powders produced 
via the chemical coprecipitation method. It was there- 
fore decided to analyse the mother liquor (obtained 
after vacuum filtration) of the coprecipitated mixture 
via inductively coupled plasma spectroscopy (ICPS). 
The ICPS data indicated the presence of metallic 
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Figure 1 A schematic diagram for powders prepared by (1) gel-processing, (2) chemical coprecipitation, and (3) attrition milling. 
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cations in the mother liquor after the precipitation. 
The quantities present correspond to losses of 0.1% 
Ca, 31.7% Co, 72.7% Mn, 0.4% Pb and 1.7% Ti, and 
are sufficient to warrant concerns about changes in the 
elemental composition of the precipitate. Large losses 
seem to be confined to the transition metals, which 
may be due partly to their small concentrations and 
partly to amino-cation complexation, which tends to 
result in soluble cation complexes. A new batch of the 
coprecipitated material was therefore prepared by 
evaporation of the coprecipitated mixture in a rotary 
flask under vacuum at ~ 40 ~ so that losses during 
filtration process could be avoided. The new material 
when heat treated to 600~ showed remarkable im- 
provement over the previous batch (Fig. 2). Virtually 
single-phase lead titanate was produced after heat 
treatment of the rotary-evaporated powder, whereas 
vacuum-filtered material displayed considerable 
amounts of undesirable phases. 

In our earlier work, we also reported that gel- 
derived material clearly showed PbTiO 3 formation at 
500~ However, this material continued to show 
trace amounts of PbO even upon heat treating the 
material at 700 ~ This process was therefore slightly 
modified by using lead acetate trihydrate as one of 
the raw materials as opposed to lead carbonate used 
in our earlier work. This modification provided 
improved precursor raw material, as heat treatment of 
these powders to 500~ produced single-phase 
PbTiO3, Fig. 3a, b. Unlike the previous batch (Fig. 3a) 
the XRD patterns of the new material did not display 
any undesirable PbO phases (Fig. 3b). 

3.2. Micros t ruc ture  
The scanning electron micrographs of the gel-derived, 
coprecipitated and attrition-milled powders heat 
treated at temperatures of 100, 500 and 750~ are 
shown in Figs 4-6. 

At 100~ gel-derived powders contained broken 
pieces of dried gel (Fig. 4) ranging in sizes from 
1-150 gm. The particles are irregular in shape and 
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Figure 2 XRD patterns of the precursor powders produced by 
chemical coprecipitation and heat-treated to 600 ~ with solvent 
removed by (a) vacuum filtration, (b) by rotary evaporation. (0) 
PbTiO3, (A) PbO(T), ([~) PbO(O). 
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Figure 3 XRD patterns of the precursor powders produced by the 
gel-processing method and heat-treated to 500 ~ using (a) PbCO 3, 
(b) Pb(CH3COO)/.3H20 as raw materials. (0) PbTiO3, ([]) 
PbO(O). 

have smooth surfaces. Some of the larger particles 
exhibit distinct conchoidal fractures. At 500 ~ the 
particles appeared glazed. The particle size ranged 
from 1-100 gm; the interior surfaces of many of the 
larger particles exhibited microcracks and micro- 
porosity which could explain the observed high sur- 
face area in these powders [10]. These particles also 
showed numerous inclusions of what may be a glass 
phase. These powders could be easily hand crushed to 
particles of less than 5 gm size. At 750 ~ the agglom- 
erates were sintered into harder pieces. The general 
appearance of the particles is similar to those calcined 
at 500 ~ Most grains have a smooth glass-like sur- 
face and exhibit microporosity and microcracking. A 
closer examination of the material reveals the forma- 
tion of PbTiO3 crystals in a glassy-type matrix. 

Green discs made from the powders (calcined at 
750~ could not be sintered to > 90% theoretical 
density. However, after attrition milling this material 
for 30-45 min the sintered densities of the pellets 
improved significantly (> 97%). This is due to the 
removal of internal micro-porosity in the particles 
attained via attrition milling. 

The powders produced by chemical coprecipitation 
and dried at 100 ~ consist of minute particles, small 
aggregates and larger fused lumps with maximum size 
of 0.5 mm (Fig. 5). There is no crystal form evident 
and, as opposed to the gel-derived powders, the sur- 
faces of particles are not smooth. At 500 ~ irregularly 
shaped particles and small lumps ranging between 
5 pm and 0.7 mm in size are observed. Those in excess 
of 10 gm are usually multiphase. They often consist of 
severely cracked matrix containing numerous inclu- 
sions of PbO and an apparent glass phase. The prin- 
cipal element in the glass phase is titanium; however, 
the glass contains more lead and much more calcium 
than does the matrix. Several agglomerates are found 
to contain PbO inclusions in a titanium-rich lead 
oxide matrix. The powders calcined at 750 ~ consist 
of particles of lead titanate ranging from 1-100 gm in 
size. Some of the agglomerates have an almost granu- 
lar appearance and a few of the smaller agglomerates 
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Figure 4 Scanning electron micrographs of gel-derived precursor powders heat treated to (a, b) 100 ~ (c, d) 500 ~ and (e, f) 750 ~ 

have elongated platelets of PbO indicating composi- 
tional inhomogeneity. Like gel-processed materials 
these powders also require attrition milling for 
30-45 rain to produce pellets having densities in ex- 
cess of 97% theoretical. 

The powders produced via attrition milling and 
dried at 100 ~ consist of irregularly shaped particles 
of < 6 pm size. There is considerable phase inhomo- 
geneity as evinced from the SEM (Fig. 6). At 500 ~ 
most of the particles are discrete, although some 
agglomerates are visible. Many of the particles are 
smaller than 1 pm and a few are larger than 5 lam. 
Most of the larger particles are platy PbO. The smal- 
ler grains are generally lead titanium oxide containing 
small amounts of calcium. At 750~ the powders 
mainly consist of PbTiO3 crystals bound together. 
The individual grains are from 0.5-4 gin. Only trace 
amounts of PbO are detected. It was impossible 
to produce sintered discs of > 95%, even after re- 
attrition milling for 1 h using these powders. 

3.3. DTA/TGA studies 
In the preliminary work, individual starting materials 
used in the preparation of the precursor powders were 

first examined by thermal analysis. Fig. 7 shows the 
TG/DTA diagrams for lead acetate in air. A small 
weight loss on the TG diagram and an endothermic 
peak on the DTA diagram appeared at low temper- 
ature, signifying the evolution of absorbed H20. The 
melting of anhydrous lead acetate appeared as an 
endothermic peak around 200 ~ with no correspond- 
ing change in weight [16]. Above 230 ~ at least three 
stages of weight loss, accompanied by overlapping 
exothermic and endothermic peaks, appeared on the 
diagrams. The first stage of weight loss is due to the 
decomposition of lead acetate which may take place 
according to the following scheme: 

Pb(CH3COO)2 = PbCO 3 + (CH3)2CO (1) 

The appearance of an exothermic peak during this 
reaction is probably due to the oxidation of the evol- 
ved acetone in the gas phase. The succeeding stages of 
weight loss in the temperature range 280-380 ~ cor- 
respond to the decomposition of the carbonate as 
follows [17]: 

2PbCO 3 = PbO'PbCO3 + CO2 (2) 

3(PbO'PbCO3) = 2(2PbO'PbCO3) + COz (3) 

2PbO'PbCO3 = 3PbO + CO2 (4) 
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Figure 5 Scanning electron micrographs of the precursor powders 
produced by chemical coprecipitation and heat treated to (a, b) 
100 ~ (c, d) 500 ~ and (e) 750 ~ 

In the presence of oxygen, the PbO produced by 
Reaction4 oxidizes almost immediately to Pb30  4 
which decomposes again to the monoxide at temper- 
atures above 550~ [17] (not shown on the figures). 

Fig. 8 shows T G / D T A  diagrams for lead acetate in 
nitrogen. It is evident that the figures are similar to 
those in air except for the absence of the exothermic 
peak related to the oxidation of acetone and hence the 
appearance of the endothermic peaks of the decom- 
positions. It is also observed that the final weight in 
nitrogen is slightly less than in air as a result o f  the 
formation of PbO rather than Pb304 as a final prod- 
uct. The decomposition of lead carbonate in air and in 
nitrogen was verified quantitatively in separate 
experiments. 

T G / D T A  diagrams for the decomposition of 
calcium acetate in air are shown in Fig. 9. A two-step 
weight loss and corresponding endothermic peaks in 
the temperature range 150-220~ indicated the re- 
lease of water of crystallization. A small endothermic 
peak which appeared at 270 ~ with no correspond- 
ing change in weight, is due to a solid state trans- 
formation in the anhydrous acetate [18]. A major 
weight loss due to the decomposition of the acetate 
commenced at 420 ~ A change in the rate of weight 
loss, observed during the decomposition process, has 
been related to the melting of the acetate 1-19]. In the 

1776 

Figure 6 Scanning electron micrographs of the precursor powders 
produced by attrition milling and heat treated to (a) 100~ (b) 
500 ~ and (c) 750 ~ 
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Figure 7 Concurrent TG/DTA diagrams for lead acetate in air. 
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Figure 9 Concurrent TG/DTA diagrams for calcium acetate in air. 

DTA figure, endothermic peaks due to the decomposi- 
tion and melting overlapped with exothermic peaks 
generated by the oxidation of acetone. The latter was 
generated during the decomposition reaction 

Ca(CH3COO)2 = CaCO 3 + (CH3)2CO (5) 

At higher temperatures (>  600 ~ the carbonate de- 
composes to the oxide as shown by the weight loss and 
accompanying endothermic peak 

CaCO 3 = CaO + CO 2 (6) 
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Figure 11 TG/DTA diagrams for TNBT (oxlate) in air. 

The decomposition of calcium acetate in nitrogen was 
also examined and, as in the case of lead acetate, the 
only significant difference was the absence of the 
exothermic peak rented to the oxidation of acetone in 
the gas phase. 

Samples from two titanium tetrabutoxide-based 
compounds were also examined. The first compound 
was prepared by mixing TNBT with acetic acid and 
precipitating with isopropanol. T G / D T A  diagrams 
for this sample (in air) are shown in Fig. 10. A major 
weight loss accompanied by an exothermic peak due 
to the oxidation of acetone in the gas phase, occurred 
between 200 and 380 ~ A smaller exothermic peak 
with no corresponding change in weight, typical for 
the crystallization of amorphous material, appeared 
on the diagram at 400 ~ The product was identified 
by XRD as TiO 2. The compound was also examined 
in nitrogen and the main differences were the absence 
of the acetone oxidation peak and the slightly higher 
temperature of crystallization (430 ~ 

The second compound was prepared by mixing 
TNBT with oxalic acid and precipitating with am- 
monium hydroxide. In air (Fig. 11), an extensive multi- 
stage weight loss accompanied by major endothermic 
peaks occurred in the temperature range 160-320 ~ 
This may be due to a dehydration step followed by the 
decomposition of the oxalate to carbonate and then to 
the oxide. Two more exothermic peaks, with no ac- 
companying weight loss, appeared on the DTA dia- 
gram at 440 and 540 ~ The first may be due to the 
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recrystallization of the dehydration~lecomposition 
product and the second to the polymorphic trans- 
formation of anatase TiOz to the high-temperature 
form, rutile. The final product was identified by XRD 
as rutile. In nitrogen, the material showed similar 
thermal behaviour to that in air except for the shifting 
of the polymorphic transformation peak to a some- 
what higher temperature (580 ~ The peak was also 
smaller than that in air which indicated that only 
partial transformation may have taken place. An XRD 
analysis indicated that the product was a mixture of 
anatase and rutile TiO2. A study of the anatase/rutile 
transformation was published earlier by Shannon and 
Pask [20]. 

3.4. A c e t a t e - b a s e d  precursor  
The TG/DTA diagrams for the Ti-Pb-Ca acetate- 
based precursor in air are shown in Fig. 12. A minor 
weight loss below 100 ~ due to loss of moisture and a 
major weight loss from 220-360~ due to the de- 
composition of TNBT and lead carbonate appeared 
on the TG diagram. Another minor weight loss due to 
the decomposition of CaCO3 appeared around 
650 ~ In the DTA figure, an endothermic peak fol- 
lowed by a major exothermic one in the temperature 
range 220-360~ verified the decomposition reac- 
tions as well as the oxidation of one of the main 
products, acetone, in the gas phase. Two smaller 
exotherms at 450 and 530~ may be due to the 
oxidation of acetone produced by the decomposition 
of calcium acetate and the oxidation of PbO (the 
product of the decomposition of PbCO3) to Pb30 4. 
The latter decomposes again to PbO around 550 ~ A 
minor endothermic peak due to the decomposition of 
CaCO3 appeared around 680 ~ Despite the absence 
of other significant thermal effects, the formation of 
PbTiO 3 from PbO and TiO/[21]  and the crystalliza- 
tion of amorphous PbTiO 3 [22, 23] are known to 
occur at 500-650 and 450-600 ~ respectively. 

The acetate-based precursor was also examined in a 
nitrogen atmosphere and the resulting TG/DTA fig- 
ures are shown in Fig. 13. The weight loss trend is 
essentially the same as that in air. The DTA diagram, 
however, is characterized by the absence of the major 
oxidation peak around 300 ~ as well as the minor 
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in air. 

ones at 450 and 530~ The final product of the 
experiments in air and in nitrogen atmospheres was 
identified by XRD as PbTiO 3. 

3.5. Oxa la te -based  precursor  
Fig. 14 shows TG/DTA curves for the Ti Pb-Ca 
oxalate-based precursor in air. This material was pre- 
cipitated using ammonium hydroxide. A multi-stage 
weight loss accompanied by a major endothermic and 
a major exothermic peak appeared on the TG and 
DTA diagrams in the temperature range 230-430 ~ 
These activities correspond to the dehydration of 
titanium oxysalts (probably oxalates) and the de- 
composition of the anhydrous product to the carbon- 
ate and further to the oxide. The complex exothermic 
peak at 350-450 ~ may be mainly due to the oxida- 
tion of evolved acetone, produced during the de- 
composition of lead and calcium acetates, in the gas 
phase. Although the starting material is crystalline in 
nature, the dehydration/decomposition process may 
produce an amorphous product that recrystallizes at a 
higher temperature. This may also account partially 
for the observed exothermic activities on the DTA 
diagram. Between 500 and 750 ~ minor weight loss 
accompanied by thermal activities on the diagrams 
may relate to an oxidation/decomposition of PbO, 
the formation of PbTiO 3 (no change in weight), and 
the decomposition of CaCO3. A minor endothermic 
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peak at 870~ on the DTA diagram indicated the 
presence of excess PbO (m.p. 886 ~ 

The same material was examined in a nitrogen 
atmosphere, Fig. 15. The TG figure was similar in 
form to that obtained in air. The DTA diagram, 
however, was somewhat different. An endothermic 
peak due to the decomposition of the contained lead 
and calcium acetates appeared in place of the exo- 
thermic peak (in air) of the oxidation of gaseous 
acetone; a small exothermic peak which may be due to 
the crystallization of the amorphous material follow- 
ing the dehydration/decomposition reactions ap- 
peared in the figure at 430 ~ the minor exothermic 
peak due to the oxidation of PbO (at 530 ~ in air) did 
not appear. 

basic lead carbonate (2PbCO3 �9 Pb(OH)2) formed dur- 
ing the attrition-milling process. In air, the latter 
material is likely to decompose to Pb30 4 which, in 
turn, decomposes to PbO around 580 ~ as evinced by 
the weight loss and the endothermic peak observed at 
this temperature. Also in the temperature range 
550-700 ~ the decomposition of CaCO 3 (weight loss 
and an endothermic peak) and the formation of 
PbTiO3 (an exothermic peak) seem to have taken 
place. Above 850 ~ the weight loss in the TG figure 
and the endothermic drift on the DTA diagram can be 
related to melting and volatilization of excess PbO in 
the sample. 

Fig. 17 shows the TG/DTA diagrams of the same 
material in nitrogen. An initial weight loss slightly 
larger than that in air occurred in the same tem- 
perature range (200-400 ~ The larger weight loss 
together with the absence of the endothermic peak (at 
580~ of the decomposition of Pb30 4 implied the 
formation of PbO rather than Pb30 4 as in the case of 
air. It is also noticeable that the minor exothermic 
peak related to the formation of PbTiO 3 appeared at 
somewhat lower temperature (630 ~ than that in air 
(670 ~ At higher temperature, melting and volatil- 
ization of excess PbO was evident from the weight loss 
in the TG figure and endothermic change on the DTA 
diagram. After the thermal analysis in air and in 
nitrogen, the samples were found to be sintered, which 
is expected as a result of the melting of PbO. 

The results obtained for the attrition-milled pre- 
cursor were verified by examining reagent-grade PbO 
and a mixture of PbO and TiO2 by thermal analysis in 
air and in nitrogen. 

3.6. At tr i t ion-mi l led material 
This material was mainly composed of lead oxide, 
titanium oxide and calcium carbonate. The com- 
pounds were mechanically mixed in distilled H20 and 
attrition milled. Fig. 16 shows the TG/DTA diagrams 
of the material in air. An initial weight loss of about 
1.0% in the temperature range 200-380 ~ appeared 
on the TG diagram accompanied by an endothermic 
peak on the DTA figure indicating the removal of the 
water of hydration from the constituent compounds 
and possibly the decomposition of minor amounts of 

4. C o n c l u s i o n s  
The results from the above studies indicate that the 
undesirable phases in coprecipitated powders can be 
avoided using a rotary evaporation technique for 
solvent removal instead of vacuum filtration. The 
rotary evaporation technique inhibits the loss of sol- 
uble cations in the mother liquor thus maintaining 
the stoichiometry of the mixture and eliminating the 
formation of unwanted phases as indicated from the 
XRD data. Both gel-processed and coprecipitated ma- 
terials can be heat treated to produce single-phase 
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lead titanate at temperatures above 500 ~ However, 
the conventionally attrition-milled powders continued 
to display trace amounts of PbO at temperatures as 
high as 800 ~ [10-1. This suggests that compared to 
conventional attrition milling, chemical processing 
can furnish a superior product at relatively lower 
calcination temperatures. 

The SEM studies indicate that, compared with 
conventional attrition milling, the chemically derived 
powders contain highly agglomerated large particles 
(maximum size ~ 500 gm as opposed to 5 gm for 
attrition-milled material). However, the chemically 
derived material can easily be crushed to yield sub- 
micrometre particle size that can provide high-density 
sintered discs (> 97 % theoretical). When heat-treated, 
chemically derived powders display microporosity 
and microcracking presumably due to the decomposi- 
tion of the organics which may explain the observed 
high surface area of these powders [10-1. The chem- 
ically derived powders also exhibit a titania-rich 
glassy phase that may be responsible for the observed 
higher sintered densities compared with the attrition- 
milled material. 

The thermophysical behaviour of the ceramic pre- 
cursor powders appears to depend on the method of 
synthesis and the prevailing atmosphere. On heating, 
the acetate-based and oxalate-based starting mixtures 
decomposed via different routes to form lead titanate. 
In air, the decomposition was highly exothermic (par- 
ticularly for the acetate-based precursor) due to the 
oxidation of volatile decomposition product in the gas 
phase. The formation of lead titanate was also verified 
when an attrition-milled precursor powder was heat 
treated in air or nitrogen. The thermal behaviour of 
this powder was also slightly different from that in 
nitrogen due to the formation of Pb30 4 and its sub- 
sequent decomposition back to PbO below 600 ~ 
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