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Abstract

Two tetragonal lead titanate powders, prepared by
reaction in molten alkali-metal nitrites, are di�er-
entiated by their content in sodium. The role of
sodium on the crystal lattice, sintering behaviour and
physical properties is discussed. Microstructure and
ferroelectric wall domains are shown. Curie tem-
perature is determined from internal friction techni-
que; permittivity and electrical losses are estimated
from dielectric measurements. # 1999 Elsevier Sci-
ence Limited. All rights reserved

Keywords: lead titanate, powders: chemical prepa-
ration, sintering, dielectric properties, molten salts.

1 Introduction

Perovskite type lead titanate PbTiO3 is well known
as ferroelectric material with high Curie tempera-
ture (490�C). It is generally synthesized by solid
state reaction, sol-gel process, chemical precipita-
tion, or hydrothermal treatment.1±4 In all these
methods, a calcination at more or less high tem-
perature is needed to get pure crystallized ferro-
electric PbTiO3. In contrast to BaTiO3

5 and
SrTiO3

6 powders, leading to dense ceramics, pure
lead titanate powders often lead to poor densities
because of the large tetragonality of crystal lattices
(c=a=1.063). However, the densities can be

improved by addition of a doping element such as
Nb, Ta, Ca, Co, Sr, Ba.7±9

Nano-sized yttria stabilized zirconia powders
were precipitated, a few years ago, by simultaneous
reaction of yttrium and zirconium salts in a molten
salt medium at about 450�C.10,11 The powders were
characterized by a high speci®c surface area and a
very homogenous chemical composition. More-
over, high densities were achieved by pressureless
sintering at temperatures in the range 1500±
1600�C, leading to ceramic bodies with satisfying
mechanical properties.12

The present paper concerns the morphological
characterization of powders, the sintering behaviour
and the physical properties of two lead titanates
samples, precipitated from molten salt reactions,
one pure and the other containing sodium.

2 Experimental

The two lead titanate samples were prepared at
500�C for 2 h, by reaction of lead nitrate (Jans-
sen>99%) and titanium oxychloride Ti2O3Cl2
(laboratory prepared) with molten alkali metal
nitrites following a procedure previously described
elsewhere.13,14 For the ®rst one named PT1, the
molten salt medium was potassium nitrite KNO2

(Fluka >98%, mp=440�C); for the second one
named PT2, it was the eutectic between sodium
nitrite NaNO2 (Prolabo >99%) and potassium
nitrite KNO2 (65 mol% NaNO2, mp=224�C).
The obtained powders were identi®ed by X-ray

di�raction (automatic di�ractometer for powders
Siemens 500, working with Cu K� radiation). The
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mean size of crystallites was evaluated by peak
broadening using silica as reference. The re®ning of
lattice parameters was performed from patterns
recorded with silicon as internal standard. The
morphology was examined by scanning and trans-
mission electron microscopy (Jeol 200 CX and
Philips XL 20). The chemical composition was
established from element analysis, performed in the
CNRS Microanalysis Center of Solaize.
For physical investigations, lead titanate pow-

ders were consolidated by uniaxial pressing up to
50MPa followed by isostatic pressing up to
400MPa. Then bodies were sintered in PbO satu-
rated atmosphere, in the range 1050±1150�C for 2 h
and at a rate of 5�C/minÿ1. Densities were deter-
mined by Arthur's method.15

Sintered bodies were characterized by internal
friction technique and dielectric measurements.
For high frequencies (1 to 2 kHz), mechanical los-
ses Qÿ1 and Young's modulus E were measured as
a function of temperature, from samples driven in
¯exural vibration at resonance frequency. In
agreement with Nowick et al.16 Qÿ1 and E were
calculated from the resonance curves via relations
(1) and (2):

Qÿ1 � �fr=fr
���
3
p

�1�

fr is the resonance frequency and �fr is the width
at half maximum

E � 0�9464�l 4fr2=d 2 �2�

� is the density, l the length and d the thickness of
the sample.
Qÿ1�T� and E�T� were recorded under primary

vacuum from ÿ160 to 500�C at a rate of 1�C/min.
The frequency of vibration was about 2 kHz and
the maximum strain amplitude was 10ÿ6.
For low frequencies (< 1 Hz), the shear modulus

G�T� and the mechanical losses Qÿ1�T� were mea-
sured using an inverted pendulum with a maximum
strain amplitude of 5�10ÿ5. The sample was settled
at its extremities and twisted upon around the
longitudinal vertical axis. The dynamic modulus
was expressed according to relation (3):

G�G exp� j� � � G0 � jG00 �3�

� is the lag angle between the strain and the stress.
The mechanical losses versus temperature

Qÿ1�T� were given by the ratio G0=G00 and the shear
modulus G�T� was equal to G0. Both were mea-
sured under vacuum from 25 to 500�C at a heating
rate of 1�C/min.

Dielectric measurements were performed, using
an H P. impedancemeter at heating rate of about
1�C min, on plate shaped samples (5�5�1mm)
®rst polished, then electroded by air dried silver
paste. Relative permittivity "r and loss factor tan�
were given by relations (4) and (5):

"r � "0 ÿ j"00 �4�

tan � � "0="00 �5�

"0 is the dielectric constant and "00 the relative loss
factor.

3 Powders Characterization

3.1 Powders prepared in molten NaNO2±KNO2

eutectic, PT2
From thermogravimetric investigations,13,14 it was
shown that the formation of PT2, by reaction in
molten NaNO2-KNO2 eutectic at 500�C for 2 h,
proceeds in several steps:

. Formation of TiO2 before melting

. Lux Flood acido-basic reactions above melt-
ing leading to intermediate products, lead
oxide PbO and sodium titanates Na2TinO2n+1

. Transformation of intermediate products into
PbTiO3.

Lead titanate is obtained as a yellow powder
which is identi®ed by XRD, before and after
annealing at 1050�C, to the tetragonal variety of
PbTiO3 [Fig. 1(a) and (b)]. Compared to the
known position of peaks (PbTiO3 macedonite
ICDD 6-0452), a shift of experimental peaks is
noticed, either towards high angles (001, 101, 111,
002) or towards low angles (100, 110, 200). The
re®ning of lattice parameters leads to a � 3�902�
0�004 �A, c � 4�086� 0�004 �A and c=a=1.047. The
ratio value is slightly lower than the one commonly
found in literature (1.063).17 It is mainly due to a
decrease of parameter c. Calculations were made
from the pattern of a PT2 powder annealed at
1050�C with the aim to get a more accurate mea-
surement of peaks positions. However no shift is
observed between patterns recorded before and
after annealing.
In non annealed PbTiO3, an average crystallite

diameter of 65 nm is found from XRD peak [100]
broadening. From electron micrographs [SEM and
TEM, Fig. 2(a) and (b)] it is shown that lead tita-
nate powders prepared at 500�C are constituted of
micron sized aggregates, built by agglomeration of
nearly spherical elementary grains. The sizes of the
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latter are in the range 50±150 nm. The agreement
with the crystallite size estimated from XRD pat-
terns indicates that elementary grains are mono-
crystalline. Moreover, a beginning of sintering
between crystallites is obviously seen on both kinds
of micrographs. This phenomenon is typical of
lead titanate powders precipitated from NaNO2±
KNO2 molten medium; it was never observed for
instance in zirconia or titania powders prepared in
NaNO3±KNO3 molten medium at similar tem-
peratures.10,11

Chemical analysis results of PT2 powder oven
dried at 100�C agree with equimolar amounts of

lead and titanium and show the presence of a
sodium content, higher than the traces of potas-
sium (Table 1) about 10-fold higher if the molar
contents are considered. It is noticeable, that sin-
tering at 1050 or 1150�C, carried out by annealing
pellets under PbO atmosphere, involves at the same
time a decrease of the sodium and potassium con-
tents, probably due to a volatilization of the oxi-
des, and a small decrease of the lead content which
can be attributed to the sublimation of the excess
of PbO identi®ed in the powders by XRD (Fig. 3).

3.2 Powders prepared in molten KNO2, PT1
In molten potassium nitrite, the crystallization of
PT1, from the same precursors, proceeds also in
several steps; however, the formation of potassium
titanates is never observed and the only inter-
mediate phases are PbO litharge and TiO2 anatase.
After aqueous extraction and oven drying at

100�C, the obtained yellow powder is identi®ed by
XRD, mainly to the tetragonal variety of PbTiO3

[Fig. 3(a)], besides PbO litharge (ICDD 5-0561)
and an unknown phase in small proportion. These
latter vanish when the powder is annealed at
1050�C and only tetragonal PbTiO3 remains
[Fig. 3(b)]. Compared to PbTiO3 macedonite
(ICDD 6-0452), experimental peaks position of
PT1 are likewise slightly shifted and the re®ning of
lattice parameters gives a � 3�900� 0�004 �A,
c � 4�120� 0�004 �A and c=a � 1�056. The value of
a is the same as the one obtained for PT2 prepared
in NaNO2±KNO2. The value of c is increased by
about 5% The mean size of crystallites estimated
from XRD peaks broadening, 50 nm, is of the same
magnitude than the one determined for powders
prepared in NaNO2±KNO2. Scanning electron
micrographs (Fig. 4) show both large plate shaped
agglomerates and smaller particles with sizes in fair
agreement with crystallites size.
Chemical analysis data of an oven-dried powder

are also in agreement with equimolar amounts of

Fig. 1. XRD patterns of PbTiO3 prepared in NaNO2±KNO2, (a) powder, (b) sintered body, * silicon.

Fig. 2. Micrographs of PbTiO3 powder prepared in NaNO2±
KNO2, (a) TEM, (b) SEM.
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lead and titanium (Table 1). The content in potas-
sium is higher than in the powders prepared in
NaNO2±KNO2 medium but lower than the content
in sodium of these latter.

4 Physical Characterization of Sintered Bodies

Densities achieved by pressureless sintering are
85% of theoretical at 1150�C for PT1 and 95% at
1050�C for PT2. In both cases the chemical com-
position of the starting powder is not signi®cantly
a�ected by sintering.

4.1 Microstructure and polarization domains
Scanning electron microscopy examination of
polished surface submitted to a nitric acid attack
shows a mean size of grains of about 3.0�m for PT1
[Fig. 5(a)] and 2.0�m for PT2 [Fig. 5(b)]. Polariza-
tion domains and domains walls with orientation at
90� and 180� are revealed for both samples.

4.2 Internal friction and elastic modulus
For sample PT1, the Young's modulus versus
temperature curve E�T� is characterized by a mod-
ulus anomaly A at 480�C, whereas the mechanical
losses versus temperature curve Qÿ1�T� exhibits a
high peak P, at the same temperature 480�C and
two smaller peaks RI at 380�C and R2 at 310�C
(Fig. 6). These curves are recorded at high fre-

quency (< 2kHz). On the curves Qÿ1�T� drawn at
low frequencies (10ÿ2 to 1Hz) [Fig. 7(a)], it is seen
that the temperature of the peak P, 480�C, is inde-
pendent of frequency, while temperatures of peaks
R1 and R2 decrease as the frequency is lowered. As
the elastic modulus E�T� at high frequency, the
shear modulus versus temperature curves G�T�
present at low frequency a modulus anomaly A at
480�C, whatever the frequency [Fig. 7(b)].
The curves of samples PT2, mechanical loss

Qÿ1�T�, Young's modulus E�T� at high frequency
(Fig. 8) and mechanical loss Qÿ1�T� [Fig. 9(a)] and
shear modulus G�T� [Fig. 9(b)] at low frequencies,
are very similar to those of sample PT1. The main
di�erence is a decrease of the temperature of the
peak P0 and the modulus anomaly A0 down to
430�C. On the contrary, the temperatures of peaks
R10 and R20 are increased respectively to 400
and 360�C. P0 and A0 are also independent of
frequency.
For both samples, the Young's and shear mod-

ulus anomalies, A or A0, which are associated to
the mechanical loss peaks, P or P0, correspond to
the phase transition tetragonal to cubic which
occurs at Curie temperature Tc=480�C for PT1

Table 1. Chemical analysis of lead titanate prepared in the
eutectic NaNO2±KNO2 and in KNO2 before and after sinter-

ing. (Elements contents are given in mass %)

Medium NaNO2±KNO2 KNO2

Sample Powder Ceramic Powder Ceramic

Pb 68.5 68.1 68.5 68.2
Ti 15.6 15.8 15.7 15.9
Na 0.6 0.3 Ð Ð
K 0.1 1.5�10ÿ20 0�3 0�1
Molar ratio Pb/Ti 1�01 1�00 1�01 0�99

Fig. 3. XRD patterns of PbTiO3 prepared in KNO2, (a) powder, (b) sintered body. + PbO litharge, * silicon.

Fig. 4. SEM micrograph of PbTiO3 powder prepared in
KNO2.
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and Tc=430�C for PT2. The peaks R of Qÿ1�T�
curves, the temperature of which is dependent of
frequency, are attributed to relaxation phenomena.

4.3 Dielectric measurements
Dielectric permittivity "r, and losses tan� versus
temperature curves are drawn at di�erent fre-
quencies (1, 10, 50 and 100 kHz) for samples PT1
and PT2.
For PT1 (Fig. 10), the permittivity curve exhibits

a peak at 480�C, due to the tetragonal±cubic tran-
sition. It is all the more distinguished from the

background as the frequency is lowered. Simulta-
neously the dielectric losses are increased.
For PT2 containing 4 mol% of Na (Fig. 11), the

permittivity increases monotonously with the tem-
perature without any transition peak appearance.
The dielectric losses are also simultaneously
increased. At a given frequency, the dielectric los-
ses are higher for PT2 than for PT1.

5 Discussion

Due to a lower steric hindrance, sodium is liable to
enter in the crystal lattice of tetragonal lead tita-
nate at a signi®cantly higher amount than potas-

Fig. 5. Microstructure and walls domains, (a) PT1 and (b)
PT2.

Fig. 6. Young's modulus E and mechanical losses Qÿ1 versus
temperature curves recorded for PT1 at high frequency (<

2kHz).

Fig. 7. (a) Mechanical losses Qÿ1 and (b) shear modulus G
versus temperature curves recorded for PT1 at di�erent low

frequencies.

Fig. 8. Young modulus E and mechanical losses Qÿ1 versus
temperature curves recorded for PT2 at high frequency (<

2kHz).
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sium. The presence of sodium simultaneously
decreases the tetragonality (c=a=1.056 in PT1,
1.047 in PT2). Furthermore, Na-ions replace Pb-
ions and O-vacancies are simultaneously created,
the valency of sodium being lower than the lead
one. So, the O-vacancies di�usion is enhanced
during sintering and the sinterability of the PT2
powders is improved in agreement with previous
results,4,7,8 (PT1: d=85% at 1150�C, PT2: d=95%
at 1050�C).
The values of permittivity and dielectric loss at

room temperature of the samples PT1 and PT2 are
compared in Table 2 to those published for doped
PbTiO3

7,18 and pure BaTiO3.
19 Comparing, on the

one hand, the samples PT1 and PT2 and, on the
other hand, the di�erent doped lead titanates, it is
clear that the dielectric constant and losses are
dependent upon the nature of the doping element.
In the molten salts prepared samples, both are
increased by the presence of sodium. For the
sodium containing sample PT2, the values of "r,
and tan� are similar to those of lead titanate doped
with Ni, Fe, Cd or Nb published by Ueda.18 The
absence of peak for the tetragonal±cubic transition,
was also observed by the author in PbTiO3 cera-
mics doped with chromium and partially attributed
to an interfacial polarization. The low tan� value of
sample PT1 is of the same magnitude as that of
BaTiO3.

Internal friction versus temperature measure-
ments at di�erent frequencies reveal the phase
transition tetragonal±cubic of both samples by a
Young's modulus anomaly and a mechanical loss
peak. The Curie temperature is localized at 480�C
for PT1 and 430�C for PT2. The shift of 50�C

Fig. 9. (a) Mechanical losses Qÿ1 and (b) shear modulus G
versus temperature curves recorded for PT2 at di�erent low

frequencies.

Fig. 10. Dielectric permittivity "r, and losses tan� of PT1
measured at di�erent frequencies.

Fig. 11. Dielectric permittivity "r and losses tan� of PT2 mea-
sured at di�erent frequencies.
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towards low temperature corroborates the doping
e�ect of sodium. Moreover, measurements carried
out at high frequency in the temperature range of
ÿ160, 500�C do not show any polymorphic trans-
formation around ÿ100�C for PT1. The existence
of such transition in PbTiO3 single crystal was
suspected by Kobayashi et al.20 from dielectric
measurements, whereas it was set aside by Fontana
et al.21 from Raman spectroscopy investigations.
On the mechanical loss curves of PT1 and PT2,

the transition peak P is preceded by two relaxation
peaks R1 and R2. The temperatures of these peaks

depend on the vibration frequency. The activation
energy (H) and the pre-exponential factor �o of
these peaks can be calculated using the classical
Arrhenius eqn (6).

� � �0: exp�H=kT�
� � relaxation time; k � Boltzmann constant:

�6�
For a Debye peak, the condition for the peak is
that ln (!�)=0. This gives relation (7).

ln�!�o� �H=kTp � 0 �7�

where Tp is the peak temperature and ! � 2�f (f is
the vibration frequency). The relationship between
peak temperatures and vibration frequencies are
plotted in Fig. 12 for both samples. From the
obtained results (Table 3), it can be noticed that
the presence of sodium in lead titanate decreases
the activation energy and increases the relaxation
time. Similar relaxation peaks were observed in
various piezoelectric compounds such as PZT,
PHT and BaTiO3.

22±24 They were attributed to
movement of domains and to the interaction of
oxygen vacancies with domains walls.24,25 The
height of the peak depends on the concentration in
oxygen vacancies and on the domain width. In the
case of the PT2 lead titanate containing sodium,
the grain size is the lowest, but the concentration in
oxygen vacancies is the highest. So, the lesser peak
heights can be due to a lesser domain width. The
relaxation time depends on the oxygen vacancies
di�usion. The activation energy obtained for the
PT2 specimen is compatible with the activation
energy for oxygen vacancies di�usion compara-
tively with the results obtained for BaTiO3.

24 But,
for the PT1 specimen, the values of the activation
energy are very high and cannot be linked to a
precise mechanism. Further experiments are nee-
ded to specify this point.

6 Conclusion

Two lead titanates, were prepared by reaction in
molten alkali metal nitrites, the one considered as
pure, the other containing 0.3 mass% of sodium.
From the investigation of their properties it is

Table 2. Comparison of the experimental values of "r, and
tan� of samples PT1 and PT2 with data published in literature

for barium titanate and various doped lead titanates

Compound er tan.d

PbTiO3 (PT1) 100 0.02
PbTiO3 (PT2) 180 0.13
PbTiO3+(Ca, Ba, or Sr) 300±600 1.30±2.60
PbTiO3 (Ni, Fe, Nb, Gd,
Li, Bi, or Mn)

200 0.01±0.07

BaTiO3 2500 0.03

Fig. 12. Arrhenius diagram of peaks R1, R2, R01, and R02 for
PT1 and PT2.

Table 3. Activation energy and relaxation time of peaks R

PbTiO3(PT1) PbTiO3(PT2)

R1 R2 R10 R20

H (ev) 5.7 2.7 1.6 0.8
�0�s� 1.3�10ÿ43 1.1�10ÿ27 3�10ÿ16 2.7�10ÿ11
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concluded that the insertion of sodium has the fol-
lowing e�ects:

. The tetragonality of the lattice is decreased by
about 1% while the sinterability is improved.

. In both samples, domains are revealed on
polished surfaces submitted to a nitric attack,
but the Curie temperature is decreased by
50�C. The tetragonal to cubic phase transition
is preceded by two relaxation phenomena
associated to movement of domains and to
di�usion of oxygen vacancies. Activation
energy is reduced while relaxation time is
increased.
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