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a b s t r a c t

Powerful tools like Differential Scanning Calorimetry (DSC) and DTA seem to be under-utilized for the
emerging materials for high temperature piezoelectric sensors, while thermal aspects of such piezoelec-
tric phase change are also of theoretical interest. Curie temperature of Lead Meta-Niobate (PbNb2O6 or
PN) is 570 ◦C, much higher than that for widely used lead zirconate titanate, making PN potentially more
eywords:
igh temperature piezoelectric material
bNb2O6

ifferential Scanning Calorimetry
urie temperature

attractive at high temperatures. However, the only specific heat measurement for PN appears to be the
2–25 K study by Lawless, leaving the Curie temperature region unexplored. For PN, piezoelectricity is
possible for the meta-stable orthorhombic structure only. So, we prepared pure phase orthorhombic PN
by quenching (Q) and the rhombohedral PN by slow-cooling (S). We report for the first time, to our knowl-
edge, DSC across the Curie temperature for Q and S types of PN. We find clear and interesting DSC signals
at the Curie temperature in heating and cooling graphs for quenched (Q) PbNb2O6 only and none for the

.
RD slow-cooled (S) PbNb2O6

. Introduction

Curie temperature of the widely used piezoelectric material,
ead zirconate titanate cannot be improved above 380 ◦C. Synthe-
is and phase identification of the piezo-electric phase of Lead
eta-Niobate (PbNb2O6) [1–13] is difficult, as a few competing

hases and compounds tend to form during the preparation. But,
t has an attractively higher Curie temperature of 570 ◦C [14–16].
resent DSC [17–19] for identification of this phase has been very
ewarding. Earlier DSC on piezoelectric materials has been limited
o a few materials like BaTiO3 [20] and [Bi0.5(Na1−xKx)0.5]TiO3 [21].
he piezoelectric PbNb2O6 is known to change from orthorhom-
ic to tetragonal phase on heating across the Curie temperature of
70 ◦C. The stable forms of PbNb2O6 are believed to be rhombo-
edral (at low temperature) and tetragonal (at high temperature).
he latter is transformed, usually by quenching, to the meta-
table orthorhombic structure, often described as an orthorhombic
istortion of the tetragonal structure. This orthorhombic distor-
ion of the atomic positions of PbNb2O6, in fact, creates a polar

xis paving the way for ferroelectric and piezoelectric behavior.
low-cooling leads to the rhombohedral structure, which is non-
iezoelectric.
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2. Experimental outline

Instead of wet chemical routes [22,23], a purely solid-state reac-
tion route has been utilized in our work. Simple steps like making all
firings in palletized form to provide intimate contact and fine grind-
ing plus re-palletizing at each step for more uniform mixing, have
resulted in good quality samples also from this non-wet route. Pel-
lets from starting chemicals of PbO and Nb2O5 with 2% extra weight
of PbO (to compensate for known Pb loss during firing) have been
calcined first for 3.5 h 1050 ◦C, and then at 1290 ◦C for 1 h. The 3rd
firing (about 5 h) at 1270 ◦C has branched into quenched (PN Q)
and slow-cooled (PN S) samples. Powder X-ray diffraction patterns
for these samples, taken at IACS, Kolkata-32, India, are shown in
Figs. 1 and 2. For the DSC runs in a Seiko DSC 6200 set-up, the heat-
ing has always been kept at 5 ◦C/min, as higher rates mask finer
features of the DSC plot. Dimensions of each disc-like pellet sam-
ple have been measured by a digital caliper. Then by finding its
mass in an electronic balance, the real density of the pellet has been
calculated. This has been done for several pellets of PN Q sample.

3. Results and discussion
XRD pattern of the quenched sample, PN Q, in Fig. 1 matches
well with the best reported orthorhombic patterns for piezo-
electric samples [11,13,14,24,25]. Rietveld analysis [26] showed
a = 17.659 Å, b = 17.951 Å and c = 3.8717 Å, implying a theoretical
density of 6.416 g/cm3. Our samples achieved up to 81.2% of the

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:ude@veccal.ernet.in
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ig. 1. XRD pattern of powdered PN Q, PbNb2O6 sample that has been quenched to
oom temperature after sintering at 1270 ◦C. The peaks have been indexed, consid-
ring the orthorhombic phase.

heoretical density, the average being 79.5%. Main XRD peaks for
hombohedral symmetry in PbNb2O6 are known [9] to be at 2� val-
es 28.7◦ for the (1 1 3) line and 29.4◦ for the (3 0 0) line. So, 28.711◦

nd 29.454◦ peaks for our slow-cooled sample in Fig. 2, prove the
low-cooled sample to be rhombohedral. This pattern is clearly dif-
erent from that for the quenched sample. The difference of the two
amples shows up more dramatically in DSC studies in the next
ection. Our observed need for quenching to get orthorhombic dis-
ortion in the room temperature sample is in agreement with most
uthors, Lee and Kimura [4] for example, although some earlier
apers did not mention the quenching step clearly. Obtaining [1]
rthorhombic phase without quenching is not understood.

In our DSC runs, typically ∼25 mg sample has been taken in
miniature platinum (Pt) crucible (∼180 mg) on one of the two

eaters. A similar Pt crucible in empty state on the other heater
erved as the standard for the differential measurement. A follow-

p blank run of these two empty crucibles has provided the
ackground correction. This last run, in view of a small difference in
ass of the two platinum crucibles, has also measured the specific

eat of platinum, roughly reproducing the value 0.033 cal g−1 K−1

ig. 2. XRD pattern of powdered PN S, PbNb2O6 sample that has been slow-cooled
n about 15 h to room temperature after sintering at 1270 ◦C. The pattern matches
he published rhombohedral pattern, and the two main rhombohedral peaks have
een indexed.
Fig. 3. DSC signal vs. temperature graphs for heating and cooling branches for PN Q,
PbNb2O6 sample that has been quenched (Q) to room temperature after sintering
at 1270 ◦C. The observed minimum (during heating) and maximum (during cooling)
are related to Curie temperature as clarified in Fig. 5 and the text.

in 20–500 ◦C range, reported in [27]. This is encouraging, although
phase transition temperatures rather than specific heat values have
been of interest in the present work. Our results have been pre-
sented (in Figs. 3–5) as heat flow per unit mass per ◦C change of
temperature (derived from the DSC signal given in �W unit) vs. tem-
perature (◦C) graphs. We prepared two sets of quenched samples
under same preparation conditions. DSC output file for the first set
sample (one used in Figs. 3 and 5) gives the minimum at 570.60 ◦C,
while it is 570.57 ◦C in the same compound (sample) from the sec-
ond preparation in a second DSC run. A phase change, which absorbs
heat during heating and shows a dip, must reject heat during cool-
ing and give a peak. This is observed in Figs. 3 and 5, confirming the
correctness of the measurements. The maximum (in the cooling
branch) for the first set sample (one used in Figs. 3 and 5) appears
at 553.83 ◦C, while it is at 554.07 ◦C in the same sample from the
second preparation in the second DSC run. Practically same or close
results, for the heating and cooling branches, on repeating the DSC

run with a second preparation of the sample indicate the high over-
all accuracy of the data. In the presentation of the DSC results in
the next paragraph, we limit ourselves to the first set sample and
result up to first decimal place. The maximum possible error in

Fig. 4. DSC signal vs. temperature graphs for heating and cooling branches for PN S,
PbNb2O6 sample that has been slow-cooled (S) in about 15 h to room temperature
after sintering at 1270 ◦C. Neither any minimum during heating nor any maximum
during cooling has been observed for this slow-cooled rhombohedral sample.
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Fig. 5. A magnified view of the heating and cooling branches of our DSC signal vs.
temperature graph for PN Q, PbNb2O6 sample that has been quenched to room tem-
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[26] K.R. Sahu, A. De, K.R. Chakraborty, U. De, Preparation of PbNb2O6 and FTIR char-
erature after sintering at 1270 ◦C. The 570.6 ◦C minimum during heating correspond
o piezoelectric orthorhombic to non-piezoelectric tetragonal phase transforma-
ion. The 553.8 ◦C maximum shows the reverse transformation during cooling. Other
etails are given in the text.

resent DSC determination of the temperature of the minimum or
aximum is less than 0.05 ◦C.
Most prominent feature of the heating graph for the quenched

bNb2O6 in Figs. 3 and 5 is a minimum at 570.6 ◦C, which is [28]
he Curie temperature of the compound. The same feature has
een recorded during cooling, expectedly, as a maximum, but at
slightly reduced temperature of 553.8 ◦C. Such a DSC dip at the
urie temperature on heating (the minimum at 127.6 ◦C) and the
orresponding peak at a slightly lower temperature during cool-
ng (the maximum at 125.3 ◦C) have been observed [20] earlier for
aTiO3. This hysteresis in DSC signal in BaTiO3 was observed also
y us. However, to our knowledge, ours is the first record in case
f PbNb2O6 compound, of the total observations across the Curie
emperature of DSC minimum and maximum. Another interesting
bservation in the cooling graph of PN Q is a smaller peak (maxi-
um) at 559.3 ◦C, just before the main maximum at 553.8 ◦C. Since

his feature of double maxima is not well-known, it is shown more
learly in Fig. 5 While the origin of two second maxima is not clear,
t is noted that in the internal friction measurement on KDP crys-
al, Huang et al. [13] observed a separate peak due to domain wall

ovement, in addition to the peak at the Curie temperature. The
wo phenomena appear to be related and the domain wall move-

ent in BaTiO3 has been studied by various authors [29]. Still, no
efinite conclusion on this point can be drawn without further

ork. Most important is the fact that slow-cooled PbNb2O6 (PN S)
oes not show (Fig. 4) any DSC dip or peak during identical heat-

ng and cooling steps. We have already found this PN S sample to
e of rhombohedral structure that does not support ferroelectric-

ty and piezoelectricity. This confirms that the dip (during heating)

[
[
[
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and peak (during cooling) in DSC of the quenched PbNb2O6 are
linked to orthorhombic structure and the transition at the Curie
temperature.

4. Conclusion

Differential Scanning Calorimetry (DSC) measurement of spe-
cific heat is seen to be a novel but easy test of the formation of
the correct orthorhombic piezoelectric phase in Lead Meta-Niobate
(PbNb2O6). Working with pure orthorhombic and pure rhombo-
hedral samples, we get enthalpy change at the Curie temperature,
only for the orthorhombic PbNb2O6. The strength of the DSC sig-
nal should be related to the fraction of orthorhombic phase in
case of a multi-phase sample. Present work appears to be the first
reporting of DSC data on orthorhombic and rhombohedral Lead
Meta-Niobate.
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