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Abstract

It has been found that under certain conditions, PZT [Pb(Zr0.52Ti0.48)O3] can be sintered at a temperature as low as 715 ◦C, whereas the conventional
sintering temperature is around 1200 ◦C. The conditions for such ‘ultra’-low-temperature sintering are the synthesis of PZT nano-powder through
autocombustion route and addition of a small amount of LiBiO2 as a sintering aid. Interestingly, the dielectric and piezoelectric properties of such
‘ultra’-low-temperature sintered samples are on a par with and in some cases better than those of PZT samples prepared via conventional sintering

at a high temperature.
© 2008 Published by Elsevier Ltd.
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. Introduction

The solid solution of PbZrO3 and PbTiO3 with a composition
lose to morphotropic phase boundary (MPB) between tetrag-
nal and rhombohedral phases [Pb(Zr0.52Ti0.48)O3, designated
ZT] shows excellent piezoelectric properties and therefore is
f great technological importance.1 Such piezoelectric materials
re often used in ultrasonic generators, hydrophones, electronic
uzzers and ringers, pressure and stress sensors, etc.2 The sinter-
ng of PZT powder by conventional firing requires a fairly high
emperature (1200–1300 ◦C), which causes a significant loss of
bO by volatilization.3–6 Other disadvantages of this process
re compositional shifting, grain growth, high fuel cost, environ-
ental pollution, etc. The alternatives to get around the problem

f high-temperature densification lie in synthesizing nanosized
ZT powder, which can be sintered at a low temperature and/or
dding sintering aids to lower the sintering temperature. In gen-
ral, the incorporation of low-melting oxides as sintering aids in

ZT reduces the sintering temperature but at the cost of piezo-
lectric properties. As PZT is an age-old material, there is an
xtensive amount of published literature and patents available
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n the public domain [e.g., see Refs.7–21] on the low temperature
intering (900–1100 ◦C) of PZT.

Incidentally, there are a few reports on sintering of PZT
elow 900 ◦C. Recently, Banerjee and Bose22 reported synthe-
is of PZT by autocombustion technique and the synthesized
owder after doping with ZnO can be sintered to 93% of the
heoretical density at 900 ◦C, albeit with inferior piezoelectric
roperties. Hayashi et al.23 reported that LiBiO2 could be a
seful sintering aid for the densification of PZT at 750 ◦C. How-
ver, to get good dielectric and piezoelectric properties, a small
mount of Nb2O5 addition was required and saturated hystere-
is loops were only observed after sintering at 900 ◦C. Wang
t al.24 reported that PZT can be sintered at a temperature as
ow as 800 ◦C by adding a mixture of LiBiO2 and CuO as a
intering aid. However, useful piezoelectric properties can be
chieved by sintering the aforesaid composition above 880 ◦C.
ayashi et al.25 also investigated the low temperature sinter-

ng characteristics of (Pb0.86Ba0.04Sr0.12)(Zr0.56Ti0.44Sb0.02)O3
sing Pb5Ge3O11 and LiBiO2 separately as sintering aids.
he sintering temperature could be lowered to 800 ◦C using

hese additives and the relative density achieved was approx-

mately 96% of the theoretical density. However, the samples
howed poor piezoelectric properties and to get acceptable
iezoelectric properties, the samples required sintering above
200 ◦C. In another study, Hayashi et al.26 reported sintering of
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b(Ni1/3Nb2/3)O3–Pb(Zr0.3Ti0.7)O3 at 850 ◦C using LiBiO2 as a
intering aid, and in this case too, to get appreciable piezoelectric
roperties, the samples required sintering at a higher tempera-
ure (1100 ◦C). Corker et al.27 studied the effect of Cu2O and
bO addition on lowering of the sintering temperature of a PZT
ormulation (commercial hard PZT). The bulk density value of
reater than 90% of the theoretical density was achieved for
wt% additive (a mixture of Cu2O and PbO) after sintering
t 800 ◦C. However, to get acceptable piezoelectric properties,
he samples needed sintering above 850 ◦C. Li et al.28 reported
ensification of PZT at 800 ◦C by isostatic hot pressing but the
echnique is not cost-effective.

In the present work we report the synthesis of PZT nanopar-
icles by citrate–nitrate autocombustion technique and we find
hat by controlling the citrate to nitrate ratio, the phase forma-
ion takes place during the autocombustion stage. Interestingly,
he synthesized PZT powder can be sintered at a temperature
s low as 715 ◦C by adding a little amount of lithium bismuth
xide (LiBiO2) as a sintering aid. The piezoelectric properties
f our sintered samples are comparable to those of convention-
lly sintered PZT. To the best of our knowledge, we first time
eport such “ultra”-low-temperature sintering (at 715 ◦C) of PZT
ithout sacrificing the piezoelectric properties.

. Experimental

Reagent grade lead nitrate, zirconyl oxychloride hydrate and
itania powder were used as starting materials to make PZT. To
repare a Ti4+ solution, titania (TiO2) powder was dissolved
n H2SO4 in presence of (NH4)2SO4 by constant stirring at
00 ◦C until a clear solution of titanium sulphate was formed.
mmonium hydroxide in excess was added to the titanium sul-
hate solution for complete precipitation of titanium hydroxide
n an ice bath. The precipitate was washed with distilled water
nd then dissolved in a nitric acid and water (1:1) mixture to
orm a clear solution of titanium ion. The strength of the solu-
ion was measured gravimetrically. The solution of Ti-nitrate,
nown to be unstable under normal conditions, was found to
e stable by Yamamura et al.29 for several months when it was
repared by dissolving titanium hydroxide in HNO3 in an ice
ath and storing the resultant solution inside a refrigerator at
bout 10 ◦C. To prepare zirconium nitrate solution, zirconium
xychloride hydrate (ZrOCl2·8H2O) was dissolved in distilled
ater and ammonium hydroxide was added to adjust the pH
etween 10 and 11 for complete precipitation of zirconium
ydroxide. The precipitate was filtered and dissolved in nitric
cid and water (1:5) mixture to form a clear solution of Zr4+

on. The strength of the solution was measured gravimetrically.
or preparing PZT powders, calculated amounts of zirconium
itrate solution (0.2 M), titanium nitrate solution (0.15 M), lead
itrate, ammonium nitrate and anhydrous citric acid were taken
n beakers so that the Pb:Zr:Ti ratio in the final products remains
t 1.00:0.52:0.48 and the molar ratios of citrate to nitrate were

ept at 0.06 [sample-(a)], 0.14 [sample-(b)] and 0.33 [sample-
c)]. The solutions were concentrated by heating and stirring
ontinuously on a hot plate at 120 ◦C with a gradual addition of
thylene diamine as a complexing agent. Finally, the solutions

a
c
a
s
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et to viscous gels during continuous heating. The stirrers were
hen removed from the beakers and the gels were further heated.
he gels began to foam and swell, and finally burned on its
wn (autoignition) due to strong exothermic reaction between
he citrate and nitrate species. Small amounts of the gels, col-
ected prior to the autoignition, were characterized by TGA
nd DTA performed on a Shimadzu TGA/DTA-50 at a heat-
ng rate of 10 ◦C/min. The ashes produced after autocombustion
ere calcined at 500 ◦C for 5 h to get yellow PZT precursor
owders. The powders were characterized using X-ray diffrac-
ometer (Philips), thermal analyzer (Shimadzu), specific surface
rea analyzer using BET method (Micromeretics Gemini 2370)
nd FESEM (Carl Ziess, Supra 35VP).

LiBiO2 (abbreviated as LBO) was prepared by mixing
i2CO3 and Bi2O3 in 1:1 molar ratio in an agate mortar and
pestle (by hand for 30 min) and calcining the mass at 600 ◦C

or 1 h followed by grinding in an agate mortar and a pestle.
he formation of LiBiO2 phase was confirmed from the XRD
nalysis. For the study of LBO addition on the sintering of PZT
owder, sample-(b) was chosen because, as described later, it
howed the optimum properties in comparison to samples-(a)
nd (c). LBO (1–5 wt%) and ethyl cellulose (1 wt% as a binder)
ere mixed with PZT powder [sample-(b)] in an agate mortar

nd a pestle (by hand for 30 min) under acetone and then pel-
etized under 170 MPa pressure to make 10–15 mm diameter
ellets (green density ∼56% of theoretical density). The pellets
ere sintered at 715–750 ◦C for 6 h in air at a heating and cooling

ate of 300 ◦C/h. For comparison, a few pellets of PZT without
ny additive were sintered at 1100 ◦C. The densities of the fired
ellets were measured by Archimides’ method. The samples for
lectrical testing were polished and coated with silver paint and
ured at 500 ◦C for 15 min. The piezoelectric strain constant
d33) was measured on a d33 meter (Pennebaker 8000 d33 tester)
fter poling the samples in silicone oil at a temp of 120 ◦C at
kV/mm field for 30 min. The dielectric measurements of the
red pellets were made at room temperature in the frequency
ange of 100 Hz–1 MHz using a Solartron Impedance analyzer.
he planer electrochemical-coupling coefficient (kp) was deter-
ined from the resonance (fr) and antiresonance (fa) frequencies

sing the formula:

p =
√

2.51
�f

fr
(1)

here �f is equal to (fa − fr). Ferroelectric hysteresis loops were
btained for unpoled samples using an LC precision ferroelectric
ester.

. Results and discussion

Fig. 1 shows the XRD patterns of as-burnt (after autocom-
ustion) powders. The sample-(b) showed the formation of
hase-pure PZT at the as-burnt state though it contained a small

mount of carbonaceous material as evident from the grayish
olor of the powder. The sample-(c) was of amorphous nature
nd showed phase formation after calcination at 500 ◦C and the
ample-(a) showed the formation of PZT phase along with other
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ig. 1. XRD patterns of as-burnt powders: (a) sample-(a), (b) sample-(b) and (c)
ample-(c) (PT is PbTiO3 and PZ is PbZrO3, C/N is the citrate to nitrate ratio).

hases like PbZrO3, PbTiO3, PbO, ZrO2 and TiO2. However,
or further studies, sample-(b) was also calcined at 500 ◦C to
emove the small amount of carbonaceous matter.

The surface area of the calcined sample-(b) was found to be
5 m2/g, whereas the surface areas of sample-(a) and sample-(c)
ere found to be 12 m2/g and 15 m2/g, respectively. The FESEM
hotograph (Fig. 2) depicts the particle size of sample-(b), which
s in the range of 70–80 nm.

Fig. 3(a–c) shows the DTA and TGA plots of the gels having
ifferent C/N (citrate to nitrate) ratios. Except for C/N = 0.06
sample-(a)], the gels having C/N ratios equal to 0.33 and 0.14
how double stage decomposition. The first exotherm can be
ssigned to the decomposition of the metal complexes, and
he second peak [for samples-(b) and (c)] can be attributed to
he oxidation of the residual carbonaceous matter along with
low crystallization of the amorphous structure.30 In the TGA

lots (Fig. 4) of the as-burnt powders (after autocombustion),
ample-(b) shows less than 1 wt% loss indicating complete reac-
ion, whereas samples-(c) and (a) show around 68% and 15%

Fig. 2. FESEM photograph of synthesized PZT powder [sample-(b)].

Fig. 3. TGA and DTA plots of the gels with different citrate to nitrate (C/N)
ratio sample-(a), (b) sample-(b) and (c) sample-(c).

Fig. 4. TGA plots of the as-burnt powders.



2734 R. Mazumder, A. Sen / Journal of the European Ceramic Society 28 (2008) 2731–2737

F
w

w
i
r
a
a
4
a
t
w
f
p
d
C
p
T
e
m

s
7
p
w
b
c

H
s
l
i
e
L
L
o
d
a
a
w
c
a
r
d
t
diameter of the capillary and the particle size of the powder. In
ig. 5. Variation of bulk density (% of true density) of sintered PZT samples
ith LBO addition.

eight loss, respectively indicating incomplete combustion dur-
ng the autocombustion stage. Incidentally, Chakrabarty et al.10

eported the synthesis of PZT powder by autocombustion route
t 800 ◦C, where the source of Ti was TiO2 powder directly
dded to the gel. The surface area of the synthesized powder was
.7 m2/g and the particle size was 1.1 �m. Banerjee and Bose22

lso reported synthesis of PZT by citrate–nitrate autocombus-
ion technique where the source of Ti was Ti-nitrate solution,
hich was prepared by dissolving TiO2 in HF by 72 h refluxing

ollowed by precipitation of Ti-hydroxide and dissolving the
recipitate in HNO3. The surface area22 of the calcined pow-
er (500 ◦C) was 4.6 m2/g and the particle size was 90–100 nm.
ernea et al.31 reported synthesis of La- and Nb-doped PZT
owder by the gel-combustion method (where the source of
i was titanium(IV) isopropoxide Ti[OCH(CH3)2]4), however,
ven after calcination at 600 ◦C, the PZT powder could not be
ade phase-pure.
Fig. 5 depicts the effect of LBO addition on the sintered den-

ity of the pellets at two sintering temperatures, viz., 715 ◦C and
50 ◦C. From the figure, it is evident that the bulk density of the

ellets [as a % of true density of PZT (7.75 g/cm3)] increased
ith an increasing amount of LBO addition up to 3 wt% followed
y a decrease or plateau with further addition of LBO. A typi-
al microstructure of a sintered pellet has been shown in Fig. 6.

Fig. 6. Typical micrograph of a sintered LBO added-PZT pellet.

t
t
o

F
e

Fig. 7. FESEM photograph of a PZT pellet sintered at 1100 ◦C.

owever, without LBO addition, the bulk density of PZT after
intering at 750 ◦C was only 68%. It may be noted that the weight
oss of LBO added PZT after sintering was within 1.3–1.8%,
ndicating a very little shift in composition (considering 1 wt%
thyl cellulose binder which is lost during heating). Incidentally,
BO in PZT forms a low melting liquid phase (melting point of
BO is 700 ◦C) that helps in liquid phase sintering. Above the
ptimum amount of LBO addition (∼3 wt%), the densification
ecreases because an excess liquid phase formed from a higher
mount of LBO addition lowers the densification due to grain
nd pore growth.32 It may be mentioned here that, PZT samples
ithout LBO addition can be sintered to 96% of the theoreti-

al density [sample-(s)] (Fig. 7) only after firing at 1100 ◦C and
bove. Incidentally, it may be noted that the process of particle
earrangement and densification during liquid phase sintering
epends on many parameters33 like the surface free energy of
he liquid–vapor interface, viscosity of the liquid, contact angle,
he present case, further systematic study can find out the role of
he aforesaid parameters in imparting LBO the characteristics
f an excellent sintering aid for PZT.

ig. 8. Dielectric constant vs. frequency for PZT samples sintered under differ-
nt conditions.
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tric voltage constants) and QM (mechanical quality factor) were
in the range of 27–39 × 10−3 V m/N and 23–54, respectively for
750 ◦C-sintered samples and the same for 715 ◦C-sintered sam-
ples were 15–30 V m/N and 15–40, respectively. The g33 and
ig. 9. Variation of dissipation factor with frequency for PZT samples under
arying sintering conditions.

Figs. 8 and 9 show the dielectric constant and dissipation
actor versus frequency curves for PZT samples sintered under
arying conditions. From Fig. 8, it is noteworthy that the ε val-
es of LBO added samples (for 2 wt% and above) are much
igher than those of the conventionally sintered sample (at
100 ◦C). Normally, for higher LBO addition, ε should decrease,
hich may be understood by considering the formation of non-

erroelectric low-ε LBO rich grain boundaries, as Wang et al.
howed by XPS analysis that some LBO remains at the grain
oundaries of the sintered ceramics.24 Also with LBO addi-
ion, the dissipation factor (at low frequencies) decreases due to
he formation of non-ferroelectric LBO rich grain boundaries.
esides, some amount of lithium and bismuth doping in PZT
ue to LBO addition is possible, as Li+ can replace Pb2+ in PZT
acceptor doping).11 Also owing to its small ionic radius, Li+

an stay in the interstices11 and some Bi3+ can also replace Pb2+

donor doping).11 In the present case, some LBO incorporation
nto the PZT structure is confirmed from the variation of c/a ratio
Table 1), which increases with LBO addition and then plateaus.
lso the shifting of Tc with LBO addition (Fig. 10) vindicates
ur former assertion. Yadav and Choudhary34 reported similar
owering of Tc with an addition of Li in La-doped PZT and

ahato et al.35 also reported lowering of Tc with Na doping in
ZT. However, in the present case, further studies are required

o understand the doping process in detail for different concen-
rations of LBO addition. Fig. 11 depicts the variation of d33
nd kp of sintered PZT samples with varying LBO addition. We

ound the maximum values of d33 to be 400 pC/N and kp to be
.62 for PZT samples with 2 wt% LBO addition after sintering
t 750 ◦C. The d33 and kp values for 715 ◦C-sintered sample
for 3 wt% LBO addition) were found to be 347 pC/N and 0.52

able 1
ariation of c/a ratio of Pb(Zr0.52Ti0.48)O3 with varying LBO addition

BO (wt%) c/a

1.006
1.008
1.011
1.010 F

s

ig. 10. Temperature dependence of dielectric constant (ε) of PZT with varying
BO addition (all the samples were sintered at 750 ◦C, except for 0% LBO,
hich was sintered at 1100 ◦C).

espectively, whereas, the d33 and kp values for 1100 ◦C sintered
ZT (without LBO addition) were 170 pC/N and 0.4, respec-

ively (for conventionally sintered PZT, the literature reported
alues are d33 = 223 pC/N and kp = 0.51).1 The g33 (piezoelec-
ig. 11. Variation of (a) piezoelectric constant (d33) and (b) kp of PZT samples
intered under varying condition.
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ig. 12. P–E hysteresis loops (at room temperature) of PZT samples sintered
nder varying conditions.

M values were calculated from the following relations:

33 = d33

ε0ε33
(2)

M = 1

2πfrR1Cf{1 − (fr/fa)2} (3)

here ε0 is the permittivity of the free space, ε33 the material
ermittivity, R1 the resonant resistance, Cf the free capacitance
cross the electrodes, and fr and fa denote the resonance and
ntiresonance frequencies, respectively. Fig. 12 shows the P–E
oops for different PZT samples indicating the saturation polar-
zation of 2% LBO added PZT sample (sintered at 750 ◦C) to
e higher than that of 1100 ◦C-sintered PZT without any LBO
ddition.

. Conclusion

Nanoparticles of PZT have been synthesized successfully
sing citrate–nitrate autocombustion method. By controlling
he citrate to nitrate ratio, it is possible to synthesize phase-
ure perovskite PZT during the autocombustion process. The
ynthesized powder can be sintered to around 95% of the the-
retical density at a temperature as low as 715 ◦C by adding
wt% LiBiO2 as a sintering aid and the density improved

o 97% of theoretical density, when sintered at a temper-
ture of 750 ◦C by adding 2 wt% LiBiO2. The dielectric
nd piezoelectric properties of the LBO added sintered sam-
les are on a par and in some cases better than those of
igh-temperature conventionally sintered PZT without LiBiO2
ddition.
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