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Effects of atmospheric powder on microstructure and piezoelectric
properties of PMZN-PZT quaternary ceramics
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Abstract

The effects of atmospheric powder on microstructure and piezoelectric properties of Pb(Mn1/3Nb2/3)O3–Pb(Zn1/3Nb2/3)O3–PbZrO3–PbTiO3

(PMZN-PZT) quaternary ceramics were investigated. Specimens with various contents of Pb(Mn1/3Nb2/3)O3 from 0 to 20 mol% were prepared
by columbite two-stage process with and without atmospheric powder of PbZrO3. The results revealed that the atmospheric powder is favored
to the liquid-state sintering process in PbO vapor pressure equilibrium. The specimen sintered with atmospheric powder is homogenous and
the fracture is intergranular. However, the specimen sintered without atmospheric powder is less homogenous and the fracture is essentially
transgranular. On the other hand, the pyrochlore phase was formed along with the perovskite phase for the specimens sintered without
atmospheric powder and the second phase was seriously detrimental to the electromechanical properties. The superior piezoelectric properties
were observed for the specimens sintered with atmospheric powder. By optimizing the specimen composition, excellent piezoelectric, and
dielectric properties (Qm = 2528,Kp = 0.55, tanδ = 0.003) were obtained at 10 mol% Pb(Mn1/3Nb2/3)O3.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Recently, the applications of piezoelectric ceramics for
piezoelectric transformers were vigorously studied for
lighting liquid-crystal display (LCD) backlights.1,2 The
properties of these materials should combine a high me-
chanical quality factor (Qm) with high electromechanical
coupling factor (Kp) and low dielectric loss (tanδ) si-
multaneously because the piezoelectric transformer oper-
ated at its resonant frequency in transformation between
electrical and mechanical energy.3 It is well known that
Pb(Mn1/3Nb2/3)O3–Pb(Zn1/3Nb2/3)O3–PbZrO3–PbTiO3
(PMZN-PZT) quaternary ceramics are good candidates for
piezoelectric transformer due to their superior piezoelectric
properties.4 However, a major problem encountered in the
course of ceramics fabrication is the necessary control of
lead oxide content during sintering. The loss of PbO and
the resultant variation in composition affect greatly the
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piezoelectric characteristics.5,6 Therefore, it is necessary to
adjust the vapor phase equilibrium of PbO between the ce-
ramic to be sintered and the atmospheric powder in which
the ceramic is embedded.

Until now, there are many reports on the effects of excess
PbO in initial raw materials on the structure and electrical
properties of lead based ceramics,7–9 but few on the effects
of atmospheric powder such as PbZrO3. Therefore, it is nec-
essary to clarify the relationship between atmospheric pow-
der and the structure and electrical properties of lead based
ceramics. In the present work, the variation in structure of
PMZN-PZT with respect to the use of atmospheric pow-
der has been investigated. The effect of atmospheric powder
on the piezoelectric and dielectric properties also has been
measured and correlated with the structure of the materials.

2. Experimental procedures

The general formula of the materials studied was (Pb0.995
Sr0.005)(Mn1/3Nb2/3)x (Zn1/3Nb2/3)0.20−xTi0.42Zr0.38O3 +
1.5 wt.%PbO+ 0.20 wt.%CeO2, wherex = 0, 0.05, 0.10,
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Fig. 1. Sintering alumina crucible configurations: (a) double enclosed
alumina crucible method, (b) single enclosed alumina crucible method.

0.15, and 0.20, respectively. The samples were prepared by
the columbite two-stage method.10 Appropriate amounts of
prefabricated columbite precursor, ZnNb2O6 and MnNb2O6,
were mixed with Pb3O4, ZrO2, TiO2, SrCO3, and CeO2 by
ball-milling with zirconia balls media. The mixture was then
calcined at 850◦C for 2 h in air, remilled, pressed into discs
at around 120 MPa. The green discs were then sintered at
50◦C temperature intervals between 1150 and 1350◦C for

Fig. 2. The bulk density of PMZN-PZT specimens as a function of sinter-
ing temperature: (a) with atmospheric powders, (b) without atmospheric
powders.

2 h. In order to investigate the effect of atmospheric pow-
der of PbZrO3, the two compared sintering configurations
used identical alumina crucible as shown inFig. 1 were se-
lected: double enclosed alumina crucible method (Fig. 1(a)),
where the green specimens were surrounded with atmo-
spheric powders of PbZrO3 and kept inside the double en-
closed alumina crucibles; single enclosed alumina crucible
method (Fig. 1(b)), where no atmospheric powders were
used and the green specimens were fired directly in a single
sealed alumina crucible.

The sintered discs were lapped and electroded with a sil-
ver paste. The specimens for the piezoelectric property mea-
surements were poled in a silicone oil bath at 120◦C by
applying a dc electric field of 3 kV/mm for 30 min.

The crystal structures of the samples were analyzed using
an X-ray diffractometry (XRD; Model DMX-IIIC, Japan)
with a 2θ range from 15 to 70◦. The bulk density was mea-
sured using the Archimedean method. Microstructures of
the fracture surfaces were examined using a scanning elec-
tron microscopy (SEM; Model Hitachi S-570, Japan). The
dielectric and piezoelectric properties were measured with
an impedance analyzer (Model HP4194A, Hewlett–Packard,
CA).

Fig. 3. The XRD patterns of the PMZN-PZT specimens sintered at
1250◦C: (a) without atmospheric powders, (b) with atmospheric powders.
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3. Results and discussion

The bulk densities of PMZN-PZT specimens, sintered
with and without atmospheric powders, as a function of sin-
tering temperature are shown inFig. 2(a) and (b), indepen-
dently. It can be seen both curves show the similar variation
trend with increasing sintering temperature and the maxi-

Fig. 4. SEM photographs of the PMZN-PZT specimens sintered at 1250◦C: (a) 0 mol%, (b) 5 mol%, (c) 10 mol%, (d) 15 mol%, and (e) 20 mol%
Pb(Mn1/3Nb2/3)O3 with atmospheric powders; (f) 0 mol%, (g) 5 mol%, (h) 10 mol%, (i) 15 mol%, and (j) 20 mol% Pb(Mn1/3Nb2/3)O3 without atmospheric
powders.

mum densities are reached at 1250◦C, which gives the op-
timum sintering condition. In addition, due to the higher
weight loss of PbO for none protected specimens, the den-
sity of specimens sintered without atmospheric powders is
slightly lower than that sintered with atmospheric powders.

The XRD patterns of the PMZN-PZT specimens sintered
at 1250◦C with and without atmospheric powders are shown
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Fig. 4. (Continued ).

in Fig. 3(a) and (b), independently. Although the columbite
method is utilized to synthesize the present materials, a sin-
gle phase structure of PMZN-PZT specimens sintered with-
out atmospheric powder is not obtained, where some py-
rochlore secondary phase is observed (Fig. 3(a)). The reason
is probably because of the deviation from the stoichiometry
by lead loss when the specimens sintered in high sintering
temperature without protected atmospheric powder. Com-
pared withFig. 3(a), only pure perovskite phase existed and

no pyrochlore phase can be detected inFig. 3(b). The re-
sults attributed to the weight loss of the specimens during
sintering was negligible (<0.5 wt.%) because of the use of
the PbZrO3 powder atmosphere.

Strong differences in the microstructure of the PMZN-PZT
specimens sintered at 1250◦C with and without atmo-
spheric powders are evidenced by the SEM photographs
shown inFig. 4. It is evidenced that the specimen sintered
with atmospheric powder is homogenous and the fracture



Y.-D. Hou et al. / Journal of the European Ceramic Society 24 (2004) 3731–3737 3735

Fig. 5. Scheme of the sintering behavior of the PMZN-PZT specimens.

is intergranular. In contrast, the specimen sintered without
atmospheric powder is less homogenous and the fracture is
essentially transgranular. The differences in microstructure
between two sets of specimens can be explained taking
into account the different sintering scheme, as shown in
Fig. 5. First, the liquid phase is formed in a localized re-
gion with high PbO concentration (Fig. 5(a) and (b)). The
liquid source in the PbO-rich disk is the excess PbO. The
small particles then dissolve in the liquid and reprecipitate
on larger grains (Fig. 5(c)). The liquid wets and covers the
surface of grains and the densification is promoted by liquid
phase sintering (Fig. 5(d)). In the final stage of the sintering,
most amount of the liquid phase reabsorbed into the grains
(Fig. 5(e)). The above presented scheme only refers to the
sinter process with atmospheric powder. As PbO has low
melting point of 850◦C, it tends to evaporate in high sinter-
ing temperature. When the PbZrO3 atmospheric powder is
used, the evaporation of PbO is suppressed. This attributed
to the established equilibrium of PbO vapor pressure be-
tween the PMZN-PZT compact and PbZrO3 atmospheric
powder. However, when the PbZrO3 atmospheric powder is
not used in the sintering process, PbO will flow from the
compact to the exterior greatly. So, in the final stage of the
sintering, PbO-rich amorphous phase is formed in the grain
boundary and ceramic surface (Fig. 5(f)). The amorphous
phase results in the reduction of the local stress in grains and
thus the fracture of the sintered compact is transgranular.

Except of the change in microstructure, atmospheric pow-
der also affects significantly the dielectric and piezoelectric
properties of PMZN-PZT ceramics. The room-temperature

Fig. 6. The room-temperature dielectric constant (εr) of PMZN-PZT
sintered at 1250◦C with and without atmospheric powders as a function
of Pb(Mn1/3Nb2/3)O3 content.

dielectric constant (εr) and electromechanical coupling fac-
tor (Kp) of PMZN-PZT sintered at 1250◦C with and without
atmospheric powders as a function of Pb(Mn1/3Nb2/3)O3
content are plotted inFigs. 6 and 7, independently. It can
be seen that bothεr and Kp decreases monotonically with
increasing Pb(Mn1/3Nb2/3)O3 content. Pb(Mn1/3Nb2/3)O3
has little solubility (<5 mol%) in the PZT composition ma-
trix and excess Pb(Mn1/3Nb2/3)O3 beyond the solubility
limit is believed to segregate at grain boundaries,3 which
leads to the increase in the extent of space–charge polar-
ization at the grain boundaries, resulting in domains bound
within grains and decrease ofεr andKp. In addition, it can
clearly be seen fromFigs. 6 and 7that bothεr and Kp
of PMZN-PZT sintered without atmospheric powders are
larger than that sintered with atmospheric powders for the
same composition. It was assumed that PbO-rich amorphous

Fig. 7. The room-temperature electromechanical coupling factor (Kp) of
PMZN-PZT sintered at 1250◦C with and without atmospheric powders
as a function of Pb(Mn1/3Nb2/3)O3 content.
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Fig. 8. The room-temperature dielectric loss (tanδ) of PMZN-PZT sin-
tered at 1250◦C with and without atmospheric powders as a function of
Pb(Mn1/3Nb2/3)O3 content.

phases in grain boundaries, for the specimens sintered with-
out PbZrO3 atmospheric powders, reduce the local stress in
domains and facilitate the domain switching, thus bothεr
andKp increase.

Figs. 8 and 9give the room-temperature dielectric loss
(tanδ) and mechanical quality factor (Qm) of PMZN-PZT
sintered at 1250◦C with and without atmospheric powders
as a function of Pb(Mn1/3Nb2/3)O3 content, independently.
It is evident that both curves show the similar tendency
that the value ofQm or tanδ of PMZN-PZT specimens sin-
tered with PbZrO3 atmospheric powders is superior than that
sintered without PbZrO3 atmospheric powders. The above
variations of Qm and tanδ are different fromεr and Kp
shown inFigs. 6 and 7. It is assumed that both amorphous
phase and pyrochlore phase of specimens sintered without
atmospheric powders deterioratedQm and tanδ. Moreover,

Fig. 9. The room-temperature mechanical quality factor (Qm) of
PMZN-PZT sintered at 1250◦C with and without atmospheric powders
as a function of Pb(Mn1/3Nb2/3)O3 content.

to achieve the piezoelectric transformer transferring high
power, it is necessary have a high mechanical quality factor,
Qm and low dielectric loss, tanδ because the piezoelectric
transformer operated at its resonant frequency under a high
input voltage leads to the temperature rise and the deteri-
oration of piezoelectric properties with the increase of its
vibration velocity. By adjusting the composition, the excel-
lent values ofQm (2528) and tanδ (0.003) were obtained
at 10 mol% Pb(Mn1/3Nb2/3)O3 with protected atmospheric
powder, which is promising as an optimal material for high
power piezoelectric transformer.

4. Conclusions

PMZN-PZT ceramics sintered with and without PbZrO3
atmospheric powders were investigated to determine the
composition for optimum piezoelectric properties. The re-
sults revealed that the atmospheric powders facilitated the
sintering process in lead rich atmosphere, so the weight loss
of the specimens was negligible and the pure perovskite
phase was acquired. However, when the specimens were sin-
tered without atmospheric powders, the loss of PbO from
the compact to the exterior leads to the formation of py-
rochlore phase and amorphous phase, which deteriorated
the properties ofQm and tanδ. It should be pay more at-
tention that in the lead rich atmosphere by the use of at-
mospheric powders, the composition containing 10 mol%
Pb(Mn1/3Nb2/3)O3 gave the desirable piezoelectric proper-
ties, i.e.Qm (2528), tanδ (0.003),Kp (0.55) and which is a
good candidate for piezoelectric transformer application.

Acknowledgements

This work was supported by Postdoctoral Science Foun-
dation of Beijing University of technology (grant no.
20703570506).

References

1. Kim, C. S., Kim, S. K. and Lee, S. Y., Piezoelectric properties of
new PZT-PMWSN ceramic.Mater. Lett. 2003,57, 2233–2237.

2. Fuda, Y., Kumasaka, K., Katsuno, M., Sato, H. and Ino, Y., Piezo-
electric transformer for cold cathode fluorescent lamp inverter.Jpn.
J. Appl. Phys. 1997,36, 3050–3052.

3. Yoo, J. H., Lee, Y. W., Yoon, K. H., Hwang, S. M., Suh, S. J., Kim, J.
S. et al., Microstructural, electrical properties and temperature stabil-
ity of resonant frequency in Pb(Ni1/2W1/2)O3–Pb(Mn1/3Nb2/3)O3–
Pb(Zr,Ti)O3 ceramics for high-power piezoelectric transformer.Jpn.
J. Appl. Phys. 2001,40, 3256–3259.

4. Wu, L., Liang, C. K. and Shieu, C. F., Piezoelectric properties of
(Pb,Sr) (Zr,Ti,Mn,Zn,Nb)O3 piezoelectric ceramic.J. Mater. Sci. 1991,
26, 4439–4444.

5. Amarande, L., Miclea, C. and Tanasoiu, C., Effect of excess PbO
on the structure and piezoelectric properties of Bi-modified PbTiO3

ceramics.J. Eur. Ceram. Soc. 2002,22, 1269–1275.



Y.-D. Hou et al. / Journal of the European Ceramic Society 24 (2004) 3731–3737 3737

6. Fan, H. Q. and Kim, H. E., Effect of lead content on the structure
and electrical properties of Pb((Zn1/3Nb2/3)0.5(Zr0.47Ti0.53)0.5)O3 ce-
ramics.J. Am. Ceram. Soc. 2001,84, 636–638.

7. Guha, J. P., Hong, D. J. and Anderson, H. U., Effect of excess PbO
on the sintering characteristics and dielectric properties of Pb(Mg1/3-
Nb2/3)O3–PbTiO3-based ceramics.J. Am. Ceram. Soc. 1988,71, 152–
154.

8. Yang, Z. P., Qu, S. B. and Tian, C. S., Effect of excess PbO or MgO
and purity of MgO on phase structure and dielectric properties of

PMN-PT ceramics prepared by MSS.J. Mater. Sci. Lett. 2000, 19,
1743–1746.

9. Wang, M. C., Huang, M. S. and Wu, N. C., Effect of PbO ex-
cess on sintering and piezoelectric properties of 12Pb(Ni1/3Sb2/3)O3–
40PbZrO3–48PbTiO3 ceramics.Mater. Chem. Phys. 2002, 77, 103–
109.

10. Swartz, S. L. and Shrout, T. R., Fabrication of perovskite lead mag-
nesium niobate.Mater. Res. Bull. 1982,14, 1245–1250.


	Effects of atmospheric powder on microstructure and piezoelectric properties of PMZN-PZT quaternary ceramics
	Introduction
	Experimental procedures
	Results and discussion
	Conclusions
	Acknowledgements
	References


