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51. Introduction

Piezoelectric ceramics for high power use
are extensively required to provide resonators
for piezoelectric transformers, ultrasonic wash-
ing machines, sonar etc. It is necessary for
piezoelectric ceramics for high power use to
have high coupling coefficient, high mechani-
cal quality factor, high coercive field, high
mechanical strength and high durability
with internal stress. The authors studied
piezoelectric properties of Pb(Znr,.Nbrl.I).-
Pb(Snr,.Nbr/3 )O3 -PbTiO 3-Pbzr{u- 3 ceramics
and obtained suitable ceramics for high power
use.

$2. Experimental Procedure

The raw materials were PbO (purity 99.5y"),
ZnO(991), SnOr(99.8/"), Nb2Os(99.8%),
TiO 2Q9.5%) and ZrO r(99.5%). The additives
used were chemical reagents. Weighed raw
materials of a given composition were wet-
mixed in a ball mill with agate balls, dried and
calcined at 850"C for 2 hours. The calcined
material was wet-ground, dried and pressed into
discs (20 mm in diameter and 2 mm in thick-
ness). The discs werefired at 1200 to l3l0"C for
45 minutes in an electric furnace. The fired discs
were lapped to a thickness of I mm, and silver
paste was fired on both sides of the discs. Then
the discs were poled in silicone oil at 100"C by
applying a dc field of 4 kV/mm.

The dielectric constants ef./eo and dissi-
pation factors D were measured at 1 kHz. The
piezoelectric properties were measured by a
method similar to that of the IRE Standard.r)
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Piezoelectric properties of Pb(Znr,.Nbr,.)O.-Pb(Snr,3Nb2/3)O3-PbTiO.-PbZrO.
quaternary ceramics are described. The ceramics exhibited high planar coupling
coefficients and high dielectric constants. A small addition of MnO, to the quaternary
ceramics increased markedly the mechanical quality factors Qs and coercive fields E .

The quaternary ceramics with combined addition of MnO, and SbrO. exhibited high
planar coupling coefficient (0.56), high QMQ040), high E"(19.5 kVicm), high tensile
strength and wide linear regions of piezoelectricity with dynamic stress.

The Curie point 7" was obtained from the
measurement of temperature dependence for
capacitance. Coercive field E" was obtained
from the measurement of the D-.E' hysteresis
curve at 0.01 Hz. Maximum internal stress

Z -u,2) was calculated from the formula: 7 -u,
: I 

^ -.'/i I("Dw.ks,. eI.), in which Q, w, kt
and ef. were density. width of a bar specimen,
coupling coefficient and dielectric constant, and
/ -u* was the maximum current in which a

change of resonant frequency by increase of
current was-0.1%. The width of the linear
region of piezoelectricity under dynamic stress

depends on values of f -u". Therefore, ceramics
having high 7 -u* can be used in the conditions
of high stress and power. The polished and
etched surfaces of the ceramics were observed by
using a scanning electron microscope.

$3. Results and Discussion

Recently, a great number of ternary ceramics
consisting of PbTiOr-PbZrO, and a com-
plex perovskite type compound, i.e.
Pb(Mgr,.Nb, 

1 r)O r,') Pb(Ni1 /3Nb2r. )O.,n) etc.
have been synthesized. These ternary ceramics
exhibited high piezoelectricity. Piezoelectric
properties of quaternary Pb(Znr,rNb2/3)O3

-Pb(Snr,.Nbzrr)Os-PbTiO.-PbZrO3 ceram-
ics were investigated to obtain improved ce-

ramics for high power use as compared with
the above ternary ceramics.

Figure I shows e|tleo, k, and Q* of
Pb(Znr,.Nbzrr)o. oq(Snr,.Nbr,.)o. orTi, -,
ZroO, ceramics, and shows that the ceramics
having maximum eLles (2212) and ko (0.661)
were obtained for compositions with D being
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Fig. l. e[tleo, kp and Qu of Pb(Zn,,.Nb,r)o.on
(Snr,.Nbr,.)o. orTi o. r, - oZr uO t ceramics.

0.42 and 0.415, respectively. Figure 2 shows No,
T"and E" of the ceramics. The I" and E" of the
ceramics decreased with increase of D. Freq-
uency constants N, exhibited a minimum in the
ceramics with D of 0.415. The quaternary
ceramics had high elrlq and fto. However, the

Q" of the ceramics is too low to permit their use

as ultrasonic vibrators for high power.
A previous articles) has described the effects

of MnO, additive on the piezoelectric properties
of Pb(Mgr,3Nb2i3)O3-PbTiO.-PbZrO. ce-
ramics. Small additions of MnO, to the cer-
amics increased the Q*. Therefore the effects of
MnO2 additive on the piezoelectric properties of
the ceramics having the compositions of the
present quaternary system were investigated.

Effects of MnO, additive on the piezo-
electric properties of Pb(Znr,rNb rlt)o.o,
(Snr,rNbrr.)o.onTio.orZto.noO., ceramics are
shown in Fig. 3. A small addition of MnO,
increased markedly Q*, E" and 7-u*, and
decreased elrleo and ko. Figure 4 shows effect of
MnO, additive on the grain size of the quater-
nary ceramics. The addition of MnO, enhanced
to some extent the grain growth of the ceramics.
Changes of resonant frequency and resonant
resistance by the internal stress are ,shown in
Fig. 5, and were very large at internal stress

values of more than 80 kglcm2. The ceramics of
Fig. 3 with 0.5 wt.fMnO, exhibited high Q"
along with high ko and 7-u,.
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Fig. 3. Effects of MnO, additive on piezoelectric proper-
ties of Pb(Znr,.Nbr,.)o.or(Snr,rNb2/3)o.oeTio.42Zr o.ooO,
ceramics.
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Fig. 4. Effect of MnO, additive on grain size of
Pb(Znr,.Nbr,r)6. or(Snr,. Nbr,.) o. onT i o. nrZr o. noO, ce-
ramics.
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Fig. 5. Changes of resonant frequency (fr) and resonant
resistance (R)-internal stress curves of Pb(Znr,.
Nbr,.)o.or(Snr,.Nb2i 3)o. oeTio.42Zr o.oaO 3 cearamics
with 0.5 wt./"MnOr.

Effects of certain additives on the properties
of the quaternary ceramics with MnO, additive
were investigated to obtain ceramics having
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Fig.2. /{r, T" and E. of Pb(Zn,,.Nbr,r)o.o,
(Sn,,.Nbr,r)o. orTio. r, - oZt rO, ceramics.
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Table L Electromechanical constants of Pb(Znr,, Nbr,.)o.or(Snr,. Nb2/3)o.oeTio.42Zro.ooO, ceramics.with
combined addition of 0.5 wt./. MnO, and 0.5 wt.f SbrO..

Density (kg/mt)
Average grain size (pm)r" ('c)

E. (kV/cm)
^T t^o33/ bO

D (%)

kp

dr, (10- t 2m,n/)

drr()
gar (10-3v. m/N).
9tt()
sf, (lo-12m2611
s3.()
Temperature coefficient
of resonant frequency
(ro-6/"c)
Aging rate of resonant
frequency
(/"ltime decade)
Tensile strength (before
poling) (kg/cm'z)

kfi
k,,
k,

7800
1.7

281
19.5

I 380

0.5
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0.46
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Fig. 6. Effects of SbrO. additive on the properties of
Pb(Zn,,.Nbr,3)r.or(Snr,rNbr,3)o orTio.nrZro.noO. ce-

ramics with 0.5 wt.tMnOr.

high mechanical strength. Effects of SbrO. or
Nb2Os additive on the properties of the quater-
nary ceramics with 0.5 wt./"MnO rare shown in
Fig. 6 and Fig. 7, respectively. Combined ad-
dition of MnOr, and Sb2O3 or Nb2Os to the
quaternary ceramics increased tensile strength.
The ceramics of Fig. 6 with 0.5wt.fl Sb2O3
exhibited high tensile strength, high E" and high
k* and had a value of 80kg/cm2 for 7-u*.
Electromechanical constants of the ceramics are
shown in Table I.

The ceramics of Table I have favorable prop-
erties for high power use, such as high coupling
coemcient, high Qr, high E", high mechanical
strength and high durability with internal stress.
The present ceramics can provide high power
resonators for piezoelectric transformers, ultra-
sonic washing machines, etc.

Wt:/' of Nb2% Mditive

Fig. 7. Effects of NbrO, additive on the properties of
Pb(Zn,, rNbr,.)o. or(Snr,.Nbr, r) o.r"Tio.nrZr o.ooO, ce-
ramics with 0.5 wt./"MnOr.

54. Conclusions

I ) Pb(Znr,rNb2/3)O3-Pb(Sn,,. Nb2/3)O3-
PbTiO3-PbZrO, quaternary ceramics exhibit-
ed high el./eo and high ko.

2) A small addition of MnO, to the quater-
nary ceramics increased markedly Q* and E..

3) Combined addition of MnO, and Sb2O3
to the quaternary ceramics increased tensile
strength.
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