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Piezoelectric properties of (Pb, Sr) (Zr, Ti, Mn, 
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In this paper, the aim is to study the piezoelectric properties of (Pb, Sr)[(Zr, Ti)(Znl/3Nb2/3) 
(Mn1/3Nb2/3)]03 ceramic with compositions close to the morphotropic phase boundary. The 
dielectric and piezoelectric properties of this system were investigated by way of changed 
contents of two main compounds, Ti02 and Mnl/3Nb2/a. There are two phases existing in this 
system, one tetragonal and the other pseudocubic. With a constant amount of 4m01% 
Pb(Mnl/3Nb2/a)03 and 8 mol% Pb(Znl/3Nb2/3)03, the morphotropic phase boundary exists 
when the amount of PbTi03 is nearly equal to 44m01%. The structure is perovskite with 
pseudocubic symmetry for PbTi03 less than 44 mol %, but it is tetragonal symmetry for higher 
PbTi03 concentrations. The planar coupling factor and piezoelectric constant are higher for 
compositions near the morphotropic phase boundary, but the mechanical quality factor and 
longitudinal velocity are lowest. As far as the dielectric constant of poled material is concerned, its 
maximum in the multicomponent system is displaced into the tetragonal phase and does not 
coincide with the maximum of electromechanical quality factor. The variation of remanent 
polarization with composition is the same as that of the coupling factor. Thus, compositions with 
the tetragonal phase are "ferroelectrically harder" and those with the pseudocubic phase are 
"ferroelectrically softer" than compositions close to the morphotropic phase boundary. Besides 
the influence of Ti, the effect of Mnl/3Nb2/a is also studied in this paper. The planar coupling factor 
increases with increasing Mnl/3Nb2/3 and reaches a maximum at 5m01% Mm/3Nb2/a, and then 
decreases for higher Mnl/3Nb2/3 values. The mechanical quality factor increases, but the dielectric 
constant decreases, with increasing Mnl/3Nb2/3. 

1. I n t r o d u c t i o n  
After the fundamental studies on PZT by Jaffe and 
co-workers, many tentative studies were carried out in 
order to improve the performance of these ceramics; 
for instance, the ions of Pb and (Zr, Ti) were partly 
substituted by other divalent and tetravalent ions, 
respectively [1-3], or some pentoxides or sesquioxides 
were added I-4-6]. Such additions improve the insula- 
tion properties of PZT and in some cases decrease 
their ageing effect. 

In order to reach the requirements of practical ap- 
plications, a number of minor additives have been 
added to the ceramics. However, when two kinds of 
minor additives were added simultaneously, much im- 
proved piezoelectric properties could not be obtained. 
Therefore, ternary solid-solution ceramics are being 
synthesized in place of the binary ceramics, consisting 
of a complex perovskite compound; (Zr, Ti) is 
substituted by Mgt/3Nb2/3 [7], Col/3Nb2/3 [8], 
Mnl/3Ta2/3 ]-9] and Mnl/aNb2/3 [10] to form a ter- 
nary ceramic system and eventually a multicompo- 
nent system of complex oxides. 

In this paper, the aim is to study the piezoelectric 
properties of (Pb, Sr)[(Zr, Ti)(Znl/aNb2/3)(Mnl/a- 
Nb2/3)]O3 with compositions close to the morpho- 
tropic phase boundary (MPB). The dielectric and 
piezoelectric properties of this system were investi- 
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gated by way of changed contents of two main com- 
pounds, TiO2 and Mnl/3Nb2/3. The influence of the 
structural transition near the MPB region is of special 
concern. 

2. Experimental procedure 
The compositions used in this study were 

Pbo.96Sro.or (Mnl/aNb2/3)z 

(Zn t/aNb2/a)o.os]O3 

with x -- 0.38-0.55, y = 0.82-0.88 and z = 0.04 ~ 0.1. 
All the specimens were prepared by conventional ce- 
ramic technology. Raw materials were mixed from 
pure reagent-grade (>  99%) PbO, SrCO3, TiO2, 
ZrO2, Nb2Os, MnCO 3 and ZnO. Excess 0.5% PbO 
was added to the solid solution to enhance the forma- 
tion of a liquid phase, which served as a densification 
promoter [11]. A mixture of the starting powders 
homogenized wih acetone was mixed and milled in the 
ball mill for 4 h. After that, the mixture was dried and 
calcined at 920 ~ for 2 h in an alumina crucible. The 
reacted material was ground and then pressed into 
a disc shape under 700 kg cm- 2. The size of the green 
compact was 15 mm in diameter and 1.0-1.2 mm in 
thickness. The specimens were covered with an 
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alumina crucible and sintered at 1220 and 1230 ~ for 
3 h. To provide a positive vapour pressure, PbZrO3 
with 3 wt % excess PbO was used as the packing 
powder [12, 13]. After sintering, the lapped and 
polished samples were printed with silver paste on 
each surface and fired at 700 ~ ready for the poling 
process. The poling technique was generally to im- 
merse the sample into silicone oil suffering from di- 
electric breakdown, and poled by 3 kV mm -~ at 
100 ~ for 1 h. 

In order to determine the crystal structure, crystal 
system and lattice, the sintered ceramic bodies were 
polished, and measurements carried out at room tem- 
perature by the X-ray diffraction (XRD) method using 
CuK~ radiation. 

By means of a scanning electron microscope (SEM), 
the free surface of the sintered ceramic body was 
observe& The mean grain size was calculated by the 
line intercept method. 

The P - E  hysteresis loop was observed with a modi- 
fied Sawyer-Tower circuit [14]. Finally,dielectric and 
piezoelectric properties were measured with an HP- 
4192A LF Impedance Analyser with reference to the 
IRE Standard [15]. By using the Panametrics 5218 
ultrasonic thickness gauge, the longitudinal wave ve- 
locity was measured in both poled and unpoled 
piezoelectric ceramic discs. The piezoelectric strain 
constant d33 was measured by a d33 meter. 

3. Results and discussion 
XRD patterns of the Pbo.96Sro.04[(Ti=Zr1-x)0.88 
(Mnl/3Nba/3)o.04(Znl/3Nbz/3)o.08]O3 system with dif- 
ferent x values at room temperature are shown in 
Fig. 1. In these patterns, no pyrochlore phase can be 
found. The perovskite phase appears to have 
pseudocubic symmetry for x less than 0.50, and tetra- 
gonal symmetry for x greater than 0.50. A morpho- 
tropic transformation between tetragonal and 
pseudocubic phases was found at x close to 0.50. 

In the pseudocubic phase, the lattice constant de- 
creases gradually with an increase of PbTiO 3 content, 
and in the tetragonal phase the lattice constants c and 
a both decrease with increasing PbTiO3, but the c/a 
ratio increases with increasing PbTiO3 content 
(Fig. 2). 

All of the compositions were sintered in an air 
environment with positive Pb atmosphere control at 
1220 ~ for 3 h. With these sintering conditions, all the 
samples have a high density near to 94-99% of the 
theoretical value. Fig. 3 shows the microstructure of 
sintered samples with different compositions at 
1220 ~ the grain size is about 2.5-4.5  I.tm. 

In piezoelectric ceramics, depending on the crystal- 
line phase, the dielectric constant may increase or 
decrease through poling treatment. In this system the 
dielectric constant is increased for the tetragonal com- 
positions but decreased for the pseudocubic composi- 
tions after poling, as shown in Fig. 4; the results are in 
agreement with those observed by Isupov and 
Stolypin [16, 17] and Cross et aL [18]. The dielectric 
constant of this system increases with increase of 
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Figure 1 XRD patterns of the Pbo.96Sro.o4[(Ti*Zr1-~)o.ss- 
(Mnl/3Nb2/3)o.o4(Znl/3Nb2/3)o.os]O 3 system with different x 
values. 
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Figure 2 Variation of lattice constants (--.--) a, (---) c and ( ) 
c/a ratio of the Pbo.96Sro.04[(Ti~Zr 1 -x)0.88 (Mnl/3Nb2/3)o.04 (Znl/a" 
Nb2/3)0.08]O 3 system with different x values. 

PbTiO3 until it reaches a peak value at x = 0.51, and 
then decreases for higher PbTiO3 content. 

As far as the dielectric constant of poled ceramic is 
concerned, the maximum point of dielectric constant 
in the multicomponent system is displaced into the 
tetragoanl phase and does not coincide with the max- 
imum point of the electromechanical coupling factor. 
The reasons for this displacement of dielectric con- 
stant after poling into the tetragonal phase can be 
explained as follows [19]. 

Let us imagine the dielectric constant before poling 
of a piezoelectric ceramic as the sum [20] 

Kr = Ki + Kor 

where Ki is caused by induced polarization and Kor by 
orientational polarization. Thermodynamic investiga- 
tion [21] provides an explanation of Ki passing 
through a maximum in the morphotropic region. In 
addition, proceeding from thermodynamic relation- 
ships, the increase in Ki near the morphotropic region 
may be qualitatively connected with a decrease here of 
spontaneous polarization, Ps, which is confirmed by 
a drop in the uniform deformation parameter 6 [22]. 

The decrease in 8 there also increases Kor due to the 
growth of mobility of domain boundaries. Some con- 
tribution to Kor inside the morphotropic region is 
apparently made by the mobility of boundaries of 
co-existing phases. All .this leads to the formation of 
a maximum Kr in the vicinity of the morphotropic 
region. 



Figure 3 Microstructurc of sintered samples of the Pbo.96Sro.o4[(TixZr I x)o.ss(Mnl/3Nb2/3)o.o4(Zna/3Nb2/a)o.os]03 system with different 
x values: (a) 0.40, (b) 0.47, (c) 0.49, (d) 0.50, (e) 0.51, (f) 0.53. 

As to the maximum of dielectric constant after pol- 
ing, K~3, its more pronounced character and displace- 
ment into the tetragonal phase may be related to the 
degree of domain reorientations differing from 180 ~ r I. 
In the region with higher values of i"1 (pseudocubic), 
KT3 is decreasing in comparison to K r a s  a result of 
dielectric anisotropy, and in the region with low q (te- 
tragonal) K~3 increases because of relieving the 
clamping effect. This leads to a rise of dielectric con- 
stant in the tetragonal branch and to a reduction in 
the pseudocubic branch. This effect of the displace- 
ment of maximum K3V3 outside the morphotropic re- 
gion, described also by Berlincourt et al. [23] and 
Petrsch and Topf [24], draws attention to the contri- 
bution of interphase boundary movement to this max- 
imum, which, however, is taken account of in some 
investigations. 

In this system, the planar coupling factor is related 
to PbTiO3 concentration as shown in Fig. 5. The 

variation of coupling factor with composition is the 
same as that of the dielectric constant, but its max- 
imum value occurs at x = 0.50, and then decreases for 
highel" PbTiO3 concentrations. Fig. 5 also shows the 
variation of the mechanical quality factor Qm with 
PbTiO3 concentration. The lowest mechanical quality 
factor is at the morphotropic phase boundary, 
where x = 0.50. The value of Qm decreases in the 
pseudocubic phase with increasing PbTiO3 concen- 
tration, but it increases in the tetragonal phase. 

The variation of piezoelectric constant d33 as 
a function of Ti composition is shown in Fig. 6. It is 
found that the piezoelectric constant is high near the 
MPB region. The maximum value is 181 • 10 -12- 
C N-1  at x = 0.50. In the tetragonal phase, the d33 
value apparently decreases with increasing Ti concen- 
tration, but in the pseudocubic phase a variation of 
d33 is not apparent. 

Fig. 6 also shows that the longitudinal velocity has 

4441 



1.5 
c, 
o 

x 1.3 

1.1 
8 
'r- 

0.9 

0.7 

/ -, 
# \ 

% 
# . f ' - %  \ 

/ /  % % %~,,~% 

/ 1  %. �9 / ' /  ..,. 
/ 

/ / N 

I I I I l I l I ~ . 

40 4Z 44 46 48 50 52 54 56 
x 

Figure 4 Variation of dielectric constant ( - - . - - )  before and ( - - )  
after poling of the Pbo.9~Sro.04[(Ti~Zrx_~)o.88(MnwaNb2/3)o.04- 
(ZnuaNba/3)o.os]O 3 system with different x values. 

4 8  

44 
o. 

o 4O 

~. 3 6  

o 
c 

~- zB 

i , 

- " i # 1  

~ ' - " ' .  l 
.. /" \ 

,, / \ 
" - ,  / \ / 

,, I ,~,. 
�9 t \ 

- \ . /  I " \  
\ 

i , ~ l  , /  x I 
_ i "  N I _ 

I " "  ~" l - -  

~_ ". / 

I I I I I t ! ! 
40 42 44 46 48 50 52 54 

x 

1.5~" 
x 

1.4 ,_ 
o 
ta 

1 . 3 ~  
..,:. 

1.2 '= g 

1.1 ~ 
g 
g 1.0 

Figure 5 Variation of ( - - . - - )  planar coupling factor and ( - - - )  
mechanical quality factor of the Pbo.96Sro.04[(Ti~Zr,_~)o.ss- 
(Mna/3Nb2/3)o.04(Znt/3Nb2/3)o.o8]O3 system with different x 
values. 
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Figure 6 Variation o f ( - - - )  piezoelectric constant d33 and longitud- 
inal velocity ( - - ' 7  before and (- - . . - - )  after poling of the 
Pbo.96Sro.o4[(Ti~Zr 1_ x)o.88 (Mnll3Nb21a)o.o4(Znl/3Nb2/a)o.os]03 
system with different x values. 

boundary is considered to be the existence of a region 
of different symmetry (DSR). The DSR means that 
regions of the tetragonal phase are in pseudocubic 
grains and regions of the pseudocubic phase are in 
tetragonal grains. Owing to the DSR comprising the 
tetragonal phase and the pseudocubic phase, the inter- 
phase boundary causes extra scattering of the velocity 
compared to other compositions. 

The hysteresis loop is one of the most important 
characteristics of a ferroelectric and gives information 
on its dynamic polarization. The P - E  curves of the 
system are shown in Fig. 7. The coercive field (Ec) is 
nearly constant for the pseudocubic composition, but 
it increases with increasing PbTiO3 in the tetragonal 
region. The variation of remanent polarization (Pr) 
with composition is the same as that of the coupling 
factor. 

In the Pbo.96Sro.04[(TixZQ_x)o.88(Mnt/3Nb2/3)o.04 
(Znt/3Nb2/3)o.os]O3 system, it is found that a high 
mechanical quality factor (Qm = 960) and lower 
planar coupling factor (kp = 0.47) occur at the MPB 
with x = 0.50. Takahashi et  al. [10] deal with the 
synthesis of PbZrO3-PbTiO3-Pb(Mnl/3Nb2/3)O 3 
ternary ceramic compounds and their piezoelectric 
properties. They found that the coupling factor de- 
pend on the concentration of Pb(Mnu3Nb2/3)O3, and 
its maximum value was 0.68 for P b ( M n l / 3 N b 2 / 3 ) 0 3  

equal to 8 mol %. Therefore, the following discussion 
is concerned with the properties of Pbo.96Sro.o4 
[(Tio.sZro.5) 1-z(Mnll3Nb213)z(Znl/3Nb2/3)o.o8]03 
with z --- 0.04-0.10. 

P ( l, tC cm -2 ) 

z0 .... ,, ~ "  ~ ?'~'fff 

,,. >=- ".-"_ - - - - - - , '  . - 7  

20 /:-;..:'" );r 
I . ' Z / , "  j r / :  , 

//"t;" y , . ' /  zo 
"- ....  -5#f 

~ , " ~ : ' ~  ~Trz o 

E { kV mm m I } 

Figure 7 Hysteresis loop of the Pbo.96Sro.o4[(TixZrl-~)o.ss" 
(Mnv3Nbz/a)o.o4(Znl/3Nbz/3)o.os]O 3 system with different x 
values: ( - - )  0.47, ( - - . - - )  0.49, ( - -  x --)  0.50, ( . . . .  ) 0.53. 

a minimum value at the phase boundary and the wave 
velocity is faster after poling. Before polarization the 
directions of the domain were very random and the 
domain walls cause scattering of the sound wave. After 
polarization, most domains are forced along the direc- 
tion of polarization and the scattering of sound waves 
is reduced, leading to an increase in the velocity [-25]. 
The reason for the decrease of velocity at the phase 
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Figure 8 XRD patterns of the Pbo.96Sro.04[(Tio.sZro.5)x_=- 
(Mnl/3Nb2/3) = (Znl/3Nb2/3)o.08]O3 system with different x values. 



Figure 9 Microstructure of sintered samples of the Pbo.96Sro.o, ~- 
[(Tio.sZro.s) 1 -= (Mn~3Nb2~3)=(Znl/3Nbz/a)o.o8 ]O3 system with dif- 
ferent z values: (a) 0.04, (b) 0.05, (c) 0.06, (d) 0.08, (e) 0.10. 
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Figure 10 Variation of ( - - - )  dielectric constant K~3 , ( . . . .  ) 
planar coupling factor kp, (--.---) mechanical quality factor Qm, 
( - - o - - )  dielectric loss tan 6 and (- x -) piezoelectric constant d33 of 
the Pbo.96Sro.o4[(Tio.sZro.5) ~ - ,  (Mnl/3Nb29 = (Zn~/aNb2/3)o.os]03 
system with different z values. 

XRD patterns of the system with different amounts 
of Mnt/aNb2/3 are shown in Fig. 8. In these patterns, 
the perovskite phase is all of pseudocubic symmetry 
and no pyrochlore phase can be found. 

Typical microstructures are given in Fig. 9. Because 
the ions of Nb and Mn are inhibitors of grain growth 
[25, 26], so the grain size gradually becomes smaller 
with increase of Mnl/aNb2/3 concentration. 

The relation of planar coupling factor with 
Mnl/3Nb2/3 concentration is shown in Fig. 10. From 
this figure, it is found that the planar coupling factor 
reaches a maximum value near 5 tool %. 

Fig. 10 also shows the variation of mechanical 
quality factor (Qm) and dielectric loss (tan6) with 
Mnl/3Nbz/3 concentration. The mechanical quality 
factor as well as dielectric loss increase with an in- 
crease of Mnl/3Nb2/3. 

The relation of dielectric constant and composition 
is also shown in Fig. 10. The results are in contradic- 
tion to those for Qm and dielectric loss. 

The piezoelectric constant d33 reaches its highest 
value of 251 x 10 -12 C N -~ at 6 tool % Mn~/3Nb2/3, 
as also shown in Fig. 10. 

Through the above-mentioned results, it may be 
supposed that the improving effects on piezoelectric 
properties taking place through variation of 
Mn~/~Nbz/3 concentration are due to the different 
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amount of space charge generated in the compound, 
resulting from the coexistence of manganese ions and 
niobium ions [7]. 

4. Conclusions 
There are two phases existing in the (Pb, Sr)[(Zr, Ti) 
(Mnl/3Nb2/3) (Zna/3Nb2/3)] 03 piezoelectric ceramic: 
one is tetragonal and the other is pseudocubic. With 
a constant amount of 4m01% Pb(Mnl/3Nb2/3)O3 
and 8 mol % Pb(Znl/3Nb2/3)O3, the MPB exists when 
the amount of PbTiO3 is nearly equal to 44 mol %. 
The structure is perovskite with pseudocubic sym- 
metry for PbTiO3 less than 44 tool %, but it is tetra- 
gonal symmetry for higher PbTiO 3 concentrations. 
The sintered density is greater than 94% of theoretical 
density. 

The planar coupling factor (kp = 0.47) and piezo- 
electric constant (d33 = 181 x 10-12 C N-1) are high- 
er at compositions near the MPB but the mechanical 
quality factor, frequency constant and longitudinal 
velocity are lowest. 

In piezoelectric ceramics, depending on the crystal- 
line phase, the dielectric constant may increase or 
decrease through poling treatment. In this system the 
dielectric constant is increased for the tetragonal com- 
positions but decreased for the pseudocubic composi- 
tions after poling. As far as the dielectric constant of 
poled ceramic is concerned, its maximum in the multi- 
component system is displaced into the tetragonal 
phase and does not coincide with the maximum of 
electromechanical quality factor. Before and after pol- 
ing, compositions close to the MPB are characterized 
by the smallest velocity of the longitudinal sound 
wave. Further, the longitudinal wave velocity of poled 
samples is higher than that of unpoled ones. 

The hysteresis loop gives information on the 
dynamic polarizability. The coercive field (Ec) is nearly 
constant for pseudoeubic compositions but it will in- 
crease with increasing PbTiO3 in the tetragonal re- 
gion. The variation of remanent polarization with 
composition is the same as that of the coupling factor. 
Thus, compositions with the tetragonal phase are 
"ferroelectrically harder" and those with the 
pseudocubic phase are "ferroelectrically softer" than 
compositions close to the MPB. 

From XRD, we conclude that the compositions 
Pbo.96Sro.04 [(Zro.sTio.5)l-z (Mnl /3Nb2/3 ) z  (Zn1 /3  

Nb2/3)o.08]O3 with z = 0.04-0.10 are in the 
pseudocubic phase region. The grain size becomes 
smaller with increase of Mnl/3Nb2/3 concentration. 

The planar coupling factor (kp = 0.57) and piezoelec- 
tric constant (d33 = 251 x 10 -12 C N  -1) reach a max- 
imum at 5 and 6 tool % Mnl/3Nb2/3, respectively. The 
mechanical quality factor and loss tangent are in- 
creased, but the dielectric constant decreases, with 
increasing Mn l /3Nb2/3. 
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