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Chemicals having relatively low melting points have been used to reduce the required 
sintering temperature of MnO2-doped Pb0987s((Zro52Tio.48)o.97sNbo.o2~)O 3. Among these 
compounds Li2CO 3, Na2COa, B203, Bi2Oa and V205 are suitable additives for this purpose. The 
substitution and interstitial properties of the doped ions are discussed in connection with their 
influences on piezoelectricity and dielectric properties. High Qm materials and materials with 
temperature-stability of Qm could be obtained by Li ÷ and B a+ or Bi 3+ doping. Compensation 
pair effects are proposed to explain the results. Materials exhibiting a Qr, of about 500 with a 
deviation of less than 10% at temperatures up to 300°C have been prepared for filter use. The 
sintering temperature is as low as 1070 ° C. 

1. I n t r o d u c t i o n  
The main requirements in the properties of piezoelectric 
materials for filter application are a high mechanical 
quality factor Qm, and temperature and time stability 
of the resonant frequency [1]. This would also be the 
basic guideline for the selection of compositions in this 
research. Nb 5+ modified Pb(Zr0.s2Ti0.48)O3 will be 
called PZTN for simplicity. The two basic com- 
positions in this study are PZTN doped with 0.25 and 
0.5 wt % MnO2. 

Special attention has also been paid to a low- 
temperature fireable process. The so-called liquid 
phase sintering should be a first candidate for this goal 
[2]. The required liquid-phase agents have been 
successfully obtained among Li2CO3, NaaCO3, B203, 
Bi203 and V205. By incorporating 0.5 wt % of liquid- 
phase agent with MnO2-doped PZTN, the sintering 
temperature could be reduced to 1070 ° C. The related 
characteristics to be discussed are the mechanical Q 
factor, the planar coupling factor kv, the resonant 
frequency f~ and their temperature stabilities. The 
dielectric properties of  the sintered samples will also 
be discussed to complete the description of  
Mn 4+ -doped PZTN. 

2. E x p e r i m e n t a l  p r o c e d u r e s  
A conventional process of  ceramic engineering was 
used. Raw materials of PbO, ZrO2, TiO2, Nb205 and 
MnO2 were weighed to obtain the required mote- 
fractions. After mixing in a ball mill and then drying, 
the mixture was calcined at 900°C for 2 h. Selected 
Li2CO3, Na2CO3, B20 3, Bi20 3 and V20 s were blended 
with the calcined powder. A disk-type sample was 
then formed under 700kgcm -2 pressure. Sintering 
was performed at 1070 ° C. The sintering sample was 
polished and electrodes were fired on both sides of  the 
disk with silver-palladium paste. 

The linear shrinkages and densities of  the sintered 
samples were measured to determine the completeness 

of sintering. Relative dielectric constants and dissi- 
pation factors were measured in an HP4270A capaci- 
tance bridge. The P - E  hysteresis loop was obtained 
by a Sawyer and Tower circuit. A d.c. field of  
3 k V m m  I was applied to polarize the sintered 
samples. The polarizing temperature was kept at 90 ° C 
for at least 30 min. The piezoelectric properties of  the 
samples were measured 24 h after the completion of 
polarization. Measurement techniques for mech- 
anical Q-factor, coupling factor kp and resonant fre- 
quency f~ were all according to IRE standards [3]. 

3. Results and discussion 
3.1. Effect of additives on the sintering 

process 
The compositions and sintering conditions for dif- 
ferent samples are given in Table I. The notation 
"C.A,"  stands for equal mole ratio. The properties 
listed in Table II are for 0 .25wt% MnO2-doped 
PZTN with 0 .5wt% Li2CO3 and C.A. of Bi203 as 
liquid-phase agents. 0 . 5 w t% MnO2-doped PZTN 
with different types of  additive and their charac- 
teristics are described in Table III. 

By comparing the results in Table II with those of 

TA B LE I Sample treatments and compositions 

PZTN + 0.25 wt % MnO 2 

PZTN-1 
PZTN-2 
PZTN-3 
PZTN--4 

PZTN + 

PZTN-A 
PZTN-B 
PZTN-C 
PZTN-D 
PZTN-E 
PZTN-F 

Sintering at 1070°C for 60 min 
Sintering at I070°C for 90 rain 
Sintering at 1070°C for 120min 
Sintefing at 1070°C for 180 min 

0.5 wt % MnO 2 

0.5wt% Li2CO 3 + C.A. Bi20 ~ 
0.5wt% Na2CO 3 + C.A. Bi203 
0.5wt% Li2CO 3 + C.A. B203 
0.5wt% NazCO 3 + C.A. B203 
0.5wt% Li2CO 3 + C.A. V203 
0.5wt% Na2CO 3 + C.A. V203 
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TAB L E I I Sintering parameters and room-temperature characteristics for 0.25 wt % MnO 2-doped PZTN 

Sample Density Shrinkage Porosity % ~3 Qm kp T c N 
(gcm -3) (%) (%) (tan &) (tan &) (%) (° C) (kHz mm) 

PZTN-I 6.99 7.70 0.67 1078 960 310 47 302 1351 
(5.0) (7.3) 

PZTN 2 7.46 8.03 0.32 1001 854 424 43 300 1335 
(2.6) (1.7) 

PZTN 3 7.40 8.43 0.20 974 851 340 50 296 1329 
(1.8) (1.3) 

PZTN-4 7.24 8.82 0.11 963 856 370 40 295 1324 
(1.1) (0.9) 

TAB L E I I I Sintering parameters and room-temperature characteristics of 0.50 wt % MnO 2-doped PZTN 

Sample Density Shrinkage ~r /~T3 Qm k v N Tc Ps Pr Ec 
(gcm 3) (%) (tan&) (tan6) (%) (kHzmm) (°C) (#Ccm -2) (/~Cem 2) (kVmm-~) 

PZTN-A 7.71 9.13 I000 803 548 55 1329 286 29.2 19,8 1.14 
(I .0) (0.63) 

PZTN B 7.42 7.53 987 910 380 42 1147 305 15.0 5.5 1.10 
(1.08) (0.73) 

PZTN-C 7.64 8.49 946 1009 416 34 1160 360 12.0 5.0 1.62 
(I .50) (0.9) 

PZTN-D 7.30 7.71 880 908 280 20 1026 350 15.8 5.3 1.41 
(1.47) (0.79) 

PZTN-E 7.62 9.07 882 839 604 20 1433 350 18.4 9.2 1.73 
(6.25) (5.55) 

PZTN-F 7.64 8.84 879 795 218 22 1556 343 8.9 4.6 1.40 
(6.8) (6.5) 

Table I II ,  it can be seen that  0.5 wt % M n O  2 doping  
gives a higher Qm value than 0.25 wt % doping.  Fo r  
this reason, 0.5 wt % MnO2 doping  is preferred in the 
study o f  the sloping effects o f  selected additives. Table 
II  shows that  better characteristics are generally 
obtained after sintering at 1070° C for 90 to 120 min. 
A longer sintering time gives either a more  defective 
structure by const i tuent  evapora t ion  or  a larger grain 
size, both o f  which adversely affect the piezoelectricity. 
Fo r  the desired doping  effects, the sintering condit ions 
are selected as 1070° C for  2 h. A smaller deviation o f  
the measured results could be obtained by evaluating 
P Z T N - 2  and P Z T N - 3  together  with the sintering 
parameters  shown in Fig. 1. 

As the sintering progresses, bo th  Li + and Bi 3+ 
occupy  the proper  lattice sites to reduce the thermo- 
dynamic  potential  o f  the lattice. However ,  a small 

amoun t  o f  Li + exhibit octahedral  interstitial occu- 
pation. These effects can be identified in Fig. 2. In Fig. 
2a, a longer sintering time gives a small shift o f  the 
Curie point  toward  a lower temperature.  This results 
f rom the diffusion o f  impurities into the grain. The 
interstitial effect with Li + can be confirmed by the 
anomalous  increase o f  dissipation factor  when the 
temperature is higher than the Curie temperature (Fig. 
2b). The constr ict ion o f  volume when the phase 
changes f rom a tetragonal  to a cubic lattice structure 
will make the interstitial ions unstable, and the dissi- 
pat ion factor  is increased abruptly.  

The piezoelectricity and dielectric properties o f  
samples sintered for different times are shown in Fig. 
3. Al though  this shows better dielectric properties for 
longer times o f  sintering, the mos t  suitable condit ions 
are 1070°C and 2 h  as ment ioned above. This 
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Figure 1 Sintering parameters of 0.25 wt % 
MnO2-doped PZTN. 
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Figure 2 Temperature dependence of (a) dielectric constant and (b) dissipation factor for 0.25 wt % MnO2-doped PZTN. (0) PZTN-I,  
(zx) PZTN-2, ( x ) PZTN-3, ( I )  PZTN-4. 

guarantees better properties in both dielectric 
behaviour and piezoelectricity. The temperature 
dependences of the piezoelectric characteristics are 
shown in Fig. 4. Qm and kp shows only small variations 
below 280 °C. The comparatively large shift of the 
resonant frequency needs further improvement if better 
filtering properties are desired. 

In Table III, the characteristics of PZTN doped 
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Figure 3 Piezoelectric and dielectric properties of 0.25 wt % MnO 2- 
doped PZTN; (0) before and (o) after polarization. 

with selected ions are listed. Li2CO~-doped PZTN 
exhibits a higher density, confirming that liquid-phase 
sintering is more pronounced with Li2CO3 than with 
Na2CO3 doping. VsOs has been proved to be a useful 
liquid phase during PZT sintering [2], and this is found 
in PZTN-E and F. The B203 additive plays a less 
effective role as a liquid phase because of its relatively 
low melting point (450 ° C). Before sintering starts, 
excessive vaporization of B203 may interfere with the 
packing of particles. For mixtures of Li2CO 3 or 
Na2CO 3 with B203, the results of liquid-phase sintering 
are shown by PZTN-C and D. 

3 .2 .  Dielectr ic character ist ics 
To evaluate the effect of doping on the desired charac- 
teristics, the substituting and interstitial processes of 
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Figure 4 Temperature dependence of piezoelectric characteristics 
for PZTN- 3. 
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Figure 5 Temperature dependence of (a) dielectric constant and (b) dissipation factor for 0.5 wt % MnO z-doped PZTN. (o) PZTN-A, 
(x )  TZTN-B, (zx) PZTN-C, (o) PZTN D, (v) PZTN E, (+)  PZTN-F. 

additive ions must be taken into account. There 
maybe A- or B-site substitution and the possibility of 
either octahedral or tetrahedral interstitial packing by 
doping into an ABO3 perovskite structure. Which 
effect is dominant will depend on the radius of the 
doping ion and its chemical properties, such as 
valency and electronegativity. It is believed that Bi 3+, 
Na + and mostly Li + undergo A-site substitution, 
while V 5+ and mostly B 3+ undergo B-site substitution 
[4]. There is some probability of octahedral and tetra- 
hedral interstitial occupation for Li + and B 3+ respect- 
ively. Both doping effects depend critically on the 
method of preparation of the sample, and would alter 
the characteristics in many ways. 

The observed dielectric characteristics can be 
divided into three groups: (a) high er with low tan 5 
value, (b) medium er and tan 5 but ~r increases after 
polarization, and (c) low er with high tan 6 value. In 
(a), er decreases slightly compared with that of 
undoped PZTN, suggesting A-site substitution of Li+, 
Na + and Bi 3+. The lowering of the Curie point also 
confirms this point of view [5]. In (b), the small B 3+ ion 
probably has interstitial occupation. Polarizing treat- 
ment creates a slight shift of B 3 + relative to its position 
before polarizing. A higher dipole moment contributes 
to an increase of ~r and a decrease of tan 6 as shown. 
The higher coercive field also supports this opinion. 
Conversely, if B 3+ replaced the B-site ion and acted as 
an acceptor, this would increase the dissipation factor 
and lower the Tc (Curie point) value. It is therefore 
concluded that B 3+ doping mostly has an interstitial 
occupation rather than substitution at the B-site. On 
the other hand, V 5+ in (c) is considered as a donor for 
B-site substitution [2]. The high value obtained for 
tan6 may be ascribed to the over-compensation of 
simultaneous B-site Nb 5+ doping. This effect may 
enforce the interstitial doping of Li + because of its 
rather smaller ionic radius (0.060 nm) compared with 

Pb 2+ (0.120 nm). The effect would be the same for Na + 
(0.095nm) doping. Further examples are shown in 
Fig. 5. Arising from the interstitial ions, increased 
temperature gives more vibrating energy to the lattice 
ions and increases in tan 5 would be expected; this is 
obvious for samples of PZTN-E and F. 

3.3. Piezoelectric characterist ics 
The piezoelectric characteristics are also listed in 
Table III. The substituting and interstitial occupation 
of doping ions determine the piezoelectric properties of 
a sample. In general, the substitution of ions with dif- 
ferent ionic sizes would distort the tetragonality of the 
lattice structure. Phase shifts towards or away from 
the ferroelectric phase depend on the Goldschmidt 
tolerance factor t. An increasing t value represents a 
more ferroelectric-like property, but a decreasing t 
value would enhance the antiferroelectric phase [6]. It 
is shown that the better piezoelectric properties of 
PZTN-A and B are the result of less distortion of 
tetragonality. The relatively high kp and Qm values of 
PZTN-A are attributed to the higher c/a ratio of the 
lattice determined by X-ray diffraction analysis [4]. 
The higher c/a ratio may be a response to interstitial 
occupation by the Li + ion. In PZTN-C, D, E and F, 
the small cations substituted at the A- or B-site reduce 
the tolerance factor t. A shift toward the antiferro- 
electric phase causes decreases in p~ and Pr, but an 
increase in Ec [7]. 

Figs. 6 and 7 show the temperature dependence of 
Qm and kp. The anomalous behaviour of Qm for 
PZTN-E may be explained by an interaction between 
interstitial Li + and V 5+ substitution in the B-site, or 
the interaction between interstitial Li + and an A-site 
vacancy. The interactions would become obvious on 
increasing the temperature. These interactions provide 
another source of internal friction and thus reduce the 
Qm value [8]. It is known that the antiferroelectric 
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Figure 6 Temperature dependence of Qm for 0.5 wt % MnO 2-doped 
PZTN. (O) PZTN-A, ( x ) PZTN-B, (zx) PZTN-C, (O) PZTN-D, 
(v) PZTN-E, (+)  PZTN-F. 
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Figure 8 Temperature dependence of resonant frequency for 
0.5 wt % MnO2-doped PZTN. (O) ZPTN-A, ( x ) PZTN-B, 
(zx) PZTNq5;, (O) PZTN-D, (v) PZTN-E, (+)  PZTN-F. 

phase is more stable than the ferroelectric phase. 
Temperature-stable Qm and kp values are obtained in 
PZTN-C, D and F. This stability is also seen in Fig. 
8. PZTN-C, D and F show a relatively small variation 
of resonance frequency up to 300 ° C. The larger vari- 
ations observed in samples of PZTN-A and B are 
typical results for ferroelectric materials. This also 
confirms the A-site substitution suggestion mentioned 
before. In Fig. 9, the P - E  hysteresis of sample 
PZTN-D shows a slightly double-looped shape. This 
demonstrates that the phase shift is again toward the 
antiferroelectric phase. 

4. Conc lus ions  
Li2CO3, Na2CO3, B203, Bi203 and V2Os are suitable 
additives for the preparation of low-temperature fire- 
able piezoelectric materials. In order to improve the 
properties a compensation pair, usually consisting of 
a monovalent ion and an equal amount of trivalent 
ion, is introduced to determine the charge balance of 
doped PZTN. A-site occupation is dominant for Li +, 
Na + and Bi 3-~ doping, but V 5+ and B 3+ facilitate B-site 
substitution. 

An interstitial process for small cations has to be 

10 

considered for both octahedral and tetrahedral inter- 
stitial occuption. It seems that Li + prefers octahedral 
and B 3+ both octahedral and tetrahedral occupancy. 
This process is critically dependent on the accompany- 
ing dopant, and would alter the piezoelectric and 
dielectric characteristics in many ways. It may be that 
because of the versatility of B 3+ doping, Li +-B 3+ and 
Na +-B 3 + doping pairs show better properties for filter 
use. 

An enforced ferroelectric-antiferroelectric tran- 
sition is found with the substitution of small cations. 
This would adversely affect the piezoelectric proper- 
ties and should be minimized. It is also because of this 
effect that an interstitial process of doping is preferred 
to a substitution process. 

Depending on the field of potential applications of 
piezoelectric materials, these low-temperature sinter- 
able doped-PZTN materials are divided into three 
groups: (a) high Qm for filter use, such as PZTN-A 
and E; (b) high k v for use in electromechanical coupl- 
ing devices, such as PZTN-A and B; and (c)more 
temperature-stable materials for critical filter design 
use, such as PZTN-C and D. All materials have er 
ranging from 900 to 1000, together with tan 6 less than 
1.5%. The smallest deviation of Q~ andf~ could be less 
than 10 and 5% respectively. The sintering tem- 
perature is 1070°C or lower. 

i 

20 ,60 260 -36o recto 

Figure 7 Temperature dependence of kp for 0.5 wt % MnO2-doped 
PZTN, (o) PZTN-A, ( x ) PZTN-B, (zx) PZTN-C, (e) PZTN-D, 
(v) PZTN-E, (+)  PZTN-F. Figure 9 P - E  hysteresis of PZTN-D. 
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