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Influence of the calcining temperature on the 
sintering and properties of PZT ceramics 

M. V ILLEGAS,  C. MOURE, J. R. J U R A D O ,  P. DUI~AN 
Instituto de Cer~mica y Vidrio, CSIC, Electroceramics Department, Madrid, Spain 

Niobia-doped PZT powders were prepared by both hydroxide and oxalate coprecipitation 
methods. The resulting amorphous powders were calcined at two different temperatures (550 
and 700~ and the morphology and size of the calcined particles were studied. It was found 
that hydroxide powders, when calcined at 700 ~ gave 98% theoretical density, dth, bodies at 
a sintering temperature as low as 1100~ in air. The high agglomeration present in oxalate 
powders strongly retarded densification. Of the piezoelectric properties, a kp higher than 60% 
and a d33 constant of 360 x 10 -12 CN-1 were measured. Dielectric parameters T c and 
k3m, 31 0 ~ C and 11 00, respectively, were determined. 

1. In troduct ion  
One of the most important problems in fabricating 
reliable PZT ceramics is the volatility of PbO. The loss 
of PbO during both the calcination and sintering steps 
leads to fluctuation in the PZT composition which, in 
turn, will strongly affect the sintering process itself and 
the electromechanical properties. In such a way, two 
methods to control the PbO activity are commonly 
used: (a) by adding a PbO excess to the PZT composi- 
tion and embedding the sample in an adequate buffer, 
and (b) by sintering the PZT samples at a temperature 
sufficiently low for the PbO activity to be negligible. In 
the first method, it is generally assumed that an excess 
of PbO is necessary for achieving highly densified 
PZT ceramics [,1-3]; nevertheless, the use of an ad- 
equate atmosphere powder, as well as a sufficient 
amount of buffer to equilibrate the PbO-vapour phase 
through the sintering process, are also required. Al- 
though widely studied in the 1970s [,4-6], even today 
this question remains permanently open to discussion. 
For example, Kingon and Clark [7] reported results 
in which a PbO-deficient PZT showed a higher den- 
sification than that containing an excess of PbO. 

The second method uses a non-conventional pre- 
paration process in which the characteristics of the 
initial powder will allow the production of almost 
theoretically dense bodies at a sintering temperature 
as low as possible. In this sense, significant progress 
has been made using different wet-chemical methods 
for preparing submicrometre-sized ferroelectric pow- 
ders [-8, 9], in which controlled stoichiometry, impur- 
ity content, and microstructure of the sintered bodies 
could be achieved. 

However, no systematic work to relate the pro- 
cessing parameters to behaviour properties has yet 
been reported; therefore the present work was under- 
taken to study the effect of calcination temperature on 
the morphology of the calcined powders, compaction 
behaviour, sintering and piezoelectric properties of 

niobia-doped PZT prepared by a wet-chemical 
method. 

2. Experimental procedure 
Fig. 1 shows the flow diagram of the two methods 
employed to synthesize the PZT powders with com- 
position Pb (Zro.53Tio.gssNb0.015)O3 + 3 wt % PbO 
from the raw-material selection up to the sintering 
stage. The powders obtained were labelled CH for 
hydroxide powder and CO for the oxalate one. 

The raw materials were commercial reagents of high 
purity. The synthesis was performed by calcining the 
coprecipitated powders at two different temperatures: 
550~ h (LTC) and 700~ h (HTC) for both 
preparation techniques. These temperatures were 
chosen by taking into account that at 550 and 700 ~ 
the resulting PZT powders were totally formed, as can 
be seen from the X-ray diffraction and differential 
thermal analysis-thermogravimetry (DTA-TG) stud- 
ies (Fig. 2), and therefore the subsequent behaviour of 
the powders, with different particle size and specific 
surface area, could be compared. 

The coprecipitated and calcined powders were ana- 
lysed by X-ray diffraction, transmission electron 
microscopy (TEM), scanning electron microscopy 
(SEM) and sedigraph. 

After calcining, the powders were milled, sieved and 
isopressed to discs of about 2 cm diameter and 0.5 cm 
thick. Fig. 3 shows the crucible used for sintering 
in the PbO atmosphere. The buffer employed was 
PZT + 1%PbO. 

On sintered samples, the apparent density was 
measured using Archimedes' method. The phases pre- 
sent after sintering were identified by XRD and their 
lattice parameters were determined using silicon as 
internal standard. Microstructure was studied by 
SEM on both polished and chemically etched and 
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Figure 1 Flow diagram of the hydroxide and oxalate co-precipitation methods. 
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freshly fractured surfaces. The grain size was measured 
from the micrographs by the line interception method. 
To determine the piezoelectric properties, a selected 
set of discs was poled at 40kVcm -1 for 0.5 h in a 
silicone oil bath at 120 ~ The piezoelectric properties 

were determined by IEEE standards using measure- 
ments made with a vectorial impedance analyser HP 
4192 A; all calculations were made following the 
resonance method [10]. To measure d3a, a Berlincourt 
Piezo-d meter was employed. 
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Figure 2 DTA TG studies of the coprecipitated powders. ( - - )  
PZTN-CH, ( - -) PZTN-CO. 
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Figure 3 Crucible used in the sintering process. 
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posed of large agglomerates of about 1 ~tm in size. 
Nevertheless, the primary particle size could be estim- 
ated to be around 50nm. The LTC CO powder 
contained island-like agglomerates of less than 0.5 gm 
but the primary particle size was around 100 nm, as 
can be seen in Fig. 4b. 

The average particle size of the HTC powders was 
measured by both TEM and SEM techniques. The 
powder morphology showed a high agglomeration 
and, in some cases, a premature onset of sintering. 
There was no particle size difference between TEM 
and SEM observations but a higher particle agglom- 
eration was present in HTC-CO powders. Average 
particle sizes of 0.2 and 0.15 pm were measured for 
HTC CH and H T C - C O  powders, respectively. 
Fig. 5a and b show scanning electron micrographs of 
these two powders. 

The particle-size distribution curves obtained by 
using the sedigraph technique (Fig. 6) showed particle 
sizes at least ten times higher than those obtained from 
TEM and SEM observations. This could indicate that 
sizes measured by the sedimentation method are not 
the primary particle size, but the agglomerate size. 

Particle sizes measured by the X-ray line-broaden- 
ing method did not differ substantially from those 
obtained by TEM and SEM observations. Specific 
surface areas were measured by the BET method, and 
were also calculated by taking into account the par- 
ticle size and density measured by X-ray analysis, The 

3. Results and discussion 
3.1. Powder synthesis 
XRD of the hydroxide-coprecipita~ed powder showed 
an amorphous structure, whereas the oxalate powder 
contained crystalline oxalates. XRD patterns of both 
calcined powders at high and low temperature pre- 
sented peaks which corresponded to a perovskite-type 
phase with rhombohedral symmetry, and a PbO 
single phase due to the excess PbO added during 
powder preparation. The lattice parameter of the 
rhombohedral phase was a = 0.4080 + 0.0005 nm in 
all cases. The XRD study also demonstrated that the 
formation of PZT was complete at both temperatures. 
Although the composition was formulated in the mor- 
photropic phase boundary, where some authors 
[-11-13] report the coexistence of the tetragonal and 
rhombohedral phases, the Nb 5 + addition moves Ti 4 + 
from its initial lattice position, thus producing a shift 
towards the rhombohedral phase. 

Coprecipitated and calcined powders were 
dispersed in ethyl alcohol for observation by trans- 
mission electron microscopy. In the coprecipitated 
powders, gel formation made the observation of pri- 
mary particle morphology difficult. However, typical 
TEM pictures of the two LTC powders were obtained. 
Fig. 4a shows that the LTC-CH powder was corn- 
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Figure 4 Transmission electron micrographs of (a) LTC-CH and 
(b) LTC-CO powders. 
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Figure 6 Sedigraph curves for the calcined powders. ( - - )  
LTC CH ( - - )  HTC CH, (- - -) LTC-CO, (..-) HTC-CO.  

T A B L E I  Characteristics of the calcined powders 

Samples Particle size (gin) Surface area 
(m 2 g 1) 

TEM SEM XRD XRD BET 

LTC-CH 0.05 0.07 0.10 75 18 
LTC-CO 0.10 0.09 0.12 49 - 
HTC-CH 0.t6 0.20 0.19 40 8 
HTC-CO 0.12 0.15 0.20 38 

Figure 5 Scanning electron micrographs of (a) HTC-CH and (b) 
HTC-CO powders. 

difference between these two values is caused by the 
XRD method which considers spherical and totally 
dispersed particles. Table I compares the different 
powder parameters as measured by several tech- 
niques. 

3 . 2 .  Sin te r ing  
The study of densification and weight loss was carried 
out as a function of sintering temperature. The tem- 
perature range chosen was 1100-1220 °C for 4 h. Fig. 7 
shows the densification process of the four kinds of 
calcined powders; it can be seen that H T C - C H  sam- 
ples were highly densified, /> 98% theoretical density, 
dth, at a temperature as low as 1100 °C, and remaining 
constant through a broad temperature range. 
L T C - C H  samples were less dense ~ 95% dth at 
l l00°C. The densification behaviour of both CH 
samples is similar, reaching a maximum density at low 
temperature and remaining constant when temper- 
ature increases. On the other hand, the LTC-CO 
sample was also highly dense ( ~ 97% dth), although 
this density was reached at a somewhat higher temper- 
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Figure 7 Densification curves Of the four calcined powders soaked 
for 4 h: (X) HTC-CH, (O) LTC-CH, ( 1 )  HTC-CO, (R) LTC-CO. 

ature (1130°C) than that of CH samples. The 
H T C - C O  sample exhibits the same sintering behavi- 
our as the LTC-CO sample with temperature, with 

95% dth at 1130 °C. 
In the CH powders, although the sinterability of the 

L T C - C H  powder, due to its high specific surface area, 
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is higher than that of the H T C - C H  powder, its dens- 
ification is lower. However, an exaggerated weight loss 
was observed during the sintering process, which 
could produce an increase in the viscosity of the liquid 
phase owing to its lower PbO concentration causing a 
decrease in the diffusion rate and thus retarding dens- 
ification. In the H T C - C H  samples, a normal sintering 
process took place, a small weight gain was present in 
all cases, and thus the liquid phase viscosity was lower 
than in the case of the LTC-CH sample, leading to 
increasing density. 

In the CO powders, the higher densification of the 
LTC-CO samples runs parallel to a powder sinter- 
ability higher than that of the H T C - C O  powder, 
although a higher sintering temperature was necessary 
to achieve a densification level similar to that of 
H T C - C H  sintered sampl6s. In all cases, a weight gain 
took place during the sintering process. 

Table II shows the main physical characteristics of 
the best CH and CO sintered samples. 

TABLE II Physical properties of the sintered samples 

Samples Density % Weight Grain size 
(g cm- 3) variation (nm) 

LTC-CH 7.60 -3.10 2.5 
HTC-CH 7.80 +0.03 7.5 
LTC-CO 7.75 +1.20 3.5 
HTC-CO 7.60 +0.43 6.0 

dth = 8.00 gcm - 3. 

3.3. Mic ro s t ruc tu r e  
Scanning electron micrographs of polished and chem~ 
ically etched surfaces of LTC-CH sample listed in 
Table II are shown in Fig. 8a; it can be seen that the 
microstructure is homogeneous, the average grain size 
of about 2.5 pm is very uniform, and that the final 
grain size is well controlled, because the powder par- 
ticle size is of a nanometre scale and therefore highly 

Figure 8 Polished and chemically etched surfaces of compacts sintered at 1160~ (a) LTC-CH, (b) HTC-CH, (c) LTC-CO and 
(d) HTC-CO. 
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reactive. The micrograph of the LTC-CO sample is 
shown in Fig. 8b and, in this case, the microstructure is 
rather homogeneous. The average grain size is slightly 
higher than that of LTC-CH sample, which could be 
related to the larger particle size of the calcined oxal- 
ate powder. 

When the calcining temperature was raised to 
700~ the microstructure changed significantly, as 
observed in Fig. 8c (HTC-CH) and d (HTC-CO). The 
average grain size is quite large, around 7.5 and 
6.0/~m, respectively. The microstructure is very homo- 
geneous and in the case of the best densified sample 
(HTC-CH), there is no significant porosity (97% 
theoretical density). 

On the other hand, the grain shape of HTC samples 
exhibit well-faceted grains, whereas the LTC grains 
have a more rounded and smooth morphology, indic- 
ating that although LTC microstructures are good, 
the final grain formation is more complete for HTC 
microstructures, as is clearly expected from the higher 
calcining temperature. 

In addition, the LTC-CH sample, which is a lead- 
deficient material, showed a liquid phase which wets 
both grain boundaries and triple points (Fig. 9a), 
whereas in the lead-excess materials (Fig. 9b-d) liquid 
phase goes mainly towards triple points. Therefore, 
the liquid-phase modified the grain-boundary inter- 
facial energy and, consequently, the dihedral angles. If 
we consider that the LTC-CH sample had interstitial 
PbO, which tended to volatilize during sintering 
(weight loss), the solid-solid and solid-liquid surfacial 
energy (Yss and 7sL) is modified by the PbO loss, 
producing an increase of the 7ss/TsL ratio with respect 
to the same relation in the lead-excess samples 

(Vss/VSL)d > (~'ss/V~)e (1) 

where d indicates lead-deficient, and e lead-excess 
material. This change in surfacial energy produced a 
different wetting in both types of sample 

(wetting)d > (wetting)e (2) 

The fracture energy is proportional to 7(G = 27), so 

Figure 9 Fracture surfaces of compacts sintered at 1160 ~ (a) LTC CH, (b) HTC-CH,  (c) LTC-CO and (d) HTC-CO.  
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Gss > GsL in the lead-deficient sample and fracture is 
intergranular (Fig. 9a), whereas Gss < GsL in lead- 
excess materials where a transgranular fracture is 
produced (Fig. 9b-d). 

3.4. Dielectric properties 
The substitution and interstitial occupation of doping 
ions are responsible for the piezoelectric properties of 
these types of sample. If a lead zirconate-titanate 
composition near the morphotropic phase boundary, 
Pb(Zr0.53Ti0.47 ) 0 3, is doped with ions which act as 
donors, A-site vacancies are induced in the ABO 3 
perovskite structure [14], and an increase of domain- 
wall mobility is produced. This, in turn, produces a 
higher dipole moment for low applied poling field, 
which leads to better dielectric and piezoelectric 
properties. 

In fact, we have found that in our samples, vacan- 
cies in the A-site are produced. In addition to this, 
when additional lead vacancies are generated, due to 
PbO loss, an increase of piezoelectric properties 
(Table III) is produced; this result agrees very well 
with the suggestions made by Atkin and Fulrath [15]. 

4. Conclusions 
The calcining temperature of PZT powders can be 
lowered by at least 150 ~ when using wet chemical 

T A B L E  lII Electromechanical properties of the four types of 
materials prepared 

Sample T a kp KaT Tan S Qrn kt d33 

L T C - C H  1190/4 0.61 1303 1.8 76 0,42 360 
L T C - C O  1190/4 0.48 595 2.4 73 0.45 153 
H T C - C H  1190/4 0.50 629 2.6 84 0.52 196 
H T C - C O  1190/4 0.49 544 2.2 92 0.45 190 

methods to prepare these powders. When the two co- 
precipitation techniques (hydroxide and oxalate) are 
compared, we can conclude that the hydroxide 
method is somewhat better than the oxalate method, 
although both can be used to obtain PZT powders 
with high sinterability. The very highly reactive hy- 
droxide powders calcined at 550~ induce a strong 
lead deficiency during the densification step, which is 
simultaneously favoured due to PbO losses. The PbO- 
deficient material exhibits higher piezoelectric proper- 
ties (high kp, ~ and d33 ) and low tan 8. We thus 
conclude that the control of powder calcination pro- 
cess can play a crucial role in producing PbO-deficient 
material which, on the other hand, leads to an improve- 
ment of electromechanical factors and piezoelectric 
properties. 
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