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Abstract. The lead zirconate titanate, also known as PZT, of formula Pb[ZrxTi1-x]O3 is a ceramic material with marked 
piezoelectric effect and, therefore, it is used in the manufacture of ultrasound transducers and sensors. In this work, the 
Spark Plasma Sintering (SPS) technique was applied to sintering of PZT, which allows reaching the consolidation of 
powders at higher heating rates, lower temperatures and shorter dwell times than conventional methods, such as hot 
pressing. This sintering technique consists in applying electric current to a conductive die, directly heating it, which 
also reduces power consumption during the process. The main objective was to evaluate consolidation of the samples 
and loss of Pb during sintering process by SPS. Samples were processed in a Dr. Sinter machine model SPS1050 (SPS 
Syntex Inc.), using PZT powder (Pb[Zr0.53Ti0.47]O3 doped with 1% of Nb) at different holding times (0, 1, 2 and 4 
minutes). The other process parameters were kept the same in all samples (sintering temperature: 1000°C, heating 
rate: 100°C/min, axial pressure: 50MPa, diameter: 20mm, width: 2mm). Results showed it is possible to consolidate 
PZT samples even at 0min of holding time. The analysis carried out also showed almost the same results on density 
measurements, X-ray diffraction and carbon content evaluation for different samples. The other important result is 
related to the variation of chemical composition due to Pb evaporation. The energy dispersive analysis results did not 
show a significant difference in the levels of Pb near the surface.  
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1. INTRODUCTION 

 
The lead zirconate titanate Pb[ZrxTi1-x]O3 (PZT) has a strong piezoelectric response. PZT can be used to make 

ultrasound transducers and other sensors and actuators among other uses. PZT is conventionally sintered at 
approximately 1200-1250oC (Araújo et al., 2001) for more than 1h (Orrù et al. 2009). The atmosphere should be 
saturated with PbO during sintering since there is an increase in PbO volatility at temperatures above 1100oC (Sung-
Gap Lee et al., 2006). The decrease in Pb concentration is detrimental because it strongly affect dielectric properties of 
Pb(ZrxTi1-x)O3 and causes environmental pollution (Yong Jun Wu et al, 2002). On the other hand, it is difficult to 
control the compositional fluctuation of PZT ceramics prepared by conventional sintering method, since high 
temperature and long sintering time were required.  

Sintering process of PZT carried out at temperatures around 1000oC and soaking time less than 10 min by means of 
Spark Plasma Sintering (hereafter SPS) showed very interesting results. Therefore, in other to solve the problems 
related to chemical fluctuation during conventional sinterization, some studies have been carried out to produce PZT 
using SPS. After sintering, the consolidated samples did not show significant change in composition and porosity (Orrù 
et al. 2009). The main reason is related to the low global thermal load of the process, causing the interaction between 
the materials during the sintering by SPS to be different with respect to conventional sintering technologies. SPS is a 
sintering method in which consolidation occurs at comparatively low temperatures. The powder is heated by a direct-
pulsed current that flows through punches, die and the processed material. The Joule heat due to the electric current 
rapidly leads to the sintering of the powder particles under pressure. The advantages of the SPS process are known, 
although the diffusion and consolidation mechanisms remain to be understood (Cabibbo et al., 2008).  

The main objective of this work was to evaluate the consolidation of the samples and loss of Pb during the sintering 
process by SPS of the lead zirconate titanate. The samples were processed in a Dr. Sinter machine model SPS1050 (SPS 
Syntex Inc.), using PZT powder (Pb[Zr0.53Ti0.47]O3 doped with 1% of Nb) at 1000oC at different holding times (0, 1, 2 
and 4 minutes). A series of different tests and analysis were carried out to characterize PZT samples after SPS 
consolidation. The results showed it is possible to consolidate this material. However, some peculiarities of the process, 
such as carbon contamination and PbO volatilization have to be investigated.  
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2. MATERIAL AND EXPERIMENTAL PROCEDURE 
 
2.1. Material 
 

The material used in this study was PZT (Pb[Zr0.53Ti0.47]O3 doped with 1% of Nb), which was provided by Grupo de 
Cerâmicas Ferroelétricas, Universidade Federal de S. Carlos. The effect of slightly differences in the composition or the 
impurity level was not analyzed and/or measured.  

 
2.2. SPS Processing  
 

The SPS consolidation was carried out using a SPS-1050 system, produced by SPS Syntex Inc. The samples were 
disks with 20 mm diameter and 2 to 3 mm height. The processing parameters were as follows: 

– graphite die with an inside diameter of 20 mm; 
– heating rate: 100oC/min  
– axial pressure: 50MPa; 
– holding time: 0, 1, 2 and 4 min at 1000oC; 
– free cooling in the die; 
– sintering was done under vacuum ranging from 10 to 20 Pa. 
The SPS-1050 is connected to an acquisition system. Hence, the processing parameters control and measurements 

are carried out throughout the SPS consolidation. The data, such as vacuum level, displacement and pressure applied, is 
recorded as function of time. Therefore, changes during the consolidation process, such as gas formation, causing a 
decrease in the vacuum level, and displacements due to consolidation and phase transformations, can be detected and 
recorded for later evaluation. A schematic of SPS apparatus is shown in Zhao et al. (2009). 
 
2.3. Sample characterization 
 
 The first evaluation carried out was the density by Archimedes principle. Therefore, the consolidation process could 
be verified. Secondly, samples were evaluated by means of different complementary techniques: X-ray diffraction, 
microstructural observation (scanning electron microscopy), EDS analysis (scanning electron microscopy) and carbon 
chemical analysis (LECO). As a result, chemical composition changes during consolidation and their effects in the 
polarization process could be evaluated.   
 
3. RESULTS AND DISCUSSION  
 
3.1 Density.  
 
 Density of the samples was measured by Archimedes principle. The results are displayed in Tab. 1.  
 

Table 1. Density of the materials consolidated by SPS.  
 

Soaking time (min) Density (g/cm3) 
0 7.95 
1 7.95 
2 7.92 
3 7.95 

 
 

Theoretical density of PZT ceramics is 8.002g/cm3 for Pb(Zr0.517Ti0.483)O3) (Hiroshi et al., 2005). Even though the 
chemical composition of the material used in this work is slightly different (Pb[Zr0.53Ti0.47]O3 doped with 1% of Nb), 
one can consider the material obtained is almost full density even with 0 min of holding time.  
 
3.1 PZT microstructure and chemical analysis. 
 

Fig. 1 and Fig. 2 depict microstructures of the sample consolidated by SPS for 2 min and 4 min (holding time), 
respectively. Some different features are observed, mainly in the region near the surface, in the samples consolidated for 
2 and 4 min. Chemical analyses, carried out by means EDS displayed in Fig. 3 to 6 show greater impoverishment of Pb 
near the surface in the sample consolidated for 4min. However, this impoverishment was barely 50 µm. The chemical 
composition remained stable in the inner of the sample. As a conclusion, no significant differences were observed.  
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(a) 

 
(b) 

Figure 1. Sample consolidated by SPS, 2 min. (a) indicates the region near to the surface which was in contact with the 
graphite die and (b) indicates the inner of the sample. 

 

 
(a) 

 
(b) 

Figure 2. Sample consolidated by SPS, 4 min. (a) indicates the region near to the surface which was in contact with the 
graphite die and (b) indicates the inner of the sample. 

 
Figure 3. Sample consolidated by SPS, 2 min. The chemical analysis carried out by means EDS in the region near to the 

surface which was in contact with the graphite die. Chemical composition measured (wt%): 4.64%O, 
19.96%Zr, 65.77%Pb and 9.63%Ti measured by EDS. 
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Figure 4. Sample consolidated by SPS, 2 min. The chemical analysis carried out by means EDS in the inner zone of the 
sample. Chemical composition measured (wt%): 4.50%O, 17.13%Zr, 70.14%Pb and 8.23%Ti measured by 
EDS.  

 

 
 

Figure 5. Sample consolidated by SPS, 4 min. The chemical analysis carried out by means EDS in the region near to the 
surface which was in contact with the graphite die. Chemical composition measured (wt%): 9.43%O, 
39.24%Zr, 26.05%Pb and 25.28%Ti measured by EDS.  
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Figure 6. Sample consolidated by SPS, 4 min. The chemical analysis carried out by means EDS in the inner zone of the 

sample. Chemical composition measured (wt%): 4.17%O, 17.36%Zr, 70.10%Pb and 8.38%Ti.  
 
3.3 SPS pressure analysis.    
 

The processing parameters control and measurements are carried out throughout the SPS consolidation. The vacuum 
level is recorded as function of time. Therefore, changes during the consolidation process can be detected and they are 
recorded for later evaluation, such as gas formation, causing a decrease in the vacuum level. Fig. 7 and Fig. 8 show 
these results for the different samples consolidated.  
 In Fig. 7 and Fig. 8 it can be observed a decrease of vacuum level between 600s and 800s. There is a peak just about 
650s, which is higher than the peak at 700s. There was no information about the chemical composition of the gases, 
although, probably the peaks are related to Pb volatilization, since it was detected in some samples. The other peaks 
observed, mainly that occurred before 600s of processing, should be related with humidity of powder. This observation 
is very common during SPS consolidation.  
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Figure 7. Results of Vacuum level (Pa) due to degassing during the SPS consolidation as function of SPS process time 

(green curve) and temperature (oC) versus time (s) throughout SPS consolidation of all the samples (blue 
curve). (a) Indicates 0 min, (b) 1 min, respectively.  
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Figure 8. Results of Vacuum level (Pa) due to degassing during the SPS consolidation as function of SPS process time 

(green curve) and temperature (oC) versus time (s) throughout SPS consolidation of all the samples (blue 
curve). (a) 2 min and (b) 4 min of holding time, respectively.  

 
 
3.4 PZT X-ray diffraction 
 
 Results of X-ray diffraction (CuKα radiation) for the samples consolidated for 0 min and 4 min (holding time) are 
shown in Fig. 9a and Fig 9b, respectively.  
 
 

 
 

(a) 

 
 

(b) 

 
 
Figure 9. X-ray diffraction patterns for spark plasma sintered. (a) Holding time 0 min and (b) 4 min. 
 

 Comparing the results of X-ray diffraction of Fig. 9 with the results presented in the literature (Fig 10.), it can be 
observed that the peaks of X-ray diffraction are in the same positions (2θ angles). A slightly difference is expected since 
the composition is different. It can be noted from Fig. 9 that the holding time does not have any significant effect on the 
phases nor lead to different phase transformation.  
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Figure 10. X-ray diffraction patterns for spark plasma sintered Pb(Zr0.3Ti0.7)O3,  as-SPS sintered (Yong Jun Wu et al, 
2002). 

 
3.5 Carbon contamination 
 

After sintering, samples are frequently annealed to recover from a potential reduction that may occur due to 
reducing atmosphere; to relieve residual stress and to eliminate carbon contamination caused by the use of graphite die 
(Orrù et al. 2009). The contamination with carbon is detrimental since it causes conductance, preventing polarization of 
the PZT sample. This contamination is easily identified by observing the sample. The PZT becomes gray, as can be 
seem in Fig. 11. 
 

 
 
Figure 11. Main features of PZT samples after SPS consolidation. 

 
Results of carbon analysis after SPS consolidation are displayed in Tab. 2. Different results of carbon content are 

observed in the samples after sintered. However, the carbon content does not increase when the holding time increases. 
Therefore, it can be considered qualitative, since some graphite residue from the die can be present in the sample, even 
after surface grinding.  
 
Table 2. wt% of carbon in the samples after consolidation by means of SPS. (Carbon analysis by Infrared Technique). 
 

Sample (holding time – min) 
 

%C 
 

0 0.0099 
1 0.0122 
2 0.0071 
4 0.0046 

 
 As suggested in other work (Orrù et al. 2009), one of the samples was annealed at 1000oC for 3 hours. After 
annealing the polarization tests were carried out and they show good results, besides the change in the color of the 
sample (2 min of holding time) which had become yellow (Fig. 12), as the PZT powder. The results of polarization will 
be analyzed in future work, since the first evaluation showed only qualitative results.   

20 mm 
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Figure 12. Main features of PZT sample after SPS consolidation and annealing at 1000oC for 3 hours . 

 
4. CONCLUSIONS 

 
Results of this work allow the following conclusions:  
 
1. PZT powder was sintering by means of SPS and almost a 100% of density was reached even at 100oC/min 

heating rate and 0 min of holding time, and X-ray diffraction analysis showed no significant differences in the 
phases formed during consolidation process.  

2.  No significant loss of Pb was observed in the samples sintered by SPS. This result is one of the most important, 
since the loss in Pb is detrimental because it strongly affects dielectric properties.  

3. Sample contamination with carbon could be observed and measured in the samples sintered by SPS, although it 
can be eliminated by annealing.  

4. Vacuum level showed that some transformation and/or Pb volatilization occurred when the highest temperature 
of processing was reached.   
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