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Ceramic piezoelectric materials based on the lead zirconate titanate solid solution [(Pb,Zr)TiO3] are 
commercially important due to their excellent electromechanical properties. Unfortunately, as all 
ceramics, these materials are brittle, which presents severe limitations on some applications, e.g., diesel 
fuel injectors and bending actuators. [1] A possible way to toughen the originally brittle (Pb,Zr)TiO3
ceramic is by introducing zirconia particles. In our previous work we investigated the effect of 
introducing tetragonal yttria stabilized zirconia (TZ) particles in soft 
[Pb0.98Ba0.01][(Zr0.53Ti0.47)0.98Nb0.02]O3 (PZT) ceramics. PZT- xTZ, (x = 0, 2, 5, 10, 20 vol%) composites 
were prepared by solid state synthesis (for details see [2]) and sintered at 1275oC, 2h. We have shown 
that zirconium diffuses into the PZT, which resulted in a shift of the matrix phase composition towards 
the zirconia-rich rhombohedral phase. The addition of zirconia hinders the matrix grain growth and 
changes the fracture mode. Lower dielectric and piezoelectric properties of composites were related to 
the observed changes in phase composition and microstructure. [2]  

Furthermore, we presented that the addition of zirconia leads to transformation toughening and reduced 
ferroelastic toughening of PZT–TZ composites.[3] It was found, however, that the second phase zirconia 
particles coalesced within the PZT matrix when using classical solid state synthesis, forming 
agglomerates that could affect the mechanical properties of the composites. In order to achieve a 
homogeneous distribution of TZ grains within the PZT matrix, a modified solid state synthesis 
procedure, which included pre-milling, pH adjustment and modification of the surface of the TZ 
powder, was used.  

The aim of this work was to quantify the distribution of zirconia particles, and therefore the degree of 
homogeneity within the composites, using Voronoi-diagram analyses. In this study the analysis was 
performed as follows: (i) scanning electron micrographs (SEM) of the polished-and-etched PZT-TZ 
composites (Figure 1a) were transformed into binary images using the Image Tool program; (ii) the 
center of each zirconia grain was marked with a black point (Figure 1b); (iii) the distributions of these 
points were converted into a Voronoi diagram by the Image J program (Figure 1c). Each Voronoi 
polygon contains exactly one generating (TZ) point and every point in a given polygon is closer to its 
generating point than to any other. Finally, the area size distributions of Voronoi polygons which 
provide information about the regularity of the zirconia particles distribution in the PZT matrix were 
calculated. The narrower is the area distribution, the more homogeneous is the TZ distribution in PZT.  
According to the Voronoi-diagram analysis of the SEM microstructures the modified solid-state 
synthesis, resulted in a more homogeneous TZ distribution in the PZT matrix (Figure 2a) compared to 
the non-modified composites (Figure 2b).  The presence of large Voronoi area indicates some degree of 
clustered behavior in the distribution of zirconia particles in non-modified PZT-TZ composites.   
At the end of the presentation the impact of particle homogeneity on the fracture behavior of PZT-TZ 
composites will be discussed. 
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Figure 1. SEM-BE micrograph of the PZT-TZ, after sintering at 1275 °C, 2h (a), points representing the 
zirconia grains (b) and the Voronoi diagram representing the zirconia distribution (c). 

Figure 2.  The area size distribution of the Voronoi polygons of PZT-TZ composites prepared by 
modified (a) and non-modified (b) syntheses. The insets in both figures present the Voronoi diagrams. 
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