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Piezoelectric vibration energy harvesters (PVEH) could be a potential replacement for batteries in supplying 

energy to autonomous sensors and microdevices. To improve the mechanical and energy harvesting properties 

for particularly strain-driven applications, a potential approach could be via a 0-3 ceramic-ceramic composites. 

To test this hypothesis, (Na,K)NbO3/Al2O3 composites with varying amount of Al2O3 have been produced. The 

idea is to increase the elastic properties and by extension the energy harvesting properties. The mechanical and 

electrical properties of these composites with varying amount of Al2O3 have been evaluated to predict the energy 

harvesting properties. Important values for the energy harvesting figure of merit (FOM) are the Young’s modulus 

𝑌𝑃𝑖𝑒𝑧𝑜, the permittivity 𝜀𝑃𝑖𝑒𝑧𝑜 and the piezoelectric charge coefficient 𝑑33. With equation 1 the generated power 

can be determined. 
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Here, 𝜈𝑃𝑖𝑒𝑧𝑜  describes the volume of the piezoelectric element, 𝑆  the strain that the piezoelectric element 

experiences, and 𝑓𝑒𝑥𝑐 the excitation frequency. A figure of merit (FOM), which describes the potential for an 

energy harvester, can be derived from equation 1:  
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One of the major questions of this work, was how the mechanical properties, in particular the fracture toughness, 

changes with the inclusion of Al2O3. Figure 1 shows the Young’s modulus, hardness, and fracture toughness KIC, 

respectively. The calculated elastic moduli from the logarithmic rule of mixture are also shown as a red line in 

the figure for comparison. As the elastic modulus of Al2O3 (~ 400 GPa14),15)) is higher than that of NKN (~ 110 

GPa), the elastic modulus increases with the increase of Al2O3 content. The hardness of NKN is approximately 2 



GPa and increases steadily until 25 vol% of Al2O3 at which point values 

up to 5.5 to 6.5 GPa were obtained. As the microstructure has only 

changed slightly, the increase in hardness is due to the inclusion of Al2O3. 

The length of the emerging cracks from these indents were used to 

calculate the fracture toughness. Although the VIF method has been 

widely utilized to evaluate the fracture toughness of brittle materials, it 

should be noted that the validity of the values should be seen critical. 

Nevertheless, comparing NKN with 0 vol% (𝐾𝐼𝐶= 1.2 MPa/mm1/2), with 

a 25 vol% (𝐾𝐼𝐶= 1.6 MPa/mm1/2), an increase can be determined. This 

increase in fracture toughness with increasing vol% is most likely a real 

trend, and the inclusion of Al2O3 particles prevent the propagation of 

cracks and toughen the composites. Generally, through the addition of an 

inclusion, composites see an increase in the fracture toughness, due to 

crack deflection at the particles, and due to an increase in residual stress 

through thermal expansion mismatch.  

In order to investigate the FOM and by extension the energy harvesting 

capabilities of the composite, the electrical properties need to be 

examined as well. Figure 2 

shows the permittivity at room 

temperature, as well as, the 

Curie temperature as a function 

of the content of Al2O3. At 0 

vol%, unpoled NKN has a relative permittivity of 880 and decreases with 

increasing vol% inclusion. Likewise, the Curie temperature decreases in 

the unpoled samples, due to the residual stress caused by different 

thermal expansion coefficients. After poling the samples, the relative 

permittivity decreased, which originates from the anisotropy of the 

permittivity in the orthorhombic crystal phase. Interestingly, the 

difference in permittivity between unpoled and poled samples tends to 

shrink with increasing vol% of Al2O3. All poled samples have a similar 

relative permittivity between 400 and 500. This is most likely caused by 

clamping effects, due to the strain incompatibility between the NKN and 

Al2O3.  

Furthermore, in order to estimate the energy harvesting properties, the 

piezoelectric charge coefficient is an important variable. The 𝑑33  was 

measured for the different samples and is shown in Fig. 3. NKN with 

0vol% Al2O3 shows the highest value with approximately 142 pC/N. 

With increasing the amount of filler, the piezoelectric charge coefficient 

Figure 1: Young’s modulus, Vickers 

hardness, and fracture toughness of 

NKN/Al2O3 composite as a function of 

amount of Al2O3. 

Figure 2: Relative permittivity at room 

temperature, and Curie temperature of 

NKN/Al2O3 composites for unpoled and 

poled samples as a function of Al2O3 

content. 



is decreasing steadily with a minimum value of 56 pC/N at 25 vol%. As 

Al2O3 does not show piezoelectric properties, a decrease is to be 

expected. However, as discussed in the case of the dielectric properties, 

domain clamping and a reduction of the extrinsic and intrinsic 

contributions are diminished. This significant decrease in the 

piezoelectric properties, as well as, the minor differences in permittivity 

lead to a steady decrease in the energy harvesting FOM, which was 

calculated using equation 2. At 0 vol% an FOM of approximately 7 GPa 

was estimated, which seems like a reasonable value for NKN energy 

harvester.  

Besides looking at the FOM, it is also necessary to actually measure the 

power output of the samples, as this is an important factor when judging 

the usability for an application. As such, the voltage and power output of 

the composite samples have been measured and are shown in Fig. 4. The 

open as well as the closed voltage values have been normalized over the 

samples volume. An overall decrease with increasing amount of Al2O3 

was measured, which is to be expected from the previously determined 

FOM. When calculating the power output density, 0 vol% achieves 

values of approximately 0.11 µW/mm3. Besides the directly measured power densities, the densities have been 

measured using the FOM, frequency, and displacement. A strain of approximately 0.03 on the KNN samples was 

used. There is a strong deviation from 5 to 15 vol%, and values (~0.09 

µW/mm3) that are equal to 0 vol% are reached. There are three 

possible reasons: 

1. The measurement method of the Young’s modulus. The 

Young’s modulus depends strongly on the frequency of the 

measurement method. However, this source of error should be similar 

for each sample. 

2. The stress distribution/residual stress. The filler particles 

cause residual stress. In addition, when the material is strained, 

inhomogeneous stresses around the particles can occur, leading to 

higher stresses in the piezoelectric matrix, which are beneficial to the 

energy harvesting properties. 

3. Differences in impedance. At 15 vol% a local maximum can be 

seen in the closed circuit case. As this is not visible in the open circuit, 

it is likely that a better impedance match was achieved, leading to a 

higher voltage. 

As such, in particular for SDA’s, research into ceramic-ceramic 

composites could be an interesting approach. A more systematic study 

Figure 3: Piezoelectric charge coefficient 

and energy harvesting FOM as a function 

of Al2O3 content. 

Figure 4: Open and closed voltage, as well 

as, the measured and calculated power 

density as a function of Al2O3 content. 



could potentially find optimization for residual stress, stress distribution 

during the application, and impedance matching, as depending on the 

application different strains, frequencies are applied. We focused in 

particular on point two and measured the impedance spectroscopy of the 

composites. This was essential as to find out either if the grain boundary 

or grain is changing strongly. By adjusting the microstructure, i.e. the 

grain size, this effect could be optimized. Figure 5 shows the resistivity 

of the grain and grain boundary at 350 °C and 450 °C for varying Al2O3 

content. At both temperatures, the grain is changing more strongly with 

increasing Al2O3 than the grain boundary. As such, it seems to be the case 

that depending on whether or not a high resistivity is required, the grain 

size can be adjusted accordingly. Further research in this field is planned, 

as the impedance spectroscopy of composites is quite new and not enough information are available in the current 

literature. 
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Figure 5: Resistivity as a function of 

Al2O3 content for grain and grain 

boundary at 350 °C and 450 °C. 


