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Abstract:  

This paper explores the feasibility of utilizing lead-free multilayer piezo stacks, particularly 

focusing on Zr-doped 0.95(Bi0.5Na0.5)TiO3-0.05(BaTiO3) piezoceramics, for energy harvesting. 

Various lead-free BNT-BT disk samples with different Zr concentrations undergo structural, 

microstructural, and electrical characterizations. The results illustrate that Zr-doping improves 

piezoelectric constitutive parameters, notably at a 2.0 mol% concentration. Electromechanical tests 

were conducted on multilayer piezo stacks, involving variations in electric load, mechanical load, 

frequency, and number of stacked disks. These tests demonstrate the ability of the multilayer 

transducer to produce up to 1.5 Volts (peak) under particular conditions: a 250 Hz frequency, a 10 N 

mechanical load, and an open circuit electric load, utilizing a stack comprising 5 disks. Employing an 
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analytical mathematical model, an effective 𝑑33
𝑒𝑓𝑓

 of the system is determined, yielding values ranging 

from 588 to 625 pC/N for a stack composed of 5 disks. These findings highlight the considerable 

potential of lead-free multilayer piezo stacks in energy harvesting applications, offering crucial 

insights for the development of sustainable and eco-friendly energy solutions. 

Keywords: lead–free piezoceramic, energy harvesting, multilayer piezo stack transducer,  

zirconium doping.  
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1 Introduction 

The increasing demand for sustainable and renewable energy sources has led to a surge in research 

and development of technologies aimed at scavenging ambient energy. Among the diverse 

mechanisms for Energy Harvesting (EH), piezoelectric materials stand out for their unique ability to 

directly convert mechanical vibrations into electrical energy, presenting an efficient and 

environmentally friendly alternative [1]. 

In the past decade, the potential for harvesting energy using different piezoelectric devices has been 

explored. Examples include the cantilever beam [2], cymbal [3], bridge [4], or commercial options like 

interdigitated electrodes (Macro Fiber Composite [5]), QuickPADs (MIDÉ Technology [6]), or 

piezocomposites (APC International [7]). Recently, multilayer or piezo stack transducers have gained 

attention for energy harvesting applications [8]. Structurally, they consist of an arrangement of 

piezoceramic disks or squares and electrode layers, both with very small thicknesses, interleaved 

consecutively. 

Among the main advantages associated with multilayer actuators, their high actuation speed and 

high-resolution positioning stand out; making them particularly useful for applications such as nano-

positioning and microscopy. On the other hand, as a generator, their benefits could be associated with 

their great capacity to withstand forces (compared with bulk ceramics) and high capacitance. 

Currently, several commercial brands manufacture multilayer actuators with more than 100 layers, 

each with a thickness of the order of nanometers [9, 10]. Alternatively, some researchers have 

constructed their transducers from bulk piezoceramics and interleaved electrodes, with a significantly 

lower number of layers reaching improved energy generation levels [11, 12]. 

The selected piezoelectric material significantly influences the performance of energy harvesting 

devices. Commonly, PZT-based (Lead zirconate titanate) materials are used due to their chemical 

stability, excellent piezoelectric properties, and reasonable cost [13]. Nevertheless, the presence of 
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lead oxide in PZT poses a significant health risk, as its toxicity is intensified when it vaporizes at 

elevated temperatures, especially during the processes of calcination and sintering, leading to 

environmental pollution [14]. In this direction, lead-free alternatives have captured the attention due 

to their environmental benefits: the elimination of lead mitigates concerns regarding toxicity and 

environmental impact, aligning with the growing emphasis on green technologies.  

Among lead-free materials, Bi0.5Na0.5TiO3 (BNT)-based ceramics have been widely studied 

for piezoelectric applications [15]. At room temperature, BNT has a perovskite structure with a 

ferroelectric rhombohedral symmetry, a relatively high coercive electric field of ~73 kV/cm, large 

remnant polarization (Pr = 38 µC/cm2), and a Curie temperature of ~320 °C [16].  However, the large 

coercive field and high conductivity hinder the polarization for industrial applications. On the other 

hand, BaTiO3 (BT) has a perovskite structure with a ferroelectric tetragonal symmetry at room 

temperature and a Curie temperature close to 130 °C [17]. Consequently, to enhance the piezoelectric 

properties of BNT ceramics, (1-x)(Bi0.5Na0.5)TiO3-x(BaTiO3) (BNT-BT) solid solution stands out as a 

promising candidate to replace PZT-based materials [18], due to the possible stabilization of a 

morphotropic phase boundary (MPB) where coexist the rhombohedral and tetragonal phases [17].  

Simultaneously, the scientific community is currently investigating the benefits of different additives 

to improve the electrical properties of the BNT-BT solid solution [19,20]. Especially under the 

appropriate doping levels, there exists a potential to enhance the piezoelectric properties by changes 

in the densification, the microstructure, and/or crystal chemistry defects. For example, the addition of 

lithium [21] or CuO [22] decreases the sintering temperature of BNT-BT ceramics, whereas Al2O3 or 

MnO2 promotes the grain growth and improves the electrical properties of the ceramics [19,20], and 

B2O3 addition improves the densification and the piezoelectric properties by modifying the defect 

chemistry [20]. Zr-doping significantly influences the dielectric properties and structural 

characteristics in BaTiO3-based ceramics observing a corresponding decrease in spontaneous 

polarization and twinned domain structures in fine-grained ceramics. These samples also showed a 
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flattened permittivity response with temperature and significantly lower losses [23]. Furthermore, 

Rachakom et. al [24] determined that a small addition of Zr into BNT-based ceramics raised the 

dielectric constant value. A high Zr concentration induced more unit cell distortion which caused the 

degradation of dielectric properties. Poling also had some effects on the ferroelectric behavior of Zr-

doped BNT (BNTZ)  ceramics, particularly in the rhombohedral phase region in terms of improved 

breakdown strength. Yao et al. [25] investigated the structural and piezoelectric properties of 

(Bi0.5Na0.5)0.94Ba0.06ZryTi1−yO3 piezoceramics, where a relaxor-like behavior was observed. 

Effectively, a diminution in the remnant polarization and coercive field values, and the additional 

disappearance of piezoelectric properties were found by the substitution of 2 and 4 mol % Zr4+ for 

Ti4+. 

The integration of lead-free ceramics into multilayer piezo stacks remains a frontier that is still 

being explored [26]. Remarkably, to the author's knowledge, there are currently no commercially 

available transducers that combine the benefits of multilayer architecture with lead-free materials. In 

this context, the article aims to contribute to this current gap in research. To achieve this, the 

manufacturing process of BNT-BT samples is carried out, as well as the study of the possibility of 

improving its piezoelectric properties by Zr-doping. After the mechanical and electrical 

characterization, the EH performance of the manufactured piezo stacks is studied while varying the 

number of layers, level of Zr-doping, the electric load as well as the force excitation amplitude. 

This article is structured as follows: Following an introductory Section 1, Section 2 provides a 

detailed account of the materials and methods, including the manufacturing process of the material, its 

mechanical and electrical characterization, and the experimental setup chosen to evaluate the energy 

harvesting performance of the multilayer samples. Section 3 presents the results and discussions of the 

aforementioned processes. Finally, Section 4 highlights the most remarkable conclusions drawn in this 

study. 
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2 Materials and methods  

2.1 Preparation Process 

The lead-free piezoceramics with a composition 0.95(Bi0.5Na0.5)Ti1-xO3-0.05BaTi1-xO3-xZrO2 

(BNT-5BT-xZr, x = 0, 0.5, 1, 2, 4 mol%) were obtained through the solid reaction method. Precursors, 

including Bi2O3 (Aldrich 99.9%), TiO2 (Aldrich 99%), Na2CO3 (Biopack 99.5%), BaCO3 (Biopack 

99.5%), and ZrO2 (Aldrich 99.9%), were weighed according to their stoichiometric proportion. 

Subsequently, they were milled in a planetary mill (Fritsch Pulverisette 7) with isopropyl alcohol 

(99%) as medium at 500 rpm for 12 cycles. Each cycle consisted of 30 minutes, the first 15 ones 

dedicated to active milling and the remaining 15 ones to rest. Later, the resulting powder was calcined 

at 850ºC for 2 hours, followed by a re-milled process under the same conditions as the aforementioned, 

although half the cycles. Finally, the resulting powder was mixed with PVA (Polyvinyl alcohol, J.T. 

Baker 99.0 - 99.8% fully hydrolyzed) as a binder and axially compressed at 40MPa, resulting in disk-

shaped samples with 10 mm diameter and 1 mm of thinness. Last, these samples were sintered at 

1150ºC for 2 hours (INDEF model 220). 

 

2.2 Structural and microstructural characterization 

The structural and microstructural characterization of the sintered samples was determined by density 

measurement, X-ray diffraction (XRD), and Field Emission Scanning Electron Microscopy (FE-SEM) 

techniques. Density was measured using the Archimedes method, considering the relationship between 

the mass of the specimen in air and the product between the difference in the mass of the specimen in 

air and water, and the density of the water, whereas the theoretical density was calculated by 

multiplying the number of atoms per unit cell by the atomic weight, and dividing by the result of the 
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product of the volume per unit cell multiplied by Avogadro’s number. In this case, due to the low 

amount of ZrO2 used in these samples, the same theoretical density (6.01 g/cm3) was assumed for the 

calculation of the relative densities. The crystalline phases identification process was carried out by 

XRD analysis conducted with a PANalytical X'pert Pro equipment. XRD employed CuKα radiation 

(λ = 0.15406 nm) at a working voltage of 40 kV and a current of 100 mA, covering an angular range 

of 20-80 °2θ using a scanning speed of 0.02 º/s. For the deconvolution of the characteristic peaks, a 

0.00125 º/s scanning speed was employed and the characteristics peaks were deconvolved using a 

pseudo-Voight function and a 0.6 shape factor. Finally, the microstructure was evaluated using a 

Hitachi S-4700 FE-SEM equipment. The surfaces of sintered samples were polished achieving a mirror 

finish, followed by a thermal treatment at 75 ºC below the sintering temperature for 25 minutes. 

 

2.3 Electrical Characterization 

The electrical characterization includes the measurement of the dielectric permittivity at room 

temperature, the piezoelectric constitutive constant d33, and the ferroelectric properties obtained by 

polarization vs. electric field (P-E) hysteresis loops. Before the electrical characterization, silver 

electrodes were painted on both plane-parallel faces. Dielectric permittivity at room temperature was 

measured using the Hewlett-Packard HP4284A impedance analyzer for a frequency of 1kHz. 

Regarding the measurement of the piezoelectric constant d33, the samples underwent poling through 

the application of a DC field of 4.0 KV/mm immersed in a silicone bath at a temperature of 90ºC. After 

poling, the piezoelectric constant was measured with the d33-meter YE2730A (APC International, Ltd., 

USA). Finally, the P vs E measurements were conducted using a modified Sawyer-Tower circuit, with 

the sample immersed in a silicone bath at room temperature. The applied voltage was provided by a 

standard AC Hipot with a voltage range of 0 to 5000V. The measurement signal was acquired using 

an Owon SDS1022 oscilloscope with a resistive divider set at a ratio of 1:100.  
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2.4 Experimental procedure for energy harvesting 

 The experimental procedure for obtaining the harvested voltage of the lead-free multilayer actuators 

was conducted as follows: The piezoceramics disks were stacked  varying the number of layers (1, 3, 

and 5) for the two BNT-5BT systems with different Zr compositions. In cases when more than one 

disk was used, electrical connections were made in parallel, and the poling direction orientation for 

two consecutive disks was chosen to be opposite to their neighbors. Moreover, copper sheets were 

inserted between the disks to act as electrodes, and connections were made by means of wires, 

collecting all positive and negative sheets into single terminals. 

 A representation of the experimental setup can be seen in Fig. 1, where it is possible to see a 

schematic view in Fig. 1a and a photo in Fig. 1b, as well as a detailed view of the piezo stack actuator 

in Fig. 1c.  The system was mounted on an electrodynamic shaker capable of generating harmonic 

excitations with force amplitude between 0.1 and 10 Newtons and frequencies between 10 and 250 

Hz.  Force measurements were conducted using a Piezotronics 208C02 PCB load cell, while the 

voltage generated by the piezoelectric disks, in conjunction with force data, was recorded using an NI 

9232 acquisition board at a rate of 4096 samples per second. 

 Several tests were carried out for the frequencies of 10, 50, 100, 150, 200, and 250 Hz, and for 

different electrical load resistances: R=326 kΩ, 130 kΩ, 56 kΩ. These tests were carried out for 1, 3, 

and 5 disks of the two systems of piezoceramics considered. Based on the variation of the current 

intensity on the electromechanical exciter, different force values were recorded for each case that 

varied between 1 and 10 Newtons.  In turn, the capacity values for each of the cases were registered 

with a capacity meter.  
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(a) 

 

(b) 

 

(c) 
Fig. 1 (a) Schematic view, and (b) photo of the experimental set-up, (c) detailed view of the piezo stack. 

 

3 Results and discussion 

3.1 Materials Characterization 

Piezoelectric generation constant (g33=d33/ε0ε’) as a function of Zr concentration (BNT-5BT-xZr, x 

= 0, 0.5, 1, 2, 4 mol%) was analyzed to determine the most suitable Zr concentration for energy 

generation. Fig. 2 shows the g33 values as a function of composition. It is observed that the piezoelectric 

voltage constant increases to a maximum for composition x = 2 mol% and subsequently decreases 

towards x = 4 mol% even falling below the undoped system. In addition, Table 1 displays the 
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experimental and relative density values of the sintered samples. As it was observed in Fig. 2, the 

maximum density value was observed for composition x = 2 mol%, and the density value of the sample 

with 4 mol% also decreases below the undoped sample. Therefore, we will focus the characterization 

analysis on the composition x = 2 mol% (BNT-5BT-2Zr) and the obtained values will be compared 

with the undoped system (BNT-5BT, x=0), as a reference. 

 

Fig. 2. Piezoelectric generation constant of BNT-5BT-xZr ceramics. 

 Table 1. Experimental (ρ) and relative density values of the sintered samples. Theoretical density=6.01 g/cm3. 

Sample BNT-5BT BNT-5BT-

05Zr 

BNT-5BT-1Zr BNT-5BT-2Zr BNT-5BT-4Zr 

ρ (g/cm3) 5.70 5.71 5.73 5.74 5.60 

Relative 

density (%) 

94.84 95.00 95.34 95.50 93.17 

 

Fig.  3 shows the X-ray diffraction patterns at room temperature for samples with composition x = 0 

and 2 mol%. In both compositions, the presence of a perovskite phase is confirmed, with the absence 

of secondary phases. Furthermore, in Fig. 3b it is evident that the proportion of the tetragonal phase 

increases concerning the rhombohedral phase with Zr addition. Moreover, a slight displacement of the 

peaks to lower angles with Zr addition can be observed. This peak shifting can be associated with the 

Zr4+ ion (ionic radius 0.72 Å, coordination VI) incorporation, at the B-site of the perovskite lattice, 
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instead of the Ti4+ ion with a lower ionic radius  (0.605 Å, coordination VI) producing the expansion 

in the crystal lattice [27,28], while the gradual entry of Zr4+ ions into the BNT-5BT perovskite lattice 

produces an evolution in the crystal symmetry suppressing the rhombohedral phase in favor of the 

tetragonal phase. 

 

Fig. 3. XRD patterns of BNT-5BT-xZr (x = 0 and 2 mol%) sintered ceramics in the 2θ range (a) 20-80º y (b) 39.5-

40.5/46.0-47.0º. Orange peaks are associated with the tetragonal phase, whereas the pink ones are related to the 

rhombohedral phase. 

 

The grain size distribution was analyzed from the micrographs obtained by FE-SEM as illustrated 

in Fig. 4. As can be observed, both analyzed compositions present a dense microstructure with a 

reduced number of pores located at the grain edges, in addition, bimodal grain distributions with a 

mean size of 0.82 ± 0.42 μm for the undoped system and 1.36 ± 0.70 μm for the doped system are 

observed. The grain size increases for samples with x = 2.0 mol% compared to undoped samples. Ullah 

et al. also found that by increasing the doping of Zr the average grain size grew, and a denser 

microstructure with rounded and rectangular grains was determined [29]. However, Yao et al. 

determined a diminution in the grain sizes of BNT-BT-based ceramics for low Zr4+ addition, whereas 

an increment was observed for the higher amount of substitution [25]. The results presented by FE-
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SEM and EDS (see Fig. 5) confirm that Zr4+ ions were partially included in the perovskite lattice. In 

fact, in addition to the incorporation in the perovskite lattice, ZrO2 particles were segregated forming 

agglomerates. Consequently, considering that during the powder preparation, the complete 

incorporation of Zr4+ ions at the B-site (0.95(Bi0.5Na0.5)Ti1-xO3-0.05BaTi1-xO3-xZrO2) of the perovskite 

was assumed, doped samples resulted B-site deficient. In fact, during the calcination reaction of Ti-

deficient BNT, B-site and oxygen vacancies with an amount proportional to the Ti-deficiency can be 

formed [30], according to Eq. (1). 

( ) ( ) ( ). .. . .2 3 2 3 2 0 5 0 5 1 x 3 2x 2Ti x O 2x
0 25Na CO 0 25Bi O 1 x TiO Bi Na Ti V O V 0 25CO− −

+ + − → +           (1) 

Finally, taking into account that in the samples, here reported, the majority component is 

Bi0.5Na0.5TiO3, this Ti-deficit could be reduced by the evaporation of Bi2O3 (melting point 826 ºC) and 

Na2O (melting point 851 ºC) during the sintering process (see Eq. 2).  

( ) ( ) ( ) ( ). . . .0 5 0 5 1 x 3 2x 0 5 0 5 3 2 2 3Ti x O 2 x

x
Bi Na Ti V O V 1 x Bi Na TiO Na O Bi O

4
− −

 → − + +           (2) 

Certainly, these oxides could improve the sintering process via a transient molten phase before 

evaporation [30]. Furthermore, a free-zirconium secondary phase with a bar shape is observed. This 

phase is mostly composed of titanium, barium, and oxygen with a low amount of sodium (see Fig. 5).  

 

Fig. 4. FE-SEM micrographs and grain size distributions of BNT-5BT-xZr ceramics. (a) x = 0 mol%, (b) x = 2 mol%.  
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.  

In order to analyze the ferroelectric behavior, the hysteresis curves of both samples were determined 

(Fig.  6). The comparison of these hysteresis cycles shows that the doped sample (Zr with x = 2 mol%) 

in the BNT-5BT system leads to an increase in the final polarizations of the sample, where the cycle 

is slightly slimmed by the decrease of the coercive field (Ec) from 41.72 kV/cm for the doped system 

to 39.35 kV/cm for the undoped case. In addition, Pr and Pmax values increased from 24.98 and 30.08 

μC/cm2 to 29.97 and 36.70 μC/cm2, for the undoped to the doped case respectively.  

  

Fig. 5.  Bidimensional elements distribution of BNT-5BT-2Zr sample. 
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Finally, piezoelectric constitutive constants (d33 and g33),  permittivity at room temperature (εTroom), 

and characteristic values of hysteresis loops: coercive field (Ec), remnant polarization (Pr) and 

maximum polarization (Pmax) are summarized in Table 2, for the complete set of samples. In addition 

to the values of Ec, Pr, and Pmax analyzed above, it can be observed that, as Zr-doping increases until 2 

mol%, the piezoelectric constitutive parameters d33 and g33, therefore, better energy harvesting 

properties are expected. This improvement in the piezoelectric values can be attributed to the changes 

observed in the average grain size and the stabilized phases. It is well known that piezoelectric 

properties are improved when grain growth and densification are increased [19,31]. For ferroelectric 

ceramics, larger grains facilitate domain motion increasing the ferroelectric and piezoelectric 

properties [32,33]. In addition, the stabilization of the morphotropic phase boundary improves the 

piezoelectric properties due to the existence of a higher degree of possible orientations for polarization 

under an electric field [19]. As a comparison, in Table 2 piezoelectric and ferroelectric properties of 

BNT-xBT ceramics reported by other authors are included. Considering the influence of the BaTiO3 

amount in the BNT-xBT solid solution, it is known that Ba2+ substitution at the A-sites of BNT 

perovskite firstly assists the domain wall motion, and consequently, the relative permittivity increases 

[36]. However,  when the content of Ba2+ reaches a certain critical value at the MPB, Ba2+ can replace 

Bi3+ creating oxygen vacancies that cause the domain walls clamping and consequently, the dielectric 

permittivity diminishes [34]. Taking into account, that the concentration where the MPB is reached is 

strongly dependent on the synthesis and processing conditions, variations in the dielectric, ferroelectric 

and piezoelectric properties are expected. Moreover, as the g33 coefficient increases when d33 rises and 

ε´ diminishes, variations in this coefficient close to the MPB are registered. In particular, for the 

addition of zirconium, other researchers found a diminution in the remnant polarization, coercive field, 

and piezoelectric properties [25]. This behavior was attributed to the substitution of Zr4+ for Ti4+ which 

decreases the B-site deviation distance by moving atoms to body-centered locations, and destroying 
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the piezoelectric properties. In the samples here reported, the diminution in the piezoelectric properties 

was only registered for samples with x = 4 mol% 

 
Fig. 6. Hysteresis loops of BNT-5BT-xZr (x = 0 and 2 mol%) sintered ceramics. 

Table 2. Structural, piezoelectric and ferroelectric properties. 

-100 -50 0 50 100

-100 -50 0 50 100

-40

-30

-20

-10

0

10

20

30

40

-40

-30

-20

-10

0

10

20

30

40

x = 2 mol%

Pmax
P

 (
µ

C
/c

m
2
)

E (kV/cm)

Pr

Ec

x = 0 mol%

Sample d33 

(pC/N) 

g33 

(10-3Vm/N) 

ε´Troom Ec 

(kV/cm) 

Pr 

(µC/cm2) 

Pmax 

(µC/cm2

) 

Ref. 

BNT-5BT 110 8.0 1560 41.7 25.0 30.1 This 

work 

BNT-5BT-05Zr 117 8.1 1636 40.2 28.2 31.8 This 

work 

BNT-5BT-1Zr 127 8.9 1609 40.0 29.9 33.8 This 

work 

BNT-5BT-2Zr 135 10.5 1508 39.3 30.0 36.7 This 

work 

BNT-5BT-4Zr 90 7.4 1382 33.0 27.9 35.1 This 

work 

BNT-6BT 178 25.4   770 30.0 28.2 32.3 [19] 

BNT-7BT 134 3.2 4773 16.8 16.4 19.5 [34] 

BNT-5BT 123 3.24 4300 24.3 7.2 11 [34] 

BNT-6BT 189 10.7 2000 17.3 5.3 22.0 [35] 

(Bi0.5Na0.5)0.94Ba0.06

TiO3 

141 7.6 2100 38.1 35.1 40 [25] 
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3.2 Piezoelectric Energy Harvesting (PEH) 

In the experimental tests, the piezoelectric materials were subjected to an exciting force F to analyze 

the electrical charge when being mechanically stressed in d33 mode. The exciting force F was supposed 

to be a sinusoidal force of amplitude Fm, as sin( )mF F t= where ω is the angular exciting frequency. 

The stacked piezoelectric energy-harvesting units were prepared for both materials (BNT-5BT and 

BNT-5BT-2Zr) in different arrangements, including 1, 3, and 5 disks.  

In the first test, the piezo stack was subjected to excitations at six different frequencies (10, 50, 100, 

150, 200 and 250 Hz). This frequency range was chosen to considerate a spectrum where most of the 

mechanical vibrations to be harvested occurs. At each frequency, the stack was compressed by 

harmonic force with an amplitude of 10 N and considering open-circuit (OC) electrical condition. Fig. 

7a and 7b plot the measured amplitude of the output voltage versus loading frequencies, for BNT-

5BT-2Zr and BNT-5BT materials, respectively. The results showed that the generated voltage was 

similar for both materials and due to the increasing rigidity of the stack, it increases for high-frequency 

values. For the maximum excitation frequency, the voltage generated with one disk was 0.457 V, for 

3 disks was 1.188 V (an increase of 160%), and for the case of 5 disks, the increase was 275% (1.72 

V). 

(Bi0.5Na0.5)0.94Ba0.06 

Zr0.01Ti0.99O3 

125 - . 27.0 31.1 38 [25] 

(Bi0.5Na0.5)0.94Ba0.06 

Zr0.02Ti0.98O3 

0 - - 10.9 10.4 30 [25] 
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Fig. 7. Voltage output versus excitation frequency, a) BNT-5BT-2Zr and b) BNT-5BT, for a load of 10 N and OC 

conditions. 

The performance output of these two materials for energy-harvesting was tested with varying load 

magnitude from 3 to 10 N. Fig. 8 shows the output voltage versus load amplitude, for both materials 

(BNT-5BT-2Zr and BNT-5BT), considering open-circuit electrical conditions.  As shown in Fig. 8, 

each curve corresponds to an excitation frequency ranging from 10 to 250 Hz. The highest values 

corresponded to the highest excitation frequency, while for the lowest excitation frequency (10 Hz), 

the values were of the order of 0.123 V with 5 disks and a maximum load of 10 N. The generated 

voltage increases as the load amplitude increases in a linear relationship. It can be seen from Fig. 8 

that the slope of these relationships was increased with frequency and the number of disks. However, 

in the case of the number of disks, it was observed that the increase in the slope was greater at low 

frequencies. For example, for 10 Hz the increase in slope was greater than three times between one 

disk and three disks and six times between one disk and five disks. In the case of 250 Hz the slope of 

the three-disk array was 2.37 greater than that of one disk and the slope of the five-disk  array was 3.6 

greater than that of one disk. These observations occurred in both materials with no significant 

changes.  
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Fig. 8. Voltage output versus load amplitude, a, c and e) BNT-5BT-2Zr, and b, d and f) BNT-5BT, for various 

frequencies and OC conditions. 

The influence of external resistance on the voltage versus various loading frequencies was 

examined for the array of five disks and a loading magnitude of 10 N. Fig. 9 shows the generated 

voltage using external load resistance of 56, 130, and 323 kΩ. A similar tendency was observed for 

both materials (Fig. 9a and 9b), however for the lowest values of resistive load the material without 
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additives (BNT-5BT) presents greater generation as the frequency increases, compared to the BNT-

5BT-2Zr. 

Comparing both materials, it is possible to observe in both Fig. 8 and Fig. 9 that no significant 

improvement in the voltage response was registered for the Zr-doped stack. This occurs because the 

total capacitance of the system was higherfor the stack formed by BNT-5BT-2Zr. For instance, for a 

5-disk stack actuator, the capacitance of the one formed by BNT-5BT samples was 1.5 nF, while for 

the one formed by BNT-5BT-2Zr, it was 1.94 nF. 

 

 

 Fig. 9. Voltage output versus loading frequency for R= 56, 130, and 323 kΩ, a) BNT-5BT-2Zr  and b) BNT-5BT, for a 

loading magnitude 10 N. 

 

3.3 Effective d33 identification 

The governing circuit equation of a stack is governed by the following expression, considering that 

the stack consists of N disks connected in parallel to a resistive electrical load (R). 

( )

i

N

i
A

i 1

v td
dA

dt R
=

 
 = 

 
  D n                                                (3) 

where v(t) is the voltage generated by the piezoelectric stack, D is the electric displacement vector, 

n is the vector of surface normal of the electrodes with area Ai of the i-th disk. The electric displacement 

is related to the electric field Ej and the stress tensor Tjk by the piezoelectric constitutive equation 
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T

i ijk jk ij jD d T E= +                                                    (4) 

where dijk  represents the tensor of piezoelectric strain constants and 
T

ij is the tensor of permittivity 

constants at constant stress. The natural frequency of the stack in the axial direction is very far from 

the excitation frequency. So, in this model, the mechanical equation is not considered to analyze 

electromechanical system dynamics [37]. Then, the governing electromechanical equation is obtained 

for the piezoelectric stack subjected to a uniaxial dynamic excitation considering the stress on the 

thickness (h) of each piezo-electric disk T= p(t) and the electric field E=-v/h. 

( )
( )

( )eq eff

p 33

v t
C v t d F t

R
+ =                                                  (5) 

Where 𝐹(𝑡) = 𝐴𝑝(𝑡) is the dynamic load, the dot implies differentiation with respect to time, A is 

the cross-sectional to the stack, 
eq

pC  and 
eff

33d  are the equivalent capacitance and the effective 

piezoelectric constant, respectively.  In order to attain the electromechanical frequency response of the 

stack, the dynamic load was harmonic with ( ) j t

0p t p e = (where p0 is the loading amplitude) being ω 

the loading frequency. The steady-state voltage response is assumed to be ( ) j tv t Ve = and then solving 

Eq. (5) the complex voltage V can be expressed as:  

                                                            
eff

33 0

eq

p

j Ad p
V

j C 1 R




=

+
                                                               (6) 

Finally, the power output of the stack is calculated via 

( )

( )

22 eff

33 0

2
eq

p

Ad p RV
P

R C R 1




= =

+
                                                          (7) 

Similar power values were obtained for both materials, so in this case, the analysis is concentrated 

on the material with additive BNT-5BT-2Zr. Fig. 10 shows the generated power versus load resistance 

for a sample of five disks made of BNT-5BT-2Zr, considering two values of loading magnitude 2.5 
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and 5 N (dotted lines). Using the maximum power-transfer theorem that occurs when the external 

electrical impedance matches the internal impedance of the stack, the following expression is obtained: 

( )
max

2
eff

33 0

eqR R
p

Ad p
P P

2C


=

= =                                                           (8) 

where R* is the optimal electrical load. From the last expression, it is possible to calculate the effective 

electromechanical coefficient 
eff

33d using the maximum power value recorded experimentally (see Fig. 

10). In this way, using Eq. (8), the values obtained are 
eff

33d = 588 and 625 pC/N, for a loading 

magnitude of 2.5 and 5 N, respectively. These values are in agreement with those of Table 2 if we 

apply an expression like the one presented by Xu et al. [13]. 

eff

33 33d cnd=    (9) 

Where 𝑐 is a constant between 0 and 1 and 𝑛 is the number of the piezo layers. By using Eq. (9) 

and assuming 𝑐 = 0.95 (a typical value) we obtain an average value of  𝑑33 = 128 pC/N which differs 

by less than 5% from the value of Table 2 (𝑑33 = 135 pC/N). 

The experimental measurements of harvested power were compared to analytical solutions 

computed using Eq. (7). For harmonic excitation at 250 Hz, the comparisons are shown in Fig. 10 as 

the power output per stack volume, i.e. power density of the harvester. Then substituting these values 

into the power expression (Eq. 7), power versus electrical resistance is graphed in Fig. 10 (solid lines), 

where a good fit between the experimental and the analytical results was observed. 
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Fig. 10. Power output versus electrical load resistance under harmonic excitation at 250 Hz for 5 disks of BNT-5BT-2Zr, 

considering two loading magnitudes 2.5 and 5 N. 

 

4 Conclusions 

In this study, the potential use of lead-free multilayer piezo stacks as a source of voltage generation 

for energy harvesting is explored. The research aims to analyze the influence of zirconium (Zr) doping 

on a lead-free piezoelectric BNT-BT (BNT-5BT) sample within multilayer piezo stacks. Four different 

concentrations of Zr-doped samples (BNT-5BT-xZr, x = 0, 0.5, 1, 2, 4 mol%) were manufactured and 

subjected to structural, microstructural, and electrical characterization. Unexpectedly, an increase in 

grain size was observed in samples with x = 2.0 mol%, contrary to anticipated results based on existing 

research. Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS) analyses 

confirmed that Zr4+ ions were partially integrated into the perovskite lattice and the excess of ZrO2 

was segregated, forming agglomerates. Additionally, the ZrO2 addition caused an increase in both the 

average grain size and the tetragonal to rhombohedral phases proportion.  

Piezoelectric constitutive constants 𝑑33  and 𝑔33 , density ρ, permittivity at room temperature 

𝜀𝑇𝑟𝑜𝑜𝑚, and characteristic values of hysteresis loops coercive field 𝐸𝑐, remnant polarization 𝑃𝑟, and 

maximum polarization 𝑃𝑠  were determined through measurements. The findings indicate that Zr 

doping enhances the piezoelectric constitutive parameters 𝑑33 and 𝑔33. Notably, samples with x = 2.0 
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mol% exhibit the highest piezoelectric parameters. Various electromechanical tests were conducted 

using piezo samples configured into multilayer stacks comprising 1, 3, and 5 disks, both for BNT-5BT 

with and without Zr (doped with x = 2.0 mol%). These tests revealed that, when subjected to varying 

sinusoidal force magnitude, frequency, and electric load, the multilayer piezo stacks could generate up 

to 1.5 Volts (peak) under conditions of 250 Hz, 10 N load, and an open circuit (OC) setup, in the 

scenario where the stack consists of 5 disks. Furthermore, the tests demonstrated an increase in 

generation with higher load, frequency, electric load, and number of disks. Employing a simple 

mathematical model, an effective 𝑑33
𝑒𝑓𝑓

  piezo constant was computed. This value allows us the 

generation of distinct power curves as a function of electric load for two different mechanical loads. 

Theoretical curves were found to align with experimental results, confirming their agreement. 

Comparison between the effective piezo constant 𝑑33
𝑒𝑓𝑓

 calculated via the model and that obtained 

using a standard 𝑑33 meter showed reasonable agreement.  
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