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Abstract

:

Porous lead-free piezoelectric ceramics are characterized by their environment-friendly, light weight, and large specific surface area. The optimization of porous Na0.5Bi0.5TiO3-based lead-free piezoelectric ceramics can improve piezoelectric properties, enhance force–electric coupling characteristics, and effectively promote energy conversion, expanding the application in force-electric coupling devices. This study aimed to prepare [Smx(Bi0.5Na0.5)1−3x/2]0.94Ba0.06TiO3 (x = 0, 0.01, 0.02, 0.03, 0.04) lead-free ceramics with porous structures, resulting in the piezoelectric constant d33 = 131 pC/N and the plane electromechanical coupling coefficient kp = 0.213 at x = 0.01. The presence of pores in lead-free ceramics has a direct impact on the domain structure and can cause the depolarization process to relax. Then, the soft doping of Sm3+ makes the A-site ion in porous (Bi0.5Na0.5)0.94Ba0.06TiO3 ceramics occupancy inhomogeneous and generates cation vacancies, which induces lattice distortion and makes the domain wall motion easier, resulting in the improvement of piezoelectric properties and electromechanical coupling parameters. Furthermore, the piezoelectric oscillator exhibits greater resistance to resonant coupling in the radial extension vibration mode. These results infer that a combination of porosity and Sm3+ doping renders (Bi0.5Na0.5)0.94Ba0.06TiO3 ceramics base material for piezoelectric resonators, providing a scientific basis for their application in force–electric coupling devices, such as piezoelectric resonant gas sensors.
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1. Introduction


As electronic information technology continues to evolve with increasing integration, miniaturization, and intelligence [1,2,3], electronic ceramics have emerged as a critical technology that impacts its development. Currently, research efforts are primarily focused on piezoelectric ceramics based on lead zirconate titanate (PZT). However, the lead element contained in lead-based piezoelectric ceramics is harmful to human health and the environment and is highly restricted in practical applications [4,5,6]. Consequently, many researchers face the significant challenge of developing multifunctional lead-free ceramics that can be used in a range of applications.



Na0.5Bi0.5TiO3 (NBT)-based ceramics are a type of perovskite-based, lead-free piezoelectric material with a high Curie temperature, large stress–strain capabilities, and excellent piezoelectric properties. As such, these materials have been employed in a broad range of applications, such as sensors, brakes, and transducer ultrasonic motors [7,8,9,10,11]. In recent years, NBT has been modified to form a morphotropic phase boundary (MPB) with other ABO3 perovskite compositions, such as (1 − x)Bi0.5Na0.5TiO3-xBaTiO3 [12,13,14,15]. Through such research, it has been discovered that the optimal composition is achieved at x = 0.06 ((Bi0.5Na0.5)0.94Ba0.06TiO3) [16]. Nevertheless, in practical applications, the use of dense ceramics as excitation materials in hydroacoustic transducers is limited by their high dielectric constant and density. Therefore, research on the integration of the structure and function of porous piezoelectric ceramics has garnered significant attention [17,18,19,20].



The high porosity of porous ceramics can simplify the piezoelectric resonance characteristics and promote effective energy conversion, making them suitable for use in force-coupled devices [21,22,23,24,25]. However, porous ceramics with high porosity can significantly reduce their piezoelectric properties, making them susceptible to external interference in practical applications. Therefore, improving sensitivity and resistance to external interference while maintaining a complex pore structure is a key research area.



Currently, ion doping is a popular method for enhancing the piezoelectric characteristics of lead-free ceramics [26,27]. Hao et al. [28] introduced rare earth oxides, such as Pr2O3, Eu2O3, and Sm2O3, to (1 − x)[(0.93(Na0.5Bi0.5)TiO3-0.07BaTiO3)]-xRE ceramics. This modulation of the components led to d33 values of 163 pC/N, 175 pC/N, and 213 pC/N, respectively, with corresponding strains of 0.13%, 0.14%, and 0.17%. In another study, Kong et al. [29] reported that the doping of Mn to 0.94(Bi0.5Na0.5)TiO3-0.06BaTiO3 resulted in a high d33 of 166 pC/N and a large strain of 0.30%, thus combining existing research based on the simplified piezoelectric resonance of porous structures and then improving the adverse effects of porous structures on the piezoelectric properties of ceramics though doping. Soft doping as a means of doping is also known as sender doping. It is a doping method in which low-valent positive ions are replaced by high-valent positive ions. According to the requirement of electrical neutrality, cation vacancies will appear in the sample and the domain walls will move easily under the action of electric fields or external forces, thus softening the material properties. This means of ion doping can be used not only for the modulation of dense ceramic systems but also for the property modulation of porous ceramics. Sm3+ has a very similar ionic radius to the A-site ions (Bi3+, Na+) of (Bi0.5Na0.5)0.94Ba0.06TiO3 (BNBT6) ceramics compared with other rare earth elements [30], so it can more easily access BNBT6 ceramics and affect their piezoelectric properties. However, currently, there are no published studies on the enhancement of the properties of porous BNBT6 ceramics through Sm2O3 doping.



This study focuses on the preparation of porous [Smx(Bi0.5Na0.5)1−3x/2]0.94Ba0.06TiO3 (BNBT6-xSm) ceramics and investigates the influence of Sm3+ soft doping on the dielectric properties, piezoelectric properties, and resonance characteristics of BNBT6 ceramics. The findings suggest that the combination of pore and Sm3+ doping improves the piezoelectric properties and resonance characteristics of porous BNBT6 ceramics, providing valuable insights for future research and application in this field.




2. Experimental


Na0.5Bi0.5TiO3 (NBT) is made of TiO2 (>99.9%, Macklin), Bi2O3 (>99.9%, Macklin), and Na2CO3 (>99.9%, Macklin), ball milled at 350 r/min for 8 h according to a certain recipe, then dried at 60 °C and pre-sintered at 800 °C and held for 2 h to obtain NBT ceramic powder. The ceramic powder was put into the ball mill jar for 12 h of secondary ball milling to obtain a powder with finer particle size and uniform distribution.



[Smx(Bi0.5Na0.5)1−3/2x]0.94Ba0.06TiO3 powders (x = 0, 0.01, 0.02, 0.03, 0.04), referred to as BNBT6-xSm, were prepared via the solid-state reaction using Na2CO3 (>99.8%, Macklin), Bi2O3 (>99.9%, Macklin), TiO2 (>99.9%, Macklin), BaCO3 (>99.9%, Macklin), and Sm2O3 (>99.9%, Macklin) as base materials. The raw materials were weighed based on the stoichiometric ratio and then ball milled for 8 h at 350 r/min with zirconia balls in a 20 mL nylon bottle with ethanol. The resulting solution was dried for 12 h and then calcined at 870 °C for 3 h. Then calcined powders were re-milled for 6 h to break up any agglomerates. The pre-synthesized BNBT6-xSm powders were then obtained by passing them through a 100-mesh sieve after drying.



Porous BNBT6-xSm ceramic powder was prepared by mixing self-made BNBT6 ceramic powder with 10 wt.% kiwi pollen (Baoji, Shaanxi Province) using the dry-mixing method. Then, 0.3 g BNBT6-xSm powder was weighed and subjected to cold isostatic pressure at 150 Mpa to obtain the ceramic billet with a diameter of 10 mm. The sample was first heated at 3 °C/min to 550 °C for 2 h to completely burn the pollen template and eliminate the gas, thus forming the template pores. The sample was heated to 800 °C at 5 °C/min in the high-temperature chamber furnace (KSL-1500XS), then slowly heated to 1150 °C at 3 °C/min and held for 2 h, and then cooled to room temperature at 5 °C/min. Finally, silver was deposited onto the surface of the ceramic and heated at 800 °C for 15 min at a heating rate of 5 °C/min. Silver as the electrode does not cause secondary effects.



The phase structure of the samples was analyzed by X-ray diffraction (XRD; D8 Advance, Brook AXS, Karlsruhe, Germany), with a scanning rate of 10°/min in the range of 20°–80°. The microstructures were observed using scanning electron microscopy (SEM; SU3500, Hitachi, Tokyo, Japan), with a voltage of 20 kHz. The dielectric constant and dielectric loss of the samples were measured using a precision impedance analyzer (E4980A, Agilent, Santa Clara, CA, USA) connected to a temperature controller (Gjw-1) at 25–450 °C with the frequency of 1 kHz-1000 kHz. The hysteresis loop and strain curve were measured using a ferroelectric analyzer (TF 2000, aixACCT, Aachen, Germany) at 10 Hz. The d33 of all porous ceramic samples was measured at 110 Hz using the DZ-2671A pressure tester and ZJ-5A quasi-static piezoelectric constant tester. The impedance spectrum/impedance angular spectrum (Z/θ) at 0–1 MHz of the sample was measured by using the measurement and control communication software based on GPIB communication protocol and Agilent4980E automatic balance digital bridge. The resonant frequency (fr) and anti-resonant frequency (fa) of the porous ceramics were obtained.




3. Results and Discussion


3.1. Phase Structures and Morphologies of the Porous BNBT6-xSm Ceramics


The XRD patterns for NBT and BNBT6 ceramic powders are presented in Figure 1a, where both powders exhibit a perovskite phase structure with no secondary phases detected. The preparation of BNBT6 ceramics with a perovskite phase was achieved through the solid-phase reaction, and this powder is able to serve as a fundamental component for the fabrication of porous BNBT6 ceramics.



Figure 1b shows the SEM images of porous BNBT6 ceramics with a 10 wt.% pollen addition, exhibiting a uniformly distributed ellipsoidal closed-pore structure. The inserted image depicts the microstructure of kiwifruit pollen, with a radial length of approximately 20 μm and a lateral length of approximately 10 μm. The pollen’s shape closely resembles the porous structure, resulting from the gas escaping during the high-temperature sintering process, resulting in the same structure as the pollen template pores. In comparison to other biotemplate pore-forming agents, the lower density of pollen allows for the fabrication of high-porosity ceramics with ease.



The XRD diffractograms of the porous BNBT6-xSm ceramic powders are shown in Figure 1c. The addition of pollen as a pore-forming agent has no effect on the structure of BNBT6 ceramics. The peak positions of the prepared porous BNBT6-xSm ceramics correspond to the standard PDF#46-0001 card, showing a single-phase structure, and its strongest peak position between 32°–33° corresponds to the Miller index (110) in the standard card. This indicates that the synthesized sample shows a perovskite phase structure without secondary phases and that Sm3+ is doped into the lattice and forms a single-phase solid solution with BNBT6. Figure 1d shows the diffraction peaks from 32° to 33°, which shift to higher angles with an increase in doping amount. Upon comparing the ionic radii of Sm3+ with A and B site ions, it was discovered that Sm3+ is likely to substitute the A site because of its smaller ionic radius (0.0958 nm) when compared to Na+ (0.139 nm), Bi3+ (0.138 nm), and Ba2+ (0.161 nm). The XRD patterns of porous BNBT-xSm ceramics were refined using jade. The lattice parameters (a, b, c) and cell volume (V) corresponding to different Sm3+ doping were calculated, as shown in Figure 1e. The lattice parameters (a, c) and cell volumes (V) decrease with the change in Sm3+ doping. An increase in the asymmetry of the lattice and the induction of lattice distortion occur. The lattice shrinkage results in a decrease in the lattice constant [31], signifying that Sm3+ has successfully entered the A-site of the porous BNBT6 ceramics.



Figure 2a–d depicts the SEM images of porous BNBT6-xSm ceramics, and Figure 2e–h shows the corresponding grain size distribution. Upon comparison, it was discovered that the average grain size is largest at x = 0.01, with grain refining occurring subsequently. This is attributed to the excessive Sm3+ concentration near the grain boundaries, which inhibits grain growth. The doped ceramics exhibit well-defined grain boundaries, uniform grain size, and strong bonding between grains, all of which can improve the mechanical strength of piezoelectric ceramics and be advantageous for piezoelectric ceramic applications [32,33]. It is noteworthy that doping does not affect the porosity and bulk density of porous ceramics, and the porosity of BNBT6-xSm ceramics measured using the Archimedes drainage method averaged about 28.7% for a pollen addition of 10 wt.% and a bulk density of about 4.264 g/cm3.




3.2. Dielectric Properties of the Porous BNBT6-xSm Ceramics


Figure 3a–e shows the dielectric constant (εr) and dielectric loss (tanδ) of porous BNBT6-xSm ceramics at various frequencies, ranging from room temperature to 450 °C. As can be seen from the figures, porous BNBT6-xSm ceramics exhibit two distinct peaks at around 150 °C and 300 °C, indicating different phase transition processes that occur within the tested temperature range [34]. The dielectric loss is higher at low frequency, which is attributed to the inhomogeneous charge distribution at the pore interface, as demonstrated by Maxwell–Wagner relaxation [35]. Figure 4a shows the dielectric constant versus temperature for porous BNBT6-Sm ceramics at 100 kHz. As can be seen from the figure, the sample with x = 0.01 has a high relative permittivity (εr = 782) at room temperature. Compared to BNBT6 ceramics, the dielectric maximum is significantly higher at x = 0.01, 1567 for BNBT6 ceramics, and 2364 for BNBT6-0.01Sm. The increase in dielectric constant is due to the replacement of the low valence positive ion (Na+) with a high valence positive ion (Sm3+), which causes cationic vacancies in the porous ceramic sample and makes it easier for the domain walls to move under the action of electric fields or external forces, thus softening its properties. This results in a softening of the properties, which in turn manifests as an increase in the dielectric constant. However, the maximum value of the dielectric constant decreases gradually when too much Sm2O3 is added (x > 0.01). This may result from the higher degree of A-site disorder introduced by Sm substitution. Figure 4b shows the corresponding dielectric loss versus temperature variation, and there is a clear peak of dielectric loss (tanδ) near 100 °C. This change occurs because the distortion of the crystal structure after depolarization is small, the electric domains turn easily, and the relaxation polarization loss is small. At around 300 °C, the trend of the dielectric loss peak with temperature is small and the curve is relatively flat.



For different temperatures in the dielectric function diagram, Tm is the temperature corresponding to the maximum value of the dielectric constant, while T is the temperature corresponding to a point on the dielectric curve. When T < Tm, the porosity allows the air-pore interface to act as the pinning center for the domain wall under a non-uniform electric field, thus reducing domain wall motion and correlation loss. When T > Tm, the primary conductivity mechanism of porous BNBT6-xSm ceramics gradually changes from electronic conductivity to ionic conductivity, while the leakage current of the samples increases rapidly, leading to a rapid increase in the dielectric loss of porous BNBT6-xSm ceramics.



The plots of ln (1/εr − 1/εm) as a function of ln (T − Tm) for porous BNBT6-xSm ceramics at 100 kHz are presented in Figure 3f. The relaxor behavior of these ceramics can be analyzed using the modified Curie–Weiss law [36]. The addition of the pores increases the disorder in the direction of the long-range ordered dipole arrangement, and the pores act as pinning centers for domains on the wall of the pore. This results in hindered dipole turning and the relaxation of the depolarization process. The slope of the linear fit in the figure represents the relaxation factor γ of the porous BNBT6-xSm ceramic, which characterizes the parameter of relaxation dispersion. For porous BNBT6-xSm ceramics, the values of relaxation factor γ are greater than 1 and close to 2, indicating typical relaxor behavior. The maximum value of γ is found to be 1.90 at x = 0.01, indicating that the addition of Sm3+ further enhances the relaxor behavior in porous BNBT6-xSm ceramics. The presence of Na+, Ba2+, Bi3+, and Sm3+ ions at the A-site in porous BNBT6-xSm ceramics causes inhomogeneity in the chemical composition and crystal structure at the nanoscale level. This inhomogeneity creates regions with higher concentrations of certain components, leading to relaxor ferroelectric behavior, as predicted by the constituent fluctuation theory. Porous BNBT6-xSm ceramics exhibit typical characteristics of relaxor ferroelectrics, such as wide dielectric peaks and frequency dispersion. In soft doping, Sm3+ acts as a donor ion, generating cation vacancies at the A-site. This leads to the suppression of the coupling between Ti-O bonds, enhancing the relaxor ferroelectric behaviors [37].




3.3. Piezoelectric and Ferroelectric Properties of the Porous BNBT6-xSm Ceramics


Figure 5a illustrates the longitudinal piezoelectric coefficients (d33) and transverse piezoelectric coefficients (−d31) of porous BNBT6-xSm ceramics. As the doping of Sm3+ increases, the piezoelectric coefficient exhibits an alternating trend, and both d33 and −d31 reach their maximum value at x = 0.01, with values of 131 pC/N and 30.88 pC/N, respectively. The introduction of Sm3+ soft doping in the porous structure results in cation vacancies in the A-site, making the domain wall motion easy. The different ionic radii of the dopant ions induce lattice distortion and facilitate domain switching. More domains are oriented along the electric field direction during polarization, so the piezoelectric properties are improved [37]. Doping introduces more ions into the BNBT6 lattice, which increases ionic activity and enhances the piezoelectric properties of the porous ceramics [38]. However, when more Sm3+ ions are added, lattice distortion increases and domain switching becomes more difficult [39], leading to a decrease in the piezoelectric properties.



Figure 5b depicts the hysteresis loops of porous BNBT6-xSm ceramics under the electric field of 60 kV/cm, which shows the typical hysteresis loops characteristics of relaxor ferroelectrics. The polarization intensities at room temperature show a trend of first increasing and then decreasing under the same electric field strength. This trend is more clearly shown in Figure 5c, which displays the polarization intensities Pm and Pr. For the same system, the piezoelectric properties are better when the remanent polarization Pr is higher [40]. However, when the doping amount of Sm3+ exceeds 0.01, the d33 gradually decreases, indicating that excess Sm3+ doping does not necessarily increase the d33 of porous BNBT6 ceramics. This is because the long-range ferroelectric domains are destroyed when the doping concentration reaches a certain level, leading to an increase in the difficulty of polarization. Consequently, the polarization intensities decrease and the piezoelectric properties are weakened.



Figure 5d depicts the strain–electric loops (S-E loops) of porous BNBT6-xSm ceramics under the effect of 60 kV/cm alternating electric field. The S-E loops exhibit a standard “butterfly shape” with both positive and negative strains, indicating typical ferroelectric characteristics. The positive strain of undoped porous BNBT6 ceramic is 0.118%. With the introduction of Sm3+ doping into the porous BNBT6 ceramic system, the positive strain initially increases and then decreases, with a maximum positive strain of 0.154% observed at x = 0.01. Furthermore, the negative strain almost disappears when x = 0.04. These phenomena suggest that increasing the amount of Sm3+ doping components to a certain extent results in a decrease in the long-range ferroelectric phase and an increase in the relaxation phase in the system.




3.4. Piezoelectric Resonance Characteristics of the Porous BNBT6-xSm Ceramics


Figure 6a–e shows the impedance angle spectrum of the porous BNBT6-xSm ceramics in the radial extension vibration mode and the impedance spectrum under fundamental frequency. In order to avoid vibration coupling interference, the thickness (h) of the oscillator should be much smaller than the diameter (d). The porous BNBT6-xSm ceramics samples are designed with thickness h = 0.6 mm and diameter d = 13.2~14.1 mm to create a radial extension vibration. The impedance angle spectrum of all samples shows only two resonance peaks within the range of 0 to 1 MHz, which corresponds to the first-order resonance frequency (fundamental frequency) and the second-order resonance frequency (first harmonic frequency) of the radial extension vibration.



The inset images in Figure 6a–e show the impedance spectrum under the fundamental frequency for porous BNBT6-xSm ceramics, which exhibit the characteristic coupling “N-shaped peak”. In the figure, fr and fa denote the resonant frequency and anti-resonant frequency, respectively. The figure indicates that the main peak (maximum θ) is significantly higher than other resonant peaks in this mode, and the resonant fundamental frequency is low, making it difficult to induce resonant coupling. Furthermore, the diameter of the sample size is much larger than the thickness, allowing for a larger gas adsorption area with the same thickness, while also having a shorter polarization distance for the piezoelectric oscillator, making excitation easier.



Figure 6f shows the resonant frequency fr1 and the anti-resonant frequency fa1 of the porous BNBT6-xSm ceramics under the first harmonic frequency. The resonant frequency shows an undulating trend with increased Sm3+ doping. Additionally, the change in Sm3+ doping corresponds to different resonant frequencies, with both fr1 and fa1 reaching a maximum at x = 0.01.



Based on the data presented above, the values of fr, fa, fr1, and fa1 can be obtained, and then the plane electromechanical coupling coefficient (kp), Poisson’s ratio (σ), elastic compliance coefficient (    S   11   E    ), transverse electromechanical coupling coefficient (k31), and transverse piezoelectric constant (−d31) of the samples can be calculated.



According to the following formulas:



the plane electromechanical coupling coefficient (kp):


    1     k   p   2     = 0.395     f   r     ∆ f   + 0.574 = 0.395     f   r       f   a   −   f   r      



(1)







Poisson’s ratio (σ):


  σ =   5.332   f   r   − 1.867   f   r 1     0.6054   f   r 1   − 0.1910   f   r      



(2)







when the first-order approximation is taken:


    ŋ   1   = 1.867 + 0.604 σ  



(3)







elastic compliance coefficient (    S   11   E    ):


    S   11   E   =     ŋ   1   2       π   2     d   2     ρ   b   ( 1 −   σ   2   )   f   r   2      



(4)







transverse electromechanical coupling coefficient (k31):


    k   31   =       2   1 − σ       −   1   2       k   p    



(5)







transverse piezoelectric constant (−d31):


    − d   31   =   k   31      ε   33   T     S   11   E     



(6)







Formula: ρb—is the density of porous piezoelectric ceramics (4264 kg/m3) and d is the diameter of the thin wafer sample.



Figure 7a presents the variation of electromechanical coupling parameters of porous BNBT6-xSm ceramics, and the main parameters are shown in Table 1. It can be observed that the values of kp, σ,     S   11   E    , k31, and −d31 of the Sm3+ doping porous BNBT6 ceramics are changed when compared to the porous BNBT6-xSm ceramics. When x = 0.01, kp = 0.213, σ = 0.31,     S   11   E     = 8.85 pN/m2, k31 = 0.125, and −d31 = 30.88 pC/N.



Figure 7b illustrates those changes in Sm3+ doping affect both the plane electromechanical coupling coefficients and the piezoelectric coefficients similarly. The modified Sm3+ donor-type has an impact on kp and d33, which are influenced by domain wall mobility [41]. The improved motion of domain walls leads to increased values of d33 and kp. The performance parameters of porous BNBT6-0.01Sm ceramics are relatively superior compared to the properties of PZT-8 ceramics utilized in practical applications. Specifically, the −d31 is 33.2% of that of PZT-8 (93), the kp is 42.5% of that of PZT-8 (0.5), and the     S   11   E     is 77.5% of that of PZT-8 (11.1). These superior performance parameters make it a promising candidate for use in piezoelectric resonant gas sensors.





4. Conclusions


In this study, the porous (Bi0.5Na0.5)0.94Ba0.06TiO3 ceramics with a pollen addition of 10 wt.% were modulated though Sm3+ doping. The effects of Sm3+ doping on dielectric, piezoelectric, and resonance characteristics of the porous BNBT6 ceramics were analyzed. The results indicated that the ceramic grain size initially increased with doping but were then refined continuously. The introduction of pores caused relaxation of the depolarization process, and soft Sm3+ doping enhanced relaxor ferroelectric behavior. The doping of Sm3+ as donor ion induced lattice distortion and generated cation vacancies at the A-site, which facilitates domain wall motion and domain switching under the action of an external electric field. These changes significantly improved piezoelectric properties and the electromechanical coupling parameters of the ceramics. At x = 0.01, it was found that d33 = 131 pC/N, kp = 0.213, and     S   11   E    = 8.85 pN/m2, k31 = 0.125. Doping under the porous structure increased the resonant frequency and improved the piezoelectric resonance characteristics. Therefore, porous BNBT6 ceramics with appropriately doped Sm3+ are viable substrate materials for high-sensitivity piezoelectric resonators. The combined modification of pores and ions also provides a new approach for optimizing the performance of piezoelectric materials based on structural optimization.
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Figure 1. (a) XRD patterns of NBT and BNBT6 ceramics at 20°–80°. (b) SEM image of porous BNBT6 ceramic with 10 wt.% pollen, and the embedded graph is the SEM image of kiwi pollen. (c) XRD patterns of porous BNBT6-xSm ceramics at 20°–80°. (d) XRD patterns of 32°–33°. (e) The lattice parameters of porous BNBT6-xSm ceramics. 
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Figure 2. SEM images of surface and grain size distribution for porous BNBT6-xSm ceramics at (a,e) x = 0, (b,f) x = 0.01, (c,g) x = 0.02, and (d,h) x = 0.04. 
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Figure 3. Temperature dependence of dielectric constant and dielectric loss of porous BNBT6-xSm ceramics at (a) x = 0, (b) x = 0.01, (c) x = 0.02, (d) x = 0.03, and (e) x = 0.04. (f) Plots of ln (1/εr − 1/εm) as a function of ln (T − Tm) for porous BNBT6-xSm ceramics at 100 kHz. 
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Figure 4. Temperature dependence of (a) dielectric constant, and (b) dielectric loss of porous BNBT6-xSm ceramics at 100 kHz. 
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Figure 5. (a) Longitudinal piezoelectric coefficient (d33) and the transverse piezoelectric coefficient (−d31) of porous BNBT6-xSm ceramics. (b) Hysteresis loops of porous BNBT6-xSm ceramics. (c) Polarization including Pm and Pr. (d) Strain–electric loops of porous BNBT6-xSm ceramics at 60 kV/cm. 
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Figure 6. Impedance angle spectrum and impedance spectrum under fundamental frequency of porous BNBT6-xSm ceramics at (a) x = 0, (b) x = 0.01, (c) x = 0.02, (d) x = 0.03, and (e) x = 0.04. (f) Resonant frequency (fr1) and anti-resonant frequency (fa1) under the first harmonic frequency of porous BNBT6-xSm ceramics. 
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Figure 7. (a) Electromechanical coupling parameters of porous BNBT6-xSm ceramics. (b) Variation d33 and kp of porous BNBT6-xSm ceramics with x. 
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Table 1. Electromechanical coupling parameters of porous BNBT6-xSm ceramics.
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	Samples
	kp
	σ
	η1
	     S   11   E     (pN/m2)
	k31
	−d31 (pC/N)





	x = 0
	0.168
	0.26
	2.02
	7.58
	0.102
	20.60



	x = 0.01
	0.213
	0.31
	2.05
	8.85
	0.125
	30.88



	x = 0.02
	0.170
	0.27
	2.03
	8.20
	0.102
	21.83



	x = 0.03
	0.139
	0.25
	2.01
	7.73
	0.085
	17.21



	x = 0.04
	0.1379
	0.24
	2.01
	7.20
	0.084
	16.30
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