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Abstract

:

Lead-free piezoelectric materials are essential for our healthy future but offer lower performance than lead-based materials. Different material combinations are explored to improve the performance of lead-free materials. By filling the UV light curable photopolymer resin with 30 vol.% lead-free piezoelectric ceramics and with up to 0.4 wt.% conductive nanofillers, thin and flexible piezoelectric 0-0-3 composites are formed. Two particle sizes of Potassium Sodium Niobate (KNN) and Barium Titanate (BTO) ceramics were used with four conductive nanofillers: Graphene Nanoplatelets (GNPs), Multi-Walled Carbon Nanotubes (MWCNTs), and two types of Graphene Oxide (GO). Resulting high viscosity suspensions are tape-cast in a mold as thin layers and subsequently exposing them to UV light, piezoelectric composite sensors are formed in 80 s. Even low nanofiller concentrations increase relative permittivities, however, they strongly reduce curing depth and increase undesirable dielectric losses. Non-homogeneous dispersion of nanofillers is observed. In total, 36 different compositions were mixed and characterized. Only six selected material compositions were investigated further by measuring mechanical, dielectric, and piezoelectric properties. Results show KNN composite performance as piezoelectric sensors is almost six times higher than BTO composite performance.
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1. Introduction


Two-phase piezoelectric composites have been researched extensively for several decades [1,2,3,4,5,6,7,8]. They are an alternative to bulk piezoelectric ceramic sensors, which are brittle [4,9], possess poorer manufacturability [2,9,10] and can have only basic geometries. Piezoelectric composites are flexible, their properties such as mechanical strength, density, and acoustical impedance can be tailored to the application [9,10,11], making them suitable for Structural Health Monitoring (SHM) applications [12].



The piezoelectric properties of 2-phase composites, without any particle modifications or other material additions, are low because of the low relative permittivity and conductivity of the passive polymer phase [1,9,10,11,13,14], which complicates poling [15]. Furthermore, such composites are usually made with Lead zirconate titanate (PZT) that has high lead content (≈60 wt.%) [16], which causes concerns during PZT processing where the vapor of lead is released in the atmosphere [17,18].



Interest was shown in composites based on Barium Titanate (BTO) and/or Potassium Sodium Niobate (KNN) piezoelectric ceramics [4,19,20,21,22,23,24,25]. PZT substitution with the lead-free piezoelectric ceramics, such as BTO and KNN [26], which show lower piezoelectric properties compared to PZT [27,28,29,30], produces the lower piezoelectric performance of the composite materials but eliminates any possible environmental and health problems associated with lead vapor release into the atmosphere.



From many possible approaches to increase the performance of 2-phase composites, the addition of small amounts of conductive carbon-based nanofillers to the material mixture increases the relative permittivity and conductivity of the polymer matrix [1,15,31,32,33] and therefore, poling efficiency of the piezoelectric composites is improved, which results in an improved piezoelectric performance [15,34,35]. The addition of conductive nanofillers forms so-called piezoelectric 0-0-3 composites. Previous studies used various types of conductive nanofillers in polymer-based composites to improve their dielectric properties, e.g., Graphene Oxide (GO) [36], Graphene [19,37], Graphene nanoplatelets (GNPs) [38,39], Carbon Nanotubes (CNTs) [40,41], or metal particles [42,43,44].



These nanofillers possess high conductivity, large aspect ratio, and high mechanical properties [31,40,43]. While GO does not possess high electric properties [45], after reduction, e.g., by UV light, the electrical properties of reduced GO (rGO) increase [46,47]. GO can be also easily dispersed in organic solvents [45,46], helping to ensure good nanofiller dispersion in the composites. Using carbon-based nanofillers at very low amounts can lead to a great enhancement of piezoelectric and mechanical properties of the composites [3,46,48,49,50,51,52].



This study aims to find which piezoelectric composite material compositions produce the highest piezoelectric performance. Few studies examined 0-0-3 composites with lead-free BTO ceramics, and none were found using KNN. Therefore, this knowledge gap is investigated in this study. Two types of ceramics (fixed at 30 vol.%), each containing two different particle sizes, are dispersed with four different types of conductive carbon-based nanomaterials (between 0 and 0.4 wt.%) in UV light curable photopolymer resin. The resulting suspensions, after manual tape-casting and solidification under UV light, form the desired geometry piezoelectric composites (square), which were poled, characterized, and their piezoelectric performance was measured.



1.1. Nanofillers in Composites


Nanofillers mostly tend to form agglomerates and are difficult to disperse homogeneously in a polymer matrix [45,53] due to high surface area to volume ratio and resulting high surface energy [54]. There is also considerable disagreement regarding the effect of nanofiller agglomerations on the properties of the composite. Some studies found an improved ability of small agglomerates to form electrical paths [55,56], others found a uniform distribution to be beneficial [57,58,59]. However, agglomerates cause higher stresses in the composites and can lead to lower mechanical strength [55,60], while at the same time, agglomerates of conductive nanofillers might have local conductive areas making poling of the composites impossible. Therefore, the homogeneous dispersion of nanofillers should be prioritized for piezoelectric composites.



Established dispersion methods for nanofillers are three-roll milling and ultrasonication [58,61]. However, both techniques may result in the breakage of nanofillers, especially CNTs [58,61]. Yet, ultrasonication is still the superior method to disperse nanofillers in polymer suspensions [62], but requires the addition of solvent and subsequent dispersion [63,64]. Our previous experiments showed that an ultrasonic bath was insufficient for achieving a homogeneous dispersion [57] and ultrasonication with an ultrasonic sonotrode produces more homogeneous particle dispersion. When using ultrasonication, after the dispersion of all particles and polymer in the solvent, the solvent is evaporated leaving a highly viscous suspension [63,64].




1.2. Composite Manufacturing with UV Light


Different manufacturing methods for piezoelectric composites have been reported in the literature. Generally, a distinction between subtractive, forming, and additive processes can be drawn [13,65,66,67,68]. The major drawback of using either subtractive or forming methods to manufacture piezoelectric composites is its difficulty to implement, leading to high production times, high costs, and limited geometries [67,69]. UV light-based piezoelectric composite material solidification provides many advantages over the above-mentioned methods, such as reduced material waste, fast manufacturing, and geometrical freedom. UV light curable composites, where piezoelectric ceramic particles are embedded in a liquid photopolymer resin phase, which solidifies under the UV light [70], can also be used in Additive Manufacturing (AM) techniques such as Stereolithography (SLA) [71] or Direct Light Projection (DLP) [66,67,68,69,72,73,74,75,76,77,78,79,80,81]. The DLP process solidifies the complete layer at once [81], which helps to reduce manufacturing times and lowers costs [72,73,74]. Even if commercially available AM systems are not suitable/capable to solidify the composites because of the low-power UV light sources used, single-layer tape-casting methods in a shape/mold still provide additional geometrical freedom, waste reduction, decrease in manufacturing time and costs than subtractive or forming methods [69,82]. The use of UV light curable photopolymers for piezoelectric composite manufacturing allows an optimization of the sensor geometry which can further enhance piezoelectric properties [66,68,80] and even improve sensor response by adapting sensor geometry to SHM applications [83,84]. Therefore, further development of UV light curable piezoelectric composites is of high interest.



When using UV light curable photopolymers to manufacture piezoelectric composites, the main problem is low curing depths. Solid particles (both ceramic and nanofillers) absorb, block, and scatter UV light and result in a reduction in curing depth and printing accuracy [55,73,76,81]. Piezoelectric ceramic particle size [85], connectivity [40,86], and volume fraction of the ceramics influence the properties of the piezoelectric composites [86]. Increasing the volume fraction of the ceramic is necessary for the highest piezoelectric performance but it decreases mechanical properties, especially the flexibility of the composites [31,32], and also decreases curing depth. A reduction in piezoelectric particle size (while keeping ceramic particle loading constant) increases scattering of the UV light as particle surface area increases and strongly reduces curing depth [73,87]. Bigger ceramic particles are overall more suitable for the addition to the photopolymers because of a lower reduction in curing depth [75,88,89], easier dispersion, and formation of fewer voids. Another problem is the difference in refractive index between the embedded particles and photopolymer resin, which further decreases curing depth [88,89,90]. To achieve higher curing depths, the intensity of the UV light source, exposure time, or photoinitiator content can be increased, or a combination of the methods proposed [87,89,91], but this might also result in increased curing width, which in turn could reduce resolution if a 3D printing process is used to achieve complex geometries.





2. Materials and Methods


The detailed extension of this chapter can be found in the Supplementary Materials.



2.1. Materials


In total, two different lead-free piezoelectric ceramics, Barium Titanate (BTO) (purchased from Nanografi Nanotechnology AS, Çankaya/Ankara, Turkey) and Sodium Potassium Niobate (KNN) (purchased from Nippon Chemical Industrial Co., Ltd., Tokyo, Japan) are investigated in this study. Two particle sizes of each ceramic are available, therefore, in total four piezoelectric ceramics are investigated. Ceramic materials are further named BTO7, BTO13, KNN3, and KNN6 with respect to their mean particle sizes. Scanning Electron Microscopy (SEM) images of the ceramics as received (Figure S1) and X-ray Diffraction (XRD) data of the ceramics as received (Figure S2) can be found in the Supplementary Materials.



The XRD patterns (Figure S2) compared to the literature suggest orthorhombic and orthorhombic/tetragonal lattice structures of KNN6 and KNN3, respectively [92,93,94,95,96]. XRD data of BTO suggests that both BTO materials used in this study have a tetragonal lattice structure [97,98,99,100]. Detailed XRD pattern evaluation is in Supplementary Materials.



The properties of the ceramics are listed in Table S1. Refractive indexes, piezoelectric charge coefficients   d 33  , relative permittivities, dielectric losses, and coercive fields of ceramics were not measured in this study and are taken from the literature. Ceramic content in the piezoelectric composites investigated in this study was always kept constant at 30 vol.%.



From SEM images of ceramics (Figure S1), both BTO ceramics show oval/spherical particle geometry, while some particles have sharp edges. KNN3 ceramic particles show irregular geometry, particles are partially sintered together. On the other hand, KNN6 has a rectangular particle geometry with a few particles only showing irregular geometries. All four ceramic particle size distribution is between 30–40%.



Four types of different conductive nanofillers are used in this study: COOH (carboxylic acid)—functionalized Multi-Walled Carbon nanotubes (MWCNTs) (purchased from FutureCarbon GmbH, Bayreuth, Germany), Graphene Nanoplatelets (GNPs) (purchased from IoLiTec-Ionic Liquids Technologies GmbH, Heilbronn, Germany), Graphene oxide (GO2) and Graphene oxide (GO3) (both graphene oxides purchased from The Sixth Element (Changzhou) Materials Technology Co., Ltd., Jiangsu, China). All materials have been used as received without further modifications. The SEM images of nanomaterials (Figures S3–S6) and properties (Table S2) can be found in the Supplementary Materials.



Graphene was shown to absorb UV light in the range of 100 to 320 nm wavelength with its peak at 280 nm, however, the light is scattered at lower and higher wavelengths [101]. MWCNTs absorb light up to wavelengths of 380 nm with its peak at 312 nm [48,101]. However, UV light absorption/scattering also depends on nanofiller dispersion [101] and concentration, where better dispersion and higher concentrations decrease curing depth. Therefore, different results with the use of every nanofiller are expected.



MWCNTs used in this study show similarities to the morphology of MWCNTs reported in literature [56]. GNPs seem to have particle-like geometry (Figure S4) and form huge agglomerations of diameters up to 50 μm, but without the flaky structure which is known for GNPs from literature [55,102] and are considered fragmented. High loadings of this type of GNPs are necessary to improve composite properties. On the other hand, both GO materials used in this study look lamellar, consisting of multiple creased thin layers stacked together, similar to reports in the literature [103]. Comparing GO2 and GO3 used in this study, GO3 takes twice as high volume for the same amount of GO2 because of almost twice as high surface area. As a result of different conductive nanofiller sizes/geometries/types used for composite manufacturing, different characteristics (cure depth, dielectric, mechanical, and piezoelectric properties) for every material composition are expected.



As a matrix material, commercially available photopolymer resin “High-Temperature V2” (Formlabs, Somerville, MA, USA) is used. This photopolymer showed the best performance as matrix material between various types of photopolymers in our previous study [69]. Furthermore, this photopolymer offers high mechanical and thermal properties and is well-suited for piezoelectric composite manufacturing. From the literature, it is known that polymers with higher stiffness can transfer more stress applied to the composite to the ceramic particles and thus increases the performance of piezoelectric composites [66,79,104].




2.2. Suspension Preparation and Sensor Manufacturing


All suspensions prepared in this study are dispersed with the same method and parameters: two-step particle dispersion with ultrasonic sonotrode followed by solvent (ethanol (EtOH)) evaporation to form a paste (Figures S7 and S8). Composite suspensions are solidified (cured) under UV light (EQ CL30 LED Flood, Henkel AG & Co. KGaA, Düsseldorf, Germany) for 80 s after tape-casting them manually on the glass (Figures S9 and S10). UV light was applied only from a single side for all composites.



The only exception is the curing cycle for six selected composites for further investigation, where the UV light was applied for 40 s from one side and after short cooling was applied for 40 s from another side to achieve higher homogeneity of the solidified composites. UV light source, with 405 nm wavelength, produces 1.5 W/cm2 at 50 mm distance. Peeled composites are washed with acetone and are kept between two glasses for a few days in the dark at room temperature to reduce bending (residual stresses). No additional post-curing with UV light or heat was applied.



After a selection of six composite materials for measurements of piezoelectric properties, a thin, single layer of conductive silver ink (Silberleitlack, type 530042, Ferro GmbH, Remchingen, Germany) is manually applied on both sides of the specimens, leaving 1 mm around the edges uncovered. Electrodes are required for dielectric measurements, poling, and piezoelectric properties measurements. The poling of the specimens took place in Silica oil heated to 55 °C for in total of 21 min (4-min ramp time, 16-min hold time, 1-min ramp-down time). All specimens were poled in a 30 kV/mm electric field.




2.3. Characterization Methods


The curing depths of the suspensions are measured over time, using four curing times: 20, 40, 60, and 80 s. SEM is used to investigate as-received ceramic particles, nanofillers, and the cross-sections of broken, solidified piezoelectric composite sensors.



Dielectric measurements in this study include measurements of relative permittivity   ϵ r   and dielectric loss (dissipation factor   t a n ( δ )  ) at 1 kHz at room temperature. Details can be found in the Supplementary Materials. Two types of dielectric measurements were made: without electrodes on the piezoelectric composites and with electrodes. The first method (without electrodes (Figure S11)) was used to measure the dielectric properties of all composites manufactured in this study to roughly compare their dielectric properties. After the manufacturing of all planned material compositions, the specimens of six selected compositions were covered with silver electrodes (described above) and their dielectric properties were remeasured. The dielectric properties of these six selected composites can be compared to the literature.



Young’s modulus of the piezoelectric composites was measured for piezoelectric charge coefficient determination with a tensile testing machine. Details can be found in the Supplementary Materials. To characterize and compare the performance of the sensors manufactured in this study, piezoelectric charge coefficients   d 31   were measured with a 4-point bending setup, adapted and modified from Payo [105]. The method of piezoelectric charge coefficient   d 31   measurement is described in detail in our previous publication [80] and in Supplementary Materials. It is important to mention that the piezoelectric properties reported in this study are effective piezoelectric properties because the sensors were characterized while glued on the substrate. The literature suggests that in such a setup, measured piezoelectric values are approx. 40% lower than by using measuring methods using free-clamped samples [106].





3. Results and Discussion: Material Screening


The following presentation and discussion of the results abbreviates the name of the material compositions, namely “30K3” means 30 vol.% of KNN3 piezoelectric ceramic dispersed without nanofillers in the photopolymer matrix and “30B13” means 30 vol.% of BTO13 dispersed without nanofillers in the photopolymer matrix, and so on. On the other hand, materials with nanofillers are named “30K3-0.2GP” for composite containing 30 vol.% of KNN3 and 0.2 wt.% of Graphene Nanoplatelets (GNPs) dispersed in photopolymer matrix. “M” stands for Multi-Walled Carbon Nanotubes (MWCNTs), “GO2” stands for Graphene Oxide 2, and “GO3” stands for Graphene Oxide 3 (see sub-chapter Materials and Methods).



3.1. Curing Depth


By measuring the time-dependent curing depths, the influence of the addition of nanofillers on the consolidation of the composite materials can be evaluated. These data help to understand how deep UV light penetrates and is one of the factors helping to decide the suitability of nanofillers for UV light curable piezoelectric composite manufacturing. As high as possible curing depths are desirable. Due to thin specimens and the manual measuring process, high deviations were observed and the curing depth results present the general change/trend only.



The results of curing depths over UV light exposure time of all prepared compositions are shown in Figure 1. For easier comparison, all graphs have the same Y-axis, except composites without nanofillers (Figure 1A,F), which achieved much higher curing depths. Even the small addition (0.2 wt.%) of any nanofillers drastically decreases the curing depth and makes the solidification of thicker composites difficult. The addition of 0.4 wt.% of nanofillers decreases the curing depth further, but by a smaller degree compared to the influence of 0.2 wt.%. The curing depth increases with increasing curing time for most compositions, as expected, but some compositions already show flattening of the curve, indicating the maximum degree of cure under the conditions used.



The addition of ceramic particles to the photopolymer reduces curing depths because ceramic particles block and scatter UV light [75,89,90]. Curing depth reduction is mainly dependent on ceramic loading (kept constant in this study) and the difference in refractive index between photopolymer and ceramic particles used [50,75,76,87,88,89,90,107,108,109]. Furthermore, most literature reports that smaller ceramic particles reduce curing depth more than the bigger ceramic particles (bigger than the UV light wavelength used) [75,88], while other literature suggests smaller particles, with better light scattering should be preferable [67,79]. It is possible that particle sizes close to the UV light wavelength used (in this study it is 405 nm) might produce the worst results of curing depth because of the highest UV light absorption.



The 30K3 shows the lowest, and 30K6 show the highest curing depth from all two-phase suspension investigated in this study. Both BTO with bigger particles produced almost similar curing depths, and the results fit between 30K3 and 30K6. Low curing depths of BTO are caused by a higher refractive index of BTO ceramic than KNN (Table S1). Since bigger particles should produce higher curing depths than smaller particles, the results also suggest, that ceramic particles >1 μm might not improve curing characteristics.



Interestingly, bigger BTO particles produced slightly lower curing depths than smaller BTO particles. In our previous study, we found that irregular particle geometry with many sharp corners/edges might produce slightly lower cure depths [76], but both BTO ceramic particles are rather spherical. BTO7 has a slightly higher particle size deviation (38.2% for BTO7 and 32.3% for BTO13 (Table S1)) which should decrease curing depth as reported in literature [89], but our findings are the opposite.



The reason why 30B7 produced higher curing depths than 30B13 has not yet been clarified. A possible explanation could be a slightly lower volumetric loading of BTO7 in the suspension since both types of BTO particles were sticking to the walls of the glass jar during solvent evaporation. However, BTO particles were always washed into suspension being evaporated with additional ethanol to minimize the residue of the particles on the walls. Still, some of the BTO7 particles were left on the sides of the glass jar and could have caused lower ceramic loading, which would explain the higher curing depths achieved by the 30B7 composite. This assumption is also supported by BTO suspensions with nanofillers (see Figure 1G–J), where all suspensions with BTO7 and nanofillers produced lower curing depths than the same filled with BTO13.



The results of the suspensions with nanofillers reveal that composites with GO2 show the highest curing depths at all nanofiller loadings, while the suspensions filled with MWCNTs and GO3 show the lowest curing depths. One parameter influencing curing depth is the surface area of the nanofillers (Table S2), however, it does not correlate to the curing depths measured. Another influencing factor is the quality of nanofiller dispersion. GO2 shows the biggest curing depths, especially in suspensions with bigger ceramic particles. They have quite a small surface area (285 m2/g, see Table S2), blocking less UV light and average particle dispersion (Figures S21–S24). GNPs show the second-highest curing depth, and have the highest surface area of all nanofillers investigated here (750 m2/g). However, because of extremely poor dispersion (Figures S13–S16), their surface area strongly decreased and high curing depths were achieved. The lowest curing depths are shown by MWCNTs and GO3 suspensions; both show very similar curing depths, but surface areas differ almost five times (Table S2). The MWCNTs are hair-like structures compared to GO3, which are more like platelet-like structures. MWCNTs show many agglomerates, especially in KNN composites, and much better dispersion in BTO composites, which fits the results of curing depth perfectly (see Figure 1C,H) because better dispersion of nanofillers reduces the curing depth more than poor dispersion [57]. On the other hand, GO3 shows good dispersion, has the highest surface area (Table S2), and therefore shows very low curing depths.



To summarize, conductive nanofillers have a significant negative influence on the curing depth, decreasing curing depth up to five times when using MWCNTs and GO3. Low curing depths cause heterogeneous properties over composite thickness, making composite characterization, and the whole composite manufacturing process more difficult. However, to achieve the highest influence on matrix conductivity, good dispersion of nanofillers is a must.




3.2. Microstructure


The microstructure of all piezoelectric composites made in this study was investigated with an SEM to investigate ceramic and nanofiller dispersion, and to gain a better understanding of curing. All broken composites used for SEM had UV light exposure for 80 s from the top side only. SEM images are cross-section images after breaking the solidified specimens at room temperature. SEM images of all composites manufactured in this study, at two different magnifications, can be found in Supplementary Materials (Figures S12–S28).



Figure 2 shows the two-phase composites without nanofillers (note different magnifications). The distinct difference between KNN and BTO composites is the solidification degree of the photopolymer matrix. KNN composites (Figure 2A and Figure S12A) seem to be much stiffer because many particles are missing (see yellow circles in Figure 2). Particles drop during the breaking of the composite. On the other hand, BTO composites (Figure 2B and Figure S12C) show smooth breaks and no missing particles indicating a softer photopolymer matrix. However, looking at the results of curing depth in Figure 1A,F, BTO suspensions show curing depths between KNN3 and KNN6, but SEM images show that both KNN composites have a stiffer matrix (higher degree of cure) than both BTO composites. Therefore, BTO composites should also show rigid matrix and dropped particles. Similar results are visible with almost all BTO composites prepared in this study. The only feasible explanation is the higher refractive index of BTO particles (Table S1), which causes such a low degree of cure of the photopolymer.



Some BTO composites show an interesting phenomenon, where the lower side of the composite (opposite side than the UV light is applied) achieves a higher solidification degree, similar to KNN composites (e.g., Figure 2A), while the top part of the composite shows a lower degree of cure (similar to Figure 2B). However, the UV light was exposed from above only. The result is opposite to expected because the highest degree of cure in the composite should happen at the highest UV light exposure—the top area. Therefore, it seems that the UV light, reflected from the table, on which the setup was placed, is stronger than the UV light coming from the source, which does not seem feasible. None of the KNN composites show such behavior and it happened with both BTO particle sizes. The reason is unknown at the moment, but it might be somehow attributed to the higher refractive index of BTO ceramics (Table S1).



All composites with 0.4 wt.% nanofiller loading show a thin layer of unsolidified/gel-like photopolymer in the middle of the composites (see Supplementary Materials), which has a detrimental effect on composite quality and performance. Some composites after manufacturing even split into two thin layers. Therefore, only composites with 0.2 wt.% nanofiller loading are discussed further.



The composites with GNPs achieved relatively high curing depths because the GNPs show huge agglomerates, up to 15 μm in diameter (Figure S15D). Due to poor dispersion, the surface area of UV light absorbing material (GNPs) is overall small and leads to high curing depths, as visible in Figure 1B,G.



Looking at the composites with MWCNTs (Figures S17 and S19), a thin layer of lower curing degree photopolymer in the middle is visible. The results agree with the curing depth data (Figure 1C,H), where composites with MWCNTs show almost the lowest curing depths. Better dispersion of MWCNTs can be observed in BTO composites, which explains the extremely low curing depths visible in Figure 1H, but still some small agglomerates exist.



Both GO materials show better dispersion in KNN composites (see Supplementary Materials), but they are easier recognizable in stiffer KNN composites. BTO composites with GO (Figures S23 and S27) show a very low number of GO particles visible in contrast to KNN composites. It could be speculated that GO2 are somehow agglomerated (layers of GO are not separated properly), which could cause a smaller number of GO2 visible in the cross-section. However, the visibility of GO2 could be poor simply because they are not easily recognizable, especially where the softer matrix is visible. Taking into account very similar curing depths of GO materials, independent of the ceramic particles used (Figure 1D,E,I,J), a conclusion can be drawn that quite homogeneous GO distribution in all composites exists, and it is simply more difficult to distinguish in BTO composites because of the softer polymer matrix.



The worst dispersion is of GNPs, followed by MWCNTs, which show both single rods and agglomerates. Both GO2 and GO3 show much better particle distribution, but the single layers seem to be not properly separated. Therefore, only certain compositions with 0.2 wt.% of nanofillers can be considered for further investigation.




3.3. Dielectric Properties


The influence on the dielectric properties of the composites by the addition of carbon-based nanofillers was investigated by measuring relative permittivities   ε r   and dielectric losses   t a n δ  . At this step, the dielectric properties of the composites were measured without applied electrodes (see Section 2.3), therefore, the results are comparable only between the composites manufactured in this study. Because of the measuring method used, the values are around 3–4 times lower than they are with the applied electrodes. Nevertheless, important findings can be obtained from the comparison of the different composites.



Dielectric measurements in Figure 3 show that KNN composites possess higher relative permittivities and dielectric losses than BTO composites. It is quite interesting, because BTO itself, taking the values from the literature (Table S1), has a much higher relative permittivity than KNN. A similar result of higher relative permittivity of KNN composites was found in our previous experiments [76], but BTO particles used in the previous study had different particle sizes and were from a different manufacturer.



One explanation for such results could be a different curing degree of the photopolymer matrix between KNN and BTO composites, as visible in SEM images. Mechanical and dielectric properties of the photopolymer matrix change with a degree of cure. First, as the photopolymer solidifies from a liquid to a gel-like material, both mechanical and dielectric properties increase, up to a certain curing degree, where dielectric properties start to decrease [57]. Most BTO composites show much smoother cross-sections after breaking than KNN composites, indicating lower photopolymer mechanical properties, thus a lower degree of photopolymer cure which could have lower dielectric properties.



This work showed that none of the composites achieved the percolation threshold since there is no abrupt increase in relative permittivity as widely reported in the literature [2,19,41,110,111,112,113]. Since some agglomerates of nanofillers are visible, nanofiller-dense zones with percolating behavior may exist (especially MWCNTs).



With simultaneously higher relative permittivities, KNN composites show higher dielectric losses compared to BTO composites. Interestingly, the addition of 0.2 wt.% of any nanofillers to KNN3 composites decreases dielectric losses while increasing relative permittivities, which is highly desirable. The low dielectric losses ensure low current consumption during composite poling and less signal loss during such sensor use. At 0.4 wt.% nanofiller loading in KNN3 composites, dielectric losses start to increase. On the other hand, composites with KNN6 ceramic show mixed results regarding dielectric losses, whereas with both GO nanofillers dielectric losses increased with increasing nanofillers content. An increase in dielectric losses at 0.2 wt.% loading of GNPs or MWCNTs in the KNN6 composite and then a sudden decrease at 0.4 wt.% nanofiller loadings might be attributed to dispersion quality, where composites with 0.2 wt.% nanofiller loading show better dispersion. However, since the values were measured without electrodes applied to the composites, possible measurement errors cannot be discarded due to the low resolution of the measuring devices used in such a configuration. All BTO composites show both relative permittivities and dielectric losses increasing with increasing nanofiller content.



Most of the literature reports an increase in both relative permittivities and dielectric losses with the addition of conductive carbon-based nanofillers [2,19,33,110,114]. However, no literature using KNN and conductive carbon-based nanofillers was found. A small decrease in dielectric losses when using 30 vol.% PZT and 0.02 wt.% MWCNTs (ten times less than in this study) is reported in the literature [115], followed by increasing dielectric losses at higher MWCNTs content; however, the result was not discussed in detail.



Concluding, the addition of conductive nanofillers increases the relative permittivities of the composites, independent of the nanofiller type investigated here. The values of relative permittivities themselves vary slightly, with MWCNTs and GO3 producing the highest relative permittivities at 0.4 wt.% loadings. Dielectric losses mostly increase with the increase in relative permittivities, except for composites filled with KNN3 ceramic, where a decrease in dielectric losses is observed at 0.2 wt.% loadings. Furthermore, KNN6 composites filled with GNPs and MWCNTs show the opposite behavior to KNN3, which could be the result of extremely poor dispersion of GNPs and MWCNTs at 0.4 wt.% GNPs and MWCNTs loadings in KNN6 composites. An increase in the relative permittivities of the composites results from the increased relative permittivity of the photopolymer matrix as the ceramic content was kept constant. The improvement of the permittivity (conductivity) of the matrix is desirable for piezoelectric composite poling [15] and was one of the aims of the addition of the conductive nanofillers.





4. Results and Discussion: Detailed Characterization of Selected Composites


4.1. Material Selection


For further investigation of the piezoelectric composite performance, the six most promising material combinations were selected, based on the curing depth and relative permittivities. First of all, it was decided to use only two types of ceramics, KNN6 and BTO13, which have the biggest ceramic particles, due to the problems with extremely low curing depths when using smaller particles. Composites with bigger ceramic particles almost always yielded higher curing depths than the same type of ceramics with smaller ceramic particles (Figure 1).



Furthermore, it was decided to investigate two types of conductive nanofillers. Composites filled with GNPs were discarded from further evaluation due to extremely poor dispersion. Therefore, it was decided to use MWCNTs and GO3, owing to their lowest cure depth, which most likely indicated the most homogeneous nanofiller dispersion and the highest relative permittivities. The last limitation was to manufacture the composites with a maximum of 0.2 wt.% of nanofiller loading since composites filled with 0.4 wt.% showed uncured photopolymer matrix in the middle of specimens (see Supplementary Materials).



The main difference in this manufacturing process is that UV light exposure time was kept constant as previously (80 s in total), however, the sensors were exposed for 40 s from each side to ensure more homogeneous properties of the specimens.



After the selection of six material compositions, piezoelectric composite sensors were manufactured and covered with silver ink electrodes (see Section 2.2). Their dielectric properties with the applied electrodes were measured and the specimens were poled in a high electric field. Afterward, their piezoelectric properties were measured. Slightly bigger (30 × 20 mm) specimens made out of the same materials, without electrodes, were used to measure Young’s modulus.




4.2. Dielectric Properties with Applied Electrodes


Dielectric properties of six selected piezoelectric composites with the applied silver ink electrodes are shown in Figure 4. Comparing the results with relative permittivities without electrodes (Figure 3), the different trends of the results are achieved, most likely because of more homogeneous UV light application. First of all, BTO13 composites with nanofillers show slightly higher relative permittivities than KNN6 composites with nanofillers, as expected, since the BTO material itself has a much higher relative permittivity than KNN (Table S1). However, the BTO13 composite without nanofillers shows very similar relative permittivity to the KNN6 composite, while BTO particles themselves have higher relative permittivity than KNN particles. This result most likely is caused by a lower degree of polymer cure in BTO composites.



The relative permittivities of MWCNTs-filled composites are slightly higher than GO3-filled composites, whereas, in previous results without electrodes, it was the opposite. This again could be explained by more homogeneous photopolymer matrix curing, where in the composites without electrodes, MWCNTs absorbed so much UV light, that the parts of the composites were at a lower curing degree with lower relative permittivities. It seems that exposing the composite to the UV light from both sides improves the homogeneity of the photopolymer matrix.



The dielectric losses (see Figure 4B) of all composites are comparably low, which are highly desirable for piezoelectric composite sensors [34]. Dielectric losses follow the trend of increased relative permittivities, where the highest relative permittivities in MWCNTs-filled composites also show the highest dielectric losses, followed by the same trend with GO3-filled composites. KNN6 composites show overall slightly higher dielectric losses than BTO13 composites. However, the difference in dielectric losses between composites filled with different ceramics is not as high as in previous results (see Figure 3). The increase in dielectric losses comes most likely from charge accumulation at the interface of the nanofillers and the matrix (Maxwell–Wagner effect) [34].



The results of dielectric properties prove that both GO3 and MWCNT nanofillers increase the relative permittivities and dielectric losses, the latter showing the highest values. The increase in composite dielectric properties comes from increased relative permittivity of the photopolymer by the addition of nanofillers. According to the literature, high relative permittivities of the matrix help increase poling efficiency and should lead to higher piezoelectric properties [34].




4.3. Young’s Modulus


The Young’s modulus (elastic modulus) of the composites was measured to determine the piezoelectric charge coefficient   d 31  . Figure 5 shows Young’s modulus of the piezoelectric composites made with BTO13 and KNN6 ceramics, respectively, over the composite thickness. The points represent Young’s modulus determined from the measurements. Linear regression was applied to estimate the trend and its change with the addition of conductive nanofillers to the composites. While Young’s modulus is a material property that should not vary over the material thickness, the photopolymer resin used in this study as a matrix achieves a varying degree of polymerization over the thickness of the composite, causing Young’s modulus to vary with sensor thickness.



Young’s modulus of thinner samples has higher values. The reason is the higher curing degree of the photopolymer in thinner specimens, i.e., more homogeneous solidification over the thickness since all specimens were solidified for 80 s independent of their thickness. Polymerization reaction occurs at varying degrees for the composites studied here: the highest polymerization degree is located at the surfaces and the lowest in the middle.



Composites without conductive nanofillers show the highest Young’s modulus values because of the highest polymerization degrees, correlating to the high curing depths of these composites (see Figure 1A,F). With the addition of nanofillers, curing depths decrease, and the photopolymer achieves a lower degree of cure over the cross-section and therefore, lower mechanical properties.



The trend lines added to the graphs provide a lot of information. It is important to mention that the trend of Young’s modulus over the thickness can be described linearly only in a small thickness range. From the results not presented here, the trend of Young’s modulus follows an inverse polynomial function (decreases over specimen thickness with an increasing rate), with a maximum Young’s modulus reaching a plateau at a specific thickness (composite thickness < 20 μm).



Composites with KNN6 ceramic (Figure 5A) show a varying trend, which is flatter for composites without nanofillers, and steeper for composites with nanofillers. The flatter trend of the KNN6 composite indicates a higher curing degree over its cross-section of this type of composite. Indeed, looking at the curing depth measurements (Figure 1A,F), the KNN6 composite shows a higher curing depth than the BTO13 composite. All graphs of composites with BTO13 (Figure 5B), both without and with nanofillers, show almost the same gradient. However, the trend line of BTO13 without nanofillers should be flatter, and the error could come from the use of thinner specimens since no specimens with a thickness bigger than 0.08 mm were available for testing.



30KNN6-0.2GO3 shows the highest Young’s modulus from the composites filled with nanofillers, followed by all other composites, yielding very similar values and trends. However, the curing depths of all four composites with nanofillers are also very similar; therefore, no exact reason for lower properties of 30KNN6-0.2M can be found. One of the reasons could be the reinforcement of the composite by the addition of GO, which only affects KNN6 ceramic particles, but it cannot be justified from these results.




4.4. Sensor Poling and Piezoelectric Properties


As described in Chapter 2, all specimens were poled in a 30 kV/mm electric field for a total of 21 min (4-minute ramp time, 16-minute hold time, 1-minute ramp-down time), based on our previous experiments without nanofillers. Unfortunately, around 95% of all manufactured sensors had at least a small breakdown during poling, indicating too high of an electric field used, which might be a result of not perfect nanofillers dispersion and the existence of some nanofiller-rich zones. However, to compare the results between composites, sensor manufacturing, and poling parameters were kept constant.



Nonetheless, the sensors after small breakdowns are functional, during which a small area of the electrode burns from both sides, and only the area of 1–2 mm2 of the sensor is not active because of no electrode at that area. This non-active sensor area is subtracted from piezoelectric performance calculations. Taking this into account, the piezoelectric properties of the composites reported in this study might be up to two times lower, when using lower electric fields during poling, which would not cause a dielectric breakdown.



Table 1 summarizes the results of poling. Some piezoelectric composites without nanofillers had some small breakdowns at the maximum electric field, which resulted in shortened polarization time for respective specimens, sometimes to as low as 1-minute hold (instead of 16 min) at 30 kV/mm. However, almost all reached an electric field of 30 kV/mm. On the other hand, all composites with nanofillers experienced a breakdown at voltage ramp-up and only a few sensors with nanofillers reached the electric field of 30 kV/mm, while some (BTO13-0.2MWCNTs and BTO13-0.2GO3) did not reach it at all (Table 1).



During poling, the reduction in the maximum applicable electric field on the piezoelectric composites with conductive nanofillers was observed, similarly as reported in the literature [34]. None of the composites with BTO13 ceramic and nanofillers reached the maximum electric field of 30 kV/mm, whereas composites made with 0.2 wt.% GO3 reached a maximum of only 16.5 kV/mm before breakdown. The main reason for this is the continuous electric flux paths created by the conductive nanofillers where the poling process becomes more efficient at lower electric fields [34]. It was observed during poling that all composites with nanofillers consume increasingly higher electric current (exponential increase) with increasing electric field, because of the increased dielectric losses   t a n δ  , which might be the main reason for breakdowns before the maximum electric field is reached [15,34]. Holding the electric field constant, current consumption slowly decreases. No experiments were performed to test the influence of the slower ramp-up of the electric field on the current consumption during poling, which might be interesting for future studies. However, no correlation between the poling results and relative permittivity or dielectric loss is found.



From every material composition, 4 to 8 sensors that reached the highest electric fields during poling were selected for piezoelectric measurements. Young’s modulus, required for   d 31   and   g 31   determination, was calculated for every specimen individually, depending on the specimen thickness, using a linear trend applied to the measurement data (Figure 5A,B).



While most studies with piezoelectric composite materials report piezoelectric charge coefficient   d 33  , measured with Berlincourt or similar methods, as the main piezoelectric performance parameter, this study reports piezoelectric charge coefficient   d 31  , measured with a 4-point bending setup, when piezoelectric composites are glued on the surface of the thin glass-fiber beam. Piezoelectric voltage coefficient   g 31   is more suitable to define the piezoelectric performance of piezoelectric composites since most such composites are used for in-plane sensing applications (e.g., Structural Health Monitoring). Furthermore, because of Young’s modulus dependence on the specimen thickness, and the need of it for   d 31   and   g 31   determination, the measured sensitivity of the sensors is also added, which directly describes generated charge of the sensor per unit of strain. Both   d 31   and   g 31   reported in this study are so-called effective constants because the sensors were measured while glued on the substrate. The literature suggests that in such a setup, measured piezoelectric values are approx. 40% lower than by using measuring methods using free-clamped samples [106].



Figure 6 shows piezoelectric charge coefficient   d 31   (Figure 6A), piezoelectric voltage coefficient   g 31   (Figure 6B) and sensitivity (Figure 6C). Both   d 31   and   g 31   are negative values and are shown positive for visualization purposes only. Table 2 summarizes all results.



Looking at the values of piezoelectric charge coefficients (Figure 6A), the addition of 0.2 wt% of MWCNTs to KNN6 composites increases the   d 31   by approx. 47%, followed by only 3% improvement with the addition of GO3. Moreover, 30KNN6-GO3 shows quite a high standard deviation, therefore improvement of   d 31   cannot be clearly stated. On the other hand, BTO13 composites show overall extremely small   d 31   values. Surprisingly, the addition of MWCNTs and GO3 reduced   d 31   by 62% and 24%, respectively, which was not expected. The data sheets of the KNN manufacturer, where epoxy-based composites were filled with KNN and BTO ceramics without nanofillers are not publicly available, and do not contain exact details, but show extreme similarities to the   d 31   results achieved in this study.



Piezoelectric voltage coefficients (Figure 6B) follow the results of   d 31  . On the other hand, composite sensitivities (Figure 6C), which were measured without taking into account Young’s modulus, show almost the same results for all KNN6 composites, either with or without nanofillers, indicating no real performance improvement by the addition of nanofillers. Sensitivities of BTO13 composites follow the results of piezoelectric charge and voltage coefficients. Almost equal sensitivities of KNN6 composites, not correlating with piezoelectric charge and voltage coefficients might suggest inaccurate Young’s modulus values for 30KNN6-0.2M composites, which could cause higher piezoelectric charge and voltage coefficients.



Since KNN sensors are slightly thicker, sensitivity divided by the sensor thickness is added (Table 2). It shows a similar trend to the results for all BTO composites, but KNN composites show different results: the highest sensitivity is produced by 30K6-0.2GO3 composite, followed by 30K6-0.2M.



All composites with KNN6 reached a maximum electric field of 30 kV/mm during poling. On the other hand, BTO13 composites with nanofillers reached only lower maximum electric fields during poling (Table 1). The maximum electric field applied during poling has a direct influence on the remnant polarization of the composites, but it still does not explain such a huge decrease in piezoelectric performance. Interestingly, 30KNN6-0.2M shows the highest   d 31  , while 30BTO13-0.2M possesses the lowest   d 31  .



Multiple reasons for such results must be discussed. Firstly, the main difference between composites is the piezoelectric ceramic material used. To understand the influence of piezoelectric ceramic on the performance of the composites better, Table S1 with material data taken from literature were added. BTO ceramic itself has more than twice higher   d 33   than KNN. Therefore, all composites with BTO were expected to show higher performance than KNN composites. Furthermore, the coercive field of BTO is lower than that of KNN. The literature suggests that an electric field twice as high as the coercive field should be applied for the highest performance [29,116,117,118], and all composites were poled at the exactly same electric field (30 kV/mm). This could explain the lower performance of BTO13-0.2MWCNTs and BTO13-0.2GO3 compared to BTO13 since all specimens broke down before reaching 30 kV/mm. Still, BTO13-0.2MWCNTs reached higher electric fields during poling than BTO13-0.2GO3 but shows lower performance than BTO13-0.2GO3.



BTO13 composites were roughly 25% thinner, but sensor sensitivity over sensor thickness (Table 1) shows that BTO composites have more than 3 times lower sensitivity. Because BTO13 specimens are slightly thinner, they have a higher degree of polymerization (compared to KNN composites) and show slightly higher Young’s modulus, especially BTO13-0.2MWCNTs compared to KNN6-0.2MWCNTs. As reported in the literature, a higher Young’s modulus of the composite helps to achieve higher piezoelectric performance, because a more rigid matrix transfers more strain to the ceramic particles [66,79,104]. Therefore, a higher Young’s modulus of BTO13-0.2MWCNTs does not explain such results either.



Both relative permittivities and dielectric losses (both measured before poling), shown in Figure 4 follow the same trends, with the highest values for MWCNTs filled composites followed by GO3. The trend of relative permittivities follows the   d 31   results of KNN6 composites presented in Figure 6A, while the values of BTO13 composites do not follow this trend.



The most likely reason for the higher piezoelectric properties of KNN composites is the low relative permittivity of the KNN ceramic itself. A low relative permittivity polymer matrix surrounding the ceramic, with high relative permittivity, reduces the electric field acting on the ceramic particles, because most of the electric field flows through the polymer [15]. Since KNN has much lower relative permittivity than BTO, the difference between ceramic and polymer relative permittivities is smaller, and therefore higher electric fields were acting on the KNN ceramic particles in the composites compared to BTO particles.



All composites with added nanofillers consumed increasingly higher current during poling, opposite to composites without nanofillers, which consumed almost no current during poling at any time. Interestingly, it was observed for 30KNN6-0.2GO3, that the specimens that reached the maximum poling electric field and showed the highest current consumption at that point, showed the lowest   d 31   values compared to specimens that showed much lower current consumption at peak electric fields. 30BTO13-0.2M composite showed the highest current consumption during poling (Table 1) and possessed the lowest piezoelectric performance. It seems there might a correlation between current consumption during poling and piezoelectric performance. While the exact reason why some specimens consumed high levels of current during poling is unknown, it is believed to be caused by local agglomerates of the nanofillers, since the dispersion of them was not homogeneous, possibly causing some percolation areas with higher conductivity.



Table 3 compares the results of sensitivity achieved in this study to other studies where sensitivity was reported. Both studies [119,120] investigated similar thickness composite sensors filled with PZT ceramic, at higher PZT loadings, and achieved approx. 3 times higher sensitivities. In the studies, [105,121] used a very similar measuring method to the one used in this study and the sensors had a very similar thickness to the sensors used in this study. Furthermore, a matrix was also acrylic based, and the loading of PZT particles was roughly around 22 vol%. However, all these studies used no conductive nanofillers and were only two-phase composites. Therefore, comparing the results of this study with the literature, still, lead-free piezoelectric composites achieve lower sensitivities, even with the addition of conductive nanofillers and extremely high electric fields used for poling. On the other hand, lead-free KNN ceramic-filled piezoelectric composites seem to be a good candidate for future research.





5. Conclusions


This study investigated the dielectric, mechanical, and piezoelectric properties of lead-free piezoelectric composite sensors. Ceramic particles and conductive carbon-based nanofillers were added to UV light curable photopolymer resin to form piezoelectric sensors. Results show that bigger KNN particles (at 30 vol% loading) and Multi-Walled Carbon nanotubes (MWCNTs) (at 0.2 wt% loading) produce the highest piezoelectric performance (  d 31   = −5.59 pC/N), while all composites filled with BTO produced values lower than −1 pC/N. However, looking at the sensitivity values, no real improvement is observed with the addition of conductive nanofillers, while GO3 in KNN composites is worth further investigation.



The addition of nanofillers to the composites strongly reduces their curing depth, making homogeneous solidification of thicker composites impossible, and in turn reducing Young’s modulus of the composites. Nanofillers help to increase the dielectric properties of the photopolymer matrix, which should make poling at lower voltages more efficient, but no real benefit was observed. None of the investigated nanofillers achieved homogeneous dispersion, as observed by SEM images.



Comparing the sensitivity achieved by KNN composites with the literature, lower performance than two-phase PZT-filled composites was achieved, but KNN-filled composites are very promising for future research as a lead-free substitute for piezoelectric composites. The low relative permittivity of the KNN ceramic might be the key factor, why KNN composites produced higher piezoelectric properties than BTO composites and is worth further investigation.
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Figure 1. Curing depth over curing time of all composites manufactured in the study at room temperature. 
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Figure 2. Microstructure of: (A) 30KNN6 (  × 20 , 000  ), (B) 30BTO13 (  × 10 , 000  ). Yellow circles show clearly visible missing particles. 
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Figure 3. Room temperature relative permittivities   ε r   and dielectric losses (dissipation factors   t a n δ )   of all piezoelectric composites made in this study at 1 kHz. The data are not comparable with the literature since no electrodes were applied to the composites. Measurement points are joined with linear lines for visual purposes only and do not present a linear trend. 
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Figure 4. Room temperature dielectric properties of piezoelectric composites, with applied silver ink electrodes, before poling at 1 kHz: (A) relative permittivities; (B) dielectric losses. 
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Figure 5. Young’s modulus of solidified piezoelectric composites filled with: (A) KNN6 ceramic; (B) BTO13 ceramic. 
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Figure 6. Performance of solidified piezoelectric composite materials: (A) piezoelectric charge coefficient   d 31   (reversed from negative for visualization); (B) piezoelectric voltage coefficient   g 31   (reversed from negative for visualization); (C) sensitivity. 
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Table 1. Results of composite poling.
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KNN6

	

	

	
BTO13

	




	
Property

	
0 wt.% Nanofiller

	
0.2 wt.% MWCNTs

	
0.2 wt.% GO3

	
0 wt.% Nanofiller

	
0.2 wt.% MWCNTs

	
0.2 wt.% GO3






	
No. of specimens poled full cycle    1  

	
1/17

	
1/14

	
2/28

	
5/20

	
0/20

	
0/20




	
Max. electric field reached    2  , kV/mm

	
30

	
30

	
30

	
30

	
25.6

	
16.5




	
Max. current consumed    3  , μA

	
0

	
0.024

	
0.23

	
0

	
1.816

	
0.112




	
Most often breakdown condition

	
While holding at max electric field

	
Electric field ramp-up

	
Electric field ramp-up

	
While holding at max electric field

	
Electric field ramp-up

	
Electric field ramp-up








1 Number of specimens, that were poled for in total 21 min without any breakdown; 2 Of at least one specimen in the group; 3 Maximum current consumed during poling just before a breakdown, of at least one specimen of the group.













[image: Table] 





Table 2. Average room temperature properties of solidified piezoelectric composite materials in this study.
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KNN6

	

	

	
BTO13

	




	
Property (Average)

	
0 wt.% Nanofiller

	
0.2 wt.% MWCNTs

	
0.2 wt.% GO3

	
0 wt.% Nanofiller

	
0.2 wt.% MWCNTs

	
0.2 wt.% GO3






	
Thickness, μm

	
101

	
96

	
87

	
68

	
64

	
72




	
Young’s modulus, GPa

	
2.103

	
1.404

	
2.046

	
2.616

	
2.105

	
1.952




	
Relative permittivity    1  

	
17.132

	
19.321

	
18.533

	
16.563

	
22.529

	
19.9145




	
Dielectric loss    1  

	
0.014

	
0.039

	
0.024

	
0.011

	
0.034

	
0.017




	
  d 31  , pC/N

	
−3.8054

	
−5.586

	
−3.925

	
−0.607

	
−0.227

	
−0.465




	
  g 31  , V/m

	
−0.027

	
−0.037

	
−0.0268

	
−0.004

	
−0.001

	
−0.003




	
Sensitivity, (C/m2)/(m/m)

	
0.0112

	
0.0111

	
0.0112

	
0.0023

	
0.0007

	
0.0013




	
Sensitivity/thickness, (C/m2)/(m/m)/(mm)

	
0.111

	
0.116

	
0.130

	
0.033

	
0.011

	
0.018








1 At room temperature, at 1 kHz.
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Table 3. Comparison of sensitivity of piezoelectric composite sensors.
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	Material Composition
	Sensitivity, (C/m2)/(m/m)
	Source





	30 vol% KNN6 + Photopolymer
	0.0112 ± 0.00185
	This study (30KNN6)



	30 vol% KNN6 + 0.2 wt% MWCNTs + Photopolymer
	0.0111 ± 0.00132
	This study (30KNN6-0.2M)



	30 vol% KNN6 + 0.2 wt% GO3 + Photopolymer
	0.0112 ± 0.00171
	This study (30KNN6-0.2GO3)



	52 vol% PZT + Epoxy
	0.034
	[119]



	52 vol% PZT + Epoxy
	0.035
	[120]



	22 vol% PZT + Acrylic paint
	0.0183 ± 0.0015
	[105]



	22 vol% PZT + Acrylic paint
	0.0212 ± 0.0008
	[121]
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