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Abstract 

In this work, the production of polymer composites by hot pressing, incorporating barium calcium 

zirconium titanate (BCZT) and cobalt ferrite (CF) particles into a polyvinylidene difluoride (PVDF) 

matrix, was explored for the first time. The effect of CF content on the material's functional 

properties and the influence of the active phase quantity on the final flexible films were evaluated. 

Results showed that neither the CF content nor the active phase amount affected the formation of 

the electro- -phase. Dielectric permittivity was slightly influenced by CF content, but 

mainly increased due to the BCZT filler. Ferroelectric properties were primarily controlled by the 

filler phase amount. Piezoelectric charge coefficients (d33) increased with higher CF content, 

following a similar trend with the total filler fraction. However, piezoelectric voltage coefficients 

(g33) decreased due to higher dielectric permittivity. The magnetic properties revealed that CF 

content significantly impacted magnetization but not coercivity. Energy harvesting tests using 

impulse hammer loading indicated that composites with lower CF content generated up to 20 V of 

these composites for next-generation devices and applications. 
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Introduction 

The growing demand for sustainable and renewable energy sources has sparked significant interest 

in the development of innovative materials for energy harvesting applications [1,2]. Among the 

others, flexible multiferroic composites have emerged as a promising class of materials capable of 

converting ambient mechanical, thermal, and magnetic energy into usable electrical power [3 5]. 

This capability is particularly valuable for powering next-generation technologies, including self-

powered sensors, wearable electronics, and Internet of Things (IoT) devices, where flexibility, 

lightweight design, and energy efficiency are crucial. 

In this context, multiferroic materials, characterized by the coexistence of ferroelectric and 

magnetic order, offer unique magnetoelectric coupling, enabling the conversion of mechanical 

stress or magnetic fields into electrical signals. The key requirement for magnetoelectric coupling in 

these materials is the coexistence of spontaneously polarized magnetic and electric dipoles [6]. 

Thus, multiferroic materials are generally classified into two categories: (1) single-phase 

multiferroics and (2) composite multiferroics [7 10]. In single-phase multiferroics, the 

magnetoelectric effect arises directly from the coupling between the ferroelectric and magnetic 

order parameters within the same phase [11]. However, state-of-the-art single-phase multiferroic 

materials are not suitable for practical applications, due to their low magneto-electric (ME) coupling 

coefficient, and low operational temperature (< 25 °C) [12 14]. 

In contrast, for composite multiferroics, the magnetoelectric effect is typically mediated through an 

indirect mechanism, such as strain-induced coupling between the separate ferroelectric and 

magnetic phases [15]. In this way, the physical properties, such as transition temperature (TC), 

ferroelectric, magnetic, and ME properties, can be significantly improved by appropriate strain 

engineering, making the multiferroic composites appealing for a wide range of room-temperature 

multifunctional devices. 

In the past decade, scientists have focused extensively on various types of two-phase composites, 

with their findings being documented in several recent review articles [15 17]. As the magnetic part 

of the composite, Co, Zn, and Ni ferrites [18,19] were widely used as well as bismuth [20] and 

barium ferrite-based [21 23] materials. On the other hand, materials based on barium titanate 

[24,25], bismuth sodium titanate [26,27], and lead zirconate titanate [28 31] have commonly been 

employed as the ferroelectric phase in multiferroic composites. Based on the available data, 

selecting the appropriate materials is crucial for the development of multifunctional composite 

materials. 
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Ferroelectric materials with high piezoelectric coefficients, combined with magnetic phases 

exhibiting strong magnetostriction, are the most suitable choice, as they have been proven to 

enhance magnetoelectric coupling in composite materials. It is well established that appropriate 

- or B-sites can significantly enhance its electrical 

properties [32,33]. In particular, d -

the B-site allows reducing dielectric loss and increasing d33 piezoelectric coefficient [34]. Thus, 

barium calcium zirconium titanate (BCZT) has become a highly investigated compound with 

excellent piezoelectric performance and significant potential as a key component in multiferroic 

composites [35]. On the other hand, cobalt ferrite (CF) is a non-metallic ferromagnetic oxide, that 

exhibits the highest magnetostriction among all 3d-element-based spinel oxides [36]. It is a material 

with unique properties such as good chemical stability, high magnetostriction, and high saturation 

magnetization that make it very useful for technological applications [37]. Overall, coupling BCZT 

with cobalt ferrite in a BCZT-CF composite [38 40] can offer a range of advantages, including 

magnetic functionality, magnetoelectric coupling, improved mechanical properties, and enhanced 

functionality for various applications. 

A key challenge in modern electronics is achieving system flexibility to accommodate the 

mechanical deformation of materials [41]. This advancement opens new opportunities for deploying 

sensors and measurement instruments in previously inaccessible locations, significantly enhancing 

data collection and system monitoring in a more sustainable and cost-effective way.  

The most successful approach to preparing flexible electronics involves combining functional (i.e. 

piezoelectric, magnetic, multiferroic, etc) components, with a highly flexible polymer matrix 

(generally polyvinylidene difluoride- PVDF). The main strategy is to couple the benefits of both 

materials, the polymers' mechanical flexibility and high breakdown strength with the unique 

properties of the ceramic fillers by the preparation of ceramic/polymer flexible composites with 

specific functionalities.   

Despite the considerable potential of this approach, examples in the literature only deal with the 

preparation and characterization of either CF-PVDF [5,42,43] or BCZT-PVDF [44 46] composites 

separately, leaving the integration of both CF and BCZT systems into the polymer largely 

unexplored. 

This work will investigate and fully characterize, for the first time, polymer-based composites 

produced by hot pressing, incorporating BCZT-CF particles into a highly flexible PVDF matrix. 

The effect of CF content on the functional properties of the material, along with the impact of the 

active phase quantity on the characteristics of the final flexible films, will be evaluated. The 
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potential of the most performing composites for energy harvesting and actuator applications will be 

thoroughly examined. 

 

2. Experimental procedure 

 

2.1. Powders preparation 

 BCZT- (Ba0.85Ca0.15)(Zr0.1Ti0.9)O3 and CF- (CoFe2O4) powders were synthesized by solid-

state route, for the production of (1-x)BCZT-xCoFe2O4 multiferroic systems. 

For the production of BCZT, the stoichiometric amounts of BaCO3 (99.0%, Merck), TiO2 (99.9%, 

Degussa), CaCO3 (99.5%, Merck), and ZrO2 (99.9%, Mel) were desiccated in oven at 200 °C for 48 

h, then mixed in a planetary mill (PM) in ethanol at 600 rpm for 100 min. The dried precursor 

mixture was then sieved at 250 m, uniaxially pressed at 2000 bar, and calcined at 1300 °C for 4 h. 

The calcined compact was then crushed, milled in the PM for 120 min. at 400 rpm with 2 mm 

zirconia spheres in ethanol, dried and sieved at 250 m. BCZT powders were finally obtained by 

isostatically pressing the powder at 3000 bar, sintering the resulting pellets at 1500 °C for 2 h and 

crushing them into powder. The latter was sieved at 40 µm and finally annealed at 700 °C for 30 

min. A schematic representation of all the steps involved in the BCZT powder preparation is 

reported in Figure 1. 

 

 
Figure 1. Scheme of the preparation of BCZT powder 
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Cobalt ferrite powder was synthesized by solid state reaction of cobalt oxide powder (Co3O4, Alfa 

Aesar), and iron oxide ( -Fe2O3, Aldrich) as reported in [47]. The precursors were ball milled in 

ethanol for 48 h. The powders were then dried and calcined at 1050 °C for 4 h. The CF powder was 

further wet-milled by PM at 400 rpm for 12 h.  

(1-x)BCZT-xCF composite powders, with x = 10, 20, and 30 mol% were obtained by mixing BCZT 

with x mol% of CF via ultrasonic dispersion in ethanol. The resulting mixture was then dried at 80 

°C and sieved at 125 µm. 

 

2.2. Preparation of polymer/ceramic flexible films 

 Polymer based films were prepared by incorporating (1-x)BCZT-xCF, x= 10, 20 and 30 

mol% powder into a commercial non-polar -form PVDF matrix (powder, Alfa Aesar) by hot 

pressing method. The procedure consisted of heating up of powders mixture to 190 oC by applying 

the pressure of 5 MPa for 10 min. followed by natural cooling to room temperature. 

 Two different sets of samples were prepared and investigated. In the first set three different 

multiferroic powders were used (1-x)BCZT-xCF, x= 10, 20 and 30 mol% while the volume ratio 

between active phase powder and PVDF polymer was kept 30/70 vol/vol for all composites. 

Samples were named according to the used active phase powder: BCZT-10CF/PVDF 30/70, BCZT-

20CF/PVDF 30/70, and BCZT-30CF/PVDF 30/70. The second set of samples consisted of BCZT-

20CF powder as the active phase filler incorporated at volume percentages of 30%, 40%, and 50% 

within the PVDF matrix. These samples are labelled as BCZT-20CF/PVDF 30/70, BCZT-

20CF/PVDF 40/60, and BCZT-20CF/PVDF 50/50, respectively. 

 

2.3. Characterization of modified powders and films  

 The as-synthesized powders were characterized by Helium pycnometry, X-ray Diffraction 

(XRD) and Scanning Electron Microscopy (SEM) analyses. Specifically, Helium pycnometer 

(Micrometrics AccuPyc II 1340) was used to determine the powder density, while XRD patterns of 

the powders were obtained at room temperature on a Bruker D8 Advance X-ray diffractometer (

) equipped with a LINXEYE detector (Bruker, Karlsruhe, Germany) using Cu K  radiation (  = 

  and a counting time of 1 s per 

step. The morphology of the starting powders and the composites was investigated using a FEG-

SEM ( igma, Zeiss, Germany) and a Tescan VEGA TS 5130MM SEM, respectively. Both the 

external surface and fragile transversal section (obtained by fracturing the samples in liquid 

nitrogen) of the composite films were observed.  
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The quality of the BCZT powder was assessed by producing the correspondent sintered pellet and 

performing piezoelectrical analyses. To this aim, BCZT ceramics were produced by die and 

isostatic pressing the as-synthesized powder at 3000 bar and sintering at 1500 °C for 4 h. The pellet 

was then screen printed with silver ink, thermally treated at 750 °C and poled at 4.5 KV/mm for 40 

min at room temperature. d33 piezoelectric charge coefficient values were separately measured 

using a Sinocera S 5865 d33-meter calibrated with a standard sample provided by the manufacturer. 

 Infrared spectroscopy measurements on the powders and composites were carried out in 

collecting spectra in the 4000-400 cm 1 range.  

The crystallinity degree, XC, was obtained from measurements with differential scanning 

calorimetry (DSC), by using a Mettler DSC 821e calorimeter. Two measurements per sample were 

made by heating from 25 up to 220 °C under N2 (flux 40 mL/min) at a heating rate of 10 °C/min. 

The crystallinity degree was calculated as already described in [48]. 

 For dielectric and ferroelectric characterization, Ag electrodes (6 mm in diameter) were 

painted on the films surfaces. Dielectric measurements were carried out with a HP4284A LCR 

meter in the temperature range 150-410 K and frequency range 100 Hz - 1 MHz, by using a four-

wire probe. Samples were placed in a modified Linkam HFS600E-PB4 probe stage for heating and 

cooling ramps.  

 For ferroelectric characterization, a Precision Multiferroic Test System with High Voltage 

Interface -Radiant Technologies, Inc. was employed. The polarization curves were measured at 

room temperature, for different values of external electric fields. The maximum voltage achievable 

with the voltage generator is 4 kV. 

Anelastic measurements were performed in the temperature range 130-400 K by measuring 

the complex dynamic Young`s modulus E = E' +  with the free flexural resonance method on 

rectangular strips suspended on thin thermocouple wires 

deduced from the resonance frequency f of the first flexural mode 

,                                                               (1) 

where , l and t are the sample density, length and thickness. Since E varied of nearly two orders of 

magnitude between high and low temperature, the measuring frequency correspondingly changed of 

nearly 10 times. The elastic energy loss coefficient Q-1 =  is measured from the width of 

resonance peak. 

 Piezoelectric measurements were performed by employing an apparatus that applies an 

electrical signal at 2 MHz to a transducer which converts it into an acoustic signal. The acoustic 

signal is applied to the composite film which converts it through piezoelectric effect into an 
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electrical signal, which is measured by an oscilloscope. The piezoelectric charge constant (d33) 

values were obtained by comparing with the reference piezoelectric signal measured on a LiNbO3 

single crystal plate in the same configuration setup. The piezoelectric voltage (g33) constant values 

were obtained by using the formula g33= d33/ 33.  

    Magnetic measurements of materials were carried out with a vibrating-sample 

magnetometer (7307 Series VSM, Lake Shore Cryotronics, USA).  

 

2.4. Poling and film assembly  

 Electrical poling of the samples was performed in a silicon oil bath. Samples were heated at 

135 oC and then the electrical field of 50 kV/cm was applied in the parallel plate configuration for 

40 min and additionally, during cooling down to 50 °C. Poled flexible films with 4 cm2 area, were 

wired and integrated into a flexible Kapton tape (polyimide film) as an electrical insulation and 

protection layer.  

 

2.5. Testing  

Energy harvesting testing setup 

Testing of the energy harvesting efficiency was performed using a custom-made laboratory 

apparatus. It was carried out by force impact of Quartz Impulse hammer with IEPE output modal, 

KISTLER, Italy. A force of about 200 N was applied to the samples using a hammer with a rubber 

end and the construction given in the section about the energy harvesting test. 

 

Piezoelectric actuator testing setup 

Piezoelectric actuator properties were investigated on a custom-made laboratory setup (see 

schematic presentation in Figure 11a). A waveform signal generator incorporated in the MDO-

2204EX oscilloscope with a sinusoidal signal with the following characteristics: output voltage was 

0-5 V peak-to-peak, output current range 0-10 mA, and output frequency 10 Hz-10 kHz was used to 

produce an input voltage to the device under test. Commercial PVDF Piezoelectric Film Vibration 

Sensor LDT0-028K (TE Connectivity production) was bonded to the testing module using a tape 

and its output voltage was measured by an oscilloscope Wave Ace 1002 60MHz, 1 GS/s, with an 

input resistance of 1 M  and input capacitance of 18 pF.    

 

 Magneto-electric effect testing setup 

The magneto-electric potential was investigated using a custom-built setup (schematic presentation 

in Figure 13a). The investigated module was placed in the air gap ~ 2 mm of an electromagnet. The 



8 

electromagnet was driven by the AC power converter with an output current of 0.6 A and an output 

frequency of 25-140 Hz (in the experiment frequency of 100 Hz was used). Powering up of the 

AC/AC power converter was enabled from mains power 230 V and 50 Hz. The magnetic field 

strength was measured by a TESLA meter probe with Hall element TM-801-EXP KANETEC, with 

the range 0-1000 mT. The output voltage from the testing module was obtained by an oscilloscope 

Wave Ace 1002 60MHz, 1 GS/s with an input resistance of 1 M  and the input capacitance of 18 

pF.   

     

3. Results and discussion 

3.1. Structural analysis 

Helium pycnometer analysis revealed density values of 5.726 ± 0.007 g/cm³ and 5.287 ± 0.009 

g/cm³ for the BCTZ and CF powders, respectively. Figure 2 shows XRD patterns of BCZT, CF, and 

all BCZT-xCF powders. The as-obtained BCZT (Figure 2a) shows a pure perovskite structure 

without any secondary phases, while the XRD spectra in Figure 2b confirms the presence of pure 

CoFe2O4 with partially inverse spinel structure (spinel inversion degree, i = 0.51 [47]) without any 

other phases.  

 

Figure 2. XRD patterns of a) BCZT, b) CF, and c) all (1-x)BCZT-xCF powders x = 10,  20,  30 
mol%. In c) the circle symbols indicate peaks of the CF phase 
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The mixing procedure to obtain the composite powders does not affect the phase purity of the (1-

x)BCZT-xCF system, as confirmed by the diffractograms in Figure 2c where the characteristic 

peaks of the two distinct phases are present.

SEM micrographs of BCZT, CF, and all (1-x)BCZT-xCF powders are presented in Figure 3.

The morphology and dimensions of BCZT and CF powders differ significantly. BCZT particles 

have a polyhedral shape, with a broad range size from couple of m up to ~10 m, typical of 

powders obtained by crushing and milling the correspondent sintered ceramics. CF powder exibits 

round-shape morphology, constituted by sub-micrometric particles of ~ 30 nm in diameter.     

Figure 3. SEM micrographs of a) BCZT, b) CF, c) BCZT-10CF, d) BCZT-20CF, e) BCZT-30CF 
starting powders

Consequently, mixtures of these two powders consisted of larger BCZT particles surrounded by 

much smaller CF particles.

The first batch of composite samples consists of flexible films prepared from three different powder 

mixtures, all in the same ratio with the PVDF polymer (30/70 vol%). In the second batch, the filler 

mixture was kept constant (BCZT-20CF), while the filler content in the polymer matrix was varied  

(30%, 40%, and 50 vol%). The obtained films were very flexible (Figure 4a), regardless of the 

active phase type embedded.

Table 1. List of the composite samples investigated in this study along with their physical 
characteristics.

. Relative density is the ratio between 

different PVDF phases, the crystallinity values and the amount of PVDF and filler [49].
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SAMPLE 
(%) 

 
(%) 

XC 
(%) (J/g) 

Density 
(g/cm3) 

Relative 
density (%) 

BCZT-10CF/PVDF 
(30/70) 

67 33 29.8 21.8 2.8297 96.8% 

BCZT-20CF/PVDF 
(30/70) 

66 34 30.0 22.0 2.8938 99.7% 

BCZT-30CF/PVDF 
(30/70) 

63 37 31.8 23.3 2.8806 99.9% 

BCZT-20CF/PVDF 
(40/60) 

64 36 31.7 19.9 3.2137 97.8% 

BCZT-20CF/PVDF 
(50/50) 

60 40 33.7 17.6 3.5784 97.5% 

 

 

 

 

Figure 4. a) The photograph of a typical composite film a); Cross-sectional SEM images of 30/70 
flexible films b) BCZT-10CF/PVDF, c) BCZT-20CF/PVDF, d) BCZT-30CF/PVDF, e) BCZT-

20CF/PVDF-40/60, f) BCZT-20CF/PVDF-50/50 
 

According to the SEM images of the composite films (Figure 4 b-f), the particles appear to be well 

dispersed within the polymer matrix, although a broad size distribution is observed, reaching up to 

tens of microns, consistent with the dimensions of the starting powders (Figure 3). More notable 

differences can be spotted between the samples with different active phase/polymer ratios than 

between the samples with various CF amount. The higher the filler particles content, the more 

pronounced the differences between the films become. 
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 FTIR analysis provides the quantification of each PVDF crystalline phase PVDF based 

materials. Table 1. presents the amounts of the PVDF polymorphs, which show only slight 

differences between the samples. According to our previous study [48], in the neat PVDF film, - 

and  phases were predominantly formed [49]. Incorporation of active phase particles, as suggested 

by many authors, causes the formation of the electro-active ( , ) phases in the PVDF-based 

composite films. In the first set of samples, the only difference was the amount of CF, and based on 

the presented results, the increasing amount of CF in the active phase powders did not have notable 

influence on the formation of the electro-active PVDF phases in the samples. However, besides - 

phase (formed in all samples), electro non-active - phase was found to be dominant in all samples, 

with values above 60% - phase was detected. C. Osman et al. claimed that CF particles 

embedded in the PVDF matrix could enable the formation of the electro-active - phase in higher 

amount [50]. These authors obtained ~ 40% of the - phase by mixing functionalized CF 

nanoparticles in the PVDF matrix. They also stated that higher preparation temperature probably led 

to the additional increase of the electro-active phase concentration. Similarly to the mentioned 

study, our films were prepared at higher temperatures (190 °C), and ~ 40% of - phase was 

obtained. Possibly, the temperature had a considerable effect on the type of phases formed in the 

polymer. FTIR analysis of the second set of the investigated samples (BCZT-20CF/PVDF with 

different ratio 30/40/50 of active phase) shown an increase in the amount of the active filler phase 

resulting in a slightly higher quantity of the electro- -phase formed in the films. 

 DSC measurements were significant to investigate the melting temperature (Tm) and 

percentage of crystallinity (Xc) of the composite films (Figure 5a). The DSC curves show only one 

clearly visible and sharp endothermic melting peak at ~ 160 °C. This peak corresponds to crystal 

melting, possibly suggesting the overlapping of characteristic melting regions of different PVDF 

polymorphs. Generally, factors that can affect melting behaviour of the PVDF include the 

polymorphism developed in the polymer matrix as well as characteristics like crystallite size, 

defects, inclusions, etc. [51]. According to the literature data, there is a difference in melting points 

of various PVDF polymorphs. The melting peaks of - and - phases are in the 160-172 °C 

temperature range, while the - phase shows the endothermic peak at higher temperatures, ~180-

190 °C. The DSC results are compliant with FTIR analysis data (Figure 5b and c), which proved the 

existence of two, - and - PVDF polymorphs in the composite films. These DSC results were used 

to calculate the crystallinity degree of the PVDF polymer films. The crystallinity values for all 

samples were ~ 30%, and lower compared to Xc value ~ 50% of the neat PVDF film [48]. 

Irrespective of the composite sample, the inorganic particles embedded into PVDF inhibited at a 
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large extent its crystallization. Only slightly higher values of the crystallinity degree were obtained 

for samples containing higher concentration of BCZT-20CF phase.   
  

 

 

Figure 5. a) DSC analysis for all investigated samples, b) FTIR diagrams of the samples with 
different amount of CF particles, c) FTIR diagrams of samples with different ratio between the 

active phase and PVDF 

 

3.2. Dielectric measurements 

 As shown in Figure 6a-c) the major differences between the three types of samples are 

observed at low temperatures (below 200 K) and at high temperatures (above 300 K). At low 

temperatures (100- -dependent, 

increases significantly with the CF content. At high temperatures, there is a strong increase in the 

"plateau" of the dielectric constant and the peaks of the dielectric loss show similar behavior in the 

different samples. Table 2 compares the room temperature values of dielectric constant and loss for 

all investigated samples. It can be observed that, although the BCZT ferroelectric phase content 

decreases when the CF content increases, the dielectric constant does not decrease. This is 

particularly important because, in these multiferroic samples, we pursue the coexistence of both 
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magnetic and ferroelectric/dielectric properties. The dielectric permittivity value of pure BCZT 

ceramics is ~ 1500, for BCZT-CF ceramic composites it is ~ 200-800, depending on the amount of 

CF in the composite [52,53]. As for the flexible samples with different BCZT-CF amount, the 

dielectric permittivity value increases with active phase concentration and goes up to 100 (Table 2). 

T. Garg et al. [54] prepared PVDF flexible composite films, containing only BCZT particles as a 

filler component, by the solvent-casting technique and the measured dielectric permittivity was ~ 31 

for the sample with 50 % of BCZT. P. Durga Prasad et al. investigated PVDF films with CF fibers 

as a filler and dielectric permittivity obtained in that study was ~ 30 as well [55]. Apparently, both 

phases, BCZT and CF, can influence the dielectric permittivity value of composites in a certain way 

and in the investigated films we have a combined effect of both filler phases.   

 The dielectric relaxations that occur in the low-temperature region at 200-350 K can be 

explained by the dipolar motion of the amorphous part of the PVDF chains. Additionally, in the 

same region, dielectric losses show a maximum which tends to shift towards higher temperature 

regions with increasing frequency. This relaxation is directly connected to the glass transition of the 

a c relaxation 

appears but it is not completely visible since it falls outside the experimental window. The notable 

sh

indication of the freezing dipolar motion of the amorphous part of PVDF. A small hill around 350 

K, which also shifts towards high temperature region, can be spotted in the temperature dependence 

Figure 6). This relaxation can be connected with the CF and BCZT inclusions, 

due to the intrinsic conductivity of CF and the presence of the interfaces between phases with 

different dielectric properties, which gives rise to Maxwell-Wagner type interfacial relaxation [52]. 

-T curves for the sample BCZT-10CF/PVDF 30/70. Naveed 

Haq et al. noticed that the composite ceramics made of BCZT and CF in different ratios have shown 

-T dependence with respect to the individual phases. For example, there 

is no characteristic peak indicating the phase transition in the BCZT ceramics (at about 370 K) even 

though the amount of added CF in the composite was only 15 wt.% [52]. Additionally, looking at 

-T dependence in the high temperature region, above 400 K, the frequency dispersion of 

dielectric permittivity and losses is less notable for the samples containing lower amount of CF.  
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Table 2. Calculated amounts of PVDF polymorphs extracted from FTIR measurements (before and 

after polarization), room temperature values of dielectric constant and loss at 1 kHz, output voltage 

under impact test, d33 and g33 piezoelectric coefficients for all the samples investigated. 

Before polarization After polarization   200 400 600   
sample  

(%) 
 

(%) 
 

(%) 
 

(%) 
 

(%) 
 

(%) 
  U (V) d33 

(pC/N) 
g33 
(mV 
m/N) 

BCZT-10CF/PVDF 
(30/70) 

67 33 / 62 38 / 25.6 0.03 6-7 12 20-21 1 4.41 

BCZT-20CF/PVDF 
(30/70) 

66 34 / 65 35 / 26 0.047 7 9-10 11-12 1.9 8.25 

BCZT-30CF/PVDF 
(30/70) 

63 37 / 62 37 1 28 0.06 6 7 8 2.9 11.7 

BCZT-20CF/PVDF 
(40/60) 

64 36 / 60 40 / 56.7 0.060 5-6 7-8 10 4.8 9.56 

BCZT-20CF/PVDF 
(50/50) 

60 40 / 53 47 / 98 0.088 5 6 7 6.8 7.84 

  

In the second set of samples, as the amount of active phase increases, the frequency dispersion of 

both dielectric permittivity and losses becomes more pronounced. The effect of the CF phase, which 

possesses low dielectric permittivity value and high intrinsic conductivity, was significant and 

affected the dielectric relaxations of the composite. Additionally, the effect of the CF phase is also 

manifested in the di

about 150 K) is evident especially in the samples with higher relative amount of magnetic phase. 

This relaxation process is not observed in the complex elastic modulus, as discussed in the next 

section, pointing to an electronic origin of this anomaly (like e.g. Maxwell-Wagner relaxation of 

free charges).  

Taking all data into account, the dielectric properties of the investigated flexible films are strongly 

influenced by 1) polymer properties, since these films contain higher amounts of PVDF polymer 

than BCZT or CF phase, and 2) CF particles amount as a part of the ceramic filler.     
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Figure 6. Dielectric permittivity and dielectric losses vs. temperature for composite samples with 
different amount of piezoelectric, magnetic and polymer phase, as specified by the labels. 

 

3.3. Anelastic measurements 

The anelastic measurements were done by electrostatically exciting the free flexural resonance of a 

rectangular sample of BCZT-20CF/PVDF (30/70), 22.3 mm long, suspended on thin wires. Only 

the sample with 20% of CF content has been tested, since the temperature dependence of the 

us of polymer/ceramic composites is dictated by that of the polymer, much 

softer and more dissipative than ceramics, and increasing the ceramic fraction only increases the 

absolute value of the modulus. The elastic energy loss, Q-1, and modulus E curves versus T are 

shown in Figure 7 and are very similar to those previously measured on other ceramic/polymer 

composites [48,56], in this case with E = 5.4 GPa at room temperature. 

With increasing temperature, the sample softens considerably, and therefore its resonance frequency 

f ~ E1/2 decreases, as indicated in the upper panel. The anelastic spectrum contains the usual  and  

relaxations of PVDF at higher and lower temperature respectively, as in the dielectric susceptibility, 

and a shoulder in Q-1 around 200 K, also found when the ceramic component is (1-

x)[(Bi0.5Na0.5)TiO3 xBaTiO3, NBT-BT [56]. 
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Figure 7. E and elastic energy dissipation Q-1 of BCZT-20CF/PVDF 30/70, 
measured during two cooling runs, exciting the fundamental free flexural resonance. [The yellow 

lines are splines passing through the data points]. 

 

This shoulder is not the same relaxation process appearing at low temperature in the dielectric 

losses, since it is maximum around 200 K at ~1 kHz, while the latter is maximum below 150 K at 

the same frequency. The fact that the dielectric relaxation around 150 K is not observed in the 

complex elastic modulus points to the possible electronic origin of this feature, for example 

Maxwell-Wagner relaxation of free charges in the CF particles. 

 

3.4. Ferroelectric measurements 

 Ferroelectric hysteresis loops for all flexible films of the first set measured at breakdown 

field are presented in Figure 8. P-E loops show characteristics of ferroelectrics but they are not 

saturated, which makes the determination of parameters such as a remnant polarization, coercive 

filed, etc. quite unreliable. Ferroelectric properties of the filler constituents, BCZT and CF should 

be examined individually alongside with the PVDF matrix. According to the literature data, BCZT 

ceramics, obtained by a sol-gel technique, have well-saturated and thin hysteresis loop with Pr = 10 

C/cm2 and Ec = 0.2 kV/cm measured at 40 kV/cm [57]. Similarly, pure BCZT ceramic samples 

prepared by a sol-gel hydrothermal method and sintered at 1400 oC for 2 h, have Pr = 12 C/cm2 

and Ec = 3 kV/cm measured at the same electric field [58]. Pure PVDF ( - phase in powder) 

prepared by the hot-pressing procedure possesses a linear-shaped ferroelectric hysteresis loop [48]. 

According to the obtained results, the composites hysteresis loops are apparently under the 

significant influence of both contributions. The main advantage taken from the incorporated 
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ferroelectric filler particles is the enhancement of the Pr value, while PVDF matrix upgrades the 

breakdown strength of the film. T. Garg et al. investigated ferroelectric properties of the BCZT-

PVDF films obtained by the solution casting method [54]. The presented hysteresis loops were not 

saturated and Pr values were below 1 C/cm2. Regardless of the amount of the BCZT filler 

particles, these films were prone to electrical breakdown at much lower fields than our samples 

obtained by the hot-pressing method. The flexible films with lower amount of BCZT-CF, obtained 

by hot-pressing, were able to withstand electrical fields up to 600 kV/cm. The PVDF phase is 

assumed to impart these composites electrical stability the PVDF phase of the composite gave these 

films electrical stability, and homogeneous distribution of filler particles restricting the formation of 

conduction paths through the film. CF particles have intrinsic conductivity which could enable the 

creation of the conducting pathway in the material. The more CF particles are incorporated, the 

lower the breakdown strength of the films is. Literature data pointed that the effect of the formed 

PVDF polymorph in the film also needs to be investigated. Usually, in this type of materials, the 

ferroelectric properties are mainly affected by the amount of the polar electro-active - PVDF 

phase. In the investigated case, this effect can be neglected since the concentration of - phase is 

almost the same in all three samples.  

 

Figure 8. Ferroelectric properties of two sets of samples a) different BCZT-CF ratio and b) 
different ratio between BCZT-CF and PVDF 

The second set of samples explains how the active phase amount affected the ferroelectric 

properties of flexible films (Figure 8b). As the concentration of the active phase has risen, films 

were not able to withstand high fields. Even though the density and the PVDF - phase of these 

samples was higher, a close package of active phase particles facilitated the formation of a 

conductive pathway through the films, and they quickly broke down. When a high electric field is 

applied, solid BCZT-CF particles with high dielectric permittivity can generate local electric fields, 

known as hot spots  [59], which exceed the externally applied field, leading to the sample's 

breakdown [60]. In our previous study, the amount of active phase leaded to the creation of more 
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defects and space charge directly affecting the mechanical properties of the films [48]. This is also 

evident from the SEM images presented in Figure 4 e and f. Furthermore, in the BCZT-CF-PVDF 

films there are numerous interface areas between 1) bigger BCZT and smaller CF particles, 2) 

PVDF chains and BCZT/CF particles, 3) amorphous and crystalline parts of the PVDF matrix (quite 

similar for all investigated samples) that could affect the electrical properties [60].  

 

3.5. Piezoelectric measurements, energy harvesting and piezoelectric actuator application 

The polarization process of filler particles incorporated in the PVDF polymer composites is 

important for further applications of this kind of energy harvester [61 63]. During the polarization 

of the active phase, it is inevitable to affect dipoles of the PVDF chains. Therefore, a change of the 

PVDF polymorphism is possible under the applied electrical field ~ 50 kV/cm in the present case. 

Table 2 collects the data of each PVDF polymorph quantity after the polarization process. A slight 

increase in the electro- - phase amount can be noticed in almost all flexible films after the 

poling procedure.  

Piezoelectric measurements were performed at high frequency ~ 2 MHz (Figure 9). The value of the 

piezoelectric coefficients for the neat hot-pressed PVDF film is ~ 0.2 pC/N while the pure 

piezoelectric BCZT ceramic produced in this work possesses a d33 value of 350 pC/N. The d33 

coefficient values for composites, ranging from 1 to 6.8 pC/N, were much lower than those of pure 

BCZT in ceramic form but higher than those of pure PVDF film. The first set of compared samples 

had 30 % of the active phase, so a more significant influence of the polymer matrix was expected. 

The films were additionally affected by the amount of CF phase, since the d33 value followed an 

increasing trend with the CF content increase (Table 2). Cobalt ferrite is primarily known for its 

high magnetostriction, meaning it can be magnetized under mechanical stress. However, to induce 

magnetization through acoustic vibrations in the CF embedded within a polymer matrix is rather 

difficult, but in the composites with piezoelectric ceramics, it can be possible. The piezoelectric 

component like BCZT can directly transfer mechanical stress onto the CF phase and vice versa, 

leading to the enhanced piezoelectric response [53,64,65]. In the second set of samples chosen for 

the comparison, the flexible films with a higher amount of piezoelectric active phase also had the 

- polymorph and consequently had the highest value of the d33 coefficient (6.8 

pC/N for BCZT-20CF/PVDF (50/50)). As the amount of piezoelectric filler increased, the 

piezoelectric charge constant increased as well.  

 Additionally, quasi-static piezoelectric measurements were performed at a frequency of ~ 1 

Hz on a custom-built setup (schematic representation in Figure 10a). Samples were wired and 

isolated with a Kapton protective cover. The output voltage was measured by an oscilloscope 
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during a force impact of the impulse hammer (Figure 10b). The tests showed that the samples (set 

with different BCZT and CF ratios) with more BCZT generated the highest values of the output 

voltage ~ 20 V. The amount of the piezoelectric phase in the flexible films directly affected the final 

properties of the material. In contrast to that, in the second set of samples, the output voltage 

decreases with the amount of filler particles (Table 2). Possible reasons can be only assumed and 

they range from the agglomeration of filler particles and inhomogeneous distributions of particles in 

the film to not good enough adhesion between the particles and the PVDF matrix. Also, the filler 

concentration may have reached the percolation threshold beyond which the output voltage obtained 

from the impact started to decrease. 

 

Figure 9. Piezoelectric response signal measured at 2 MHz for the different composite samples 

 

One can ask why the mechanical stress produced by the hammer impact has a different effect on 

piezo-response than the stress from acoustic vibrations. The first difference that can be considered 

is the frequency between these two mechanical sources of stress. A hammer hit typically produces a 

short-duration, impulsive force while the acoustic vibrations typically have a more continuous 

frequency spectrum and refer to mechanical oscillations or waves that propagate through the 

medium, such as air, water, or solid material, producing sound. It appears that the kind of 

mechanical stress applied and the associated frequencies notably affected the piezoelectric response 

of the tested flexible composites and it should be taken into account when considering this material 

for specific applications. On the other hand, another important factor should be considered: the 

voltage U obtained by the impact test is not proportional to d33 but to piezoelectric voltage constant 

g33 = d33 , if one compares the variation of U among different compositions, the 
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variation of g33 must be considered, which is lower for the sample with the highest content of BCZT 

phase, due to its higher dielectric constant.  

 

 

Figure 10. a) Schematic representation of the energy harvesting test, b) Output voltage obtained 
from the quasi-static impact test at ~ 1 Hz for the different composite samples 

 

Electromechanical actuators can be driven by: 1) piezoelectricity and 2) electromagnetism. 

Piezoelectric and electrostrictive devices have become important components in a smart actuator 

system. They are usually used as precision positioners, miniature ultrasonic motors adaptive 

mechanical dampers, etc [65]. In order to investigate if the produced flexible films can be used as 

piezoelectric actuators, a laboratory setup was constructed (schematic representation given in Figure 

11a). The sample BCZT-20CF/PVDF 50/50 was selected for this testing as the material with the 

highest concentration of the piezoelectric phase. This sample was tightly bonded with a commercial 

flexible film, and a sinusoidal input AC drive voltage of 5 V with 1kHz frequency was applied to 
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the composite film using a waveform signal generator. The applied voltage created an electric field 

across the piezoelectric film which was mechanically deformed in response to the stimulus. This 

mechanical deformation is in fact a displacement on the nanometer to micrometer scale and it is 

transferred onto the commercial piezoelectric film. These displacements are usually measured by a 

laser interferometer, but due to lack of that equipment, the experimental setup represented here was 

used as an indirect method for testing the actuation potential of the investigated material. The output 

voltage generated by the commercial film was measured by an oscilloscope (Figure 11b). The 

output voltage curve perfectly coincides with the input curves and it gives a peak-to-peak output 

voltage around 150 mV. It was taken into account that small-scale piezoelectric actuators operate by 

applying voltages 5-200 V and in our test minimum voltage of 5 V of AC field was applied from a 

waveform signal generator. This test is an indication that this material has a potential to be used as a 

low-voltage piezoelectric actuator for high precision applications [66].  

 

  
 

Figure 11. a) Schematic representation of testing set-up, b) Actuator application test on the sample 
BCZT-20CF/PVDF 50/50 

 

3.6. Magnetic properties and magneto-electric effect 

 The magnetic hysteresis loops of BCZT-CF/PVDF composites with different contents of CF 

are presented in Figure 12a). Cobalt ferrite is a hard magnetic material with high coercivity and 

moderate magnetization. Ferromagnetic hysteresis loops obtained for composites are quite wide and 

in accordance with the CF single phase properties [47]. The saturation magnetization increases with 

increasing the CF content in the composite, since this parameter depends on the total amount of the 

magnetic phase in the material. Similarly, there is an increasing trend of the remnant magnetization 

values for the composites with increasing CF concentration. The coercive field values for all 

samples from this set are around 3.75 kOe, which matches the value observed for pure CF powders 

[47].   
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Figure 12. Magnetization hysteresis loops of the BCZT-CF/PVDF composites, a) first set of 
samples and b) second set of samples 

 

In the second set of samples, with different active phase-PVDF ratio, the amount of filler had a 

minor effect on the increase in both the remnant magnetization and the saturation magnetization 

values (Figure 12b). The coercive field value of all films was unchanged. P. Prasad et al. 

investigated pure CF fibers and CF/PVDF composites by VSM and obtained saturation 

magnetization and coercive field values similar to those found in this study [55]. It seems that the 

change in filler phase fraction, in this set of films, slightly affected the magnetic properties of the 

flexible composites due to increased total amount of CF in the filler.  

 The magneto-electric potential was investigated using a custom-built setup (Figure 13a). 

The composite flexible film was placed in the AC magnetic field produced by an electromagnet. 

The source of AC was produced from a power amplifier at various frequencies (25-140 Hz). The 

magnetic field strength was ~ 0.1-0.3 T (the magnetic field strength was higher for lower 

frequencies). At frequencies below 70 Hz, the vibrations induced in the sample could be seen by a 

bare eye while at higher frequencies these movements were absent. The magnetic field produced by 

the electromagnet influenced the magnetostrictive cobalt ferrite phase in the film. The strain 

induced in the CF phase as a response to the magnetic field was transferred on the lattice of the 

BCZT piezoelectric phase which generated the output voltage. The highest output voltage was 

obtained from the BCZT-20CF/PVDF 50/50 sample and it gave a peak-to-peak output voltage of 

around 2 V at 100 Hz (Figure 13b). The effectiveness of this transfer depends also on the quality of 

mechanical bonding between the CF and BCZT particles in the film and the sample with the highest 

amount of filler enabled the best interface between the phases and good mechanical coupling.  
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Figure 13. a) Schematic representation of testing set-up, b) Output voltage from the BCZT-
20CF/PVDF 50/50 sample under applied magnetic field of 120 mT 

 

Basic calculation of the magneto-electric voltage coefficient can be done using the equation ME= 

Vout/h HAC, where Vout is the output voltage, h is the thickness of the film, and HAC is the amplitude 

of the AC magnetic field [67]. In this investigation, the AC magnetic field changed its strength 

value from 0.3 to 0.1T with increasing frequency. The ME was calculated for the magnetic field 

strength of 300, 210, 120, and 102 mT induced at 25, 50, 100, and 140 Hz, respectively. The 

magneto-electric voltage coefficient values maintained an increasing trend from 41 to 120 

mV/cm Oe with the lowering of the magnetic field strength since the output voltage changed 

slightly due to the field modification. Literature data indicate that in the polymer-based ME 

composites, the piezoelectric layers, containing polyvinylidene fluoride (PVDF), are always in the 

micrometer scale, thus achieving large ME coefficients [68]. N. Negi et al. [53] reported value ~ 

1.028 mV/cm Oe for the bulk ceramics 0.1BCZT-0.9CF prepared in their study. On the other hand, 

Jie Xu et al. [67] investigated the ME effect of the CoZn0.1Fe1.9O4-P(VDF-TrFE) composites 

prepared by the spin coating method and they obtained the magneto-electric voltage coefficient ~ 

87.9 mV/cm Oe. Qi Mao et al. in their review article presented values of the ME coefficient for 

different magneto-electric composites from ceramic-based and single crystal to polymer-based. 

Polymer composites with composition 0.4(0.3CoFe2O4-0.7BiFeO3)/0.6PVDF had ME ~ 22.13 

mV/cm Oe at 1 kHz while Ni0.5Zn0.5Fe2O4-(PVDF-TrFE) displayed value ~ 1.35 mV/cm Oe [68]. 

The highest values of ME coefficient were acquired for polymer composites made as a combination 

of PVDF with Terfenol or Metglas, above 20 V/cm Oe. However, the values of ME obtained from 

the present study were higher than the values obtained for similar compositions by other authors 

and have shown the potential of the investigated material to be used as a multifunctional sensor and 

actuator under specific and optimized conditions. 
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4. Conclusion 

In this work, novel multifunctional composite materials containing BCZT-CF piezo-magneto-

electric phase embedded in the flexible PVDF polymer were prepared. Two different sets of 

samples were investigated to assess: 1) the influence of the ratio between BCZT and CF phases in 

the active filler (filler to PVDF ratio was fixed) and 2) the influence of the ratio between the BCZT-

20CF filler amount and PVDF (BCZT to CF ratio was fixed). 

Neither the amount of CF in the first set of samples nor the variable amount of BCZT-20CF with 

respect to PVDF in the second set had a notable influence on the formation of electro-active PVDF 

phases in the flexible composites. Electro non-active - phase was dominant in all samples, with 

values above 60% while the remaining was electro-active - phase. The dielectric permittivity 

values were slightly affected by the amount of CF in the filler, but the dielectric permittivity was 

mostly increased by the total amount of BCZT filler particles in the flexible composites. The 

ferroelectric properties were mostly governed by the amount of filler phase. As the amount of filler 

increased, the films were not able to withstand higher applied fields due to the tight connection 

between the particles and the formation of conducting paths through the film. The amount of CF in 

the filler powders did not have a notable effect on these properties. After the process of polarization, 

the amount of electro-active - phase slightly increased in all samples. Piezoelectric charge 

coefficients, d33, obtained from measurements at 2 MHz, were higher as the amount of CF increased 

and their values exhibited the same tendency with the total fraction of filler phase in the composite. 

Piezoelectric voltage coefficients, g33, followed a decreasing trend due to higher values of dielectric 

permittivity of these samples.  

Magnetic properties showed that the amount of CF phase in the composite film has a profound 

effect on magnetization value but not on coercivity.  

Energy harvesting potential testing by impulse hammer load showed that BCZT-10CF/PVDF 30/70 

produced up to 20 V of the output voltage and power output around 400 W. The BCZT-20CF 

50/50 material was additionally tested for piezoelectric and magneto-electric sensor and actuator 

applications. This investigation concludes that there is a significant coupling between the magnetic 

and piezoelectric phases in the composite film. Under optimized conditions, this material has a huge 

potential for next-generation applications. 
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