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Abstract 

The effect of filler size and  content in the thermal, mechanical and electrical response of poly(vinylidene 

fluoride) (PVDF)/ BaTiO3 nanocomposites has been investigated. Dielectric constant increases 

significantly with increasing filler content and decreasing filler size. Space charge effects at the interface 

between BaTiO3 and PVDF strongly influence the dielectric response. The electroactive -phase of 

PVDF is nucleated by the presence of the ceramic filler, the effect being strongly dependent on filler size 

and independent on filler content. This filler/matrix interaction is also responsible for the variations 

observed in the activation energy of the thermal degradation of the polymer. Smaller particles lead to 

larger relative contact areas and are responsible for the main variations observed in the thermal, 

mechanical and electrical properties of the composites.  
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Introduction 

Polar oxides such as BaTiO3 (Barium Titanate), Pb(Zr,Ti)O3 (Lead Zirconate Titanate) and SrBi2Ta2O9 

and electroactive polymers such as PVDF (poly(vinylidene fluoride)) are among the most relevant 

ferroelectric materials. They have received increasing attention in recent years, both from a fundamental 

point of view and for the development of novel technological applications [1]. 

PVDF is a semicrystalline polymer in which the amorphous chains are embedded between the lamellar 

crystalline structures of the polymer matrix [1,2]. PVDF presents at least four crystalline phases known as 

α, β,  and , depending on the processing conditions [1,3,4,]. 

-PVDF presents the highest electroactive properties and, until recently, this phase was exclusively 

obtained by mechanical stretching of films originally in the non-polar -phase. This process results in 

oriented -PVDF films with a small amount of -phase material [1, 4, 5]. 

BaTiO3 is a ceramic material that exhibit piezoelectric and ferroelectric properties and crystallizes in a 

perovskite structure [6]. This material can exhibit five crystalline phases, hexagonal, cubic, tetragonal, 

orthorhombic, monoclinic and rhombohedral crystal structure depending on temperature [7].  

Nanocomposite materials have achieved large interest in order to study the effect of the small material 

structures within a given matrix, the study the effect of the filler geometry in the overall composite 

response (i.e. the study of fibrous composite materials, laminated composite materials, composite 

materials with dispersed particles and combinations of them [8,9]). Composite materials are relevant due 

to the possibility to tailor materials properties for specific applications. In particular, piezoelectric 

composites are pursued due to their higher dielectric and electroactive properties when compared to the 

polymer matrix and due to their higher flexibility and easier production in large areas or tailored shapes 

when compared to ceramic or single crystal materials [10,11].  

Some works have been previously devoted to the study of PVDF/ BaTiO3 composites and other similar 

polymer/filler systems. The main effect of BaTiO3 inclusion is the increase of the dielectric constant with 

increasing filler content  [12], whereas the characteristics of the polymer matrix is just slightly affected as 

demonstrated by the small variation of the melting temperature of PVDF with BaTiO3 inclusion. The 

evolution of the dielectric constant with increasing BaTiO3 content follows the theoretical model of 

Yamada model  [13]. Together with filler concentration, the dielectric properties of BaTiO3/PVDF 

composites will also depend on particle size  [14] due to space charge effects at the interface between 

BaTiO3 and PVDF and domain configurations (single or multi-domain) of the BaTiO3 powders. The 

shape and orientation of the filler also influences the composite response, as indicated by composites 

containing highly oriented BaTiO3 whiskers as active phase and PVDF as matrix, prepared by micro-hole 

extrusion and orientation in the form of fibers. The experimental results showed that the , d33,and Pr in 

the BaTiO3 whisker-PVDF composite were considerably higher than those in the BaTiO3 powders-PVDF 

composite, while the loss factors followed the opposite trend  [15]. Finally, it has been demonstrated that 

these interesting composites can be produced by up-salable processing methods, maintaining the 

properties of the ones prepared in laboratory conditions [16]. 

http://en.wikipedia.org/wiki/Hexagonal
http://en.wikipedia.org/wiki/Cubic
http://en.wikipedia.org/wiki/Tetragonal
http://en.wikipedia.org/wiki/Orthorhombic
http://en.wikipedia.org/wiki/Rhombohedral
http://en.wikipedia.org/wiki/Crystal_structure
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Despite of the aforementioned efforts proving the interesting characteristics of the composites for sensor 

and actuator applications, no systematic study on the effect of BaTiO3 ceramic grain size itself on the 

PVDF polymer phase and the macroscopic response of the material has been carried out, as most of the 

studies just focused on the effect of the ceramic volume fraction on the dielectric response of the 

composites. In this scope, it is also very relevant to address the variation of the mechanical properties of 

the composite as well as the degree of crystallinity of the polymer with increasing filler content, as these 

parameters will determine the overall macroscopic response and the range of applicability of the 

materials. In this sense, this work represents a comprehensive study on PVDF/BaTiO3 composites. The 

role played by the size and content of the ceramic particles and eventual variations in the phase of the 

polymer matrix was studied. Furthermore, the thermal degradation of the composite was also addressed.  

In the present work the ceramic phase included was BaTiO3 instead of the most studied PVDF/PZT 

composites [17,18]. PVDF/BaTiO3 composites samples with different BaTiO3 particle size and content 

were prepared by solution casting in the nonpolar α-PVDF. Spectroscopic, dielectric, mechanical and 

thermal techniques  were applied in order to investigate the influence the filler size and content in the 

composites response. 

 

Experimental Details 

BaTiO3 particles with an average size of 10 and 500 nm were purchased from Nanoamor (USA). PVDF 

(Solef 1010) was obtained from Solvay (Belgium) and N, N-dimethyformamide (DMF) from Merck 

(Germany). All materials were used as received. 

Composites of PVDF with BaTiO3 were prepared by dispersing the ceramic powder in a solution of 

PVDF in DMF. A certain amount of ceramic nanoparticles (5 and 10 % of mass fraction of PVDF) and 12 

mL of DMF were mixed in an ultrasound bath for 6h. Then, 3g of PVDF were added to the mixture and 

placed in magnetic stirrer until complete dissolution of the polymer. Flexible films were prepared by 

spreading the suspension on a glass plate and placing it in an oven for 60 min at 120 ºC. This period time 

insured the total evaporation of the solvent. The samples were heated then at 220 ºC for 10 min and 

cooled down at room temperature. 

Scanning electron microscopy (Leica Cambridge apparatus at room temperature) was performed in order 

to evaluate the composites microstructure and the dispersion of the ceramic powder within the polymer 

matrix. All the specimens were coated with a conductive layer of sputtered gold. 

Fourier transformed infrared spectroscopy (FTIR) spectra of the films were recorded on a Perkin-Elmer 

Spectrum100 in ATR mode over a range of 650–3500 cm−1 with a resolution of 4 cm−1 and 32 scans were 

performed to each sample. 

Differential scanning calorimetry (DSC) studies were performed using a Perkin-Elmer Diamond 

apparatus. During the experiment, the samples were ramped from 20 to 200 °C under a dry N2 

environment at a rate of 10°C/min. 

Thermogravimetric analyses (TGA) were carried out using a Pyris 1 TGA – Perkin-Elmer under nitrogen 

atmosphere supplied at a constant 50 mL min−1 flow rate. The sample holders used were crucibles of 

ceramic with capacity of 60 μL. The samples were analyzed by using the same heating rate (10 ± 0.2 
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ºC/min) between 50 and 900 ºC. Further, experiments at different heating rates of 10 ± 0.2 up 

30 ± 0.4 ºC.min−1 between 50 and 900 ºC were also performed in order to evaluate the influence of the 

average ceramic size in the degradation kinetics of the PVDF/BaTiO3 composites. 

Dynamical mechanical measurements (Dynamic mechanical analyses, DMA) were performed at room 

temperature in a DMA8000 apparatus from Perkin-Elmer using the tensile mode on rectangular samples 

with typical dimensions of 10x40x0.030 mm at a frequency scan from 0.01 to 10 Hz.  

Dielectric measurements were performed using a Quadtech 1920 LCR precision meter. The real part of 

the complex permittivity (’) and the dielectric losses (tan ) were obtained at room temperature in the 

frequency range of 500 Hz to 1 MHz with an applied voltage of 0.5 V.  Circular gold electrodes of 5 mm 

diameter were vacuum evaporated onto both sides of each sample. 

 

 

Results and Discussion 

 

The samples were analyzed by scanning electron microscopy (SEM) in order to evaluate the dispersion of 

the nanofillers and the influence of the filler in the microstructure of the polymer phase [19]. Figure 1 

shows a typical SEM image obtained for the PVDF/BaTiO3 composites, as the microstuctural features are 

similar for all filler sizes and concentrations used in this work. The obtained results show a typical 

spherulitic structure with small porous in the region between the spherulites which is a result of the 

solidification process. During the crystallization process, spherulites grow and expand absorbing the 

liquid polymer phase that is in the region between the crystallized polymer. At the end of crystallization, 

no liquid phase remains, and as a consequence a void is generated between the crystallized spherulites 

(figure 1a). The microstructure of the nanocomposite samples is very similar to the one observed for neat 

-PVDF, characterized by spherulites with small concentric rings in the interior [20]. On the other hand, 

neat  -PVDF samples show much smaller spherulites and show a very porous structure, resulting in poor 

mechanical and electrical properties [5]. The backscattering images of the nanocomposites samples show 

the good distribution of the nanofillers (figure 1b). 
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Figure 1 – a) SEM image of the PVDF/BaTiO3 composites with 10% filler concentration and 500 nm 

filler size. b) Corresponding backscattering image. 

 

PVDF is a semicrystalline polymer exhibiting four crystalline phases [1, 4, 5], being the -phase the one 

with the highest electroactive properties. The presence of the β-phase is identified by infrared 

spectroscopy mainly through the characteristic absorption band at 840 cm-1 and the α-PVDF by the bands 

at 765, 795, 855 and 976 cm-1 [3,21]. Figure 2 shows the infrared spectra of the pure - and -PVDF for 

composites with different contents and sizes of BaTiO3 particles. In all cases, the presence of β-phase can 

be observed through the presence of the absorption band at 840 cm-1. In addition, the infrared spectra also 

reveal an absorption band at 812 cm-1 that also indicates the presence of small contents of -PVDF (figure 

2) [22]. 
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Figure 2 – FTIR spectra for the PVDF/BaTiO3 samples with different filler contents for average filler 

sizes of a) 10 nm and b) 500 nm. 

 

 

The -phase content present in each sample was calculated from the absorption bands at 764 and 840 cm-

1, characteristic of the  and -PVDF, respectively, with a procedure similar to the one reported in 

[19,20]. Briefly, assuming that the infrared absorption follows a Lambert-Beer law, for a system 

containing just  and -phases, the relative amount of -PVDF, F(), can be calculated applying 

equation 1:   
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where,  and  are the absorbencies at 766 and 840 cm−1, corresponding to the α-and  β-phase 

material and  (6.1×104 cm2/mol) and   (7.7×104 cm2/mol)  are the absorption coefficients at the 

respective wave number. The calculated -phase content for the prepared composites is presented in table 

1. 

 

Table 1 – -Phase content for PVDF/BaTiO3 composite samples with different filler sizes and content 

calculated according to equation 1. 

 

BaTiO3 content 

 

-phase content 

(10nm) 

-phase 

content 

(500nm) 

5% 82% 42% 

10% 70% 41% 

 

 

It is to notice that the -phase content has been neglected in this calculation due to the small amount of 

this phase in the composite samples, as indicated by the corresponding band strength at 812 cm-1 in the 

FITR spectra of Figure 2. The error induced by this simplification will be within the 4% error estimated 

by the method itself [22]. It was observed that the presence of the BaTiO3 nanoparticles promotes the 

crystallization of the -phase of the PVDF matrix, indicating that the ceramic filler act as a nucleating 

agent for this phase. Moreover, the highest amount of electroactive phase (F() = 82 %) was achieved for 

the lowest concentration of ceramic particles with the smaller average size ( = 10 nm) and therefore with 

the largest specific surface interaction area for a given filler volume fraction. 

Eq. 1 



Page 7 

 

 

In PVDF/DMF solution, molecular interactions between the polymer and the solvent involve strong 

dipolar interactions between the C=O and CH2 – CF2 dipole and maybe the presence of weak hydrogen 

bonding C==O…H – C. In this way, the dipolar and Van der Waal’s interactions that hold the polymer 

chains together are disrupted and the PVDF polymer is dissolved  [23,24]. These interactions also play an 

important role in crystallization of PVDF. Crystallization of PVDF begins with nucleation, which 

generally involves two steps: the formation of colloidal crystals of PVDF molecules with a critical radius 

within the solution and the rate-limiting organization of such clusters into crystal nuclei [25,26].  

Dipole molecules in the surface of embryonic droplets are oriented perpendicular to the interface due to 

the dipolar interactions [27] and PVDF nucleation could also exhibit such effects from polar solvents. In 

this way, dipolar interaction and hydrogen bonding at the interface between crystalline nucleus and DMF 

molecules lead to an all-trans planar (TTT) configuration of CH2 - CF2 dipoles, when the nucleation 

occurs at room temperature [5,3]. However, if a relatively large external energy, such as thermal energy is 

provided during the crystallization process, the forces that are at the origin of the TTT packing of the 

polymer chains becomes  weak relatively to the thermal energy to prevent PVDF molecules to crystallize 

into trans-gauche conformation of the -phase of PVDF, which is thermodynamically more stable [3,5].   

When BaTiO3 nanoparticles are added to the solution, stronger O – H … F - C hydrogen bonds are 

probalbly formed due to the high polarity of the hydroxyl groups, the ceramic nanoparticles acting in this 

way as nucleating agents for the PVDF crystals. The strong O – H … F - C hydrogen interaction at the 

BaTiO3 nanoparticles/ PVDF interfaces, together with the dipolar interactions between the PVDF and 

DMF solvent, tend to produce locally oriented CH2 – CF2 dipoles that are packed in the TTT 

configuration characteristic of the -phase. Further, as demonstrated in figure 1, the nucleation of the -

phase is proportional to the specific area of the particles: the increase of the ceramic filler size 

corresponds to a decrease of the specific surface area avaiable to promote the O – H bonding, and 

consequently promotes an increase of the crystallization “trans-gauche” configuration characteristic of the 

non-electroactive -PVDF. 

This hypothesis is further supported by a broad absorpiton band from 3100 to 3700 cm-1 (Figure 3) 

attributed to the O – H stretch hydrogen bond [28], which does not exist for the pure polymer. 
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Figure 3 – FTIR spectra for the PVDF/BaTiO3 composites and for the pure polymer (inset) in the O – H 

region. 

 

The abovementioned facts indicate that bith the size of the nanoparticles and their chemical structure are 

the key issues for the nucleation the electroactive -PVDF phase when the composites are obtained from 

the melt. Previous works related to the processing of PVDF with nano and micro fillers like PZT (Lead 

zirconate titanate) [17] or ferrite nanoparticles (CoFe2O4 or NiFe2O4) [29] reveal that there is also a 

critical size for the filler in order to promote the -phase nucleation of PVDF. In the case of the 

PVDF/PZT composites, the smaller average size of the filler was 0.84 m and the polymer matrix 

crystallizes in the -PVDF [18,17], but in the case of the ferrite nanoparticles ( = 20 – 55 nm), the 

polymer also crystallizes from the melt mainly in the -phase  [29]. In this way there is a balance between 

the specific polymer/nanoparticle interphase area and therefor interaction energy and the themal energy 

that lead the polymer crystallize in either the  and -phase.  

 

 

a) Thermal Behaviour: 

 

DSC thermographs for the PVDF/BaTiO3 nanocomposites (Figure 4) show two endothermic peaks for all 

samples. Multiple DSC peak structures are typical in composites and nanocomposites due to interface 

effects and ill crystallized parts of the sample, that melt at different temperatures than the main body of 

the polymer [17,18]. In the present case, nevertheless, this behavior has a stronger contribution from the 

coexistence of  and -PVDF phases in the samples, as observed by FTIR (figure 1), that melt at slightly 

different temperatures [19,20]. The peak at lower temperature corresponds in this way to the melting of 

the -phase and the higher temperature one is related to the melting of the -PVDF [20]. Moreover, a 
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small peak can be observed for the samples with 10% BaTiO3 content, which is assigned to the melting of 

the -phase [22]. This phase was also identified in FTIR by the presence of the absorption band at 812 cm-

1 (figure 2). 

The degree of crystallinity (Xc.) of PVDF and the BaTiO3/PVDF nanocomposites was obtained by 

equation 2: 

 

 

 

 

where x and y corresponds to the weight fraction of the α and -phases, respectively, and  

(ΔH100%crystalline)α and (ΔH100%crystalline)β are the melting enthalpies for 100% crystalline α and -PVDF: 

93.04 J/g and 103.4 J/g, respectively [4]. 

Figure 2 shows that the inclusion of BaTiO3 particles in the PVDF matrix increases the thermal stability 

of the composite (shift to the melting temperature to higher values), but that the degree of crystallinity 

decreases with increasing BaTiO3 particle content in the composite samples (Table 2). For a given filler 

content, the size of the filler does not influences the degree of crystallinity. The inclusion of nanoparticles 

causes ill crystallized regions in the interface regions contributing to the decrease in the crystallinity of 

the polymer [17,18].  
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Table 2 – Melting enthalpy and degree of crystallinity for PVDF and the BaTiO3/PVDF nanocomposites. 

 H(J/g) Xc(%) 

-PVDF 42.6 45.5 

-PVDF 40.6 40.2 

PVDF/BaTiO3; =10nm, 5% 35.2 33 

PVDF/BaTiO3; =10nm, 10% 30.6 27 

PVDF/BaTiO3; =500nm, 5% 37 36 

PVDF/BaTiO3; =500nm, 10% 32.2 30 

 

 

The interaction between the inorganic fillers and the polymer can be explored by its effect in the polymer 

thermal degradation, which was measured by thermogravimetric analysis (figure 5). The thermal 

degradation of the samples showed in all cases a single step degradation process, similar to the one 

observed in the pure polymer matrix. The onset of the degradation process shifts to higher temperatures in 

the polymer composites being the shift larger for the larger filler contents. This fact proves an increased 

stability of the polymer chains against thermal degradation that should be attributed to their interaction 

with the ceramic filler. On the other hand, filler size has no effect for the sizes under consideration in this 

work. The residual mass of the polymer observed at the end of the measurement (750 ºC) is quite similar 

for all samples, once considered the residual mass of BaTiO3 that does not suffer thermal degradation at 

those temperatures. 
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Fig. 5 - Thermogravimetric results for a) PVDF/ BaTiO3 samples with different filler contents obtained at 

10 ºC.min-1 and b) for PVDF/ BaTiO3 composites with 5 % BaTiO3 obtained at several heating rates 
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The kinetics of the mass loss process can be investigated by analysing experiments performed at different 

heating rates (figure 5). As expected, increasing heating rate shifts the onset of the degradation process to 

higher temperatures (figure 5), not affecting any other of the main characteristics of the process itself.  A 

typical model for the thermal decomposition has the following general form [30,31]: 

 

 

 

Here,  represents the degree of conversion of the sample under degradation, defined by: 

 

 

 

where ,  and  are the weights of the sample before degradation, at a given time t and after 

complete degradation, respectively. The rate constant  changes with the absolute temperature 

according to the Arrhenius equation and  represents the net results of elementary steps, as the 

polymer degradation is often a chain reaction. For solid state reactions , where n is 

the reaction order and it is assumed to remain constant during the degradation process. 

The isoconversional method of Ozawa-Flynn-Wall (OFW) [32,33] assumes that the conversion function 

 does not change with the variation of the heating rate for the different values of the degree of 

conversion . It involves measuring the temperatures corresponding to fixed values of  from the 

experiments at different heating rates . In this formalism:  

 

 

 

where A is a pré-exponential factor, R is the gas constant (8.31 J.mol-1.K-1) and Eact is the activation 

energy of the degradation process. By plotting ln() versus 1/T, Eact can be obtained from the slope of the 

resulting straight line, regardless of the reaction order of the system. The validity of this method is based 

on the assumption that the conversion at the peak maximum is constant for the different heating rates 

[32,34]. The linear fitting for the PVDF/BaTiO3 nancomposites with 5% filler content of 10 and 500 nm 

filler sizes is represented in Figure 6. 

 

Eq. 3 

Eq. 5 

Eq. 4 
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Fig. 6  - Ozawa-Flynn-Wall plots for the PVDF/BaTiO3 composites with 5 % filler content: a) =10nm 

and b) =500nm filler sizes. 

 

 

As it was previously demonstrated for PVDF/PZT composites [35],  filler size affects more than filler 

concentration the degradation temperature and activation energy of the polymer, the polymer degradation 

mechanism [36] being not significantly affected by the presence of the inorganic fillers. The present 

experiments for PVDF/ BaTiO3 composite samples confirm this trend, verifying a strong filler size effect 

both for the value of the activation energy and for its behavior as a function of the conversion rate (figure 

7).  
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Fig. 7 - Activation energy for PVDF and PVDF/BaTiO3 composites as a function of the conversion rate 

for samples with 5% filler content and different filler sizes. 

 

For the smaller conversion rates, the value of the activation energy for a given conversion rate increases 

for increasing filler size, as demonstrated in [35]. For the larger conversion rates the behaviour is inverted 

due to the different trend observed for the different filler sizes and the pure polymer: whereas for the pure 

polymer and the smaller filler the activation energy increases with increasing conversion rate, for the 

larger filler size the activation energy shows a small decrease with increasing conversion rate. In this way, 

increasing filler size leads to a more homogeneous degradation process in terms of energy.    

During the main thermal degradation of PVDF carbon-hydrogen bond scission primarily occurs which is 

due to the lower bond strength energy of C-H compared to C-F bond (410 and 460 kJ mol-1, respectively) 

[36]. The head to tail (H-T) configuration once activated by the removal of one HF molecule to form a 

carbon-carbon double bond, will unzip HF molecules down the polymer chain, leading to the main 

degradation process. 

The differences on the thermal stability should be related to chemical reactions with the ceramic particles 

within the polymer-ceramic interfacial region or to incomplete removal of the DMA solvent due to some 

absorption by the ceramic particles. In this case high temperature degradation of DMA and chemical 

reaction with the PVDF polymer can affect its thermal degradation [37]. 

The observed variations on the onset temperature (figure 5) and the activation energy and activation 

energy variation with the conversion rate, points out effectively to the ceramic-polymer interface effects 

(interface dimension and chemical stability against temperature) that provide more stability to the 

polymer phase, being the effects more prominent for larger ceramic particles.  

 

b) Mechanical Response: 

 

The mechanical characteristics of the composite will influence the performance of the material for sensors 

and actuators applications. Dynamical-mechanical analysis (DMA) measurements at room temperature 

for all PVDF/BaTiO3 nanocomposites are presented in figure 8.  
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Fig. 8 – a) Evolution of the storage modulus for PVDF and PVDF/BaTiO3 composites, b) E’ at 1 Hz as a 

function of the filler content for the different filler sizes and c) mechanical dissipation factor evolution for 

PVDF and PVDF/BaTiO3 composites. 

 

 

The inclusion of the nanoparticles with smaller average size ( = 10 nm) in the polymer matrix 

produces an increase of the storage modulus, which confirms that the ceramic filler works as a nucleation 

agent, the polymer crystallizing around the nanoparticles increasing the connectivity between the polymer 

chains and the filler. For the samples with higher ceramic diameter ( = 500 nm) and small filler contents 

(5 %), an increase of E’ was observed but, on the other hand, increasing filler content decreases the value 

of E’. These effects are related to a competition between two effects: the filler acts as  nucleation agent 

for low filler concentrations but also decreases the connectivity of the PVDF matrix, hindering the crystal 

reorganization when a stress is applied. Further, due to the lower interaction strength between higher 

particles and the polymer matrix, some debonding and sliding of the BaTiO3 nanoparticles occur, 

especially for the sample with 10 % ceramic filler and  = 500 nm, leading to smaller E’. As already 

observed in other PVDF/filler systems [14,17,18], for higher particle average size and concentration, the 

fillers act as imperfections and defects in the polymeric matrix and reduce the mechanical performance of 

the material. This general trend is confirmed by the behavior of the mechanical loss factor (figure 8). 

 

 

 

c) Dielectric Behavior 
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Determination of the electric complex permittivity and its variation against temperature and frequency are 

among the most important characterization procedures to be performed in dielectric materials [38]. Figure 

9 shows the variation of the ’ for the different PVDF/ BaTiO3 samples for several frequencies, obtained 

at room temperature (figure 9a). Figure 9b shows the dielectric constant as a function of filler content as 

well as the trends obtained with the two applied models. 
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Fig. 8 –Variation of ´ (a) and tan  (c) as a function of logarithm of frequency of the PVDF and 

PVDF/BaTiO3 samples and b) fitting results for the BSP and Furukawa models for the dielectric 

permittivity; (d) represents the conductivity as a function of frequency in a log-log plot. 

 

The dielectric constant of the composite samples increases when compared to the polymeric matrix when 

BaTiO3 particles are introduced [38], especially for the particles with smaller average size. A maximum 

in ’ trend is observed for the sample with 10 % BaTiO3 ( = 10 nm). For the sample with  = 500 nm the 

increase in ’ is not so pronounced and the obtained value for the material with 10 % nanoparticle content 

are smaller than the ones found for the samples with  = 10 nm and 5 % ceramic filler, which reveals that 

the interaction between the  = 10 nm BaTiO3 particles and the polymeric matrix is more effective due to 

increased interaction area. The specific surface area available in the interaction between the ceramic 
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nanoparticles and the polymeric chains are higher for the smaller particles which increase the space 

charge distribution and the Maxwell-Wagner-Sillars contribution to the dielectric response due to the 

dynamics of the charged species in the vicinity of the interfaces [39,40].     

In this way, the increase of the dielectric constant is associated to an increase of the dissipation factor 

(figure 8 c) with, in general, increases with increasing filler size and content. The dielectric loss is 

characterized by an initial decrease with increasing frequency up to 104 Hz (especially relevant for the 

larger filler size and content sample) due to the hindered mobility of the charged species trapped at the 

polymer-ceramic interfaces as frequency increases. This behavior can be better understood in the scope to 

the conductivity contributions. The real part of the conductivity of the dielectric material can be 

calculated from the dielectric measurements presented in figure 8 after equation 6: 

 

 

 

where 0  is the permittivity of free space,  is the angular frequency and    tan'''   

is the frequency dependent  imaginary part of the dielectric permittivity [39]. 

The  values for the PVDF polymer matrix and for the PVDF/BaTiO3 composites are presented in 

figure 8 as a function of frequency. The pure -PVDF polymer shows two well identified regimes, one at 

lower frequencies up to04 Hz showing a conductivity mainly dominated by the d.c. conductivity and a 

power law dependence for higher frequencies, assigned to the ac contribution to the conductivity [41].  

On the other hand the composites have one single regime for the measured conductivity in the 102 – 107 

Hz frequency range, which reveals that the main contribution of the composite conductivity arises from 

the ac conductivity. It is to notice that for frequencies above 104 Hz the behavior is similar for the pure 

polymer and the composite with respect to the frequency dependence. The main difference among the 

samples is therefore the dc contributions, which is suppressed with increasing filler content, due to 

hindering effects by the fillers to the conductivity of the polymer and a general decrease also of the ac 

conductivity: the mobility of the ionic species contributing to the ionic conductivity are hindered by the 

presence of the fillers being also trapped in the filler interfaces (MWS effect) and contributing therefore 

just to the ac conductivity. The reduction of the conductivity is larger for the smaller filler sizes and the 

largest filler contents, supporting therefore the MWS contribution to the dielectric response of the 

composites [39].  

 The behavior of the dielectric constant was evaluated according to the Bhimasankaram et al. (BSP) [42] 

and Furukawa [43] theoretical models, explained elsewhere [17]. Briefly, the BSP model is applied to a 

composite material with 0-3 connectivity in which the system is composed of spherical dielectric material 

Eq. 6 
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randomly dispersed in a continuous medium. In this model each dielectric sphere is polarized and the 

dipoles get aligned in the direction of the applied electric field. These dipoles locally modify the electric 

field in the neighboring region. The effect of local dipolar fields becomes more important for the 

composites with larger faction of dielectric particles (equation 7): 

 

         
          1212121

121212121

231231
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






qqq

qqq
 

 

where ε1 is the dielectric constant of the polymer, ε2 is the dielectric constant of the filler and q the 

volume fraction of the filler. 

Furukawa developed a mathematical expression in order to explain the dielectric behaviour of biphasic 

composites with 0-3 connectivity. This model also assumes that the ceramic particles are spherical and 

uniformly dispersed in the polymeric matrix. The entire system is dielectrically homogeneous and 

depends mainly on the dielectric constant of the matrix. The dielectric behaviour of the composites is 

predicted by: 

  

1
1

21


q

q




  

 

where ε1 is the dielectric constant of the matrix and q the volume fraction of the spherical ceramic 

particles.  

In short, whereas the Furukawa model [43] does not consider the interaction between filler and matrix, 

this interaction is considered in the BSP model [42]. 

The obtained results for the fitting with the different mathematical models are presented in figure 8b. For 

the samples with 500 nm average ceramic particle size it was observed that the Furukawa model can fit to 

the experimental data only for lower concentrations. For the higher concentrations a deviation is 

observed, being the obtained results higher than the ones predicted by the Furukawa model. On the other 

hand, the BSP model predicts with very good accuracy the experimental data for the BaTiO3 

concentrations and 500 nm particles used in the present study. In this case, the interactions condireded in 

the BSP model are able to resemble the main contributions to the dielectric constant of the composite 

system. The models presented only consider simple interactions between the filler and the polymeric 

matrix and consider a homogenous dielectric system, but in the case of the particles with  = 10 nm, as 

already observed by FTIR and DMA, the interaction between the nanoparticles and the PVDF matrix are 

more complex, due to the interaction at the interfaces between the BaTiO3 nanoparticles and PVDF 

molecules, that tend to produce locally oriented CH2 – CF2 dipoles that are packed in the TTT 

configuration characteristic of the -phase, which increases the dielectric permittivy of the material.This 

results in a large interface interaction and large contributions of the MWS effects that are not considered 

by the aforementioned models. 

Eq. 7 

Eq. 8 
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Conclusion 

 

Poly(vinylidene fluoride) (PVDF)/ BaTiO3 nanocomposites have been investigated by means of thermal, 

mechanical and electrical properties in order to evaluate the effect of filler size and content. Dielectric 

constant increases significantly when nanometric particles were used as a nucleating agent. This increase 

is particularly important for the smaller filler sizes and also shows a strong concentration dependence. 

The dependence of the BaTiO3 particle size in the dielectric properties of the BaTiO3/PVDF composites is 

ascribed to space charge effects at the interface between BaTiO3 and PVDF, which is specially relevant in 

for the smaller filler size. The filler matrix interfacial interaction leads, during crystallization, to the 

nucleation of the -phase of PVDF. The nucleation process strongly depends on the particle size, being 

almost independent on the filler content. This trend is also verified for the activation energy of the 

thermal degradation of the polymer, pointing out again to the importance of the filler size in determining 

the interaction with the polymer matrix. Smaller nanoparticle act as nucleating agent during polymer 

phase crystallization whereas the larger particles, with reduced relative interaction area for a given 

volume concentration, lead also to defects formation, as demonstrated by the mechanical properties. Also, 

increasing filler content leads to more defective structures, as shown by the decrease of the degree of 

crystalliity of the polymer matrix. As a conclusion, smaller particles lead to larger relative interaction 

areas between the ceramic filler and the polymer matrix. These interactions are responsible for the main 

variations observed in the thermal, mechanical and electrical properties of the composites. 
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