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Abstract 

 

The aim of this work is to investigate the influence of interfacial chemistry on the properties of 

fluoropolymer composites, independent of effects derived from changes in morphology, in 

particular particle dispersion state. A comparative study of solvent cast composites of 

poly(vinylidene fluoride – trifluoroethylene) with barium titanate particles, at concentrations up to 

60 vol%, was carried out using pristine hydrophilic particles, and particles hydrophobized with 

three organosilanes, bearing different functional groups (-CH3, -CH2NH2 and -CF3). For each 

filler concentration, composites with good particle dispersion and comparable amount of 

porosity with all types of particles were prepared and characterized. While pristine particles 

provided higher permittivity, all silanes decreased the dielectric losses due to Maxwell-Wagner-

Sillars dispersion, although to different extents. Moreover, only the aminosilane provided better 

thermomechanical stability to the highly filled composites. These results provide useful insights 

into the advantages and disadvantages of the use of different approaches to improve the 

dispersion of hydrophilic particles in poly(vinylidene fluoride) copolymer based composites. 

 

Keywords 

Polymer-matrix composite, Thermomechanical properties, Dielectric properties, Coupling 

agents, Interfacial chemistry 

 

1. Introduction 

 

Dielectric composites exploit the high permittivity of some lead-free perovskite ceramics, as well 

as the flexibility, ease of processing and high dielectric breakdown strength inherent to 

polymers.  These have attracted great attention as materials for embedded or high energy 

density capacitors, for e.g. for electronics and energy storage. Among the materials most 
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frequently used as matrix in dielectric composites are the polymers based on poly(vinylidene 

fluoride) (PVDF). PVDF can crystallize in five polymorphs, α, β, γ, δ, and ε, having different 

chain conformations. While PVDF homopolymer crystallizes spontaneously in the trans-gauche-

trans-gauche' (TGTG’) α-phase, the phase showing the higher dielectric constant is the all-trans 

(TTTT) -phase, in which all dipoles are aligned in the same direction. The introduction of 

trifluoroethylene moieties, such as in poly(vinylidene fluoride – trifluoroethylene), i.e. P(VDF-

TrFE) investigated in the present work, favors spontaneous crystallization in a ferroelectric 

phase similar to the -phase of PVDF. An increase in the amount of β-phase in PVDF and 

PVDF copolymers, e.g., by stretching, crystallization from appropriate solvents, or annealing, 

enhances the relative permittivity εr, but only to a certain limit, reaching values of up to 15 at 

room temperature [1,2]. Ceramics, such as barium titanate, BaTiO3, or barium strontium 

titanate, BaxSr(1-x)TiO3, have relative permittivity of the order of thousands [3,4]. If they can be 

incorporated into polymers, at high volume fractions without compromising the mechanical 

properties, dielectric losses and breakdown strength, these fillers lead to the formation of 

composites with high permittivity. However, above a certain volume fraction, namely between 

0.3 and 0.5 depending on the processing conditions, composites made with pristine ceramic 

particles are typically reported to suffer from overall property degradation. This is due primarily 

to the high contrast between the surface energy of the hydrophilic oxides and that of the 

hydrophobic fluorinated polymer, which leads to agglomeration and poor dispersion of the 

particles, formation of voids and interfacial defects [5–7]. Hot pressing proved to be a 

convenient route for obtaining PVDF-based composites with low porosity up to high filler 

concentrations, without necessarily improving particle dispersion, but this was at the expense of 

polymer crystallinity, and of the amount of -phase, which were reduced with respect to solvent 

casting [6,8,9]. 

 

In order to produce highly filled composites with good dispersion and low porosity, a widely 

used approach is to use coupling agents. These include silanes, phosphonic acids, or other 

surface modification methods that reduce the surface energy contrast between ceramic fillers 

and polymers, and in general favor filler dispersion and overall improve the properties of the 
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composite [10–12]. For instance, BaTiO3 particles or nanofibers, surface treated with sodium 

dodecyl sulfate, fluorosilanes or aminosilane, produced well dispersed PVDF composites, 

showing improved β-phase fraction, transparency, and dielectric properties, whereas the 

corresponding pristine fillers remained agglomerated and led to higher porosity and worse 

properties [13–17]. In these works, however, the very different dispersion states may have 

partly or entirely concealed effects purely due to interfacial chemistry.  

 

Interestingly, well-dispersed composites have recently been obtained with pristine particles, by 

using mixing processes that rely on high mechanical energy to break the particle aggregates, 

e.g. ball milling and solid-state dispersion. These composites were compared to composites 

with surface modified particles having a similar morphology, obtaining inconsistent results for 

the contribution of coupling agents to the composite properties. For instance, 

polypropylene/nanosilica composites showed worse mechanical and thermal degradation 

properties when particles were modified with hexamethyldisiloxane, compared to pristine 

particles [18]. On the other hand, PVDF composites showed better matrix-filler adhesion, due to 

electrostatic interactions, and showed enhanced breakdown strength when fluorocarboxylic acid 

coated BaTiO3 particles were used versus pristine particles, because the modifier formed a 

transition layer, blocking charge carriers, while permittivity was diminished [19]. In these works, 

however, only one type of coupling agent was used, and it is therefore not possible to know 

whether a different interfacial chemistry would have led to different results. Only few studies 

compared BaTiO3 filled composites, all having similar morphology, in which particles were 

pristine or modified with a number of different coupling agents. Such studies were reported e.g. 

for epoxy- and HDPE- based composites, which properties differed depending on interfacial 

interactions. These differences were attributed, first, to different interactions of the chemical 

groups of the ligands with the polymer chains, including reaction with the thermoset polymer or 

electrostatic interactions; and second, for the HDPE composites, to different entanglement 

levels of the chains of the coupling agents with the polymer chains [20,21]. Indeed, the results 

above give clear indications that the effects of interfacial chemistry must be more deeply 



 5 

understood to make better informed choices about the overall strategies for improving filler 

dispersion. 

 

Contributing to this effort, we performed a comparative work focusing on PVDF copolymer 

composites. In order to simplify the identification of interfacial chemistry effects, we selected for 

the surface modification of BaTiO3 three organosilanes that differed only for the functional group 

at the end of the organic chain (-CH3, -CH2NH2 or -CF3). Building on our previous results [6,17], 

we focused on the thermomechanical properties up to 150º C and on the dielectric properties at 

room temperature. We obtained dynamic mechanical analysis and dielectric spectroscopy data 

for solvent cast P(VDF-TrFE)/BaTiO3 composites with pristine particles having good filler 

dispersion and low porosity for particle volume fractions as high as 0.6, which were, to the best 

of our knowledge, not previously available. We then compared these results to the ones 

obtained with silylated particles, relating the observed differences to the different surface 

chemistry of the fillers. 

 

2. Materials and methods 

 

2.1. Materials 

 

P(VDF-TrFE) with 77 mol% VDF and 23 mol% TrFE, was provided in powder form by Solvay 

Solexis SpA (Italy). BaTiO3, 99.95%, electronic grade, average particle size 0.2 μm, was 

purchased from Inframat Advanced Materials LLC, USA. The silane coupling agents, 

(3-aminopropyl)triethoxysilane, 99%, (3,3,3-trifluoropropyl)trimethoxysilane, 97% and 

n-propyltrimethoxysilane, 97%, were supplied by Sigma-Aldrich (USA), and in what follows they 

will be named APTES, TFTPMS and PTMS, respectively. Their structures are shown in Fig. 1. 

Methyl ethyl ketone, MEK, 99+ %, and ethanol, 99.5%, were supplied by Acros Organics 

(Belgium). 
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Fig. 1. Structures of the silanes used in this work: (3-aminopropyl)triethoxysilane (APTES), 

(3,3,3-trifluoropropyl)trimethoxysilane (TFPTMS), and n-propyltrimethoxysilane (PTMS). 

 

2.2. Surface modification of BaTiO3 

 

BaTiO3 was modified in an ethanol/water (95/5 v/v) solution with the following procedure. 

BaTiO3 was first dispersed in ethanol, at a concentration of 0.4 g/ml, with an Ultra-Turrax T25 

digital disperser (IKA Werke GmbH & Co. KG, Germany) for 15 min at 10000 rpm. Then the 

mixture was sonicated with a Sonifier 450 digital ultrasonic horn (Branson Ultrasonics 

Corporation, USA) at 40% intensity, with 5 s on / 5 s off pulses, applying ultrasounds for an 

effective time of 5 min. Finally, the deionized water and the desired silane were added, and the 

solution was stirred for 2.5 h at 70 °C. After centrifugation at 8000 rpm for 10 min (Heraeus 

Biofuge Primo Centrifuge, Thermo Fisher Scientific Inc., USA) the precipitated powder was 

dried at 110° C for 30 min to promote silanol condensation, ground in a mortar, washed twice 

with ethanol, dried again in a vacuum oven overnight, then kept in a desiccator until further use.  

Trifunctional silanes can attach with one, two, or three of their hydrolysable groups to the 

hydroxyl groups present on the surface of the particles [22]. To calculate the minimum amount 

of silane needed to ensure a complete monolayer coverage of the BaTiO3 particles it was 

assumed that the concentration of hydroxyl groups on the surface of the BaTiO3 particles, 

available for reaction with the silanes was 13.8 OH/nm2 [23] , and that each silane molecule 

reacted with only one surface hydroxyl group. Under these assumptions, 0.026 g of APTES or 

TFPTMS or 0.019 g of PTMS per gram of BaTiO3 would be necessary for complete 

consumption of the surface hydroxyl groups. Therefore, a slight excess of silane, i.e. 0.03 g 
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silane per gram of BaTiO3, was used in the surface modification. In what follows, BT will 

indicate pristine BaTiO3 particles, and BT-A, BT-F, and BT-P will indicate particles modified by 

APTES, TFPTMS and PTMS, respectively.  

 

2.3. Fabrication of solvent cast films 

 

The procedure used for the fabrication of the composite films was based on that used in 

previous work [17], however the concentration of polymer with respect to the solvent was 

increased to prevent settling of the particles, the sample was homogenized at higher speed to 

improve particle dispersion, and the thickness of the films was reduced to allow more 

homogeneous evaporation of the solvent. According to this updated procedure, a solution was 

prepared dissolving P(VDF-TrFE) at a concentration of 10 wt% in MEK at 60 °C. For the 

composites, appropriate quantities of of BaTiO3, pristine or silylated, were slowly added to the 

P(VDF-TrFE)/MEK solution while stirring in order to obtain materials with particle volume 

fractions ϕ equal to 0.15, 0.3, 0.45 and 0.6. The density of BaTiO3 was taken equal to 5.8 g cm-3 

according to the supplier’s information, and that of P(VDF-TrFE) equal to 1.9 g cm-3 [24]. The 

mixtures were stirred with a magnetic stirrer for 1 h at 60 °C, sonicated with the Sonifier 450 

with 5 s on/ 5 s off pulses for a total ultrasound time of 5 min, and homogenized with the Ultra-

Turrax T25 at 10000 rpm for 15 min.  After degassing in vacuum, the mixtures were cast on 

glass and dried in a vacuum oven at 80 °C for 4 h. The films, 40-50 μm thick, were detached 

from the glass support and annealed at 135 °C for 30 min to increase crystallinity. 

 

2.4. Characterization techniques 
 

Thermogravimetric analysis (TGA) was used to verify the surface modification of the BaTiO3 

particles. It was performed with a TGA/SDTA 851 apparatus (Mettler Toledo, Switzerland), 

heating from 30 °C to 800 °C at 10 °C min-1 under N2 flow (30 ml min-1).  

 

Freeze fractured surfaces of the nanocomposites were carbon coated to prevent charging and 

observed with a XL30 FEG (Philips, The Netherlands) scanning electron microscope (SEM).  
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The density of the nanocomposites with ϕ = 0.45 and 0.6 was determined by Archimede’s 

principle, with an AT261 DeltaRange balance equipped with a density kit ME-210250 (Mettler 

Toledo, Switzerland). The porosity was then estimated for each composite by comparing the 

measured density to the theoretical one calculated on the basis of the mass fractions and 

densities of the matrix and filler. 

 

The crystal structures of P(VDF-TrFE) and of BaTiO3 were probed by X-ray diffraction (XRD) on 

a D8 Discover diffractometer (Brucker AXS, USA) with CuKα radiation.  

 

Differential scanning calorimetry (DSC) was used to determine the phase transition 

temperatures and the degree of crystallinity of P(VDF-TrFE), alone and in the composites. The 

measurements were carried out heating at 10 °C min-1 from 0 °C to 180 °C and then cooling 

from 180 °C to 0 °C at 10 °C min-1.  

 

The thermomechanical properties were measured by dynamic mechanical analysis (DMA) in 

tensile configuration with a Q800 DMA (TA Instruments, USA). The measurements were 

performed on 6 mm wide rectangular specimens, between -80 °C and 150 °C, at a heating rate 

of 3 °C min-1 and a frequency of 1 Hz. The strain was fixed at 0.05 % in order to stay within the 

linear viscoelastic range of the materials. 

 

For the dielectric characterization gold electrodes were deposited on both sides of the films by 

sputtering, and square specimens with an area of about 40 mm2 were then cut.  Capacitance 

and loss tangent were measured at room temperature as a function of frequency with an Agilent 

4294A Precision Impedance Analyzer (Agilent Technologies, Inc., USA) between 102 and 107 

Hz, with a voltage of 0.5 Vrms. Relative permittivity was then calculated from capacitance, 

knowing the electrode-covered area and the thickness of each sample. 
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3. Results and discussion 

 

3.1. Surface modification of the particles 

 

The surface modification of the BaTiO3 particles was verified by TGA (Fig. 2). In the 

temperature interval up to 300 °C, while the silylated powders showed a weight loss of less than 

0.1 wt%, the pristine BaTiO3 powder lost 0.15 wt%. This weight loss was mainly ascribed to 

adsorbed water, released below 200 °C; the difference may therefore indicate that less water 

was adsorbed on silylated powders, due to their lower hydrophilicity. The pristine BaTiO3 

showed a second weight loss, above 450 °C, of an additional 0.18 wt%, attributed to the loss of 

surface hydroxyls. This loss matches reasonably well with the theoretical surface hydroxyl 

content calculated taking a surface concentration of 13.8 OH groups per nm2, as indicated 

above, which corresponds, for 200 nm particles, to 1.2 × 10-4 mol OH per gram of BaTiO3, i.e 

0.20 % in weight. For the silylated powders the second weight loss already started at 300 °C. 

BT-A and BT-P showed gradual weight loss until 800 °C, of additional 0.35 wt% and 0.3 wt%, 

respectively, while BT-F showed a steeper weight loss of additional 0.35 wt%, up to 650 °C, 

with no further change up to 800 °C. This may be attributed to a lower thermal stability of the 

fluorosilane, due to the presence of an electron withdrawing group [25]. For the silylated 

powders the weight loss above 300 °C can be related to the loss of the grafted silane chains. 

The theoretical weight loss calculated in the hypothesis that each OH group was replaced by 

one silane molecule would be of 0.6 wt%, 1.15 wt% and 0.51 wt% for BT-A, BT-F and BT-P 

respectively. Therefore, the TGA data implied that only slightly more than half of the theoretical 

maximum amount of silane was grafted for BT-A and BT-P, and only about one third for BT-F, 

although a slight excess of silane was used during the powder modification. This may indicate 

either a low efficiency of the silylation reaction, or that each silane molecule was attached with 

more than one hydrolysable group to the particle surface.  
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Fig. 2. Thermogravimetric analysis of the pristine and surface treated BaTiO3 particles. 

 

3.2. Morphology and structure of the composites 

 

The SEM observation of the freeze-fractured surfaces of the composite films (Fig. 3) showed in 

all cases a homogeneous through thickness distribution of the filler and particle dispersion was 

overall good, with only few small aggregates still present. The matrix infiltrated well in the 

spaces between the BaTiO3 particles. Upon fracture, the BT and BT-A particles remained well 

covered by the matrix.  In the case of BT-F and BT-P, particles with matrix free surface could be 

observed, indicating weak matrix-filler adhesion. The SEM observation did not highlight large 

voids, while small pores with dimensions ranging from less than 100 nm to approximately 1 μm 

were visible. The density measurements of the composites with ϕ = 0.6 indicated about 16 % 

porosity with BT particles, 11 % porosity with BT-A particles, and 9% porosity with BT-F and 

BT-P particles. For all composites with ϕ = 0.45 the measured density matched the theoretical 

one, indicating that porosity was negligible. In our previous work, where less intense mixing 

conditions were used, the porosity with ϕ = 0.6 of pristine BaTiO3 particles was about 28%, and 

large aggregates were present, while with the same volume fraction of APTES treated particles 

porosity was reduced to about 18% and particle dispersion was improved [17]. 
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Fig. 3. SEM images of freeze fractured surfaces of composite films (ϕ = 0.6) containing: (A) BT, 

(B) BT-A, (C) BT-F and (D) BT-P  

 

The heating and cooling DSC scans (Fig. 4) showed substantially similar patterns for the 

composites made with pristine and modified particles. The Curie transition peak during the 

cooling cycle appears at lower temperature than in the heating cycle, showing the thermal 

hysteresis behavior typical of PVDF copolymers similar to that used in this work, related to the 

first-order character of the ferroelectric-to paraelectric phase transition, as documented in 

literature [26–28]. Some small differences in the shape and position of the peaks, which did not 

seem to be correlated with the type of surface modification of the particles, appeared mostly for 

the highly filled films, and are thought to be likely related to process variability. The cooling and 

heating scans for composites with ϕ = 0.15 and ϕ = 0.6 are given in Fig. 4; the scans for 

composites with ϕ = 0.3 and ϕ = 0.45 were very similar to those obtained for ϕ = 0.15 and are 

reported in Supplementary Information (Figure S1). The melting and crystallization enthalpies 

(Fig. 5) scaled with the volume fraction of BaTiO3 in good agreement with the theoretical 

calculation until ϕ = 0.45, indicating negligible effect of the particles on the crystallinity of the 

matrix. A very slight decrease of the measured enthalpies with respect to the theoretical ones, 
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and hence of crystallinity, was detected at ϕ = 0.6, with no significant differences due to the 

particle surface modification, similarly to what observed in previous work [17].  

 

Fig. 4. DSC heating and cooling scans of films of P(VDF-TrFE) unfilled ( = 0) and filled with 

BaTiO3 particles, pristine and surface modified ( = 0.15 and 0.6).  

 

Fig. 5. Enthalpy of fusion (ΔHm) and enthalpy of crystallization (ΔHc) of film samples as a 

function of BaTiO3 volume fraction (ϕ).  The star symbol indicates the unfilled polymer film, the 

other symbols the composite films containing untreated (BT) and silylated (BT-A, BT-F and BT-

P) particles. The solid line indicates the theoretical ΔH at each BaTiO3 content, calculated from 
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the ΔH of the pure polymer film, and the dashed lines give the error on the theoretical 

calculation due to the error on the measured ΔH of the pure polymer. 

 

The X-ray diffraction pattern of P(VDF-TrFE) films showed a peak at 2θ = 20° attributed to the 

ferroelectric β-phase of the polymer (Fig. 6A). The peaks characteristic of α-phase were not 

detected. The β-phase peak was also investigated for the films with ϕ = 0.15 and appeared with 

the same shape and position as for the pure polymer, showing that the inclusion of BaTiO3, 

pristine or silylated, did not significantly alter the crystalline form of the polymer at this 

concentration (Fig. 6A). The XRD scans taken in the 2θ = 44.5° – 46° region on films with ϕ = 

0.6 (Fig. 6B) are unchanged with respect to those of the pristine BaTiO3 in powder form. The 

ratio of the intensities of (002) and (200) reflections is approximately 1:2, indicating equal 

distribution of ferroelectric domains with polarization in the plane of the film and perpendicular to 

the film surface. This indicates that the domain structure of BaTiO3 within the composite is not 

affected either by the surface modification or by the film fabrication process. On the other hand, 

XRD scans of the same region in composite films with ϕ = 0.15 (Fig. 6C) showed reduced 

intensity of the (002) plane reflection with respect to the powder scan, with no significant 

difference due to the type of particle. This indicates a lower fraction of domains with polarization 

perpendicular to the film plane, which could be consequence of stresses or texturing in the 

composite with the higher amount of matrix surrounding the particles. The apparent shifts in the 

peaks’ positions are instead most probably due to slight mispositioning of the films in the 

sample holder. 
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Fig. 6. X-ray diffraction patterns of (A) unfilled P(VDF-TrFE) and composites with ϕ = 0.15 

showing the reflection peak corresponding to the polymer’ s crystalline β-phase, and (B and C) 

composites with  = 0.6 and  = 0.15 showing the reflection peaks of the (002) and (200) planes 

of BaTiO3. 

 

3.3. Thermomechanical properties 

 

Figures 7 and 8 show the results of the dynamic mechanical analysis. For the composites with 

ϕ = 0.3 and ϕ = 0.45 of BT-P it was not possible to obtain proper specimens for testing as they 

consistently broke while cutting them. In Fig. 7 are reported the experimental E’ values at 25 °C 

and the upper and lower bounds calculated with the Hashin-Shtrickman (HS) model [29] as a 

function of ϕ.  
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Fig. 7. Storage modulus (E’) of the composites at 25 °C and upper and lower bounds calculated 

with the Hashin and Shtrickman model (HS) as a function of BaTiO3 volume fraction. 

 

With pristine particles, E’ increased with ϕ up to a value of 8.8 GPa at ϕ = 0.45, then slightly 

decreased to 7.6 GPa for ϕ = 0.6, a value not far from the HS lower bound of 8.9 GPa. In 

previous work, where similar BaTiO3 particles as in this work were used, a value of only about 

3.2 GPa, well below the HS lower bound, was obtained with ϕ = 0.6 of untreated particles, due 

to poor dispersion and high porosity [17].  No other dynamic mechanical analysis data for 

solvent cast composites with pristine BaTiO3 particles up to this high concentration were found 

for comparison. The E’ obtained with BT-A and BT-F particles were similar as with pristine 

particles up to ϕ = 0.45, and still slightly increased at ϕ = 0.6, to 8.5 GPa and 8.8 GPa, 

respectively. The modulus obtained with BT-A particles, as expected, was similar to that found 

in our previous work for similar composites, i.e. 8.2 GPa, as the aminosilane treatment 

facilitated good particle dispersion with all mixing conditions [17].  The composites with ϕ = 0.6 

of BT-P had much lower modulus than with all the other types of particles.  
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Fig. 8. Storage modulus (E’) as a function of temperature for composites containing pristine and 

modified particles. 

 

The storage moduli, E’, of the different composites as a function of temperature are reported in 

Fig. 8, and the corresponding tanδ curves are reported in Figure S2 of the Supplementary 

Information. The storage moduli E’ of composites with ϕ = 0.15 and ϕ = 0.3 did not show major 

differences attributable to the surface modification of the filler in the entire temperature range. 

For the composites with ϕ = 0.45, the storage moduli were comparable for BT, BT-A and BT-F 

at low temperature; when temperature increased the composites containing BT-A showed a 

somewhat faster decrease of E’ than the others but always resisted until the melting 

temperature of the matrix (about 150 °C), while more than half of the tested specimens 

containing pristine BT particles and all the tested specimens containing BT-F broke at about 

110 °C under the small strain applied during the DMA test. Similarly, for ϕ = 0.6 only the 

composites filled with BT-A particles did not fail until the melting temperature of the matrix, while 

for all the other types of particles all the tested specimens failed around 100 °C. In order to 

understand this effect, the average distance h between two neighbor filler particles can be 

considered [30]: 

 

ℎ

𝑑
= [(

1

3𝜋𝜙
+

5

6
)

1

2
− 1]          (1) 
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With a particle diameter d = 200 nm, assuming monodispersed particles, for ϕ = 0.6, h is as low 

as 1.01 nm (for ϕ = 0.15, h = 48.3 nm; for ϕ = 0.3, h = 17.9 nm; for  ϕ = 0.45, h = 6.80 nm); at 

such high concentration, close to the random packing limit of ϕ = 0.64, all polymer chains are in 

contact with the surface of the particles, treated or not, i.e., interfacial interactions dominate 

effects such as fracture toughness. In the case of highly filled composites, the BT-A composites, 

despite having at ϕ = 0.6 slightly higher porosity, and hence slightly lower E’, than BT-F 

composites, show better thermomechanical stability. This suggests that, among the silylated 

particles, only those modified with APTES formed a stronger interface with the polymer, 

possibly due to the combined effect of a lower surface energy compared to the pristine particles 

and to the possibility of H-bond formation between the amine group of the silane and the F 

atoms of the polymer, as proposed by some authors [31,32]. In contrast, TFPTMS and PTMS 

did not allow for the formation of strong matrix-particle bonds, as also highlighted by SEM 

observation.  

 

3.4. Dielectric properties 

 

The relative permittivity (r) and dielectric loss tangent (tandiel) of the P(VDF-TrFE) and 

composite films, reproduced in Fig. 9,  showed the typical features observed for this polymer 

[33]. For neat P(VDF-TrFE) relative permittivity had a nearly constant value, r = 10, at 

frequencies lower than 104 Hz, and decreased at higher frequencies. The tandiel had a value 

lower than 0.02 below 2×103 Hz and increased at higher frequencies; the peak that appears at 

frequencies above 106 Hz is related to the a relaxation process, associated with the glass 

transition of PVDF-TrFE. According to some authors this relaxation originates from the micro-

Brownian cooperative movement of the amorphous phase chain segments, while others 

attribute it to movements of the crystalline-amorphous interphase [1,34–36]. The r of sintered 

pristine BaTiO3 was measured to be around 2100 in the entire range of frequencies, with tandiel 

< 0.02. For the composites, εr was generally lower with surface modified particles than with 

pristine particles, following the order BT-P<BT-A<BT-F<BT; the differences between the r 

values due to surface modification were larger at the higher particle volume fractions. All the 
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composites with ϕ = 0.15 had fairly constant εr and tan δdiel values in the low frequency range, 

while the composites with ϕ ≥ 0.3 containing pristine BaTiO3 showed a stronger frequency 

dependence of the dielectric properties at frequencies below 104 Hz than their homologues 

made with treated particles. Since the effect is present in the samples with the same 

concentration of BaTiO3 particles it is reasonable to ascribe it to interfacial effects, which are 

expected to be different for particles treated with silanes with different functional groups.  The 

presence of the silane layer may indeed modify the charge distribution at the polymer-ceramic 

interface [37], modifying the interfacial effects. The most effective suppression of interfacial 

effects was obtained with APTES modified particles, leading to tanδdiel ≤ 0.02 in the 102 - 104 Hz 

range, comparable to that of the unfilled polymer, even for composites with ϕ = 0.6.  Similar 

effects were previously attributed to Maxell-Wagner-Sillars (MWS) interfacial polarization [38] 

which was found to be strong in composites with small (< 500 nm) untreated particles [39].  
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Fig. 9. Relative permittivity (εr) and dielectric losses (tandiel) as a function of frequency of 

composites containing pristine and modified particles. As a reference, plots for unfilled P(VDF-

TrFE) are reported in all graphs (grey short dash line). 

 

The evolution of the values of εr, measured at 104 Hz and at 107 Hz, with the volume fraction ϕ 

of BaTiO3 particles is shown in Fig. 10 (full symbols), together with the permittivity values 

predicted by two models, proposed by Bruggeman and by Jayasundere et al. [40,41]. Note that 

these models (as well as others available in the literature) do not include effects of dispersion 

and geometrical details. A description of the application of these models to 

P(VDF-TrFE)/BaTiO3 composites can be found elsewhere [6]. The values used in this work for 

the relative permittivities of P(VDF-TrFE) and of the BaTiO3 particles were the measured values 

at the respective frequencies, i.e. 10.4, 10.0 and 5.8 for the polymer and 2130, 2100 and 2164 

for the particles.  

 

 

Fig. 10. Relative permittivity (at 102 Hz, 104 Hz and 107 Hz) as a function of BaTiO3 volume 

fraction () of composites containing pristine and modified particles (full symbols indicate the 

measured permittivity and hollow symbols indicate the permittivity of the non-porous composite 

calculated with eq. 3), and predictions obtained with the Bruggeman and the Jayasundere 

models. 
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For the composites with ϕ ≤ 0.3 of both pristine and modified particles, as well as with ϕ = 0.45 

of silylated particles, the values of εr were well in line with the predictions of the models. 

Furthermore, although a comparison with literature data must take into account that the 

permittivity of the BaTiO3 particles, and hence of the composites, depends on several factors, 

including e.g. grain size, impurities and defect concentration, the permittivity values obtained 

here are comparable to those reported in literature [14,42–46] . Remarkably, the εr value close 

to 80, obtained here with ϕ = 0.45 of BT, was not only higher than those reported for similar 

solvent cast composites with pristine BaTiO3 particles, which were generally below 60 [7,45,47], 

but also sensibly higher than both the values obtained here with all silylated particles and the 

values predicted by the models. Finally, above this volume fraction the relative permittivity still 

increased with ϕ with all particles, although to a lower extent than predicted by the models. The 

εr values obtained with ϕ = 0.6 of silylated particles were, as expected, close to the value 

obtained with aminosilane treated BaTiO3 in our previous work; however, while previously we 

had found that composites with pristine particles had similar εr as with silylated particles, despite 

having a much higher porosity, in this work the composites with pristine particles showed higher 

εr than with silylated ones [17]. No further comparison with other authors’ data was possible, as 

although increasing permittivity up to ϕ =  0.67 was recently reported for spin coated films 

containing BaTiO3 particles modified with a fluorosilane, the εr achieved was lower than here 

possibly because the particles had a very different size [14], and no data were found for solvent 

cast composites with ϕ = 0.6 of pristine BaTiO3 particles.  

 

Considering the possible causes of the mismatch between the predicted and experimental 

values of εr at ϕ = 0.6, a possible overestimation of the permittivity of the particles, leading to a 

larger error on the predicted permittivity value at high than at low particle volume fraction, was 

considered here as unlikely (see Supplementary Information).  A more likely explanation is that 

the porosity of the films with ϕ = 0.6, although not large, had a noticeable effect on the 

permittivity of the composites. This can be taken into account applying the logarithmic rule of 

mixtures: 
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log 𝜀 = (1 − 𝜙𝑣) log 𝜀𝑛𝑝𝑐 + 𝜙𝑣 log 𝜀𝑣       (2) 

 

where ε, εnpc and εv are the relative permittivities of the porous composite, of the non-porous 

composite and of the voids, respectively, and ϕv is the volume fraction of the voids. The 

theoretical permittivity εnpc of a composite without porosity would therefore be:  

 

log 𝜀𝑛𝑝𝑐 = (log 𝜀 − 𝜙𝑣 log 𝜀𝑣) (1 − 𝜙𝑣)⁄        (3) 

 

Indeed, as shown in Fig. 10 (hollow symbols), for composites with silylated particles, the εnpc 

calculated from eq. 3 was close to the models’ predictions, while the calculated εnpc for the 

composites with ϕ = 0.6 of BT particles was found to be even higher than predicted by the 

models.  

 

To summarize, two main observations may be reported. The first one is that the permittivities of 

composites with pristine particles were higher than those of composites with silylated particles. 

With respect to this,  in several studies the use of silanes to obtain better particle dispersion and 

decrease porosity in solvent cast PVDF and PVDF-TrFE composites with high particle volume 

fractions led to increased εr, although the opposite effect, i.e. a lower εr with modified particles, 

was observed for ball-milled or compression molded composites [17,19]. As in the latter case, 

the higher permittivity obtained here with pristine particles was believed to be the result of two 

opposite effects: the porosity increase with pristine versus silylated particles (that would lead to 

lower εr ) was in this case relatively small, and a decrease of the permittivity of the surface 

treated particles, due to the presence of the silane layer, as reported by Beier et al. for 

n-hexylphosphonic acid modified BaTiO3 particles [48], may have become the predominant 

effect. The second observation is that the εr of the BT composites with ϕ = 0.45, and the 

calculated εnpc for the BT composites with ϕ = 0.6, were higher than the εr predicted with the 

Bruggeman and Jayasundere models. In this case, although a contribution of interfacial 

polarization to the εr of these composites may be considered at low frequencies, the presence 

of the effect at frequencies higher than 104 Hz in our experiments may suggest a different 
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mechanism. One possibility, percolation effects due to the high volume fraction of particles, 

which could be diminished by the presence of the silane layer, would require further 

investigation. 

 

4. Conclusions 

 

In this work, solvent cast composites with volume fractions as high as 0.6 of BaTiO3 particles, 

pristine and silylated, were prepared with a procedure that allowed obtaining good dispersion 

and low porosity with all types of particles. Having obtained materials with similar morphology 

and structure, we could assume that the observed effects were purely due to the surface 

chemistry of the particles. Pristine particles, and particles modified with three different silanes, 

with CH3, CH2NH2 and CF3 functional groups, were considered. Composites with well dispersed 

pristine particles had higher permittivity and comparable storage modulus than composites with 

silylated particles, up to high particle volume fractions. However, they also had the highest 

dielectric losses at low frequencies, and with high particle volume fractions they did not survive 

above 100 °C under the small deformation applied in the dynamic mechanical analysis. 

Although both the aminosilane and the fluorosilane provided a slight increase of the storage 

modulus for a filler volume fraction of 0.6, only the aminosilane, whose organic chain contained 

a functional group capable of forming H-bonds with the polymer, provided composites with 

better thermomechanical stability, highlighting the importance of creating stronger interfacial 

bonds versus a simple surface energy reduction. The aminosilane also decreased dielectric 

losses at low frequencies, to a higher extent than the silanes that contained alkyl or fluorinated 

chains. Overall, the use of the silane with an alkyl chain led to composites with worse dielectric 

and thermomechanical properties. These findings contribute to create a knowledge base for a 

more rational choice of the surface modification and dispersion strategies to be used for the 

manufacturing of such composites. A continued effort to further reduce the porosity at high 

ceramic volume fractions, combined with a proper choice of the chemistry of the particle surface 

modifier, will allow achieving a good compromise between thermomechanical stability and 

dielectric properties.  
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