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Abstract 

Photopolymerization or UV curing represents a fast and solvent-free technique to obtain 

polymer-based composites, being one of the main methods used in lithographic processes, 

surface coatings and the manufacture of integrated circuits. This work reports on the 

development of UV curable barium titanate/ polyurethane acrylate (BaTiO3/PUA) composites 

with varying ceramic contents in order to tailor the dielectric response of the material. A good 

dispersion of the ceramic particles within the polymer matrix is obtained, together with a 

thermal stability of the composites up to 160 ºC. The inclusion of the BaTiO3 nanoparticles onto 

PUA photoresin slightly decrease the glass transition temperature of the organic matrix. The 

obtained white coloured films show mechanical flexibility with elongations at break up to 25%. 

The increase of BaTiO3 content leads to an increase of the dielectric constant up to 25 for 

sample with 65 wt% content. The size of the BaTiO3 nanoparticles proved not to be a key factor 

on determining the dielectric constant value of the composite for filler sizes up to 100 nm. 

Theoretical studies demonstrate that the model that better predict the behaviour of the 

BaTiO3/PUA composites is the Tinga model, giving insights on the physical phenomena 

determining the dielectric response of the materials. Thus, high dielectric UV curable 

composites are obtained suitable for microelectronics applications. 
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Introduction 

Technology is nowadays increasingly driven by the Industry 4.0 concept that includes and takes 

advantages of the Internet of things (IoT), cyber-physical systems and the Internet of services 

(IoS) [1,2]. 

IoT represents the network that allows a dynamic connection between different everyday objects 

[3,4], this system allowing digitalization and computerization of daily tasks and, therefore, 

energy saving, increased security and improved quality of life, among others [5]. 

Further, in order to achieve full development and improved performance, IoT and Industry 4.0 

still need the development of advanced -smart and multifunctional- materials and production 

methods [6–8]. 

In this context, flexible electronics composed by organic and inorganic nano-structured 

materials show the necessary requirements for IoT applications: mechanically flexible devices, 

possibility to be implemented in large areas, conformable in different sizes and shapes, low cost 

and flexible fabrication methods and lower environmental impact [9,10]. Thus, a large variety of 

materials have been investigated as appropriate materials for IoT related devices, including 

thermoelectric materials [11], wearable antennas for autonomous communication and sensing 

[12], or piezoelectric, magnetostrictive, and magnetoelectric materials for sensing and energy 

harvesting applications [7,8,13–15]. 

Directly related with the production of flexible electronics, printing techniques emerge as 

suitable approach as they allow the additive manufacturing deposition on large areas in rigid as 

well as flexible or irregular surfaces of (multi)functional materials [8,16]. In particular, among 

the different printing techniques, non-contact methods such as inkjet printing, laser-induced 

forward transfer or aerosol-jet printing can transfer inks to substrates without damage or 

contamination risks [17]. Therefore, they enable material deposition on irregular surfaces and 

are attractive for the production of printed electronics [18–20]. 

Printed electronics has been traditionally focusing on conductive materials [21–24]. 

Nevertheless, passive electronic components are essential for the fabrication of sensing and/or 

wireless systems and devices. In fact, the printing of those passive components will improve 

device integration, as passive electronic components, including capacitors or coils, are still the 

most voluminous parts of the current printed electronic circuits [25]. 

Electronic circuits require very specific functional characteristics, and this continues to be a 

challenge for printing techniques. In order to overcome this challenge, two different approaches 
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can be distinguishing: process engineering where the currently existing materials are tailored in 

terms of shape, geometry and interconnectivity [25], or material engineering where new 

materials with tailored functional characteristic for each application (such as electrical 

conductivity or dielectric constant) are developed. 

In particular, for dielectric materials, the main approach for tailoring dielectric constant is to 

include large dielectric constant ceramic particles into polymeric matrix [26]. Polymers offer 

advantages such as easy processability or good mechanical properties, while ceramic particles 

provide high dielectric features [27]. Further, composite with related properties such as 

piezoelectric, pyroelectric or ferroelectric properties can be also processed [8]. The most used 

ferroelectric ceramic for this purpose is barium titanate, BaTiO3, crystallizing in perovskite 

structure, as it is a lead free ceramic with high dielectric constant (ε), depending on its purity, 

grain size, temperature or preparation method [28,29].  In the case of polymers, 

polymethylmethacrylate [30], polyetheretherketone (PEEK) [31], polystyrene [32], or 

polyvinylidene fluoride (PVDF) [33,34] have been used for the developments of those 

composites. 

In the context of materials for printed electronics, photopolymerizable or UV curable polymers 

emerge as a good alternative to solvent or melting processing due to the advantages of 

photopolymerization process, including room curing temperature, curing times of minutes or 

seconds, reduced VOC emissions and space and energy efficiency, among others [7]. Up to 

now, just a few studies on UV curable dielectric materials have been reported, mainly focussing 

on the electrical properties of the materials. Among them, polyethylene glycol diacrylate 

composites with BaTiO3 particles with two different sizes and filler concentrations up to 50 

wt% has been developed [27], as well as composites based on UV-curable resin Loctite® with 

Ag and BaTiO3 nanoparticle content up to 56.2 vol% [35], leading to films with dielectric 

constants between 25 and 300, depending the filler size and concentration. It is to notice that 

relevant parameters such as mechanical ones or in.depth theoretical modelling/interpretation of 

the observed behaviours have not been reported for these or related systems. 

In this work, UV curable BaTiO3 based nanocomposites with tailored dielectric response have 

been developed. The influence of the barium titanate content and size were evaluated in terms of 

morphological, thermal, mechanical and dielectrical properties of the composites. Further, the 

effect of the inclusion of the filler in the curing process of the polymer has been assessed as well 

as a theoretical evaluation providing insights on the relevant interactions determining the 

experimental dielectric results. 
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Experimental 

Materials 

Polyurethane acrylate (PUA) photoresin SPOT-ETM (SPOT-A Materials®) was selected as the 

UV curable polymer matrix. Barium titanate (BaTiO3) nanopowder with three different grain 

sizes (50-70 nm, 100 nm and 200 nm) were used as fillers for the preparation of the composite 

films. All powders showed a purity of 99.9% and a density of 5.85 g/cm3, were provided by 

SkySpring Nanomaterials, Inc. 2-Propanol (99.9%, Octopus® fluids) was used as sample 

cleaner. All composites samples were processed using the BaTiO3 and the photoresin as 

received. 

Samples preparation 

The samples were prepared mixing different amounts of the barium titanate particles of 100 nm 

size with the corresponding volume of the polyurethane acrylate (PUA) resin to obtain 0, 20, 40, 

60, 65 wt% BaTiO3 content samples. Samples with 40 wt% content and barium titanate powders 

of 50-70 nm and 200 nm sizes have been also prepared. To promote a good dispersion of the 

barium titanate particles, the samples were placed in an ultrasound bath (ATU® ATM series 

Model ATM3L) during 5 h at a temperature of 30ºC. Then, samples were magnetically stirred at 

room temperature for 1h. After a complete dispersion was obtained, flexible films were 

prepared using doctor blade technique on a clean glass substrate. The samples were cured at 

room temperature for 5 minutes with a UV-LEDs lamp (405 nm wavelength, 50 mW/cm2 of 

irradiance). Figure 1 shows the schematic process of the PUA and BaTiO3/PUA composites 

preparation. Highly flexible composite films with a thickness around 250 µm were obtained, 

determined by a coater measurement gauge Fisher DualScope MPOR. Samples were stored at 

room temperature in the absence of illumination for further studies. The prepared samples are 

summarized in Table 1. 

Table 1 – Nomenclature and composition of the prepared samples. 

Sample PUA resin (wt%) 
50-70nm BaTiO3 

(wt%) 

100nm BaTiO3 

(wt%) 

200nm BaTiO3 

(wt%) 

PUA0 100 - - - 

PUA20_100 80 - 20 - 

PUA40_50 60 40 - - 

PUA40_100 60 - 40 - 

PUA40_200 60 - - 40 

PUA60_100 40 - 60 - 

PUA65_100 35 - 65 - 
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Figure 1 – Schematic representation of the preparation procedure of neat PUA and the corresponding BaTiO3/PUA 

composites films. 

Sample characterization 

The evaluation of the photopolymerization reaction was carried out by Fourier transform 

infrared spectroscopy (FTIR) in a Thermo Nicolet Nexus 670 at the same time as the sample 

was illuminated with a UV laser at 405 nm. To perform the measurements, one drop of the 

different samples was deposited onto a KBr pellet and the absorbance spectrum as a function of 

time (one spectra per second, between 0 and 20 minutes) was collected in the spectral range 

from 4000 to 400 cm-1 with a spectral resolution of 4 cm-1. The photopolymerization reaction 

was evaluated by monitoring the decrease in the absorbance of the double bond group centred at 

1635 cm-1. The conversion degree (α) of these double bonds was calculated considering the 

absorbance at 1635 cm-1 normalized with the carbonyl peak centred at 1730 cm-1, according to 

equation (1) [36]: 

 
 

(1) 

The dispersion of the barium titanate fillers within the polymer matrix was evaluated by 

Scanning Electron Microscopy (SEM). The images on the cross-section of the cold fractured 

samples were obtained in a Hitachi S-4800 scanning electron microscope at accelerating voltage 

of 10 kV with magnifications of 400× and 5000×. Fourier transform infrared spectroscopy in 

the total attenuated reflection mode (FTIR-ATR) was also used to study the possible 

interactions between the polymer and the nanofillers. Measurements were performed with a 

Nexus FTIR Nicolet spectrophotometer in the spectral range of 4000 to 600 cm-1 with a spectral 

resolution of 4 cm-1 and 64 scans. 
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The thermal stability of the samples was evaluated by thermogravimetric analysis (TGA) in a 

Mettler Toledo TGA/SDTA851 instrument. The tests were performed from room temperature to 

800 ºC, at heating rate of 10 ºC min-1 under nitrogen atmosphere. Two parameters were obtained 

from the thermograms: the degradation temperature (Tdeg), measured as the extrapolated onset of 

the curve, and the temperature of maximum degradation rate (Tmax), calculated as the first 

derivative peak temperature. 

The effect of the inclusion of the fillers on the thermal transitions (glass transition temperature, 

Tg) of the polymer was evaluated by differential scanning calorimetry (DSC). Experiments were 

carried out using a DSC 822e from Mettler Toledo from -50 to 250 ºC at a rate of 20 ºC min-1 

under nitrogen atmosphere in two successive scans. The glass transition temperature was 

calculated as the extrapolated onset of the baseline shift. 

Mechanical properties were evaluated with a universal testing machine Shimadzu model AG-IS 

with a load cell of 1 kN. Measurements were performed at room temperature, in tensile mode, at 

a velocity of 3 mm min-1, in samples with dimensions of 30 mm x 10 mm and an average 

thickness of 250 μm. The secant modulus (E) of the samples (calculated from the slope of the 

linear region), the maximum stress (σb) and the strain at break (εb) were determined. The values 

reported represent the mean average value and the standard deviation over 5 specimens. 

The dielectric properties were obtained after measuring the capacity, C, and the dielectric losses, 

tan δ, at room temperature. An automatic Quadtech 1929 Precision LCR meter was used in 

frequency scans between 100 Hz and 1 MHz at an applied voltage of 0.5 V. Measurements were 

performed in samples in the parallel plate condenser approximation and thus, two circular gold 

electrodes of 5 mm diameter were deposited onto both sides of the samples by magnetron 

sputtering Quorum Q150T SC502 sputter coater. The real part of the relative permittivity or 

dielectric constant (ε´) was calculated by applying equation (2) [37]: 

 
 

(2) 

where C is the measured capacity, d is the thickness of the sample and A is the area of the gold 

deposited electrodes. 

Results and discussion 

Photopolymerization process 

The photopolymerization reaction conversion (α) as a function of the exposure time for the 

pristine resin and the prepared samples is shown in Figure 2a (filler content dependence) and 

Figure 2b (filler size dependence). It is observed that increasing barium titanate content and size 

induce an important decrease on acrylic double bond conversion. Thus, the absorption of the 
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UV light by the ceramic powder induces a decrease of the light absorption by the photoinitiator 

and consequently, a decrease on the photopolymerization and conversion rate [27,36,38]. 
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Figure 2 - Curing conversion of PUA and BaTiO3/PUA composites for different nanoparticle content (a) and size (b). 

 

It is important to notice that the maximum conversion is achieved in less than 1 minute for both 

PUA photoresin and composites, with a maximum conversion close to 100% for pristine resin 

and decreasing to 40% for the PUA65_100 composite, the one with the maximum BaTiO3 

content. This decrease of the acrylic double bond conversion [27] is related with the efficiency 

of the radical photoinitiator, which can be measured in terms of quantum yields of initiation and 
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quantum yields of polymerization. The absorption of UV light by barium titanate particles 

decrease the amount of light absorbed by the photoinitiator decreasing therefore the efficiency 

of the radical photoinitiator and, as a consequence, the obtained final conversion. 

Morphological and chemical characterization 

The dispersion and distribution of the BaTiO3 particles into the PUA photoresin has been 

studied using the SEM images of the cross-section of the samples with nanofiller contents 

between 0 to 65 wt% and different filler sizes shown in Figure 3. 

 

Figure 3 - Optical photograph showing the bendability and the macroscopic appearance of composite samples (a). 

Representative scanning electron microscopy (SEM) images at magnifications of 400x and 5000x of the cross-section 

of samples PUA0 (b), PUA20_100 (c), PUA40_50 (d), PUA40_100 (e), PUA40_200 (f), PUA60_100 (g), 

PUA65_100 (h).  

In polymer nanocomposites, a suitable dispersion of the filler into the matrix is desirable as it 

affects electrical and mechanical properties [39,40]. SEM images (Figure 3) demonstrate the 

good dispersion of the BaTiO3 particles within the PUA matrix up to 40 wt% concentration: no 

large agglomerates or voids are observed and good wettability of the filler by the matrix is 

verified. 

On the other hand, samples with higher concentration of barium titanate particles (60 wt% or 

above) show larger agglomerates (insets of Figure 3g and h). Despite those agglomerates, 

BaTiO3 particles are well dispersed along the samples (bright dots). Similar results for 

photopolymerized BaTiO3-acrylic composites have been reported [27]. With respect to filler 
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size, results are similar for average filler sizes of 100 nm and 200 nm (Figure 3e and f), whereas 

barium titanate nanoparticles of 50-70 nm size, show larger well dispersed agglomerates (Figure 

3d). 

Fourier transformed infrared spectroscopy (FTIR) allows to evaluate possible physico-chemical 

interactions between the polymer matrix and the filler as well as to study the conformational 

properties of the obtained composites. Figure 4 shows the FTIR spectra of pristine photoresin 

and the prepared composites with different filler sizes and contents in the range of 4000 to 600 

cm-1. The polymer shows the characteristics peaks of the polyurethane acrylate, N-H stretching 

at 3330-3400 cm-1, between 2855 and 2955 cm-1 the CH2 and CH3 stretch, C=O stretching at 

1725 cm-1, combined stretching of C-N and N-H bonds of the polyurethane group at 1550 cm-1, 

C-N stretching at 1360 cm-1 and the C-O-C stretching at 1110 cm-1 [41]. 
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Figure 4 - Fourier Transformed Infrared (FTIR) spectra for PUA resin and corresponding composites with varying 

BaTiO3 content (a) and size (b). 

The spectra as similar for the polymer matrix and the composites: no band displacement or the 

appearance of new peaks are observed upon the addition of barium titanate particles, indicating 

no intermolecular interactions between the PUA polymer and the BaTiO3 nanoparticles, 

independently of the filler content or size. 

Thermal characterization 

Thermogravimetric analyse (TGA) and Differential Scanning Calorimetry (DSC) were used to 

characterize the thermal properties of the composites in terms of the variations of the thermal 

degradation and glass transition temperatures, respectively, as a function of filler size and 

content. 

Figure 5a shows the thermogravimetric (TG) and the differential thermal gravimetric (DTG) 

curves for PUA photoresin and the prepared composites for different BaTiO3 content. TG and 

DTG for samples with different nanoparticle sizes are show in Figure 5b. The thermal 

degradation of neat polyurethane occurs in three steps: the first one in the temperature range of 

160-280 ºC, the second one at 280-400 °C and the third step at 400-450 °C [41]. Residual 

monomers and physically absorbed solvent caused the first small decomposition step. The 

second step is assigned to the decomposition of the main polymer chains. Finally, the third 

degradation step is ascribed to the combustion of the carbonaceous residues [27,42]. 
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Figure 5 - Thermogravimetric (TG) and differential thermogravimetric (DTG) curves for neat PUA and the different 

BaTiO3 composites with varying filler content (a) and size (b). Differential scanning calorimetry (DSC) thermograms 

in the first scan for neat PUA and the prepared composites with different BaTiO3 content (c) and size (d). 

Similar degradation profiles were obtained for composites independently of the filler content 

and size, being observed the same three differentiated degradation steps for all samples. On the 

other hand, the TG curves show that the degradation starts later when the filler content 

increases, denoting a slightly increase on the thermal stability of the PUA polymer. This 
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behaviour is larger for samples with higher filler contents and is attributed to the thermal 

insulator behaviour as well as barrier effect of the barium titanate, which influences the thermo-

oxidative process of the PUA polymer [27]. This fact is reinforced by the fact that BaTiO3 does 

not suffer degradation in the temperature range studied and the residual solid is in good 

agreement with the amount of ceramic filler loaded in each sample. Finally, there is not relevant 

influence of the barium titanate nanoparticle size on the thermal stability. 

DSC thermograms of neat PUA and the BaTiO3/PUA composites ( Figure 5c and 5d) 

demonstrate that all samples exhibit similar thermal behaviour characterized by a glass 

transition that in neat polymer is around room temperature (23 ºC). The incorporation of 

ceramic particles into the photoresin slightly decreased the Tg of the PUA, being this decrease 

larger for increasing barium titanate content, being 23 ºC for the PUA0 sample and 11 ºC for 

PUA65_100 sample. 

As previously indicated, the presence of nanofillers into the curable material affects the 

photopolymerization process mainly due to the absorption of UV light by the ceramic material. 

This produces a decrease on the light absorption by the photoinitiator and therefore, the 

effectiveness of the curing process is affected. Thus, the acrylic double bond conversion is 

reduced when the barium titanate content increases, leading to a flexibilization or plasticizing 

effect. This effect induces a lower crosslink density and a larger free volume within the polymer 

which results in a lower Tg [27]. As in the thermal stability results, barium titanate nanoparticle 

size has not influence on the Tg of the composites. 

Mechanical characterization 

UV-curable acrylate materials are limited for some applications due to their low strength and 

poor resistance to high temperature. However, thermal and mechanical properties can be tuned 

by adding nanofillers such as graphene, carbon nanotubes o ceramic particles [43,44]. In this 

study, the effect of barium titanate nanofillers on the mechanical properties of the composites 

has been addressed (Figure 6). The secant modulus (E), maximum stress (σb) and strain at brake 

(εb) were obtained by evaluating the results of uniaxial tensile tests of the samples. Figure 6a 

shows the representative stress-strain curves for PUA and the corresponding composites. Figure 

6b and 6c show the evolution of the main mechanical parameters as a function of BaTiO3 

concentration and sizes, respectively. Table 2 summarizes the corresponding values of the 

mechanical properties. 
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Table 2 - Main mechanical parameters obtained from the tensile test for the prepared nanocomposites. E: Initial 

modulus; σb: stress at yield; εb: elongation at yield; EHalpin-Tsai: theoretical initial modulus predicted by the Halpin-Tsai 

model [45]. 

Sample E (MPa) σb (MPa) εb (%) EHalpin-Tsai (MPa) 

PUA0 5.8 ± 0.1 2.1 ± 0.2 40.4 ± 3.5 5.8 

PUA20_100 6.9 ± 0.3 2.6 ± 0.2 37.9 ± 1.9 7.0 

PUA40_50 10.2 ± 0.4 2.6 ± 0.2 31.7 ± 3.0 - 

PUA40_100 8.5 ± 0.6 3.3 ± 0.7 37.2 ± 4.2 8.9 

PUA40_200 8.6 ± 0.5 3.7 ± 0.5 39.0 ± 4.1 - 

PUA60_100 21.0 ± 0.2 4.3 ± 0.2 23.8 ± 1.5 12.7 

PUA65_100 27.8 ± 1.1 5.4 ± 0.3 25.3 ± 1.5 14.4 

 

Neat UV cured PUA polymer shows a mechanical behaviour [46] characterized by a secant 

modulus E of 5.8 ± 0.1 MPa and strain at brake εb of 40.4 ± 3.5. The addition of BaTiO3 

nanoparticles produces an increase of the initial modulus up to 27.8 ± 1.1 for the sample 

PUA65_100, together with a corresponding decrease of the maximum strain from 40.1 ± 3.5 to 

25.3 ± 1.5. Thus, it is demonstrated that the inclusion of barium titanate [47] act as mechanical 

reinforcement due to the high tensile modulus of the inorganic component compared to the 

organic one, as well as due to the good wettability between filler and matrix. It is observed that 

the larger agglomerates observed for samples PUA60_100 and PUA65_100 cause a decrease on 

the maximum elongation, as those act as breaking points on the polymer matrix due to stress 

accumulation [48]. It is worth noting that the secant modulus increases exponentially with 

ceramic particles content (Figure 6b), which is explained by the fact that the internal network 

created by the ceramic filler, that is responsible for the reinforcement effect, has been formed 

when the content of BaTiO3 within the polymer matrix is larger than 50 wt% [46]. 
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Figure 6 - Representative stress−strain curves for neat PUA and the corresponding composites (a), experimental data 

and fitting results of neat PUA and the prepared composites with different amounts of BaTiO3 nanoparticles 

determined according to the modified Halpin−Tsai model (b) and experimental results for neat PUA and the prepared 

composites with different BaTiO3 nanoparticles sizes. 

Comparing samples with different nanoparticle sizes, the same tensile behaviour is observed for 

samples PUA40_50, PUA40_100 and PUA40_200, showing that the nanoparticles reinforce 

effect of the polymer matrix occurs for the three filler sizes. However, attending to the 

mechanical parameters (Figure 6c), a slight difference is observed for the three particle sizes. 

The tensile modulus decreases from 10.2 ± 0.4 MPa for the same sample with smallest particle 

size to 8.6 ± 0.5 MPa for the sample that contains 200 nm BaTiO3 nanoparticles. In the case of 

σb and εb, a slight increas is observed between 2.6 ± 0.2 to 3.7 ± 0.5 and between 31.7 ± 3.0 to 

39.0 ± 4.1, respectively, for the same samples. These results are explained in terms of the 

surface area interaction between the fillers and the polymer. Thus, small agglomerates in the 

samples with smallest particle size can actuate as breaking points and despite the inorganic 

matrix reinforce of the PUA polymer (higher E), the composite becomes more fragile, leading to 

an early break (lower σb and εb). Similar results were observed by Capsal et al. with polyamide 

11/Barium titanate ferroelectric composites [48]. 

The experimentally obtained results for samples with 100 nm BaTiO3 nanoparticles were 

compared with the theoretical predictions of the Halpin-Tsai model [45]: 

 

 

(3) 
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where Ec and Em are the initial modulus of the composite and matrix [49] respectively, ρ is the 

BaTiO3 nanoparticles aspect ratio (set at 1, spherical),  is its volume fraction within the 

nanocomposite and ER is defined as the ratio between the Young´s modulus of the filler and the 

matrix. The density of ceramic filler is obtained from the technical datasheet of the suppliers, 

being 5.85 g cm-3, and the density of PUA polymer is 1.55 g cm-3. 

Figure 6b shows that the experimental values can be markedly well described by the model for 

BaTiO3 nanoparticles contents up to 40 wt% and remain above the theoretical predictions for 

higher ceramic particles contents. Those results indicate that the Hapin Tsai model properly 

describes the experimental results until the formation of large agglomerates (see Figure 3g and 

h) that affect the mechanical properties [45]. 

Dielectric properties 

The dielectric constant or relative permittivity (ε´) and the dielectric losses (tan δ) as a function 

of the frequency are among the most relevant parameter on this types of composites [33]. In this 

sense, Figure 7a shows the frequency dependence of the room temperature dielectric constant 

for neat PUA and the different BaTiO3/PUA composites, and Figure 7b and c show the relative 

permittivity measured and the corresponding losess at 1 kHz for the same samples, whereas  

Figure 7d shows that dielectric constant as a function of filler size. 
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Figure 7 – (a) Relative permittivity as a function of frequency at room temperature for neat PUA and all prepared 

composites. Relative permittivity (b) and the tan δ dielectric loss values (c) at 1KHz at room temperature as a 

function of BaTiO3 content. Relative permittivity at 1 kHz at room temperature as a function BaTiO3 nanoparticles 

size (d). Electrical conductivity at room temperature and 1 kHz of the neat PUA and the prepared composites as a 

function of filler content for 100 nm nanoparticles (e) and filler size (f). 

It is shown that ε’ decreased with the frequency for all samples, independently of the filler size 

or content. This behaviour is attributed to the dipolar relaxation with increasing frequency as 

well as to interfacial polarization effects. The titanium ions of the BaTiO3 structure occupy a 

position that is too large for that ion. Thus, when a field is applied, the positively charged ion 

(Ti4+) can move in the direction of the negative pole easily over a small distance creating a very 

large polarization and thereby increasing the dielectric constant or relative permittivity of the 

material. When the field is removed, the ion is reoriented. At large frequencies, the titanium ion 

does not have enough time to reorient itself in the structure giving rise to the relaxation of the 

dipoles, which is accompanied with the corresponding variations in the dielectric losses [50,51]. 

Relative permittivity measured at 1 kHz increases as a function of filler content increase (Figure 

7c) from 7.48 ± 0.08 for neat polymer up to 13.61 ± 0.11 for the PUA40_100 sample. The 

maximum relative permittivity value was achieved for the maximum concentration of BaTiO3 

nanoparticles in sample PUA65_100 that shows and ε’ of 24.90 ± 1.04. Further, the relative 

permittivity measured at 1 kHz as a function of filler size shows that an increase on the filler 

size allows a slightly increase on the ε’. Thus, the PUA40_50 sample shows a dielectric 

constant of 10.09 ± 1.05 and PUA40_200 sample of 12.74 ± 0.41. Figure 7d shows that the 

dielectric constant reaches a nearly constant value, which is explained in terms of agglomeration 

of the smallest BaTiO3 nanoparticles that induces a similar electrical behaviour than the 100 nm 
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and 200 nm particles [27]. Similar values and behaviours were found in the literature for several 

polymer/ceramic particle composites [27,33,52–54], but with slightly differences based on the 

different polymer matrix and the interaction of the polymer and the ceramic particles. Thus, a 

study of this interaction was evaluated. 

In addition, the dependence of the electrical conductivity (σ) (obtained at 1 kHz) with the 

BaTiO3 nanoparticle concentration and size was obtained using the equation (4) [45]: 

  
(4) 

 

where ƒ is the frequency in Hz, ε0 represents the vacuum permittivity (8.854 × 10−12 F·m−1) and 

ε´´ is the imaginary part of the permittivity represented as ε″ = ε′·tan δ. The results obtained are 

represented in Figure 7e and 7f. 

All prepared composites can be considered as insulating materials due to their low σ values (in 

order of 10-8 S·m-1), in particular, the neat PUA matrix with a value of conductivity about 3.82 x 

10-8 S·m-1. Similar to dielectric properties, the a.c. conductivity increases with increasing 

ceramic content being 4.94 x 10-8 S·m-1 for PUA40_100 sample and reaching the highest value 

of conductivity (1.58 x 10-7 S·m-1) for the sample with higher BaTiO3 content. These slightly 

but pronounced increase on the conductivity upon BaTiO3 addition is associated with the 

increase of interfacial charges and is related to Maxwell-Wargner-Sillars effects [50,51]. 

In the case of size dependence, a slight increase of the a.c. electrical conductivity is observed 

when the barium titanate nanoparticle size increases. Nevertheless, this increase is lower than 1 

order of magnitude and the maximum conductivity obtained for PUA40_200 sample is 6.61 x 

10-8 S·m-1. 

Theoretical evaluation of the dielectric properties  

The theoretical models for the analysis of the dielectric constant allow to evaluate the nature of 

the interactions between the matrix and the fillers, responsible for the dielectric response of the 

composites. The BaTiO3/PUA composites have been analyzed, considering the nanoparticles 

size ( ) and concentration (20 wt%, 40 wt%, 60 wt% and 65wt% corresponding to 

volume fractions of 0.06212, 0.15012, 0.28440 and 0.32979, respectively). The most 

appropriate models considering filler size and concentration will be presented and discussed. 

The differences between models are related to differences in the considerations of the relevant 

interactions between the polymeric matrix and the fillers, as well as on the relevance of the 

effect of filler volume fraction. Although the different models consider different interactions, all 

of them predict the increase of the dielectric constant with increasing filler content. The most 

simple models include Maxwell-Garnett (equation-(5)) and Furukawa (equation-(7)), typically 
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used to experimentally explain the dielectric behavior of the composites [55,56], but being 

unable to predict the experimental results for higher fillers contents, as they do not consider 

filler shape and size, which are needed to better understand the interactions and aggregation 

effects of the fillers [26,56], for example. 

The models of Maxwell-Garnett [57,58] and Furukawa [59] consider the incorporation of 

spherical fillers into a polymeric matrix with no interactions between particles and between 

matrix and particles, also without considering filler size effects. 

The Maxwell-Garnet model is represented by: 

 
 

(5) 

where 

 
 

(6) 

and  represents the dielectric constant,  is the volume fraction and the subscripts 1 and 2 

represent the matrix and filler, respectively. T. Furukawa, K. Ishida, et al. [59] proposed an 

approximation in the Rayleigh model, considering that the dielectric constant of the fillers is 

usually much higher than the matrix ( ), so that the behavior of the dielectric constant 

with filler content is represented by: 

 
 

(7) 

Later, models were developed considering also spherical dielectric inclusions into a polymeric 

matrix but considering also the materials polarization due to the applied electric field, the 

variation in local field and interactions between the fillers and the local and applied field [26]. 

When an electric field is applied to a composite material, the dielectric particles can be, in a 

good approximation, considered as electric dipoles changing the electric field in its 

surroundings. This effect can be neglected for low filler concentrations, however for higher 

concentrations the interaction between particles cannot be ignored [60]. Thus, Bruggeman 

established a symmetrical expression considering this phenomenon [57]: 

 
 

(8) 

where d is the dimensionality of the system. An improvement of the Maxwell-Garnett model 

considering also the interactions between fillers, lead to rewrite equation (5) as [58]:  

 

 

(9) 

where  is defined by equation (6).  
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Most precise and complex models also introduce the effects of the shape and relative orientation 

of the fillers, considering in most of the cases an ellipsoids shape for the fillers. This 

information appears in the equations as depolarization factor (n) or shape parameter (n’). Most 

precisely, the n factor is influenced by the principal axe’s length of the fillers and the relative 

orientation to the applied filed [61]. An extension of the Sillars’s work, led to van Beek to 

present the following equation, taking in consideration the factor n [62]: 

 
 

(10) 

In particular, for composite samples with only one filler type, W. R. Tinga, W. A. G. Voss, et al. 

[63] proposed the expression: 

 
 

(11) 

For models that introduce the n’ factor, T. Yamada, T. Ueda, et al. [64] deduced an equation for 

an ellipsoidal particle dispersion 

 
 

(12) 

Taking the same considerations, Wiener proposed the following equation [65]: 

 
 

(13) 

Simulations of the different models, described through equations (5) to (13) allow to model the 

dielectric behavior of composites samples and are represented in Figure 8 as a function of filler 

volume fraction, considering   (measured) for the polymer matrix and  [66] 

for the BaTiO3 filler. The volume fraction change between 0 and 1 and the experimental data 

are also represented.  

XXXXX 

 

The prediction of the dielectric constant given by the Bruggeman model is represented for each 

value of d. In the case of d=1, the Bruggeman model has the worst prediction for the dielectric 

constant. The Maxwell-Garnett, Maxwell-Garnett 2 (taking into account the interactions 

between fillers and the applied field), Furukawa and Bruggeman (d=2) models show the same 

behavior for low filler concentrations ( ) suggesting that, in this regime, the composite 

permittivity is almost independent from the filler permittivity. For higher volume fraction, the 

models start to show relevant differences one another. Increasing volume fraction leads to an 

increase of the dielectric constant of the composite until , excepting for the Maxwell-

Garnett model 2 which shows a vertical asymptote for . Although Maxwell-Garnett 2 

model takes into consideration interactions between fillers and the applied field, there is just a 

slight difference between the two author’s models. 
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Figure 8 - Theoretical models and experimental results for a BaTiO3/PUA composites of 100 nm diameter particles. 

The experimental results correspond to a frequency of 1kHz. 

The Maxwell-Garnett, Maxwell-Garnett 2, Furukawa and Bruggeman (d=2) models predict the 

same behavior for  and in the regime limit of  the Maxwell-Garnett and 

Bruggeman (d=2) models predict a dielectric constant of . In the case of the Furukawa 

model,  goes to infinite. For these models, the Bruggeman’s model (d=2) predict the higher 

dielectric constant for . 

The experimental-theoretical difference was calculated as relative percentage deviation - , 

for Maxwell-Garnett, Furukawa, Maxwell-Garnett 2, Bruggeman (for d=1,2 and 3) models 

through equation (14) 

 

 

(14) 

where  is the experimental data measured and  the predicted dielectric constant for the 

corresponding model. The results are summarized in Table 3. All these models show deviations 

less than 12% for  (except Bruggeman (d=1)) but with increasing filler contents, 

the models that not considered the filler agglomeration effects (Maxwell-Garnett and 

Furukawa), are unable of predict the experimental data. This means that the interactions only 

become important for a certain volume fraction. Even though the models of Maxwell-Garnett 2 

and Bruggeman (d=2) consider the interaction between nanoparticles and the field, they are 

unable to properly model the experimental data. Within these models, the Furukawa model is 
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the one with better predictions. Only the Bruggeman (d=3) model can describe the data for all 

 with deviations less than 13%. This deviation values are related to the agglomerations affect 

that occurs for higher volume fraction leading to the break of homogeneity condition 

underlaying all models [26]. Further, the high surface area due to the filler size ( ), 

leading to an increase of the space charge distribution and Maxwell-Wagner-Sillars 

contributions to the dielectric behavior [33], can also account for these deviations. 

Table 3 – Relative percentage deviation for the theoretical models for each volume fraction. 

 Relative percentage deviation -  (%) 

Models\ Volume faction ( ) 0.06212 0.15012 0.28440 0.32979 

Maxwell-Garnett 7 21 24 34 

Furukawa 5 16 16 26 

Maxwell-Garnett 2 7 20 21 30 

Bruggeman (d=1) 16 36 48 56 

Bruggeman (d=2) 11 25 25 31 

Bruggeman (d=3) 6 13 5 1 

For the remaining models (van Beek, Tinga, Yamada and Wiener), the experimental data were 

fitted to determine the depolarization factor n or shape parameter n’, for the corresponding 

models, by computational iteration. These models predict in a more precise way the dielectric 

behavior of the composite showing the important contributions of the filler’s shape and 

orientation. The obtained results are summarized in Table 4 showing the n and n’ values and the 

respective R-square for the fitting procedure. 

Table 4 – The parameters n and n’ for the respective models obtained by computational iteration by fitting the 

experimental data. 

 Models 

 Yamada Wiener Tinga van Beek 

n1 -- -- 0.357 ± 0.145 0.149 ± 0.009 

n2 -- -- 0.211 ± 0.046 -- 

n’ 6.724 ± 0.419 48.167 ± 3.634 -- -- 

R-Square 0.98397 0.98286 0.99071 0.98397 

Although the Tinga model shows a vertical asymptote for , when it was compared the 

R-Square values, all these models have a good fitting to the experimental data, with a more 

precise prediction for the Tinga model, followed by the Yamada, van Beek and Wiener models. 

The difference between the obtained factors is due to the physical principles considered by the 
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models. The value n’ can mean the ratio between ellipsoidal axis but also the size of 

agglomeration and homogeneity of the sample. 

Thus, it can be concluded that the model that better predict the behavior of the BaTiO3/PUA 

composites is the Tinga model and therefore, the relevant interactions, together with the filler 

and matrix dielectric constant and filler concentrations are the materials polarization due to the 

applied electric field, the variation in local field and interactions between the fillers and the local 

and applied field and the influence of the principal axe’s length of the fillers and the relative 

orientation to the applied field. So, the equation (11), that is a special case of the Tinga model 

that describes a ellipsoidal inclusion of two phases, must be considered to properly tailor and 

understating composite dielectric response. 

Conclusion 

UV curable barium titanate/polyurethane acrylate (BaTiO3/PUA) composites are presented with 

varying ceramic contents, allowing to obtain dielectric materials with tailored dielectric 

response for electronic applications, among others. PUA composites with BaTiO3 filler contents 

up to 65 wt% for filler sizes between 50 nm and 200 nm have been evaluated. A good 

dispersion stability up to 160 ºC and mechanical flexibility. Further, the dielectric constant can 

be as high as 25 for the samples with the highest filler content, independently of the filler size, 

the dielectric response as a function of filler concentration being suitably described by the Tinga 

model for the dielectric behavior of composites. 
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