

  materials-14-05430




materials-14-05430







Materials 2021, 14(18), 5430; doi:10.3390/ma14185430




Article



Effect of BaTiO3 on the Properties of PVC-Based Composite Thick Films



Sarir Uddin 1,*, Naheed Akhtar 2, Sumbal Bibi 2, Abid Zaman 3,*[image: Orcid], Asad Ali 3,4, Khaled Althubeiti 5,*, Hussein Alrobei 6[image: Orcid] and Muhammad Mushtaq 7





1



Department of Physics, Government College Hayatabad, Peshawar 25000, Pakistan






2



Institute of Chemical Sciences, University of Peshawar, Peshawar 25000, Pakistan






3



Department of Physics, Riphah International University, Islamabad 44000, Pakistan






4



Department of Physics, Government Post Graduate College, Nowshera 24100, Pakistan






5



Department of Chemistry, College of Science, Taif University, P.O. Box 11099, Taif 21944, Saudi Arabia






6



Department of Mechanical Engineering, College of Engineering, Prince Sattam Bin Abdulaziz University, Alkharj 11942, Saudi Arabia






7



Faculty of Materials Science, Beijing University of Technology, Beijing 100124, China









*



Correspondence: sariruddin@uop.edu.pk (S.U.); zaman.abid87@gmail.com (A.Z.); k.althubeiti@tu.edu.sa (K.A.)







Academic Editor: Arman Shojaei



Received: 30 July 2021 / Accepted: 16 September 2021 / Published: 19 September 2021



Abstract

:

Flexible PVC/BT (Polyvinyl chloride/Barium Titanate) composite thick films with (0–30%) volume fractions of BaTiO3 were fabricated via the solution casting method. The effects of BaTiO3 filler on the phase, microstructure and dielectric properties of composite films were investigated. The XRD results revealed that BT particles are embedded in the PVC matrix with no chemical reaction taking place between the two phases. It was observed that the glass transition temperature of PVC had increased with the addition of BT. The frequency dispersion in the dielectric constant versus temperature curves indicated the relaxor nature of the composites. The dielectric constant (εr) measured at 40 °C, increased from 7.6 for pure PVC to 16.1 for 30% of BaTiO3 content in PVC polymer matrix. It is suggested that BaTiO3 ceramic powder enhanced the dielectric properties of PVC and may be used as a flexible dielectric material.
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1. Introduction


Dielectric materials are used extensively as piezoelectric transducers and actuators, as ferroelectric memory and energy storage devices, or as dielectric antenna and filter in wireless telecommunication devices [1,2,3]. The Electronic Industries Alliance (EIA) classifies dielectric capacitors into different categories depending on the dielectric constant (εr) of the dielectric medium [4]. The dielectric constant determines the amount of energy that a capacitor can store compared to vacuum [5]. Dielectric capacitors are categorized into three sub-classes depending on their thermal and dielectric properties. Class-1 dielectrics are commonly used in capacitors, exhibiting temperature-stable performance, low acoustic noise and low dielectric loss or high quality factor. These dielectrics usually exhibited intermediate values of dielectric constant (15–500), lower dissipation factor and negligible aging effect [6]. Class-1 dielectric mainly includes para-electrics such as MgTiO3, MgNb2O6, BaTi4O9 and their substructure ceramic compounds. Apart from useful properties of ceramic dielectrics, these are brittle and cause difficulty in the fabrication of complex shapes or can break during moving components in electromechanical systems. On the other hand, polymers are flexible and can be turned into any required shape. The prime drawbacks of polymers are their low dielectric properties, which limits their applications in electronic industries [7,8]. One of the solutions may be the fabrication of ceramic/polymer composites. Ceramic/polymer composites are investigated broadly due to easier processing, good chemical stability and useful mechanical and dielectric properties [9,10,11,12,13]. Ceramic/polymer composites combine the better dielectric properties of the ceramic powders (filler) and the mechanical flexibility, chemical inertness and shape-forming possibility of polymer (matrix).



Among polymers, polyvinyl chloride (PVC) is an amorphous piezoelectric thermoplastic polymer which is formed from the C2H3Cl (vinyl chloride) monomer to a long chain [(C2H3Cl)n] polymer [14,15]. The piezoelectric coefficients d31 of PVC has been reported in the range of 0.5 to 1.3 pC/N with a glass transition temperature of 80 °C [16,17]. PVC possess low dielectric constant (εr = 4) and can be modified by adding various piezoelectric ceramic powders [18,19,20,21,22]. Funt has put forward the microwave dielectric properties of PVC under radio frequencies [23]. Amrhein and Mueller have studied the microwave dielectric measurements of PVC and its derivatives [24]. Perovskite-structured BaTiO3 ceramic possesses higher dielectric constant (~4500) and stable tetragonal structures with the space group (14/m) at room temperature with a saturation polarization of 16 µC/cm2 [25,26]. Olszowy investigated the microwave dielectric properties of PVC/BT composites fabricated through hot pressing method [20]. Many studies reported the effect of BT ceramic on the dielectric properties of polymer [27]. Recently, Berrag et al. used Cole-Cole’s model to validate the experimental microwave dielectric data of PVC/BT composites [22].



In this paper, we have investigated the structural, morphological and dielectric properties of PVC/BT composite thick films with different BT contents (10%, 20% and 30%) as filler in the PVC matrix.




2. Materials and Synthesis


BaTiO3 ceramic powder was synthesized using research-grade BaCO3 and TiO2 via the solid-state route (Figure 1). These reactants were weighed in stoichiometric ratios and mixed/milled for 6 h in polyethylene bottle. For grinding media, we used y-toughened zirconium balls and to make free flowing slurry, ethanol was added as a lubricant. The slurry was then dried in an oven for 12 h at 90 °C. Moreover, the dried reactant powders were calcined at 900 °C for 2 h at a heating/cooling rate of 5°C/min in air. In order to obtain fine powder, the calcined BT powder was ground with pestle and mortar.



PVC/BaTiO3 composite films were synthesized via the solution casting method. Different volume fractions of PVC were dispersed in Di-Methyl formamide (DMF) using an ultrasonicator for 30 min. BaTiO3 powder was added in different portions and magnetic stirred at 70 °C for 12 h to obtain uniform PVC/BaTiO3 suspension. The PVC/BaTiO3 suspension was then casted onto a flat aluminum sheet (3 cm × 3 cm) which is then kept in an oven at 70 °C for 30 min to obtain dried composite thick films. In order to evaporate the DMF, the composite films were further heated at 110 °C in a vacuum furnace for one hour. A portion of the PVC/BT composites films were then peeled off from the aluminum substrate for further characterization.




3. Characterization


The phase analysis was carried out via x-ray diffractometer (XRD) (JDX-3532, JEOL, Tokyo, Japan) with Cu (Kα) radiation with wavelength (λ = 1.5418 Å). The Fourier transformed infrared radiation (FTIR) spectra were obtained using an FTIR spectrometer. The microstructural study of the PVC/BT composite thick films were carried out via the secondary electron field effect, scanning electron microscope (SEM) (JEOL 6400 SEM, Tokyo, Japan). The dielectric properties were measured by LCR meter (HP 4192A) using a coated silver layer on top surfaces of composite films as electrodes.



The dielectric constant (  ε ′  ) and dielectric loss (tan δ) was calculated by using the formula [26]:


   ε ′  =  d  A  ε o    C  










  t a n   δ =    ε ″     ε ′     








where    ε ″   , d, A, C and    ε o    are the imaginary part of the dielectric constant, the sample thickness, area of sample, the capacitance of sample and the permittivity of free space (8.85 × 10−12 F/m), respectively.




4. Results and Discussion


4.1. Phase and Microstructural Analyses


The room temperature XRD patterns of BaTiO3, PVC and PVC/BT composites with various BaTiO3 contents as filler are shown in Figure 2. The XRD pattern of BT revealed the formation of a tetragonal (14/m) perovskite structure with no impurity phase [27]. The XRD pattern for pure PVC indicated the amorphous nature consistent with previous studies [18,20]. The XRD patterns of PVC/BT composite films indicated the stability of BT in the PVC matrix. These results suggest that the single-phase crystalline powders of BT are embedded in PVC matrix. The diffraction peaks of BT become stronger gradually with the increase in BT content in the PVC/BT composites. XRD results suggest that BaTiO3 ceramic powder maintains its crystalline nature in the composite thick films and are completely coated by PVC matrix.



The secondary electron scanning electron microscope (SEM) images of PVC/BT composite thick films are shown in Figure 3. SEM images indicated that the pure PVC acted as a host matrix material and BaTiO3 particles are almost evenly distributed with minimum agglomeration. Figure 3a for pure PVC revealed smooth surface morphology consistent with previous studies [18,19,20,21]. The distribution of fillers in 30% of BT content is more obvious than that of 10% and 20% of BT content in the host PVC matrix. The fabricated PVC/BaTiO3 composite films are translucent and homogeneous, which proves the formation process for obtaining flexible composite thick films. Figure 3e indicates the thickness of the films to be around 25 µm on average.




4.2. FTIR Analysis


The FTIR absorption spectra of BT, PVC and PVC/BT composite thick films with various BT content as fillers are shown in Figure 4a. For pure PVC, the characteristic absorption peaks of CH2 deformation mode were observed at 1332 cm−1, CH rocking mode at 1253 cm−1, trans CH-wagging mode at 958 cm−1, C-Cl stretching mode at 833 cm−1 and C is CH-wagging mode at 610 cm−1, consistent with previous reports [18,21]. For pure BT, a broad peak is observed at 544 cm−1 due to the O-Ti-O vibration [28].



Figure 4b shows that the relative intensities of peaks are decreased with the decrease in PVC content in the composite films. The peaks at 1332 cm−1, 1253 cm−1, 959 cm−1 and 833 cm−1 did not shift in composite films, which indicates that there is no chemical reaction taking place between the two phases [21]. The peak at 610 cm−1 has changed from a sharp peak at a lower wave number to a broader peak at 544 cm−1 with increasing BaTiO3 content. This change in peak might be due to the overlapping with the strong peak at 544 cm−1 originating from BaTiO3 or due to the overlapping of two peaks at closer wave numbers.




4.3. Dielectric Properties


The plots of dielectric constant (εr) and dielectric loss (tan δ) versus temperature of PVC/BT composites at various frequencies are shown in Figure 5. In the εr and tan δ versus temperature curves, anomalies were observed at about 80 °C for PVC and at about 100 °C for PVC/BT composites. These anomalies may be attributed to two factors. One factor is the glass transition temperature of PVC, which is 80 °C, and the second factor is the curie point of BaTiO3, which is 120 °C [16]. At the glass transition temperature, the polymer transforms from a hard semi-crystalline structure to a soft rubbery form. At the Curie point (Tc), BaTiO3 transforms from the non-centro-symmetric ferroelectric phase to the centro-symmetric paraelectric phase [29]. Around the Curie point, every ferroelectric exhibits higher dielectric constant [30,31]. The εr was observed to decrease with increasing frequency and increased with increasing temperature. At higher temperatures, the dipoles of molecules orient themselves more easily along the applied electric field and cause an increase in the dielectric constant [32]. The dielectric constant increases with the increase in BT content in the fabricated PVC/BT composites, which may be attributed to the higher εr values of BT ceramics [33,34]. The dielectric constant (εr) at 40 °C for 1 MHz of the composites increases from 7.6 to 16.1 with increasing BT content. The increase in electronic conduction with increasing temperature leads to an increase in dielectric losses (tan δ) of PVC/BT composites [35].



The frequency dispersion in εr and tan δ versus temperature curves indicates relaxor behavior of fabricated samples, shown in Figure 5. These curves demonstrated typical relaxor behavior with the magnitude of the dielectric constant decreasing with increasing frequency and the peaks of these curves were shifted to higher temperatures [36,37]. Smolenski [38] proposed that underlying the relaxor behavior was a chemical inhomogeneity on a cation site, giving rise to a diffuse phase transformation (DPT). Randall [39] has found evidence for short-range chemical order on the nano-scale level using transmission electron microscopy (TEM). It is proposed that chemical inhomogeneity at the nano-scale causes the relaxor behavior [40]. The variation of εr and tan δ with frequency (f) for various BT contents are shown in Figure 6. The orientation polarization decreases with increasing frequency and results in a decrease in εr, which may be attributed to time lagging between flipping dipoles and applied electric field [41].





5. Conclusions


PVC/BT composites were synthesized via the solution casting method. The synthesized samples’ structural, vibrational, morphological and dielectric properties of PVC/BT composite thick films were investigated. The phase analysis of PVC/BT composites indicated that the single-phase crystalline powders of BaTiO3 are embedded in the PVC polymer matrix, resulting in a two-phase composite material. The microstructural analysis revealed that BT particles are dispersed in the PVC matrix, with no chemical reaction taking place between the fillers and matrix. The spectra of BT, PVC and PVC/BT composite thick films represent a common peak at 544 cm−1, 610 cm−1 and 542 cm−1, which can be estimated as a stretching mode of the C-Cl/CH-wagging group, presumably adsorbed at surface. The temperature-dependent dielectric properties of PVC/BT composite films indicated frequency dispersion and improvement with an increase in BT ceramic filler in PVC matrix.







Author Contributions


This work was carried out in collaboration among all authors. S.U. supervises this research and writing original draft of the manuscript. N.A. and S.B. prepared samples and measurements. A.Z. and A.A. did the final writing review, corrections, and editing. M.M. prepared content analysis and graphical arrangements. H.A. helps in software and validation. K.A. did formal analysis and provided funding acquisition. All authors have read and agreed to the published version of the manuscript.




Funding


Taif University Researchers Supporting Project number (TURSP-2020/241), Taif University, Taif, Saudi Arabia.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data is contained within the article.




Conflicts of Interest


There is no conflicts of interest.




References


	



Jo, W.; Daniels, J.E.; Jones, J.L.; Tan, X.; Thomas, P.A.; Damjanovic, D.; Rödel, J. Evolving morphotropic phase boundary in lead-free (Bi1/2Na1/2)TiO3–BaTiO3 piezoceramics. J. Appl. Phys. 2011, 109, 014110. [Google Scholar] [CrossRef]

	



Ali, A.; Uddin, S.; Lal, M.; Zaman, A.; Iqbal, Z.; Althubeiti, K. Structural, Optical and Microwave Dielectric Properties of Ba (Ti1−xSnx)4O9, 0 ≤ x ≤ 0.7 Ceramics. Sci. Rep. 2021, 11, 17889. [Google Scholar] [CrossRef]

	



Ahmad, A.; Uddin, S.; Zheng, G.P.; Nasir, M.F. Synthesis and temperature dependent energy storage characterization of (Bi1/2Na1/2)0.94Ba0.06TiO3)–Ba1/2Sr1/2TiO3 ceramics. Phys. Scr. 2021, 96, 095809. [Google Scholar] [CrossRef]

	



Kao, K.C. Dielectric Phenomena in Solids; Elsevier Academic Press: Cambridge, MA, USA, 2004; pp. 250–251. [Google Scholar]

	



Dang, Z.M.; Yuan, J.K.; Yao, S.H.; Liao, R.J. Flexible nanodielectric materials with high permittivity for power energy storage. Adv. Mater. 2013, 25, 6334–6365. [Google Scholar] [CrossRef] [PubMed]

	



Moulson, J.; Herbert, J.M. Electroceramics; John Wiley & Sons Ltd.: Sussex, UK, 2003; pp. 339–432. [Google Scholar]

	



Sebastian, M.T.; Jantunen, H. Polymer–ceramic composites of 0–3 connectivity for circuits in electronics: A review. Int. J. Appl. Ceram. Technol. 2010, 7, 415–434. [Google Scholar] [CrossRef]

	



Dang, Z.M.; Yuan, J.K.; Zha, J.W.; Zhou, T.; Li, S.T.; Hu, G.H. Fundamentals, processes and applications of high-permittivity polymer–matrix composites. Prog. Mater. Sci. 2012, 57, 660–723. [Google Scholar] [CrossRef]

	



Koulouridis, S.; Kiziltas, G.; Zhou, Y.; Hansford, D.J.; Volakis, J.L. Polymer–ceramic composites for microwave applications: Fabrication and performance assessment. IEEE Trans. Microw. Theory Tech. 2006, 54, 4202–4208. [Google Scholar] [CrossRef]

	



Subodh, G.; Deepu, V.; Mohanan, P.; Sebastian, M.T. Dielectric response of high permittivity polymer ceramic composite with low loss tangent. Appl. Phys. Lett. 2009, 95, 062903. [Google Scholar] [CrossRef]

	



William Coaker, A. Fire and flame retardants for PVC. J. Vinyl Addit. Technol. 2003, 9, 108–115. [Google Scholar] [CrossRef]

	



Jiang, Z.Y.; Zheng, X.C.; Zheng, G.P. The enhanced electrocaloric effect in P (VDF-TrFE) copolymer with barium strontium titanate nano-fillers synthesized via an effective hydrothermal method. RSC Adv. 2015, 5, 61946–61954. [Google Scholar] [CrossRef]

	



Uddin, S.; Zheng, G.P.; Jiang, Z. The effects of anti-ferroelectric nanofillers on the negative electrocaloric effects in Poly (vinylidene fluoride-trifluoroethylene) matrix composites. Solid State Sci. 2019, 90, 9–13. [Google Scholar] [CrossRef]

	



Salih, A.A.; Ibn Al-Haitham, D.C. Electrical Properties of MgCl2–Filled PEO Films. J. Pure Appl. Sci. 2009, 22, 1–11. [Google Scholar]

	



Ali, A.; Uddin, S.; Zaman, A.; Ahmad, A.; Iqbal, Z. Effect of Zr4+ on the properties of layered structured Ba(Ti1−xZrx)4O9 perovskites. J. Adv. App. Ceram. 2020, 119, 482–486. [Google Scholar] [CrossRef]

	



Davis, G.T. Polymers for Electronic and Photonic Applications; Academic Press Inc.: Boston, MA, USA, 1993; p. 435. [Google Scholar]

	



Zaman, A.; Uddin, S.; Mehboob, N. Synthesis and Microwave Dielectric Characterization of Ca1−xSrxTiO3, Low-Loss Ceramics. Iran. J. Sci. Technol. Trans. Sci. 2021, 45, 367–371. [Google Scholar] [CrossRef]

	



Uddin, S.; Zaman, A.; Rasool, I.; Akbar, S.; Kamran, M.; Mehboob, N.; Ali, A.; Ahmad, A.; Nasir, F.N.; Iqbal, Z. Structural investigation and improvement of microwave dielectric properties in Ca1−xBaxTiO3, low loss ceramics. J. Ceram. Process. Res. 2020, 21, 745–750. [Google Scholar]

	



Ramesh, S.; Leen, K.H.; Kumutha, K.; Arof, A.K. FTIR studies of PVC/PMMA blend based polymer electrolytes. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2007, 66, 1237–1242. [Google Scholar] [CrossRef] [PubMed]

	



Olszowy, M. Dielectric and pyroelectric properties of the composites of ferroelectric ceramic and poly (vinyl chloride). Condens. Matter Phys. 2003, 6, 307–313. [Google Scholar] [CrossRef]

	



Berrag, A.; Belkhiat, S.; Madani, L. Investigation of dielectric behavior of the PVC/BaTiO3 composite in low-frequencies. Int. J. Mod. Phys. B 2018, 32, 1850110. [Google Scholar] [CrossRef]

	



Mansour, S.A.; Elsad, R.A.; Izzularab, M.A. Dielectric properties enhancement of PVC nanodielectrics based on synthesized ZnO nanoparticles. J. Polym. Res. 2016, 23, 85–91. [Google Scholar] [CrossRef]

	



Ali, A.; Uddin, S.; Iqbal, Z.; Lal, M.; Jameel, M.H.; Zaman, A.; Khan, W. Synthesis and characterizations of (Ba1−xCax)Ti4O9, 0 ≤ x ≤ 0.9 ceramics. J. Mater. Res. Technol. 2021, 11, 1828–1833. [Google Scholar] [CrossRef]

	



Sebastian, M.T.; Ubic, R.; Jantunen, H. Low-loss dielectric ceramic materials and their properties. Int. Mater. Rev. 2015, 60, 392–412. [Google Scholar] [CrossRef]

	



Hu, Q.; Wei, X. Abnormal phase transition and polarization mismatch phenomena in BaTiO3-based relaxor ferroelectrics. J. Adv. Dielect. 2019, 9, 1930002. [Google Scholar] [CrossRef]

	



Fu, D.; Itoh, M.; Koshihara, S.Y. Invariant lattice strain and polarization in BaTiO3–CaTiO3 ferroelectric alloys. J. Phys. Condens. Matter 2010, 22, 052204. [Google Scholar] [CrossRef]

	



Ibrahim, S.S.; Ayesh, A.S.; Shoaibi, A.A. Optoelectrical properties of ferroelectric PC/ceramic composites. J. Thermoplast. Compos. Mater. 2009, 22, 335–348. [Google Scholar] [CrossRef]

	



Khasim, S.; Raghavendra, S.C.; Revanasiddappa, M.; Ambika Prasad, M.V.N. Synthesis, characterization and electrical properties of polyaniline/BaTiO3 composites. Ferroelectrics 2005, 325, 111–119. [Google Scholar] [CrossRef]

	



Mara, R.T.; Sutherland, G.B.B.M.; Tyrell, H.V. Infrared spectrum of barium titanate. Phys. Rev. 1954, 96, 801. [Google Scholar] [CrossRef]

	



Uddin, S.; Zheng, G.P.; Iqbal, Y.; Ubic, R.; Chan, N.Y.; Chan, H.L.W. Elastic softening near the phase transitions in (1−x)Bi1/2Na1/2TiO3−xBaTiO3 solid solutions. Mater. Res. Express 2014, 1, 046102. [Google Scholar] [CrossRef]

	



Zheng, G.P.; Uddin, S.; Zheng, X.; Yang, J. Structural and electrocaloric properties of multiferroic-BiFeO3 doped 0.94Bi0.5Na0.5TiO3–0.06BaTiO3 solid solutions. J. Alloy. Compd. 2016, 663, 249–255. [Google Scholar] [CrossRef]

	



Cao, W.; Gerhardt, R. Calculation of various relaxation times and conductivity for a single dielectric relaxation process. Solid State Ion. 1990, 42, 213–221. [Google Scholar] [CrossRef]

	



Zaman, A.; Uddin, S.; Mehboob, N.; Ali, A. Structural investigation and improvement of microwave dielectric properties in Ca(HfxTi1−x)O3 ceramics. Phys. Scr. 2020, 96, 025701. [Google Scholar] [CrossRef]

	



Singh, R.; Tandon, R.P.; Panwar, V.S.; Chandra, S. Low-frequency ac conduction in lightly doped polypyrrole films. J. Appl. Phys. 1991, 69, 2504–2511. [Google Scholar] [CrossRef]

	



El-Mallah, H.M. AC electrical conductivity and dielectric properties of perovskite (Pb, Ca)TiO3 ceramic. Acta Phys. Pol. -Series A Gen. Phys. 2012, 122, 174. [Google Scholar] [CrossRef]

	



Jo, W.; Schaab, S.; Sapper, E.; Schmitt, L.A.; Kleebe, H.J.; Bell, A.J.; Rödel, J. On the phase identity and its thermal evolution of lead free (Bi1/2Na1/2)TiO3-6 mol% BaTiO3. J. Appl. Phys. 2011, 110, 074106. [Google Scholar] [CrossRef]

	



Zhang, S.T.; Kounga, A.B.; Aulbach, E.; Deng, Y. Temperature-dependent electrical properties of 0.94Bi0.5Na0.5TiO3–0.06BaTiO3 ceramics. J. Am. Ceram. Soc. 2008, 91, 3950–3954. [Google Scholar] [CrossRef]

	



Smolenskii, G.A.; Agranovskaya, A.I. Dielectric polarization of a number of complex compounds. Sov. Phys. Solid State 1960, 1, 1429–1437. [Google Scholar]

	



Randall, C.A. A Transmission Electron Microscopy Study of Normal and Relaxor Perovskite Ferroelectric Materials. Ph.D. Thesis, University of Essex, Colchester, UK, 1989. [Google Scholar]

	



Randall, C.A.; Bhalla, A.S.; Shrout, T.R.; Cross, L.E. Classification and consequences of complex lead perovskite ferroelectrics with regard to B-site cation order. J. Mater. Res. 1990, 5, 829–834. [Google Scholar] [CrossRef]

	



Sebastian, M.T. Dielectric Materials for Wireless Communication, 1st ed.; Elsevier: Amsterdam, The Netherlands; London, UK, 2008; pp. 10–50. [Google Scholar]








[image: Materials 14 05430 g001 550] 





Figure 1. A schematic representation for the preparation of BT, PVC and PVC/BT composites. 
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Figure 2. XRD patterns of BT, PVC and PVC/BT composites with various BT content in PVC matrix. 
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Figure 3. SEM images of PVC/BT composite thick films. (a) 0%, (b) 10%, (c) 20%, (d) 30%, (e) cross sectional view showing the thickness of films. 
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Figure 4. (a) FTIR absorption spectra of BT, PVC and PVC/BT composites with various BT content in PVC matrix; (b) shows that the relative intensities of peaks are decreased with the decrease in PVC content. 
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Figure 5. Temperature and frequency dependence of εr and tan δ for various BT content in PVC matrix. (a) 0%, (b) 10%, (c) 20%, (d) 30%. 
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Figure 6. (a) Variation in dielectric constant (εr) with frequency (f) (b) Variation in dielectric loss (tan δ) with frequency (f) for various BT content. 
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