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ABSTRACT 

 

Polyvinylidene Fluoride (PVDF) is one of the few piezoelectrically active semi-

crystalline polymer materials, but its electrical properties are less potent than most 

piezoelectric ceramics. However, these properties are improved by copolymers like 

trifluoroethylene (TrFE) and tetrafluoroethylene (TFE) through improvement of polymer 

crystallinity. Further improvements can be made by producing polymer-ceramic 

composite material with highly piezoelectric ceramics. Piezoelectric ceramic materials 

are excellent candidates for use in solid state applications like transducers and micro-

electrical-mechanical devices. However, due to their high stiffness and substantial 

fabrication cost, piezoelectric ceramics cannot be used in many applications. This justifies 

the extensive research focused on piezoelectric polymers. Piezoelectric polymers are very 

flexible, easy to fabricate, and have acoustic impedance comparable to soft human tissue. 

Ultimately, a material with the mechanical properties of a polymer and the piezoelectric 

properties of a ceramic would be ideal for many piezoelectric applications. Given these 

considerations, this study aims to develop the processing science necessary to create a 

lead free nanocomposite and to characterise this nanocomposite. This work consists of 

three parts. The first and second part focused on optimization of electrical properties of 

both P(VDF-TrFE) copolymer and BNT-BKT-BT lead-free ceramic. The results 

suggested that high electrical properties of P(VDF-TrFE)  can be obtained  at a high  

degree of crystallinity β- phase, which was attained through material annealing at a 

temperature close to the Curie temperature. By contrast, the BNT-BKT-BT ceramic 

showed high electrical properties near Morphotropic Phase Boundary (MPB) and the 

samples sintered at 1180 ℃ manifested the highest density. As the sintering temperature 

increased even more, the sample density deteriorated and the second phase was formed. 

The third part of this work, involved preparation with multiple volume fractions (Ø = 0 -

0.30) of thin films of a ferroelectric polymer matrix made of P(VDF-TrFE) copolymer 
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incorporated with a ferroelectric inclusion, BNT.  This significantly improved the 

pyroelectric and ferroelectric responses. A maximum peak of pyroelectric coefficient, p, 

and remnant polarisation Pr of nearly 50 µC/m2 K and 11.5 µC/cm2, respectively, were 

obtained for Ø = 0.20. Copolymer incorporation of BNT-based trinary system led to 

further enhancement. The nanocomposite pyroelectric coefficient and remanent 

polarization were significantly improved to 90 µC/m2K and 13 µC/cm2, respectively. The 

contribution from each phase in piezoelectric and pyroelectric was estimated. The 

nanocomposite was divided into ceramic phase poled only, both phases poled in the same 

direction, and both phases poled in the opposite direction. When both phases polarised in 

the same direction, the pyroelectric effects of each phase tended to reinforce each other. 

Conversely, the piezoelectric effects in this sample tended to cancel out, due to the 

opposite signs of the piezoelectric coefficient of each phase. Meanwhile, when the phases 

polarised in opposite direction, piezoelectric activates were improved and d33 increased 

from 28 to 40 pC/N, with a change in ceramic volume fraction of 0 to 30 %. This 

behaviour, alongside separate matrix and filler polarisation, could enable development of 

piezoelectric materials with internal compensation of pyroelectricity or vice versa. 

Enhanced pyroelectric composites with both phases poled in the same direction could be 

used in pyroelectric sensors, while composites with phases poled in opposite direction 

could be used in ultrasonic transducers.  
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ABSTRAK 

 

Polyvinilidena fluorida (PVDF) adalah salah satu daripada beberapa bahan-bahan 

polimer semi-kristal piezoelektrik aktif, tetapi sifat-sifat elektriknya adalah kurang tinggi 

berbanding dengan kebanyakan seramik piezoelektrik. Walau bagaimanapun, sifat-sifat 

ini boleh diperbaiki oleh kopolimer seperti trifluroetilina (TrFE) dan tetrafluroetilina 

(TFE) melalui peningkatan penghabluran polimer. Penambahbaikan boleh dibuat dengan 

menghasilkan bahan komposit polimer-seramik dengan seramik yang mempunyai sifat 

piezoelektrik yang tinggi. Bahan-bahan seramik piezoelektrik adalah pilihan yang sangat 

baik untuk digunakan dalam aplikasi keadaan pepejal seperti transduser dan peranti 

mikro-elektrik-mekanikal. Walau bagaimanapun, disebabkan ketegaran yang tinggi dan 

kos fabrikasi yang besar, seramik piezoelektrik tidak boleh digunakan dalam banyak 

aplikasi. Ini mewajarkan penyelidikan yang banyak diberi tumpuan kepada polimer 

piezoelektrik. Polimer piezoelektrik adalah sangat fleksibel, mudah untuk direka, dan 

mempunyai impedans akustik yang setanding dengan tisu manusia lembut. Akhirnya, 

bahan dengan sifat-sifat mekanik polimer dan sifat-sifat piezoelektrik seramik adalah 

paling sesuai untuk banyak aplikasi piezoelektrik. Setelah dipertimbangkan faktor di atas, 

kajian ini bertujuan untuk membangunkan sains pemprosesan yang diperlukan untuk 

menghasilkan komposit nano bebas plumbum dan juga untuk mencirikan komposit nano 

yang dihasilkan. Kajian ini terbahasi kepada tiga. Bahagian pertama dan kedua memberi 

tumpuan kepada pengoptimuman sifat elektrik kedua-dua P(VDF-TrFE) kopolimer dan 

BNT-BKT-BT seramik bebas-plumbum. Hasil kajian mencadangkan bahawa sifat-sifat 

elektrik yang tinggi bagi P(VDF-TrFE) boleh diperolehi pada tahap penghabluran fasa-β 

yang tinggi, diperolehi melalui penyepuhlindapan bahan pada suhu hampir kepada suhu 

Curie. Sebaliknya, seramik BNT-BKT-BT menunjukkan sifat-sifat elektrik tinggi 

berhampiran dengan Sempadan Fasa Morfotropik (MPB) dan sampel yang disinter pada 

1180 ℃ menunjukkan kepadatan paling tinggi. Semasa suhu pembakaran meningkat lebih 
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tinggi, ketumpatan sampel merosot dan fasa kedua terbentuk. Bahagian ketiga kajian ini 

melibatkan penyediaan pelbagai nisbah berat (Ø=0-0.30) filem nipis polimer ferroelektrik 

matriks yang diperbuat daripada P(VDF-TrFE) kopolimer digabungkan dengan pengisi 

ferroelektrik, BNT. Ini menyebabkan peningkatan sambutan piroelektrik dan feroelektrik 

yang ketara. Satu puncak maksimum pekali piroelektrik, p, dan pengutuban baki, Pr 

masing-masing, mencecah 50 µC/m2K dan 11.5 µC/cm2, telah diperolehi untuk Ø = 0.20. 

Penggabungan kopolimer sistem triner berasaskan BNT menyebabkan peningkatan 

selanjutnya. Pekali piroelektrik dan baki pengutuban komposit nano ,masing-masing, 

telah meningkat dengan ketara kepada 90 µC/m2K dan 13 µC/cm2. Sumbangan daripada 

setiap fasa dalam piezoelektrik dan piroelektrik dianggarkan. Komposit nano ini telah 

dibahagikan kepada pengutuban fasa seramik sahaja, pengutuban kedua-dua fasa dalam 

arah yang sama, dan pengutuban kedua-dua fasa dalam arah yang bertentangan. Apabila 

kedua-dua fasa dikutubkan dalam arah yang sama, kesan piroelektrik setiap fasa 

cenderung untuk mengukuhkan antara satu sama lain. Sebaliknya, kesan piezoelektrik 

dalam sampel ini cenderung untuk membatalkan, disebabkan oleh arah bertentangan 

dengan pekali piezoelektrik setiap fasa. Sementara itu, ketika fasa polarisasi dalam arah 

yang bertentangan, pengaktifan piezoelektrik menjadi bertambah baik dan d33 meningkat 

daripada 28 kepada 40 pC/N, dengan perubahan dalam nisbah isipadu seramik dari 0 

hingga 30 %. Tingkah laku ini, bersama pengutuban matriks dan pengisi secara 

berasingan, membolehkan pembangunan bahan-bahan piezoelektrik dengan pampasan 

dalaman piroelektrik ataupun sebaliknya. Komposit piroelektrik yang tinggi dengan 

pengutuban kedua-dua fasa dalam arah yang sama boleh digunakan dalam sensor 

piroelektrik, manakala komposit dengan pengutuban fasa dalam arah yang bertentangan 

boleh digunakan dalam transduser ultrasonik. 
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1 CHAPTER 1: INTRODUCTION 

 

1.1  Introduction 

The depletion of the earth’s resources is exponentially rising, in these modern times it is 

imperative that we undertake the most advanced methods in harnessing energy and 

material resources. Complex and modern technologies are required in order to meet these 

demands, one such technology is devising materials which bestow multi-functionality and 

are able to harness/utilise the energy which passes through them. There has been a surge 

in researching renewable energy sources as our limited energy sources rapidly deplete. 

The harvesting of energy is the utilisation of otherwise dissipated energy which is ‘lost’ 

to the atmosphere; such sources include solar, thermoelectric, mechanical vibrational 

among others. Harvesting may also incorporate energy transformation from its existing 

state to electrical energy, which may be utilised in the powering of wireless electrical 

devices (Ottman et al., 2002). 

Environmental states may affect energy harvesting (EH) devices in terms of their actions 

and efficacy. For solar panels to benefit from maximum output, for example, skies must 

be free of clouds, for thermoelectric devices to charge, the temperature must be adequate. 

Piezoelectric and pyroelectric EHs do not suffer from the aforementioned issues so long 

as there is a base level of temperature/vibration (Lee et al., 2015). Naturally, a wealth of 

research has investigated piezo-/pyro-electric energy harvesting, with the former being of 

particular interest due to its highly efficient, immediate conversion of mechanical to 

electrical energy, which is also bidirectional. Such practical uses of piezoelectrics can be 

found in modern automobiles, allowing for an accurate, and high pressure fuel injections 

which can substantially increase a car’s performance by one fifth. 
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Adaptronics are another domain in which piezoelectric application is well placed. Also 

known as smart systems, the implementation of such to sensors and actuators allows for 

a range of manipulable options; mouldable shapes, precision-positioning, observing 

health and vibrational/noise reduction (Hanselka, 2001). It is surely clear that 

piezoelectrics are highly useful, allowing product designs to be lightweight due to the 

redundancy of the requirement of dampening materials. Thermal EH is perhaps one of 

the most easily harnessed energy forms given its ambient prevalence, it often goes 

unutilised, dispersing as a low-grade heat (Hunter et al., 2012). Through utilisation of the 

Seebeck effect (Yang et al., 2012), thermoelectrics in temperature conversion can be used 

to gradient electrical energy. 

Pyroelectric energy, on the other hand, or pyroelectric EH, operates through changes in 

temperature and uses this to transform heat into electrical energy (Khodayari et al., 2011). 

Conversion of thermal energy to electrical energy through use of ferroelectric devices 

was researched around 50 years ago (Bowen, Taylor, et al., 2014; Childress, 1962; 

Clingman & Moore Jr, 1961; Drummond et al., 1980; Fatuzzo et al., 1966; Hoh, 1963; 

Van Der Ziel, 1974), it was discovered that the pyroelectric phenomena is generated from 

a spontaneous polarisation internal to the material. Pyroelectric materials also all have 

piezoelectric properties, and as such, hybrid systems have been researched, however it 

must be noted that attention to detail is critical to assure that both devices are operating 

in-phase to boost the generation of power (Bowen, Taylor, et al., 2014).   

Within the field of engineering, there is constant demand for new, contemporary, 

advanced materials which are imperative to the advancement of technology. Such 

demands catalyse researchers to meet these requirements and develop modern apparatus. 

Electronic devices of the present day demand high-functioning, precise and divergent 

properties, which is not attainable with single-phase materials (Batra et al., 2008).  
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It is now rather commonplace for materials to bestow the qualities of two differing 

substances based on their chemical composition, e.g., polymers and ceramics, both in a 

set combination or simply mixed together. Over the last 30 years or so, a growing trend 

in ceramic-polymer electronics have been utilised in medicine, telecommunications and 

micro-electronics such as micro-mechanical devices/MEMS, or bio MEMS, via 

sensors/actuators (Taya, 2008). 

Blending such polymeric elements to generate mechanical durability, immense strength 

yet flexibility and malleability is both cost-effective and generates high-functioning, 

electro-active ceramic materials with numerous functional properties. Such engineering 

allows for the specific customisation of materials for specific purposes, with respect to 

their electrical and mechanical composition. As such, a composite may be described by 

its numerous micro-structure profiling, for example, connectivity, the distribution of 

elements, the volume fractions, percolation threshold and other parameters. An electronic 

composite response to an external input, or in other words, an electroceramic-polymer 

exposed to an electric field, temperature or pressures are dependent on the response of 

the discrete phases, interface and connectivity type, as described by (Guggilla & Batra, 

2011). Electronic composites may be generally described as expressing electromagnetic, 

thermal, and mechanical behaviors while simultaneously maintaining structural integrity 

(Taya, 2008).   

Ferroelectric polymer polyvinylidene fluoride or PVDF, has garnered much attention due 

to its superior electrical characteristics and the ease in utilising such a property. PVDF 

has been established for over fifty years and is known to have four phases; β, α, γ, and δ. 

Research has primarily concerned the crystalline beta phase as a result of its immense 

spontaneous polarization rates and was initially an established polymer known for its 

large dielectric constant and disparate crystalline polymorph phase. Substantial 
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piezoelectricity, discovered in the late sixties by Kawai, was devised for use in uniaxially 

drawn and poled film, as discussed in (Heiji, 1969).  

Two years later, it was Bergman, McFree and Crane who discovered pyroelectricity and 

non-linear optical tendencies within the same polymer (Bergman et al., 1971). This 

spurred the researchers to conclude PVDF does not just exclusively bestow chemical 

stability but also behaves as a functional polymer, i.e., an energy transducer. More 

recently, such materials have formed a “smart materials” grouping due to their similar 

chemical/mechanical properties, as aforementioned, they are durable, biocompatible, 

accord minimal vibrational and mechanical obstruction, are lightweight, inexpensive and 

as such are extensively used within many domains within engineering and beyond. 

Though PVDF films bestow numerous advantageous properties, their formation requires 

a complex staged process, involving the mechanical stretching to attain the piezoelectric 

β phase (Furukawa, 1989a; Tamura et al., 1977; Tamura et al., 1974). Much research has 

been conducted into PVDF manufacture, which can be implemented in a variety of ways; 

spin coating, solvent casting, extrusion, hot pressing etc. To attain β phase, the films must 

be thermomechanically stretched. This can often be a meticulous procedure requiring 

exceptional care. Recently, methods have been uncovered which allow the bypassing of 

the thermomechanical stretching by applying the copolymer P(VDF-TrFE); sourced from 

the piezoelectric β phase. P(VDF-TrFE) and PVDF share an almost identical 

composition, but the former bestows greater lattice parameters across the crystal a-b plane 

facilitated by an additional fluorine atom found on TrFE monomers, as delineated in 

(Bellet-Amalric & Legrand, 1998; Furukawa, 1989a; Kohji Tashiro & Kepler, 1995).  

Utilising copolymers with PVDF has limited spontaneous polarizations however, but in 

substituting hydrogen atoms for fluorine atoms, a surge in crystallinity is triggered via 

annealing at over four fifths (Mahdi et al., 2014). PVDF on the other hand, is limited to 

half capacity (Furukawa, 1989a). One of the most encouraging ferroelectric copolymers 
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is a composite of vinylidene fluoride with trifluoroethylene (P(VDF-TrFE)). It has 

widespread usage across the domain of electrical goods; being used as soft transducers, 

infrared imagers, and may even assist in aspects of non-volatile memory (Gu et al., 2013; 

Guo et al., 2014; Mandal et al., 2010; Mao et al., 2010). Additionally, it may use to 

convert electrical and mechanical energy in a biological capacity and beyond, such as; 

artificial muscles, micro-fluidic systems for use in drug administration, smart skins for 

advanced aerodynamics, actuators in noise and kinetic control as well as microreactors 

(Samara et al., 1994; Xia et al., 2003). 

To increase the efficacy of ferroelectric polymer properties, ceramic inclusions, for 

example, barium titanate-BaTiO3(BT) (Capsal et al., 2012; Fang et al., 2009), lead titanate 

PbTiO3 (PT) (Chan, et al., 1998a; Ploss, et al., 2000a) and lead zirconate titanate  

PbZrTiO3(PZT) (Kar Lai et al., 2000; Zeng et al., 2002) have been amalgamated within 

polymer systems to formulate composite materials. Research into pyroelectric composites 

of a ceramic-polymer bases have demonstrated widespread applicability through their 

light weightedness, strength, durability, large surface area and adaptable sensory 

functions. As such, such composites found though pyroelectric ceramic particles may be 

applied to polymers which bestow multifarious characteristics which have been 

divergently sourced. Such combined qualities are inclusive of the greater piezoelectric 

and pyroelectric coefficients of ceramic materials, as well as superior mechanical 

strength, malleability, and robustness of the polymer, which in time will be applied in 

sensor and actuator technology. 

Given the extreme electromechanical strength of lead zirconate titanate (PZT), it is 

presently the most prevalent of the piezoelectric materials (Jaffe et al., 1971; Liu & Ren, 

2009; Panda, 2009; Sawaguchi, 1953; Yamamoto & Ohashi, 1995; S. Zhang et al., 2006). 

One primary issue with PZT however it’s the volatility of lead-oxide present during 

manufacture and breaking down. PbO leaching contributes to environmental degradation, 
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causing potentially serious exposure issues (Esquivel-Gaon et al., 2015; Parija et al., 

2013), the damage of which may be impossible to undo, affecting the hepatic, renal, 

immune and reproductive systems (Papanikolaou et al., 2005). The Restriction of 

Hazardous Substances act (RoHs) and the Waste Electrical and Electronic Equipment 

agency (WEEE) set to limit the levels of toxic metals. Such movements have been 

integrated into many European country policies over the last ten years (Esquivel-Gaon et 

al., 2015). Alternatively, BT is a common piezoelectric ceramic that contains no lead, but 

its efficacy is reduced as a result, a second disadvantage is that the Curie temperature 

stands at a lower value (Tc = 130 ℃) (Jaffe et al., 1971). Piezoelectric maximum 

operating- and curie- temperatures have a directly proportional relationship, whereby 

maximum operating temperature (MoT) should not exceed 50 % of the Curie temperature 

(Janocha, 2008). As such, low Tc in the matrix inhibits the utilization of ceramic systems 

within the aforementioned applications, i.e., sensors and actuators as the low Tc values 

dictate the intensity and efficiency of the operation. It remains therefore that a lead-free 

piezoelectric ceramic material with both high-functioning piezoelectric properties and a 

high Curie temperature is in need of development in order to replace ineffectual and toxic 

applications in present use.  

Lead-free piezoelectrics may only be effectual if a sustainable and toxin-free substitute 

can be formulated. One such option is the (ABO3-type) perovskite ferroelectric material 

known as BNT, or sodium bismuth titanate (Na0.5Bi0.5TiO3). It was uncovered by 

Smolenskii and colleagues (Smolenskii et al., 1961) over half a century ago and has been 

regarded as an almost ideal substitute for current piezoelectric ceramics due to its great 

remanent polarisation rate (Pr = 38 µC/cm2) and high Curie temperature value of 320 ℃. 

A major drawback is its excessive conductivity and coercive field (Ec = 73 kV/cm). This 

is problematic through the poling procedure (Buhrer, 1962; Hiruma et al., 2009; Pronin 

et al., 1980; Sakata & Masuda, 1974; Suchanicz et al., 1997; Suchanicz et al., 1988) and 
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furthermore BNT ceramic in its pure form bestows a 0 morphotropic phase boundary, or 

MPB. 

Due to the fact that piezo-, pyro-, ferro-, and dielectric bestow a maximal point across a 

specified compositional spread around the morphotropic phase boundary, they are 

integral to piezoelectric ceramics. However, upon doping BNT with barium titanate; 

BaTiO3 (BT) and bismuth potassium titanate; (Bi0.5K0.5) TiO3, (BKT), piezoelectric 

efficacy was raised considerably, with the coercive field minimized by 50 %. Such 

parameters denote that composites within the MPB spread bestow comparatively 

advanced piezoelectric and electromechanical properties as a result of both rhombohedral 

and tetragonal phases. Such matrices demonstrate exceptional piezo-, pyro-, ferro-, and 

dielectric characteristics within the MPB range in addition to high Curie temperature 

values. 

Myriad research has utilized between zero and three composites with PVDF and P(VDF-

TrFE) acting as the source with PZT ceramic base acting as an insulator (Bhalla et al., 

1981; Dietze et al., 2007; Kar Lai et al., 2000; Ng et al., 2000; Zeng et al., 2002). 

Unfortunately, the leadless, free nano-composite base P(VDF-TrFE)-BNT was not 

fruitful. As such, more thorough analyses are required in order to delineate the mechanic-

functional parameters of such ceramic-polymer nano-composites which promise 

environmental sustainability. 

This thesis explores a range of fresh approaches in attaining advanced pyro-,ferro-,piezo- 

and dielectric qualities, and discusses at length potential pathways for deducing 

sustainable leadless ceramic-polymer nano-composites. All phases, polymers and 

ceramics are observed in separate contexts so as to gain an accurate profile of their 

properties. 
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1.2 Research objectives  

The primary aim of this thesis is to deduce a ferroelectric nano-composite which bestows 

an effective blend of properties such as extreme mechanical durability, excellent sensory 

abilities and high-functioning pyro-, piezo, and dielectric properties. A new group of 

piezoelectric nano-composites have been generated on the foundations of BNT, as well 

as BNT-base ternary piezoelectric ceramic systems which contain no lead. 

 

The primary aim can be subdivided into the following stages; 

• To deepen understanding of the annealing process within crystalline structures 

and ascertain the structural composition of spin-cast thin films (P(VDF-TrFE)). 

• To assess the pyro-electric coefficient, obtain the remanent polarity, and the 

dielectric parameters of P(VDF-TrFE). 

• To better understand the relationship between sintering temperatures on the 

structural and electrical parameters of BNT-base ceramics which contain no lead 

• To examine the embedded ferroelectric inclusion nanopoweder interactions with 

BNT and BNT-base ceramics within P(VDF-TrFE) in order to ascertain more 

efficient pyro-, ferro-, piezo- and dielectric qualities.  

• To examine the poling environment effect upon piezo- and pyro-electric 

characteristics of P(VDF-TrFE)-BNT-base nano-composites free of lead.   

 

1.3 Thesis organization 

In Chapter 2, a comprehensive overview of the basic procedures involved in polarizing 

dielectric-, ferro-, pyro- and piezo-electric substances is provided. A general discussion 

of the impetus behind the thesis will be provided, with respect to P(VDF-TrFE), BNT, 

and lead-free BNT-base ceramics and the current issues in need of resolution. 
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In Chapter 3, the procedures of the thesis research will be outlined. Methodologies for 

obtaining samples will be thoroughly explored, as well as the relevant principles and 

procedures for the construction of equipment to measure electrical elements, as well as a 

detailing of the individual apparatus themselves. 

In Chapter 4, pyro-electric characteristics of P(VDF-TrFE) and ferro-electric alternating 

properties as facilitated by the spin-coating technique. Samples underwent annealing and 

as such, amendments in crystallinity were found. The thesis goes on to demonstrate that 

ferro- and pyro-electric parameters are highly dependent of crystallinity. This Chapter 

will primarily concern itself with the investigation and subsequent optimization the 

electro-structural properties of the host, which aids in obtaining high efficacy when doped 

with ceramics.  

In Chapter 5, micro-structures and electrical parameters of BNT-based ternary procedures 

as well as sintering temperature is thoroughly explored. Presently, there appears to be no 

existing research on this topic.  

Chapter 6 and Chapter 7 builds on the foundations of Chapter 4 and Chapter 5. Postulates 

the option of amalgamating ferro-electric inclusions within the P(VDF-TrFE) source to 

catalyse greater electrical functionality. BNT, as well as BNT-based nano-powders are 

combined in the polymer model, generating a two-tiered amalgamated system. An 

imperative reason for the use of nano-particles is their large surface/volume ratio, 

enabling an increase in the amount of particle-source interactions, which naturally leads 

to a greater efficiency. A structure such as this will generate more desirable composite 

parameters. Material performance is decreased when particle agglomerates are in the 

presence of voids which attract crack initiation and failures. Nano-particles in particular, 

defined as measuring less than one hundred nanometers have a tendency to accumulate 

as a result of the dominance of interactions at the inter-molecular level.  
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In Chapter 8, P(VDF-TrFE)-BNT-BKT-BT nanocomposite piezo-electric properties are 

scrutinized under differing polarizing environments. To ascertain piezo- properties of 

such nano-composites, samples are deduced via free-standing films, making use of the 

hot press approach. To delineate rough values for each phase, three nano-composite 

varieties are deduced; the first featuring the ceramic phase poled only; the second with 

two phases poled identically; and the third with polarization in opposing directions. In the 

case of the second scenario, pyro-electric elements had a tendency to reinforce one 

another. However, piezoelectric effects were nullified given that piezoelectric 

coefficients of the individual phases are in opposition.  

In Chapter 9, a summary of the thesis is provided, whilst exploring the potential for further 

study beyond the scope of this paper.  
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2 CHAPTER 2: LITERATURE REVIEW 

 

2.1 Introduction  

Three primary areas will be addressed throughout this review. This Chapter summarizes 

initially the key aspects of ferroelectrics, as well as properties of dielectric, pyroelectric, 

and piezoelectric materials. Secondly, a structural analysis of copolymer P(VDF-TrFE) 

is given. The remainder of this Chapter engages in a critical discussion and overview of 

research pertinent to the current thesis, with specific focus of BNT-based ceramics, 

which, at present, appear to be the most viable solution to lead-free ceramics. Closing 

discussions of the Chapter delineate first the fundamental nature of ferro-electric 

polymer-ceramic composites; presenting a clear description of the interactions within 

ferro-, piezo-, and pyro-electrical elements, and finally, by engaging with currently 

unclear notions in this domain, the research aims of this thesis will be adequately justified.  

 

2.2 Dielectric materials 

Dielectric constants are relative to a material’s permittivity (ε). Its value denotes a 

material’s polarization efficacy when exposed to an applied field, whose ratio is the 

permittivity of a dielectric to permittivity of a vacuum (Ahmad, 2012). In physical terms, 

polarization of a material generated by a particular applied field value is directly 

proportionate to the dielectric constant. As a rule, dielectric materials, have typically been 

produced from inorganic materials such as silicon dioxide, mica etc. More recently, 

polymer use is increasing in dielectric materials through the development of more 

efficient construction, greater durability, superior resistance to chemical corrosion, and 

the ability to be easily amended for specialized purposes. Polyvinyl Fluoride and 

aromatic-containing polymer composites have been used as dielectric components in 

capacitors for over half a century; they can be produced with relative ease into thin films 
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via spin-coating, solution-casting, organic substrate immersion, and electron, UV-

radiation and glow discharge methods.  

Production is aided by low thermal characteristics in glass transition and melting points 

which generate lower processing period temperatures. Solubility can be manipulated 

without compromising inherent features. Concerning ceramics and inorganic substances 

that have hitherto comprised them, they bestow superior thermal potential and as such, 

dictate that processing must occur in extreme temperatures. Conversely, polymers are 

unable to tolerate extreme temperatures; their thermal expansion coefficient is 

proportionately larger than ceramic substances and also vulnerable to degradation as a 

result of atmospheric and hydrolytic factors.  

There are considered to be two types of dielectrics; one being polar dielectrics – 

bestowing enduring electric dipole moments – and non-polar, of which electric dipole 

moments are non-permanent. No electric field dictates that electrons are uniformly 

dispersed about the nuclei. The presence of an electric field, however causes, the electron 

cloud to be dispersed from the nuclei in the direction which opposes the applied field. 

This generates a divide in opposing charges, causing molecules to emulate an electric 

dipole. Polarization has three settings (Blythe & Bloor, 2005; Dittmer, 2013); 

 

I. Electronic polarization–minor electron disposition from the nucleus; 

II. Atomic polarization–contortions in atomic positioning within molecules/lattices 

III. Orientational polarization–in the case of polar molecules, permanent dipoles 

appear to provide a net polarization in the direction dictated by the electric field. 

IV. Space charge polarization–seen in dielectrics with disparate charge carrier 

densities 
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Figure 2.1 demonstrates the polarization mechanism dependency which feeds into the 

general polarization of materials of the applied field frequency. Electronic polarization 

can be catalysed by minor shifts in electron clouds from any atom within the dielectric 

corresponding to its positive nucleus, as demonstrated by Figure 2.2 (a). This generally 

takes places in the 1015 Hz range of frequency, generating a ~2 value dielectric constant. 

Atomic polarization is caused by an electrical field which contorts the atomic nuclei 

arrangement (~1013 Hz), shown in Figure 2.2 (b). In Figure 2.2 (c), it is observed that 

orientation polarisation is exclusive to contexts which bestow constant dipole moments, 

and may be placed in the direction of the applied field, initiated through rotation of 

permanent moments. Interfacial polarization, an additional polarization matrix operates 

through space charges locked by electrodes and heterogenous constructions, for example, 

grain boundaries. As mentioned, polarization is crucially reliant on the frequency of the 

applied field.    

Total Electric Polarization (TEP) of a dielectric substance is a product of electronic and 

atomic orientation polarizations, and can be subject to interfacial polarization if impurities 

are existent. Mean polarization per unit volume,( �� ) is generated by value N of electric 

dipole moments; � - all of which are aligned, demonstrated in (Ravinder & Valle, 2013) 

 

�� = �
������∑ ���� !                     (2.1) 
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Figure 2.1: Principle frequency dependence diagram of both the theoretical and actual 
aspects of permittivity. Above; relative wavelength scope in accordance with the EM 
spectrum; long-radio, radio, microwaves, infrared radiation, visible light and ultraviolet 
radiation (Böttger, 2005; Dittmer, 2013). 

 

 

Figure 2.2: Specific microscopic polarization apparatus (Dittmer, 2013; Waser et al., 
2005).  
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Dielectric properties are typically denoted by their dielectric constant (polarization) and 

dielectric loss, otherwise known as relaxation phenomena. Dielectric constants vary in 

frequency across materials. Each spectrum which typifies definitive relaxation processes 

and resonances is analysed at differing frequencies. A delay in retaining equilibrium 

results when external applied fields alternate upon the substance and this is typically 

known as relaxation. 

Dielectric relaxation phenomena can be defined as the aggressive degradation of 

polarization over time within a dielectric through removal of the external applied field. It 

is caused by atypical diffusion whereby the dielectric constant and frequency become 

inversely proportionate. The relaxation period is identified by the duration of the 

reduction of the polarization value to 1/e of its initial value, whereby e acts as the natural 

logarithm base. In molecular dipoles, orientation polarization is observed to be a much 

more languid process in comparison to electronic and atomic polarization, seen in much 

greater ranges of frequency.  

Obtaining maximum equilibrium orientation polarization requires a time period to 

facilitate the addition of an electrical field to catalyze the material. Should a sufficient 

duration elapse, then respective permittivity, or static dielectric permittivity (�∞) will be 

evident. Conversely, should polarization be measured instantaneously, when the field is 

engaged, then a low-intensity instant relative permittivity (��) is achieved. Dissipations 

from high to low �� is anticipated across the opposing time scales. Resonance is typically 

correlated with electro/atomic polarizations and in the cases of orientation polarization, 

the relaxation effect is often resultant (Kremer & Schönhals, 2003). Such activity may be 

stimulated through applying an alternating electrical field (E) with a zero amplitude E0 

and angular frequency (ω) spreading the dielectric material (W. C. Gan, 2015); 

 

# = #!$%�&'										(2.2) 
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Polarization is attained when the frequency reaches a certain threshold. Dipoles will 

exhibit an ineluctable lag following the applied field. For phase lag (δ) in electric 

displacement (D) is expressed as; 

� = �! cos(&' − /)														(2.3) 
and may be presented as; 

� = �� cos&' − �1 	�23&'											(2.4) 
 

where 

�� = �!	$%�/ and �1 = �!	�23/ 

 

As result, the real and imaginary permittivities can be defined as: 

 

�5 = ���!#! 															(2.5) 
 

�7 = �1�!#! 															(2.6) 
  

and therefore tangent loss may be presented as; 

 

'93/ = �″�′ 													(2.7) 
 

such values are expressed as complex relative permittivity; 

 

�∗ = �5 − 2�7											(2.8) 
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Implications of both theoretical and practical elements can be better understood in context 

of the material in a capacitor. Current (I) flows, following the introduction of an 

alternating voltage, to the external circuit provided by practical element > = ?>!		@�ABC 
may be deducted from the complex relative permittivity; 

 


 = �∗�! D>D' = 2&�∗�!	(�7 + 2�5)	>														(2.9) 
 

such measures indicate that within the current’s capacitive component, a 90° voltage is 

obtained; 


G = 2&�!�5>																(2.10) 
 

in the case of a resistive component in phase with V; 

 


J = &�!�7>												(2.11) 
 

practical values of the /	quantity	delineated	in	Eq.2.7	is	now	therefore;	 
 

'93/ = �7�′ ≈ @3@[\]	D2��2�9'@D	�@[	$]$^@@3@[\]	�@[	$]$^@ 																					(2.12) 
 

Loss tangent ratio �7 �5⁄  is typically utilised in directly ascertaining values in dielectric 

loss. Relaxation periods, or τ, may be expressed as;  

 

	(�) = 1@ 																(2.13) 
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meaning, the duration of polarization led to 1/e degradation of its initial value. For 

maximum loss, angular or critical frequency must be;   

&� = 1� 																(2.14) 
 

The relaxation period, τ, denotes the manoeuvrability of dipole molecules present in a 

given substance and is the duration needed for the alignment of dipoles within an electric 

field to regain a 1/e value from its random equilibrium value. It may also represent the 

time needed for dipoles to orient to an electric field. Materials in liquid and solid form 

bestow condensed state molecules with restricted movement in the presence of an electric 

field. Perpetual collisions generate inner friction causing molecules to gradually move 

toward an eventually rapid orientation polarisation with the relaxation time constant, �.  

Elimination of the field generates a sequence reversal, with random distributions and time 

constants restored to their original value.  

It is more fruitful to utilise critical frequency (fm), however, instead of &`:; 

 

	� =
&�

2a
=

1
2a�

                   (2.15) 

 

A critical element in dielectric spectroscopy is analysis of relaxation processes, caused 

by rotational fluctuation in molecular dipoles. Relaxation processes are typified by their 

theoretical part peaks �′′ and tiered reduction of the �′ practical/real element of complex 

dielectric permittivity �∗ = �5 − 2�7as frequency increases, demonstrated in Figure 2.3. 

 

Conversely, a rise in the theoretical element of dielectric functions with dropping 

frequencies are to be observed via conduction phenomena. The practical element of a 

complex dielectric function for the purposes of efficient ohmic conduction is autonomous 
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from frequency, but for the theoretical element and frequency, the relationship is 

inversely proportional. In the context of minimal frequencies, alternating electric field are 

so slow as to enable to the dipoles to match field variation activity. Due to the full 

realization of polarization, as �′′ increases/decreases, so too does the frequency; when f 

does increase, �′′ also increases, however storage of the practical �′ elements then 

deteriorate as a result of phase lag in dipole alignment and electric field. In surpassing the 

relaxation frequency threshold; �′ and �′′ decline as electric field operates too rapidly to 

effect change on dipole rotation; therefore orientation polarization is eliminated. 

 

 

Figure 2.3: Diagram of practical and theoretical parts of the complex dielectric function 
for a P(VDF-TrFE) relaxation process. The former, �′, is represented by the red line, �′′, 
by blue. Conditions are 75/25 copolymer at a temperature of –20 ℃. 

 

Dielectric relaxation processes are scrutinized under myriad approaches, one such is the 

Debye function; a fundamental approach provided by (Kremer & Schönhals, 2003; 

Moulson & Herbert, 2003).   
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�∗ = �b + ∆�1 + (2&�d)															(2.16) 
 

whereby ∆� represents dielectric relaxation strength, and �∞ the infinite relative dielectric 

permittivity. Debye relaxation time, ��,   is relative to the relaxation peak’s positioning. 

Practically speaking, peaks are asymmetrical and feature a high frequency tail whose 

width is half of the measured loss peaks, but much broader as predicted by Debye 

function, such phenomena is referred to as ‘non-Debye (non-ideal) relaxation behavior’. 

As such, broadening of the dielectric function as described by Cole-Cole (Kremer & 

Schönhals, 2003; W. C. Gan, 2015) is denoted below; 

 

�∗ = �b +
∆�

1 + (2&�GG)f                (2.17) 

 

in cases where 0 < g ≤ 1 – symmetrical broadening of relaxation peaks occurs, sharing 

similarities with Eq. (2.16). The Debye function is obtained when g = 1. Relaxation time, 

���, pinpoints the moment of maximum loss rate where & = 1 �GGh . The Cole-Davidson 

function demonstrates that complex dielectric function may additionally exhibit 

asymmetric broadening peaks as sustained by; 

 

�∗ = �b + ∆�1 + (2&�Gd)f 															(2.18) 
 

Here, the g parameter denotes an asymmetric broadening of the relaxation function. 

Relaxation time of such an asymmetric model are unrelated to the relaxation time which 

itself is relative to the parameters for maximal loss. The relation of both values is 

dependent on the shape parameters. An alternative, simplified solution was purported by 
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Havriliak and Negami, entitled as the HN-function. This is an amalgam of the 

aforementioned Cole-Cole and Cole-Davidson functions (Kremer & Schönhals, 2003; 

Gan, 2015) 

 

�∗ = �b + ∆�1 + ((2&�Gd)f)i 															(2.19) 
 

Fractional share parameters g and j delineate the symmetric/asymmetric broadening of 

the complex dielectric function where 0 < g, gj ≤ 1 holds. The g and j phases assist in 

enforcing limitations of the complex dielectric function at both high and low frequencies. 

HN-function provides a more apt solution for comprehensive descriptions of isolated 

regions when four parameters or more are evident. 

 

2.3 Crystallographic classifications  

To best demonstrate the relations between piezoelectric, pyroelectric and ferroelectrics is 

to engage in discussions regarding their crystallography.  Symmetrical components are 

sought by crystallographers to bring about symmetry to a specific locus, e.g., the center 

of a unit cell, for  

(a) a centrality of symmetry;  

(b) axes of rotation;  

(c) mirror planes, and;  

(d) a combination of the above elements.  

All crystals may be separated into thirty two variant categories or point groups based on 

the nature of their symmetrical element efficacy. Such 32 point groupings are the 

subcategories of seven fundamental crystal systems which are, in order of descending 
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symmetry; cubic, hexagonal, rhombohedral (trigonal), tetragonal, orthorhombic, 

monoclinic and finally, triclinic (Kumaria et al., 2015). 

Of these groups, 21 bestow non-centrosymmetry, which is a mandatory prerequisite for 

the facilitation of piezoelectricity. Twenty are piezoelectric (Haertling, 1999) and can be 

observed in Table 2.1 below. One group lacks central symmetry and does not exhibit 

piezoelectricity due to an amalgam of differing symmetrical properties. Absence of 

central symmetry is imperative for piezoelectricity, given that a homogeneous stress is 

Centro-symmetric and is unable to generate non-symmetric products, for example, 

vector-quantity-esque polarization. This being the case with the exception of a material 

that lacks central symmetry, in which case, total movement of both +/- ions, relative to 

one another as a result of the stress, gives rise to electric dipoles, i.e., polarization. For 

those which are piezoelectric, but not ferroelectric (lacking spontaneous polarization), the 

stress itself can be the only method to obtain dipoles.  

Piezoelectric effects are linear and bidirectional; the polarization intensity relies on stress 

(compressive or tensile) magnitude as well as the sign of the resultant charge. In 

comparison to more typified piezoelectric polarizations generated under stress, 

pyroelectric polarization behaves spontaneously while retaining fixed dipoles in the 

material. Due to polarization variations as a result of temperature, pyroelectricity is the 

term ascribed to this process. As a result,  all ferroelectric crystals are pyroelectric, and 

all pyroelectric crystals are piezoelectric, but it is imperative to note that the converse is 

erroneous (Barsoum, 1997) as shown in Figure 2.4. 
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Table 2.1: A summative list on crystallographic point categories, in short Hermann-Mauguin 
nomenclature (Uchino, 1994). 

Centrosymmetry Centrosymmetric Non-centrosymmetric 

Polarity Non-polar Non-polar Polar 

Number of point groups 11 11 10 

 

 

 

Crystal class 

Cubic  `3k	`,`3k 432, 4k3`, 23  

Hexagonal 6 ```⁄ , 6 `⁄  622, 6k`2, 6k 6``, 6 

Tetragonal 4 ```,⁄ 4 `⁄  422, 4k2`, 4k 4``, 4 

Rhombohedral 3k	`, 3k 32 3`, 3 

Orthorhombic ``` 222 ``2 

Monoclinic 2 `⁄   2,` 

Triclinic 1k  1 

 

 

Figure 2.4: Categorizing dielectric materials. 
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2.4 Curie temperature and phase transitions 

Curie temperature (Tc), also known as the Curie point, is the temperature whereby 

particular substances are unable to maintain their magnetic properties; instead they are 

substituted with induced magnetism. Pierre Curie demonstrated that magnetic properties 

disintegrated at a threshold temperature. Increasing temperatures of 

ferromagnetic/ferrimagnetic material enhances free movement within domains, 

facilitating alignment, but hindering their ability to remain this way in the absence of a 

field (Donald et al., 2011). As such, the saturation magnetization point, remanance, and 

coercive fields are all compromised at high temperatures, this can be observed in Figure 

2.5. Should temperatures exceed the Curie temperature (Tc), ferromagnetic/ferrimagnetic 

behavior is not apparent. Alternatively, substances behave as para-magnetic materials. 

Curie temperatures, which are dependent on the material in a given context, may be 

amended through alloying elements; dipoles can remain in alignment within a magnetic 

field that exceeds the Curie temperature, however, they align themselves randomly when 

the field is removed, demonstrated by Figure 2.6. 

 

Figure 2.5: Temperature intervention on the remanence Ferromagnetic behavior is 
eliminated above the Curie temperature (Donald et al., 2011). 
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Figure 2.6: Material magnetic moment assimilation in the absence and presence of an 
electric field, respectively, (a), (b). 

 

Beyond the Curie temperature, dielectric constant (ε′) tapers alongside temperature in 

accordance with the Curie-Weiss law (Xu, 1991). 

 

� = �! + �� − �! ≈
�� − �! 																						(2.20" 

 

C here is the Curie constant. �0 denotes Curie-Weiss temperature. Barium titanate 

(BaTiO3), a ferroelectric, can transform through several phases toward successive 

ferroelectric phase. It must be noted however, that transformation into the initial 

ferroelectric phase is what defines the Curie point. 

 

2.5 Ferroelectricity  

Ferroelectricity is defined as reversibility in a polar crystal of the direction of the electric 

dipole by means of an applied electric field (Jaffe et al., 1971). Due to the necessity for 

polarity in a crystal, it may only manifest within pyroelectric crystal classes. The presence 

of a dipole however is not necessarily a prerequisite for reversibility of an electric field, 

a field which exceeds the breakdown field may be required, or asymmetric and 
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irreversible atomic distributions could be the cause. Both tourmaline and hexagonal CdS 

are pyroelectric, but they are not ferroelectric (Jaffe et al., 1971). Once again, it can be 

observed that while all pyroelectrics are piezoelectric, pyroelectricity is a feature 

considerably distinct from piezoelectricity due to its reliance on varied conditions of 

symmetry. Ferroelectricity can be viewed as an empirical distinction between one 

category of pyroelectric crystal and another, as noted through experimental observation. 

Such a definition does not require a high dielectric constant, however ferroelectrics can 

and do often bestow exceptionally high dielectric constants. 

 

2.5.1 Ferroelectric domains 

The mechanisms involved in spontaneous polarization include small disarrangements of 

positive ions in one direction and the very same of negative ions in the opposing direction, 

in turn generating  a total dipole effect within the unit cell (Li & Weng, 2001). It is most 

economical for nearby ions to move in the same direction (Sidorkin, 2006). Small areas 

where adjacent unit cells bestow the identical polarization axis (where the ions are 

displaced in the same direction) is referred to as a domain. It is an area of homogeneous, 

spontaneous polarization which engages during cooling, crossing the Curie temperature.  

A ferroelectric domain, a microscopic area within the substance is where all electric 

dipoles are oriented in the same direction as a result of intense, short-range encounters 

catalysed by internal electrical fields. The scope and distribution of such domains 

manifests from two competing energies: force of the domain wall and depolarization 

energy. These domains are usually randomly oriented, therefore total polarization is at 0 

when external electric fields are lacking. Domains have a tendency to orient in the 

direction of the applied field when one is present. Such arrangements provide a net dipole 

moment for the domain, and resultantly, a net polarization. 
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2.5.2 Poling  

Dipoles display inherent random distribution in macroscopic crystalline structures that 

contain aforementioned unit cells. When the substance undergoes mechanical stress, all 

dipoles rotate from their initial direction and exhibit minimizing behaviours; reducing 

electrical and mechanical energy stores. If total polarization is zero, then their 

reorientation may not affect the macroscopic net polarization to a pertinent degree and 

piezoelectric effects will be difficult to detect.  

It is thus imperative to generate a preliminary orientation within the material, in order for 

dipoles to be relatively identically positioned. This is achieved simply by poling the 

substance, allowing it to attain ‘poling direction’ status as the substance is immersed in 

an intense electric field which calibrates all or most dipoles to the correct field direction. 

Once the field is disengaged, most dipoles do not revert to their prior orientation, due to 

the pinning effect generated by microscopic defects within a crystalline lattice. The end 

result is a product containing numerous microscopic dipoles; most of which will be 

identically oriented (see Figure 2.7). A note of interest is that the material may be de-

poled should there be exposure to a high electric field with the opposing orientations, or 

to temperatures exceeding the Curie threshold of the given material. 

 

 Figure 2.7: Display of aligned of electric dipoles, schematized by arrows in the material 
prior to poling, throughout the poling process, and post-poling; (a), (b), (c), respectively. 
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2.5.3 Hysteresis loop 

Ferroelectrics materials are a particular strand of dielectrics that bestow spontaneous 

polarization, i.e., polarization linked to a randomly generated dipole moment, or, 

polarization outside of an electric field. This is the fundamental characteristic of 

ferroelectric materials; it is ascertained through observation of polarization tendencies – 

reversal, switching etc., via an induced external field. Domain switching in a ferroelectric 

materials, generates a ferroelectric hysteresis loop, depicted in Figure 2.8. This loop may 

be analysed experimentally through use of a Sawyer –Tower circuit (see Figure 2.9). 

Applying an alternating field to ferroelectric materials results in total unidirectional 

polarization. Inverting the field depoles, then repoles to the opposing orientation. 

Plotting a polarization versus field will give rise to a typical hysteresis loop as shown in 

Figure 2.8. When the field encompasses a ceramic that contains domains of varying 

directionality, all domains begin to reach homogeneity. As the magnitude of the field 

increases, so too does the field, in some places reaching total polarization – (Ps) (Donald 

et al., 2011). Reducing the field to zero causes some domains to recalibrate to their initial 

state, yet this is not the case for all domains, and, as a result, residual alignment leads to 

remnant polarization (Pr). Elimination of the field would mean polarization is sustained. 

A number of substances are found to be subject to aging, with slow Pr decay over time. 

Reversing the field reverses the domains and some fields will exhibit a 0 total polarization 

rate. This is the coercive field (Ec). Yet additional field inversions will yield total 

saturation polarization in the opposite direction. 

Raising the field from negative maximum to positive maximum, generates identical 

polarization effects, but in the opposing direction. Space internal to the hysteresis loop is 

a function of the energy needed to invert polarization directionality by 180°. The most 

powerful electric field a material is able to tolerate before degradation is referred to as the 

electric field breakdown (Eb). At a given Eb, a substance will then shed its insulatory 
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properties and instead become a conductor. Applying an electric field to ferroelectric 

materials in an isothermal cycle; Joule heating disposes of electrical flow to the system. 

The dispersed energy (W) per unit volume V ,of the ferroelectric materials is equal to the 

area delineated by the D-E schematic of the hysteresis loop (Batra & Aggarwal, 2013) 

 

l> = mD�#																			(2.21) 
. 

This loop may be utilised in the harvesting of energy 

 

 

 

 

Figure 2.8: Ferroelectric hysteresis loop, demonstrating how polarization is affected by 
the electric field, polarization and dipole alignment (Donald et al., 2011). 
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Figure 2.9: Sawyer-Tower Bridge diagram denoting ferroelectric properties. 

 

2.6 Pyroelectric effects 

Pyroelectricity, or the pyroelectric effect is the transformation of a material’s internal 

polarization through minuscule temperature fluctuations which generate charge and flow 

across the surface of the material. Integral electric displacement of pyroelectric crystals 

diminishes in intensity as temperature rises. Transformations in electrical displacement 

facilitate flow of compensating charges that give rise to current flowing within the 

external circuit as can be seen from Figure 2.10. Univ
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Figure 2.10: Pyroelectric material featuring both dipole and polarization vectors with the 
samples linked to an ammeter at a consistent temperature, during heating, and during 
cooling ((a), (b), and (c), respectively) (Batra & Aggarwal, 2013). 

 

Pyroelectric substances are dielectric materials; bestowing random electrical 

polarizations which manifest through lack of an applied electric field, or stress. It is 

brought about by two features; the primary and secondary pyroelectric effects; both of 

which are inextricably linked to crystal anisotropy. Thermal expansion effects are 

nullified in polarization when they are analysed at a constant strain; this primary 

pyroelectric effect is garnered from internal redistributions in structure which may be 

schematized as cations traversing in relation to anions with no amendments to unit cell 

dimensions, which results in a polarization change and, hence, instantaneous charge is 

expelled. This however is not considered to be the conventional approach to measuring 

pyroelectric coefficients. Instead, the majority of pyroelectric experiments are undertaken 
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in conditions of constant stress as opposed to strain, meaning that unit cell dimensions 

may alter by means of thermal expansion, alongside elastic stiffness. Given that every 

pyroelectric material is also piezoelectric, there will too be a manifest pyroelectric effect, 

which is the secondary element (Newnham, 2004; J. H. Wang et al., 2010). 

 

Spontaneous polarization (Ps) can be defined as µ, the dipole moment, per unit volume 

with a mean value over volume (V) of the substance. It may be formulaically denoted as 

the following; 

�n =opD>															(2.22) 
 

For Ps to bestow a value greater than 0, it is not just the specific area in question that must 

have greater value but in amalgamating elements, it must be ensured that any 

cancellations are not made. Polycrystalline samples, for example, may be pyroelectric, 

providing crystallites are calibrated as such that the mean dipole moment is ≠0. It is 

commonly attained through poling, whereby a DC electric field is initiated to a set 

orientation, causing dipoles to follow suit. Importantly also, pyroelectric effects may also 

be produced by amending the angle between the dipoles and the polar axis resultant from 

fluctuations in temperature.  

 

Should a minuscule but ordered change in temperature (∆T) take place about the crystal, 

then the adjustment to the polarization vector can be characterized as follows; 

∆�� = ��∆�										(2.23) 
 

here, the pyroelectric coefficient is pi 

pi can be described as an adjustment in remanent polarization (Pr) when a specimen is 

subject to heating or cooling in a controlled vector, as (Mehl et al., 1996) demonstrates 
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�� = D�qD� = 1rDsD� = 1rDsD' D'D� = 1r 	
	 D'D�											(2.24) 
 

In the case of  
tB
du  is the heating rate, inverted. 

In sampling area A , thickness l,  remanent Pr is provided by (Furukawa, 1989a; Kepler 

& Anderson, 1978) 

s = �q	r = p̂ 													(2.25) 
 

where Q is the charge on the electrodes and µ the dipole moment of the sample. The 

measured pyroelectric coefficient is given by 

 

�� = 1r vDsD�w = 1r^ 	vDpD�w − pr^1 vD^D�w															(2.26) 
 

here, the definition 

�t = 1r^ vDpD�w								(2.27) 
and  

g = 1̂ D^D�														(2.28) 
 

where α is the thermal expansion linear coefficient of the sample. 

The deduced net pyroelectric coefficient of the free sample is as follows; 

 

� = �t − g�q 											(2.29)	 
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For Equation 2.29, pd denotes the contribution of pyroelectric responses resultant from 

the temperature-reliant amplitude of dipole vibration, i.e., the dipolar original, as well as 

an alternative or additional adjustment to crystallinity which could lead to inclusion of 

electrostriction and density defects. Such a component is more fitting to the primary 

pyroelectricity method, whereas αPr (as Eq. 2.29) is a phenomena exhibited by secondary 

pyroelectricity. In other words, a piezoelectric contribution arises from changes in sample 

dimensions. This element bestows a negative sign given that dipole density is inversely 

proportionate to temperature, and its overall efficacy in the net pyro-electric response is 

significantly reduced in all ferroelectric ceramics but polymers, namely, polyvinylidene 

fluoride (PVDF). 

 

2.7 Piezoelectric effect 

Particular substances may generate an electrical charge across its surface due to the 

initiation of mechanical stress. Induced charges are proportional to mechanical stress and 

the process is known as the direct piezoelectric effect and was initially discovered in 

quartz by Pierre and Jacques Curie at the end of the 19th century. Materials exhibiting 

such behaviour also oddly, bestow a geometric strain that is proportionate to a given 

electrical field; it is known as the converse piezoelectric effect. Etymologically speaking, 

“piezo” is a word element meaning “pressure”; hence the original meaning and usage of 

the word ‘piezoelectricity’ denoted “pressure electricity” (Cady, 1964; Uchino, 2003). 

Pierre and Jaques Curie analysed both positive and negative charges evident upon myriad 

areas of the crystal surfaces when calibrating the crystal in different directions, 

scientifically scrutinized prior, due to its symmetry. 

 

In Figure 2.11 (a), a canonical molecule model is shown, explaining the facilitation of an 

electrical charge due to an exerted force on the substance. Prior to immersing the material 
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in contexts of external stress, each molecule’s gravity centre of the negative and positive 

charge was uniform. As such, external applications concerning both negative and positive 

charges are cancelled out (Arnau, 2008). An electrically neutral molecule is then formed, 

and when exerting pressure upon the substance, its internal reticular structure can be 

contorted, resulting in the division of positive and negative gravity centres and the 

creation of small dipoles, as depicted in Figure 2.11 (b). Poles inside the material facing 

one another are collectively nullified and distribution of linked charges materialize on the 

substance surface (see Figure 2.11 (c)). In other words, the substance is polarized. 

Polarization instigates an electrical field which can be utilised in transforming mechanical 

energy contributing to the material’s deformation into electrical energy. 

 

Figure 2.11: Denotes a schematised molecular model for conveying the process of the 
piezoelectric effect in an unaffected molecule; a molecule subjected to external forces, 
and the polarizing effect on a substance surface ((a), (b), and (c), respectively).  

 

For typical solids, stress X simply causes a proportionate strain x, relative to an elastic 

modulus (Y) (Jaffe et al., 1971). 

 

x = yz									(2.30" 
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To express dielectric displacement D - (the charge Q per unit area A) and stress X, the 

following can be outlined; 

 

                                        � =
{

|
= Dx								(2.31"       (d expressed in coulombs/Newton) 

 

Here, the direct piezoelectric effect can be observed, alongside the converse effect where 

an initiated field E can generate a relative strain (x), contraction, or expansion which is 

reliant upon the nature of the polarity (Jaffe et al., 1971). 

 

                               y = D#													(3.32"    (d expressed in meters/Volt). 

 

Both phenomena share the piezoelectric constant d, which is mathematically identical in 

direct/converse actions. 

D =
�

x
=
y

#
												(2.33" 

 

A great d value is preferred in substances that are required to withstand or generate kinetic 

energy, for example, ultrasonic cleaner transducers and sonar. 

Additionally, the piezoelectric constant g is frequently utilised given its ability provide a 

field initiated by stress, it is typically measured in volts/Newtons; 

>%^'� `@'@[⁄

}@~'%3 ���9[@	`@'@[⁄
 

 

The aforementioned constant g related to d through permittivity (ε′), as described in (B. 

Jaffe et al., 1971). 

\ = D�′�! 									(2.34) 
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A high g constant value is sought after in substances which are designed to give voltage 

when exposed to mechanical stress, much like a pick-up in a phonograph device. 

piezoelectric can be defined as a cross-coupling effect shared across elastic variables (X, 

x – stress and strain) and the dielectric variables D and E, electrical displacement and 

electrical field, respectively. Combining these variables gives rise to the definition of four 

constamts – d, e, g and h which are outlined in Figure 2.12 and delineated in (Furukawa, 

1989b; Jaffe & Berlincourt, 1965)  

 

D = v���xw� = v
�y�#w� 													(2.35) 

 

@ = v���yw� = −v
�x�#w� 													(2.36) 

 

\ = −v�#�xwd = v
�y��w� 													(2.37) 

 

ℎ = −v�#�ywd = −v
�x��w� 													(2.38) 

 

Eq. 2.35 denotes direct effects, whereby Eq. 2.36 shows mechanisms of the converse 

effect. Such constants are relative to one another via their elastic constant and dielectric 

permittivity properties. 

k, the electromechanical coupling coefficient, denotes the transformation of electrical 

energy into mechanical energy, where the converse is also true. Electromechanical 

coupling can be regarded as a transduction efficiency element and is in a perpetual state 

less than unity, as can be viewed below (Harrison & Ounaies, 2002); 
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�1 = @^@$'[2$9^	@3@[\]	$%3�@['@D	'%	`@$ℎ932$9^	@3@[\]	23��'	@^@$'[2$9^	@3@[\]	 											(2.39) 
or 

�1 = `@$ℎ932$9^	@3@[\]	$%3�@['@D	'%	@^@$'[2$9^	@3@[\]23��'	`@$ℎ932$9^	@3@[\] 										(2.40) 
 

 

 

Figure 2.12: Definition of piezoelectric and pyroelectric constants. 

 

2.8 Ferroelectric polymer 

2.8.1 Background  

Ferroelectric materials (FEMs) are a unique type of dielectric capable or random 

spontaneous polarization (Furukawa, 1989a; Jona & Shirane, 1962; Tamura et al., 1977). 

They have been of much interest for researchers for almost a century (Valasek, 1921).  

Ferroelectric materials are a substrate of the pyroelectric  group, whereby spontaneous 

polarization directionality is able to undergo reversal by means of an electric field 

(Valasek, 1921; Valasek, 1922). As discussed in previous sections, PVDF is well 

established across the research field, at first being known for its divergent crystalline 
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polymorph phase and large dielectric constant. Kawai uncovered strong piezoelectricity 

in the very late sixties, for the purpose of poled and uniaxially drawn films (Heiji, 1969). 

Around the same time, just after the turn of the decade, Bergman, McFree and Crane 

uncovered pyroelectricity, as well as non-linear optical properties within PVDF, which 

rendered the material as a highly efficient polymer with substantial structural stability for 

use as an energy transducer (Mandal, 2008). Continuous investigation has deepened our 

knowledge and technological applicability (Kepler, 1978; Lovinger, 1982a; Lovinger, 

1983a; Mandal, 2008; Sessler, 1981; Wada & Hayakawa, 1976). Following surges in 

usage as both a flexible pyroelectric /piezoelectric transducer, it has been debated whether 

such effects are resultant from either molecular dipoles, or trapped space charges. A short 

time later, evidence of potential crystalline dipole reorientation via poling was presented 

through infrared and X-ray technology (Lovinger, 1982a; D. Mandal, 2008; Tamura et 

al., 1977; Tamura et al., 1974). 

Tamura and colleagues (Tamura et al., 1974) were the first to analyze the D-E hysteresis 

loop of PVDF at room temperatures, they were however, initially uncertain regarding its 

ferroelectric properties. In a subsequent study (Tamura et al., 1977), measurements were 

spanned over a larger scope of temperatures and proposed potential reorientation of 

crystalline dipoles in the β phase. The formation of the observed hysteresis loop was 

heavily reliant upon the amplitude of the applied electric field. It was Furukawa et al. 

(Furukawa et al., 1980) who provided comprehensive analyses of the hysteresis loop and 

outlined that PVDF is indeed a ferroelectric polymer. In parallel with these findings, the 

existence of a Curie point, with is further evidence for ferroelectricity, has been 

demonstrated in copolymers of vinylidene fluoride (VDF) with trifluorethylene (TrFE) 

(Furukawa et al., 1980; Furukawa & Johnson, 1981b; Yagi et al., 1980; Yamada et al., 

1981) and tetrafluoroethylene (TeFE) (Lovinger, 1983b; Lovinger et al., 1988; Lovinger 

et al., 1984; Murata & Koizumi, 1985). Afterwards, many scientific observations, 
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interpreted as ferroelectric behavior of P(VDF-TrFE) were published (Furukawa & 

Johnson, 1981a; Lovinger et al., 1982b; Mahdi et al., 2014; Müller et al., 2008). 

2.8.2 Structure of PVDF and its copolymer 

PVDF is thus characterized by a semi-crystalline polymer that is typically half amorphous 

(Furukawa, 1989a). Vinylidene fluoride C2H2F2 monomers join to form the linear carbon-

carbon chain pattern as follows; –(CH2–CF2)–. The dipole moment of the monomer is 

directed approximately from fluorine atoms to hydrogen atoms. Monomers will arrange 

themselves in such a way so as to minimize potential energy in the polymer chains 

(CH2−CF2) n. Its polarity is governed by positive hydrogen atoms and negative fluorine 

atoms, the net dipole value (µ) of which is roughly 7 × 10-30 cm in a vacuum (Tashiro et 

al., 1984; Yagi et al., 1980). Dipole orientations are governened by molecule packing and 

conformation, such that they are fixed to a central spine of the carbon chain. There are 

typically four categories of polymorph, each with varied lattice characteristics and 

differential molecular confirmations (see Figure 2.13).  

 

One of the more prevalent, thermodynamically stable, and simply attained phases is the 

α-phase, or phase II. It features a trans-gauche (����̅) conformation and lacks visible net 

lattice polarization through antiparallel chain arrangements. In other words, dipoles are 

opposed. The α phase bestows orthorhombic symmetry and a unit cell dimension of a = 

4.96, Å, b = 9.64 Å, and c = 4.62 Å (Takahashi et al., 1983). The dipole moment is 

orthogonal to the polymer chain and, as a result of converse orientations in adjacent 

chains; the total dipole moment in a single unit cell is 0. Therefore, the α phase is 

characterised as a non-polar phase of PVDF. The β-phase (phase I) crystallizes with a 

molecule configuration of an all-trans (TTTT) zig-zag conformation, providing a polarity 

to this phase through the neighboring packing of polymer chains. In other words, C-F 

dipoles are homogenously aligned.  
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The β phase of PVDF has undergone much research in terms of piezoelectric and 

pyroelectric parameters. It has orthorhombic symmetry with a unit cell size of a=8.58 Å, 

b=4.91 Å, and c=2.56 Å (Hasegawa et al., 1972). The polymer chain of the β phase has 

an exclusively-trans (TT) conformation, where dipoles are aligned to the same orientation, 

resulting in maximal dipole density, the highest of the four polymorphs. There exists 

intermediate conformation T3GT3G, which exhibits preference for parallel packing to 

facilitate the γ phase (Weinhold et al., 1980). The type parallel to the α phase is the  δ 

phase (Davis et al., 1978; Servet & Rault, 1979); and is regarded as the polar version of 

the α phase. 

 “Smart materials” have emerged in more modern times, one such material is the 

commom piezoelectric polymer Polyvinylidenefluoride, (PVDF). It features favourable 

chemical and mechanical characteristics, excellent durability, it is biocompatible, 

lightweight, inexpensive, low in acoustic and mechanical impedances and is applicable 

across countless engineering endeavours. Contrary to its myriad advantages, PVDF 

processing is a complex, tiered process involving mechanical stretching in order to attain 

the piezoelectric β phase (Furukawa, 1989a). Research has hitherto been undertaken in 

the manufacture of PVDF films and its behaviour in non-polar alpha phases via varied 

procedures such as extrusion, solvent casting, spin coating, hot pressing etc.  Films must 

then undergo thermo-mechanical stretching to attain β phase; a highly complex, critical 

procedure. However, ways have been developed to circumvent the stretching process. 

 

Should PVDF become polymerized with TrFE, a copolymer is formed, with a 

spontaneous distribution of monomers. Superfluous fluorine atoms in the chain minimise 

the potential of head to head and tail to tail malformations. Such mechanisms increase the 

crystallinity of the copolymers to over four fifths, following the copolymer annealing near 

the Curie temperature. Should the TrFE content exceed just below 20 %, then 
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crystallization of the P(VDF-TrFE)  will occur in the same chain conformation as in the 

β phase. The a and b axes of the unit cell of the copolymer are greater than β-PVDF as a 

result of fluorine atoms being greater in size, and hence facilitating a more rapid dipole 

alignment than would be exhibited with β-PVDF (Fukada, 1998) all  trans (TTT), 

demonstrated by Figure 2.14. Resultant lattice frameworks and copolymer dipole 

alignment are identical to PVDF. Despite the TrFE monomer featuring a lesser dipole 

moment than PVDF, polarization of the copolymers is typically greater as opposed to 

PVDF exclusively, through greater copolymer crystallinity. 

Myriad research efforts have been made in recent times to increase copolymer PVDF and 

P(VDF-TrFE) crystallinity. A greater crystallinity rate is thought to generate more 

efficient piezoelectric properties. Typically, the crystallization process generates folded 

chain crystals, or FCCs, but if polymers are subject to crystallization in a hexagonal para-

electric phase then they will instead form Extended Chain Crystals (ECC). The latter 

feature larger distances between chain foldings than the former. They also demonstrate a 

greater electromechanical coupling factor. Though it has recently been discovered that 

the PVDF hexagonal para-electric phase only operates in exceptionally high 

temperature/pressure environments. 

Overall, copolymers are advantageous to VDF homopolymers, in the context of technical 

applications (Furukawa, 1989a). Ferroelectric, and as such, piezoelectric and pyroelectric 

films are able to be made straight from melt or solution. Additionally, the TrFE copolymer 

variant, can reach a greater crystallinity rate than PVDF. When copolymers are heat 

treated at a temperature intermediate to the Curie and melting points (Koga & Ohigashi, 

1986), growth of crystalline lamellae occurs into thicknesses of  <100 nm and l µm2 in 

area. Given that growth is facilitated with the usage of non-crystalline molecules, a surge 

in crystallinity (85 %) is resultant, whereby α and β phases of PVDF yield 50 % at best. 
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As a result, much greater remnant polarizations and stronger piezoelectric and 

pyroelectric behaviour is evident in P(VDF-TrFE). It is important to remember that high 

crystalline PVDF β phase is unable to produce thin films, due to the production 

requirement to stand on solid substrate (i.e., glass, or silicon) and, in order to obtain the β 

phase, stretching is needed, but is unnecessary for P(VDF-TrFE) in this case. Although, 

in P(VDF-TrFE) it is easier to attain high crystalline β phases below 10 nm (Müller et al., 

2008; Usui et al., 2014), and here, as mentioned, P(VDF-TrFE) does not need stretching. 

PVDF additionally lacks ferroelectric-to-paraelectric transitioning as the Curie 

temperature exceeded by around 20℃; which is greater than the melting point of 205 ℃ 

(Lovinger, 1983a; Lovinger et al., 1982b). Therefore, a Curie temperature does not exist 

for PVDF. Copolymers of PVDF with trifluoroethylene (TrFE, C2HF3), on the other hand, 

bestow ferroelectric-to-paraelectric transitional properties. Application of larger, less 

polar TrFE units restricts transition temperatures by reducing average dipole moments of 

the chains, which causes the lattice to grow and become susceptible to defects (Koga et 

al., 1990; Koga & Ohigashi, 1986). 

 

 

Figure 2.13: Unit cells of (A) α , (B) δ , (C) γ , and (D) β,  PVDF crystal formations as 
seen across the c-axes and schematic chain conformations for (E) ����̅,(α/δ), (F) 
T3GT3G,(γ),. (G) all-trans (β) rotational sequences are also given. Red, cyan, and blue 
spheres denote F, C, and H atoms, respectively. Dipole direction projection is indicated 
by the arrows in green (Zhu & Wang, 2012). 
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Figure 2.14: (a) Demonstration of the β phase crystal structure for copolymer P(VDF-
TrFE) in the AB plane (the C axis is normal to the ab plane). Additionally shown is (b) 
along the C axis of the all-trans (TTTT) zig-zag planar configurations as viewed from 
above (Duo Mao et al., 2011). 

 

2.9 Lead-Free piezoelectric ceramics 

Lead-free piezoelectric ceramics have recently gained immense academic and industrial 

interest as a result of the apparent dangers of lead. There is no current suitable or 

equivalent alternative for Pb-containing piezoelectrics, and investigations are still being 

undertaken to discover lead-free materials that contain properties comparable or even 

superior to those of Lead zirconate titanate Pb (ZrxTi1-x)O3 (PZT). It is a primary 

ferroelectric (piezoelectric) ceramic material. There are no reported substances with 

characteristics as those of PZT. Ceramists are presently struggling to devise a suitable 

alternative. The current Chapter is focused on the contemporary developments in lead-

free piezo-ceramics, especially those with perovskite crystalline structures.  

Binary and ternary systems of BNT generally demonstrate more effective characteristics 

relative to pure BNT. Prior to delineation of the complex solid solution systems, it is 

pertinent to begin with an overview of the end members of the series. Of the several lead-
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free candidate materials, perovskite structures in ceramics, for example; Bismuth Sodium 

Titanate Bi0.5Na0.5TiO3 (BNT), Bismuth Potassium Titanate Bi0.5K0.5TiO3 (BKT); and 

Potassium Sodium Niobate Na0.5K0.5NbO3 (KNN) are all notable candidates in 

transforming electromechanical device applications (Jaffe et al., 1971; Smolenskii et al., 

1961). Unlike the PZT system, lead-free operations contain a curved morphotropic phase 

boundary (MPB) and are subject to phase transition to a non-polar phase before 

paraelectric cubic transformation. As such, the piezoelectric properties deteriorate. 

 

2.9.1 Morphotropic phase boundary (MPB) in ferroelectric ceramics 

A selection of perovskite-type solid material ferroelectrics have demonstrated superior 

characteristics; namely, a high electro-mechanical coupling constant in the MPB context 

(Ibrahim et al., 2011) and massive dielectric response. Such materials are crucial to the 

development of electrostrictive sensors, actuators etc., due to their great dielectric and 

piezoelectric constants (Jaffe et al., 1971; Newnham, 1997; Sawaguchi, 1953). Originally, 

the phase transitions as a result of compositional amendments was known by the term 

“morphotropic” (Ahart et al., 2008).  

Today, the term, as encompassed in “MPB” more commonly refers to the phase transition 

between the tetragonal and rhombohedral ferroelectric phases due to the diversity in 

composition or resultant products of mechanical pressure (Ibrahim et al., 2011; Jaffe et 

al., 1954; Yamamoto & Ohashi, 1995; Yamashita, 1994). In an MPB environment, crystal 

structures abruptly shifts, and the dielectric characteristics in ferroelectric  materials and 

the electromechanical characteristics in piezoelectric substances is maximal (Ibrahim et 

al., 2011). In modern times, scientists have begun to scrutinize MPB within simple-

structured, pure compound ferroelectric materials, for example, ferroelectric oxides. A 

contemporary experiment concerning lead titanate provided evidence that PbTiO3 may 

give a large MPB while under pressure (Ahart et al., 2008). Results demonstrated a greater 
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efficacy in phase diagrams than those hypothesized through first-principle calculations. 

As such, it is imperative to study the basic theories of dielectrics as well as piezoelectric 

characteristics within these substances in MPBs. This research intends to aid the 

generation of purpose-built, simply-structured non-linear substances with extreme non-

linear dielectric and piezoelectric characteristics (Ibrahim et al., 2011). 

 

2.9.2 Bismuth sodium titanate Bi0.5Na0.5TiO3 (BNT) 

Bismuth Sodium Titanate Bi0.5Na0.5TiO3 (BNT) is a lead free ceramic and is fundamental 

to almost all bismuth-based lead-free perovskites. Initially discovered in 1961 by 

Smolenskii et al. (Smolenskii et al., 1961), it received little attention until recently, when 

the demand for lead-free materials manifested over the last twenty years. Around the 

1990s, dielectric and optical BNT properties were catalogued by a range of researchers 

(Suchanicz et al., 1998; Suchanicz & Ptak, 1990; Tu et al., 1994). It is known that BNT 

is a ferroelectric compound featuring Bi3+ and Na+ complex on the A-site of ABO3-type, 

with the Bi3+ and Na+ ions located on the A-site, while Ti4+ ion is located the B-site of the 

perovskite unit cell (see Figure 2.15). At room temperature, BNT bestows  perovskite 

structures with a rhombohedral symmetry (Park & Chung, 1994).  Early research into the 

structures of BNT were insufficient (Aksel & Jones, 2010; Isupov & Kruzina, 1983; 

Suchanicz & Kwapulinski, 1995), until the turn of the millennium, when Jones and 

Thomas discovered expression of the rhombohedral space group at room temperatures as 

well as tetragonal adjustments and subsequently cubic during the heating process (Jones 

& Thomas, 2002). 

Jones and Thomas proposed a rhombohedral to tetragonal phase transition at temperatures 

ranging from 200 ℃ - 320 ℃, and from tetragonal to cubic at 540 ℃. The former region, 

that is between 200 ℃ and 320 ℃, has been a controversial point in research, exhibiting 

both anti-ferroelectric properties and demonstrating cohabitation of rhombohedral and 
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tetragonal phases within Polar Regions (Roleder et al., 1989; Suchanicz, 1995). The 

transition temperature (200 ℃ - 320 ℃) is often stipulated as the temperature at which 

depolarization occurs (Kazushige et al., 2006; Takenaka et al., 2009). 

The BNT ceramic exhibits strong ferroelectric properties as a large remanent polarization, 

Pr = 38 µC/cm2, and generally high piezoelectric characteristics in comparison with other 

lead-free piezoelectric ceramics. BNT is therefore regarded as an excellent contender in 

producing lead-free piezoelectric ceramics. Reliable data on piezoelectric properties of 

the BNT ceramic are in short supply due to the difficulties which arise in poling this 

ceramic because of its large coercive field (Ec = 73 kV/cm) with the exception of superior 

technical work provided by (Takenaka & Nagata, 2012). In the last 20 years, BNT-based 

solid solutions and A-site substituted BNT, subject to more simple poling procedures 

have been researched much further (Takenaka & Nagata, 2012). 

 

In prior research, the electromechanical coupling factor (k33,) of the BNT ceramic 

underwent analysis as the end-member of solid solutions; k33 values ranged from 0.25-

0.40 due to divergences within the sintering conditions. The BNT ceramic needs a 

substantial sintering temperature exceeding 1200 ℃ in order to generate a dense body 

(Takenaka, 2010). It is proposed that the vaporization of Bi ions takes place throughout 

the sintering process at 1200 ℃, which gives poor poling results through low resistivities. 

As observed from the thermograph (TG - weight loss), reductions in weight as a result of 

Bi vaporization was obtained at roughly 1130 ℃. A number of procedures or varying 

approaches may contribute to the prevention of Bi vaporization, giving rise to the 

stoichiometric BNT ceramic. Therefore, the BNT ceramic advisable sintering 

temperature should not exceed 1100 ℃ (Takenaka, 2010). 

A high sintering temperature exceeding 1200 ℃ is needed for a BNT ceramic to attain a 

suitably solid body. As discussed, vaporization of Bi ions during the sintering process at 
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temperatures exceeding 1200 ℃ is thought to contribute to weak poling treatments 

through minimal resistance. Two methods have been devised in an attempt to increase 

density and resistivity in the sintering process; (Nagata H et al., 2005; Takenaka & 

Nagata, 2012; Takenaka et al., 2007). 1) - adding Bi2O3 to the BNT ceramic (BNT + 

Bi2O3 x wt. % [BNT-x]), with a sintering temperature of 1225 ℃ for a duration of 5 

minutes to 10 hours in order to account for Bi ion ineptitude and 2) - to lower sintering 

temperatures with a prolonged exposure time of 30-100 hours as part of the ordinary firing 

method and the hot-pressing (HP) method in order to inhibit Bi vaporization. 

Additionally, dielectric and piezoelectric properties of BNT-x and HP-BNT ceramics 

were analysed, with a particular focus on fully ascertaining piezoelectric properties of the 

BNT ceramic. Superfluous Bi2O3-add bismuth sodium titanate, BNT, the ceramics (BNT 

+ Bi2O3 x wt. % [BNT-x]) with no additional Bi2O3 (BNT-0) underwent sintering at 1225 

℃ for 5 minutes - 10 hours to ensure efficacy despite poor-functioning Bi ions. The 

obtained density ratio to theoretical density, as a product of sintering the pure BNT 

ceramic increases as sintering temperature increases. 

Of the experiments, the highest density ratio achieved was 98 %, which was attained at a 

temperature of 1225 ℃, for a duration of 2 hours. When temperatures exceeded this 

figure, the sample product was subject to fragmentary melting. The optimum sintering 

temperature was, following experimentation, denoted as 1225 ℃ for optimum density. 

The weight loss appears to take place at temperatures exceeding 1130 ℃ on the BNT-0 

ceramic as given by the TG analysis. As such, BNT sample sintering occurring at 1225 

℃ may mean partial loss through evaporation during sintering; namely Bi ions. So, the 

BNT ceramic sintered at 1225 ℃ becomes the Bi-poor amalgam as opposed to the 

stoichiometric product. These results also suggest that by adding Bi2O3 and lowering 

sintering temperature, are effective for making the stoichiometric BNT ceramic 

processing. 
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Figure 2.15: Diagram of the BNT pseudo-cubic BNT perovskite structure. Its composure 
is demonstrated via local order on the A-site, Bi, and Na, however, the scope of this 
ordering is still not deeply understood. Oxygen atoms are omitted for the sake of 
simplicity, with their respective positions instead denoted by the oxygen octahedral 
(Aksel & Jones, 2010). 

 

2.9.3 Modifications in BNT ceramics 

From the studies listed above, it can be deduced that BNT ceramics bestow weak 

piezoelectric features in comparison to the traditional lead-based ferroelectrics, for 

example pure PZT. To minimize hindrances, such as high coercive field and weak 

piezoelectric constants, dopants may be added to BNT. Furthermore, a multitude of solid 

BNT solutions containing additional perovskites in both binary and ternary frameworks 

have been researched thoroughly. These modern procedures provide improved 

characteristics, being subject to easy polarization in comparison to pure BNT; having 

large Bi3+ and Na1+ ions on the A-site of the pervoskite unit cell, and substitutions on the 

A-site lead to a far greater efficacy. 

When submerged in PZT, replacements at the B-site are found to have a greater efficacy. 

A critical component is that BNT generates an MPB with other perovskites that bestow 

tetragonal symmetry, for example; PbTiO3 [PT], BaTiO3 [BT] and (Bi0.5K0.5)TiO3 [BKT], 

etc. Such MPB compositions comprise superior piezoelectric characteristics (Hiruma et 
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al., 2005; Hiruma et al., 2006; Li et al., 2014; Makiuchi et al., 2005; Nagata et al., 2003; 

Takenaka et al., 1991; Trelcat et al., 2012; S.-T. Zhang et al., 2012). As such, BNT-based 

solid solutions have garnered much research interest given that MPB is a viable, non-

toxic (lead-free) alternative. Additionally, a simpler production procedure of BNT-based 

dense ceramics is highly advantageous. Improvements that contribute to piezoelectric 

parameters, with the exception of MPB formation, is relative to the minimisation of 

conductivity, therefore BNT samples may potentially be poled completely. On the basis 

of BNT-based binary system research, many scholars have begun to take a closer look at 

various BNT-based ternary systems. 

Such systems are typically dependent on the (Bi0.5Na0.5)TiO3-BaTiO3 and 

(Bi0.5Na0.5)TiO3-(Bi0.5K0.5)TiO3 configurations. Two solid solution systems; 1)-  (1-

x)BNT-xBT (BNBT100x) and 2) - (1-y)BNT-yBKT (BNKT100y) have been delineated 

by Takenaka and collegaues (Takenaka et al., 1991), as well as Sasaki and colleagues 

(Sasaki et al., 1999). The researchers, in turn, noted that MPB was present at x = 0.06-

0.07, for BNBT100x and y = 0.16-0.20 for BNKT100y. At the MPB, BNT-BT system 

provide both enhanced piezoelectric properties (d33 ~ 125 pC/N) and dielectric properties 

in comparison to pure BNT. The MPB in BNT-BT systems is non-linear with temperature 

but features a curved line. Additionally, depolarization temperatures decrease as BT 

saturation increases (Takenaka et al., 1991), which can be observed in Figure 2.16. Such 

a binary BNT-BKT system in the MPB vicinity demonstrates considerable benefits in 

dielectric constants, piezoelectric constants, as well as coupling factors. Given that the 

system is inclusive of more volatile elements such as Sodium, Potassium and Bismuth, 

the end-result piezoelectric characteristics are highly dependent, as discussed prior, on 

the sintering conditions. Zhang and colleagues (S.-T. Zhang et al., 2008; Y.-R. Zhang et 

al., 2008), hypothesized at an MPB, with respect to the BNT-BKT system, the 
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piezoelectric constant was elevated from 155 to 192 pC/N through adjustments to 

sintering temperatures of just 40℃ (Aksel & Jones, 2010). 

 

Figure 2.16: Phase relationship between (Bi0.5Na0.5)TiO3 and BaTiO3 in the (Bi0.5Na0.5)1-
x BaxTiO3 (BNBT-100x) systems - (Fα: Ferroelectric rhombohedral phase, Fβ: 
ferroelectric tetragonal phase, AF: antiferroelectric phase, and finally, P: paraelectric 
phase) (Takenaka et al., 1991). 

 

There are still many disadvantages to the aforementioned binary systems, they are still 

unable to fully replace PZT procedures, as pb-less substances have become increasingly 

more complex to synthesise in ternary solid solutions. The majority of the piezoelectric 

characteristics improved within the ternary system, with significant progress made from 

binary systems. Myriad research has been undertaken on BNT-BKT-BT systems which 

primarily concern MPB positioning, or seeking combinations that facilitate better and 

more efficient characteristics (Li et al., 2005b; Makiuchi et al., 2005; Nagata et al., 2003; 

Trelcat et al., 2012; X. X. Wang, X. G. Tang, et al., 2004; S.-T. Zhang et al., 2012; S. 

Zhang et al., 2007). In Figure 2.17, the phase relationship of BNT-BKT-BT systems is 

given (Makiuchi et al., 2005). Ternary systems facilitate a larger degree of freedom in 

generating compositions with advantageous features. At the MPB, the simultaneous 

presence of two varied phases facilitates greater flexibility of polarization in different 
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crystallographic directions. As such, another method in enhancing the features of 

properties is in deducing particular MPB composites in their relative solid solutions. 

It was noted by Nagata et al. (Nagata et al., 2003) that the MPB of the xBNT-yBKT-zBT 

system is found at x = 0.85, y = 0.12, z = 0.03 with an enhanced piezoelectric constant; 

d33, Curie temperature, Tc, electromechanical coupling factor, k33, and a dielectric 

constant ε′ of  191 pC/N, 301 ℃ ,0.56 and 1141 respectively. An MPB in the vicinity of 

the 0.884BNT-0.036BT-0.08BKT composition was noted by Zhang, et al.  (Zhen & Li, 

2007), with the highly efficient piezoelectric constant d33, coercive field Ec, remnant 

polarization Pr values were measure at 170 pC/N, 29 kV/cm, 40 µC/cm2. Electrical 

characteristics such as these render the BNT-BKT-BT ceramic as a strong candidate for 

lead-free actuator applications given the great remnant polarization Pr, the comparatively 

large d33, high Tc and ease in poling. 

 

Figure 2.17: Observed phase schematic of the BNT-BT-BKT system (Makiuchi et al., 
2005). 
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2.10 Polymer-ceramic composite 

The materials available for mechanical and engineering applications are countless, many 

of these can be categorised in one of three ways, as a result of their bonds, i.e., metallic, 

ionic, covalent, Van der Waals, and so forth. The major classifications are polymeric, 

ceramic, and metallic (Guggilla & Batra, 2011). Different substances may also be 

amalgamated in order to produce composites. Each of these categories typically contain 

further sub-categories which are devised according to their physical, mechanical or 

chemical properties. Composites are typically clustered through their material types or 

how they have come to be arranged or formulated (Taya, 2008).  

A composite may be understood as a unified amalgam of at least two substances of varied 

properties which complement one another to meet the requirements of a given 

specification, which is much more difficult to achieve with a homogenous substance 

(Topolov & Bowen, 2008). 

Composite materials may be grouped according to three phases (Guggilla & Batra, 2011); 

I. Matrix phase: known as the continuous or primary phase. It can be characterised by 

retention of the dispersed phase, utilizing the same load, and may be comprised of 

polymers, metals, or ceramics etc., depending on the aims of the study/composite in 

question. 

II. Dispersed (reinforcing) phase: Known as the second phase (or phases), substances 

are distributed in a continuous/discontinuous fashion. Dispersed phase is typically 

more forceful than the matrix, as such and as noted above, it can often be referred to 

as the reinforcing phase, particularly with substances being generated for structural 

purposes. Reinforcing is a forceful, rigid and (functional) integral aspect absorbed 

into the matrix to generate sought after properties; the phase may include fibres, 

particles, or nanoparticles of varying shapes and sizes. 
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III. Interface: The domain over which the matrix and reinforcing phases interrelate, be 

they of chemical, physical, mechanical, electrical or other composition. It is here 

where the majority of composite materials bestow limited thickness due to diffusive 

effects or chemical reactions which may take place within the fibre/matrix. 

 

All composite materials may be identified through these aspects (Christensen, 1979; 

Topolov & Bowen, 2008); 1) - small size of  separate structural elements when compared 

to the full composite specimen (in other words; micro-inhomogeneity). 2) - size of the 

structures in each component may be seen as a continuous platform. As such, to delineate 

a composite’s properties it is necessary to understand the physical laws and formulae 

appropriate for such continuous media. Theoretically, it is possible to deduce a large 

scope of substances through designing the composite when considering the following 

factors (Di Donato, 2015): 

 

� the pattern of connectivity, taking effect on force/field concentrations 

� multiplicity of symmetry in raw crystallographic structures 

� Substances combining the composite symmetry 

� incorporating inclusions in application of periodicity 

� inclusion dimensions 

� cross-matrix/filler interaction and interfacial phenomena 

� Porosity facilitated potentially by the preparatory procedures 

 

Original inorganic piezoelectric materials (ceramics) bestow not only piezo-, pyro-, ferro- 

and dielectric characteristics, but also high electro-mechanical coupling, in addition to 

containing many useful qualities such as immense electrical properties. Conversely, they 

are substantially brittle, with a high acoustic impedance, which has prohibited their full 

use in some domains. Polymers, alternatively have greater durability, high resistivity and 
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feature tractable aspects. The drawbacks of polymeric materials are such that they have 

both low thermal and electrical characteristics. Amalgamating two substances into a 

composite provides an alternative to generating substances which bestow synergetic 

characteristics that showed immense improvement in performance in terms of electrical 

properties, flexibility and simplicity to manufacture. 

Amalgamations may potentially be processed for micro-electronic uses. Connectivity is 

instrumental in positive feature developments within multiphase solids given that such 

features may be subject to change depending on the context whereby links are formed. 

For example, in a conductive wire in which the metal conductor and rubber insulator are 

connected in series rather than in parallel (McLachlan et al., 1990; Newnham et al., 1978). 

A rudimentary process for categorizing such composites was devised by Newnham and 

colleagues (Newnham et al., 1978), who utilised a ‘connectivity pattern’. Piezoelectric 

composites were categorised on the connectivity basis between discrete phases. In 

considering a two-phase piezoelectric composite, the connectivity of each portion is 

denoted by two values. Should a phase be self-connected in all three directions - x, y, and 

z - it is known as ‘3’ dimensional connectivity. Should the other phase be connected 

exclusively in the z-direction, then it is ascribed ‘1’ dimensional connectivity (Newnham 

et al., 1978). Therefore, the composite itself is known as a 1-3 composite. Typically, a 2-

phase piezoelectric composite may be categorised into ten groupings, which are ordered 

according to the physical connectivity of each phase;  0-0, 0-1, 0-2, 0-3, 1-1, 1-2, 1-3, 2-

2, 2-3, and 3-3; the initial value representing connectivity within the active phase, i.e., 

PZT; with the second number referencing the passive phase, here, the polymer matrix) 

(Newnham et al., 1978; K. Uchino, 2010).  

A diagram of each potential connectivity types of a two-phase piezoelectric composite 

material is provided in Figure 2.18. A topic extensively analysed within composite 

science is the composite cluster found in 0-3 connectivity. 0-3 composites are generated 
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with an equal distribution of piezoelectric ceramic particles found in the polymer matrix. 

A major boon to such composites is their malleability and simultaneous piezoelectric 

activity. Macroscopic ferroelectric characteristics of granular piezo ceramic-polymer 

composites are heavily reliant on the properties of the Ferro-ceramic filler, for example, 

its composition, shape, micro-structure, grain size and thresholds, porosity, crystallinity, 

micro cracks, volume, fraction and also connectivity (Dias & Das-Gupta, 1996). Particle 

on particle connectivity of the piezo-phase is instrumental in the resultant piezoelectric 

properties of the composite(s). Fine grained ceramic of lead titanate (PT), for example, 

and PZT, are noted to bestow a weakening in polarization, but a surge in room 

temperature permittivity, originally ascribed to low tetragonality within the framework 

(Ota et al., 1992). Aspects of mechanical polishing, grinding, and lapping have undergone 

analysis within PLZT ceramics discs (Jiang et al., 1990); showing a minimizing of both 

polarization and permittivity within mechanically obtained specimens, as opposed to 

those which are chemically obtained. Such phenomena has been attributed to the presence 

of a film across the surface of the ceramic grain, denoted by the lack of ferroelectricity 

and low dielectric constant also. The bringing together of both electrical  and mechanical 

properties (Chilton, 1995; Smith, 1993) is an area that is presently bereft of adequate 

research.  

Matching the ceramic electrically to the polymer phase is crucial, whose purpose is 

generated primarily from the struggle in attaining polarization of spontaneously 

distributed ceramic grains of weak resistivity but extensive permittivity, within in a high 

resistivity context, and a low permittivity polymer matrix, through an external field 

without catalysing electrical breakdown.  

Non-ferroelectric polymers, for example polyurethane, epoxies and polyethylene bestow 

low permittivity and conductivity as opposed to ceramic inclusions which have been 

utilised in polymer matrices for the generation of composites (Furukawa et al., 1979; 
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Furukawa; et al., 1976; Jayalakshmy & Philip, 2015; Kwok et al., 2007; Sakamoto et al., 

2002). Some theoretical models have been accurately established and incorporated the 

effects of interfacial charges, as well as the conductivity of the polymer matrices in order 

to ascertain the unexpected observations and poling mechanisms in ferroelectric 

composites (Furukawa et al., 1979; Furukawa et al., 1986; Ng et al., 2000; Ploss et al., 

2001; Ploss et al., 2000b; Ploss et al., 2000c; Takeo & Eiichi, 1977). In the majority of 

cases, PZT was used. Piezoceramics have hitherto has been based on lead zirconium 

titanate (PZT). The surge in PZT exponentially emanates more lead; as lead oxide or lead 

zirconium titanate which leaks into the environment. Alternatively, BNT and BNT-based 

lead-free ceramics experience rare usage in ferroelectric polymer-ceramic composite 

procedures. Endeavours to embed a highly ferroelectric element into a ferroelectric 

polymer matrix, as a substitute method for the enhancement of ideal pyro- and ferro-

electric properties has as yet not been investigated. This thesis places a strong focus on 

developing new methods to provide greater efficacy for piezoelectric composite 

generation, via use of a P(VDF-TrFE) matrix with both  BNT and BNT-based ternary, 

environmentally friendly lead-free materials.  
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Figure 2.18: Representation of the piezocomposite types, grouped according to their 
connectivity (Akdogan et al., 2005). 
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3 CHAPTER 3: METHODOLOGY AND EQUIPMENT TOOLS 

 

In order to better understand a material’s structural and electronic properties; certain 

information such as crystal structure, surface topography, surface morphology, chemical 

composition, chemical structure, atomic structure, and electrical properties are required. 

Myriad approaches have been used to ascertain such information in order to fully 

comprehend the behavioural properties of materials, and to resolve particular issues in 

differing aspects of materials. In this Chapter, the chosen methodology is outlined and the 

corresponding apparatus is described. In the first part of this Chapter, details are provided 

on the methods chosen to procure BNT, as well as BNT-based ceramics which are non-

toxic; i.e., lead-free. The procedure for preparing P(VDF-TrFE) and P(VDF-TrFE) thin 

films nano-composites, free standing films and ceramics discs are described in the second 

part of this Chapter. Lastly, the third part will focus on the apparatus utilised for a clearer 

understanding of the structural and electrical properties of prepared polymer thin films, 

nano-composites, and ceramics discs.  

3.1 Ceramic powder synthesises and preparation discs 

3.1.1 BNT powder synthesises 

Sodium bismuth titanate, Na0.5Bi0.5TiO3 (BNT), was synthesized through use of sol gel 

application as shown in Figure 3.1. Anhydrous sodium acetate (CH3COONa, 99.95 %, 

Aldrich), bismuth (III) acetate ((CH3COO)3Bi, ≥ 99.99 %, Aldrich) and titanium (IV) 

butoxide (Ti[O(CH2)CH3]4, 97 %, Aldrich) were the  raw materials inputs. Initially, 

0.00875 mole sodium acetate was diluted in 2-methoxyethanol, while  0.00875 mole 

bismuth (III) acetate was also diluted in both glacial acetic acid and deionized water, in 

separate beakers. Solutions were then mixed together and stirred for 15 minutes; titanium 

(IV) butoxide was subsequently slowly added.  Lastly, acetyl acetone, a stabilizing agent, 

is supplemented into the mixture and stirred for roughly fifteen minutes. The BNT sol 
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was dried in an oven at 100 ℃ for 24 hours; calcining at 700 ℃ over a duration of 2 hours. 

The calcined powders were ball-milled for a ten hour period in pure alcohol alongside 

silica balls and planetary ball milling in order to obtain fine BNT powders. 

 

 

  Figure 3.1: A flow chart for the fabrication of a BNT ceramic by sol gel method. 

 

Raw materials 

Anhydrous sodium 

acetate (CH3COONa)

sodium acetate was diluted 

in 2-methoxyethanol

bismuth (III) acetate 

((CH3COO)3Bi)

bismuth (III) acetate was also 

diluted in both glacial acetic 

acid and deionized water

CH3COONa+ (CH3COO)3Bi stirred 15 minutes 

titanium (IV) butoxide+CH3COONa+ 

(CH3COO)3 stirred 15 minutes=BNT soution 

BNT soution dried at 100 oC for 24 h 

calcining at 700oC over a duration of 2 h

BNT powder ball-milled 10h to obtained 

fine powder

titanium (IV) butoxide 

(Ti[O(CH2)CH3]4
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3.1.2 BNT-BKT-BT powder synthesises 

BNT-BKT-BT lead-free piezoelectric ceramics were prepared via conventional 

techniques. The starting materials, reagent grade, were Bi2O3 (99.63 %), Na2CO3 (99.5 

%), K2CO3 (99.5 %), BaCO3 (99.5 %), and TiO2 (99.5 %); purchased from Sigma Aldrich, 

USA. All materials were dried at 200 ℃ for a four hour duration in order to eliminate 

excess moisture; these were then weighted as ascribed by the chemical formula 0.88BNT-

0.084BKT-0.036BT. The oxide and carbonate powders were added to pure alcohol, with 

added silica balls via planetary ball milling for a ten hour duration. Subsequently, they 

were dried and sifted out using a 100 mesh sifter. The powders obtained were calcined at 

850 ℃ for three hours within the Al2O3 crucible. Following this, powders were ball-milled 

for 20 hours in the aforementioned solution, that is, pure alcohol with silica balls by 

planetary ball milling, which results in the production of fine powders.  

3.1.3 Preparation of ceramics discs  

Before the dry-pressing procedure, the dried calcinated powder was combined with 

polyvinyl alcohol, or PVA, acting as a binder for granulation. PVA solution concentration 

was approximately 4wt % in water and magnetically stirred for 30 minutes. The PVA 

solution and the powder were mixed continuously to obtain a homogeneous solution. A 

specific amount of powder was placed into a stainless steel pressing mould and 

subsequently uniformly distributed within the mould; with a diameter of 13 mm and a 

thickness of 1.2 mm). A ~30 MPa un-axial pressure was enforced for approximately ten 

minutes. Under such pressure, excess air inside the mould is extruded and therefore 

ceramic powders form a well-packed disc. The organic (PVA) burnout process was 

undertaken with a minimal heating rate of 3 ℃/min, which was sustained for a duration 

of three hours to establish total elimination of the binder. Following heat-treatment, 

samples were naturally cooled. Additionally, once the organic burnout process was 

completed, samples were encapsulated by an alumina crucible and distributed into a high-
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temperature furnace (Carbolite -1600-UK) for sintering. In order to minimize Bismuth 

and Sodium volatility; discs were embedded in their corresponding powders. 

Subsequently, pure BNT ceramics were sintered at 1100 ℃ for a two hour duration, with 

a heating rate of 3 ℃/min. Again, samples were naturally cooled to room temperature at 

(5 ℃/min). Sintered samples were polished, and Al electrodes were then deposited on the 

opposing faces. After the electrode deposition, the samples were polarized in silicone oil 

for 30 minutes, at 65 ℃ under a polarization voltage of 8 MV/m.  

The samples were once again cooled to room temperature, with a sustained poling field. 

All poled samples were placed in an oven at 100 ℃ for at least 24 hours under short-

circuit conditions to ensure the elimination of superfluous trapped charges. The same 

procedure was repeated with the BNT-BKT-BT ternary system; with the exception of a 

sintering temperature of 1100-1200 ℃ and an increased step of 20 ℃. The applied electric 

field for the ternary system was 5 MV/m. Sample thickness following sintering was 

approximately 0.9-1 mm , as measured by a Mitutoyo-IP -65-Japan digital micrometer. 

The whole process of BNT-BKT-BT ceramic preparation method are summarized in 

Figure 3.2.   
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Figure 3.2: BNT-BKT-BT ceramic synthesises by conventional solid-state reaction 
method. 
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3.1.4 Density measurement  

The densities of the sintered ceramics were determined using the Archimedes' immersion 

method. Samples were weighed both in air and suspended in water. Density was 

calculated using the expression: 

� =
`tq�

`tq� −  ?`n��� − `n�n���t�tC 
× ���B�q(997 �\ `�⁄ )              (3.1) 

whereby mdry is the dry mass of the sample, msoak  is the mass of the sample in the water, 

msuspended is the mass of the sample suspended in water, and ρ represents water density; 

assumed to be 997 kg/m3. 

Ceramic density is indicative of its quality, or its quantity of defects; notably, pores and 

impurities within the specimen. It is also affected by fabrication parameters, for example, 

sintering temperatures. Should the ceramic density be low in comparison to  its theoretical 

value, then its efficacy is predicted to deteriorate (Choy, 2007). 

 

3.2 Sample preparation of P(VDF-TrFE) and P(VDF-TrFE) nano-composites  

3.2.1 Preparation of P(VDF-TrFE) polymer thin films  

P(VDF-TrFE) 75/25 powder was sourced from Kureha, Japan. The powder was dissolved 

with a methyl ethyl ketone solvent (MEK) in 5wt %. The solution was stirred 

magnetically for a duration of three hours at 100 ℃. Precautions were taken to ensure the 

complete dissolution of P(VDF-TrFE) powder. An aluminium electrode was deposited 

on a clean glass substrate, acting as the bottom electrode. The thin films were then spun 

on Al electrode and glass substrates at 8000 rpm for 30 seconds. Prior to the deposition 

of the top Al electrodes, films were placed in an oven to dry at 60 ℃ for a period of 12 

hours. In order to enhance the crystalline structures, the thin films were annealed for 1 

hour at a series of differing temperatures  80, 100, 120 and 140 ℃, respectively. A hot 
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plate was used to anneal the thin film such that the substrate was in direct contact with 

the hot plate surface. Such an approach assisted in the minimization of annealing 

temperature fluctuations, as opposed to procedures involving oven heat transfer via 

convection, which typically bestows a ±15 ℃ error rate (Mahdi et al., 2014). The 

temperature was closely observed on the top of hot plate and on the surface of thin films. 

The temperature difference across both methods was found to be ±3 ℃. Finally, the top 

electrode was deposited to form a sandwich structure. The thickness of the thin films as 

measured by a KLA-Tencor P-6-USA, profilometer was found to be roughly 220 nm with 

an error ±5 nm. 

3.2.2 Preparation of P(VDF-TrFE)-BNT and P(VDF-TrFE)-BNT-BKT-BT 

polymer-ceramic thin-film nano-composites. 

The preparation procedure of P(VDF-TrFE)-BNT and P(VDF-TrFE)-BNT-BKT-BT, 

nano-composite thin films were identical. The P(VDF-TrFE) 75/25 powder was supplied 

by Kureha-Japan. The P(VDF-TrFE) powder was dissolved in methyl ethyl ketone 

(MEK) at 10 wt % and stirred with a magnetic stirrer for 3 hours at 100 ℃ to ensure the 

complete dissolution of P(VDF-TrFE). At the same time the ceramic (BNT and BNT-

BKT-BT) powders were added to the MEK solvent and stirred at 100 ℃ followed by 

ultrasonic stirring at 60 ℃ for 30 minutes to obtain a uniform distribution of ceramics 

particles in MEK. Both P(VDF-TrFE) and ceramics solutions were mixed and stirred 

again for 1 hour at 100 ℃. Subsequently, the solution was stirred for another 1 hour in an 

ultrasonic bath. 

Five varied volume fractions (Ø = 0.10-0.30) of thin films were prepared on a clean glass 

substrate; initially evaporated with an aluminum electrode (via a thermal evaporator). The 

polymer/ceramic solution was spin coated onto the glass and silicon substrates with an 

aluminum electrode at 5000-8000 rpm for 30 seconds at room temperature. The films 
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were subsequently dried in an oven for 12 hours at 60 ℃. Next, the thin films were 

annealed at 100 ℃ for 60 minutes in order to improve their P(VDF-TrFE) crystalline 

structures. The top electrode was lastly deposited on to the thin films prior to obtaining 

any electrical measurements. P(VDF-TrFE)-BNT thin film thickness was measured using 

a KLA-Tencor P-6 profilometer. Their thicknesses ranged from 0.7-0.8 µm with ± 15 

nm. The production process of P(VDF-TrFE) and it’s nanocomposite is displayed in 

Figure 3.3. 
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Figure 3.3: Spin coating technique for preparing P(VDF-TrFE) and its  nanocomposites 
thin films. 
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3.2.3 Preparations of P(VDF-TrFE)-BNT-BKT-BT polymer-ceramic 

nanocomposites  free standing films  

Samples were prepared in the form of free-standing films, in order to facilitate accurate 

measurements of piezoelectric properties in P(VDF-TrFE)-BNT-BKT-BT 

nanocomposites. The ceramic-polymer nanocomposite films with differing volume 

fractions (BNT-BKT-BT 0.1-0.4) were processed via a hot pressing approach as shown 

in Figure 3.4. Ten per cent weight/volume polymer solutions were first prepared through 

the dissolution of the necessary P(VDF-TrFE) granule quantities in methyl-ethyl-ketone 

(MEK), whilst  under continuous stirring conditions at a constant temperature of 

approximately 90 ℃ for one hour. Simultaneously, BNT-BKT-BT powders were 

ultrasonically dispersed in MEK at 70 ℃ for one hour, with a view to generating solid 

suspension. BNT-BKT-BT suspension in MEK was then added to the P(VDF-TrFE) 

solution, which was subject to magnetic stirring for one hour. Ultrasonic treatment was 

applied for an additional hour at 70 ℃, with the solution then stirred again for two hours. 

The resulting nanocomposite solution was distributed into an open glass container, left to 

dry in ambient-room conditions, and was subsequently subject to further drying overnight 

in an oven at 70 ℃, so as to ensure total evaporation of any surplus solvent. The resultant 

dried nanocomposite was divided into smaller pieces and compression-moulded at 200 

℃. The bulk nanocomposites were annealed under a pressure of 0.3 MPa at 100 ℃ for 

one hour to improve the crystallinity within the copolymer (Mahdi et al., 2014). Specimen 

thickness spanned 50-60 µm, measured by a Mitutoyo-IP-65-Japan digital micro-meter. 

Lastly aluminium electrodes were deposited via a thermal evaporator on both sides of the 

free-standing P(VDF-TrFE)-BNT-BKT-BT nanocomposite films. Due to an excess of 

particle agglomeration, it was unfeasible to prepare free standing nanocomposite films 

with a volume fraction that exceeds 0.40 of BNT-BKT-BT. 
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Figure 3.4: Hot press method for preparation of P(VDF-TrFE)-BNT-BKT-BT 
nanocomposites in free standing films form. 
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3.2.4 Poling  

Poling is considered to be the most important process in effectively extrapolating the 

electrical properties in piezoelectric materials.  The poling process involves the uniform 

alignment of all individual dipole moments, such that they all face the same direction.  

This is achieved via placing a crystal within a constant electric field which will engage 

all dipoles in uniform alignment.  In the electric field, each dipole will be subjected to 

significant torque if it is not parallel to the field lines produced, and will thus adjust to 

that direction.  When the electric field is eliminated, dipoles remain aligned to some 

degree. However, random directionality will be partially evident. The field necessary in 

facilitating dipole alignment is known as the coercive field, Ec; representative of the 

minimal value of an electric field needed to fully apply polarization through the sample 

and fully align dipoles. This coercive field differs between substances. It is also dependent 

on the poling temperatures that may minimise the effect of the coercive field as a result 

of surges in flexibility of the dipole in high temperature conditions. It is thus more 

pertinent to perform a poling process under certain heating conditions in order to reduce 

the required coercive field. The coercive field of piezoelectric polymers is much higher 

than in piezoelectric ceramics. For instance, the Ec for P(VDF-TrFE) 75/25 polymer 

ranges from 60-100 MV/m, while it is just 1-2 MV/m  for the PZT ceramics at room 

temperature. The duration necessary to pole the P(VDF-TrFE) is considerably more rapid 

in comparison to PZT where the P(VDF-TrFE) occurs in <1 second. PZT approaches may 

take up to 15 minutes (Furukawa, 1989a; Furukawa, 1989b). This is likely a result of 

polymer filed due to the fact that the polymer is more flexible in comparison to ceramics.  

The poling process comprises three stages, all of which are utilised in this study. The first 

of which is DC poling, second, AC hysteresis and, finally, DC poling. The AC hysteresis 

loop is critical in the maximization of dipole alignment and thus increases spontaneous 

polarization.  The sample was mounted to a Teflon box, immersed in a silicone oil bath 
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during the poling process. The oil bath was heated to the poling temperature (60-70 ℃) 

and was maintained through the duration of the process. Voltage rose incrementally until 

the applied voltage was reached at which point the temperature was maintained 

throughout the process. After the poling time was reached, the silicone oil bath was 

subjected to cooling. During the cooling process however, the voltage was kept constant. 

The DC poling system utilised two high voltage power supplies, with one from 0-3000 V 

Keithley (247-High voltage-USA) and the second from 3000-20000 V Glassman 

(FJ20R06-USA), as is shown in Figure 3.5. The AC hysteresis poling was performed 

through the use of Radiant Technology Precision LC unit. 

 

Figure 3.5: A Teflon sample holder for the DC poling process, with the Teflon box 
positioned on a hot plate. Leads emanating from the two contacts are connected to a high 
voltage power supply.  

 

3.3 Equipment’s configuration 

3.3.1 Spin-coating technique  

Spin coating has been widely used approach for several decades as a method of 

fabricating thin films. A standard procedure involves depositing a small sample of fluid 
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onto the center of a substrate, then spinning the substrate at a high speed, typically around 

5000 rpm. Centripetal acceleration causes the majority of the resin to emanate outwardly, 

and eventually slip from the top of the surface, leaving a thin film of material on the 

surface. Figure 3.6 and 3.7 denote schematics of the spin coating process (for polymer 

and composite) and the Laurell WS-650Mz-23NPP spin coater apparatus, respectively. 

Final film thickness and other properties are dependent upon the nature of the fluid 

material (viscosity, drying rate, percent solids, surface tension, substrate temperature, 

concentration etc.) and the parameters chosen for the spin process factors, such as final 

rotation speed, acceleration, and fume exhausts affecting the efficacy of the treated coated 

film. A consideration detrimental to the process of spin coating is repeatability, as subtle 

variations in the parameters define a spin-coating process which can result in drastic 

variations within coated films. Provided that the parameters remain constant, the film 

formation process is highly conductive to replication. 

 

 

Figure 3.6: Overview of the spin coating process for (a) polymer, and (b) 0-3 the 
polymer-ceramic composite. 

 

Univ
ers

iti 
Mala

ya



73 
 

 

Figure 3.7: The Laurell Spin coater Model WS-650MZ-23NPP.   

 

3.3.2 Thermal evaporation 

Thermal Evaporation is one of the simplest of the Physical Vapor Deposition (PVD) 

techniques.  Materials are essentially heated in a vacuum chamber until surface atoms 

garner sufficient energy to dissipate from the surface.  The vacuum facilitates the travel 

of vapor particles directly to the target object (substrate), where they then condense back 

to a solid state. The evaporant (Al, Au, Ag, etc.) is placed inside a metal boat, tungsten 

wire, or a crucible. The material is then heated resistively or inductively. Such methods 

however are susceptible to contamination, and are inadequate for the purposes of material 

deposition with high melting points.  Pressure in the chamber must be below the point at 

which the mean free path exceeds the distance between the source of evaporation and the 

substrate. The mean free path is the average distance an atom or molecule may travel in 

a vacuum chamber prior to collision with another particle, therefore causing a partial 

directional disturbance.  This is typically 1×10-5 Torr or lower.  The advantages to 

operating at the high pressure ranges is the ability for an ion beam source to be employed 
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simultaneously for film densification or additional property modifications.  PVD is 

traditionally utilised in the deposition of thin films spanning from a few, to thousands of 

nanometers in terms of thickness. The Edwards AUTO 306 thermal evaporator (Figure 

3.8) has been applied in the present research work to generate deposits of the Al cathode, 

with electrode thickness at approximately 100 nm. Deposited electrode thickness depends 

on the applied current, the distance between tungsten wire, and the substrate and time of 

deposition. 

 

Figure 3.8: EDWARD AUTO 306 thermal evaporator for deposition of the Al electrode. 

 

3.3.3 Structure characterizations 

3.3.3.1 X-ray Diffraction (XRD)  

X-ray Diffraction is a mechanism for the identification of both the atomic and molecular 

structures of a crystal, whereby the crystalline atoms initiate a beam of incident X-
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rays which  diffract over a multitude of specific directions. X-ray diffraction is an 

essential, non-destructive and, above all, powerful technique in the analysis of materials 

with arranged atoms in regular planes, forming crystalline lattices. Thorough XRD 

analyses will provide information about materials such as their chemical composition, 

crystalline size, lattice strain and crystal orientation and its fundamental principle of 

measurement is based on Bragg’s law 

3� = 2D�23�                   (3.2) 

 whereby λ is the incident wavelength, θ is the angle of incidence, and d is the inter-planar 

spacing of atomic planes. When the beams of an X-ray cause an incident at an angle of θ 

on a crystal lattice, such beams will be partially dispersed at various angles as depicted 

by Figure 3.9. According to the Bragg’s law, scattered waves originating from each atom 

of different planes may be in phase with one other in satisfying the Bragg’s equation. 

These in-phase waves constructively generate obstructions which, in turn, produce a peak. 

During scanning, the characteristic set of the d spacing, and the level of intensity, provides 

a unique “fingerprint” of the different phases, contained within the specimen. Therefore 

we may interpret these peaks or values obtained from the “fingerprint” by comparing 

them to standard referencing patterns and measurements. In this work, X-ray diffraction 

(XRD, PANalytical -Empyrean) measurements were undertaken. Co-Kα radiation (λ = 

1.7902 Å) was used as the source at the X-ray operating voltage 40 kV and 30 mA 

emission current. The wavelength of the X-ray source was measured to be 0.154 nm. 2 

Theta-Omega (2θ-ω) scan with a step size of 2θ = 0.02° was applied. 
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Figure 3.9: Schematic illustration of the X-ray diffraction through parallel atomic planes 
in a crystallite material. 

 

3.3.3.2 Fourier transform infrared spectroscopy (FTIR) 

The term Fourier transform infrared spectroscopy originates from the fact that a Fourier 

transform, a mathematical process, is necessary to convert and interpret the raw data into 

the actual spectrum. For other uses of this kind of technique, infrared spectroscopy is a 

spectroscopic technique whereby molecular vibrations are analyzed. For example, when 

a molecule is exposed to infra-red (IR) radiation, it absorbs specific frequencies of 

radiation (Figure 3.10). Frequencies are reliant upon functional groupings according to 

molecule symmetry and composition. IR radiation may only be absorbed by bonds within 

a molecule, should the radiation bestow the precise parameters of energy to induce a 

vibration of the bond. This is the reason that only specific frequencies are able to undergo 

absorption. IR radiation constitutes large portion of the electromagnetic spectrum; 

spanning between visible and microwave regions, encompassing wavenumber portions 

from 4000 to 400 cm-1. A multitude of vibrational modes can be detected and assigned to 

various bonds of the materials within this region. The Perkin Elmer 2000 FTIR 

spectroscopy system has been employed here in order to ascertain chemical bonding 

properties of P(VDF-TrFE) and P(VDF-TrFE) thin films composites. The scans of FTIR 

Univ
ers

iti 
Mala

ya



77 
 

were performed in the range of 400 to 1600 cm-1, with a resolution of 4 cm-1 in the 

transmittance mode. 

 

Figure 3.10: Schematic diagram of Fourier transform infrared spectrometer. 

 

3.3.3.3 Field emission scanning electron microscopy (FESEM) 

Field Emission Scanning Electron Microscopy (FESEM) is frequently utilised for the 

purposes of imaging and deducting inherent properties. A scanning electron microscope 

uses an electron beam to obtain exceptional magnification levels and superior image 

resolutions. Electrons generated from an electron gun penetrate the surface of the sample 

and produce myriad secondary low energy electrons. The magnitude of such electrons 

determines through surface topology parameters of a given specimen. An image of the 

sample surface is therefore generated by measuring secondary electron intensity, as a 

function of the position of the scanning primary electron beam. In the present work, 

surface morphology delineation was obtained with a Hitachi (SU8000) field emission 

scanning electron microscope. 
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3.3.3.4 High-resolution transmission electron microscope (HRTEM) 

The high resolution transmission electron microscope is a tool used to delineate the 

microstructures of materials at a very high spatial resolution. The minimal resolution of 

HRTEM is approximately 0.2 nm (10-9 m); roughly 1000 times the power of an ordinary 

microscope which can only utilise the light spectrum. The technique involves a beam of 

electrons focused onto an ultra-thin specimen which is then transmitted through it, 

interacting with the specimen as it passes through. As a result of this interaction, an image 

is formed. This high spatial resolution of a HRTEM facilitates better understanding of 

complex or micro-morphologies, crystal structures and their defects, crystal phases, and 

the general composition of the materials. In this work, a HRTEM Jeol JEM-2100F was 

used to observe the BNT-BKT-BT powder. 

3.3.3.5 Atomic force microscopy (AFM)  

Atomic force microscopy (AFM), or scanning-force microscopy (SFM) is arguably the 

most versatile and powerful microscopy technology for studying samples at nanoscales. 

Its versatility is owed to the fact that, not only is it a powerful viewing tool in terms of 

three-dimensional topography, but it facilitates accurate nano-measurements which are 

invaluable to engineers and researchers alike. The AFM is capable of generating images 

at an atomic resolution along with angstrom scale resolution height data, with minimum 

sample preparation required. The process belongs to a family of scanning probe 

techniques, in which probes are applied to a given surface topography of a sample with a 

sharp tip that scans across the surface. The tip is located at the free end of a cantilever 

ranging between 100 to 200 µm in length and less than 100 Å in diameter. The cantilever 

is typically fabricated from silicon and exhibits a very low spring constant. Forces 

between the tip and the sample surface cause the cantilever to bend, or deflect. A detector 

then measures the cantilever deflection as the tip is analysed. These deflections facilitate 

the production of computer generated maps of the surface topography (Bhushan & Marti, 
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2010; Bonnell, 2001). The surface morphology of the samples of this study were 

examined using AFM Agilent 5500. Root-Mean-Square (RMS) roughness, as a function 

of annealing temperature, was analysed in order to better delineate the role of smooth 

surfaces in the application of ferroelectric switching in high electric field conditions. 

3.3.4 Electrical characterizations 

3.3.4.1 Dielectric measurement 

The dielectric properties, that is, the dielectric constant ε′ and dielectric loss ε″  were 

conducted using a combined system consisting of a laboratory-procured dielectric 

spectrometer (10 mHz - 100 kHz) (Furukawa et al., 2004) and an impedance analyser; 

Agilent 4294A (40 Hz - 110 MHz) which allowed for a broad frequency range. The real 

(ε′) and imaginary (ε″) part of the complex dielectric permittivity, ε*, is represented by 

(Mahdi et al., 2015) : 

�∗	 = �5	 − 2�55																(3.3) 
or the complex conductivity  

 

�∗ = �5 + �7																(3.4) 
 

From these equations, such constants may be mutually converted through 

�5 = &�7							�7 = &�5											(3.5) 
whereby ω is the angular frequency, 2πf (where f is the frequency). 

3.3.4.2 Ferroelectric hysteresis loop measurement 

The ferroelectric hysteresis loop and leakage current (I-V plot), were analysed through 

use of the ferroelectric Radiant Technology Precision LC testing unit. The P-E hysteresis 

loop was measured at a pulse width of 10 ms using a sinusoidal waveform signal at room 

temperature. Specimens were enveloped in a silicon oil bath to eliminate any electrical 
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degradation or arching. Voltage was incrementally increased for every 5V for P(VDF-

TrFE) and its nanocomposite variants, whereas there was a 100 V tiered increase for both 

BNT and BNT-BKT-BT ceramics.  

3.3.4.3 Pyroelectric measurement 

Traditionally, pyroelectric coefficient measurements have been obtained via a quasi-static 

approach in addition to a dynamic temperature method. The quasi-static method utilizes 

temperature variations under almost thermal equilibrium conditions whereas the dynamic 

temperature method detects rapid temperature fluctuations which are catalyzed by pulsed 

or a periodical modulated heat flux (Wai Ling et al., 2010). The short-circuited 

pyroelectric current, Ip, is evaluated by the rate of change of polarization as shown below: 


� = �r∆�∆' 																	(3.6) 
whereby Ip is the peak-to-peak pyroelectric current, � = (∆� ∆�⁄ ) is the pyroelectric 

coefficient, A is the sample area, and  
�u
�B  is the temperature gradient. The sample was 

mounted on a Peltier heater which was connected to the temperature controller. The 

current Ip in this study was measured through a 6517B Keithley electrometer, with 

temperature measured and manipulated by a Lakeshore 331 temperature controller. The 

measurements were obtained using Lab VIEW 12 software, with all raw data digitally 

obtained on a computer. The schematic of complete set-up is shown in Figure 3.11. The 

temperature of the thin films was obtained using a highly sensitive silicon diode sensor. 

Film temperatures were incrementally increased at a constant rate so as to procure 

triangular temperature waveforms as short-circuited pyroelectric currents were being 

measured. The heating rates used for this experiment were, in order, 0.01 ℃/s, 0.02 ℃/s, 

0.03 ℃/s, 0.04 ℃/s, 0.05 ℃/s and 0.06 ℃/s. The temperature of the sample (ranging from 

26 ℃ to 29 ℃) was increased and subsequently decreased at a constant rate via non-

radiative heat sources, which gave rise to periodic triangular temperature waveforms  
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while, as discussed, short-circuited pyroelectric current was measured by the 

electrometer. 

 

Figure 3.11: Schematic of the pyroelectric response measurement set-up. 

 

3.3.4.4 Piezoelectric measurements  

The piezoelectric constants related to the mechanical strain produced by an applied 

electric field are the known as the “dij” coefficient. The unit of the “dij” coefficient can be 

expressed by meters per volt or coulombs per newton. The unit comes from the definition 

of the “dij” coefficient (Choy, 2007; Jaffe et al., 1971). 

 

D�� = �'[923(y)9��^2@D	@^@$'[2$		2@^D	(#)	�>̀ �																		(3.7)	 
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D�� = short	circuit	charge	densityapplied	mechancial	stress 	v�}w													(3.8) 

 

The piezoelectric d coefficient is strongly related to mechanical displacement. 

Three axes are typically used to identify directionality in piezoelectric samples. The axes 

are defined in similar terms to the Cartesian coordinate with 1, 2 and 3 representing the 

x, y and z directions, respectively. The 3-axis is used to indicate the direction parallel to 

the polarization direction of the sample. The first subscript of dij represents the direction 

of the polarization, with the second subscript delineating the direction of mechanical 

stress (Choy, 2007). Among the “dij” coefficients, the most noteworthy application is in 

d33. In this work, the d33 was measured using a d33 piezometer (model no.: ZJ-3B supplied 

by the Institute of Acoustics, Academia Sinica). Chosen for its speed and accuracy; this 

piezometer offers superior resolution and consistency compared to inferior static 

methods, and is applicable to almost any sample geometry context. An accurate reading 

is achieved almost instantaneously – all that is required is an electrode area in which one 

can apply the force and obtain charge. Piezometer systems can handle piezo ceramics, 

piezo polymers, and composite free samples. Its operation includes clamping of the 

sample and enforcing a low frequency force upon it. Processing electrical signals from 

the sample, and comparing it with a built-in reference, enables the system to provide a 

direct reading of d33, one of the most effective parameters in evaluating the material. It is 

a material coefficient representative of charge per unit force in the direction of 

polarization.  The procedure for this type of d33 meter is often referred to as the "quasi-

static" or "Berlincourt" method (Barzegar et al., 2004). A fundamental condition is that 

the test frequency is low in comparison to any potential system or sample resonances, yet 

not so low that a conclusive measurement cannot be made; the higher the temperature, 
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the quicker the reading . The result is a quick, straight-forward test. Figure 3.12 displays 

the schematic diagram of the d33 meter. 

 

Figure 3.12: Schematic diagram of the d33 piezometer (Choy, 2007). 
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4 CHAPTER 4: STRUCTURAL AND ELECTRICAL AND 

PROPERTIES OF POLY(VINYLIDENE FLUORIDE-

TRIFLUOROETHYLENE) 

 

4.1 Introduction  

The discovery of piezoelectricity and pyroelectricity in PVDF sparked many studies on 

altering the chemical structure of PVDF in order to enhance and make practical use of the 

ferroelectric properties (Farmer et al., 1972; Heiji, 1969). One of the downfalls of utilizing 

PVDF as a ferroelectric material is the fact that it does not easily crystallize into the 

ferroelectric β-phase without some specialized processing such as uniaxial drawing. This 

problem was addressed with investigations on how to alter the stereochemistry of the 

PVDF chain such that it could naturally crystallize into the polar phase. The monomer 

units of VDF have directionality, meaning that CH2 is considered the head and CF2 is 

considered the tail. When PVDF is synthesized and the monomers are linked together 

they are often linked up head-to-head and tail-to-tail, creating an irregularity in the 

polymer structure in which the amount of these defects can be controlled in the synthesis. 

If PVDF is polymerized with TrFE, the result is a copolymer PVDF/TrFE with randomly 

distributed unit. The extra fluorine atoms in the chain reduce the influence of the head to 

head and tail to tail defect. This effect increase the crystallinity of copolymer to about 80–

90 %, after copolymer annealed at certain temperature. If  TrFE content is higher than 18 

% then the PVDF/TrFE copolymer will crystallize with the same chain conformation as 

the β-PVDF. 

The copolymer crystal structure, phase transition behavior and ferroelectric properties are 

affected by the ratio of VDF/fluoride-trifluoroethylene (TrFE) content and the 

synthesizing conditions (Yamada & Kitayama, 1981). Similar to PVDF, P(VDF-TrFE) 

has been reported to crystallize into four types of crystalline phases (α,β,γ,δ). P(VDF-
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TrFE) can easily form the β phase by adding a small amount of TrFE. The copolymer 

exhibits a much higher crystalline phase than PVDF does. P(VDF-TrFE) can also be 

crystallized into the β phase by heat treatment at a temperature between the Curie 

transition temperature (Tc) and the melting temperature (Tm) (Furukawa, 1989a). Heat 

treatment is an essential and important procedure in fabricating thin films. Annealing can 

be used to improve the crystalline structure, reduce the porosity and ensure the 

elimination of the residual solvent used during the fabrication process of P(VDF-TrFE) 

thin films. The temperature used for annealing, the time of annealing and the rate of 

ramping up and cooling are three important parameters in the thermal annealing process 

(Duo Mao et al., 2011). Annealing temperature applied is normally above or near the 

Curie temperature, Tc, and below the melting point, Tm, of the material when the material 

is in between the ferroelectric phase and the paraelectric phase. The thermal energy allows 

the polymer chains to rearrange their orientation and position, such that a higher degree 

of crystalline structure can be formed after cooling (Furukawa, 1989a).  

In view of current economic solicitude, as well as technical compatibility with thermal 

treatment, low temperature processing is a critical issue to realize the large-area 

integration of active layers with flexible electronics. This platform is not only important 

for organic materials, but also applicable for many other functional oxide materials 

(Bretos et al., 2014; De Dobbelaere et al., 2011; Martin-Arbella et al., 2011). This 

Chapter, focused on improving the crystalline structure of P(VDF-TrFE) 75/25 by 

annealing the samples with a hot plate. In this technique, the heat came only from one 

direction, i.e., from the bottom of a substrate. The fluctuation in the temperature was 

reduced to ±3 ℃. A high crystalline structure can be achieved at 100 ℃ by using this 

technique. In the previously reported studies, the lowest heating temperature needed to 

optimize the crystalline structure was around 140 ℃ (Furukawa, 1989a; Duo Mao et al., 

2011; Nalwa, 1995). If the temperature is closer to the melting point of the copolymer 
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which is around 145 ℃, it will be partially melted, and that will have an effect on the 

degree of the crystalline structure. The fluctuation in the temperature inside an oven is 

around ±15 ℃, as the heat transferred through air inside an oven comes from many 

different directions. By combining the results from the above finding with the detail 

analysis on the crystalline, structure morphology and electrical properties, fundamental 

understanding on the extraordinary electrical responses of P(VDF-TrFE) when induced 

by electric field can be established. Such data are important in order to describe the 

mechanisms that govern the ferroelectric, pyroelectric and dielectric properties of 

P(VDF-TrFE) . 

           

4.2 Results and discussion 

4.2.1 Structural analysis 

  X-ray Diffraction (XRD) can be used to study the crystalline characteristics. The 

diffraction angle corresponds to the inter-planar spacing and orientation of the crystal 

planes, and the diffraction intensity indicates the quantity of the corresponding crystal 

planes, which relates to the degree of crystallinity. The crystal structure of P(VDF-TrFE) 

is normally related to the composition (mole ratio of P(VDF/TrFE) of the copolymer and 

the annealing process. In the β crystalline phase of P(VDF-TrFE), the unit cell is 

orthorhombic, with each chain aligned and packed with the CF2 groups parallel to the b-

axis (Duo Mao et al., 2011; Tashl, 1995). Figure 4.1(a) shows the XRD pattern of P(VDF-

TrFE) for different annealing temperatures (80, 90, 100, 110, 120, 140 ℃) to obtain 

information on the degree of the crystalline structure of the copolymer thin films. 

Characteristic peaks, associated with the β phase, appearing at 2θ = 19.90°, are assigned 

to (110/200) reflection planes. An elevated diffraction peak indicates a high percentage 

of the crystalline structure in the β phase. One can note from the XRD result that the peak 

intensity at 80 ℃ was one of the lowest, because the annealing temperature was below 
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the Curie temperature of the materials, which is not enough to align the chains. However, 

the highest intensity peak was achieved at 100 ℃, which means that the crystalline 

structure of the copolymer thin film is the highest. The Curie temperature of P(VDF-

TrFE) 75/25 is around 100 ℃, where the β phase starts to change above 100 ℃. The 

crystalline structure of the thin film obtained when annealed around 100 ℃ will be more 

favorable for the ferroelectric, pyroelectric and dielectric properties. This is due to the 

high crystalline structure exhibited by the composite thin film, which will be discussed in 

the following sections. One can see from Figure 4.1(a) intensity decreases at annealing 

temperatures of 120 ℃ and 140 ℃ dramatically. As the materials were in the paraelectric 

phase, they have lost their ferroelectric properties. In this condition, the molecules and 

atoms move randomly, which could lead to loose crystalline structure, as has been 

observed in the XRD result.  

 

 
 

Figure 4.1: (a) XRD result of poly(vinylidene fluoride-trifluoroethylene) (P(VDF-TrFE)) 
thin films of different annealing temperatures (80, 90, 100, 110, 120, 140 ℃). (b) 
Deconvolution of the X-ray diagram for P(VDF-TrFE) thin film annealed at 100 ℃. 

 

The observed diffraction curves could be resolved into two peaks, C (crystalline) and N 

(non-crystalline), as shown in Figure 4.1 (b). The deconvolution was performed by fitting 
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to a superposition of a Gaussian function to determine the integrated peak areas and 

refinement of the peak positions. The peaks in this region are analogous to the β phase 

crystalline plane, whereas the shoulder is associated with the halo from the noncrystalline 

molecules. As a result, the diffraction curve observed was resolved into two regions, 

crystalline (green solid lines) and amorphous (black dashed line). The degree of the 

crystalline structure, Xc, was evaluated from the ratio of area C to the total area under the 

diffraction curves N + C. The obtained Xc was 85 %, and it is clearly seen in Figure 4.2 

that annealing at 100 ℃ induces a great increase in Xc.  

 

 
Figure 4.2: Dependence of the degree of the crystalline structure as a function of 
annealing temperature. 

 

4.2.2 Surface morphology 

4.2.2.1 Field emission scanning electron microscope (FESEM)  

Surface morphology of P(VDF-TrFE)  thin films was performed by field emission 

scanning electron microscope (FESEM). Figure 4.3 shows the surface morphology of the 

annealed P(VDF-TrFE) thin films as observed using FESEM at 50 K magnification. The 

80 ℃ annealed thin films produced the morphology of the undefined crystalline structure. 
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Significant elongated crystalline structures of 90 nm in length were clearly observed when 

the annealing temperature was increased to 100 ℃. However, when the annealing 

temperature was increased to 120 ℃, the length of the elongated crystalline increased to 

5.5 µm long. The length of the elongated crystalline continued to increase to 15.5 µm 

when the copolymer was annealed at 140 ℃. In general, P(VDF-TrFE) thin films are 

annealed between the Curie and melting temperatures in order to induce the crystalline 

structure. In the paraelectric phase, the chain mobility is higher compared to that of the 

ferroelectric phase. It favors the lowest energy conformation (all trans), because as the 

temperature increases, the chain mobility increases as a function of temperature. As a 

result, the molecular chains prefer being oriented in parallel to the substrate, and rod-like 

crystals are observed when the annealing temperature reached 100 ℃, as shown in Figure 

4.3 (b). This suggests that small crystallites undergo a transition into a paraelectric phase. 

They grew by incorporating surrounding non-crystalline molecules and thus contributed 

to an increase in the crystalline structure. On the other hand, annealing above 100 ℃ 

resulted in the formation of acicular grains (needle-like crystals) in edge-on lamellae, as 

shown in Figures 4.3 (c), (d). Near the melting point, the morphology changes drastically, 

due to the small crystals being partially fused and recrystallized. In such a way, the chain 

axis is reoriented normal to the substrate surface. This implies that annealing at 100 ℃ 

induced growth in the crystalline structure as a result of the coalescence of neighboring 

crystallites, as indicated in Figure 4.2. The significant change in the morphology of the 

surface for the thin films annealed above 100 ℃, can be clearly observed with the 

combination of some defects, such as a crack in the surface, as shown in Figure 4.3 (f), 

an amplified picture of Figure 4.3 (d). The defects will lead to a decrease in the electrical 

properties of the material, as explained in the following analysis. 
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Figure 4.3: FESEM images of P(VDF-TrFE) annealed at (a) 80 ℃ , (b) 100 ℃, 
(c) 120 ℃ , (d) 140 ℃ , (e) an amplified picture of (b), (f) an amplified picture of (d). 

 

 

4.2.2.2 Atomic force microscope (AFM) 

The mechanics and aggregation characteristics of the polymeric chains can be different 

when forming each crystalline phases, resulting in different surface morphologies. This 

can be studied using atomic force microscopy (AFM). The topographies of P(VDF-TrFE) 

thin films annealed at different annealing temperatures by AFM non-contact mode are 

shown in Figure 4.4. The results revealed that the surface morphology of the samples 

depended strongly on the thermal treatment. Figure 4.4 (a) is the as grown film surface 

and Figures 4.4 (b), (c) are films annealed below the melting point. It is seen that the thin 
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film annealed at 80 ℃ show smooth surface consists of tiny grains with an average size 

of about 30 nm long and 20 nm wide as shown in Figure 4.4 (a). As the annealing 

temperature increases near, and above Curie temperature (Tc ~ 100 ℃), Figure 4.4 (b), the 

polymer grain size increases. The crystalline grain arrayed tightly and orderly on the 

surface of 100 ℃ annealed sample with an average size of 90 nm long and 40 nm wide. 

The rod-like shape of the grains is attributed to the β phase crystallites. The size of the 

grains and the roughness of the surface are related to the annealing conditions and are 

sensitive to the maximum processing of annealing temperature. When annealed below Tc 

(at 80 ℃), the molecular and polymer chains do not have sufficient energy to align, 

therefore, they have a random orientation, and small grain size has been observed as 

shown Figure 4.4 (a). When annealed above Tc but below Tm, the higher thermal energy 

allows the polymer chains to start to reorient and align parallel to the substrate, as seen 

Figure 4.4 (b), the result was also confirmed by XRD measurement as shown in Figure 

4.1. As the annealing temperature is increased to 120 ℃, the grains coalesce and acicular 

grains are obtained with an average length of 2.5 pm and of 0.44 µm wide. There is a 

concomitant increase in surface roughness. With increasing annealing temperature, the 

grains enlarged gradually, and their sizes were up to 4.2 µm in length and 0.3 µm in width 

for the 140 ℃ annealed sample as shown in Figure 4.4 (e). The melting point of the 

P(VDF-TrFE) copolymer in this study was approximately 145 ℃. Therefore, after 

crystallization in the range from a certain temperature below melting to room temperature, 

the P(VDF-TrFE) copolymers were in the ferroelectric phase with many large domains. 

At high temperature the material will be in paraelectric phase and in this case chains 

flexibility will increase. More and more, of the grains came together to combine, and the 

rods became long and straight which very consistence with the FESEM result. According 

to Bassett’s study (Bassett, 1981), the straight rods here were needle like crystals 

consisting of extended chains, and the extended direction of the chains was parallel to the 
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outspread needle like crystals. The evolution of film roughness as a function of annealing 

temperature and film thickness is shown in Figure 4.5. It is well known that P(VDF-TrFE) 

copolymer is a polycrystalline material, and that its ferroelectric response is attributed to 

the β phase (all-trans), which shows a rod-like shape with a relatively rough surface 

(Naber et al., 2005).  Figure 4.5 shows the variation in Root-Mean-Square (RMS) 

roughness with annealing temperature for the P(VDF-TrFE) thin films annealed from 80-

140 ℃. Although low annealing temperature (80 ℃) shows a very smooth surface 

(RMS~1 nm), however the electrical properties is low due to its low crystallinity. An 

increases in annealing temperature near to Curie temperature, shows smooth surface also 

(RMS~2 nm) with high degree of crystallinity (Xc ~85 %). This suggest that high 

electrical properties of β phase with smooth surface P(VDF-TrFE) thin film  can be 

achieved only when the samples were annealed near to Curie temperature (Tc ~ 100 ℃), 

for at least 1 hour. Further increase in annealing temperature beyond 100 ℃ led to 

dramatic increase in the RMS roughness and reduce the crystallinity due to the small 

crystals being partially melt and recrystallized. In this case, the chain axis is reoriented 

normal to the substrate surface and thus, needle-like crystals lamellae were observed. The 

RMS increases from 9 nm to 17 nm when the annealing temperature increases from 120 

℃ to 140 ℃ as shown in Figure 4.5, which could be the result of increase in leakage 

current (Mao et al., 2010). 
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Figure 4.4: Typical AFM height images of PVDF thin films annealed at (a) 80 ℃, (b) 
100 ℃, (c) 120 ℃ and (d) 140 ℃. 
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Figure 4.5: Surface roughness (RMS) of P(VD-TrFE) thin films at different annealing 
temperatures. 

 

4.2.3 Vibrational analysis for β phase dominant crystals 

Molecular vibration analysis is a key to understanding the dynamics of a material. Fourier 

transform infrared spectroscopy (FTIR) can be used to detect the vibrational mechanics 

of a material system by monitoring the absorption of infrared energy. The incident 

electromagnetic field from the IR source interacts with the molecular bonding of the 

P(VDF-TrFE) film. The interaction has resulted in a large absorption when the molecular 

vibration and the electric field component of the IR are perpendicular to each other. Each 

phase of the P(VDF-TrFE) copolymer will provide a characteristic FTIR spectrum. Due 

to the large mass of the fluorine atom, most infrared-active vibrations for the copolymer 

are concentrated in a rather narrow region, 400–1500 cm−l (Reynolds et al., 1989). Details 

of the absorption band assignments can be found in the literature (Kim et al., 1989; 

Kobayashi et al., 1975; Duo Mao et al., 2011; Reynolds et al., 1989). Figure 4.6 illustrates 

the transmission infrared (IR) spectra of P(VDF-TrFE) thin films annealed at different 

temperatures. Four intense bands were discussed, which are 510 cm−1, 850 cm−1, 1288 
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cm−1 and 1400 cm−1, which are due to the β phase of P(VDF-TrFE). The 510 cm−1 and 

1400 cm−1 bands are assigned to the CF2 bending mode within TTT segments of the chain 

and the wagging vibration of CH2, respectively (Kobayashi et al., 1975; Reynolds et al., 

1989); whilst the bands at 850 cm−1 and 1288 cm−1 are assigned to CF2 symmetric 

stretching mode (Reynolds et al., 1989). The intensity and the position of the absorption 

bands do not change much when treated with different annealing temperature within the 

paraelectric phase. This implied that an annealing temperature below the melting point 

did not affect the structure and crystalline phase of the copolymer in the β phase.   

 

Figure 4.6: FTIR spectra of P(VDF-TrFE) thin films treated at different annealing 
temperatures.  

 

4.2.4 Ferroelectric properties 

The hysteresis loop is important in characterizing ferroelectric properties. A significant 

amount of information can be extracted from the hysteresis loop. For the investigation of 

the influence of an external electric field on the dipole moment and polarization of 

P(VDF-TrFE), the direction of the applied external electric field E is along the total 

average dipole moment of the molecular unit. Its rotation to the opposite one leads to a 
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switching of the molecular dipole. This occurs when the electric field exceeds the critical 

coercive field Ec (Bystrov et al., 2007). The driving force for the reorientation is the 

minimization of the total energy of the modeled molecular system, which changes in 

different dipole configurations. D-E hysteresis loops of P(VDF-TrFE) as a function of 

annealing temperature are presented in Figure 4.7 . The hysteresis measurements were 

obtained at 100 Hz with different applied voltages for P(VDF-TrFE) thin films of a 

thickness of approximately 220 nm at room temperature. The highest remnant 

polarization of Pr = 8.7 µC/cm2 with a Ec = 80 MV/m was obtained from the thin films 

annealed at 100 ℃. As discussed previously in the XRD section, the thin film annealed at 

100 ℃ has the highest crystalline structure. The shape of the optimized hysteresis loop of 

the thin film annealed at 100 ℃ is almost a square, which indicates the excellent 

ferroelectric properties of the thin films. Compare the obtained value of Pr = 8.7 µC/cm2 

to the previous reported research, for example Mao et al. (Mao et al., 2010) the Pr obtained 

for the thin film annealed at 140 ℃  by an oven is 7.4 µC/cm2. As a hot plate has been 

used for annealing the thin film, the distribution of thermal energy to the thin film is 

expected to be more homogeneous than that of an oven, so a high degree of crystalline 

chains and, hence, high spontaneous polarization can be achieved. The Pr for the thin film 

annealed at the other annealing temperature decreased considerably to less than 6 µC/cm2, 

as shown in Figure 4.8.  
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Figure 4.7: D-E hysteresis loops of P(VDF-TrFE) as a function of annealing temperature. 

 

Figure 4.8: Dependence of remnant polarization, Pr, as a function of crystallinity and 
annealing temperature. 
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4.2.5 Dielectric analysis  

4.2.5.1 Temperature dependence dielectric properties of P(VDF-TrFE) 

Dielectric spectroscopy has been widely used in polymer relaxation analysis and has the 

advantage over dynamic mechanical methods in that it covers much wider frequency 

ranges (Linares et al., 2007; Lu & Zhang, 2006; Madbouly & Otaigbe, 2007; Mijovic et 

al., 1997). The study of dielectric as a function of frequency and temperature can be used 

to elucidate the effects due to intermolecular co-operative motions and hindered dielectric 

rotations. To illustrate the thermal stability of P(VDF-TrFE), the temperature and 

frequency dependence of dielectric spectra behaviours for  P(VDF-TrFE)  thin films 

annealed at 100 ℃  and measured from –100 ℃ to 120 ℃ at a temperature step  size of  

10 ℃ for  P(VDF-TrFE) were studied . The annealing temperature applied to the thin 

films (100 ℃) led to an increase in the dielectric constant. The enhancement of the 

crystalline structure of the thin film has resulted in the molecules aligning in a much 

ordered conformation with high molecular chain packing. As a consequence, the dipole 

density in the system increased and led to an increase in the dielectric constant. Figure 

4.9 shows the temperature-dependent dielectric properties at different frequencies from 

0.1-1 M Hz increasing by one order magnitude. It is obvious that over the whole measured 

temperature range, the dielectric constant increase with the increase in temperature. Other 

distinctive feature is that the broad dielectric constant peak moves to a high temperature 

as the frequency increases, typical for relaxor ferroelectrics, which corresponds to the 

dipolar freezing transition in which different frequency components of the polarization 

response will freeze at different temperatures. Furthermore, the dielectric constant and 

loss of copolymer exhibit a sharp increase at 0.1 and 1 Hz and above 40 ℃, where the 

space charge contribution (conduction) causes a large increase in both the dielectric 

constant and loss with temperature in the polymer. This phenomenon is attributed to an 

interfacial polarization, known as the Maxwell–Wagner–Sillars (MWS) effect. Because 
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of the discrepancies of dielectric properties (conductivity, dielectric constant) of these 

two phases, leading to the appearance of an interfacial polarization, which can 

significantly enhance the dielectric constant of P(VDF-TrFE) in the low-frequency range. 

 

Figure 4.9: Dielectric frequency spectra of P(VDF-TrFE) treated at varied  frequencies  
for sample annealed at 100 ℃. 

 

Figure 4.10 shows the dielectric constants ε′, dielectric loss constant ε″ and conductivity 

(σ) versus the frequencies (log f) at wide range of temperatures form –100-120 ℃ for the 

sample annelid at 100 ℃. The behaviour of ε' at lower frequencies shows high values then 

decrease sharply over the entire frequency. The decrease of ε' in higher frequencies region 
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may be due to the fact that the dipoles cannot follow the fast variation of the applied field. 

On the other hand the behaviour of increasing in ε' and ε" at high temperature and lower 

frequencies can be due to contribution of interfacial polarization in the heterogeneous 

system as well as conduction from space-charges which is a accounted for by the power 

of law �7 = ��
1� ¡¢	where σ″ is the imaginary part of the conductivity, f is the frequency 

and ε0 is permittivity of free space (8.85×10-12 Fm-1). 

A jump of the dielectric constant from 90 ℃ to 100 ℃	 was	 observed, where the 

ferroelectric to paraelectric phase transition takes place. In the paraelectric phase (90 ℃ 

to 140 ℃), the dielectric and relaxation strength continuously increase, and the relaxation 

frequency increases with increasing temperature. If the temperature is varied from 140 ℃  

to 160 ℃ , the copolymer will experience phase changes from the paraelectric to the 

molten phase (Mahdi et al., 2014). 
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Figure 4.10: Dielectric frequency spectra for the P(VDF-TrFE) thin film annealed at 100 ℃  and measured at a temperature step size of 10 ℃  from –100 ℃  to 120 ℃ . 

 

The effect of annealing temperature on dielectric properties were also considered. Figure 

4.11 illustrate the room temperature dielectric frequency spectra of P(VDF-TrFE) treated 

with various annealing temperature. The room temperature complex dielectric spectra of 

copolymer thin films annealed at different temperatures were compared. When the 

annealing temperature increased from 80 ℃ to 100 ℃, dielectric increased from 9 to 10.5. 

However, the dielectric constant starts to decrease dramatically to 7.2 and 6.3, when the 

copolymer thin films are annealed at 120 ℃ and 140 ℃, respectively. The XRD result 

indicates that this may be due to the decrease in the crystalline structure of the thin film. 
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It can be noted that when the thin film was annealed at 80 ℃, the dielectric constant at 

room temperature was high ε′ = 9, but the loss was the highest, ε″ = 0.5. This may be due 

to the poor crystallinity and porosity in the thin film, since at the annealing temperature 

(80 ℃), the thermal energy provided is not enough for the growth of the crystalline 

structure and crystalline lamellae, as was shown in X-ray, AFM and FESEM. 

 

Figure 4.11: Room temperature dielectric frequency spectra of P(VDF-TrFE) treated 
with various annealing temperatures. 

 

4.2.5.2 Dielectric relaxation 

In general amorphous polymers exhibit two relaxation processes associated with 

segmental mode motion and local mode motion. Some polymers having asymmetry along 

the chain direction exhibit an additional relaxation called a normal mode due to 
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fluctuation of end-to-end dipole moment (Baur & Stockmayer, 1965; Furukawa, 1989a; 

Furukawa, 1989b). Semicrystalline polymers such as PVDF and copolymer ferroelectric 

polymers exhibit rich relaxation processes depending on the molecular relaxations in 

amorphous and crystalline domains, and at the crystal amorphous interface (Ang & Yu, 

2004; Kassem et al., 1993; Sasabe et al., 1969; Yano, 1970). Analyses of relaxation 

spectra provide information about the structure as well as molecular interaction.   

 

Figure 4.12: Dielectric relaxation map of P(VDF-TrFE) obtained on the temperature 
ranges of (–100-120 ℃) and on the frequency range of (0.1-10 MHz) isothermal 
measurements were performed by steps of +10 ℃. 

 

Figure 4.12 show 3D plots of loss spectra of P(VDF-TrFE) which represent 

semicrystalline polymers. Three relaxation processes are observed on P(VDF-TrFE). A 

weak and very broad peak, labelled γ relaxation process appears in the lower temperature 

side (–100-70 ℃) which sintered at about 100 Hz. This relaxation (γ) mainly come from 

local oscillatory motion of the frozen-in mean chains (Furukawa & Johnson, 1981a). The 
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response due to wide-angle oscillations of dipoles attached to the main chain, followed 

by their rotation with chain cooperation is described by Arrhenius law 

 

�(�) = �!	@y� v ∆£�¤�w																						(4.1) 
 

where ∆H is the macroscopic activation enthalpy and τ0 is the pre-exponential factor ,kB 

Boltzmann constant and T is the temperature. In the (–60-50 ℃) temperature range and 

in the whole frequency domain, an intensive and broad relaxation is observed and labelled 

as the β process. The β process is attributed to the micro-Brownian of noncrystalliane 

chain segments.  The process is strongly temperature dependent and the frequency and 

temperature dependence of dielectric loss (ε″) yield the temperature variation of the 

relaxation times (τ). The temperature dependence of the relaxation time can be described 

by Vogel–Fulcher relation (VTF) (Liang Qiao  & Bi, 2011; Kleemann et al., 2005): 

 

�¥� = 	 = 	! exp § −#��¤?�� − �̈  C©															(4.2) 
 

where f is the measuring frequency, f0 is the characteristic relaxation frequency, Ea is the 

activation energy, Tm is the phase transition temperature at  f, and Tvf is the freezing 

temperature of polarization-fluctuation. 

 

The relaxation intensity is proportional to the amount of amorphous material; and the 

relaxation process can be observed at temperatures above the glass transition temperature 

Tg. 

The combination of VTF-type segmental mode and Arrhenius-type local mode attracted 

interest recently because it is not unique to polymer but is common to glass forming 
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liquids. The traditional interpretation for local mode of polymers in terms of either a 

crankshaft motion or an incoherent rotational oscillation has to be reconsidered in 

connection with the mode coupling theory. On the other hand the normal mode process 

is unique to polymers.   

At high-temperature and high frequencies another relaxation has been observed and 

labelled as α relaxation, the α relaxation locates at around 5 MHz. The relaxation is 

associated with conformational changes of the polymer chain and dipole orientation in 

crystalline regions (Koizumi et al., 1969). Therefore α  relaxation intensity is effect by 

degree of  crystallinity. Although the nature of the α  process is still under discussion, it 

is generally believed that the primary contribution comes from the relaxation of chains at 

the amorphous-crystalline interfacial polarization (Yagi et al., 1980) or to rubbery flow 

of polymer chains (Sasabe et al., 1969). Both ε″ and ε′ show a peak for this relaxation 

process (α) for which the normal temperature frequencies reduction does not hold.  

 

4.2.6 Pyroelectric analysis 

The pyroelectric coefficient of P(VDF-TrFE) copolymer thin films was measured using 

the quasi-static pyroelectric measurement method. The static (zero-frequency) 

pyroelectric coefficient, p, was obtained by measuring the induced pyroelectric current Ip 

during the heating of the sample from 26 to 28 ℃  at a nearly constant heating rate 
tu
tB 	(2–

3 ℃/s) with an effective area of 1 mm2 for all samples. The relationship of the pyroelectric 

coefficient is given by (Jones, 1987; Gan & Majid, 2014; Li & Ohigashi, 1992; Newnham, 

2005). 

� = 
�r?tutBC																										(4.3) 

A rectangular waveform of pyroelectric current was obtained when a triangular 

temperature waveform was applied to the P(VDF-TrFE) thin films, with different 
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annealing temperatures, as shown in Figure 4.13, which depicts the pyroelectric 

coefficients of the thin film annealed at four different annealing temperatures. 

 

Figure 4.13: Pyroelectric current for P(VDF-TrFE) thin films annealed at  100 ℃  as 
function of time and temperature. 

 

 It was found that the temperature of 100 ℃ is the optimum annealing temperature, with 

a pyroelectric coefficient of 24 µC/m2K. A poor pyroelectric coefficient has been 

obtained from the thin film annealed at 80 ℃ due to the low degree of the crystalline 

structure produced at that annealing temperature, as revealed by the XRD results. The 

pyroelectric coefficient has decreased considerably after annealing the thin film at 120 ℃ 

and 140 ℃. This observation is related to the significant change in the crystalline structure 

of the thin films as can be seen in Figure 4.14 for the degree of crystallinity. The 

pyroelectric coefficients for the thin film annealed at these two annealing temperatures 

(120 and 140 ℃) were reduced to 10 µC/m2K and 8 µC/m2K, respectively. 
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Figure 4.14: Dependence the pyroelectric coefficient of P(VDF-TrFE) thin films on  
annealing temperature and crystallinity.  

 

Combining X-ray, FESEM, ferroelectric and pyroelectric results, it can be summarized 

that the annealing process has induced structural changes in the P(VDF-TrFE) thin films. 

The degree of the crystalline structure is one of the most important factors that affects Pr 

and p. This is mainly because its ferroelectricity and pyroelectricity are originated from 

the crystalline region. The molecule chains (c-axis) should be oriented parallel to the film 

surface, because polarization is induced in the b-axis direction normal to the chain axis. 

The overall polarization in the VDF copolymer could be improved by annealing in the 

paraelectric phase, in which active thermal motion allows chain molecules to rearrange 

their position and forms a highly crystalline phase, as shown in Figure 4.2, Figures 4.8 

and 4.14, which show the dependence of Pr and p on the annealing temperature, are fairly 

consistent with the crystalline structure changes. This implies that values of Pr and p are 

governed by the degree of the crystalline structure. The large rod-like crystal grain, as 

shown in Figure 4.3 (b), is highly crystalline with the molecular chain aligned parallel to 

the substrate and exhibits the highest Pr = 8.7 µC/cm2 and p = 24 µC/m2K. Copolymer 
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annealed with such a simple method exhibited exceptional functional properties if 

compared to that of copolymers treated with a higher annealing temperature in the oven 

(Davis et al., 1982; Furukawa, 1989b; Lazareva et al., 2009; Mao et al., 2010). A further 

increase in the annealing temperature will induce the elongation of the crystal into a 

needle-like structure, but with decrease crystalline structure and polarization. 

 

4.3 Conclusions 

A number of different parameters have been examined to understand the electrical 

properties and structural behaviors of P(VDF-TrFE) copolymer prepared by spin-coating 

technique. The ferroelectric properties originate from the large difference in the 

electronegativity between the fluorine, carbon and hydrogen atoms. The polymer phase 

structure, surface morphology, crystallinity, and molecular chain orientation associated 

with the ferroelectric β phase have been discussed. The effect of annealing temperature 

on the crystalline structure of P(VDF-TrFE) (75/25) thin films (220 nm) has been 

investigated with a wide range of treated temperature (80-140 ℃ ) below and above the 

Curie temperature to optimize the crystalline structure. The annealing temperature is an 

essential parameter that can be used to enhance the crystalline structure of the thin films 

and the related electrical properties (pyro-, ferro- and dielectric). From the obtained 

results, it was found that the optimized crystalline structure was achieved at around 100 

℃ when the thin films were annealed with a hot plate. The thin films show very sharp and 

high intensity XRD peaks with a dominant β phase. The P(VDF-TrFE) thin film annealed 

at 100 ℃  exhibits a square-like hysteresis loop with high Pr = 8.7 µC/cm2 and Ec = 80 

MV/m. If the thin films were annealed with an oven, it required a higher optimum annealing 

temperature, which is about 140 ℃. This annealing temperature is much closer to the 

melting point of the material and, thus, can cause many defects in the sample. The degree 

of crystalline structure decreases above the annealing temperature of 100 ℃, as indicated 
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by X-ray. The lamella length increases to 15 µm at 140 ℃ with cracks appearing on the 

surface of the thin film. The thin films also had poor ferroelectric and pyroelectric properties 

with high dielectric loss when annealed below the Curie temperature. Thus, the technique 

of annealing the thin film at 100 ℃ with a hot plate can be used to achieve P(VDF-TrFE) 

thin film with improved ferroelectric, dielectric and pyroelectric properties, which is 

suitable for many applications, such as energy storage, sensors and actuators. 
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5 CHAPTER 5: OPTIMIZATION THE ELECTRICAL 

PROPERTIES OF BNT LEAD FREE CERAMICS BASE 

 

5.1 Introduction 

In order to improve the functional properties of ferroelectric copolymer which has been 

discussed in Chapter Four, it is necessary to investigate and optimize the electrical 

properties of ferroelectric filler, before the two phases are combined in 0-3 composite 

form. This will help to improve the electrical properties of ferroelectric ceramics and 

hence high performance will be achieved when both phases are mixed.  

The predominant piezoelectric material of choice is lead zirconate titanate (PZT). Since 

the first reports in 1950s (Jaffe et al., 1954; Shirane et al., 1952), its properties have 

gradually evolved with optimized chemistry, microstructure, and processing technology. 

Against the background of increasing environmental awareness, the distribution of lead-

containing devices throughout consumer products faces increasing restrictions due to 

ecological and health concerns. For this reason, there are international attempts to reduce 

the amount of hazardous substances through legislation. This development triggered 

extensive research efforts to find lead-free alternatives to PZT. This step is a noteworthy 

attempt towards rendering this technology more environment friendly and sustainable. 

The political will behind this evolution, however, is also a much needed stimulus to 

explore new material concepts and to dare to go beyond PZT a material, which has, after 

all, dominated the market for almost 60 years. Despite several promising findings in 

recent years, it has become evident that one single compound will likely not replace lead-

containing materials across the whole diverse range of applications. Rather, multiple, 

tailored lead-free solutions are sought for individual applications. In the case of actuation, 

where large displacements are required, binary and  ternary solid solutions based on 

Bi0.5Na0.5TiO3 (BNT) were reported (Nagata et al., 2003; S.-T. Zhang et al., 2012) to 

provide outstanding electromechanical performance partially competing with or even 
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surpassing PZT. This class of materials is appealing not just from an application point of 

view but also from a scientific perspective. 

On the other hand, it is found that when BNT was doped with barium titanate, BaTiO3 

(BT) and bismuth potassium titanate, (Bi0.5K0.5) TiO3, (BKT), the piezoelectric properties 

improved significantly, and the coercive field is reduced to one half. These properties 

demonstrate that the compositions near the MPB region have relatively high piezoelectric 

and electromechanical activities due to an increase in the number of possible spontaneous 

polarisations, and also due to the coexistence of rhombohedral and tetragonal phases. 

The best piezoelectric and dielectric properties of multi-compounds systems  have been 

revealed in the composition near the morphotropic phase boundary (MPB) (Takenaka et 

al., 1991). At the MPB, further possible polarisation variants are available; thus, enhanced 

dielectric, ferroelectric, and piezoelectric properties are expected (Guo et al., 2013; W. Li 

et al., 2014; Makiuchi et al., 2005; Nagata et al., 2003; Trelcat et al., 2012; S. Zhang et 

al., 2007). However, the drawback of this binary system is a low depolarisation 

temperature, Td, which is approximately 90 ℃ (Maurya, Zhou, et al., 2013). Low Td in 

the system has restricted the usage of the ceramic system in practical applications such as 

sensors and actuators due to the limited temperature range of operations defined by the 

low value of Td. In order to address this issue of low Td, a pathway has been provided by 

invoking ternary phase boundaries. Bi0.5 K0.5TiO3 (BKT) with a tetragonal structure has 

been shown to provide an MPB with rhombohedral Bi0.5Na0.5TiO3 (BNT), and tetragonal 

BaTiO3 (BT) in a ternary phase system (Tadashi et al., 2008). The addition of BKT to the 

binary BNT-BT system was found to exhibit a long range of the tetragonal structure while 

moving away from the MPB (X. X. Wang, X. G. Tang, et al., 2004). The ternary system 

showed a high piezoelectric constant (d33 = 191 pC/N) with a high Curie temperature (Tc 

= 301 ℃) (Nagata et al., 2003) and Td ≈165 ℃  (Maurya et al., 2015). 
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Most properties of piezoelectric ceramics, such as density, dielectric, and piezoelectric 

activities, strongly depend on the sintering temperature. Therefore, many investigations 

of these aspects have been reported in lead-free systems  (Khokhar et al., 2013; Zhao et 

al., 2011), and a simpler system of BNT-based ceramics (Lidjici  et al., 2010; Liu et al., 

2008; Ullah et al., 2010; Xin et al., 2011; Y.-R. Zhang et al., 2008). However, it is noted 

that the pyroelectric properties of BNT-based ternary systems were seldom studied. 

Zhang et al. (S.-T. Zhang et al., 2012) found that a composition of 0.88BNT-0.084BKT-

0.036BT exhibits the best electrical properties among other possible compositions near 

MPB; however, the effect on the variation of sintering temperature on the pyroelectric 

properties has not yet been studied.  

 With respect to these results, more intensive and systematic research is necessary, 

especially in the aspect of enhancing the pyroelectric properties of the system by 

optimising the sintering temperature used in the process of synthesising the ceramic 

system. To date, a systematic study of the effect of sintering temperature on the 

pyroelectric, figure of merit and ferroelectric properties of a ternary BNT-BKT-BT 

system has not yet been reported, although studies of the effect of composition on 

piezoelectric, dielectric and ferroelectric   properties have been conducted (Lidjici  et al., 

2010; Lidjici et al., 2011; Y.-R. Zhang et al., 2008).  

In this Chapter, the effect of sintering temperatures on the pyroelectric, figure of merit, 

ferroelectric, piezoelectric as well as the microstructure properties of 0.88BNT-

0.084BKT-0.036BT ceramics were systematically studied to determine the optimal 

pyroelectric, figure of merit, piezoelectric, ferroelectric and dielectric parameters for 

lead-free multi-component ceramic systems. The influence of the sintering temperature 

on electrical properties are explained by focusing on the microscopic features of the 

samples (crystallinity, density, porosity and microstructure). It was found that the sintered 

temperature interval is narrow, with significant changes in structure and electrical 
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properties when the sintering temperature changes from 1120-1200 ℃.  By this token, the 

sintered temperature obviously affects the microstructure of materials. The sintered 

temperature interval is narrow, thus controlling the increase of sintered temperature 

accuracy is very necessary. The results have been also compare with BNT to see the effect 

of doping on piezoelectric, pyroelectric, ferroelectric, dielectric, and coercive filed.   

 

5.2 Physical and structural properties 

5.2.1 Density  

It is well known that density and porosity have pronounced effect on properties of most 

electro-ceramics.  Figure 5.1 shows the density as a function of the sintering temperature 

for the BNT-BKT-BT samples. The density increases significantly with the rise in the 

sintering temperature from 1120 to 1180 ℃, reaching a peak at 1180 ℃ and then 

decreasing to 1200 ℃. The bulk density was approximately 5880 kg/cm3 at 1180 ℃, 

which is approximately 98 % of the theoretical density. The density decrease observed 

above 1180 ℃ was probably because of the acceleration of the volatilisation of alkali ions 

as indicated in the XRD results in Figure 5.2.    

 

Figure 5.1: The bulk densities of BNT-BKT-BT ceramics as a function of sintering 
temperature. 
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5.2.2  X-ray diffraction 

Figure 5.2 shows the XRD patterns in the 2θ range (20°-70°) of the BNT-BKT-BT 

samples sintered at 1120, 1140, 1160, 1180, and 1200 ℃. These patterns indicate that all 

the samples have a pure perovskite structure with no observable trace of TiO2-

nonstoichiometry induced second phases. In order to check for the important signatures 

in the XRD pattern, a more detailed analysis was performed in the following 2θ ranges 

(30º-34º) for (110) line Figure 5.2 (b), (39º-42º) for the (111) line (Figure 5.2 (c), (45º-

48º) for the (200,002) line (Figure 5.2 (d), and (57º-60º) for the (112,211) line (Figure 5.2 

(e)). It is observed in Figure 5.2 (b) that the mean diffraction peak position 2θ of (110) 

shifts slightly from 32.25° to 32.30° , 32.35° , 32.36° , and 32.40°, when the sintering 

temperature was raised from 1120 to 1140, 1160, 1180, and 1200 ℃, respectively. This 

kind of behaviour was noted by Zhang et al. (Y.-R. Zhang et al., 2008)  for NKBT20 

samples. Thus, the lattice spacing  d110 decreases slightly with the increase in the sintering 

temperature, indicating that a preferred volatisation K+ ion (ionic radius 1.33 Å) over Na+ 

(ionic radius 0.97 Å) occurred (Y.-R. Zhang et al., 2008). The XRD pattern of the 

investigated composition has three major characteristics. The peak which corresponds to 

(111) as observed in Figure 5.2 (c) does not show any splitting, which may correspond to 

the tetragonal phase (Dai et al., 2010). The splitting of the (200) and (002) peaks at around 

46º as shown in Figure 5.2 (d), and also the two closed peaks (211) and (112) at around 

58º, as shown in Figure 5.2 (e), indicate the coexistence of rhombohedral and tetragonal 

phases in the samples sintered at 1120 to 1180 ℃. However, the (211)/ (112) peaks in the 

samples sintered at 1200 ℃ cannot be separated. In general, all these characteristics 

indicate the coexistence of the tetragonal and rhombohedral phases at all the investigated 

sintering temperatures, which is normally referred to as morphotropic phase boundary 

(MPB) behaviour.  
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Figure 5.2: XRD patterns of BNT-BKT-BT system ceramics sintering at several 
temperatures. 

 

In order to check for the variation with the degree of tetragonality with sintering 

temperature, the lattice constants a and c are calculated and the tetragonality c/a along 

with a and c are drawn as a function of sintering temperature as shown in Figure 5.3. It 
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can be seen from the figure that the lattice parameters a and c improved when the sintering 

temperature was increased from 1120-1180 ℃, and achieved their peak values at 1180 ℃. 

The observed peak values in the lattice parameters may be due to the compositions in the 

MPB region. It can be deduced that the Ba2+ (1.4 Å) and K+ (1.33 Å) ions have diffused 

into the BNT lattice. As Ba2+ and K+ have larger ionic radii, the diffusion has resulted in 

the enlargement of the lattice. The phase transformation in the BNT-BKT-BT system is 

due to the ion shift from its standard position of a rhombohedral perovskite structure, as 

BT and BKT are incorporated in the composition. 

The increase of ion shift results in the increase of the lattice energy and finally induces a 

phase transformation to a tetragonal phase in order to stabilise the structure (Lee et al., 

2009). However, further increased in sintering temperature caused the c and a values to 

reduce dramatically. This could be due to the volatilisation of ions, which led to distortion 

in the crystallite volume and hence a reduction in the lattice parameter. On the other hand, 

the tetragonality which can be deduced from the ratio of (c/a) are as follows: 1.14085, 

1.1398, 1.13872, 1.13796 and 1.13022, for the samples sintered at 1120 ℃, 1120 ℃, 1160 

℃, 1180 ℃ and 1200 ℃, respectively. That is to say, the increasing sintering from 1120 

℃ to 1180 ℃ saw the relative amount of tetragonality slightly decrease. Further increase 

in the sintering temperature has decreased the amount significantly. This indicates that 

although there is an apparent loss of K ions as exhibited by the XRD results (Figure 5.2 

(b)), the Bi ions seem not to be substantially annihilated. If Bi has been volatised, then 

both the density and the piezoelectric properties of the sintered samples (Rödel et al., 

2009) will be reduced considerably. However, in this case, a very high relative density of 

~98 % was achieved by sintering at a temperature of 1180 ℃. Therefore, it can be deduced 

that there was a relatively low level of Bi ionisation from the ceramic samples at this 

sintering temperature. This Bi ionisation, however, could be the source of the low 

densification exhibited at the higher sintering temperature of 1200 ℃.  
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Figure 5.3: Lattice parameters a, c and c/a as a function of sintering temperature for the 
BNT-BKT-BT ceramics. 

 

The variations of the crystallite size with the sintering temperature were also calculated 

from the X-ray spectra (Figure 5.4) using the Scherrer equation as expressed by Equation 

5.1 (Cullity, 1978). 

� = ��j$%��													(5.1) 

In Equation 5.1, the constant k depends on the shape of the crystallite size (k = 0.94), 

where β is the full width at the half maximum (FWHM) of intensity (a.u.), λ is the 

wavelength of the Cukα radiation (λ = 0.1542 nm), θ is Bragg's diffraction angle and D is 

the average crystallite size. 

The results show that the crystallite size increases with the increase in the sintering 

temperature until 1180 ℃ and then drops at 1200 ℃. The crystallite size may increase by 

the diffusion of the mass of Ba, K, and Bi. The lattice distortion caused by A-site (Ba, K, 

and Bi) substitution, has led to the increase in lattice parameters a and c, and the reduction 

in the 2θ angle. As a result, the crystal structures of the ceramics have changed further. 

However, the preferred volatilisation of ions when the temperature increased to 1200 ℃ 
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resulted in a decrease in the lattice parameter as well as the increase in the 2θ angle, which 

explains the decrease in the crystalline size of the ceramic. Therefore, the lattice distortion 

occurs in BNT-BKT-BT ceramics due to sintering it at a certain temperature, which may 

lead to enhanced polarisability and piezoelectric properties as discussed in the next 

section. 

 

Figure 5.4: Evolution of the crystallite size as determined by XRD of BNT-BKT-BT 
ceramics as a function of sintering temperatures. 

 

5.2.3 High resolution transmission electron microscopy (HRTEM) 

The performances of nanostructured ceramics for piezoelectric applications are strongly 

dependent on their morphological features. However, particle shape analysis is one of the 

most difficult problems in powder technology because there is no general shape factor 

available that clearly differentiates all possible kinds of morphologies. Particle shape 

often is habitually described by subjective descriptors such as spherical, triangular, 

cubical, flake-like, fibrous, dendritic, etc. However, such descriptors are often very 

ambiguous and more robust methods, such as those employing mathematical equations, 
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have to be used in order to describe the particle morphology more precisely 

(Pourghahramani & Forssberg, 2005a, 2005b). Figure 5.5 shows the morphology and 

particle size distribution of the 20h milled samples after thermal annealing at 850 ℃. At 

the beginning of milling, the above mentioned system involves five types of soft powders. 

Due to the distribution of these brittle phases, the work hardening and transformation of 

ductile particles into the lamellar shapes were the dominant phenomena. With continued 

deformation, the lamellae and brittle particles are further refined, the interlamellar 

spacing decreased, and the brittle components are uniformly dispersed. Finally, a balance 

between fracturing brittle particles by trapping and ductile, constituents by work 

hardening caused the formation of fine powders (Fahami et al., 2015; Maurya et al., 2012) 

as can be seen in Figure 5.5 (b). The average particles size were around 53.67 nm as 

shown in Figure 5.5 (c). Such fine powder will help to reduce porosity and improve the 

densification of lead free ceramics during the pressing process, at the same time small 

particle size will diffuse and grow easily to form the cubic crystalline structure as will be 

seen in the next section.  
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Figure 5.5: HRTEM images (a) and (b) low magnifications and high magnifications of 
BNT-BKT-BT nanoparticles, (c) particles size distribution. 

 

In addition, severe agglomerations occurred for both mechanochemical reactions as 

observed in Figure 5.5 (a). This behavior was due to the relatively large specific surface 

area which is associated with the Van der Waals interactions. From a mechanochemical 

perspective, when two adjacent primary particles collide, the coalescence may occur on 

the premise that these two particles share a common crystallographic orientation. 

Accordingly, two primary particles attach to each other and combine to form a secondary 

particle. Since the sizes of the secondary particles are still very small, it is reasonable that 
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they will continue to collide and coalesce, which may ultimately lead to particle 

agglomeration (Balaz, 2008). 

 

5.2.4 Field emission scanning electron microscopy (FESEM) 

Figure 5.6 shows the FESEM micrographs of the surfaces and cross-sections of samples 

to obtain further information about the change in structure caused by the change in 

sintering temperature. With the increase in sintering temperature, the number of pores in 

the structure decreases until the temperature reaches 1180 ℃, where no observable 

porosity was found as the maximum densification had been achieved. The grain growth 

in dense materials is associated with grain boundary motion. Evidently, K and Ba 

substitution positively influenced the sintering process in the monophasic composition 

region by increasing the grain boundary motion, the diffusion and the densification 

kinetics that favour the grain growth in the samples. However, at the higher temperature 

of 1200 ℃, pores are again observed and the density decreased. Figure 5.7 shows the 

effect of sintering on the grain size. The grain size grew gradually from 0.8 µm at 1120 

℃ to 2.13 µm at the optimum sintering temperature of 1180 ℃, and then decreased to 1.71 

µm at 1200 ℃. The changes in grain size correlate well with the density versus sintering 

temperature results as shown in Figure 5.1. Additionally, as seen from the micrographs 

of the sintered samples, at 1200 ℃ grain edges began to disappear and an inhomogeneous 

vitreous-polycrystalline structure emerged leading to the reappearance of pores. This may 

be due to the partial melting of the samples at 1200 ℃; therefore, the second phase was 

formed due to melt quenching, as shown in Figure 5.6 (i).  
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Figure 5.6: FESEM micrographs (a, c, e, g, and i) are surface and (b, d, f, h and j) are 
cross-sectional images of sintered samples at temperatures 1120, 1140, 1160, 1180 and 
1200 ℃ respectively. 
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Figure 5.7: The average grain size of BNT-BKT-BT ceramics variation with the sintering 
temperatures. 

 

5.3 Electrical properties 

5.3.1 Dielectric properties  

Figure 5.8 shows the frequency dependence at room temperature of the real part of the 

relative permittivity (�55), tangent loss (tan δ) and electrical conductivity σ' for the samples 

with different sintering temperatures in the frequency range of 102 to107 Hz. Figure 5.8 

(a) shows that ε′ decreases slowly with the increase in the frequency in the whole 

measurement range, while tan δ reveals a gradual increase at frequencies higher than ~105 

Hz. These results are what one would expect for ferroelectrics with large ionic 

conductivity, wherein the frequency increases the retardation in ionic polarisation 

accompanied with higher ohmic losses, thus, �5	decreases and  tan δ increases (X. X. 

Wang et al., 2005; Yordanov et al., 1998). The dielectric constant at any specific 

frequency increases significantly with increasing sintering temperatures from 1120 

through to 1180 ℃. This could be attributed to grain growth accompanied by the decrease 

in the number of grain boundaries, and also the decrease in pore density when the 

sintering temperature was increased (Figure 5.6), thereby leading to space charge 
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reduction (Algueró et al., 2006; Du et al., 2007; Y.-R. Zhang et al., 2008). Increasing the 

sintering temperature beyond 1180 ℃ resulted in a decrease in the dielectric constant due 

to the formation of a second phase and loss of alkali metals instead of the single perovskite 

phase at a sintering temperature of 1200 ℃ (Chang et al., 2007). 

 

Figure 5.8: Frequency dependence of (a) �5	,(b) tan δ  and (c) conductivity σ'   for BNT-
BKT-BT ceramic at room temperature for different sintering temperatures. 

 

The effect of BKT and BT doped on dielectric properties can be best understood by the 

the order–disorder principle.  According to this principle (Kleemann et al., 2004), the 

relaxor characteristic of pure BNT arises from the A-site complex structure of Na+ and  

Bi3 in nanoscale, which results from the random distribution of Na+, Bi3+ ions in the 
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lattice. Adding BKT and BT to BNT has destroyed the primitively established disorder 

array. The large difference in the ionic radii of A-site cations: Ba2+ (1.40 Å), Bi3+ (0.96 

Å ), K+ (1.33 Å), and Na+ (0.97 Å) (Shannon & Prewitt, 1969; Siny et al., 1995) has also 

caused the degree of diffusive in the BNT-BKT-BT system to reduce. The dimension and 

density of the nano-scaleorder region (Setter & Cross, 1980b) has been a great influence 

upon the dielectric relaxor properties of a ferroelectric material. Siny et al. (Siny et al., 

1995) summarised the dielectric relaxor properties of ferroelectrics and pointed out that 

the difference in the ion radii of complex ions will enhance the orderly distribution of 

nanoregions and lead to the weakening of dielectric dispersion. For the BKT and BT 

doped BNT, the ions occupy the B-site, which have a sizable radii (Shannon & Prewitt, 

1969). The sizable radii of the B-site ions (Ba2+, Bi3+, K+, and Na+) are beneficial for the 

reconstruction of the disorder array destroyed by adding BT and BKT to BNT (Zhu et al., 

2007). Hence, this will enhance the dielectric dispersion of BNT-BKT-BT because the 

sizable radii of B-site ions could reconstruct the disorder array destroyed by the addition 

of BT and BKT. Figure 5.8 (c) shows the change in conductivity with respect to the 

frequency. It can be seen that the conductivity decreases at low frequency and increases 

with the increase in frequency at a high frequency. At low frequencies the conductivity 

of the BNT-BKT-BT ceramic is effectively blocked, while at sufficiently high 

frequencies their higher conductivity is revealed since most of the charge carriers have 

no time to feel the blocking boundaries. The effective conductivity therefore increases 

with the increased frequency. The conductivity behaviour at 1 kHz - with respect to 

sintering temperatures - is shown in Figure 5.9.  The observed high conductivity at a 

sintering temperature of 1200 ℃ is attributed to the presence of oxygen vacancies, 

whereas the conductivity reduces at 1180 ℃ probably due to an enhancement in barrier 

properties, suppression of the lattice conduction path, and the local lattice distortion 

(Kröger & Vink, 1956; Kumar et al., 2005; Scott et al., 1970). 
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Figure 5.9: Relationship between the dielectric properties and the sintering temperature 
of BNT-BKT-BT ceramics measured at 1 kHz. 

 

5.3.2 Ferroelectric properties 

Figure 5.10 (a) shows the room-temperature P–E hysteresis loops of BNT-BKT-BT 

ceramics at the 60 Hz frequency with several different sintering temperatures. All the 

samples exhibit a typical ferroelectric nature. The remanent polarisation (Pr) was 38.43 

µC/cm2, and the coercive electric field (Ec) was about 30 kV/cm for the samples sintered 

at 1180 ℃. The values of Pr at 1120, 1140, 1160 and 1200 ℃ are 22.27, 28.33, 32.11 and 

29.86 µC/cm2, respectively. The BNT-BKT-BT ceramic sintered at 1180 ℃ exhibited the 

maximum value of Pr and had a good loop squareness. By increasing the sintering 

temperature, the values of Pr increased, while the Ec values did not show any significant 

variations. The increase in Pr when increasing the sintering temperature from 1120 ℃ 

peaked at 1180 ℃, before decreasing to 1200 ℃, is shown in Figure 5.9 (b). This can be 

attributed to the increase of the grain size and density at temperatures below 1180 ℃, 

which diminished the leakage current (Randall, Hilton, et al., 1993; Seung-Ho et al., 2004; 

C. H. Wang et al., 2004; Yiping et al., 2004). Consequently, when the domain wall motion 

increases that switches domains and hence affects the polarisation ( Lidjici  et al., 2010). 
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However, the accelerated volatilisation of A-site ions beyond 1180 ℃ caused the phase 

change (second phase) to become the limiting factor, degrading the polarisation of BNT-

BKT-BT. Thus, the remanent polarisation decreases after exceeding 1180 ℃.  

 

Figure 5.10: Ferroelectric properties of BNT-BKT-BT, (a) P-E hysteresis loops ceramics 
sintering at different temperatures (b) remanent polarization Pr as a function of sintering 
temperatures. 

 

5.3.3 Piezoelectric properties  

Expect of the change in microstructure, the sintering temperature also affects significantly 

the piezoelectric properties of BNT-BKT-BT ceramics. Figure 5.11 show the 

piezoelectric constants (d33) and remanent polarization (Pr) as a function of sintering 
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temperature. Once can see that the change in d33 values with sintering temperature is very 

similar to those of microstructure and ferroelectric properties. In fact the piezoelectric 

properties of ceramics may be affected by many factors, including crystal structure and 

microstructure of ceramics, the morphotropic phase boundary (MPB), presence of 

impurities, dopants, defects and local variation in the composition of ceramics (Jaffe et 

al., 1971; Shieh et al., 2007; Q. M. Zhang et al., 1988). Piezoelectric properties are 

strongly dependent on the degree of polarization as set by the poling process. Polarization 

depends on domain wall mobility, which in turn depends on domain size and grain size. 

A considerable improve in the d33 with increasing the sintering temperature from 1120 ℃ 

-1180 ℃, where the d33 increases from 122-183 pC/N. The improvement of piezoelectric 

properties could be attributed to high density, large grain size, and improvement in 

crystalline quality, where the crystalline size increases from 231 Å to 360 Å when the 

sintering temperature increases from 1120-1180 ℃ before diminishing again at 1200 ℃. 

The rotation of the domain with a large crystallite and grain size can be easily preformed 

compared to that of the smaller size (Yue et al., 2009; Zhao et al., 2011). These results 

correlate well with the density variation of the sintering temperature results (Figure 5.1). 

The optimisation of piezoelectric depend critically on the efficient densification of the 

samples as confirmed by the FESEM results (Figure 5.6). In addition the high 

piezoelectric properties could also be attributed to MPB. The increase in number of 

spontaneous polarization direction   for the compositions near the MPB is due to the 

coexistence of rhombohedral and tetragonal phases (Li et al.,2005a; Yasuharu et al., 

2001). When the sintering temperature increased to over 1180 ℃, the d33 deteriorates. It 

may be due to volatilization of Bi, Na and K as well as the oxygen vacancies during high-

temperature sintering has resulted in clamping effect which restricted the motion of 

domains, and thus reduce the piezoelectric properties. 
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Figure 5.11: The variation of the piezoelectric coefficient d33 and remanent polarization 
(Pr) with sintering temperature for BNT-BKT-BT ceramics. 

 

5.3.4 Pyroelectric properties 

The pyroelectric coefficients of the BNT-BKT-BT ceramics with various sintering 

temperature has been studied. Figure 5.12 shows a rectangular waveform of pyroelectric 

current obtained when a triangular temperature waveform was applied to a pre-poled 

BNT-BKT-BT sintered at 1180 ℃. The resultant rectangular pyroelectric current 

waveform is due to the change in the spontaneous polarization of the sample with 

temperature. The measured current is defined as an accumulated surface charge density 

flows with the changes in temperature (Mahdi et al., 2015). The negative pyroelectric 

coefficients are obtained because the spontaneous polarization decreases as the 

temperature increases. This is because as the temperature increases, the increase in 

thermal energy causes the disordering of dipoles which results in a decrease of positive 

charges on the anode. 

Univ
ers

iti 
Mala

ya



130 
 

Figure 5.13 shows pyroelectric coefficients of BNT-BKT-BT at different sintering 

temperature as measured using a quasi-static method. It is found that as the sintering 

temperature of BNT-BKT-BT increases from 1120 to 1180 ℃, the pyroelectric coefficient 

increases from 240 to 366 µC/m2K. At low sintering temperature the porosity is high, and 

the density is low, this has proportionately reduced the charge density and hence the 

pyroelectric coefficient (Suyal & Setter, 2004). On the other hand, the pyroelectric 

coefficient increases considerably with the increase in sintering temperature may be due 

to the densification of the ceramic. This result also could be attributed to the MPB 

behavior found in the samples sintered between 1160 and 1180 ℃.  Furthermore, the 

maximum pyroelectric coefficient of (p) 366 µC/m2 K was observed at 1180 ℃, resulting 

from the pinning of the residual domain and increased possibility of dipole vibration due 

to temperature change, which is attributed to the generation of high density and reduction 

in the grain boundary near MBP. Moreover, the internal bias acts as a stabiliser for the 

internal polarisation, accounting for the increase in the pyroelectric coefficient (Abe et 

al., 2006; H. Zhang et al., 2009). The room temperature pyroelectric coefficients of BNT-

BKT-BT are higher than that of PZT thick films (150 µC/m2K), as reported by Lucat et 

al. (Lucat et al., 1997). However, when the sintering temperature is raised to 1200 ℃, the 

pyroelectric property decreases. The reason may be that the ceramics are subjected to 

heavier loss of sodium and potassium, making the structure of the ceramics deviate from 

the ideal composition of MPB between the rhombohedral and Tetragonal phases (Hajime 

& Tadashi, 1997; Shieh et al., 2007). A further increase in the sintering temperature 

beyond 1180 ℃ caused the crystallite size to reduce dramatically due to the evaporation 

of some big radii ions such as K+, Ba2+ and Bi3+. Thus, the grain boundaries increased 

and charges began to accumulate and participate in the electrical conductivity, which 

resulted in the deterioration of pyroelectric, piezoelectric and ferroelectric performances. 
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  In summary when the sintered temperature is low, crystallization is not fully completed. 

There are many gas pores and as a result the density of the sample is low. High porosity 

and low density lead to low dielectric and pyroelectric properties of ceramics.  When the 

sintering temperature is increased, the dielectric and pyroelectric properties of the 

ceramics improves significantly.  However when the sintering temperature is too high, 

crystals begin to melt and vitrify. Such that the glass phase increases which result in the 

reduction of pyroelectric properties of ceramics. Meanwhile, the crystalline phase with 

electrical properties is reduced, the thickness of grain boundary is increased, the electric 

domain rotation is more difficult and the pyroelectric properties of ceramics decreases. 

Table 5.1 compares the pyroelectric coefficient of BNT and BNT-BKT-BT ceramics 

sintered at 1180 ℃ with PZT ceramics base and some commons lead free ceramics. The 

value obtained for pyroelectric coefficient is around two time higher than that the pure 

BNT of the other lead free ceramics base as listed in Table 5.1, and higher or almost the 

same as compared with that of PZT base ceramics. Hence, BNT-BKT-BT can be a 

suitable candidate to replace the lead-based ceramics in the fabrication of a pyroelectric 

sensor. 
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Figure 5.12: Pyroelectric current Ip and temperature variation for the BNT-BKT-BT 
ceramic sintered at 1180 ℃. 

 

 

Figure 5.13: Pyroelectric coefficient p variation with sintering temperature of BNT-
BKT-BT lead free ceramic. 
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Table 5.1: Pyroelectric coefficient of BNT-BKT-BT and BNT lead free ceramics and 
some PZT and BNT ceramic base. 

Material p (µC/m2 K) Ref. 

BNT-BKT-BT –366 This work 

BNT –210 This work 

BaTiO3 –200 (Lang, 2005) 

PZT –380 (Ploss & Bauer, 1991) 

PZT –410 (Lau et al., 2008) 

PZT –350 (Andrzej et al., 1997) 

LiTaO3 –230 (Putley, 1980; Stokowski, 

1976) 

 

 

5.3.5 Figure of merit  

The performance of a pyroelectric device is determined by using the relative figure of 

merit (FOM). FOM is a numerical value for measuring efficiency and performance 

through the use of a transducer and sensor. Here, the FOMs were calculated using five 

different sintering temperatures. Several FOMs were used to describe the performance of 

a material for pyroelectric sensor applications. The important properties to look for in 

sensors are low dielectric constant and loss, a high pyroelectric coefficient, and a low 

volume specific heat. However, important FOMs are the current FOM (Fi), which are 

proportional to the current responsivity (Batra et al., 2008), 

 

Univ
ers

iti 
Mala

ya



134 
 

«� = �$5 												(5.2) 
 

and the voltage FOM (FV), which is proportional to the voltage responsivity, 

 

«� = �$5�!�5 									(5.3) 
 

If the noise of the pyroelectric detector is dominated by the AC dielectric loss of the 

pyroelectric element, then the appropriate FOM is the so-called detectivity FOM (FD), 

 

«d = �
$5¬�!�5 tan / 									(5.4) 

 

where � is the pyroelectric coefficient, $5	is the volumetric specific heat, �! and �5	are the 

permittivity of free space and relative permittivity of the material, respectively, and tan δ 

is the dielectric tangent loss. According to these equations, the relevant properties to look 

for in sensors are a low dielectric constant and loss, a high pyroelectric coefficient, and a 

low volume specific heat. Figure 5.14 shows the variation of each of the three FOMs, FD, 

FV, and Fi, with the sintering temperature for BNT-BKT-BT samples. These parameters 

were optimised at a sintering temperature of 1180 ℃, indicating that the reason for this 

behaviour was similar to other properties studied in this research, wherein the excellent 

densification was achieved at this particular sintering temperature. As previously 

discussed, the grain size and density increased with an increasing sintering temperature, 

which helped to improve the polarisation of the pyroelectric material (Randall, Wang, et 

al., 1993; B.-P. Zhang et al., 2007). At a sintering temperature of 1180 ℃, the sample 

shows the highest density, which corresponds to the highest polarisation. However, after 

the sintering temperature exceeded 1180 ℃, the evaporation of alkali metals became a 
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limiting factor, thus degrading the polarisation of the BNT-BKT-BT ceramics. Therefore, 

Pr decreased after exceeding 1180 ℃. This type of situation in a high resistivity and low 

dielectric loss case is important for IR sensors. Furthermore, in ceramic oxide 

ferroelectrics, the values of the dielectric constants and dielectric loss (ε′ and ε″) and 

pyroelectric coefficient (p) depend on grain size, grain size distribution, degree of 

porosity in the microstructure (McCarthy et al., 1997; Peláiz et al., 2001), and on the 

domain structure including the dynamics, along with the defect structure or defect 

chemistry of the lattice sites formed during this sintering. 

Table 5.2 lists the values obtained for dielectric constants, pyroelectric coefficient and 

calculated material figures-of-merits for BNT-BKT-BT and BNT ceramics samples at 

room temperature along with the published data of other important materials including 

PZT type ceramics and lead free ceramic for comparison. The values obtained for the 

figures of merit for detectivity responsivity (FD) in the BNT-BKT-BT sample sintered at 

1180 ℃ is higher than reported value of PZT based ceramics and other ceramics lead free 

ceramics. This is probably due to its high pyroelectric coefficient values and relatively 

lower dielectric compared to PZT ceramics and other lead free ceramics. This 

phenomenon suggests that 1180 ℃ is the optimized sintering temperature for BNT-BKT-

BT ceramics. The pyroelectric coefficients obtained from this lead free ceramic make it 

a potential candidate for practical applications such as materials for pyroelectric detectors 

for high detectivity responsivity. 
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Figure 5.14: Figure of merit of BNT-BKT-BT ceramic as a function of sintering 
temperature, (a) FD,  FOM of detectivity,(b) FV, FOM voltage responsivity and (c) Fi , 
FOM of current responsivity. 
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Table 5.2: Pyroelectric properties and figures-of-merit of the optimum 0.88(Na0.5Bi0.5) 
TiO3-0.084(K0.5Bi0.5) TiO3-0.036BaTiO3 samples compare with other lead free ceramics 
and a PZT ceramic. 

Material p 

(µC/m2 K) 

Fi 

(pm/V) 

Fv 

(m2/C) 

FD 

(µPa1/2) 

Ref. 

BNT-BKT-BT 366 214.63 0.026 15.408 This work 

BNT 210 122.16 0.0222 8.045 This work 

PZT 414 141.5 0.08 9.01 (Lau et al., 

2008) 

PZT 343.79 — — 12.5 (Sweeney & 

Whatmore, 

1996) 

KNLNT 165 123.5 0.011 8.82 (Lau et al., 

2008) 

BNKBT 325 194.6 0.026 13.43 (Lau et al., 

2008) 

CSBN 361 172 0.021 11.5 (J. Zhang et 

al., 2013) 
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5.4 Comparison between BNT-BKT-BT and BNT 

The  BNT ceramic width a rhombohedral perovskite structure have been considered to be 

a good candidate for lead-free piezoelectric ceramics because of their strong 

ferroelectricity at room temperature and high Curie temperature Tc of 320 ℃. However, 

their electromechnical properties are much lower than those of ternary BNT-BKT-BT 

ceramics and there is also some difficulty in poling BNT ceramics. Table 5.3 shows a 

comparison between the BNT and ternary BNT-BKT-BT ceramics. It can be seen clearly 

that a considerable improvement in electrical properties of BNT after doped with BKT 

and BT. The piezoelectric coefficient d33 of BNT-BKT-BT ceramics is around three times 

improved, while the pyroelectric coefficient and dielectric constant have improved 

around 90 % compare to the value of pure BNT ceramic. The tangent loss of BNT and 

coercive field Ec has been reduced to half after doping with BKT and BT. It’s also noted 

that the remanent polarization, Pr for both ceramics are almost similar. Comparing BNT 

with BNT-BKT-BT in terms of composition and structure, two obvious differences can 

be seen. First, A-site of BNT ceramics is occupied by Bi3+ and Na+ ions. Furthermore, 

they have relatively small radii (Bi3+ with 0.96 Å and Na+ with 0.97 Å) compare to that 

of  with K+ and Ba2+ in the A site of BNT-BKT-BT which has large radii of 1.33 Å and 

1.4 Å respectively. Compounds with the larger difference in the ionic radii is make the 

order of the structure easier (Setter & Cross, 1980a, 1980b). The larger ion radii of K+ 

and Ba2+ were doped to A-site replacing the small ion radii of Bi3+ and Na+. This would 

increase the ordered degree of A lattice site of ABO3 and decrease the compositional 

fluctuation (Li et al., 2005b). Second, unlike BNT-BKT-BT ceramics, BNT ceramics has 

no morphortropic phase boundary (MPB). It is known that the MPB plays a very 

important role in BNT-BKT-BT ceramics because the piezoelectric and dielectric 

properties show a maximum over a specific compositional range around the MPB.  
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These properties demonstrate that the compositions near the MPB have relatively high 

piezoelectric and electromechanical activities due to increase in the number of possible 

spontaneous polarization and due to the coexistence of rhombohedral and tetragonal 

phases. These systems reveal relatively high piezoelectric and dielectric properties at the 

composition near the MPB, with relatively high Tc. Thus, it is hopeful that the 

multicomponent systems like a combination of BNT-BKT-BT is effective in improving 

the piezoelectric properties further without decreasing Td greatly. It was found that the 

lead-free ceramic has reasonable piezoelectric coefficients and low density. Moreover, its 

performance was comparable to those fabricated using hard PZT ceramic (Lam et al., 

2006a). 

 

Table 5.3: A Comparison of electrical properties of BNT-BKT-BT and BNT lead free 
ceramics. 

Parameter Units BNT BNT-BKT-BT 

d33 pC/N 59 183 

p µC/m2 K 210 366 

Pr µC/cm2 36 38 

ε′ — 610 933 

tanδ — 0.042 0.023 

Ec kV/cm 7.1 3 

Tc ℃ 322 310 
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5.5 Conclusions 

Lead-free 0.88BNT-0.084BKT-0.036BT was prepared using a conventional solid-state 

reaction route. The influence of the sintering temperatures (1120-1200 ℃) on 

pyroelectric, piezoelectric, ferroelectric, dielectric, and microstructural properties was 

investigated.  Results showed that increasing the sintering temperature enhances 

densification and improves the electrical properties. However, when the sintering 

temperature was increased to 1200 ℃, the electrical properties deteriorated due to the 

decrease in the density and the formation of a second phase. The BNT-BKT-BT sample 

sintered at 1180 ℃ showed the highest pyroelectric coefficient of p = 366 µC/m2 K, a 

piezoelectric coefficient of d33 = 183 pC/N, a remanent polarisation of Pr = 38.43, a 

dielectric constant at (ε′ = 933), and a tan δ loss (tan δ = 0.0235). At room temperature, 

the FOMs for the current (Fi), voltage (FV), and detectivity/responsivity (FD), were 214.63 

(pm/V), 0.0260 (m2/C), and 15.408 (µPa1/2), respectively. Overall, the results obtained in 

this study have provided evidence that lead-free BNT-BKT-BT is a good candidate for 

replacing Pb-based ceramics in IR detectors and sensors. 
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6 CHAPTER 6: P(VDF-TRFE)-BNT LEAD-FREE 

FERROELECTRIC NANOCOMPOSITE 

 

6.1 Introduction  

A very often, the technical specifications for electronic materials used in devices need 

combinations of desirable properties that often cannot be obtained in single phase 

materials. Sometimes, such intrinsic material imposed limitations can be overcome by 

combining two or more classes of materials in a single material product, i.e., by making 

a composite. In such composites, one of the material is responsible for providing one set 

of desirable properties, while the other material is responsible for providing another set 

of desirable (rather different) properties (Bhattacharya & Tummala, 2000; Chahal et al., 

1998; Deepalekshmi Ponnamma et al., 2016). 

 For instance, organic polymers can be processed very easily into mechanically strong 

components, but they possess low electrical properties (Brandrup J & EH, 1974). On the 

other hand, ferroelectric ceramic materials having a high piezoelectric, ferroelectric, 

pyroelectric and dielectric properties are brittle in nature and less compatible with current 

circuit’s integration technologies, and therefore, they offer difficulty in processing (Briber 

& Khoury, 1987; Del Río & Acosta, 1993; Furukawa, 1989a; Linares & Acosta, 1995; 

Nalwa, 1995). In this context, a lot more attention has been paid to produce hybrid 

materials with high electrical properties, such as ferroelectric polymer composites that 

combine good mechanical properties, thermal stability, process ability with adequate 

electrical properties which would be suitable for different useful electrical and electronic 

applications in the field of military, industrial, commercial, and consumer products 

(Nalwa, 1997). Ferroelectric polymers are the class of materials that offer several 

important advantages over metals such as ease of processing, resistance to corrosion, and 

air tight contact interface, owing to their combined features of electrical and elastic 

properties, which make them suitable for high-density micro-sized connectors (Tamai, 
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1982). Ferroelectric polymers composites appear to be very promising, due to their 

stretchable and deformable properties in combination with sufficient high electrical 

properties which makes them fit for various applications such as microelectromechanical 

systems (MEMs), energy harvesting, energy storage, sensors and actuators. In addition to 

this, polymers having high flexibility, light weight, and ability to absorb mechanical 

shocks are found suitable for different dynamic applications (Deepalekshmi Ponnamma 

et al., 2016). 

Polymer-ceramic ferroelectric nanocomposites with 0-3 connectivity are attractive 

because of their high piezoelectric and pyroelectric responses in addition to the low 

acoustic impedance matching. The specifications of the nanocomposites can be tailored 

by choosing appropriate constituents and by varying their volume fractions (Chan, et al., 

1998a; Das-Gupta & Abdullah, 1988; Dias & Das-Gupta, 1996; Kar Lai et al., 2000; 

Newnham et al., 1980). Incorporating ferroelectric such as BNT nanofiller in P(VDF-

TrFE) matrix makes it possible to design a lead-free ferroelectric nanocomposite  which 

is environmentally friendly that combines the outstanding electroactive properties of the 

ceramics and the mechanical properties of polymers (Briber & Khoury, 1987; Del Río & 

Acosta, 1993; Furukawa, 1989a; Linares & Acosta, 1995; Nalwa, 1995). 

One of the main reasons for using nanofiller is the large surface to volume ratio which 

increases the number of particle–matrix interactions, thus increasing the effects on the 

overall material properties. A well dispersed system generally yields more desirable 

nanocomposite properties. Particle agglomerates decrease material performance by the 

inclusion of voids that act as preferential sites for crack initiation and failure. Particles, 

especially in the nano range (less than 100 nm) tend to agglomerate, or cluster, due to the 

dominant intermolecular van der Waals interactions between them. 
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Although many studies have examined lead-free ceramic-polymer composites (Lam et 

al., 2005; Shafee & Behery, 2012; Song et al., 2012; Valiyaneerilakkal & Varghese, 2013; 

X. X. Wang, K. H. Lam, et al., 2004), however P(VDF-TrFE)-BNT nanocomposite has 

not been reported  yet, thus more investigations are needed on this lead free 

nanocomposite. In this Chapter, an extensive study of the structural and functional 

electrical properties of P(VDF-TrFE)-BNT nanocomposite films with various BNT 

volume fractions are presented. The results indicate that incorporation of BNT in P(VDF-

TrFE) polymer significantly improved the pyroelectric, ferroelectric and dielectric 

properties of the nanocomposites, and thus they can be a potential material for various 

applications such as  IR sensing devices, energy harvesting , etc. 

 

6.2 Structural properties 

6.2.1 XRD-analysis  

Figure 6.1 shows the XRD patterns of the P(VDF-TrFE)-BNT nanocomposite thin films 

containing different volume fractions of BNT. The sharp peak at 2θ = 19.9° is the 

characteristic peak of β-phase P(VDF-TrFE) with (110/200) orientation planes. The high 

intensity of this diffraction peak indicates the existence of a considerable crystalline β-

phase. The XRD pattern of BNT indicates that a perovskite-type structure has been 

formed without any secondary phase traces. Peaks corresponding to the reflecting planes 

of (003)/(021) occur at about 39.8o and that of (202) occurs at around 46.5o. Both planes 

indicate that the nanocomposite thin film has rhombohedral symmetry structures. The 

XRD patterns of the nanocomposite reveal several peaks corresponding to BNT and 

P(VDF-TrFE), indicating the successful incorporation of BNT into the P(VDF-TrFE) 

polymer matrix. The intensity of the (110/200) plane of P(VDF-TrFE) at 2θ = 19.9° 

decreases with the increase in volume fraction. In contrast, the intensities of the BNT 

peaks increase with increases in volume fraction. 
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Figure 6.1: XRD patterns of P(VDF-TrFE), BNT, and P(VDF-TrFE)-BNT 
nanocomposite thin films with different values of Ø. 

 

 

6.2.2 FTIR analysis 

Figure 6.2 shows the transmission IR spectra of P(VDF-TrFE) and the P(VDF-TrFE)-

BNT nanocomposite thin films with ∅ = 0.1- 0.3 annealed at 100 ℃. The IR spectrum 

shows four intense bands at 510, 850, 1288, and 1400 cm-1 related to the β-phase P(VDF-

TrFE). The bands at 850 and 1288 cm-1 are assigned to the CF2 symmetric stretching 

mode, whilst the bands at 510 and 1400 cm-1 are assigned to CF2 bending mode within 

the TTT segments along the chain and the CH2 wagging vibration, respectively. The 

incorporation of BNT did not change the relative intensity and the position of the P(VDF-

TrFE) absorption peaks. Thus, BNT did not affect the structure and crystalline phase of 

P(VDF-TrFE). 
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Figure 6.2: FTIR spectra of P(VDF-TrFE) and P(VDF-TrFE)-BNT with different values 
of Ø . 

 

6.2.3 Microstructure 

The microstructure of BNT nanopowder, P(VDF-TrFE), and P(VDF-TrFE)-BNT 

nanocomposite have been test with FESEM microscope. Figure 6.3 show the FESEM 

images of BNT, P(VDF-TrFE), and nanocomposites. Figure 6.3 (a) shows the FESEM 

image of BNT powder, where the grain size of particles is at nano-scale in the range of 

50-130 nm and the average size is about 90 nm as can see in Figure 6.3 (b). The P(VDF-

TrFE), and P(VDF-TrFE)-BNT films annealed at 100 ℃ to enhance the degree of 

crystallinity (Mahdi et al., 2015). In general, P(VDF-TrFE) films are annealed between 

the Curie and melting temperatures in order to induce the crystalline structure. In the 

paraelectric phase, the chain mobility is higher compared to that of the ferroelectric phase. 

It favours the lowest energy conformation (all trans) because as the temperature increases, 

the chain mobility increases as a function of temperature. As a result, the molecular chains 

prefer to be oriented parallel to the substrate, and β-phase rod-like crystals can be 
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expected when the annealing temperature reaches 100 ℃, as shown in Figure 6.3 (c) 

(Mahdi et al., 2014). At this temperature, active thermal motion allows chain molecules 

to rearrange their positions and induce high levels of crystallinity. Large rod-like crystal 

grains of P(VDF-TrFE), which form the matrix of the nanocomposite thin film, with an 

average crystalline structure of about 100 nm are observed throughout this work, as 

shown in Figure 6.3 (c)-(f). Figure 6.3 (d), (e), and (f) shows the FESEM images of 

P(VDF-TrFE)-BNT nanocomposite thin films with BNT volume fractions of 0.10, 0.20, 

and 0.30, respectively. A larger scale of magnification (5 µm) is used in Figure 6.3 3 (d)-

(f) to show the homogeneity and dispersion of the nano-ceramic particles through the 

polymer matrix. It is evident that the BNT nanoparticles with the volume fractions of 0.10 

and 0.20 are uniformly dispersed throughout the polymer matrix. It is very difficult to 

prevent the agglomeration of the particles because they are prepared at nanometre size. 

However, when the volume fraction of BNT increases to 0.30, the agglomeration of BNT 

particles in a cluster form can be easily seen, as shown in Figure 6.3 (f). At this stage, the 

agglomeration of the particles leads to aggregation along the direction through the 

thickness, which forms a leakage current path. This formation will eventually lead to 

unwanted excessive leakage current in the nanocomposite thin film system. 
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Figure 6.3: FESEM images: (a) BNT powder, (b) particles size distribution of BNT 
powder, (c) pure P(VDF-TrFE), and P(VDF-TrFE)-BNT with various values of Ø: (d) 
0.10, (e) 0.20, and (f) 0.30. 
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6.3 Electrical properties  

6.3.1 Dielectric properties  

The relative permittivity (�5), loos (�7) and conductivity (σ′) of the unpoled copolymer, 

and 0-3 nanocomposites were measured as functions of temperature at 1 kHz .The sample 

under measurement was heated at a rate of about 3 ℃/min. in a temperature-controlled 

oven until a given temperature was reached, then it was kept at that temperature for 20 

minutes before the measurement was made. The dielectric constant of P(VDF-TrFE)-

BNT, and five nanocomposites with ceramic volume fractions Ø = 0.10-0.30 upon 

heating are shown as functions of temperature in Figure 6.4. The gradual increase in  �5 
with the increasing ceramic volume fraction can also be clearly seen from the curves. On 

heating, the relative permittivity of the nanocomposites increases to a maximum value 

with increasing temperature. For all samples �5 increases with temperature to a maximum 

at about 120 ℃ and decreases at higher temperatures again. The maximum of the 

dielectric constant is due to the ferroelectric to the paraelectric phase transition of the 

polymer matrix (Kubouchi et al., 1989). The strong temperature-dependent dielectric 

response mainly originates from the electrical conduction effect, which confirmed by the 

temperature-dependent electrical conductivity of the six samples. The enhancement in 

dielectric constant can be caused by conductive behavior or electric heterogeneous nature 

of the nanocomposites. If the high dielectric property originated from the conductivity of 

the samples, the dielectric loss of nanocomposites would exponential increase with 

temperature (Arbatti et al., 2007; Zhi-Min Dang et al., 2009).   Actually, the dielectric 

loss (ε″) of the samples decreases with the increase of temperature above 100 ℃ (Figure 

6.4 (b)). Therefore, a high dielectric constant of the nanocomposite is probably caused by 

electric heterogeneous nature and interfacial polarization among ceramics, polymers and 

their interfaces. 
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Figure 6.4: The dielectric properties at 1 kHz of P(VDF-TrFE) and P(VDF-TrFE)-BNT 
as a function to the temperature: (a) dielectric , (b) dielectric loos and (c) conductivity. 

 

Figure 6.5 shows the room-temperature complex permittivity, loss and conductivity of 

P(VDF-TrFE) and P(VDF-TrFE)-BNT nanocompositethin films with various BNT 

volume fractions . The applied frequency ranged from 100 Hz to 100 MHz. The effective 

dielectric permittivity of the P(VDF-TrFE)-BNT nanocomposite increases as expected 

with the increase in the BNT volume fraction. The increase of �′ and �′′ for the P(VDF-
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TrFE)-BNT nanocomposite thin film with the increase in the BNT volume fraction in the 

low-frequency range is due to the increment of conductivity of the BNT ceramic. The 

contribution of the ceramic filler, BNT, in the nanocomposite thin film results in a rapid 

increase in �′′ at low frequency due to the high conductivity of BNT. The interfacial 

polarization as a result of the heterogeneous structure (ceramic filler and polymer matrix) 

is produced by travelling charge carriers. The charges trapped at the interfaces cause 

large-scale field distortions in contrast to other types of polarization (atomic and dipolar), 

which are produced by the displacement or orientation of bound charge carriers (Gan & 

Majid, 2014). This phenomenon can be understood by the theoretical approach of Debye-

type relaxation processes: 

�∗ = �′b +
�′n − �′b

1 + 2&�
− 2

�
&

               (6.1) 

where �′n, �′b, &, �, and � are the static permittivity, instantaneous permittivity, angular 

frequency, relaxation time, and conductivity, respectively. The values of �′n, �′b, and � 

are highly dependent on the conductivities of the constituents and their volume fraction 

in the nanocomposites. 
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Figure 6.5: Dielectric and conductive spectra of P(VDF-TrFE)-BNT nanocomposite 
films with various BNT volume fractions as measured at room temperature. 

 

The 0-3 nanocomposite samples in this work can be modelled by a two-phase dispersion 

system consisting of a polymer matrix (phase 1: P(VDF-TrFE)) and ceramic fillers (phase 

2: BNT). The effective dielectric permittivity of nanocomposite films is strongly 
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influenced by the size, shape, and volume fraction of the fillers. Thus, a few models have 

been used to understand the effective dielectric response of nanocomposite films. Figure 

6.6 shows the observed dielectric permittivity of the P(VDF-TrFE)-BNT nanocomposite 

at room temperature with various volume fractions of BNT as measured at 1 kHz and 

fitted with various theoretical models. The first theoretical model used was derived by 

Maxwell. The model considers the dielectric property of the diphasic dielectric mixture 

comprising a spherical filler with high dielectric permittivity dispersed throughout a 

polymer matrix with a relatively low dielectric permittivity (Thomas et al., 2010; 

Velayutham et al., 2012): 

� =
��(1 − ∅)(2 3⁄ + �1 3��⁄ ) + ∅�1

(1 − ∅)(2 3⁄ + �1 3��⁄ ) + ∅
               (6.2) 

where ��, �1, and Ø refer to the dielectric permittivity of the polymer matrix and filler and 

the volume fraction of the filler, respectively. The results as fitted from this model deviate 

from the obtained experimental values. Another convenient model employed in this study 

was derived by Furukawa years ago, using the following equation (Furukawa; et al., 

1976): 

� =
1 + 2∅
1 − ∅

��               (6.3) 

This model considers a simple two-phase system with 0-3 connectivity. The fillers are 

assumed to be spherical, and no interface effect takes place in the nanocomposite. The 

value of �1 is assumed to be ≫ ��, and Ø ˂˂ 1. The fitted results are found to deviate by 

large magnitudes from the experimental values too. Another simple explicit formula for 

binary 0-3 nanocomposites, developed by Clausius-Mossotti, was employed to fit the 

effective dielectric permittivity (Thomas et al., 2010): 

� = �� ®1 + 3∅v �1 − ���1 + 2��w¯															(6.4) 
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The fitted results from this model seem to be very close to the observed experimental data 

with a high volume fraction of BNT. In contrast, the deviation between the fitted and 

experimental results increases to ~6 % for the low volume fraction of BNT.  

Consequently, the effective medium theory (EMT) model, which considers the 

morphology of the fillers, has also been employed (Gan & Majid, 2014): 

� = �� §1 + ∅(�1 − ��)�� + 3(1 − ∅)(�1 − ��)©															(6.5) 

where 3 is the ceramic filler’s morphology fitting factor. A small value of 3 indicates that 

the filler particles are near-spherical in shape, while a high value of 3 indicates largely 

non-spherically shaped particles. The experimental results were found to be best fitted by 

EMT with the shape parameter 3 = 0.502 for the whole range of BNT volume fractions. 

The difference between the experimental and fitted results is less than 1 %. From the 

theoretical model employed above, it is clearly seen that the EMT model with a moderate 

fitting parameter 3 gave the best fit and it is consistent with the FESEM observations. 

 

Figure 6.6: Various models of the effective dielectric permittivity as a function of the 
volume fraction of BNT, Ø. 
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6.3.2 Ferroelectric properties 

Figure 6. 7 shows the D-E hysteresis loops of the pure P(VDF-TrFE) and P(VDF-TrFE)-

BNT nanocomposites as measured at room temperature and 100 Hz. The BNT ceramics 

exhibited a remanent polarization, Pr = 38 µC/cm2 with an Ec of 8 MV/m, whereas 

P(VDF-TrFE) exhibited Pr = 8.5 µC/cm2 with an Ec of 80 MV/m. As shown in Figure 6. 

8, incorporating BNT enhanced the remanent polarization in the nanocomposite system. 

When the volume fraction increased from 0 to 0.20, the remanent polarization increased 

from 8.5 µC/cm2 [pure P(VDF-TrFE)] to a maximum value of 11.5 µC/cm2 (Ø = 0.20). 

The coercive field, however, remains unchanged. A further increase in the volume 

fraction (Ø = 0.30) reduced Pr to 8.3 µC/cm2 with a rounded hysteresis loop. Table 6.1 

compares a few P(VDF-TrFE)-based nanocomposite systems. The remanent polarization 

shown throughout this work is comparable to those of systems prepared with different 

ferroelectric ceramics (Matthias Dietze & Es-Souni, 2008; Shafee & Behery, 2012; Song 

et al., 2012; Valiyaneerilakkal & Varghese, 2013; X. X. Wang, K. H. Lam, et al., 2004). 

It exhibits fairly high Pr = 11.5 µC/cm2 with a relatively low volume fraction, Ø = 0.20, 

and can withstand a considerable Ec compared to that of pure BNT. With the existence of 

coupling charge-domain system, the occurrence of the stable electret state in the polymer-

piezoelectric nanocomposites for appropriate proportioning their composition is also 

explained. A stabilization of charges on the phase interface and their relaxation 

significantly depends on a structure of polymer on the phase interface. In its turn, this 

structure is defined by interaction between the polymer chains and ferroelectric particles 

surface.  

The interface interaction in nanocomposites, leading to an understanding of this region as 

an area of altered polymer chain dynamics near the surface of the nanofiller (Ding et al., 

2003; Hamming et al., 2009; Liu & Brinson, 2005, 2008). Surface atoms are at a higher 

energy state than atoms within the interior of a material making them more interactive 
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with surrounding molecules. In nanocomposites, polymer molecules near the interactive 

surface of nanofiller experience a reduction in mobility when attracted to the nanofiller 

and a concomitant increase in mobility when repelled by the nanofiller due to increased 

regions of free volume. Since nanofiller have extremely high surface area to volume ratios 

(1000 times greater than micrometer-sized particles), only a few weight or volume percent 

additions are needed to transform the properties of the entire polymer (Hamming et al., 

2009; Liu & Brinson, 2005, 2008). It should be noted, that the remanent polarization (Pr) 

decline is associated with the boundary charges relaxation which, in its turn, is defined 

by mobility of the polymer chains. It shows that the interaction of the polymer chains 

with the ferroelectric particles surface of rhombohedral structure is stronger. 

 

In the context of a 0-3 nanocomposite system, the electric field (E2) acting on the ceramic 

particles can be expressed as follows (Mickish, 1979): 

#1 = 3 ����1�1 + 2 ����1� − ∅�1 − ���1�
#!															(6.6) 

�� and �1	refer to the dielectric permittivities of the polymer and ceramic, respectively. 

#!	is the external electric field applied to the nanocomposite system. #! = 150 MV/m, 

�� = 10, and �1 = 600 (Hiruma et al., 2009). When the volume fraction increased from 

0.10 to 0.30, #1 increased from 8.02 to 10.16 MV/m. The value is very close to the 

coercive field of BNT itself. The increase in E2 is attributed to the increase in the volume 

fraction. Further increases in the volume fraction will eventually lead to aggregation along 

the direction through the thickness. At this stage, a parallel model forms where two phases 

are connected side by side. The internal fields acting on the respective phases are equal 

to the applied field. The decrease in Pr of the nanocomposite with  Ø = 0.30 is ascribed to 

the BNT particles which, because of the agglomeration, are stacked parallel to each other. 
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A percolation threshold happens when the transport property, i.e., electrical conductivity 

of the material changes from insulating to conducting. Different factors that can influence 

the conductivity of polymer- filler system, include chemical and physical nature of 

polymer as well as size, shape, surface area and dispersion state of nanofiller and 

processing condition of the nanocomposites. A very good dispersion of nanofiller 

throughout the polymer matrix is necessary to form a conductive network that governs 

the electrical properties of the nanocomposite. 
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Figure 6.7: D-E hysteresis loops and of the P(VDF-TrFE)-BNT nanocomposite films 
with various BNT volume fractions, Ø. 

 

 

 

Figure 6.8: Remanent polarization Pr of the P(VDF-TrFE)-BNT nanocomposite films 
with various BNT volume fractions, Ø. 
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Table 6.1: Pr and Ec values of various types of P(VDF-TrFE)-based nanocomposite 
systems. 

 Pr  

(µC/cm2) 

Ec  

(MV/m) 

Ø Ref. 

P(VDF-TrFE) 8.5 50-100 – (Furukawa et al., 

2006; R. Mahdi et 

al., 2014; D. Mao et 

al., 2010) 

BNT 38 7 – (Roleder et al., 1989; 

Suchanicz et al., 

1988; Takenaka et 

al., 1991) 

P(VDF-TrFE)-BNT 11.5 80 0.20 This work 

P(VDF-TrFE)-

(Bi0.5Na0.5)0.94Ba0.06TiO3 

12 44 0.30 (X. X. Wang, K. H. 

Lam, et al., 2004) 

P(VDF-TrFE)-

Ba0.95Ca0.05Ti0.8Zr0.2O3 

12 12 0.40 (Shafee & Behery, 

2012) 

P(VDF-TrFE)-BaTiO3 

nanofibres 

9.3 47 0.11 (Song et al., 2012) 

P(VDF-TrFE)-BaTiO3 4.7 138 0.80 (Valiyaneerilakkal & 

Varghese, 2013) 

P(VDF-TrFE)-PZT 10.5 40 0.30 (Matthias Dietze & 

Es-Souni, 2008) 

 

The leakage current density, J, versus the applied electric field, E, as shown Figure 6.9, 

was measured immediately after the D-E hysteresis measurement. The leakage current 

density increases with the increases of the applied electric field and is saturated above 

200 MV/m. The J of pure P(VDF/TrFE) is evaluated as 3.8 × 10-2 A/m2 under a circle of 

an applied electric field of ± 300 MV/m2. It is shown that the leakage current density 
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increases from 0.17 to 2.3 A/m2 with the increases of BNT filler volume fraction from 

0.10 to 0.30. P(VDF-TrFE)-BNT with Ø = 0.20, which exhibits the highest Pr of 11.5 

µC/cm2 with the applied Ec of 80 MV/m, shows a leakage current density of about 0.55 

A/m2. This indicates that further increases of the BNT volume fraction in P(VDF-TrFE) 

worsen the ferroelectric properties due to the excessively high leakage current density, 

which will be a drawback for potential applications. 

 

Figure 6.9: Leakage current curves of the pure P(VDF-TrFE) and P(VDF-TrFE)-BNT 
nanocomposite films with various BNT volume fractions, Ø. 

 

6.3.3 Pyroelectric properties  

Figure 6.10 shows a rectangular waveform of a pyroelectric current obtained when a 

triangular temperature waveform was applied to a pre-poled nanocomposite film 

dispersed with the BNT volume fraction of 0.20. The resultant rectangular pyroelectric 

current waveform is due to the change in the spontaneous polarization of the sample with 

temperature. The measured current is defined as the accumulated surface charge density 

that flows when the temperature changes. 
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Figure 6.10: Change in pyroelectric current (Ip) with time and temperature for P(VDF-
TrFE)-BNT nanocomposite films. 

 

 Figure 6.11 shows the pyroelectric coefficients of pure P(VDF-TrFE) copolymer and 

P(VDF-TrFE)-BNT nanocomposites (p) and figure of merit for high detectivity (FD) with 

different volume fractions as determined using the quasi-static method. It is found that as 

the concentration of BNT increases from a volume fraction of Ø = 0 to Ø = 0.20, the 

pyroelectric coefficient increases from 24 to 50 µC/m2K due to the presence of the 

ceramic pyroelectric materials. Because the dimensions of nanofiller are comparable to 

the radius of gyration of the polymer chains, their presence is expected to alter the 

dynamics of polymer chains in the region directly surrounding them, resulting in a 

difference of behavior of this region from that of the bulk polymer. This highly efficient 

load transfer capability of the interphase allows significant increase in the reinforcing 

efficiency of the nanoparticles, pushing the property envelop of polymer nanocomposites.  

The interface between the filler particles and the matrix in a polymer nanocomposite 

constitutes a much greater area within the bulk material compared to conventional micro-

composite and hence influences the composite properties to a much greater extent, even 
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at a low filler loading. There are three main material constituents in any composite: the 

matrix, the reinforcement and the so-called interfacial region. The interfacial region is 

responsible for ‘communication’ between the matrix and filler and is conventionally 

ascribed properties different from the bulk matrix because of its proximity to the surface 

of the filler (Krishnamoorti & Vaia, 2007). 

However, the pyroelectric coefficient decreases to 30 µC/m2K when the volume fraction, 

Ø, is further increased to 0.30. The deterioration of the pyroelectric coefficient is due to 

the aggregation of the ceramic particles along the direction through the thickness and the 

excessively high leakage current density as mentioned in the previous section. 

In order to design a thermal or infrared sensor, it is of utmost importance to choose a 

material with a high pyroelectric constant, low dielectric constant and loss, and low 

specific heat capacity and thermal conductivity. The performance of a pyroelectric device 

is always determined by using a relative figure of merit. This is a numerical value to 

measure the efficiency and performance through the use of a transducer and sensor. In 

this study, the figure of merit for high detectivity without division of the specific heat 

capacity has been employed:  

«d = �
√�5'93	/ 																		(6.7) 

 

where �, �5, and '93	/ are the pyroelectric coefficient, dielectric constant, and tangent 

loss, respectively. The values of �5 and '93	/ were measured at 1 kHz «d	increased from 

52 to 75 µC/m2K when the BNT volume fraction was increased from 0 to 0.20, as shown 

in Figure 6.11 (b). However, it is observed that «d decreased from 38 to 32 µC/m2K as 

the volume fraction of BNT increased from 0.25 to 0.30. The variations of «d	with higher 

frequencies of 10 and 100 kHz are similar to the trend of the 1 kHz result and are therefore 

not reproduced here. Considerable efforts have been devoted to improving the 
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pyroelectric coefficient of the materials; however, the main criterion for the device 

applications is the value of FD. Many researchers have claimed that the pyroelectric 

coefficient has been improved but have failed to decrease the dielectric permittivity and 

loss of the materials. As a result, there is no advantage to realizing works for the purpose 

of application. In this work, p and «d of the nanocomposite thin films with a BNT volume 

fraction of 0.20 improved by 100 and 44 %, respectively, compared to those of the pure 

copolymer. As such, the results suggest that it could be a potential material to be used as 

high-performance IR sensors and actuators.  

 

Figure 6.11: Variation in pyroelectric coefficient (p) and figure of merit for high 
detectivity (FD) with volume fraction of P(VDF-TrFE)-BNT nanocomposite films. 

 

6.4 Conclusions 

P(VDF-TrFE)-BNT lead-free nanocomposite film with various volume fractions of BNT 

was prepared with the aim of studying its functional electrical properties. Theoretical 

models, including Maxwell, Furukawa, Clausius-Mossotti, and effective medium theory 

(EMT), were employed to describe the effective dielectric permittivity of the 

nanocomposites. It was shown that the incorporation of BNT into the copolymer as a 
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nanocomposite thin film significantly enhanced the pyroelectric and ferroelectric 

properties. The P(VDF-TrFE)-BNT nanocomposite with Ø = 0.20 reached a maximum 

Pr of 11.5 µC/cm2 and Ec of 80 MV/m. The Pr of the novel nanocomposite thin films was 

improved by 30 % in comparison to that of the pure copolymer. The pyroelectric 

coefficients and the figure of merit, «d, of the nanocomposite films were determined to 

evaluate their efficiency for use in IR pyroelectric sensors and detectors. It was found that 

the pyroelectric coefficient and the figure of merit of the nanocomposite thin film with a 

volume fraction of 0.20 improved significantly to 50 and 75 µC/m2K, respectively. 

Further increases in volume fraction, however, eventually led to the agglomeration of the 

particles and caused the overall polarization of the nanocomposite to deteriorate. These 

finding imply that the novel nanocomposite thin films could be realized for use as flexible 

infrared sensors as well as MEMs applications. 
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7 CHAPTER 7: FERROELECTRIC AND PYROELECTRIC 

PROPERTIES OF BNT-BASED TERNARY LEAD-FREE 

CERAMIC-POLYMER NANOCOMPOSITES  

 

7.1 Introduction 

In Chapter 6, an alternative method  was introduced to improve the functional properties 

of polymer matrix by using BNT lead free ceramic with relatively low volume fraction 

(Ø = 0.20), compare to the conventional studies by using  lead content PZT  and PT as 

ferroelectric fillers  in the composite films with high volume fraction (Ø = 0.40-0.60) 

(Chan et al., 1999; Chen et al., 1998; Das-Gupta & Dias, 1992; Kar Lai et al., 2000; Ng 

et al., 2000; Ploss et al., 2001; Ploss  et al., 2000a; Ploss et al., 2000b). However using 

BNT as nanofiller has some disadvantage, it has high coercive filed (Ec = 7MV/m), low 

piezoelectric properties (d33 = 59 pC/N) and relatively low pyroelectric and dielectric 

prosperities, p = 210 µC/m2 K, ε′ = 610 respectively. On the other hand it has been shown 

in Chapter 5 that due to the existence of MPB region in BNT base ternary ceramic, the 

electrical properties are maximized because of the enhancement of polarizability between 

the energy states of rhombohedral and tetragonal structure. It is expected that 

improvement in the functional properties of incorporates such BNT base lead free ternary 

system with P(VDF-TrFE) will be higher than pure BNT. Moreover the poling process 

will be easier due to low coercive field of BNT base ternary system (Ec ~ 3 MV/m) 

compared to that of pure BNT. It is well known that in two-phases composite system the 

local electric field will be significantly reduced at the ceramic particles due to the huge 

different in dielectric constant values between the filler and matrix, thus the ceramics may 

not be fully poled and hence the electrical properties will not be that high.  

In this Chapter, a ferroelectric nanofiller, BNT-BKT-BT was introduced into P(VDF-

TrFE)  copolymer matrix  to form a two-phase nanocomposite system. The ferroelectric, 

pyroelectric and dielectric properties as well as switching of nanofiller during the poling 
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process of these nanocomposites with different volume fractions of BNT-BKT-BT are 

studied systematically. The dielectric, pyroelectric and ferroelectric properties of the 

system fit well with certain theoretical models. The obtained results suggest that the 

contribution of the ferroelectric nanofiller would enhance the pyroelectric and 

ferroelectric properties of the polymer matrix. A simple Maxwell-Wagner model which 

is attributed to the heterogeneity structure of the constituents in the polymer matrix is 

taken into consideration to explain the enhanced efficiency of poling process. This work 

provides a fundamental insight to enhance pyroelectric and ferroelectric properties of the 

polymer by introducing the ferroelectric nanofiller in a nanocomposite system. 

 

7.2 Structural analysis 

7.2.1 X-ray diffraction 

The purity of the phase of BNT-BKT-BT ceramic nanofiller was studied using powder 

X-ray diffraction technique. Figure 7.1 (a) shows the XRD patterns of the BNT-BKT-BT 

ceramics powder. High intensity XRD peaks with smaller full width at half maximum 

(FWHM) values are observed indicating better crystallinity. These peaks are attributed to 

the pure perovskite with tetragonal and rhombohedral symmetry structure of the BNT-

BKT-BT ceramic. No evidence of the presence of secondary phases was found. There are 

three major characteristics of the XRD pattern of the composition. The peak which 

corresponds to (111) as observed in Figure.7.1 (a) does not show any splitting, which may 

correspond to the tetragonal phase (Dai et al., 2010). The splitting of the (200) and (002) 

peaks at around 46º as shown in Figure. 7.1 (b), and also the two closed peaks (211) and 

(112) at around 58º, indicate the coexistence of rhombohedral and tetragonal phases in 

BNT-BKT-BT nanofiller (Mahdi et al., 2016). The relative amounts of tetragonal and 

rhombohedral phases were determined from XRD patterns of the samples by measuring 
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the major peak intensities for the tetragonal (Itetra) (002) and rhombohedral (Irhom)  (200) 

phases by the following qualitative equation (Ullah et al., 2010), 

�@'[9\%39^% = 100 × 
B�Bq�
B�Bq� × 
q³��´ 																	(7.1) 

The relative amounts of tetragonal phase is   56.89 %. The ternary BNT-BKT-BT- system 

especially on the tetragonal side results in higher ferroelectric and pyroelectric as 

compared to binary BNT-BT composition (Tadashi et al., 2008). This result can be 

explained by considering the effect of substituting a larger potassium (K) ion on the A-

site of BNT-BKT-BT. The K+ (1.33 Å in 12 fold coordination) ion results in an increase 

repulsive interaction with B-site (Ti4+) ion which influences the correlated off-centring 

and assists the long range tetragonal polar ordering (Mahdi et al., 2016; Maurya et al., 

2014; Maurya, Murayama, et al., 2013). This indicates that BKT and BT have completely 

diffused into the BNT lattice to form a new solid solution. The X-ray diffraction (XRD) 

patterns of pure P(VDF-TrFE) is shown in Figure 7.1 (c). As is known, pure P(VDF-

TrFE) with a VDF/TrFE molar ratio of 75/25 is a semicrystalline copolymer which 

consists of a ferroelectric crystalline β-phase embedded in an amorphous matrix. The β-

phase has a quasi-hexagonal close packing with orthorhombic mm2 structure (Bune et 

al., 1998). As seen in Figure 7.1 (c), pure copolymer exhibits an intense diffraction peak 

at 2θ = 19.7º which is a characteristic diffraction peak of the ferroelectric phase of P(VDF-

TrFE) composed of the overlapping (110) and (200) reflections (Choi et al., 2000; Mahdi 

et al., 2014). The XRD patterns of the composite samples consist of peaks belongs to both 

P(VDF-TrFE) copolymer and the BNT-BKT-BT perovskite ceramic powder as shown in 

Figure 7.1 (d). With increasing the ceramic content the intensity of the peaks for the 

ceramics increases. When the ceramic volume fraction reach 0.30, the (110) and (200) 

reflections of the copolymer becomes very weak due to the strong diffraction of the 
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incorporated ceramic powders. In contrast, the diffraction peaks belonging to BNT-BKT-

BT are clearly visible. 

 

 

Figure 7.1: X-ray diffraction patterns for (a) BNT-BKT-BT powder, (b) Tetragonal and 
Rhombohedral phases of BNT-BKT-BT ceramic (c) pure P(VDF-TrFE) and (d)  P(VDF-
TrFE)-BNT-BKT-BT nanocomposites thin films with different ceramic volume fractions, 
Ø. 
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7.2.2 Fourier transform infrared spectroscopy 

Figure 7.2 illustrates the Fourier transform infrared (FTIR) transmission spectra of the 

pure P(VDF-TrFE) and P(VDF-TrFE)-BNT-BKT-BT nanocomposite thin films with 

various volume fractions, annealed at 100 ℃. FTIR studies were carried out to investigate 

the formation of β-phase before and after the addition of BNT-BKT-BT nanofiller. Figure 

7.2 shows the FTIR spectra of the finger print region of the nanocomposite films with and 

without nanofiller of different compositions. The IR spectrum shows four intense bands 

at 510, 850, 1288, and 1400 cm-1 related to the β-phase P(VDF-TrFE) (Mahdi et al., 2014; 

Mahdi et al., 2015). The peaks observed at 1288 cm-1 is associated with CF2 asymmetric 

stretching, C-C symmetric stretching, and CCC scissoring vibration. Vibrations 

associated with -C-F asymmetric stretch at 1288 cm-1 are very much sensitive to 

ferroelectric crystallinity, which is also visible in the spectrum (Kap Jin Kim & Hsu, 

1994; Dipankar Mandal et al., 2011; Reynolds et al., 1989). The peak at 850 cm-1 is 

assigned to the CF2 symmetric stretching mode, whilst the peaks at 510 and 1400 cm-1 

are assigned to CF2 bending mode within the TTT segments along the chain and the CH2 

wagging vibration, respectively. All the above bonds are highly sensitive to dipole 

orientation toward the applied electric field. There are other frequencies associated with 

the -C-F, and C-C bonds on which the applied electric field influences are insensitive. 

Most important peaks associated with the formation of β-phase in P(VDF-TrFE) are at 

850, 1288, and 1400 cm-1. The intensity and the position of the absorption peaks do not 

change very much when P(VDF-TrFE) was doped with a different amount of BNT-BKT-

BT nanoparticles. This implies that BNT-BKT-BT nanoparticles did not affect the 

structure and crystalline phase of P(VDF-TrFE). 
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Figure 7.2: FTIR transmission spectra of P(VDF-TrFE) and P(VDF-TrFE)-BNT-BKT-
BT nanocomposite thin films. 

 

7.2.3 Scanning electron microscopy 

The HRTEM micrograph of the BNT-BKT-BT nanofiller, FESEM image of pure P(VDF-

TrFE) and nanocomposite thin films with volume fractions 0.10-0.30 of BNT-BKT-BT 

are shown in Figure 7.3 . Figure 7.3 (a) shows the HRTEM image of BNT-BKT-BT 

nanofiller, it is clear that the particle size is below 100 nm. The average particle size 

which is calculated from the HRTEM by taken the average size of 200 particles is around 

53 nm. The research in electrical and mechanical properties that complement each other 

is another area which should be given due consideration. The importance of electrically 

matching the ceramic to the polymer phase arise mainly from the difficulty of orienting 

the polarization of randomly distributed ceramic grains of low resistivity and high 

permittivity embedded in a high resistivity, low permittivity polymer matrix, by means 

of an external field without triggering an electrical breakdown (Dias & Das-Gupta, 1996; 

Smith, 1993).  
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 Figure 7.3 (b) show the FESEM image of pure P(VDF-TrFE). In general, P(VDF-TrFE) 

films are annealed between the Curie and melting temperatures in order to induce the 

crystalline structure. In the paraelectric phase, the chain mobility is higher compared to 

that of the ferroelectric phase. It favours the lowest energy conformation (all trans) 

because as the temperature increases, the chain mobility increases as a function of 

temperature. As a result, the molecular chains prefer to be oriented parallel to the 

substrate, and β-phase rod-like crystals can be expected when the annealing temperature 

reaches 100 ℃, as shown in Chapter 4  (Mahdi et al., 2014; Mahdi et al., 2015). At this 

temperature, active thermal motion allows chain molecules to rearrange their positions 

and induce high levels of crystallinity. Figures 7.3 (c)-(f) shows the FESEM images of 

P(VDF-TrFE)-BNT-BKT-BT nanocomposite.  From the FESEM images it is evident that 

BNT-BKT-BT nanofiller are dispersed nearly uniformly in the polymer matrix. Since the 

particles are in nanoscale size, it is difficult to prevent particle agglomeration completely. 

However, at most care was taken to minimize agglomeration by ultra-sonicating all 

composites before spin coating into films. The surface morphologies of 0.10 and 0.20 

volume fraction of composites are shown in Figure 7.3 (c) and (d), respectively. The 

BNT-BKT-BT ceramic particles are uniformly distributed throughout the polymer, 

however a higher volume fraction of ceramic results in agglomeration in some localized 

regions thereby increases porosity. The nanofiller are seen to be clearly embedded in the 

polymer matrix and all the particles are neatly coated with P(VDFTrFE), which 

establishes the (0-3) connectivity of the composites. Figure 7.3 (e) shows the fractured 

surface of P(VDF-TrFE)-BNT-BKT-BT nanocomposite for 0.30 volume fraction of 

ceramic loading . When the volume fraction of BNT-BKT-BT increases to 0.30, the 

agglomeration of BNT-BKT-BT particles in a cluster form can be easily seen, as shown 

in Figure 7.3 (e). At this stage, the agglomeration of the particles leads to aggregation 

along the direction through the thickness, which forms a leakage current path in this case 
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the (1-3) connectivity will appear and the composite will mix between (0-3) and (1-3) 

connectivity as shown in Figure 7.3 (f) which is a magnification of Figure 7.3 (e). This 

formation will eventually lead to unwanted excessive leakage current in the 

nanocomposite thin film system.  

 

Figure 7.3: Microstructure of BNT-BKT-BT and P(VDF-TrFE)-BNT-BKT-BT: (a) 
HRTEM image of BNT-BKT-BT nanopowder ;(b)  FESEM image of P(VDF-TrFE) (c) 
FESEM image of P(VDF-TrFE)-BNT-BKT-BT composite at Ø = 0.10; (d)  FESEM 
image of P(VDF-TrFE)-BNT-BKT-BT composite at Ø = 0.20; (e)  FESEM image of 
P(VDF-TrFE)-BNT-BKT-BT composite at Ø = 0.30 and (f) is a magnification of the 
image in (e). 
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7.3 Electrical properties  

7.3.1 Dielectric properties 

The dielectric constant (�5) and loos (�7) of the unpoled copolymer, ceramic, and 0-3 

nanocomposites were measured using Agilent 4294A impedance analyser. The  samples 

under measurement was heated at a rate of about 3 ℃/min. in a temperature-controlled 

(STC200 Standalone Temperature Controller) until a given temperature was reached, 

then it was kept at that temperature for 10 minutes before the measurement was made. 

The dielectric constant (ε′) and dielectric loss (ε″) of P(VDF-TrFE)-BNT-BKT-BT 

nanocomposites thin films, with five ceramic volume fractions Ø = 0.10-0.30 upon 

heating as functions of frequency are shown in Figure 7.4. The applied frequency ranged 

from 100 Hz to 1 MHz, it can be seen that the dielectric properties considerably change 

with frequency. At low frequency the both ε′ and ε″ of nanocomposites this films 

increases for all composition. This is mainly due to the contribution of the space charge 

which cannot be neglected in this low frequency range. Increasing the ceramic volume 

fractions induce more space charge in between the interfaces region of the nanofiller and 

matrix, which increase both the dielectric constant and loss at low frequency. However 

the ε′ decreases whereas ε″ increases with increases of the frequency. These changes are 

mainly caused by the dielectric relaxation in P(VDF-TrFE) (Furukawa & Johnson, 

1981a). The dielectric properties of a copolymer are determined by the charge distribution 

and also by statistical thermal motion of its polar group. The polarization of a dielectric 

is contributed by ionic, electronic and dipole polarization. The electronic polarization 

occurs during a very short interval of time of order of 10-10 sec, but longer then i.e. 10-3-

10-2 sec is required for the process of ionic polarization. To set in dipole polarization it 

requires longer time. In this case of P(VDF-TrFE) , the dielectric constant begins to drop 

at high frequency. It can be see also from Figure 7.4 that the dielectric of P(VDF-TrFE)-
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BNT-BKT-BT increases with the increase in temperature. As the temperature increases, 

the orientation of dipoles is facilitated and this increases the dielectric constant. 

It should be mentioned that the faster increasing in ε″ for composites with higher ceramic 

volume fraction in this high frequency range may be related to the rapid increase of DC 

conductivities with frequency in these nanocomposites. 

 

 

Figure 7.4: Frequency dependence of ε′ and ε″ for P(VDF-TrFE)-BNT-BKT-BT 
nanocomposites thin films at a temperature step size of 10 ℃. 
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The temperature dependence of ε′, ε″ and conductivity (σ′) of the unpoled P(VDF-TrFE)-

BNT-BKT-BT nanocomposites measured at 1 kHz are shown in Figure 7.5. The gradual 

increase in  �5 with the increasing ceramic volume fraction can also be clearly seen from 

the curves. On heating, the relative permittivity of the composites increases to a maximum 

value with increasing temperature. For all samples ε′ increases with temperature to a 

maximum at about 110 ℃ and decreases at higher temperatures again. The maximum of 

the dielectric constant is due to the ferroelectric to the paraelectric phase transition of the 

polymer matrix (Kubouchi et al., 1989). The strong temperature-dependent dielectric 

response mainly originates from the electrical conduction effect, which is confirmed by 

the temperature-dependent electrical conductivity of the six samples. Compared with the 

P(VDF-TrFE) and the P(VDF-TrFE)-BNT-BKT-BT nanocomposites, as shown in Figure 

7.4, the P(VDF-TrFE)-BNT-BKT-BT shows not only higher, but also nearly frequency-

independent electrical conductivity at high temperatures and low frequencies. At high 

temperatures, the mobility of charge carriers and the rotation of dipoles would be 

significantly enhanced because of the existence BNT-BKT-BT, which results in 

significantly enhanced electrical conduction and interfacial polarization. As a 

consequence, the P(VDF-TrFE)-BNT-BKT-BT exhibits the highest dielectric constants 

at low frequencies and high temperatures, as shown in Figure 7.4. However increasing in 

temperature after 120 ℃ led to drop in dielectric, this is due to the fact that the copolymer 

will experience phase changes from the dielectric to paraelectric phase.  

The frequency dependence of the dielectric constant, dielectric loss and conductivity (σ′) 

of P(VDF-TrFE)-BNT-BKT-BT composites were measured at room temperature as a 

function of the ceramic volume fraction, and the results are shown in Figure 7.6. It can 

be seen that the dielectric properties change greatly with frequency. At low frequency (<1 

kHz) the �5 and �7 in the composites with more ceramic volume fraction reduce more 

quickly with frequency. As mentioned above this is mainly due to the contribution of the 
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space charge which cannot be neglected in this low frequency range. Increasing the 

ceramic volume fractions induce more space charge which increase both the dielectric 

constant and loss at low frequency (Muralidhar & Pillai, 1988). The contribution of 

ceramic filler like BNT-BKT-BT, which have higher conductivity (�7 = �5 &⁄ ), will 

definitely cause �7 to rise rapidly at low frequency. The interfacial polarization as a result 

of the heterogeneous structure (ceramic filler and polymer matrix) is produced by 

travelling charge carriers. The charges trapped at the interfaces cause large-scale field 

distortions in contrast to other types of polarization (atomic and dipolar), which are 

produced by the displacement or orientation of bound charge carriers. This phenomenon 

can be understood by the theoretical approach of Debye-type relaxation processes Eq. 

(6.1) as explained in Chapter 5. 

The values of �′n,�′b and � are highly dependent on the conductivities of the constituents 

and their volume fraction in the composites. Interfacial effects can occur between the 

ceramic grains and the polymer matrix leading to large dielectric relaxations normally at 

low frequencies otherwise known as Maxwell-Wagner relaxations, while in other cases 

interesting Schottky barrier phenomena can also occur (Dias & Das-Gupta, 1996). Space-

charge compensation of dipolar polarization is also known to occur at the interface 

boundaries. Percolation of ceramic grains inside a composite is an effect which can be of 

great help in aiding its polarization by establishing continues electrical flux through the 

ferroelectric grains. At high frequencies the dielectric decreases while the loss increases 

with frequency. This behaviour is similar to that found in P(VDF-TrFE) and its 

composites with BNT-BT and BNT ( Lam et al., 2006; Mahdi et al., 2015). These changes 

are mainly caused by the dielectric β-relaxation in P(VDF-TrFE).  
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Figure 7.5: Dielectric spectra of P(VDF-TrFE) and P(VDF-TrFE)-BNT-BKT-BT 
nanocomposites as a function of   temperature  measured at 1 kHz. 
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Figure 7.6: Dielectric and conductive spectra for P(VDF-TrFE)  and P(VDF-TrFE)-
BNT-BKT-BT  at room temperature. 

 
 
The nanocomposite samples in this work can be modeled by a two-phase dispersion 

system consisting of a polymer matrix (phase 1: P(VDF-TrFE)) and spherical inclusions 

(phase 2: BNT-BKT-BT). The effective dielectric constant of a polymer composite is 

strongly influenced by the size, shape and volume fraction of the inclusions. 

 Thus, models were employed to explain the effective dielectric response of 

nanocomposite thin films. Figure 7.7 (a) shows the observed room temperature dielectric 

constant of P(VDF-TrFE)-BNT-BKT-BT nanocomposite with Ø = 0.20 of BNT-BKT-

BT. The effective dielectric permittivity ε of a 0-3 composite with a volume fraction Ø of 

spherical inclusions may be described by the Bruggeman formula (Bruggeman, 1935) 
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� − �1�� − �1 	�
��� �

� �⁄ 	= 1 − ∅															(7.2) 
 

where Ø is the ceramic volume fraction of the composite; and ε1, ε2, and ε are the 

permittivities of the copolymer, ceramic and composites, respectively. Figure 7.7 (a) 

shows that the experimental data at room temperature doesn’t agree well with Bruggeman 

model prediction. The discrepancy shown by the calculations based on the Bruggeman 

model is probably due to the boundary conditions of the model not being satisfied. The 

Bruggeman model assume small inclusion sizes compare to the film dimension. Particle 

size measurements of the ceramic particles by HRTEM show a mean particle size of 53 

nm which is about 7 % of the film thickness 750 nm. Thereby, the conditions of the model 

are not satisfied.  

The effective medium theory (EMT) model (R. Yang et al., 2000) has been established 

by taking into account the morphology of the particles. According to which the effective 

dielectric constant is given by Eq. (6.5). The small value of n indicates the filler particles 

to be in near-spherical shape, while that of a high value of n indicates largely non-

spherically shaped particles. In the low volume fraction regime, the ε value for Ø = 0.20 

is 19.3, which is comparable to the experimental ε (19.4). The ceramic particle size has 

been proven to influence the effective dielectric constant in the composite and the size of 

the BNT-BKT-BT particle used in this work is around 25-100 nm range. Though this 

model is suitable for the ceramic particles less than 1µm and also depends on their 

morphology, interestingly, the experimental value fits well into the EMT model (Yang et 

al., 2000) with the shape parameter n = 0.31. The theoretical morphology fitting factor is 

closer to that of the experimental one, and is consistent with that observed (irregular 

shaped particles) in the present studies. Therefore, the close agreement that is found 

between the experimental and theoretical values is attributed to the morphology of the 

dispersed particles. 
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Yamada and his co-workers have proposed a model for binary system consist of lead 

zirconate titanate, PZT powder embedded in a polymer matrix of polyvinylidene fluoride, 

PVDF (Yamada et al., 1982). Dielectric constant of the composites based on Yamada 

equation is given by 

 

� = �� §1 + ∅	(�1 − �1)�� + 3	(�1 − ��)(1 − Ø)©																			(7.3) 
 

where n is the morphology fitting constant, corresponds to the shape of ellipsoidal particle 

and their orientation in relation to composite film surface material. The value of n is 

greatly affected by the change in the morphology factor. The parameter n was evaluated 

to fit the theoretical value obtained from the Equation (7.3) to that of the observed 

dielectric values. It is observed that the n parameter is related to the geometry of the particles, 

and the n parameter of 2.91 obtained from the fit is correlated to the irregular geometry of the 

ceramic particles. The particles geometry in turn effect the connectivity and hence the observed 

effective dielectric constant in the composite. Comparison between the experimental value 

and the theoretical models show that all models mentioned above except for Bruggeman, 

are in good agreement with the experimental data up to Ø = 0.30 as shown in Figure 7.7 

(b). 

Another theoretical model which is widely used to predict dielectric constant between the 

permittivity of the various phases is Maxwell model (Wong et al., 2003) where the 

contrast between the permittivities of the phases is not very large. The effective dielectric 

constant based on Maxwell model is given as in Equation. (6.2). 

The predicted effective dielectric constants from this model were found to be very close 

to the experimental data. The deviation between the theoretical prediction and the 

experiment data was ≈ 2.5 %. Another convenient model employed in this study was 

derived by Furukawa years ago, using the Equation (6.3) (Furukawa et al., 2004; 
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Furukawa; et al., 1976). This model considers a simple two-phase system with 0-3 

connectivity. The inclusions are assumed to be spherical and no interface effect takes 

place in the composite. The value of ε2 is assumed to be ˃˃ ε1, and Ø ˂˂1. The predicted 

effective dielectric constants from this model are found to be very close to the 

experimental data. The deviation between the theoretical prediction and the experiment 

data is ≈ 3 %. 

 

Figure 7.7: (a) Various models of the effective dielectric constant of P(VDF-TrFE)-BNT-
BKT-BT with Ø = 0.20 BNT-BKT-BT and (b) Various models of the effective dielectric 
permittivity as a function of the volume fraction of BNT-BKT-BT, Ø at room temperature 
and 1kHz. 
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7.3.2 Ferroelectric, energy storage and pyroelectric activities and the Effect of 

Poling 

The ferroelectric behavior of BNT-BKT-BT ceramic and P(VDF-TrFE)-BNT-BKT-BT 

thin film nanocomposite was studied by the D-E hysteresis measurement. Figure 7.8 

shows the D-E hysteresis loops for BNT-BKT-BT ceramic with an MPB composition 

measured with a step amplitude of an applied electric field at 100 Hz. When the applied 

electric field E was lower than 3 MV/m, the D-E relation was almost linear. As E was 

increased, a squared hysteresis loop began to appear rapidly. The hysteresis was found to 

saturate at 7 MV/m with a remanent polarization Pr and a coercive electric field Ec of 38 

µC/cm2 and 3 MV/m, respectively.  

 

Figure 7.8: D–E hysteresis loops of the BNT-BKT-BT ceramic at various electric field 
(E) measured at room temperature. 

 

Figure 7.9 shows the D-E hysteresis loops of the P(VDF-TrFE)-BNT-BKT-BT 

nanocomposites contained with different Ø of  BNT-BKT-BT. A remnant polarization Pr, 

of 8.5 µC/cm2 and a coercive electric field Ec of 80 MV/m were obtained for pure P(VDF-

TrFE) thin film annealed at 100 ℃. It is seen that Pr increases rapidly by incorporating 
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BNT-BKT-BT. A Pr of 13 µC/cm2 and an Ec of 120 MV/m for the composite with Ø = 

0.20 of BNT-BKT-BT is obtained. The Ec remained almost unchanged within these 

compositions. Further increased of BNT-BKT-BT volume fraction, in the composites 

deteriorates the Pr to 10 µC/cm2 as shown in Figure 7.9 (b), where the hysteresis loop of 

the composite was rounded considerably. 
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Figure 7.9: (a) D-E hysteresis loops P(VDF-TrFE)-BNT-BKT-BT nanocomposites with 
different volume fraction of BNT-BKT-BT measured at room temperature, (b) the 
remanent polarisation Pr as a function of ceramic volume fraction Ø. 

 

In the context of 0-3 composite system containing a spherical particle, the local electric 

field experienced by the particle is given by, 

 

Univ
ers

iti 
Mala

ya



184 
 

#1 = �� − ��� − �1 #																																																																							(7.4)	 
 

where E is the applied electric field. Consequently, the local field coefficient which gives 

local field in the inner sphere to the average field over a composite is written as, 

 

¶�1 = #1# = 1∅ �� − ��� − �1 																																																												(7.5)	 
 

The observed	�, �� and �1 are used to calculate ¶�1 as a function of Ø is shown in Figure 

7.10. ¶�1 varies from 0.04 to 0.05 and the #1 are in the range of 7-9 MV/m depending on 

the Ø. It is found that the local field applied on the ceramic particles was sufficient for 

poling purpose inside the composites. 

 

Figure 7.10: Local field applied on the ceramic particles (LE2) as function of ceramic 
volume fraction. 

 

The leakage current density, J against applied electric field, E is shown in Figure 7.11. 

The leakage current increases with the increase of electric field and is saturated above 
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150 MV/m. The J of P(VDF-TrFE) is evaluated as 4 × 10-8 A/cm2 under the maximum 

field of 200 MV/m. The J of composites increase to 5×10-6 A/cm2 with the increase of 

BNT-BKT-BT volume fraction Ø up to 0.20. 

 

 

Figure 7.11: Leakage current curves of the P(VDF-TrFE) and P(VDF-TrFE)-BNT-BKT-
BT  nanocomposites with various volume fractions, Ø.  

 

From the above results, the discharged electric energy densities, Ue were directly 

integrated from the bipolar D-E loops in Figure 7.12.  

 

·� = m#D�																																															(7.6) 
 

The increases in charged and discharged Ue as a function of BNT-BKT-BT Ø were 

gradual as shown in Figure 7.13. The discharged Ue is about 0.67 J/cm3 at 155 MV/m for 
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P(VDF-TrFE). The sharp increases in the discharged Ue of 1.25 J/cm3 at 175 MV/m for 

the composite with Ø = 0.20 is 85 % higher than that of the P(VDF-TrFE). Further 

increases with the BNT-BKT-BT loading Ø in the composites do not improve the 

discharged Ue. On the other hand, the increase in the charged Ue with composition Ø 

indicated the space charges started to orient along the applied electric field in order to 

compensate them. Even though the induced space charges enhanced the electric energy 

storage, they could not be easily discharged from the samples for practical uses during 

fast switching. This could be reflected by the relatively low discharged Ue. 

 

Figure 7.12: D–E loops of the P(VDF-TrFE) and P(VDF-TrFE)- BNT-BKT-BT 
nanocomposite films, charge discharged area. 
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Figure 7.13: Charged and discharged energy densities as a function of Ø of BNT-BKT-
BT in comparison with remanent polarisation Pr.  

 

After the hysteresis measurements, the pyroelectric coefficient  � of the sample was 

measured by applying alternating temperature change and measuring a change in 

polarization in term of integrated short-circuit current. The pyroelectric coefficients � of 

the composites increase proportionately with the increase of BNT-BKT-BT volume 

fraction Ø. The highest pyroelectric coefficient was obtained from the nanocomposite 

films with the Ø = 0.20 with p = 90 μC/m2 k. When the BNT-BKT-BT volume fraction 

Ø > 0.20, its pyroelectric coefficients were found to deteriorate and behaved similar to 

ferroelectric properties as shown in Figure 7.14.  There are considerable amount of 

models established to predict the effective pyroelectric coefficient for a 0-3 composite. A 

reasonable assumption was made that � is proportional to the poling efficiency, g and the 

ceramic volume fraction Ø, by extending transformation rules to the widely accepted 

models by Chan et al. and Furukawa et al. (Chan, et al., 1998a; Furukawa, 1989b) , and 

it can be stated that 
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� = g�(1 − ∅)�� + g1∅�1																																									(7.7) 
 

where poling efficiency g is defined as the ratio of local electric field to the minimum 

required poling electric field and subscripts 1 and 2 are referred to phase 1 and 2, 

respectively. It is seen in Figure 7.14 that the theoretical predictions after Eq. (7.7) agrees 

very well with the experimental data for the composite with the  Ø up to 20 %. 

 

Figure 7.14: Pyroelectric coefficient as a function of the BNT-BKT-BT volume 
fraction	∅. The open circle and the curve represent the experimental data and theoretical 
prediction according to Equation (7.7), respectively. 

 

In order to design a thermal or infrared sensor, it is very important to choose a material 

with high pyroelectric constant, low dielectric constant and loss, low specific heat 

capacity and thermal conductivity. The performance of a pyroelectric device is always 

determined by using the relative figure of merit (FOM). Here, the current FOM (Fi), 

voltage FOM (FV) and high detectivity FOM (FD)were employed: 

«d = �
�√�5'93	/ 	, «� =

���5 	93D	«� = ��									(7.8) 
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where �, �, �5and '93	/ are pyroelectric coefficient, specific heat capacity, dielectric 

constant and tangent loss, respectively. Variation of the pyroelectric figure of merit «d, 

«� and «� as a function of BNT-BKT-BT  composition is plotted in Figure 7.15. These 

have been calculated for all samples and the value of �5 and '93	/ used were measured 

at 1 kHz. It can be seen that the«d, «� and «� increases from 9 to 18 (µPa1/2), 0.12 to 0.23 

(m2/C) and 12 to 36 (pm/V), respectively as the filler volume fraction Ø, increases from 

0 to 0.20. However, it is observed that the figures of merit decreases as the filler volume 

fraction exceeds 0.20. The variations of the «d, «� and «� with higher frequency of 10 

kHz and 100 kHz are similar to the trend of the 1 kHz result, and thus, are not reproduced 

here.  
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Figure 7.15: Variations of figure of merit with varying BNT-BKT-BT volume fraction 
Ø. 

 

It has been shown that incorporated P(VDF-TrFE) with BNT-BKT-BT ferroelectric 

ceramic has significantly improved the ferroelectric and pyroelectric properties of the 

nanocomposite thin films. On the basis of these results, the dispersion of an inclusion in 
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a two-phase system requires a combination of parallel and series models to provide 

possible route responsible for polarization reversal in the composite films.  Consider a 

two-phase dispersion system which consists of a polymer matrix (phase 1: P(VDF-TrFE)) 

and spherical inclusions (phase 2: BNT-BKT-BT).  The average electric field, E and 

displacement, D in the composite can be written as follows (Furukawa et al., 1976; 

Furukawa & Fukada, 1977; Furukawa et al., 1979; Furukawa et al., 1986; Lam et al., 

2004; Ploss et al., 2000a): 

� = �! + �#																														(7.9) 
��	 = ��#� + ��																									(7.10) 
�1 = �1#1 + �1																									(7.11) 

where 0D  is the average dielectric displacement at E = 0. Given the volume fraction, Ø 

of the inclusions, the total average electric field, E and dielectric displacement which is 

continuous along the thickness in the series model are: 

  

# = (1 − ∅)#� + ∅#1												(7.12) 
 

� = �� = �1 

 

In the present study, the ferroelectric ceramic inclusions with a higher dielectric constant 

and conductivity were introduced into a polymer system. As a result, free charge flows 

due to impurity in the composite system and the continuity condition with respect to D 

could easily be replaced by current, I. 


 = ����' + ��#� = ��1�' + �1#1															(7.13) 
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Here, � is conductivity. Assume that �1 ≫ �� and �1> ��, and putting Equations (7.10) to 

(7.12) into Equation (7.13) yields 

�� �#��' + ����' + ��#� = �1 �#1�' + ��1�' + �1#1															(7.14) 
 

 Here consider the switching process in the composite can be divided into two stages.  

At the early stage (Stage 1), 	0 < ' < '�		, 	#1 < #G1, where #G1 is assigned to coercive 

field of ceramic inclusions. The ferroelectric reversal of the composites is measured at a 

maximum electric field of 175 MV/m with a step increase of every 10 MV/m at room 

temperature. The net polarization of both the ferroelectric polymer, �� and ceramic �1 are 

remained zero prior to poling. After the application of the small external field E, the 

internal field #1 appears immediately and gradually increases due to ��. P2 remains zero 

until #1	reaches #G1. Eq.(7.14)  can be solved by using ��1 �'⁄ = 0,	and assuming that 

��� �'⁄ = 0,	 as #G1 ≪ #G�. As a result,   

 

#1 = #1b v1 − @¥�B»�w																																(7.15) 
The time constant � and the equilibrium electric field #1b are given by, 

� = 1 − ∅∅ �1�� 																															(7.16) 

#1b = #∅																																								(7.17) 
The time t1when  #1 reaches #G1 is then 
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'� = −� log �1 − �¼½�½¾�													(7.18) 
When #1 is finally reaches #¿1, the spontaneous polarization of ceramic begins to arise 

while #1 remains constant,�#1 �'h = 0. The rate of change in �1 will be limited by �� and 

�1 increases with time until it saturates at its maximum value,  

�1 = ��1 − ∅ (# − ∅#¿1)(' − '�)																		(7.19) 
Subsequently, if the external field, E continues to increase after �1 reaches its maximum. 

Then, the switching process is extended to the polymer phase. At stage 2, '� 	< ' < '1 

and	#� < #G�. The internal field in polymer site, #� appears instantaneously with 

��� �'⁄ = 0, and ��1 �'⁄ = 0 as ferroelectric of ceramic has reached its maximum. By 

solving Eq. (7.14), it yields, 

#� = #�b v1 − @¥�B»�w																	(7.20) 
The time constant � and the equilibrium electric field #�b are given by, 

� = ∅1 − ∅ ���1 																																(7.21) 

#�b = #1 − ∅																																(7.22) 
And the time for #1 to reaches #G1 is  

'1 = −� log �1 − �¼À�À¾�													(7.23) 
As soon as #� reaches #¿�, �� rises immediately while #� remains a constant and 

thus,�#� �'h = 0. It finally yields 

�� = �1∅ (# − (1 − ∅)#¿�)(' − '1)									(7.24) 
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Figure 7.16 shows the numerical calculations for the switching process in the bilayer 

composite using the following Eq.  

 

�1	 = �1#1 +� 1 +��1
�2	 = �2#2 +�2 +��2 Á																						(7.25) 

 

 The parameters used for ceramic site were E = 8 MV/m, #¿1 = 3 MV/m, Ps = 0.4 C/m2, 

�1 = 950, �� = 9 × 10-9 Ω-1m-1 and ∅ = 0.20. However, E = 175 MV/m, #¿� = 80 MV/m, 

Ps = 0.1 C/m2, �� = 12, �1 = 1.2 × 10-8 Ω-1m-1 were applied at the polymer site. It is shown 

that the internal field, #� and #1	increased rapidly to 40 MV/m and 220 MV/m, 

respectively after the application of an external field. Thus, it is proven that the applied 

electric field on the ceramic and polymer sites were actually sufficient for poling purpose 

inside the 0-3 composites and yields a D1 and D2 of 0.01 C/m2 and 0.38 C/m2, respectively.  
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Figure 7.16: Switching characteristic in a P(VDF-TrFE)-BNT-BKT-BT nanocomposite. 

 

In order to test the above considerations, a reasonable assumption was made on the 

effective polarization in the 0-3 composites by extending the two-phase dispersion 

models which are usually applied to predict the effective dielectric responses of a polymer 

composite. Figure 7.17 expresses the observed Pr as a function of the various BNT-BKT-

BT volume fractions. The calculated effective Pr derived from various models are 
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included in the same figure. The first convenient theoretical model used in this study was 

derived by Furukawa, through the following equation (Furukawa et al., 1976; Furukawa 

et al., 2004):   

��   = 1 + 2∅1 − ∅ ��																														(7.26) 
This model considered a simple two-phase system with 0-3 composite. The inclusions 

were assumed to be spherical and no interface effect took place in the composite. Here, 

�� and �1 are defined as the remanent polarization obtained from the hysteresis 

measurements for P(VDF-TrFE) and BNT-BKT-BT ceramic, respectively. The value of 

�1 is assumed to be	≫ 	��, and Ø << 1. Another simple explicit formula for 0-3 composite 

was developed by Clausius-Mossotti (Thomas et al., 2010) to predict the effective 

polarization with the following equation: 

��   = �� ®1 + 3∅ �1 − ���1 + 2��¯													(7.27) 

However, the predicted values of the above models seem to deviate by large magnitudes 

from the observed experimental data for the entire range of BNT-BKT-BT volume 

fractions as the condition of	�1 ≫	��was not fulfilled in this experiment. The effective 

medium theory (EMT) model was established taking into consideration the morphology 

of the inclusions. The effective polarization of the EMT model is given by (R. Yang et 

al., 2000): 

��   = �� §1 + ∅(	�1 − ��)�� + 3(1 − ∅)(�1 − ��)©													(7.28) 

where n is the ceramic inclusion’s morphology fitting factor. The small value of n 

indicates the filler particles are of near-spherical shape, and a high value of n indicates 

largely non-spherically shaped particles. The experimental values were found to be well 

fitted by this model with the shape parameter n = 0.15. From the theoretical models 
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employed above, it can be clearly seen that the EMT model with a reasonable fitting 

parameter, n, gave the best fit up the BNT-BKT-BT for Ø = 0.20. The good agreement 

between the theoretical and experimental results implies that the 0-3 nanocomposites 

have a good homogeneity. It is found that the electrical field applied on the entire range 

of composite thin films was sufficient for poling purpose inside the composites and yields 

the highest Pr = 13 µC/cm2 and p = 90 µC/m2K for the composite thin film with  Ø = 0.20. 

 

Figure 7.17: Observed and theoretical prediction of Pr as a function of the BNT-BKT-
BT volume fraction Ø.  

 

It has been observed that the ferroelectric polarization, pyroelectric coefficients and its 

figures of merit reached a maximum value with a BNT-BKT-BT volume fraction Ø	of 

0.20. In contrast, adding more BNT-BKT-BT in the composite systems does not help to 

further improve the overall composite performance. In the context of the dispersion 0-3 

composite system, increase of the volume fraction of phase 2 eventually leads to 

aggregation along the direction of thickness to form a structure similar to a parallel model. 
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The internal fields and the electric displacements are addictive in the parallel model and 

yields, 

# = #� = #1															(7.29) 
� = (1 − ∅)�� + ∅�1												(7.30)	

              

This explains why when the inclusion of BNT-BKT-BT volume fraction Ø > 0.20 the 

pyroelectricity and ferroelectricity in the composite were obscured by the DC conduction 

in the parallel model. The pyroelectric and ferroelectric in the polymer phase were 

independent of the ceramic. The flow of current from one side of the inclusion BNT-

BKT-BT to the other side resulted in a continuous rise of D with time. Thus, the poling 

process in the polymer phase was obscured by the DC conduction in the phase 2 and led 

to the deterioration of overall electrical performance. 

7.4 Conclusion  

A significant improvement in pyroelectric ferroelectric and dielectric properties in 

P(VDF-TrFE) nanocomposite thin films have been demonstrated when Ø = 0.20 of BNT-

BKT-BT  is dispersed in the nanocomposite thin films. Several classical models have 

been evaluated to predict the effective dielectric constant, pyroelectric coefficient and 

remanent polarization.  It was found that the experimental result can be well fitted with 

certain prediction models. The incorporation of the ferroelectric nanofiller with negligible 

conductivity in the polymer matrix composite has successfully improved the poling 

efficiency by increasing the local electric field on the polymer matrix. These results are 

confirmed by the simple Maxwell-Wagner’s model which considers the conductivities of 

the constituents of the nanocomposite thin film. It implies that an increase in the 

conductivity of the polymer matrix has significantly led to a more efficient poling process 

and as a result, has improved the pyroelectric and ferroelectric properties of the 
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nanocomposites. However, the conductivity of a polymer composite matrix must be 

limited to a certain level. Above that level, an increased in the conductivity only 

deteriorates the ferroelectric and pyroelectric activity of the polymer composite matrix, 

due to the increased in leakage current which can be observed in the composites 

containing more than Ø = 0.30  of BNT-BKT-BT. 
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8 CHAPTER 8: PIEZOELECTRIC AND PYROELECTRIC 

PROPERTIES OF BNT-BASE TERNARY LEAD-FREE 

CERAMIC-POLYMER NANOCOMPOSITES UNDER 

DIFFERENT POLING CONDITIONS   

 

8.1 Introduction  

Ferroelectric ceramic-polymer composites with various connectivities have attracted 

considerable research interest (Das-Gupta & Abdullah, 1988; Dias & Das-Gupta, 1996; 

Furukawa et al., 1979; Kar Lai et al., 2000; Newnham et al., 1978; R. E. Newnham et al., 

1980) because of their potential in piezoelectric and pyroelectric sensor, ultrasonic 

transducer, and hydrophone applications and energy harvesting (Bowen, Kim, et al., 

2014; Bowen, Taylor, et al., 2014; Chan, et al., 1998b; Lee et al., 2016; Paul, 2001). The 

0-3 composites with ferroelectric ceramic powder embedded in a passive polymer matrix 

are well developed. Recently, 0-3 composites with ferroelectric polymer matrix also have 

received increasing attention (Chan, et al., 1998a; Chan et al., 1996). Embedded 

ferroelectric ceramics such as BNT base lead free ternary system in P(VDF-TrFE) as 

ferroelectric  matrix makes it possible to design a lead-free ferroelectric composite that 

combines the outstanding electroactive properties of the ceramics and the mechanical 

properties of polymers rather than used non-ferroelectric host like rubber or epoxy (Takeo 

et al., 1976). In this case the polymer host will not just contribute in mechanical properties 

but it will also contribute in electrical properties of the composite, which will help to 

produce high electrical properties with low ceramic volume fraction, since both phases 

will contribute in electrical properties of the composite. In this case, high piezoelectric 

and pyroelectric properties are obtained without losing to much on the flexibility of the 

polymer host. Such composite can be developed by focussing on the poling process 

applied to the composite. Poling the inclusions to achieve their spontaneous polarization 

means that generating an electric displacement in the inclusions of the nanocomposite 

which is substantially higher than the maximum electric displacement of the surrounding 
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matrix material. This can only be achieved by a considerable rearrangement of charge as 

the divergence of the electric displacement is equal to the charge density. When stack of 

different ferroelectric layers is poled in a temperature and time regime where the electric 

conductivity of the materials is low, then the layer with the smallest maximum 

polarization will limit the polarization of the whole stack (Ploss & Ploss, 1996). Ploss et 

al. (Ploss et al., 1998), have demonstrated that lead titanate (PT) filler in P(VDF-TrFE) 

can be polarized to a high degree at elevated temperature making use of the conductivity 

of the polymer, while the matrix can be polarized at low temperature without changing 

the polarization of the inclusions. 

The pyroelectric coefficients of both components have the same sign, but the piezoelectric 

coefficients have opposite signs. If the matrix and filler of a composite of PT, PZT or 

BNT in P(VDF-TrFE) are polarized in the same direction, then the pyroelectric responses 

of both components are reinforced while the piezoelectric responses are partially 

cancelled. On the other hand, by poling the two phases in opposite directions, a material 

with reduced pyroelectric but increased piezoelectric sensitivity is produced (Ploss et al., 

2001). This particular behavior, together with the possibility of polarizing matrix and 

filler separately, opens a way for the fabrication of piezoelectric materials in which 

pyroelectricicty is internally compensated, or vice versa (Ploss et al., 1998). One 

promising usage of the enhanced pyroelectric composites with the ceramic phase and the 

copolymer phase poled in the same direction is that of sensing components within 

pyroelectric sensors, while integration in ultrasonic transducer applications is possible in 

the case of the enhanced piezoelectric composites with the ceramic phase and the 

copolymer phase poled in opposite directions (Chan et al., 1999). 

Although many experimental studies have used 0-3 composites with PVDF and P(VDF-

TrFE) as a matrix and a PZT ceramic base as a filler  (Bhalla et al., 1981; Dietze et al., 

2007; Kar Lai et al., 2000; Ng et al., 2000; Zeng et al., 2002), however detail in the poling 
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mechanism, interfacial interaction and dispersion state of nanofiller was insufficiently 

reported.   Moreover relatively few such studies have used a BNT ceramic based as filler 

(Lam et al., 2005; Lam et al., 2006; Mahdi et al., 2015; X. X. Wang, K. H. Lam, et al., 

2004), and no previous work has been carried out to investigate P(VDF-TrFE)-BNT-

BKT-BT 0-3 nanocomposites. 

This Chapter describes the pyroelectric and piezoelectric properties of P(VDF-TrFE)-

BNT-BKT-BT 0-3 composites as a function of the ceramic volume fraction. In order to 

measure the piezoelectric properties of P(VDF-TrFE)-BNT-BKT-BT nanocomposites, 

the samples were prepared in the form of free standing films. Ceramic-polymer 

nanocomposite films with different volume fractions BNT-BKT-BT (0-0.40) were 

fabricated using a hot press method. Composite films with volume fraction greater than 

0.40 of BNT-BKT-BT could not be prepared due to problem of excess nanoparticle 

agglomeration. 

 Three forms of the composites are studied: one with only the ceramic phase poled; one 

with both phases poled in the same direction; and one with both phases poled in opposite 

directions. The aim of this Chapter is to identify the contribution of each individual phase 

to the overall piezoelectric, pyroelectric and dielectric properties of the composite. The 

present study also conducts an assessment of the manner in which the nanoceramic filler 

disseminates in the polymer matrix and of how the polymer and ceramic interact in the 

composite. Additionally, the figure of merit and leakage current of the polymer 

nanocomposite device are determined to evaluate how this device performs. 

 

8.2 Poling process 

In order to induce piezoelectric and pyroelectric activity, the composites must be 

subjected to a poling process, to give an orientation of spontaneous polarisation in the 

ceramics phase. The relatively high dielectric coefficient of ferroelectric ceramics causes 
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an applied field to be instantaneously much lower in the ceramic phase than in the 

polymer phase. The relationship between the average field over a composite and the local 

dielectric and elastic fields in a spherical phase is a piezoelectric constant of the material.  

Figure 8.1 shows a representative unit of composite consisting of two concentric spheres. 

The radii a and b are defined such that 9� Â�h 	= ∅. The inner sphere represents a ceramic 

(phase 2) and the shell around this sphere represents a polymer (phase 1). This unit is 

covered with a homogeneous  

 

Figure 8.1: Representative unit of a two-phase system composed of a continuous matrix 
(phase 1) and spherical insulation (phase 2). 

 

medium with the overall properties of a composite. The average electric displacement D 

is defined in terms of the average electric field E as follows (Furukawa et al., 1979):  

 

� = �! + �#													(8.1) 

 

where D0 is the average dielectric displacement at E = 0. This expression holds for the 

homogeneous medium in Figure 8.1. Similar expressions are valid with respect to 

variables averaged over phase 1 and phase 2 (Furukawa et al., 1979; Takeo et al., 1976). 

In this case 

Univ
ers

iti 
Mala

ya



204 
 

�� = �!� + ��#�																	(8.2) 

 

�1 = �!1 + �1#1																	(8.3) 

 

where subscripts 1 and 2 refer to phase 1 and 2 respectively. The variables in Eqs. 

(8.1), (8.2) and (8.3) are related using the volume fraction of phase 2, Ø, as follows: 

 

� = (1 − ∅)	�� + ∅�1																	(8.4) 

 

# = (1 − ∅)	#� + ∅#1																		(8.5) 

 

The electric field E is assumed to be applied to a composite with the condition �! =

�!� = �!1 = 0.  

Substituting Eqs. (8.1-8.3), into Eq. (8.4), the following relationship is obtained:  

 

�# = (1 − ∅)��	#� + ∅�1#1																(8.6) 

 

Eq. (8.5) can be rewritten as  

 

#� =
# − ∅#1

(1 − ∅)
																						(8.7) 

 

Substituting this expression for E1 into Eq. (8.6) gives an expression for the local field E2 

experienced by the ceramic phase, in terms of the applied electric field E: 

  

#1 =
1
∅
	 �� − ��� − �1 	#																	(8.8) 
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To induce piezoelectricity within a polymer-ceramic composite, a strong electric field is 

applied to the sample, to orient the dipoles in each phase. However, since the ceramic has 

a much larger permittivity than the polymer, the electric field is greatly reduced in the 

ceramic phase, as stated in Eq. (8.8). 

 

If there is no real charge, the dielectric displacement will be constant throughout the 

thickness of the film. Thus 

� = �� = �1																	(8.9) 

 

In fact, there is a considerable flow of real charge associated with ionic impurities, 

especially within the polymer phase at elevated temperatures. In this case, the continuity 

condition with respect to D should be replaced by current I (Furukawa et al., 1986):  

 


 =
���

�'
+ ��#� =

��1

�'
+ �1#1																	(8.10) 

 

where  ��	, �1 are the conductivities of phases 1 and 2, respectively. 

 

In this case, the polymer has a much greater conductivity than the ceramic at high 

temperatures (��>>�1). Under these conditions, combining Eq. (8.10) with Eqs. (8.2), 

(8.3) and (8.5) yields 

 

�� # − ∅#11 − ∅ = �1 �#1�' + ��1�' 																			(8.11) 
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During poling at elevated temperatures, space charges in the polymer phase accumulate 

near the interface, which increases the internal field in the ceramics phase and removes 

the discontinuity of the electric displacement at the interface, as shown in Figure 8.2. 

 

Figure 8.2: Structure of a poled polymer-ceramic composite where the polarisation of 
the ceramic is fully compensated by space charges. 

 

Eq. (8.11) shows the variation with time of the internal field E2 and the polarisation P 

when the external field E is applied. At first, the internal field E2 induced by the 

application of E is very small, since �� is much smaller than 	�1. It increases with time 

due to the conductivity �� of the polymer. P2 remains at -Ps  until E2 reaches the coercive 

electric field of ceramic (Ec). The time taken for E2 to reach Ec  is given by (Furukawa et 

al., 1986): 

 

'� = −�	^%\ v1 − #¿#1bw																					(8.12) 

 

where τ,  the time constant, and #1b, the equilibrium electric field, are given by 

 

� = 1 − ∅∅ 	�1�� 																					(8.13) 
and 
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#1b = #∅																								(8.14) 
 

When E2 reaches Ec, the spontaneous polarisation in the ceramic begins to reverse, while 

E2 remains constant. The rate of change in P2 is limited by	��, so that P2 is equal to the 

density of charge accumulated near the surface of the polymer phase, as shown in Figure 

8.2. This mechanism shows how the DC conductivity of the polymer phase plays an 

important role in the poling process. For this work, three groups of samples were poled 

in an oil bath. In Group 1, only the ceramic phase was poled; in Group 2, the ceramic and 

polymer were poled in the same direction; and in Group 3, the polymer and ceramic were 

poled in opposite directions. The process used for poling each group is described below 

(Chan, et al., 1998a; Chan et al., 1999; Kar Lai et al., 2000; Ploss et al., 2001; Ploss et al., 

1999). 

 

Group 1: Samples were heated to 120 ℃, which is above the heating Curie temperature 

(Tch) of the copolymer. Under these conditions, the copolymer is in a paraelectric phase. 

An electric field E was then applied to the composite for one hour; the electric field was 

then switched off and the sample was left to cool to room temperature. Since E is switched 

off above Tch while the copolymer is still in a paraelectric phase, only the ceramic phase 

is poled by this process. To confirm that this was the case, a copolymer sample was 

subjected to the same process; this copolymer sample showed no detectable piezoelectric 

and pyroelectric effects, thus demonstrating that this method produces poling only within 

the ceramic phase. 

Group 2: The ceramic phase was poled using a stepwise process at 65 ℃, and the sample 

was then left to cool to room temperature through the cooling Curie temperature (Tcc) 

under an applied electric field. This procedure produces polarisation of the copolymer 

phase in the same direction as that of the ceramic phase. It should be noted that the heating 
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Curie temperature for copolymer 75/25 (Tch) is about 100-105 ℃, while the cooling Curie 

temperature (Tcc) is about 65-70 ℃, as will be shown in the following section. 

Group 3: This poling process initially matched that which was applied to the samples in 

Group 2, which produced composites with both phases poled in the same direction. 

Additionally, in this case, in order to produce polarisation of the ceramic phase in a 

direction opposite to that of the copolymer, the samples in this group were reheated to 50 

℃, and a poling field of 12 MV/m was then applied in the reverse direction for one hour. 

The samples were then cooled to room temperature with the reverse poling field still 

applied. Since the applied field is much lower than the coercive field of the copolymer, 

the polarisation in the copolymer phase is not affected, while the polarisation in the 

ceramic phase is reversed. 

 

The maximum field that could be applied to the samples using the stepwise process was 

70 MV/m. Using this stepwise process, high poling fields could then be applied to 

samples, and the risk of electric breakdown could be reduced. Limiting the current flow 

during poling to less than 20 µA also greatly reduced the risk of sample breakdown. All 

poled samples were placed into an oven and held at 60 ℃ for at least 24 hours under short-

circuit conditions to remove any unwanted trapped charges.  

 

8.3 Results and discussion 

8.3.1 Microstructure 

The microstructure of the BNT-BKT-BT ceramic powder was examined using High 

Resolution Transmission Electron Microscopy (HRTEM), while the P(VDF-TrFE)-BNT-

BKT-BT  0-3 composite was examined using FESEM . Figure 8.3 (a) shows the HRTEM 

image of the BNT-BKT-BT ceramic. Several hundred particles were measured to 

determine the average particle size, which was found to be approximately 53 nm. Figure 
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8.3 (b) shows the 0-3 composite at volume fraction Ø = 0.20. It can be seen that most of 

the ceramic particles remain isolated from each other within the polymer matrix in the 

P(VDF-TrFE)-BNT-BKT-BT composite, and there are no large agglomerations of 

ceramic powder. However, at the highest ceramic volume fraction of Ø = 0.40, the inter-

particle distance decreases and ceramic particles tend to agglomerate, as shown in Figure 

8.3 (c). The average particle size of the BNT-BKT-BT ceramic is in the nanometre range 

(53 nm). As the particle size decreases, the surface area increases, and the interactions 

between the nanoparticles therefore increase, which results in continuous percolation of 

particles within the composites (Dang et al., 2002; McLachlan et al., 1990). This is 

particularly true when a high-viscosity polymer such as P(VDF-TrFE) is used; in this 

case, the final composite tends to be a mixture of 0-3 and 1-3 composites, and particles 

of ceramic will be in contact with one another in some areas of the sample. Figure 8.3 (d) 

is a magnification of Figure 8.3 (c) and shows this effect clearly.  
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Figure 8.3: Microstructure of BNT-BKT-BT and P(VDF)-TrFE-BNT-BKT-BT: (a) 
HRTEM image of BNT-BKT-BT; (b) FESEM image of P(VDF)-TrFE-BNT-BKT-BT 
composite at Ø = 0.20; (c) FESEM image of P(VDF)-TrFE-BNT-BKT-BT composite at 
Ø = 0.40; (d)  magnification of the image in (c). 

 

8.3.2 Dielectric properties 

The frequency dependence of the dielectric constant (ε′), dielectric loss (ε″) and 

conductivity (σ′) of the unpoled P(VDF-TrFE)-BNT-BKT-BT nanocomposites at room 

temperature are shown in Figure 8.4. The copolymer matrix is the dominant factor 

determining the dielectric behaviour of the nanocomposites. It can be seen that both ε′ 

and ε″ increase at low frequency, and this is primarily due to space charge effects. An 

increase in the volume fraction of the ceramic induces more space charge, which causes 

an increase in both dielectric constant and dielectric loss. Conversely, the decrease in ε′ 
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with increasing frequency is likely to be due to lower contributions from dipolar effects 

at these high frequencies (Lu et al., 2008). The increased dielectric loss ε″ seen at high 

frequency, as shown in Figure 8.4 (b), could be caused by β effects in the copolymer 

which arise from the micro-Brownian motion of non-crystalline chain segments. The 

variation in electrical conductivity σ′ with frequency for the P(VDF-TrFE)-BNT-BKT-

BT nanocomposites is shown in Figure 8.4 (c), and it can be seen that there is a small rise 

in electrical conductivity due to the introduction of the BNT-BKT-BT nanoparticles. 

Since the dielectric loss at frequencies larger than 1 kHz is caused primarily by the 

electrical conduction and dipolar polarisation, this result indicates that the decrease of 

dielectric loss within the nanocomposites at frequencies below 1 kHz should be 

principally attributed to the highly restricted polymer chain motion. 
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Figure 8.4: Frequency dependence of the dielectric properties of the P(VDF-TrFE)-BNT-
BKT-BT nanocomposites at room temperature: (a) dielectric constant (ε′); (b) dielectric 
loss (ε″); (c) electrical conductivity (σ′). 

 

 The variation of the dielectric constant of the nanocomposites with increasing ceramic 

volume fraction at 1 kHz is shown in Figure 8.5. An increase in ceramic content from 0 

to 0.40 causes a corresponding increase in the dielectric constant from 11 to 45.2. This is 

due to the fact that at a higher ceramic volume fraction, the influence of ceramic effects 

becomes more pronounced.  The equations below express these relationships (Gan & 

Majid, 2014): 

�∗ = 2&�∗									(8.15) 
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�5 = �5& 																(8.16) 
 

�7 = �7& 																(8.17) 
 

In the above equations, the angular frequency is denoted by &. At low frequency, there 

will be a fast increase in	 ε″ owing to the input of highly conductive ceramic fillers, such 

as BNT-BKT-BT. Travelling charge carriers are responsible for the interfacial 

polarization associated with the non-homogeneous structure (ceramic fillers and polymer 

matrix). Extensive field distortions are determined by the charges trapped at the 

interfaces. On the other hand, the displacement or orientation of bound charge carriers is 

the source of the atomic and dipolar types of polarization. The theory of Debye-type 

relaxation processes explains this occurrence (Mahdi et al., 2015): 

�∗ = �′b + �′n − �′b1 + 2&� − 2 �&															(8.18) 
In the above, ε′Ä	 represents the static permittivity, �′b represents the instantaneous 

permittivity, & is the angular frequency, � is the relaxation time, and � represents the 

conductivity. The conductivity and volume fraction of components in the composites are 

determinants of 	�′n,	�′b and �. At low frequencies, large dielectric relaxations called 

Maxwell-Wagner relaxations are usually generated due to the interfacial effects arising 

between the ceramic grains and polymer matrix. In addition, at interface boundaries, the 

occurrence of space-charge compensation of dipolar polarization may be observed 

(Mahdi & Majid, 2016). Ceramic grain percolation within composites can ensure ongoing 

electric flux via the ferroelectric grains, which can be beneficial to polarization. The 

increase in the dielectric occurs at high frequencies, whereas the loss is reduced with 

frequency. Given the similarities between the nanofiller dimensions and gyration radius 
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of the polymer chains, the occurrence of the former may trigger changes in the dynamics 

of the polymer chains in the circumscribing area. Consequently, this area will begin to 

display a different behaviour compared to the bulk polymer. P(VDF-TrFE) and its 

composites with BNT-BT and BNT exhibit a comparable behaviour (Lam et al., 2006; 

Mahdi et al., 2015; X. X. Wang, K. H. Lam, et al., 2004). 

The dielectric constant of the 0-3 nanocomposites can be understood in terms of the 

Bruggeman model (Bruggeman, 1935): 

� − �1�� − �1 	�
��� �

� �⁄ 	= 1 − ∅																				(8.19) 
 

where Ø is the ceramic volume fraction of the composite, and ε1, ε2, and ε are the 

permittivities of the copolymer, ceramic, and composites, respectively.  

 

Good agreement with the Bruggeman model is shown by the experimental results for the 

dielectric coefficient of the unpoled composite as shown in Figure 8.5. This is probably 

due to the boundary conditions used in the model, since this model assumes small 

inclusion or filler sizes compared to the dimensions of the film (Dietze et al., 2007). 

Particle size measurements of the ceramic fillers using HRTEM give a mean particle size 

of 53 nm, or approximately 1.14 % of the film thickness of 50 µm, meaning that an 

assumption of relatively small filler size is valid. 
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Figure 8.5: Dielectric constant (ε′) at 1 kHz of P(VDF-TrFE)-BNT-BKT-BT 
nanocomposites at room temperature, as a function of ceramic volume fraction (Ø). The 
results are compared with the analytical Bruggeman model. 

 

To determine the heating Curie temperature (Tch) and cooling Curie temperature (Tcc), it 

is necessary to investigate the dielectric properties over a wide range of temperatures. The 

temperature dependence of the dielectric constant at 1 kHz of composites with 0-40 

volume fraction of ceramic is shown in Figure 8.6. The variation in temperature of the 

heating and then cooling of the composite was in the range of 30 ℃ to 150 ℃. An increase 

in ceramic content produced a corresponding increase in dielectric coefficient, and this 

was consistent across the entire range of temperature. The dielectric coefficient ε′ 

increased with temperature up to a maximum at about 100-105 ℃, which is labelled in 

Figure 8.6 as the heating Curie temperature (Tch), and decreased again at higher 

temperatures; this was true for all the samples. This increase in dielectric constant is likely 

to be due to the higher orientational polarisation produced in the P(VDF-TrFE) at higher 

temperatures due to the greater mobility of the molecules. The maximum in the graph of 

dielectric constant is caused by the phase transition of the polymer matrix from a 

ferroelectric to a paraelectric state (Kubouchi et al., 1989). During cooling, the maximum 
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dielectric constant moves to a lower temperature of about 65-70 ℃. The dielectric 

constants of composites show hysteresis behaviour under heating and cooling cycles, due 

to the thermal hysteresis of the copolymer (Chan et al., 1996; Furukawa, 1989a; X. X. 

Wang, K. H. Lam, et al., 2004). It is known that the ferroelectric phase transition of 

P(VDFTrFE) copolymer is a first order transition, in which thermal hysteresis is usually 

observed. It is also noted that both the heating (Tch) and cooling (Tcc) Curie temperatures 

are independent of frequency.  

 

Figure 8.6: Dielectric constant (ε′) as a function of temperature (heating and cooling 
cycle) for the unpoled P(VDF-TrFE)-BNT-BKT-BT nanocomposites measured at 1 kHz. 
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8.3.3 Piezoelectric property 

The piezoelectric charge coefficient d33 (defined as strain/electric field at constant stress 

or charge density/stress at constant electric field) was measured at 50 Hz using a d33 meter 

(model no. ZJ-3B; supplied by the Institute of Acoustics, Academia Sinica). When both 

the stress and the electric displacement are aligned with the poling direction (i.e. the 

direction of thickness of the film in this case), the coefficient is referred to as the 

longitudinal piezoelectric coefficient d33. It has been shown that the piezoelectric 

coefficients of BNT-BKT-BT ceramic and P(VDF-TrFE) polymer have opposite signs; 

that is, values of d33 for BNT-BKT-BT are positive, while those for P(VDF-TrFE) are 

negative. When subjected to a tensile stress, the separation between the two charge centres 

increases, resulting in a longer dipole moment arm and hence a higher spontaneous 

polarisation (Ps). As this spontaneous polarisation increases, positive charges will be 

generated on the anode (i.e. the electrode subjected to positive voltage during poling) and 

this causes a positive piezoelectric d33 coefficient for the BNT-BKT-BT (Chan et al., 

1999). Conversely,  P(VDF-TrFE) has a semi-crystalline structure; the dipoles exist in 

the rigid crystal lamellas (Broadhurst & Davis, 1984) and can be aligned along the 

direction of thickness by the application of an external poling field. If, after poling, a 

tensile stress is applied to the polymer, the amorphous region will deform, giving an 

increase in thickness (Broadhurst et al., 1978). This means that the rigid crystal lamellas 

are dispersed across a larger volume, causing a decrease in Ps, since Ps is proportional to 

the dipole moment per unit volume, and this produces a decrease in the positive charges 

on the anode. The P(VDF-rFE) copolymer therefore has a negative piezoelectric d33 

coefficient, due to this dimensional effect (Broadhurst et al., 1978; Chan et al., 1999).  

Regardless of level of filler loading, the attributes of composites are influenced more 

significantly by the interface between the filler particles and matrix in a polymer 

nanocomposite because it spans a more extensive area in the bulk material than standard 
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micro-composite. The matrix, the reinforcement and what is known as the interfacial 

region (e.g. three-phased one illustrated in Figure 8.7) are the three key material 

components of real nanocomposites. The matrix-filler interaction is supported by this 

interfacial region, which is near the surface of the filler and therefore has qualities 

dissimilar to the bulk matrix (Krishnamoorti & Vaia, 2007; Upová et al., 2011). The 

matrix contains the interphase which, in turn, contains the nanoparticles. The use of 

nanoparticles is justified by the fact that more interactions between particles and matrix 

are made possible by the large ratio of surface to volume, leading to greater effects on the 

material attributes on the whole. The desirability of composite attributes is usually 

enhanced by a system with good dispersion. However, by including voids serving as 

preferential sites for crack creation and failure, particle agglomerates cause material 

performance to diminish. The prevalent intermolecular van der Waals interactions 

between particles, particularly those of less than 100 mm, are the reason for their 

inclination towards agglomeration or clustering. Positive enthalpy of mixing has been 

proposed by Mackay and colleagues (Mackay et al., 2006) to be the cause of the 

nanoparticles disseminating in a polymer; unlike aggregation, dissemination expands the 

area that can be accessed on the nanoparticles, thus intensifying molecular contacts 

among the polymer and the disseminated nanoparticles which determine this positive 

enthalpy of mixing. 
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Figure 8.7: The interfacial, nanoparticle and polymer matrix areas of a polymer 
composite system. 

 

To impart piezoelectricity to a P(VDF-TrFE)-BNT-BKT-BT composite, a large electric 

field is applied to the sample to orient the dipoles in each phase. However, since BNT-

BKT-BT has a much larger permittivity than P(VDF-TrFE), the electric field is much 

lower in the ceramic phase than the polymer. Eq. (8.8) gives an approximate expression 

for the local electric field E2 produced in the ceramic phase.  This local electric field 

experienced by the ceramic particle is inversely dependent on volume fraction, and since 

�1 ≫ ��, it is evident that the local field experienced by the ceramic phase is much lower 

than that within the polymer. At low volume fraction (Ø = 0.10 to 0.20), E2 ranges from 

2.1 to 2.7 MV/m. This is lower than the coercive electric field Ec of the BNT-BKT-BT 

ceramic, which is approximately 3.5 MV/m, and the ceramic particles will therefore not 

be poled at saturation. However, according to Furukawa et al. (Furukawa; et al., 1976), if 

an electric field of 40 MV/m  is applied to a dielectric over a period of time that is long 

compared to the sample relaxation time at 100 ℃, the local electric field experienced at 
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the ceramic particles should grow to high enough values for particles to be poled to 

saturation. The DC conduction of ionic impurities forms space-charge layers at the 

interface between the matrix and the fillers within a composite (Takeo & Eiichi, 1977). 

Furukawa et al. (Furukawa et al., 1979) have explained the linear increase of the dielectric 

loss of composite �′′ with decreasing frequency in terms of the conductivity due to ionic 

impurities, which is relatively high between temperatures of 80 and 130 ℃ in composites 

of polyvinylacetate (PVA) and PZT. The initial increase of ε observed at 80 ℃ is assumed 

to be due to the accumulation of ionic impurities at the interface between the PVA and 

PZT. The second increase of ε at higher temperatures is assumed to be due to the 

polarisation of the electrodes.  The Maxwell-Wagner model can be used to show how 

conductivity affects poling within the 0-3 composites (Von Hippel, 1954). This model 

gives a relationship between the electric field strength and the conductivities of the two 

phases. After a DC field is applied to the sample for a period of time which is long 

compared to the sample relaxation time, the field distribution in a two-layer capacitor is 

given by	#� #1 = �1 ��⁄⁄ . The field acting on the ceramic is controlled by the ratio �1 ��⁄  

of the electrical conductivity of the ceramic and of the polymer. One method for poling 

0-3 composites is to create a continuous electric flux path between the filler particles. 

Small impurities, such as particles of carbon or silicon, are likely to have been introduced 

into both the ceramic and polymer phases during the processing of raw materials, and 

these can be treated as forming a conductive third phase at low volume fraction within 

the composite, which has the effect of increasing the conductivity of the polymer matrix. 

The local electric field in the ceramic phase also increases, and the poling efficiency is 

therefore enhanced for a composite with low Ø ( Furukawa, 1989b). This in turn increases 

the field within the high-permittivity ferroelectric filler and creates a continuous electric 

flux path between the BNT-BKT-BT particles, and as a result the full poling of the 

composite becomes easier (Sa-Gong et al., 1986). Figure 8.8 shows the observed 
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piezoelectric coefficient d33 with increasing volume fraction. The results for Group 1 (the 

samples with poling only of the ceramic) show d33 increasing slowly with a Ø increase of 

0 to 0.25, before a marked rise at Ø ˃ 0.3, indicating that the piezoelectric activity of the 

ceramic phase is more significant at a high ceramic volume fraction. The positive sign of 

these d33 values shows that the piezoelectric activity is due only to the ceramic, with no 

contribution from the copolymer. The results for Group 2 (the samples with poling in the 

same direction in both phases) show different characteristics. Since the piezoelectric 

coefficients of the ceramic and copolymer phases have opposite signs, the piezoelectric 

activities of the two phases partially cancel each other when they are polarised in the same 

direction. At low Ø, the piezoelectric activity of the copolymer phase outweighs that of 

the ceramic phase, and the overall piezoelectric coefficients of the composite film are 

therefore negative in sign, the same as for P(VDF-TrFE). As Ø increases, the piezoelectric 

activity of the copolymer phase is increasingly opposed by the piezoelectric activity of 

the ceramic phase, leading to a decrease in magnitude of the piezoelectric coefficient. At 

high Ø, the piezoelectric activity of the BNT-BKT-BT phase becomes dominant, causing 

a reduction of the magnitude of the piezoelectric coefficient to  ̶ 4 pC/N, as shown in 

Figure 8.8. The results for Group 3 (the samples with both phases poled in opposite 

directions) initially show positive and increasing d33 values. Since BNT-BKT-BT and 

P(VDF-TrFE) have opposite signs of piezoelectric coefficients, poling each phase in 

opposite directions will cause the piezoelectric activity to be reinforced. By comparison 

to the piezoelectric coefficient of pure P(VDF-TrFE), there was a 30 % rise in the 

piezoelectric coefficient of Group 3 (i.e. samples with both phased poled in opposite 

directions). Furthermore, the dielectric loss was enhanced and the film became more 

conductive when more BNT-BKT-BT was added to the composite. Interfacial 

polarization increases sample polarizability at the interface and therefore is the reason for 

the increase in ε′, ε″ and σ′ in direct proportion to the increase in the BNT-BKT-BT 
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volume fraction.  The nanoparticles and the polymer differ significantly in terms of 

permittivity and conductivity, which is why the interface between them is the site of 

interfacial polarization (Figure 8.7). The size of this interface is directly proportion to the 

expansion of BNT-BKT-BT content, due to the fact that the particle size of BNT-BKT-

BT is, on average, 53 nm, giving a high ratio of surface area to volume. Therefore, the 

above findings point to the formation of close binding among the aggregated charges on 

the polymer matrix phase interface and piezoelectric phase polarization. 

 

Figure 8.8: Piezoelectric d33 coefficient of the composites as a function of volume 
fraction of ceramic Ø. 

 

The schematic representation provided in Figure 8.9 elucidates this interrelationship.  

The unfolding of the polarization process is explained by the accumulated charges model 

(Kerimov et al., 2011). Piezoelectric nanoparticle total polarization is null when E = 0 

(Figure 8.9 (a)). Initial electrothermo polarization involves simultaneous introduction of 

electrode charges into the composite and piezoelectric nanoparticle polarization that is 

not significant. In keeping with the dielectric constants and phase conductivities for a 
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given E and poling temperature T, a fraction of per particle external field is compensated 

by the insignificant polarization. This is followed by the movement of the introduced 

charges in the direction of the piezoelectric nanoparticles and their situation on the traps 

proximal to the phase interface. As a result, the local field on piezoelectric nanoparticles 

is amplified and polarization is enhanced (Figure 8.9 (b)). The charges are additionally 

injected and move in the direction of the piezoelectric nanoparticles when quasi-neutral 

complexes injected charges-oriented domain is formed (Figure 8.9 (c)). This sheds light 

on composite polarization effectivity. The process theoretically continues until the 

accomplishment of complete particle polarization. In reality, however, the process may 

be hindered by various factors, including insufficient deep traps on the interface or 

filtering of piezoelectric nanoparticles according to aggregated charges. In the end, the 

piezoelectric ceramic structure determines how efficient the piezocomposite polarization 

is. 

Due to a low ε′ value at a polymer phase, the dielectric constant in nanocomposites is not 

as high as in piezoelectric ceramics. As a result, the importance of polarization is 

enhanced, especially in rhombohedral-tetragonal ceramics. In these types of ceramics, 

more charges migrate towards the interphase boundaries due to the higher domain wall 

mobility. A substantial increase in d33 magnitude also occurs.  The structure of the 

polymer on the phase interface, which is the outcome of the interplay among polymer 

chains and piezoelectric particle surface, determines to a considerable extent the 

stabilisation and relaxation of charges. Furthermore, relaxation of boundary charges is 

related to the decrease in the piezoelectric coefficient and is itself dependent on polymer 

chain mobility. This indicates that the strength of the interaction between polymer chains 

and the piezoelectric particle surface of rhombohedral-tetragonal structures. 

Group 3 has a greater number of nanocomposite piezoelectric coefficients for particular 

compositions.  
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By comparison to a base ceramic, optimal piezoelectric phase polarization in a composite 

is made possible by this maximum point when consideration is given to the interaction 

among polymer phase charges and particle polarization. The importance of interface 

interaction is emphasised by the fact that a maximum emerges on diagrams of composite 

attributes. A system of oriented domain-localised boundary charge has been developed 

based on the interface interaction illustrated in the figure and this system sheds light on 

nanocomposite piezoelectric and electret effects. 

 

Figure 8.9: Schematic representation of aggregated charges on the polymer phase 
interface: (a) three divided areas in a polymer composite; (b) increase in the local electric 
field of a piezoelectric nanoparticle leads to enhanced polarization; (c) piezoelectric 
nanoparticle polarization benefits when the charges are further injected and migrate in the 
direction of the piezoelectric nanoparticles. 

 

An increase in the BNT-BKT-BT volume fraction from 0 to 40 % causes the conductivity 

to rise from 9.88×10-9 S/m to 1.18×10-7 S/m. Hence, when the BNT-BKT-BT fillers 

exceed 40 %, there is an increase in leakage current. Due to the fact that the extra space 

charges neutralise some polarization dipoles, polarization is significantly diminished 

when addition of high conductivity filler is used to improve ferroelectricity (Wee Chen 

Gan & Abd. Majid, 2015).  
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The BNT-BKT-BT content is restricted to 40 % because effective DC poling is hindered 

by the significant leakage current and particles, particularly those of less than 100 nm in 

size, are inclined towards agglomeration or clustering owing to the prevalent 

intermolecular van der Waals interactions amongst them. 

As previously indicated, a two-phase system comprises parallel and series models. The 

series model conductivity determines the improved piezoelectric and pyroelectric 

attributes in the P(VDF-TrFE). Within the dispersion 0-3 nanocomposite system, a 

structure comparable to a parallel model takes shape as a result of aggregation along the 

thickness direction caused by a rise in the ceramic phase volume fraction. By contrast, in 

the parallel model, the internal fields and electric displacements are addictive, and the 

following relationships are true: # = #� = #1		and � = (1 − ∅)	�� + ∅�1. 

 

This is the reason why the DC conduction in the parallel model conceals the polymer 

phase piezoelectricity and pyroelectricity when there is a rise in the BNT-BKT-BT fillers 

up to 40 %. No connection exists between the piezoelectric and pyroelectric properties of 

the polymer phase and BNT-BKT-BT. The dielectric displacements (D) increase 

constantly over time due to the current flow between the two sides of the inclusion BNT-

BKT-BT. Therefore, the DC conduction in the ceramic phase conceals the poling process 

in the polymer phase. 

The decrease in the piezoelectric coefficient at high Ø indicates that the ceramic phase 

underwent depolarisation to some extent during the poling process of the copolymer 

phase. This may arise from the redistribution of the space charges at the interface of the 

ceramic and copolymer phases, which are activated by the antiparallel polarised 

copolymer phase. 
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8.3.4 Pyroelectric properties 

The observed pyroelectric coefficient of the composites is shown in Figure 8.10. This 

demonstrates that the pyroelectric performance of the composites can be enhanced by 

poling both phases in the same direction; conversely, if the ceramic phase and copolymer 

phase are poled in opposite directions, the pyroelectric performance of the composites is 

reduced. The pyroelectric coefficient of the majority of pyroelectric ceramics is negative, 

since an increase in temperature tends to reduce the spontaneous polarisation; the rise in 

thermal energy imparted by this rise in temperature causes a loss of ordering within the 

dipoles and therefore a decrease in the amount of positive charge at the anode. 

Pyroelectric polymers also have negative pyroelectric coefficients, since the disordering 

of crystalline dipoles also increases with increasing temperature, and this causes a 

decrease in spontaneous polarisation (Chan et al., 1999; Furukawa et al., 1984). Hence, 

when the ceramic and the copolymer phases in the P(VDF-TrFE)-BNT-BKT-BT 

composites are poled in the same direction (Group 2), their pyroelectric activities are 

reinforced. A maximum in the observed pyroelectric coefficient p is shown at a BNT-

BKT-BT ceramic volume fraction of Ø = 0.20; this maximum value is approximately p = 

95 µC/m2K. At volume fractions higher than this (Ø ˃ 0.2), the pyroelectric coefficient is 

gradually reduced. In Group 3 (the samples with ceramic and the copolymer poled in 

opposite directions), the pyroelectric activities of the two phases are partially cancelled. 

However, it is clear that the pyroelectric coefficient of the composites is not completely 

cancelled out in the samples with opposite poling, since the group with only the ceramic 

phase poled (Group 1) have pyroelectric coefficients in between those of the Group 2 and 

Group 3 samples, as can be seen in Figure 8.10. The formation of space charge layers at 

the interface between fillers and polymer matrix in the composite is considered to be due 

to the presence of BNT-BKT-BT ferroelectric nanoparticles. What this attribute indicates 

is that, owing to a rise in potential spontaneous polarizations and the concurrence of 
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rhombohedral phases with tetragonal phases, the pyroelectric coefficient of compositions 

adjacent to the morphotropic phase boundary (MPB) area of BNT-BKT-BT nanoparticles 

is notably high (p = 366 µC/m2 K) (Mahdi et al., 2016). Given the nanocomposite 

interface interaction, it is possible to understand this area as being characterised by 

modified polymer chain dynamics close to the nanoparticle surface. Surrounding 

molecules are more attracted to surface atoms because their energy state is higher 

compared to that of atoms in a material interior. Existence or absence of nanoparticle 

attraction respectively causes polymer molecules close to the nanoparticle interactive 

surface to become less or more mobile. In the latter case, this is due to greater free volume 

areas. The attributes of the polymer on the whole can be changed with limited weight or 

volume percent additions, as a result of the significantly high ratio of surface area to 

volume exhibited by nanoparticles (1000-fold higher compared to particles of micrometre 

size) (Ding et al., 2003; Hamming et al., 2009; Liu & Brinson, 2005, 2008).   

The composite dielectric constant experiences an increase due to the increase of bound 

charges on the electrodes in the phase with the applied electric field E, which is due to 

the space charge layers at the interface. This is known as the Maxwell-Wagner effect 

(Takeo & Eiichi, 1977). Hence, there is an acceleration in the rate of movement of the 

space charges in the P(VDF-TrFE)-BNT-BKT-BT nanocomposite towards the filler 

particle/matrix interfaces and their accumulation there. Furthermore, greater poling field 

efficiency is achieved faster thanks to the higher local fields in the filler phase. The 

marked increase in the pyroelectric coefficient of nanocomposite films is attributed to 

ceramic nanoparticle conductivity as well. They comprise the production of more system 

conductivity, the P(VDF-TrFE) phase structure, and the favouring of a non-homogeneous 

domain at the lowered activation field when fillers are present. The dipoles in the 

switching domain are compensated by additional free charges provided by the BNT-

BKT-BT filler. In this study, the polymer matrix has a smaller electrical conductivity (σ1~ 
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10-9 Sm-1) compared to the inclusion (σ2~ 10-7 Sm-1). Consequently, the total pyroelectric 

coefficient could be further enhanced when a substantial quantity of electrical 

conductivity is introduced in the composite system, as supported by the higher 

pyroelectric coefficient attained in the P(VDF-TrFE)-BNT-BKT-BT nanocomposite 

system. 

 

Figure 8.10: The pyroelectric coefficient p of  P(VDF-TrFE)-BNT-BKT-BT as a 
function of the volume fraction of the BNT-BKT-BT ceramic. 

 

Dispersion of Ø = 0.20 of BNT-BKT-BT into the phase dominant P(VDF-TrFE) thin 

films causes the pyroelectric coefficient to rise significantly. An increase of over 300 %, 

to 95 µC/m2 K has been achieved for the pyroelectric coefficient of the Group 2 samples 

(i.e. samples with both phases poled in the same direction). Meanwhile, the value of the 

pyroelectric coefficient decreases to 53 µC/m2 K when the BNT-BKT-BT volume 

fraction is enhanced to 0.30. Section 8.3.6 provides a comprehensive examination of how 

the piezoelectric and pyroelectric properties of nanocomposites films are affected by 

BNT-BKT-BT nanoparticle dispersion. Ploss et al. (Ploss et al., 2000b) prepared a 

composite of copolymer and PZT, using a copolymer with a pyroelectric coefficient of 
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20 µC/m2K and a mean ceramic particle size of 100 nm. They measured a pyroelectric 

coefficient of about 40 µC/m2K at Ø = 0.27 for both phases poled in the same direction 

and reported that the pyroelectric coefficient for 0-3 composite was strongly dependent 

on ceramic volume fraction and poling conditions. Similar results for the pyroelectric 

coefficient were obtained by Chan et al. (Chan et al., 1999) for a ceramic volume fraction 

Ø = 0.50. Lam et al. (Lam et al., 2005) obtained a pyroelectric coefficient of about 47 

µC/m2K and pyroelectric figure of merit (p/ε′) Fp =2.29 µC/m2K, using dispersed 0.94 

(Bi0.5Na0.5)0.06BaTiO3 within P(VDF-TrFE) at a volume fraction Ø = 0.30. The higher 

values of the pyroelectric coefficient obtained in this work may be explained in terms of 

the better properties of the copolymer used, the poling procedure described above, the 

size of the ceramic particles used and the occurrence of interfacial polarisation; the last is 

created by a large surface-to-volume ratio of grains, which causes improved ferroelectric 

properties and hence a higher pyroelectric coefficient. 

 

8.3.5 Figure of merit  

For use in thermal or infrared sensor applications, it is essential to choose a material with 

high pyroelectric constant, low dielectric constant and loss, and low specific heat capacity 

and thermal conductivity. The figure of merit is a method of quantifying the pyroelectric 

performance of a device. It is a numerical value for measuring efficiency and performance 

through the use of a transducer and sensor. At least two material properties underpin the 

figure of merit of a specific application. This instance of combination property is the 

outcome of the average of multiple properties. Both the pyroelectric coefficient and the 

dielectric loss ε″ contribute to the pyroelectric figure of merit associated with high 

detectivity «d	 = (|�| √�″)⁄ . Moreover, the pyroelectric FOM can be higher or smaller 

compared to any of its component phases, owing to the distinct mixing specifications of 

the two parameters. The highest complexity is associated with product properties which 
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arise from the integration of two properties incompatible in the constituent phases, 

resulting in a wholly new property. 

 Figure 8.11 shows observed values of the figure of merit for high detectivity  «d	 =
(|�| √�″)⁄  of 0-3 composites for all three groups of samples. If these composites are to 

be considered for sensor applications, low dielectric constant and high pyroelectric 

coefficient will be required. The figure of merit FD is a maximum for the sample with 

both phases poled in same direction, at a relatively low volume fraction Ø = 0.20, with 

the figure of merit increasing from 62 to 137.9 µC/m2K when the volume fraction 

increases from 0 to 0.20, respectively. This is due to the reinforcement of pyroelectric 

effects when both ceramic and polymer phases are poled in the same direction, as 

described above.  

 
 

Figure 8.11: Figure of merit FD for 0-3 P(VDF-TrFE)- BNT-BKT-BT composites as a 
function of volume fraction of ceramic at different poling conditions.  
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8.3.6 Nanofiller dispersion to polymer nanocomposite piezoelectric and 

pyroelectric attributes 

In general, the dispersion of filler in a two-phase system requires a combination of parallel 

and series models. The enhanced pyroelectric and ferroelectric properties in the P(VDF-

TrFE) are assisted and controlled by the conductivity in the series model. Figure 8.12 

illustrates a two-phase dispersion system which consists of a polymer matrix (phase 1: 

P(VDF-TrFE)) and spherical inclusions (phase 2: BNT-BKT-BT). The equivalent 

electrical circuit for the sample containing solely 0-3 composites consists of three 

capacitors: a series arrangement of capacitors representing the ceramic inclusions and 

matrix material, and a parallel capacitor representing the matrix material which is 

interconnected between the electrodes; this circuit is shown in Figure 8.12 (a). The 

equivalent electrical circuit for the sample containing areas of 1-3 composites contains 

one further capacitor, which represents the ceramic material with 1 connectivity (Pardo 

et al., 1988; Ploss et al., 2001). This arrangement is shown in Figure 8.12 (b). The figure 

demonstrates how an increase in ceramic volume fraction causes the increased formation 

of areas of 1-3 connectivity. 

It is notable that the piezoelectric and pyroelectric properties of the Group 1 and Group 2 

samples decrease at higher volume fraction (Ø  ˃ 0.30), despite the high quantity of 

ceramic in these composites. A possible reason for this behaviour may be the decrease in 

the amount of copolymer with the increase in ceramic volume fraction, which causes a 

certain amount of connectivity between the fillers, similar to that shown in type 1-3 

composites (Dias & Das-Gupta, 1996). Pardo et al. (Pardo et al., 1988) reported on the 

hysteresis properties of mixed connectivity composites formed by the dispersion of 

ceramic particles into a polymer matrix; in this study, 0-3 composites having grain sizes 

comparable to their thicknesses possessed a certain amount of 1-3 connectivity. This 

research showed that areas of the composite with 1-3 ceramic connectivity experience 
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lower shielding effects from the surrounding polymer, and therefore become polarised to 

an extent close to that expected from ceramic alone under the same applied field; 

however, areas of the composite with 0-3 ceramic connectivity experience greater 

shielding effects and are thus polarised to a lesser extent. The amount of 1-3 connectivity 

shown in a sample will greatly depend both on the size of ceramic particles in comparison 

to the thickness of the composite and also on the ceramic volume fraction.  

 

Figure 8.12: Schematic 0-3 and 1-3 composite of P(VDF-TrFE)- BNT-BKT-BT with 
equivalent electric circuits.  

 

A comparison between the piezoelectric and pyroelectric properties of the optimum 

P(VDF-TrFE)-BNT-BKT-BT samples from this study and the other well-known lead 

content ceramics (e.g. PZT and PT), is illustrated in Table 8.1. By comparison to the lead 

content composites, the piezoelectric and pyroelectric coefficients at low volume fraction 

are considerably enhanced. An inverse proportionality exists between composite 

flexibility and filler loading, which is why attaining high electrical attributes at low 
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volume fraction is so significant. Furthermore, since it does not contain lead, the P(VDF-

TrFE)-BNT-BKT-BT nanocomposite is environmentally friendly and could thus be 

employed in piezoelectric, pyroelectric and energy harvesting applications.    

 

Table 8.1: Piezoelectric and pyroelectric properties of the optimum P(VDF-TrFE)-BNT-
BKT-BT samples and other PZT and PT lead content ceramics. 

Materials d33 (pC/N) 

poled 
opposite 

directions 

p (µC/ 
m2K) 

poled same 
directions 

Volume 
fraction (Ø) 

Ref. 

P(VDF-TrFE)-BNT-BKT-

BT 

40 95 p (Ø=0.20), 

d33, 

(Ø=0.30) 

This work 

P(VDF-TrFE)-PMN-PT 31 46 0.40 (Lam & 

Chan, 

2005) 

P(VDF-TrFE)-PZT502 27 27 0.40 (Lam & 

Chan, 

2005) 

P(VDF-TrFE)-PT 20 39 0.27 (Ploss et 

al., 2000b) 

P(VDF-TrFE)-PZT 42 49.9 0.60 (Kar Lai et 

al., 2000) 

P(VDF-TrFE)-PZT 22.2 – 0.45 (Zeng et 

al., 2002) 

 

 

 Figure 8.13 shows the leakage current density J with applied electric field E. The samples 

were subjected to an electric field varying between ±30 MV/m at room temperature. The 
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results show an increase in current density with increasing electric field for all of the 

sample compositions. This leakage current was observed under both forward and reverse 

bias conditions, and this is assumed to be due to bulk-limited conduction within the BNT-

BKT-BT ceramic. The leakage current in BNT-BKT-BT is usually attributed to space 

charges, such as oxygen vacancies, which are induced mainly by Bi volatilisation. Here, 

however, it is also likely to be caused by the particle aggregation seen at higher ceramic 

volume fraction; this aggregation causes an increased level of interaction between the 

ceramic nanoparticles, which in turn gives rise to percolative pathways throughout the 

composite, as shown in FESEM images (Calame, 2006; Ehrhardt et al., 2014). From an 

experimental viewpoint that is what occurs when a tendency towards agglomeration or 

clustering is exhibited by ceramic nanoparticles with a high volume fraction, owing to the 

prevalent intermolecular van der Waals interactions among them. This leads to the 

emergence of links between a considerable ceramic volume fraction and both electrodes 

due to the formation of a large ceramic grain size in the nanocomposite, thus affording 

the composite a notable level of parallel connectivity. This is reflected in the equivalent 

circuit through the fact that the embedded ceramic parallelepiped almost touches both 

electrodes, as shown in Figure 8.12 (b). 

An increase in leakage current of two orders of magnitude was observed with increasing 

volume fraction; an increase in ceramic volume fraction of Ø = 0.20 to Ø = 0.40 produced 

an increase in leakage current from 10-7 A/cm-2 to around 10-5 A/cm-2. The samples with 

high volume fraction were likely to break down under strong electric fields, since these 

could not be poled completely due to the much lower coercive field of the ceramic phase 

compared to that of the polymer. In order to avoid this sample breakdown, the electric 

field E applied to samples with high Ø was reduced to around half (27 MV/m) of that 

applied to samples with low volume fraction (70 MV/m). Under these conditions, the area 

of 0-3 connectivity within the composite will be partially poled, although any further 
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increase in E would lead to breakdown within the areas of 1-3 connectivity, due to the 

high local electric field experienced within the ceramic phase in these areas. This is the 

primary reason for the decrease in piezoelectric and pyroelectric properties of the 

composite seen at higher volume fractions. 

 

Figure 8.13: Leakage current curves for the P(VDF-TrFE) and P(VDF-TrFE)-BNT-
BKT-BT composites. 

 

8.4 Conclusion 

Samples of P(VDF-TrFE)-0.88(Na0.5Bi0.5)TiO3-0.084(K0.5Bi0.5)TiO3-0.0.36BaTiO3 0-3 

composite, with ceramic volume fraction Ø ranging from 0 to 0.40, were prepared in order 

to study their piezoelectric and pyroelectric properties. Ceramic particles were evenly 

dispersed throughout the P(VDF-TrFE) 75/25 matrix. Within the sample with the poling 

of both phases in the same direction, the pyroelectric effects produced by each phase 

tended to reinforce each other. Conversely, the piezoelectric effects in this sample tended 

to cancel out, since the piezoelectric coefficients of each phase had opposite signs. The 

maximum pyroelectric coefficient p and figure of merit FD were observed at a volume 

fraction Ø = 0.20, with p = 95 µC/m2K and FD = 137.99 µC/m2K. A further increase in Ø 
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caused a decrease in pyroelectric properties. Pyroelectric activity cannot be achieved 

without piezoelectric activity in monolithic ferroelectric materials; this can be achieved 

only in composites. In the sample with the two phases poled in opposite directions, a 

material was produced which showed reduced pyroelectric properties but increased 

piezoelectric sensitivity. A piezoelectric charge coefficient d33 = 40 pC/N was obtained 

at a volume fraction Ø = 0.30. Another observation that can be derived from the results 

is that an increase can be induced in the local electric field in the inclusion phase due to 

the movement of the space charge in the P(VDF-TrFE)- BNT-BKT-BT nanocomposite 

film towards the particle-matrix and their aggregation there. It can be deduced from this 

that accumulation of additional charges at the interfaces is possible. This facilitates the 

alignment of the dipoles in the matrix circumscribing the fillers. The polarization domain 

can be compensated and stabilised by the extra free charges made available by the present 

BNT-BKT-BT and these charges improve the heterogeneous domain. 

Composites with the ceramic and copolymer phases poled in the same direction are 

suitable for use as sensing elements in pyroelectric sensors, since they have enhanced 

pyroelectric activity but reduced piezoelectric activity; the vibration-induced electrical 

noise is therefore minimised and there is no need for compensation for this effect. 

Composites with the ceramic and copolymer phases poled in opposite directions can be 

used in ultrasonic transducer applications, since they have reinforced piezoelectric 

properties but lower sensitivity to temperature fluctuations. 
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9 CHAPTER 9: CONCLUSIONS AND SUGGESTIONS FOR 

FUTURE WORK 

 

9.1 Conclusions  

The aim of this work was to develop new lead-free ferroelectrics polymer-ceramic 

composite, while maintaining the original flexibility of the polymer that may eventually 

replace the PZT lead content composite, the ferroelectric material used most commonly 

today.  A number of concepts were developed with the purpose of broadening the 

selection of currently known lead-free ferroelectrics. The work demonstrates the ability 

to enhance the multifunctional properties of P(VDF-TrFE) copolymer by understanding 

the structure-property relationships and modifying or selecting the optimum structure for 

the property. 

The study is divided into three parts. The first part focused on the structure and electrical 

properties of the polymer host. The structure and degree of crystallinity as well as 

functional behaviours (e.g. pyroelectric, ferroelectric and dielectric properties) were 

analysed and examined in detail. In the second part, attempts were made to optimize the 

electrical properties of nanofiller so that high functional properties could be achieved by 

incorporating both phases to form a 0-3 composite. The third part focused on the effect 

of ferroelectric nanofiller in a functional polymer matrix and its poling mechanism in the 

0-3 polymer matrix composites containing ferroelectric nanofiller. 

In the present work, the structures, pyroelectric, ferroelectric and dielectric properties of 

P(VDF-TrFE) were investigated. The spin-coating technique was employed to prepare 

the β-phase P(VDF-TrFE) thin films. Thermal annealing was found to be the key 

parameter that can be used to improve the degree of crystallinity of P(VDF-TrFE). The 

P(VDF-TrFE) thin films were annealed at different temperatures (80-140 ℃) below and 

above the Curie temperature Tc and below the melting point, Tm, of the material. At that 

temperature, the material is in between the ferroelectric and the paraelectric phase. The 
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appropriate thermal energy allows the polymer chains to rearrange their orientation and 

position, such that a higher degree of crystalline structure can be formed after cooling. It 

was shown that thermal annealing at 100 ℃ is essential to produce highly crystalline β-

phase and smooth surface roughness. The thin films exhibited very sharp and high 

intensity XRD peaks with a dominant β phase. The P(VDF-TrFE) thin film annealed at 

100 ℃  displayed a square-like hysteresis loop with high Pr = 8.7 µC/cm2 , p = 24 µC/m2K  

and Ec = 80 MV/m. The degree of crystalline structure decreased above the annealing 

temperature of 100 ℃, as indicated by X-ray.  

In the second part of this work, a BNT-based ternary system combining bismuth sodium 

titanate (Bi0.5N0.5) TiO3 (BNT), bismuth potassium titanate (Bi0.5K0.5) TiO3 (BKT) and 

barium titanate BaTiO3 (BT), was investigated. The composition 0.88BNT-0.084BKT-

0.036BT was found to have good piezoelectric, ferroelectric, pyroelectric and dielectric 

properties. The best piezoelectric, pyroelectric and dielectric properties of multi-

compounds systems have been revealed in the composition near the morphotropic phase 

boundary (MPB). Enhanced dielectric, ferroelectric and piezoelectric properties were 

expected at the MPB due to the availability of further possible polarisation variants. The 

increase in number of spontaneous polarization directions for the compositions near the 

MPB was due to the coexistence of rhombohedral and tetragonal phases. The pyroelectric, 

dielectric, piezoelectric and ferroelectric properties were investigated and the effect of 

sintering temperature in the range 1120-1200 ℃ on microstructure and electrical 

properties was evaluated. The results were compared with those of pure BNT, and 

indicated that a higher sintering temperature benefitted both densification and electrical 

properties. However, when the sintering temperature was increased to 1200 ℃, the 

electrical properties deteriorated due to the decrease in the density and the formation of a 

second phase.  High temperature sintering caused preferred volatilization of Bi, Na and 

K as well as the oxygen vacancies. As a result, the domains experienced a clamping effect 
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with motion restrictions, which diminished the piezoelectric properties. The BNT-BKT-

BT sample sintered at 1180 ℃ showed the highest pyroelectric coefficient p of 366 µC/m2 

K, a piezoelectric coefficient of d33=183 pC/N, a remanent polarisation of Pr = 38.43 

µC/cm2, a dielectric constant at ε′ = 933, and a tan δ loss of 0.0235. At room temperature, 

the FOMs for the current Fi, voltage FV, and detectivity/responsivity FD were 214.63 

pm/V, 0.0260 m2/C, and 15.408 µPa1/2, respectively.  A considerable improvement in 

electrical properties was achieved compared to pure BNT at low coercive electric field. 

These values were comparable to those of PZT and PT ceramics. 

In the third part, it was found that inclusion of BNT lead-free nanofiller into P(VDF-

TrFE) determined a remarkable increase in pyroelectric, ferroelectric and dielectric 

activities. The dimensions of the nanofiller were comparable to the radius of gyration of 

the polymer chains, thus their presence was expected to alter the dynamics of polymer 

chains in the region directly surrounding them, resulting in a difference of behaviour of 

this region from that of the bulk polymer. This highly efficient load transfer capability of 

the interphase allows significant increase in the reinforcing efficiency of the 

nanoparticles, pushing the property envelop of polymer nanocomposites. The P(VDF-

TrFE)-BNT nanocomposite with Ø = 0.20 reached a maximum Pr of 11.5 µC/cm2, where 

Pr of the nanocomposite thin films was improved by 30 % in comparison to that of the 

pure copolymer. It was also found that the pyroelectric coefficient p of the nanocomposite 

thin film with a volume fraction of Ø = 0.20 improved significantly from 24 to 50 

µC/m2K. Further increases in volume fraction, however, eventually led to agglomeration 

of the particles and caused  the leakage current to increase, as could  be observed in the 

composites containing more than Ø = 0.30. As a result, the overall polarisation of the 

nanocomposite deteriorated.  

Low piezoelectric properties and high coercive electric field are obtained from pure BNT 

nanofiller due to its high conductivity. Here, an alternative candidate, BNT-BKT-BT 
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lead- free ceramic was proposed for inclusion into a polymer matrix to form a two-phase 

composite system. A significant improvement in pyroelectric, ferroelectric and dielectric 

properties in P(VDF-TrFE) composite was demonstrated when Ø = 0.20 of BNT-BKT-

BT was dispersed in the composite. The interface between the filler particles and the 

matrix in a polymer nanocomposite constitutes a much greater area within the bulk 

material compared to conventional micro-composite and hence influences the composite 

properties to a much greater extent, even at a low filler loading. Since nanoparticles have 

extremely high surface area to volume ratios (1000 times greater than micrometre-sized 

particles), only a few weight or volume percent additions are needed to transform the 

properties of the entire polymer. A significant improvement in pyroelectric, ferroelectric 

and dielectric properties in P(VDF-TrFE) composite was observed when Ø = 0.20 of 

BNT-BKT-BT was dispersed in the composite. The P(VDF-TrFE)-BNT-BKT-BT 

nanocomposite film with Ø = 0.20 exhibited an exceptionally high remanent polarization 

of 13 µC/cm2 and pyroelectric coefficient of 90 µC/m2K. However, further increase in 

the volume fraction of ceramic reduced distance between the nanoparticles, thereby 

causing mix mod conductivity.  

In the final section of this part, attention was focused on the effect of the poling condition 

on the piezoelectric and pyroelectric properties of the P(VDF-TrFE)-BNT-BKT-BT 

nanocomposite. The pyroelectric coefficients of both components had the same sign, but 

the piezoelectric coefficients had opposite signs. In such a composite, it is not possible to 

enhance both piezoelectric and pyroelectric properties at the same time. If the matrix and 

filler of a composite are polarized in the same direction, then the pyroelectric responses 

of both components are reinforced while the piezoelectric responses are partially 

cancelled. The maximum pyroelectric coefficient p was observed at a volume fraction of 

Ø = 0.20, with p = 95 µC/m2K, which is more than 300 % compared to that of the polymer 

host. A further increase in Ø caused a decrease in pyroelectric properties. On the other 
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hand, by poling the two phases in opposite directions, a material with a reduced 

pyroelectric but an increased piezoelectric sensitivity was produced. A piezoelectric 

charge coefficient of d33 = 40 pC/N was obtained at a volume fraction of Ø = 0.30. 

Another observation that could be derived from the results was that an increase could be 

induced in the local electric field in the inclusion phase due to the movement of the space 

charge in the P(VDF-TrFE)- BNT-BKT-BT nanocomposite film towards the particle-

matrix and their aggregation there. 

This behaviour, alongside separate matrix and filler polarisation, could enable 

development of piezoelectric materials with internal compensation of pyroelectricity or 

vice versa. Composites with the ceramic and copolymer phases poled in the same 

direction are suitable for use as sensing elements in pyroelectric sensors, since they have 

enhanced pyroelectric activity but reduced piezoelectric activity. The vibration-induced 

electrical noise is therefore minimised and there is no need for compensation for this 

effect. Composites with the ceramic and copolymer phases poled in opposite directions 

can be used in ultrasonic transducer applications, since they have reinforced piezoelectric 

properties but lower sensitivity to temperature fluctuations. 

The BNT-based lead-free nanocomposites with optimized conditions show excellent 

pyroelectric, ferroelectric and piezoelectric properties, which means they can replace 

lead- containing composites. These specialized, tailored solutions may not only reduce 

the amount of hazardous substances in consumer products but also broaden the horizons 

of today’s technology. 
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9.2 Suggestions for future work 

In this work, the electrical properties of the BNT-based lead-free polymer-ceramic have 

been improved using various methods. The P(VDF-TrFE)-BNT-BKT-BT nanocomposite 

was found to have the best ferroelectric and pyroelectric properties at volume fraction     

Ø = 0.20, as well as the best piezoelectric properties  at Ø = 0.30. However, further 

improvement is still possible, particularly when it comes to enhancing the properties of 

ceramics by varying the particle size of the nanofiller.  

One suggestion for future work is to use several particle sizes, from micro to nanoscale, 

and study their effect on the electrical and mechanical properties. Another suggestion is 

the combined use of particles of different size to avoid agglomeration at a high volume 

fraction. 

The mechanical properties of BNT-based lead-free polymer-ceramic warrant 

investigation as well, since they have not been addressed in this work. In fact, the 

mechanical properties of nanocomposites will be the focus of the future work of the 

present researcher.  

Dielectric relaxation is one of the most important properties to understand the chains 

motion in copolymers. Inclusion of ferroelectric nanofiller into ferroelectric polymer will 

introduce interfacial interaction in the area between polymer chains and nanoparticles. 

More work is needed to understand the effect of adding nanofiller to dielectric relaxation 

of copolymer after and before poling, thus contributing to expansion of knowledge and 

better characterisation in the future. 
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