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ABSTRACT 

 

Nowadays, environmental issues lead the scientists to find and discover 

new materials and methods for advanced technology that eco-friendly, easy to process 

and low-cost. One of the sexiest issues that rapidly grows is eco-friendly cooling 

system with high energy efficiency. Not only for common cooling devices such as air 

conditioner and refrigerator, this cooling system is also proposed to be applied in 

thinny devices such as microchips with huge amounts of micro-components. The 

demand of this technology finally desire not only strong power and high storage 

energy density but also should be flexible, lightweight, durable and achievable. 

Among other ferroelectric materials, PVDF-based polymer shows the outstanding 

properties. Nevertheless, some approaches have been being investigated to improve 

the properties of the polymer. In this work, poly(vinylidene fluoride-

hexafluoropropylene) was modified by incoorporating graphene nanoplatelets 

conducting nanofillers to boost up dielectric properties and electrocaloric effect 

behavior. Further, combining this method with electron beam irradiation could bring 

the benefit for energy properties improvement. The neat polymer and composites thin 

films were kindly fabricated by solution casting technique. Crystalline phase 

modification affected by graphene nanoplatelets filler and electron irradiation towards 

its surface, microstructure, electrical, ferroelectric, electrocaloric effect and energy 

properties have been elaborated. As the result, reduction of pores size lead to improve  

film homogeneity and its hydrophobicity that als brought benefit for dielectric and 

energy properties. The percentage crystallinity and high polarity β-phase fraction 

improvement then drastically give an impact on electrical properties and 
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electrocaloric effect by gaining polarization and permittivity. The elctrocaloric effect 

of the composites were bigger compared to pure P(VDF-HFP) indicated by the ∆T 

and Tc. Considering those two electrocaloric parameters, the | ∆Tmax /Tc | ratio for 

HFP/GN composites was improved to almost two times of the neat P(VDF-HFP). On 

the other hands, electron beam irradiation dramatically reduced the crystals size into 

two times smaller. Hence, bigger storage energy density can be generated along with 

dropping energy loss. As final result, energy efficiency of neat polymer was improved 

to 74.66% after irradiation, much higher that unirradiated samples of 68.11. this 

number was alsi bigger than previously reported by another study of 58%. For the 

composites, enery efficiency improvement was almost doubled for all condition filler 

concentration.  
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The Relevance of the research Work to Thailand 

 

The objectives of the research are to improve the dielectric, energy efficiency 

and electrocaloric properties of P(VDF-HFP) ferroelectric polymer. Those parameters 

are useful to discover the materials for cooling system as well as energy-based 

electronic devices. In Thailand, the electronic industry grows as one of the most 

promising sectors. The results of this work can be a guidance for the further 

researches as well as for industry application. The modified P(VDF-HFP) copolymers 

can take an important role on energy based devices and technology. These following 

devices can be more developed based on P(VDF-HFP) copolymers: 

- Electrocaloric cooling system 

- Microcapacitor 

- Self-cleaning materials 

- Actuators 

- Energy-based electronics 
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Chapter 1 Introduction 

 

1.1 Motivation and scientific background of the research 

Until now, the design of air conditioning and refrigerators are still dominated 

by vapour compression technique. In that technique, chlorofluorocarbons (CFCs) or 

freon gases and hydrochlorofluorocarbons (HCFCs) have ever become the most 

efficient refrigerants (Correia and Zhang, 2014). Unfortunately, they can produce the 

emission gases which can deplete the ozone and make holes of it. Ozone is the natural 

barrier that can against the radiation from ultraviolet (UV). If there is no concern on 

it, it can be a big problem for public health especially causing skin cancer (Vienneau 

et al., 2017). The awareness of environmental issue, make the researchers try to find 

new refrigerants to reflace CFCs and HCFCs. R407, one of the eco-friendly 

hydrofluorocarbon (HFC) refrigerants, has been proposed as one of the potential 

candidates (Sachdeva and Jain, 2016). So that, nowaday some industries try to 

produce eco-friendly cooling system. Nevertheless, the energy conversion efficiency 

of vapour compression system only reach 40-50 % Carnot and it has already saturated 

(Correia and Zhang, 2014). 

At the same time, microelectronics industries rapidly grow. Some industries 

try to create a new leading innovation on it. Wide demands of the lightweight, flexible 

and minute devices make this industry rapidly expand (Correia and Zhang, 2014). 

Microelectronics industries focus on how to integrate a lot of electronic components 

in one thin device. Integrated circuits (ICs) is one of the examples. The growth of this 

technology make it possible to compose hundreds or even thousands electronic 

components in a chip. As the consequences, the heat production in each spot or 

throughout the chip area can not be denied. This is a challenge to find and develop a 

new cooling system that can be applied to chip refrigerator. Beside of its eco-friendly, 

the new innovative cooling system has to possess efficient energy as well as thin, 

lightweight and flexible characteristic. 

Due to those reasons, in recent decades, the researchers propose new idea to 

change vapor compression system by solid-state cooling system. The most interesting 

candidate is electrocaloric cooling system. Beside of its eco-friendly, due to its solid-
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state materials, which will not produce emission gases to the atmosphere, 

electrocaloric cooling system possess some advantages compared with the other 

systems. 

The first electrocaloric effect was observed in Rochelle salt. Before Kobeko 

and Kurchatov discovered it in 1930, the magnetocaloric effect had already well 

known. The vary magnetisation of the magnetic materials is the main principle of 

magnetocaloric energy conversion system (Vuarnoz et al., 2012). Based on 

magnetocaloric effect, in this system, the heat is driven by magnetic field. It causes 

magnetic domains have the same direction with the magnetic field that was applied in 

the system. So, it is lowering entropy and as the consequence, raising the temperature 

of the materials. Furthermore, the magnetic dipoles will be able to relax if the 

magnetic field is withdrawn. As the consequence, the magnetic dipoles can absorb 

some heat from the material (especially from crystal lattice) thereby lowering 

temperature. 

“Due to its higher energy conversion efficiency and more enviromental 

friendly”, magnetocaloric cooling system, which based on magnetocaloric effect, 

“emerges as a visible alternative new technology to traditional gas compression 

refrigerant” (Jia, Namiki, Kasai, Li, and Nishimura, 2018). The efficiency of  energy 

conversion in magnetocaloric cooling system is 60-70 % Carnot (Correia and Zhang, 

2014). Unfortunately, magnetocaloric cooling system does not show its suitability to 

be widely fabricated. To run the devices, the magnetocaloric cooling system needs 

heavy permanent magnetic field which can be provided by expensive and large 

superconducting magnets.  

Those limitations motivated the scientists to find the other alternatives. The 

most promising way is to find the electrical analog of magnetocaloric cooling system. 

From the beginning of discovery, the studies of electrocaloric effect focused on bulk 

material. Unfortunately, the result did not satisfy them. The measurement of 

electrocaloric effect on bulk material was quite small compared with magnetocaloric 

effect. The electrocaloric temperature changes in bulk material only reach around 2 K. 

A good electrocaloric material has to possess high entropy variation (∆S) as well as 

temperature change (∆T). This situation had decreased the scientist interest to dedicate 

their research on developing electrocaloric refrigeration. It is also known from the 
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academic paper publications at that era. From 1961 to 2000, only 416 academic 

papers of electrocaloric effect that have been published. This number is quite different 

with the number of publications of vapour compression system that reach 24.321 

papers. 

The study about electrocaloric effect has rapidly grown start from 2006. At 

that time, giant electrocaloric effect was observed in PbZr0.95Ti0.05O3 ceramics thin 

film at 225 
o
C for the first time (Mischenko, 2006). Although the electrocaloric effect 

observed in very high temperature (225 
o
C), but this study has already changed the 

direction of the electrocaloric research. That study showed that electrocaloric effect in 

thin films is bigger than the electrocaloric effect in bulk materials. The electrocaloric 

temperature change (∆T) in PbZr0.95Ti0.05O3 ceramics thin film is close to 12 K. 

Unfortunately, beside its high electrocaloric property, we also need flexible materials. 

Ceramics are brittle and easy do be damaged by external forces. To improve the 

ceramic’s ability, the scientists found ferroelectric polymers especially poly 

(vinylidene fluoride)/P(VDF)-based poymers. With lightweight and flexible structure, 

P(VDF)-based polymers can be used to heavy and rigid the ceramics or the other 

inorganic materials (He et al., 2016). In 2008, another giant electrocaloric effect was 

also observed in P(VDF-TrFE) thin films at  70 
o
C with the electrocaloric temperature 

change (∆T) of 12
 o

C (Neese et al., 2018). These two studies led to a promising era of 

electrocaloric cooling system. From 2008 until now, the electrocaloric study is 

increasing significantly. 

The scientists’s dedication on finding the analog of magnetocaloric cooling 

system obtained good result. The efficiency of energy conversion in electrocaloric 

solid-state cooling system is 60 % Carnot, exceeds the efficiency of vapour 

compression system (Pakhomov, Karmanenko, Semenov, and Starkov, 2010). This 

number shows that the electrocaloric cooling system has almost equal effectiveness 

with magnetic cooling. But different with magnetocaloric cooling system, 

electrocaloric cooling system possess additional advantages such as less weight, 

compact size and economic sustainability (Kitanovski, Tu, and Poredo, 2014). 

The trends of the recent studies focus on how to observe and develop new 

electrocaloric thin films as well as to enhanced the electrocaloric effect near to room 

temperature (Correia and Zhang, 2014). This study will focus on how to get high 
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electrocaloric effect by using P(VDF-HFP) copolymers as the matrix. P(VDF)-based 

polymers have at least 5 crystalline phases. To be used in real application, the β-phase 

(all trans TTTT zigzag conformation) content is the most electrically active phase due 

to its highest polarization (Martins, Lopes, and Lanceros-Mendez, 2014). To get 

higher β-phase, Graphene Nanoplathelets (GNPs) has been used as filler. GNPs is 

carbon-based material that contain positive ions. If this material are mixed with 

P(VDF)-based materials that contain negative ions from fluorine atoms, the β-phase 

should be constructed so that the higher polarization will be obtained. So that, high 

electrocaloric effect can be obatained. An additional approach that used in this study 

is electron beam irradiation. High energy electron irradiation can break the big 

domain size into smaller. As the result, the lower energy loss can be obtained. 

In simple term, the main advantages of this study are to produce high 

electrocaloric effect on electron irradiated GNPs/P(VDF-HFP) composites and 

understand its mechanism. Moreover, the value of temperature and entropy change of 

the samples have been investigated as well as their characterization. So, the best 

solutions for electrocaloric cooling system on these composites will be obtained. Until 

now, it is rare to find the study that combining two approaches; adding nanofillers and 

electron beam irradiation to increase the electrocaloric effect of the composites. 

 

1.2 Objectives of the research 

The objectives of the research are to improve the dielectric, energy efficiency 

and electrocaloric properties of P(VDF-HFP) ferroelectric polymer. Two following 

strategies have been conducted to reach the objectives. 

Strategy I: the P(VDF-HFP) matrix was filled by GNPs conducting 

nanofillers to enhance the dielectric and electrocaloric properties. 

Strategy II: the composite thin films were emitted by the electron beam to 

improve the energy efficiency properties. 

 

1.3 Thesis Organization 

The thesis was divided into six chapters. Each chapter describes the different 

topic but is still related to each other. 
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The first chapter presents the importance of the research, related to the 

motivation as well as its scientific background. 

Chapter 2 explains the preparation steps of the GNPs/P(VDF-HFP) 

composite thin films and the electron beam irradiation process. 

Chapter 3 shows the characterization of the electron beam irradiated 

GNPs/P(VDF-HFP) related to their morphology, microstructure and thermal behavior. 

Chapter 4 plots the dielectric properties and AC conductivity measurements 

of the composite thin  films. 

Chapter 5 merges the measurement results of the ferroelectricity P-E loops, 

energy efficiency properties and electrocaloric effect of the P(VDF-HFP) copolymers 

before and after treated by GNPs nanofiller and electron beam irradiation. 

The last, chapter 6 summarizes the general conclusions of the thesis as well 

as proposes the suggestions of the future work.  

 

1.4 Concept of electrocaloric 

1.4.1 Electrocaloric Effect 

The electrocaloric effect can not be separated from pyroelectric 

effect. Both of them originally come from the cross-coupling between 

temperature and polarization of a dielectric materials (Li et al., 2013). The 

electrocaloric effect can be defined as the change in entropy (∆S) and 

temperature (∆T) of materials under adiabatic conditions when an external 

electric field is applied or removed. In simple terms, electrocaloric effect 

refers to the temperature change caused by polarization change, while the 

reversed process defined as pyroelectric effect (Abdessalem, Kriaa, Aydi, 

and Abdelmoula, 2018; Correia and Zhang, 2014; Li et al., 2013). 

For dielectric materials, the Gibbs free energy (G) is expressed as an 

entropy (S)  temperature (T), strain (x), stress (X), electric field (E) and 

electric displacement (D) function as follows (Correia and Zhang, 2014; X. 

Li et al., 2013): 

 

                              (1) 
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where U is the system’s internal energy. The field term and the stress are 

expressed by Einstein notation with i (1 to 6) and j (1 to 3). The equation (1) 

can be written as differential form: 

 

                            (2) 

 

and thus, 

 

 (
  

  
) E,X   =   S,    (

  

     
) E,T   =    xij ,   (

  

    
) X,T   =  Di (3) 

 

These equations above represent heat capacity, elasticity and dielectric 

permittivity, respectively. The differential forms of the equation (3) are the 

Maxwell relations: 

 

 (
   

     
) X   =  (

   

  
) X,E   =  (

  

    
) X,T   =  pi   (4) 

 

 (
   

       
) T   =  (

     

    
) X,T   =  (

   

     
) E,T   = dijk   (5) 

 

 (
   

      
) E   =  (

     

   
) X,E   =  (

  

     
) E,T   = αij   (6) 

 

These equations above show the equalisation between pyroelectric 

coefficient and electrocaloric effect, piezoelectric effect and direct effect, 

also thermal expansion coefficient and piezocaloric effect, respectively.  

The equation (6) indicates that at isothermal and constant X 

condition, the entropy variation of electrocaloric is:   

 

   = (
   

  
) X,E          (7) 
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and thus, 

 

   = ∫  
  

  
(
   

  
) X,E          (8) 

 

where E1 is the starting electric field and E2 is the final electric field. 

According to the heat capacity definition, C: 

 

  =  (
  
  

) E        (9) 

 

The temperature change at adiabatic condition can be used to describe the 

electrocaloric effect 

 

    =  
 
 
(
   
  

) X,E            (10) 

 

and,  

 

   =  
 
 
  ∫  

  

  
(
   

  
) X,E          (11) 

 

where C independent of E.  

In most pyroelectric materials, the displacement (D) is almost equal with 

polarization (P). So that, the equation (8) and (11) can be expressed as: 

 

   = ∫  
  

  
(
   

  
) X,E          (12) 

 

   =  
 
 
  ∫  

  

  
(
   

  
) X,E          (13) 

respectively. 

 



 

 

8 

 

 

1.4.2 Electrocaloric cooling 

Electrocaloric cooling is based on electrocaloric effect. It means that 

when there is no applied electric field to the electroclaoric material, the 

electric dipoles are randomly oriented (disorder orientation state). When the 

external electric fields are applied to the electrocaloric material, the direction 

of electrical dipoles will change to the same direction with the applied 

electric field. This can influence the inner structure of the material. 

Decreasing the disorder of the thermodinamycal system will decrease the 

entropy as well as heat capacity of the electrocaloric material. Since in 

adiabatic condition, where there is no heat loss because the material is 

isolated from its surroundings, the temperature of the electrocaloric material 

will increase (Correia and Zhang, 2014). 

 

 

 

Figure 1.1. (a) Electrocaloric refrigeration, (b) vapour compression 

refrigeration (Kitanovski et al., 2013). 

  

Due to its reversible process, when the external electric field is 

removed from the material, so the opposite result will be obtained. Removing 

external electric field will change the electrical dipole’s directions from order 

to disorder orientation. The material’s entropy will increase and at the same 

time decreasing the material’s temperature as long as in adiabatic condition. 

If these two phenomena are merged with the states that enable heat transfer 
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from or to the material into a cycle, the cooling or heating system will be 

obtained (Correia and Zhang, 2014; Kitanovski, Tu, and Poredo, 2014). 

Figure 1.1 shows the comparation between electrocaloric refrigeration and 

vapour compression refrigeration. 

 

1.4.3 Electrocaloric effect measurement method 

There are two types of electrocaloric effect measurements (Asbani 

et al., 2015; Li et al., 2013): 

a) Indirect method: ∆S (entropy change) and ∆T (temperature 

change) are deduced using Maxwell relation. 

b) Direct method: ∆S (entropy change) and ∆T (temperature change) 

are obtained from calorimeters with the special design. 

Due to the difficulties, there were not many electrocaloric effect 

studies that present the direct measurement method (Asbani et al., 2015). To 

measure the electrocaloric effect specially in thin films, the scientists often 

generate it from the measurement of pyroelectric coefficient rather than the 

measurement of electrocaloric directly  (Correia and Zhang, 2014). It cause 

many studies focus on how to increase the the pyroelectric coefficient, 

because high pyroelectric coefficient means high electrocaloric effect. But, 

since a rapid growth of the study in electrocaloric, the accuracy of the 

electrocaloric measurement, especially in thin film, get a big concern. There 

is any possibility to get unpredictable and significant errors when relating 

two different effects by using Maxwell relation.   

Even so,  direct techniques only can be used to probe bulk 

ceramics/large samples or large-area capasitors, but does not work well for 

measuring small volume samples (Pandya et al., 2017). The small and 

nonuniform heat capacity and heat transfer are the reson why the 

electrocaloric measurement in thin films is lack of precision (Lubomirsky 

and Stafsudd, 2012). In 2010, a study reported the direct measurement in 

bulk materials and thin films. That study indicates a good agreement between 

the direct and indirect measurement method for most of the electrocaloric 

materials (Maiwa, 2015). For relaxor, which are non-equilibrium (in 
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mechanical, thermal/chemical aspects), using equilibrium statistical, like 

Maxwell relations, to measure the electrocaloric effect is technically 

unjustified (Lu, Zhang, and Kutnjak, 2010). 

 

Table 1.1. Electrocaloric behaviour of PZT-based materials, PMN–PT, and 

BZT
 
(Maiwa, 2015). 

Sample 
dP/dT 

(µCm
-2

K
-1

) 

ΔT Estimation 

(K) 

ΔT from 

experiment (K) 

Soft PZT, Tc of 190 o
C -0.022 0.33 0.27 

Hard PZT, Tc of 145 o
C -0.033 0.50 0.30 

BZT -0.024 0.31 0.19 

Hard PZT, Tc of 325 o
C  -0.013 0.20 0.14 

Soft PZT, Tc of 330 o
C -0.016 0.24 0.31 

PMN-PT -0.058 0.66 0.36 

PLZT (9.1/65/35) -0.042 0.48 0.39 

 

1.4.4 Electrocaloric materials 

Generally, electrocaloric materials as well as pyroelectric materials 

can be devided into two main groups (He et al., 2016; Kitanovski et al., 

2014; Li et al., 2013): 

a) Inorganic materials (including ceramics, monocrystal and semi-

conductors). 

b) Organic materials (including side-chain liquid crystal and 

P(VDF-based) polymers). 

In simple term, organic materials defined as living organism or non-living 

materials that containing carbon and the opposite is defined as inorganic 

materials (“IUPAC Provision Recomendation,” 2004). 

The good electrocaloric materials have to possess high entropy 

variation as well as high temperature change. It means that the electrocaloric 

materials should have high dielectric strength (the critical electric field 

value). This is important to minimize the electromechanical breakdown that 

can be caused by long-term high electric field expose (Review, War and 

States, 1988; Kitanovski, Tu and Poredo, 2014).  



 

 

11 

 

 

In the early of electrocaloric studies, the material that used were 

ceramis and crystals. Monocrystals and bulk samples do not possess high 

dielectric strength, so that they can not withstand under the stresses of high 

electric fields. Hence, they showed small electrocaloric effects observed. 

Many studies show that ceramics provide high coefficient both in 

piezoelectric and pyroelectric. Unluckily, they are brittle so that the 

continuous external forces can damage the materials easily (He et al., 2016). 

 

1.5 Conclusion 

Environmental change and rapid microelectronics industries growth that 

focus on how to integrate a lot of electronic components in one thin device required 

the scientist to find and create a new leading innovation, including in cooling system. 

The challenge is not only about the strong electrical ability but also efficient for the 

energy issue as well as lightweight, flexible and low cost for mass production. Since 

discovered in 1930 and rehits in 2006 when giant electrocaloric effect has been 

observed in ceramic thin film, the massive researches are still continuing to 

understand its unclear mechanism as well as to find the outstanding materials and 

optimum methods to improve the properties.  



 

 

12 

 

 

Chapter 2 Preparation of electron irradiated GNPs/P(VDF-HFP) 

 

2.1 Introduction 

Since the electrocaloric cooling system that mainly based on electrocaloric 

effect is a new trend, a plenty of works have to be conducted to understand. Many 

ways that can attacked to discover and optimize it. Finding and manipulating the 

materials as well as variating the methods and approaches are some of the promising 

techniques. With outstanding properties among other ferroelectric polymers, P(VDF-

HFP) organic copolymers was choosen as the main material. Further, among some 

well known techniques, this work combined two approaches, adding GNPs 

conducting nanofillers and electron beam irradiation that is not really well explored.  

 

2.2 Literature reviews of P(VDF-HFP) and GNPs 

2.2.1 P(VDF-HFP) 

To improve the ceramic’s ability, the scientist found ferroelectric 

polymers especially poly (vinylidene fluoride)/P(VDF)-based polymers. 

With lightweight and flexible structure, P(VDF)-based polymers can be used 

to heavy and rigid the ceramics or the other inorganic materials (Malmonge, 

Malmonge, and Sakamoto, 2003). “Being a fluoropolymer with the 

molecular formula (CH2═CF2)n, P(VDF) is readily prepared through free 

radical polymerization of gaseous monomers 1,1 difluoroethylene” (Li and 

Wang, 2016). P(VDF) polymer and its copolymers such as poly (vinylidene 

fluoride hexafluoroprophylene)/P(VDF-HFP) and poly (vinylidene fluoride 

trifluoroethylene)/P(VDF-TrFE) become some of the most important 

electroactive polymers, especially after the discovery of huge electrocaloric 

effect on them. Compared with another materials that possess pyro, piezo 

and ferroelectricity, P(VDF) and its copolymers are the best one that possess 

all electroactive properties (Martins, Lopes, and Lanceros-Mendez, 2014).  

To be used in commercial cooling devices, P(VDF)-based polymers 

can be fabricated into thin film as well as can be used for large size devices. 

The previous study shows that due to their capability to withstand under high 
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electric fields, the polymer thin films possess the biggest temperature and 

entropy change over the other electrocaloric materials (Kitanovski et al., 

2014). Because of those advantages, P(VDF)-based polymers become the 

target to be developed and to be applied in commercial applications. 

P(VDF) and its copolymers are classified as semi-crystalline 

polymer. It means that the responses to external electric field are from the 

contribution of crystalline and amorphous phase. P(VDF)-based materials 

have three molecular conformation modes, TGTG´, TTTT, and T3GT3G´ 

(Tiwari et al., 2013). P(VDF)-based materials have also five kind of 

crystalline phases. These phases are α, β, γ, δ, and ε. The most stable 

crystalline phase is the α-phase (non-polar) while the β-phase is the 

crystalline phase with the strongest pyroelectricity as well as piezoelectricity. 

It is caused by disimetris structure of the β-phase that creates highest dipole 

density compared with another phases. High density of dipoles provides high 

charge storage/surface charge because the charge is trapped at interfaces of 

the materials. So that, it causes high polarization as well as pyroelectricity 

(He et al., 2016). High dielectric constant that is possessed by the β-phase 

can increase the breakdown strength of the materials under high electric 

field. It leads to high energy density So that, to enhance the pyroelectric 

coefficient of P(VDF)-based materials, the researchers try to change the α-

phase to the β-phase. Some approaches are used to gain the goal such as 

mechanical stretching and by using nanofillers. The other ways are using 

electrospining and high voltage polarization to enhance the pyroelectric 

coefficient of P(VDF)-based materials. 

A study about P(VDF-HFP) was conducted by Sousa, et al in 2014. 

The result show that increasing the percentage of P(VDF-HFP) into P(VDF-

HFP)/DMF solutions, in this case using the varying concentration from 5-20 

wt%, effectively decrease the gap or hole size of the materials from  ~7.5 µm 

in 5 (figure 2.1. (a)) until ~2 µm (figure 2.1. (d)) (Sousa et al., 2014). On the 

other hands, figure 2.1. (e) and figure 2.1. (f) show the effect of increasing 

evaporation temperature on the morphology of 20 wt% P(VDF)/DMF 

solution. It is clear that by increasing the evaporation temperature beyond 40 
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o
C, in this case 50 

o
C and 100

 o
C, the mobility of the chains are also increase. 

So, the particles are able to cover the exsisting holes. That is why there are 

not any holes are observed (Sousa et al., 2014). 

 

 

Figure 2.1. The microstructures of the P(VDF-HFP) thin films:  at room 

temperature of evaporation with (a) 5, (b) 10, (c) and (d) 20 wt.% of 

P(VDF-HFP). The microstructures of P(VDF-HFP) with 20 wt.% 

concentration by varying solvent evaporation of (e) 50 and (f) 100 °C 

(Sousa et al., 2014). 

 

Table 2.1 shows that at high temperature (in this case 100 
o
C), the 

improvement of P(VDF-HFP) concentration on the solution can decrease the 

exsistence of β-phase content. That is because at high temperature, the 

diffusivity of the solvent is lower than grow of evaporation rate (Chinaglia et 

al., 2010). Besides that, the influence of different temperature on the same 

concentration is also observed. High vaporation temperature will increase the 

rate of evaporation of materials. So that, the stability of the material is high, 

leading to α-phase crystallization. In the opposite, the low evaporation 

temperature will lead to the β-phase crystallization due to its low evaporation 

state (Martins et al., 2014). 
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Table 2.1. The percentage  of β-phase fraction of P(VDF) materials 

dependent on concentrations and vaporation temperatures (Sousa et al., 

2014). 

Samples β-phase (% ± 2%) 

5/95, at 100 
o
C  75 

10/90, at 100 
o
C 66 

15/85, at 100 
o
C 22 

20/80, at 100 
o
C 16 

20/80, at 25 
o
C 79 

20/80, at 50 
o
C 24 

 

Compare with P(VDF) polymers, the P(VDF-HFP) copolymers 

possess  higher piezoelectric coefficient, chemical resistence and mechanical 

properties (Roy, Dutta, and Bhattacharya, 2016). This copolymers become 

promising materials for ferro- and piezoelectric application. The 

improvement on those properties are caused by additional 

hexafluoropropylene (HFP) monomer unit to the backbone or main chain of 

P(VDF).  

 

Figure 2.2. The structural formula of PVDF and P(VDF-HFP) (Zhu, 

Jiang, Zhang, and Huang, 2017). 

 

According to Roy et al. (2016), “… P(VDF-HFP) turn out to be 

unique prospects with similar crystalline structures to that of P(VDF) but 

enriched flexibility and chemical resistence” as well as possess another 

characteristic like “nontoxicity, high stability, shape and size tailor ability 

and recycling aptitude” (Roy et al., 2016). In P(VDF) electroactive polymers 

and its copolymers, “each chain possesses a dipole moment perpendicular to 

the polymer chain” (Martins, Lopes, and Lanceros-Mendez, 2014). 
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Figure 2.3. The schema of four phases of PVDF unit cells (Zhu et 

al., 2017). 

 

The electronegative behavior of fluorine atoms affects the electrical 

dipole moments per unit cell to be high (5-8 x 10
-30

 C.m)  (Martins, Lopes, 

and Lanceros-Mendez, 2014). To be used in real application, the β-phase 

(all trans TTTT zigzag conformation) content is the most electrically active 

phase due to its highest polarization per unit sel (8 x 10
-30

 C.m) compared 

with the other polar phases like γ-phase (T3GT3G´) and δ-phase (TGTG´). 

 

 

Figure 2.4. The schema of α, β and γ-phase chain conformation of 

PVDF (Martins et al., 2014). 

 



 

 

17 

 

 

The α- and ε–phases (TGTG´) are  non-polar because the dipole 

moment packed within the unit cell in antiparallel term. (Martins, Lopes, and 

Lanceros-Mendez, 2014; Roy, Dutta and Bhattacharya, 2016; Roy et al., 

2016). Each phase shows different morphology representing the contribution 

of dipolar moments per unit cell. 

 

2.2.2 GNPs 

The demand of dielectric materials that possess light weight as well 

as high dielectric constant but low dielectric loss is increase time by time. 

Many studies focus on how to obtain new materials with some specific 

characteristics to be applied in electrical devices (Lu, Hu, Xie, Zhuo, and 

Yang, 2017). Not only used for transducer, actuators or energy storage 

devices, dielectric materials are proposed to take a part on thermal 

management (Yang, Xu, Yu, Wang, and Gong, 2017). During the usage, the 

electrical devices can produce the heat. No doubt that the thermal 

management ability of the material should be improved. Graphite is one of 

the common fillers that usually used to reinforce the mechanical and 

dielectric properties as well as thermal properties (Su and Zhang, 2017). It 

means that beside its high thermal and electrical conductivity, graphene has 

already got an attention from the scientist due to another advantages like 

light weight, flexibility and easy to process. 

There are a lot of kinds of graphene. To be suitable in wide 

fabrication, the efficient cost has to be considered. Graphene nanoplatelets 

(GNPs) or multi-sheet graphene are well known as low cost materials, 

because of its nanosize, and possess higher electrical conductivity compared 

to graphite itself or other polymer nanocomposites like carbon nanotubes 

(CNTs) or single-sheet graphene. That nanomaterial, by simple exfoliation, 

can be obtained from graphite (Kuvardina, Novokshonova, Lomakin, Timan, 

and Tchmutin, 2013).  
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Figure 2.5. The hexagonal chemical structure of Graphene and its 

properties (Cataldi, 2018). 

 

Adding some polymers with high specific area can improve the 

flexibility of the composites. It is because the complex viscosity of the 

composites is changed to become non-sensitive. To increase the thermal 

conductivity, mechanical properties and dielectric constant, the volume 

resistivity should be decreased. Filling the compatible fillers into the gap 

between each particles of the composites/materials can increase the crosslink 

density (Su and Zhang, 2017). Although some studies described that the 

density, hardness and modulus of the materials can be declined due to the 

decreasing of crystallinity as well as the damage of segment uniform, cross-

linking still has an important affect to thermal and mechanical properties 

(Fan and Xiao, 2008). Crosslink density is the density of a small area that 

some parts of the polymer are arranged/connected become chains (Jenkins, 

Kratochvíl, Stepto, and Suter, 1996). As the consequence of doping the 

fillers to the materials, the composites are more rigid and its compatibility 

will increase. That kind of molecular structures can affect the tear and the 

tensile strength to be higher. So that, the huge disruption like strain or stress 

can be prevented (Fan and Xiao, 2008). The tensile strength is a property that 

determines the material’s ability to be stretched without any fracture. While 

tear strength can be defined as the material strength to withstand under the 

static or kinetic force (Witkowska and Frydrych, 2004). Nevertheless, adding 

fillers to the main material matrix should be below percolation threshold. To 
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get high dielectric constant, the percolation between nanofillers is undesired. 

High percolation between each nanofillers will connect nanofillers particles. 

As the consequence, the conduction way can be formed and it leads to high 

dielectric loss and lowering breakdown strength (Zhu, 2014). 

In 2017, a study of Graphene nanoplatelets was conducted. Figure 

2.6. (a) shows that the graphenene nanoplatelets (GNPs) particles possess a 

non-uniform shape with few microns diameter. If compared with figure 2.6. 

(b), it is so clear that the graphenene nanoplatelets (GNPs) possess a good 

adhesion with the PVDF/PMMA matrix since there are no gaps or holes at 

the interface of GNPs and PVDF/PMMA matrix. Besides that, graphenene 

nanoplatelets (GNPs) exhibit a well dispersion with no observed 

agglomerates domination as shown by SEM analysis. “The GNPs are 

entrapped into polymer matrix and arranged parallel to each other” (Yang et 

al., 2017). 

 

 

 

 

Figure 2.6. SEM image of (a) GNPs particles; (b) 4 wt% GNPs in 

PVDF/PMMA/GNP composites
 
(Yang et al., 2017). 

 

FTIR spectroscopy show that the α-phase of the 

PVDF/PMMA/GNP with 1 and 2 wt%  GNP (in vibration peak 795, 855 and 

978 cm
-1

) almost disappear as the that in PVDF/PMMA/GNP with 3 wt% 

GNP, the β- and γ-phase are dominant (Figure 2.7). The same conclusion is 

also obtained from the XRD analysis. 
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In neat PVDF spectrum, there are three peaks that appears at 18.4
o
, 

20.0
o 
and 26.7

o
. All of them are α-phase. When the 3 wt% GNP was doped to 

the PVDF/PMMA, the α-phase diffraction peaks almost disappear. At the 

same time, the β-phase peaks at 20.1
o
 get sharper than the β-phase peaks of 

neat PVDF (Figure 2.8) (Yang et al., 2017).  

 

 

 

 

Figure 2.7. FTIR spectra of 

PVDF/PMMA/GNP by filler of 1, 2, 

and 3 wt% GNP
 
(Yang et al., 2017). 

Figure 2.8. XRD spectra ofa neat 

PVDF, PVDF/PMMA and 

PVDF/PMMA/GNP composites 

with 1, and 3 wt% GNP
 
(Yang et 

al., 2017). 

 

  

Figure 2.9. Dielectric Constant of various 

samples (Yang et al., 2017). 

Figure 2.10. Dielectric Loss of various 

samples (Yang et al., 2017). 
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The dielectric constant and dielectric loss are presented below. 

Figure 2.9 shows that there is no significant improvement of dielectric 

constant of the PVDF/PMMA/GNP composites with 1, 2 and 3 wt% GNP 

compared with the neat PVDF or PVDF/PMMA. At that condition, GNPs 

take a role as capacitor electrodes. The different improvement is showed by 

PVDF/PMMA/GNP composites with 4 wt% GNP. At that condition, GNPs 

is very close each other and arrange serial or parallel microcapasitors even 

though still in isolated system. As the consequence, the dielectric constant 

will significantly increase. This condition occurs at percolation threshold 

content. The increasing of GNP filler after that state will increase the number 

of microcapacitor. At the concequences, it can increase the electrical 

conductivity (Yang et al., 2017). This condition happens to composites with 

5 wt% GNP. 

Figure 2.10 shows that the significant improvement of dielectric 

loss occurs beyond the percolation threshold. Generally the dielectric loss is 

the representative of material’s conductivity. It means that adding GNP 

fillers to the blend PVDF/PMMA will automatically increase the 

conductivity as well as the dielectric loss of the composites (Yang et al., 

2017). 

 

2.3 Literature reviews of electron beam irradiation and energy properties 

2.3.1 Electron beam irradiation 

Due to its uniqueness, the polymer composites get a lot of attention 

from the scientist. To obtain specific properties that required for different 

particular applications, a chemical approach like doping with some suitable 

dopants or irradiation technique could be good choices (Verma, 2018). In 

some cases, irradiation technique provides an advantage over chemical 

process. In irradiation technique, the release of harmful fumes will not occur 

like in chemical method.  

In 2011, a study using irradiation technique was published. A giant 

electrocaloric effect was observed in stretched P(VDF-TrFE) copolymers 

with high-energy electron irradiation. The temperature change  (∆T) and 
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entropy change (∆S) that has been obtained from that study are over 20 
o
C 

and over 95 J/(kgK) at 33 
o
C and 160 MV/m (Lu et al., 2011). That values 

are quite higher than P(VDF-TrFE) terpolymer blends and P(VDF-TrFE) 

pure copolymers which possess temperature change  (∆T) of 9 
o
C and 12 

o
C, 

and entropy change (∆S) of 46 J/(kgK) and 55 J/(kgK), respectively. Those 

both studies were procured at room temperature and 80 
o
C, respectively. 

The big number of temperature change (∆T) and entropy change 

(∆S) indicates a big electrocaloric effect as well as polarization of the 

materials. That is because of the higher randomness that occur when high 

energy electron irradiation change the state of the material from the normal 

ferroelectric into the relaxor ferroelectric state (Lu et al., 2011). Relaxor 

material is the material that changes their shape under applied external 

electric fields. That property is called electrostriction.  

The high-energy of electrons when exposing the materials can 

damage the long all-trans chains of the material’s structure. As the 

consequence, the short all-trans chains were easier to be oriented by the 

external electric field and make a big effect to the thermally stimulated 

depolarization current (TSDC), volume strain and of course permittivity (Lu 

et al., 2011; Verma, 2018). Besides that, the electron ability to cut material 

segments become shorter can drop the energy barrier that prohibited β-phase 

releasement before thechains of the  polymer could switch freely. As the 

consequence, electron irradiation can decrease the Curie temperature (Zhu et 

al., 2017). 

The temperature change was measured by direct method. Figure 

2.11 shows the electrocaloric temperature change (∆T) as a function of 

applied electric field. If the value of electrocaloric temperature change (∆T) 

has already known, the specific heat capacity and the entropy change (∆S) 

can be generated. Even though, the relation between chemical structure of 

the relaxor materials and their electromechanical properties is still unclear 

(Soulestin et al., 2017). 
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Figure 2.11. Electrocaloric temperature change as dependent on electric 

field
 
(Verma, 2018). 

 

 

 

Figure 2.12. Different structures of dipole and ferroelectric domains and 

their D-E loops
 
(Zhu, 2014) 

 

There are several types of electroactive polymers. It depends on the 

D-E loops shape (Soulestin et al., 2017). 

a) The first one is linear dielectrics. The response of the dipoles is 

linear with the electric field. It means that there is no hysteresis 

loop. The response of dipoles when the electric field is applied 
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and removed is showed in the same linear curve. The example of 

this material is polyethylene terephthalate. 

b) The second one is dipolar glasses. These materials contain 

uninteraction independent dipoles. So that, there is on 

interaction among them or with the matrix. There is no 

Hysteresis D-E loops even the response to the electric field is 

not linear. The example of this material is PMMA. 

c) The third one is paraelectric. There is still no hysteresis loops 

that shown. but in this state, the dipoles can interact each other 

and with the matrix even though they are not strongly enough to 

create the ferroelectric domains. The example of this material is 

amorphous/α-phase of P(VDF). 

d) The fourth one is relaxor ferroelectric. This state occurs when 

the nanodomains that contain small number of aligned dipoles 

are formed. The slim hysteresis loops will be formed. It shows 

that the materials possess small remanent polarization 

(polarization under zero electric field). They do not show 

permanent spontaneous polarization when the electric field is 

removed. It means that nanodomains can easily relax without 

external electric field. The example of this material is high 

energy electron irradiated P(VDF-TrFE). 

e) The last one is ferroelectric. This material shows high remanent 

polarization so that the hysteresis loops is larger than anothers. It 

means that the large domains can not easily relax when the 

external elecrric field is removed. The example of this material 

is crystalline P(VDF). 

 

2.3.2 Energy properties 

The other thing that should be considered is the energy efficiency. 

The energy efficiency is influenced by energy density and energy loss. 

Energy density defined as the energy per unit volume while energy loss is 
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energy that loss during transformation from one place/system/condition to 

another one. Mathematically, the energy efficiency can be expressed: 

 

  
    

       
      (14) 

 

and, 
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   =  
 

 
          

   =  
 

 
               

   =  
 

 
        

2      (15) 

 

where   is energy efficiency,     is energy denstity,    is energy loss, D is 

displacement, Eb is breakdown strength of dielectric, εo is vacum permittivity 

and εr is relative permittivity of dielectric (Zhu et al., 2017). 

Although P(VDF) possess high permittivity and high breakdown 

strength, on the other hands, the remanent polarization cause the higher 

energy loss too. For normal ferroelectric, the D-E loops are large compared 

with other electroactive polymers. It caused by huge coupling forces among 

aligned domains. So that the oriented dipole can not reverse easily (Zhu et 

al., 2017). 

In relaxor ferroelectric, the D-E hysteresis loop is slim. It means that 

the energy loss is lower than the normal ferroelectric. It is because high 

electron irradiation cuts the crystal into small domains. So that, after 

removing electric field, the dipoles is more reversible compared with normal 

ferroelectric (Yang et al., 2013). Besides its ability to reduce the dielectric 

loss, on the other hands, high energy electron irradiation can damage the 

structure especially mechanical structure of the materials. As the 

consequence, it can lowering breakdown strength of the material and can 

decrease the energy density (Zhu et al., 2017). 
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According to Tan et al. (2013) “The stretched films exhibit a 

significantly enhanced dielectric constant, breakdown field, and energy 

density but depressed energy loss” (Tan et al., 2013). That study shows that 

mechanical stretching can improve the quality of the film by improving the 

uniformity of crystal domain orientation that leads to high dielectric 

constant/energy density and accelerating the ferroelectric relaxation that 

leads to lowering dielectric/energy loss. 

 

2.4 Preparation of electron irradiated P(VDF-HFP) thin films and its 

composites 

2.4.1 Materials and equipment 

Materials: 

a) Poly (vinylidene fluoride hexafluoroprophylene)/P(VDF-HFP) 

powder, Solef 11010/1001, purchased from Solvay Solexis, 

Belgium. 

b) Graphene Nanoplatelets conducting fillers (GNPs) 306633-25G, 

from Sigma Aldrich, USA  

c) The solvent, N,N-dimethylformamide (DMF) with purity   99%, 

from RCI Labscan, Thailand. 

 

Equipment: 

a) Beaker, 250 and 500 ml 

b) Analytical balance Sartorius BSA224S-CW, Scientific Promotion 

Co., LTD 

c) Hotplate magnetic stirrer (Heidolph model MR hei-Standard and 

MTOPO model MS300HS) 

d) Magnetic bar 

e) Fume hood (Canupy Hood, FLEXLAB the laboratory  makers 

model CNP120) 

f) Ultrasonic Homogenizer Sonicator Model 150V/T 

g) Adjustable film applicator, sheen S/N 102503/2 (incl, Shims) 

h) Smooth glass plate, 25x24 cm 
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i) Incubators (Asset positively identifiable T410353 Binder) 

j) Thickness Gauge Handing, Peacock model G-7C, resolution 

0.001 mm. 

 

2.4.2 Preparation method of the thin films 

P(VDF-HFP) copolymers are used as the main matrix. In addition, 

Graphene Nanoplathelets (GNPs) are used as fillers. Neat P(VDF-HFP) and 

its composites, named as HFP/GN, were the main object of this study. 

Fabricated by the solution casting, neat P(VDF-HFP) was prepared by 

mixing P(VDF-HFP) powder containing HFP monomer of 10% and DMF 

solvent for 16 h by a stirrer magnetic at room temperature. The concentration 

of the copolymer was controlled at 20 wt% with copolymer and solven ratio 

was 1:4. 

After rested for 1 h to eliminate undesired bubbles, the solution was 

cast on clean glass plates using a blade at specific thickness. The cast 

solution then was dried in the oven temperature of 80 
o
C for 12 h. The final 

thickness of all samples was controlled to a tolerance of 30 ± 5 µm. In the 

preparation of HFP/GN composite films, GNP powder was first dispersed in 

DMF using a sonicator for 20 min before being mixed with P(VDF-HFP) 

powder and stirred for 16 h. HFP/GN films were then prepared as described 

above. The GNP nanofiller powder loading was varied at 1, 2, 3, 4, and 5% 

by weight. These films were denoted HFP/GN1, HFP/GN2, HFP/GN3, 

HFP/GN4, and HFP/GN5, respectively. 
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Figure 2.13. Solution of neat P(VDF-HFP) and its composites 

 

Table 2.2. The samples preparation 

Sample name Condition 

Amount of 

P(VDF-HFP) 

(g) 

Percentage 

of fillers 

(%wt) 

Amount 

of fillers 

(g) 

P(VDF-HFP) P(VDF-HFP) 5 0 0 

HFP/GN1 1% GNPs/P(VDF-HFP) 5 1 0.05 

HFP/GN2 2% GNPs/P(VDF-HFP) 5 2 0.10 

HFP/GN3 3% GNPs/P(VDF-HFP) 5 3 0.15 

HFP/GN4 4% GNPs/P(VDF-HFP) 5 4 0.20 

HFP/GN5 5% GNPs/P(VDF-HFP) 5 5 0.25 

 

2.4.3 Electron beam irradiation 

When the samples are ready, they were divided into two groups, 

with and without electron irradiation. The second group were irradiated by an 

electron beam using an SEM model HITACHI TM3030Plus from Germany 

at an AV of 15 kV. Areas measuring 3 mm x 4 mm of samples were 

irradiated for 5 min emission time. Irradiation was conducted in a vacuum 

with beam current of 42.5 µA that generate the electron charge dose of 

106.25 x 10
3
 µC/cm

2
. 

 

2.5 Conclusion 

Compared to other materials that show pyro, piezo and ferroelectricity 

behavior, P(VDF) polymer and its copolymers including poly (vinylidene fluoride 

hexafluoroprophylene)/P(VDF-HFP) are denoted as the most important electroactive 

polymers. These promising materials has been being an attention especially after the 

discovery of huge electrocaloric effect on them. Over the other electrocaloric 

materials, they can withstand even under high electric fields that make them possible 
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to generate biggest temperature and entropy change, with other additional advantages 

such as lightweight, flexible and low cost. 

To improve the polymers ability especially on dielectric and electrocaloric 

properties, Graphene nanoplatelets (GNPs) or multi-sheet graphene were carried out 

as filler. This material is well known as low cost materials with higher electrical 

conductivity compared to graphite itself or other polymer nanocomposites like carbon 

nanotubes (CNTs) or single-sheet graphene due to its nanosize. Further, electron 

beam irradiation was also choosen to optimize the polymers properties especially for 

storage energy density and recoverable energy efficiency improvement. 
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Chapter 3 Microstructure characterization 

 

3.1 Introduction 

In one side, discovering some materials to be produced in big scale 

applications, especially for an integrated and miniaturized electronic device, it does 

not only require high power, high energy density, high efficiency as well as low 

energy loss but also should be low cost, compact, durable and lightweight. Moreover, 

additional properties such as self-cleaning abilities that relate to the surface 

characteristics are also important for smart materials applications (Moradi et al., 

2015). 

Hence, this study also observed microdomains change that is supposed to 

affect other parameters such as surface roughness, microstructure, and hydrophobicity 

of the materials. Moreover, observing the microstructural properties could help to 

understand the mechanism that occurs and affect to other parameters. Additionally, it 

is also important to explore some specific surface parameters such as hydrophobicity 

that show some benefits on a wide area of applications as smart materials due to its 

anti-sticking and self-cleaning abilities (Moradi et al., 2015). Even it does not directly 

relate with energy efficiency properties, this additional surface property will lead to 

the more outstanding characteristic for application in electronic devices. 

 

3.2 AFM, water contact angle and SEM characterization 

Atomic force microscopy (AFM) was employed to characterize the the 

surface area topography and interfacial morphology of the samples using an Easyscan 

2 (Nanosurf AG, Switzerland) that operated in mode of dynamic force.  

This measurement provides the formation of the spherulites structure 

information. Figure 3.1. (a) shows the result of neat P(VDF-HFP) before irradiated 

by electron. Relatively big spherulites were observed separated by relatively big holes 

between each spherulite. They were adressed to the most stable α-phase that could be 

affected by the technique of the film preparation. As reported by Ribeiro et al., the 

different methods of te film preparation could affect to the specific crystalline phase 

formation and nucleation (Ribeiro et al., 2018). In this work, evaporation process that 
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conducted in high temperature, more than 70 
o
C lead to improve the evaporation rate 

of the materials. It is resulting on higher material’s stability and forming α-phase 

crystal (Martins, Lopes, and Lanceros-Mendez, 2014). 

Fortunately, the observed huge gaps of the polymer was reduced after adding 

GNPs. The smaller spherulites in the composites were formed paralelly. It caused by 

the reduction of the interface contact between each chain (Chenyang and Zhao, 2013). 

So that, the microstructures of the composite’s spherulites were smaller than those of 

the pure polymer (Fig. 3.1. (b) and (c)). It confirms the result of the previous work 

that reported cross-link density improvement of the matrix that filled by suitable 

fillers (Jenkins et al., 1996). 

 

 

 

 

Figure 3.1. AFM images of (a) neat P(VDF-

HFP) and its composites by (b) 1 wt% and (c) 

5 wt% filler before irradiated by electron 

 Figure 3.2. AFM images of (a) neat P(VDF-

HFP) and its composites by (b) 1 wt% and (c) 

5 wt% filler after irradiated by electron 
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No significant holes observed at the interface of filler and polymer matrix 

indicates a good adhesion of GNPs filler with P(VDF-HFP). Introducing a light 

amount of GNPs filler also could improve electrostatic interaction that preventing 

undesired agglomeration (Gérard, 2018). Moreover its strong electrostatic interaction 

that occurs between polymer chains and filler will improve dipole moment density 

and decrease the spherulites domain (Gérard, 2018). This microstructural 

modification finally will affect on other parameters as discussed in next chapter such 

as dielectric properties, etc. 

Along with modifying the spherulite size, adding conducting filler also 

change the topography properties of the composites surface, especifically their surface 

roughness (Sq). P(VDF-HFP) thin film shows the lowest Sq value compared to the 

composites due to its comprised dense skin (Moradi et al., 2015). The improvement of 

Sq number of the composites was related to the full filler’s exfoliation in the matrix 

that leads to well dispersion. Hence, it strengthen the interfacial interaction between 

polymer matrix and GNPs nanofillers and increase surface roughness due to micro- to 

nano-structure change in the structure (Moradi et al., 2015). 

Interestingly, there is no significant changes of the spherulites after electron 

irradiation (Fig. 3.2. (a) to (c)). Further, the surface roughness of neat copolymer and 

composites were boosted up after irradiated by electron. The structures arrangement 

of the radial lamellar of spherulites is could be the main reason that causing rougher 

topography (Gérard, 2018). Besides that, it may be related also with the ability of 

electron on cuttting and breaking the polymer chains (Yang et al., 2013) as confirmed 

by Gregor et al. (2014) that reporting surface roughness improvement of the samples 

that irradiated by electron due to micro-domains formation (Gregor et al., 2014). 

Since categorized as hydrophobic fluorinated polymers, PVDF and its 

copolymers are environmentally and chemically stable (Moradi et al., 2015). Simply, 

the hydrophobicity itself is normally determined by its water contact angle. Two main 

approaches are wll known to increase hydrophobicity either by decreasing the surface 

energy of high surface roughness sample, or gaining the surface roughness of low 

surface energy sample. 
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Figure 3.3. Water contact angle measurements of neat P(VDF-

HFP) and its composites for both before and after irradiated by 

electron. 

 

OCA 15EC (Dataphysics, Germany) was carried out to observed the water 

contact angle. Conducted using 55 W of an input power, a 6.3 AT fuse, and 12 V DC 

voltage controlled liquid volume of 2 µl. The water contact angle of P(VDF-HFP) 

was around 110
o 

before irradiation. This number is higher than that of PVDF (around 

90
o
) (Kitabata, Taddese, and Okazaki, 2018). It indicates that HFP monomer emulsion 

polymerization not only gain the mechanical strength of the poloymer but also 

boosted the hydrophobicity (Wang et al., 2018). Hence, water contact angle  of the 

composites were higher than the pure poolymer (Fig. 3.3).  

As mechanism, a hydrophobic material including P(VDF-HFP) possess weak 

hydrocarbon bonds. Therefore, high carbon density of GNPs can improve the 

roughness and significantly modify its hydrophobicity presented by its water contact 

angle and (Moradi et al., 2015). Rougher materials could improve the surface area of 

the surface and trap more air when the water drips drop on that kind of surface 

reslting on contact angle improvement. (Moradi et al., 2015). 

After irradiation (Fig. 3.3) the water contact angle was increased too as also 

reported by other works (Aronov and Rosenman, 2007; Gregor et al., 2014). By 

cutting chemical bonds, electron is effective on modifying hydrophobicity (Aronov 
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and Rosenman, 2007). The charge was induced during irradiation and the electron-

holes pair will be formed in the dielectric materials. So that, the electrons that 

generate a negative charge will be trapped on the bulk level. Meanwhile, localized 

holes that exist around the surface will produce positive charge. Moreover, the 

creation of microdomains bby the electron will improve hydrophobicity without 

changing its morphology (Gregor et al., 2014). 

To confirm AFM results, SEM (TM3030Plus, Hitachi, Germany) was used 

to observe morphological arrangements of the thin films. As shown by (Fig.  3.4. (a)), 

neat P(VDF-HFP) containing 20 wt% of concentration have a relative compact 

morphology but separated by holes/pores along the matrix film that represented by 

black zones. Possibly, the pores appear as the result of DMF solvent evaporation. 

(Sousa et al., 2014). Agreed with with this study, a previous work also mentioned that 

both increasing  P(VDF-HFP) concentration and evaporation temperature (80 
o
C) 

could resulting the pore size reduction (Magalhaes, Duraes, and Silva, 2011). As 

consequence, more homogeneous thin film with smaller pores could be obtained. This 

result is in an agreement with the AFM characterization that observing spherulitics 

arrangement as shown by Figure 3.1. 

 

 

Figure 3.4. SEM characterization of: (a) neat P(VDF-HFP) and its composites by (b) 1 wt% and 

(c) 5 wt% filler before irradiated by electron 

 

As GNPs filler was introduced to the matrix, the spreading of the filler could 

be observed too (Fig. 3.4. (b) and (c)). By 1 wt%, not many GNPs ciller that detected 

as shown by Figure 3.4. (b). However, more concentration of filler leads to more 

appearance of the filler spreding too in (Figure 3.4. (c)). This filler spreading finally 
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will form the microcapacitor inside the matrix. As the result, another parameter such 

as dielectric properties will be modified. More specifically, the more homogeneous 

matrix film were observed after adding GNPs filler. The relatively big pores in 

P(VDF-HFP) thin film (Fig. 3.4. (a)), were no longer exist after adding GNPs filler 

(Figures 3.4. (b) and 3.4. (c)). It could be manipulated by the nano-sized GNPs (0.34-

100 nm) that dispersed effectively in the polymer matrix (Cataldi, 2018) so that the 

holes can be filled easily resulting in higher flexibility and homogeneous thin films. 

Thus, SEM images presented similar results to those of reported by AFM 

characterization. 

 

3.3 X-Ray Powder Diffraction (XRD) pattern 

X-ray diffractometry (XRD) from Empyrean, PANalytical, Netherlands was 

brought to determine crystalline phase. Sscanned at the (2θ) range of 5 to 90
o
 by using 

a (CuKα) wavelength of 0.154 nm and a speed of 0.04
o
 sec

-1
, the sample was put in 

the Cu tube at 30 mA and 40 kV. For casting method, a dominant α-phase was 

dominated the crystalline phase formation of P(VDF-HFP) (Daneshkhah et al., 2017). 

Hence, some methods have been explored to create β-phase formation.  

The specific α-phase diffraction peak exist at 17.7
o
 (Fig. 3.5.) with no any 

possibilities to overlap with other phases. The intensity at that peak was drastically 

dropped from 4755 to 4530 after adding GNPs filler indicating the reduction of α-

phase content. Moreover, α-phase diffraction peaks were also observed at 18.5
o
 (020) 

and 39.0
o
 (211) planes. Meanwhile, the peak at 18.5

o
 (020) and 36.2

o
 (200) 

correspond to γ-phase (Khalifa, Mahendran, and Anandhan, 2016). 

As assumed, the intensity of β-phase peak that exist at 36.6
o
 (101)  crystal 

plane was improved from 1151 to 1225, as well as at at 20.2
o
 (200) plane (Gérard, 

2018; D. Yang et al., 2017). Identified as the specific characteristic of GNPs, a peak at 

26.5
o
 (002) crystal plane wa increased drastically too (Yang et al., 2017). Over other 

pic, the most outstanding change was appearance at 39.0
o
 (211) that belong to α-

phase. The intensity was dropped dramatically showing significant electron irradiation 

effect on manipulating crystalline phase. To deeply understand, FTIR analysis was 

also carried out. 
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Figure 3.5. XRD results of: (a) neat P(VDF-HFP) and its composites by (b) 1 wt% 

and (c) 5 wt% filler both before and after irradiated by electron 

 

3.4 Fourier-Transform Infrared Spectroscopy (FTIR) spectra 

The spectra were observed with the range of 4000 to 400 cm
-1

 attenuated 

total reflectance mode (ATR) using FTIR VERTEX 70 from Bruker, Germany. 

Figure 3.6. (a) presented FTIR spectra of pure polymer and its composites before 

irradiation. The absorption peaks at 532, 613, 764, and 978 cm
-1

 of α-phase were 

affiliated to CH2 and CF2 vibration (Gérard, 2018; Yang et al., 2017) while peaks at 

875, 1069 and 1402 cm
-1

 caused by CF2 stretching in P(VDF-HFP) matrix 

(Daneshkhah et al., 2017). Moreover, peak at 875 cm
-1

 is existed by α-phase C-C 

group. However, the peak for γ- and α-phases can be appear at 1170 cm
-1

. 
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Absorption peak of α-phases were dropped slightly after adding GNPs as 

occur at 875, 1069 and 1402 cm
-1

 that drop from 0.71, 0.34 and 0.30 to 0.63, 0.32 and 

0.27, respectively, in HFP/GN5.  In the opposite, peaks at 811 and 1031 cm
-1

 refers to 

CF2 bending of γ- and β-phases (Khalifa et al., 2016) were improved from 0.19 and 

0.16 to 0.21 and 0.17, respectively. 

 

(a)  (b) 

Figure 3.6. FTIR characteristic sof neat P(VDF-HFP) and its composites for both (a) before and 

(b) after irradiated by electron 

 

 

Figure 3.7. The fraction of β-phase content of neat P(VDF-HFP) 

and its composites both before and after irradiated by electron. 
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The peak of α-phase at 875, 1069 and 1402 cm
-1

 (Fig. 3.6. (a)) were dropped 

from 0.71, 0.34 and 0.30 to 0.54, 0.25 and 0.23, respectively, after irradiation (Fig. 

3.6. (b)) as also occurred to the all composites.  Further, these data could be used to 

get the number of β-phase (F(β)) fraction in all condition by Lambert-Beer equation:  

 

     = 
  

  

  
     

     (16) 

 

where        are the absorbance at 764 cm
-1

 and 840 cm
-1

, and their absorption 

coefficients are    of 6.1 x 10
4
 cm

2
 mol

-1
 and    of 7.7 x 10

4
 cm

2
 mol

-1
 (Thakur et 

al., 2015).  

The result of β-phase fractions before and after electron irradiation were 

presented in Figure 3.7. The graph clearly show β-phase improvement after GNPs 

addition. Then, irradiation optimized the β-phase content. 

Strong interactions of positive charge of carbon in GNPs and negative charge 

of fluorine in P(VDF-HFP) lead to improve dipole moment and higher β-phase 

content (He et al., 2016). As the same mechanism, negatively electron attracted the 

positively hydrogen in P(VDF-HFP) that will generate more electroactive crystalline 

phase (George, 2017). 

XRD characterization data is very usefull to determine the crystal size of the 

samples. To prove electron ability on cutting the domains/crystal to be smaller (Yang 

et al., 2013; Zhu et al., 2017), the half-maximum width of the peaks of all condition 

were observed. As result, the crystal size of the crystal sheets (D) can be generated by 

Scherrer equation (Tan et al., 2013): 

 

  = 
   

      
     (17) 

 

where K (K = 0.89) is constant, λ (λ = 0.154 nm), B and θ are the X-ray wavelength, 

width of the peak at half-maximum and the peak location, respectively. 
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Table 3.1. The width at half-maximum (B), crystal size (D) and crystallinity 

(Xc) at location of 20.2
o
 of neat P(VDF-HFP) and its composites before and after 

irradiated by electron. 

 

The width of the peak at half-maximum of neat polymer after irradiation was 

increased from 0.58 rad to 1.02 rad but reduced the crystal size from 0.60 nm to 0.48 

nm. The crystal size reduction weas shown also by the composites all condition to be 

almost two times smaller. 

As well known, the crystal size and the dielectric loss is related one each 

other. They are representing the domain relaxation ehen the electric field was applied 

or removed. Bigger crystal size possess bigger domain crosscoupling force too. 

Electron ability to break the domains into smaller will help the domain to reverse and 

dropp the interaction force among each domain (Guan et al., 2013). 

 

3.5 Thermal Behavior 

 Measurements of thermal behavior were conducted using DSC 7, from Perkin 

Elmer, USA in a nitrogen atmosphere using 1-3 mg of samples at temperature range 

of 20 to 200 
o
C and controlled heating rate of 10 

o
C min

-1
. By knowing the melting 

temperature (Tm) and the melting enthalpy (ΔHm) that generated from the peak area, 

the crystallinity (Xc) of the samples can be obtained using this equation:  

 

Xc = ∆Hm / ((1-ɸ) ∆H100%) x 100, (18) 

 

Filler content 

(wt%) 

B (rad) D (nm) Xc (%) 

Before After Before After Before After 

0 0.58 1.02 0.60 0.48 26.52 26.06 

1 0.71 0.92 1.46 0.68 35.56 32.24 

2 0.39 0.82 2.60 0.81 38.34 30.57 

3 0.87 1.07 1.91 0.58 31.47 35.20 

4 0.47 0.82 1.07 0.82 27.25 28.07 

5 0.55 1.10 1.38 0.54 31.67 32.25 
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where ΔHm and ΔH100% affiliated to melting enthalpy and enthalpy of fusion of 100% 

P(VDF-HFP) crystals, 104.6 J g
-1

. While ɸ is filler mass fraction in the matrix 

(Thakur et al., 2015).  

 

 

(a)  (b) 

Figure 3.8. DSC analysis with Tm of neat P(VDF-HFP) and its composites for both (a) 

before and (b) after irradiated by electron. 

 

 

Figure 3.9. The proposed schematic of GNPs nucleation in polymer. 

 

The Tm of all composites were higher than the pure polymer, before and after 

electron irradiation (Fig. 3.8. (a) and (b)). They are related to the specific crystalline 

phase form. Normally, higher β-phase content will lead to higher melting temperature 

too (Thakur et al., 2014) and crystallinity improvement will lead to greater ΔHm. 

The neat polymer matrix contain both amorphous and crystalline region that 

posses five types of crystalline phase (Ruan et al., 2018). When the matrix added b the 
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GNPs filler, the filler will be spreaded out along the matrix as shown by the schematic 

Figure 3.9. At low concentration, 1 wt%, the crystalline part will attract the GNPs 

particle more than the amorphous part due to the negatively fluorine in polymer that 

attract positively carbon in GNP.  

This interaction finally could transform non polar α-phases to the mos 

electroactive β-phases, especially in the area that interact directly with GNPs particle. 

The chain of the the polymer will be reoriented to be planar zig-zag resulting on CF 

bond that arranged parallel oppositely with the CH bond (Roy et al., 2016). Moreover, 

in the area that near to the the β-phase, the γ-phase can be formed too. Nevertheless, 

α-phase will be still exist in the region that really far from GNPs.  

Increasing the filler concentration to be more than 1 wt% lead to the 

spreading in the bigger area of the matrix. So that, the filler could interact not only 

with the crystalline region but also the amorphous part of the polymer. As the result, 

new crystal will be form resulting on improving overall crystallinity. Hence, this 

GNPs-amorphous interaction will form not only β-phases but also all other crystalline 

phase. As the final result, the content of β-phase in thee matrix seems slightly drop by 

the increasing of filler content. 

 

3.6 Conclusion 

Generally, both adding GNPs conducting nanofillers and electron beam 

irradiation caused a significant effect on microstructure and surface properties. Since 

neat P(VDF-HFP) shows a relatively bigger spherulites and porous matrix, adding 

GNPs could fill the gaps and increase the film homogeneity. As the consequence, it 

increase the crosslink density and improve the electrostatic interaction. Moreover, its 

full exfoliation ability make the GNPs could be dispersed in the polymer matrix and 

leads to increase the surface roughness. On the other hands, although there is no 

significant change on spherulites, electron beam irradiation is also effective on 

improving surface roughness of the film due to its role on pinning the polymer chains. 

As the consequence, both adding GNPs nanofillers and electron beam irradiation can 

boost the polymers hydrophobicity that represented by its water contact angle. 

Further, the aferomentioned strong electrostatical interaction caused by 

GNPs could improve overall crystallinity and facilitate the transformation of the 
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crystalline phase from most stable α- to the most electroactive β-phase. Along with 

GNPs, electron beam irradiation also made the significant change on this β-phase 

nucleation. Nevertheless, the outstanding ability was showed by electron beam 

irradiation by decreasing the crystal/domain size to be almost a half. These parameters 

will affect to the energy properties that will be discussed on the next chapter. 
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Chapter 4 Dielectric properties and AC conductivity of electron 

irradiated GNPs/P(VDF-HFP) composites 

 

4.1 Introduction 

Techniques or meethods are well known to gain permittivity of materials 

such as poling, or high voltage polarization (Hartono, Satira, and Djamal, 2016), 

adding nanofillers (Roy et al., 2016), electrospinning (Mansouri, Sheikholeslami, and 

Behzadmehr, 2019) and mechanical stretching (Ruan et al., 2018). As key factor, all 

of those stated techniques are focus on changing microstructural properties such as 

crystallinity and electroactive phase transformation from non polar α-phase to the 

most useful β-phase. The α- and ε–phase are denoted as the most stable crystalline 

phase among others. PVDF and its copolymers have at least three molecular 

conformation modes named TTTT, T3GT3G´ and TGTG´ with five different 

electroactive phases of α-, ε-, δ-, γ- and β (Ruan et al., 2018). The most active phase 

electrically is the all trans-TTTT zigzag polar β-phase with number of polarization per 

unit cell is around 8 x 10
-30

 C∙m (Roy et al., 2016). Hence, most of the recent works 

only focused on improving this most electroactive phase by only one technique. 

Moreover, this work provided the combination of two relatively untypical methods 

which are introducing a conducting nanofiller followed by electron irradiation. 

 

4.2 Dielectric properties and AC conductivity 

To measure AC conductivity and the dielectric properties such as dielectric 

constant and dielectric loss, an LCR meter model IM 3533 HIOKI was employed in 

the room temperature along the frequency range of 1 Hz to 100 kHz.  The 1 V AC 

voltage was controlled to produce the electric field and through across the samples 

that put between two electrodes. The data including conductance (G) and capacitance 

(C) of the samples as well as its dielectric loss can be generated. Hence,  the dielectric 

constant (ɛr) as well as AC conductivity (ζac) could be determined using equations: 

ɛr = (C. d) ⁄ ε0 A), 

ζac = (G. d) ⁄ A, 

(19) 

(20) 
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where d is the sample thickness, while ɛ0 and A are permittivity in vacuum of 8.854 × 

10
-12

 F m
-1

 and the electrode area, respectively (Thakur et al., 2015). 

 

(a)  (b) 

Figure 4.1. Dielectric constant dependent on electric field frequency of neat P(VDF-

HFP) and its composites for both (a) before and (b) after irradiated by electron. 

 

 

(a)  (b) 

Figure 4.2. AC conductivity dependent on electric field frequency of neat P(VDF-

HFP) and its composites for both (a) before and (b) after irradiated by electron. 
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(a)  (b) 

Figure 4.3. Dielectric loss dependent on electric field frequency of neat P(VDF-HFP) 

and its composites for both (a) before and (b) after irradiated by electron. 

  

 

(a) (b) (c) 

Figure 4.4. (a) Dielectric constant, (b) AC conductivity and (c) dielectric loss dependent 

on filler concentration at 1000 Hz before and after irradiated by electron. 

 

Figure 4.1. (a) and (b) shows dielectric constant vs electric field frequency 

of all conditions before and after treated by electron irradiation. As the result, 

dielectric constant of the composites was much higher that pure polymer. Moreover, 

after irradiation, the dielectric constant was also improved in whole frequency due to 

the mechanism that described at chapter 3. The microstructure change and the 

formation of the mos electroactive crystalline phase finally gain the dipole density 

resulting on increasing of dielectric constant, charge storage capacity and polarization 

(He et al., 2016). 
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As the nucleation agent, GNPs is effective to help the crystallization process. 

At low frequency of 1 Hz, 1%wt GNP content could improve ɛr from 3.34 to 5.26. 

This gradual improvement continou with the increasing of filler loading of 2, 3, 4 and 

5 wt% to be 5.27, 5.32, 5.62 and 5.77, respectively. In one point, when the frequency 

increased, the ɛr tend to lower due to the reduction of net polarization. At high 

frequency, the dipole can not follow the frequency of the applied electric field 

(Shrivastav, Barde, Mishra, and Phadake, 2013). Besides improving ɛr, GNPs filler 

could increase dielectric loss and AC conductivity of polymer (Fig. 4.2 and 4.3). 

fortunately, the improvement of those parameter are not significant. 

Figure 4.4. (a) shows the dielectric constant at 1000 Hz of all samples 

conditions. It can be seen clearly that electron irradiation is also effective to gain the 

ɛr. As described at the previous chapter, the change in microstructure due to 

irradiation is could be the main reason (George, 2017) especially in transforming α-

phase to β-phases (Gérard, 2018).On the other hands, opposite to the improvement of 

the ɛr, electron irradiation can dramatically reduce undesired AC conductivity and 

dielectric loss of (Fig. 4.4. (b) and (c)). A prior study reported the effects on chemical 

pinning caused by the electron that reducing crystal domains (Yang et al., 2013). Even 

the exact mechanism is still unclear, but it is strongly caused by cross-linking that 

enlarge the distance between each chain in the polymer after cut by the electron. This 

crystal reduction will make the dipoles more flexible during charging and discharging 

process (Tan et al., 2013). 

 

4.3 Conclusion 

Improving the capacity of storage charge as well as its dipole density is one 

of the effects brought by GNPs charged surface that facilitate the contribution of the 

charge-movement. As results, β-phase content was improved resulting on improving 

dielectric constant as well at all range of electric field frequency. Conductive GNPs 

could improve undesired AC conductivity and dielectric loss. Fortunately, electron 

beam irradiation shows the attractive role on both improving dielectric constant and 

decreasing undesired AC conductivity and dielectric loss due to its ability on pinning 

the crystal/domain size that improve the dipoles flexibility to rotate during 

discharging process. 
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Chapter 5 Ferroelectricity P-E loops, energy efficiency properties 

and electrocaloric effect of electron irradiated GNPs/P(VDF-HFP) 

composites 

 

5.1 Introduction 

Normally, exsusting dielectric materials possess relatively big amount of 

power density that is useful for faster charging and discharging (Feng et al., 2019). 

Unfortunately, their lower desired energy storage density limits their ability to be 

applied in energy-based devices. For example, BOPP materials or biaxially oriented 

polypropylene that known as the most common polymer for capacitors, with high 

electrical breakdown of 700 MV/m completed by low dielectric loss of 0.0002 at 1 

kH, has not a good behavior for energy density as well as efficiency (Thakur and 

Gupta, 2016) due to its low permittivity. On the other hands, PVDF-based materials  

contain  relatively higher permittivity and electrical that desired for energy devices 

(Wang et al., 2017). Nevertheless, one of disadvantages of these materials is their 

dielectric loss that leads to higher energy loss as well. 

To solve this problem, GNPs were exploited as filler. It is due to GNPs 

advantages over other carbon-based filler such as nanotubes and carbon fibers or even 

pure graphene (Cataldi, 2018). The ferroelectric matrix that have big crystal domains 

with packed aligned dipoles shows relatively huge ferroelectric hysteresis loop, 

describing the energy loss. Hence, reducing this energy loss is should be one of the 

main focuses too. as proposed, electron irradiation has been employed because of its 

behavior  on dropping dielectric and energy loss by cutting large ferroelectric domains 

to be much smaller (Yang et al., 2013). Another work also reported that this micron-

sized crystal reduction can be created either by positive or  negative charges (Plecenik 

et al., 2012). Further, electron probe of widely used SEM can be employed with some 

additional benefits of easier in irradiation position control and lower contamination of 

the hydrocarbon (Gregor et al., 2014). So that, at least there are two main factors to 

get higher energy efficiency, boosting permittivity and dropping its dielectric, 

simultaneously.  
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5.2 P-E loops 

As semi-crystalline ferroelectric polymer that containing both crystal and 

amorphous, P(VDF-HFP) also shows the hysteresis loop during charging and 

discharging process. High content of β-phase will influence the hysteresis loop as 

well. With high spontaneously packed of dipoles in ferroelectric domain makes the 

loop size tend to bigger. As consequence, high polarization response will be obtained 

but high energy loss can not be denied as well. 

 

 

Figure 5.1. Ferroelectricity P-E loops of neat P(VDF-HFP) and its composites both 

before and after electron irradiation. 

 

Measured under fixed electric field of 40 MV m
-1 

by high voltage amplifier 

model Trek 601E, the hysteresis loops of all sample conditions were obtained. The 

measurement was conducted by varying temperature from 21 
o
C to 140 

o
C at 

frequency of 10 Hz. The obtained loop then be analyzed to generate the value of 

storage energy density and energy loss. Further, discharge energy efficiency can be 

determined by equation: 

η = (Ue) / (Ue + Ul), (21) 
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where η is discharge energy efficiency, Ue is desired energy density while Ul 

represents undesired energy loss (Zhu et al., 2017) . 

Charging process occur when external E was applied resulting on more order 

dipoles with maximum polarization (Pmax) on the thin films. While, when external E 

was removed out, some dipoles will be back to the random state resulting on 

reduction of polarization. However, during discharging process, huge domain makes 

some dipoles stillbeen polarized even the E was zero or well known as remnant 

polarization (Pr). As shown by Figure 5.1, the hysteresis loop size was going bigger 

after adding GNPs for all loadings indicating higher loss. Hence, the interaction force 

that exist between each domain will bigger too and resulting on higher (Pr) (Soulestin 

et al., 2017). Nevertheless, the advantages of irradiation over adding GNPs is its 

ability on slimming the loop indicating smaller both dielectric and energy loss as 

reported by prior study (Zhu et al., 2017). It is related to pinning process in all-trans 

conformation to be much smaller resulting on increasing reversibility (Yang et al., 

2013). Further, the dielectric loss can be spressed resulting on slimmer loop (Fig. 5.1). 

 

5.3 Energy efficiency 

As explained in chapter 4, the disadvantages of introducing GNPs is its effect 

on enhancing conductivity and dielectric loss. This was confirmed by P-E loop that 

finally affect energy properties of the materials. Enhancing hysteresis loop means 

enhancing of undesired energy loss and limited storage energy density as shown by 

Figure 5.2. (a) and (b). Fortunately, this energy properties reduction that caused by 

GNPs can be healed by electron irradiation. It can enhance desired energy density 

with lowering undesired energy loss as indicated by the reduction of Pr so that some 

charges can be released from the film (Tan et al., 2013). 

Changing on energy density as well as its loss finally will affect the 

discharge energy efficiency of the thin films. From Figure 5.2. (c) can be seen clearly 

that along with increasing energy density and lowering its loss, electron irradiation 

also lead to boost up the energy efficiency of the pure polymer and its composites for 

all filler concentration. As an instance, energy efficiency of irradiated pure polymer 

was improved to 74.66 from 68.11 %, that is literally bigger than reported previously 

(Guan, Pan, Wang, Wang, and Zhu, 2010) of 58 % for unirradiated P(VDF-HFP) and 
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30.2 % for pure PVDF (Li et al., 2010). Moreover, the energy efficiency for all 

composites were also enhanced after irradiation to be almost doubled. Respectively, 

they were improve from 26.65, 37.10, 16.98, 16.16 and 18.75 %, for 1, 2, 3, 4 and 5 

wt% filler content to 57.7, 44.23, 31.34, 30.59 and 32.06 %. 

 

 

(a) (b) (c) 

Figure 5.2. (a) Desired Storage energy density, (b) undesired loss and (c) energy 

efficiency of neat P(VDF-HFP) and its composites before and after electron irradiation 

 

 

5.4 Electrocaloric effect 

As aferomentioned at chapter 1, there are two ways that can be conducted to 

measure electrocaloric effect rather direct on indirect method (Asbani et al., 2015).  

 

 

(a)  (b) 

Figure 5.3. The ∆T of neat P(VDF-HFP) and its composites both (a) before and (b) after 

irradiated by electron. 
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For thin films and other materials with the small volume samples, the 

electrocaloric direct measurement tends to be lack of precision due to heat transfer 

and heat capacity nonuniformity (Lubomirsky and Stafsudd, 2012). Nevertheless, for 

most electrocaloric materials, there is no significant different result between direct 

and indirect method (Maiwa, 2015). Figure 5.3 shows the ∆T electrocaloric effect of 

neat P(VDF-HFP) and its composites, both before and after electron beam irradiation. 

It has been analyzed from the polarization change toward the temperature change that 

recorded by P-E loop measurements. The polarization change was measured every 

single degree from 20 to 140 
o
C by keeping the constant electric field of 40 MV m

-1
. 

The figure shows that the absolute value of the ∆T increase by the increasing of the 

temperature.  This phenomenon is still continuing until reach the peak at the specific 

temperature. Interestingly, beyond those temperature, the absolute value of the ∆T 

tends to decrease. Those critical points called Curie temperature (Tc), the temperature 

when the polymer ferroelectric material change to be paraelectric. In this state, the ∆T 

reach the maximum value (∆Tmax). Each condition of the sample has different ∆Tmax at 

different critical points temperature as well. 

Figure 5.3. (a) presents  the ∆T of the neat P(VDF-HFP) and HFP/GN 

composites before electron beam irradiation as a function of temperature. From this 

figure, it can be seen clearly that neat P(VDF-HFP) possess the lowest ∆T compared 

to the HFP/GN at all loadings. Adding small amount of GNPs conducting nanofillerrs 

bring the benefit for the electrocaloric effect improvement that indicated by the 

improvement of ∆T value. The range of the calculated maximum ∆T of the 

composites is (-64.75) to (-72.34) 
o
C, much higher than that of the neat P(VDF-HFP) 

of (-52.95). 

Besides the ∆T value, the Curie temperature (Tc) of each condition should be 

considered too. For the real application, the electrocaloric cooling system will be 

operated at room temperature. Hence, discovering electrocaloric materials that 

possess high ∆T at room temperature or at least nearby to is becoming another 

attention. For the neat P(VDF-HFP) itself shows a quite high Tc of 118.32 
o
C. 

Fortunately,  this number is drastically decreased after adding small amount of GNPs 

conducting nanofillers to the polymers as shown by Fig. 5.3. (a). The Tc of HFP/GN 

composites before electron irradiation is much lower that that of neat P(VDF-HFP) at 
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all loadings. The lowest Tc value was shown by HFP/GN4 of 86.28
 o

C. Although the 

Tc at room temperature can not be gained, but it shows a good indication and can be 

used as a guidance for the future work. Moreover, these results indicated that adding 

GNPs conducting nanofiller at small loadings could improve electrocalic effect 

properties of P(VDF-HFP) copolymers in term of both increasing ∆T and dropping Tc. 

Along with Fig. 5.3. (a), Fig. 5.3. (b) that represents the electrocaloric effect 

of the polymer and its composites after electron beam irradiation also shows the 

similar trends. Neat P(VDF-HFP) possesses the lowest ∆T but highest Tc value 

compared to those of HFP/GN composites. It means that the effect of GNPs 

conducting nanofillers still exists after irradiation. Nevertheless, for electrocaloric 

effect, electron irradiation bring the different even the opposite to the GNPs 

nanofillers effects. Instead of improving ∆T and dropping Tc like GNPs, electron 

beam irradiation work with the opposite way, lowering ∆T and boosting Tc. This 

comparation can be seen clearly from Fig. 5.4. (a) and (b). The maximum ∆T of neat 

P(VDF-HFP) after irradiation is (-38.32 
o
C), much lower that that of before irradiation 

of (-52.95 
o
C). On the other hands, the Tc of neat P(VDF-HFP) after irradiation was 

gained from 18.32 
o
C to 126.66 

o
C. 
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Figure 5.4. (a) ∆Tmax; (b) Tc; (c) | ∆Tmax /Tc | and (d) | ∆Tmax /E | of neat P(VDF-HFP) and its 

composites before and after irradiated by electron. 
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and Tc, the comparation ratio of those two parameters might help to select the better 

codition.  Fig. 5.4. (c) shows the absolute ratio between ∆T and Tc for all conditions 

before and after electron beam irradiation. From this graph can be conclude that 

adding GNPs conducting nanofillers is effective to improve the electrocaloric 

behaviour of P(VDF-HFP) copolymers. The best propertiy was shown by HFP/GN4 
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HFP) and HFP/GN composites before electron beam irradiation is higher than that of 

after irradiation samples. 

As stated by prevous works, the mechanism of electron beam irradiation is 

not comprehensively clear (Baer and Zhu, 2017; Zhu et al., 2017). Nevertheless, this 

phenomenon might be caused by the difference of the microstructural change that 

caused by electron beam irradiation  and adding GNPs conducting nanofillers. It was 

proven that both GNPs and electron beam irradiation are effective to improve 

dielectric constant by inducing the charge that can change the crystalline phase of the 

polymers. 

Not only enhancing the dielectric constant due to the strong interaction 

between the positive carbon of GNPs and negatively CF2 bonds of P(VDF-HFP), 

introducing the fillers to the matrix will also affect to the microstructural change. The 

GNPs filler will fill the gap that exist in the polymers matrix that might leads to 

enlarge the distance between the polymers inter-chain. As the consequence, this inter-

chain enlargement could weaken the reciprocity of the inter-chain itself in the 

polymer matrix (Zhu et al., 2017). Thus, introducing GNPs conducting nanofillers 

could lowering the Curi Temperature (Tc) that represents the energy barrier as shown 

by Fig. 5.4. (b). Further, the crystallinity and crystal size could also be more exploited 

to help to understand the mechanism. Our prior work has been reported that the 

reducement of ∆T in the stretched P(VDF-HFP) might be caused by the drastical 

improvement of the cristallinity (Salea, Chaipo, Permana, Jehlaeh, and Putson, 2020). 

Nevertheless, in this work, the crystallinity of the polymer and its composites before 

and after electron beam irradiation is not significantly different, as presented by table 

3.1 at chapter 3. In the opposite, the crystal size of the polymer and its composites 

was dropped to almost a half after irradiation. This crystal size reducement could be 

another key factor to answer why adding GNPs nanofillers show the different effect 

on electrocaloric behaviour compared to electron beam irradiation. 

The larger crystal size of the HFP/GN compared to neat P(VDF-HFP) with 

the higher spontaneous dipoles that packed in the ferroelectric domain leads to 

increase the net polarization even the external electric field was removed out. This 

bigger slope of the polarization change as the function of temperature change affects 

to bigger ∆T as well. So that, the ∆T of the composites are higher than that of the 
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polymer. It is different with the electron beam that chopped the crystal size to be 

smaller that resulting in to flexibility of the dipoles. Hence, when the electric field 

was removed, only small amounts of dipoles that are still reoriented. It could be 

lowering the slope of polarization change as the function of temperature change. As 

the results, the ∆T of the polymer and its composites was decreased after electron 

beam irradiaton. 

 

5.5 Conclusion 

As assumed, introducing conducting fillers such as GNPs will improve both 

AC conductivity of the polymer as well as its dielectric loss. Hence, huge size of 

ferroelectric loop can not be denied. As consequence, the HFP/GN composites 

showed undesired result on energy properties, high loss bu low discharge energy 

density. Fortunately, as the main key factor of this work, electron irradiation shows 

the opposite result that was effective on reducing ferroelectric crystal size, 

considerably boost up permittivity aalong with dropping AC conductivity and 

dielectric loss. Therefore, energy loss of all samples tend to decrease after electron 

irradiation. So that, higher both  discharge storage energy and its energy efficiency 

can be reached for neat P(VDF-HFP) as well as its composites for all conditions. 

Here, after irradiated by electron, energy efficiency of neat P(VDF-HFP) copolymers 

was improved from 68.11 to 74.66%. this number is literally higher than reported by 

another work of 58%. Morover, the energy efficiency improvement was also achieved 

by the composties at all percentage consentration that almost doubled after irradiation. 

On the other hands, adding GNPs conducting nanofiller at small loadings could also 

improve electrocalic effect properties of P(VDF-HFP) copolymers in term of both 

increasing ∆T and dropping Tc. nevertheless, instead of improving ∆T and dropping Tc 

like GNPs, electron beam irradiation work with the opposite way, lowering ∆T and 

boosting Tc. hence, adding GNPs conducting nanofillers bring the benefit for 

dielectric and electrocaloric properties, while electron beam irradiation shows the 

outstanding performance on dielectric, ferroelectric behavior and energy properties. 
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Chapter 6 Conclusions and future work  

 

6.1 Main conclusions 

Combining two different techniques: introducing small amount of GNP 

conducting nanofillers and shooting the electron beam are the cores of this work. 

Some parameters have been observed by a plenty of measurements and 

characterizations. For the surface properties, GNPs presented a good spreading along 

the P(VDF-HFP) matrix. For the HFP/GN composites, a strong electrostatic 

interaction of between them resulted on smaller spherulites and a rougher surface 

topography compared to that of the neat polymer. Further, appearing of GNPs 

nanofiller is effective on reducing the pores of the polymer matrix that leads to more 

compact and homogeneous film.  Along with the effect of adding GNPs nanofillers, 

shooting electron beam could also boost up the surface roughness of both neat 

polymer and composites. As the consequence, a more hydrophobic surface could be 

obtained. Hence, the water contact angle for neat P(VDF-HFP) and HFP/GN 

composites that measured after electron beam irradiation shows various number from 

113
o
 to 116

o
, respectively. Compared to the previously reported by another work of 

90
o
 for PVDF, those numbers were much higher, indicating a better performance for 

self cleaning ability. 

Take a look on the microstructure inside, both choosen techniques were 

effective in facilitating and transforming the non-polar TGTG α-phase to the most 

electroactive TTTT β-phase by which the dielectric constants of all conditions 

improved. Unfortunately, introducing small amount of GNP also boosted up AC 

conductivity and dielectric loss of the polymer, leading to a bigger P-E hysteresis 

loop. As a highlight, it must be noted that the HFP/GN composites presented lower 

energy density and higher undesired energy loss. Interestingly, opposite to the effect 

of adding GNPs nanofillers, however, electron beam irradiation considerably 

improved the dielectric constant and reduced AC conductivity as well as dielectric 

loss in the same time. This happens by its effective role on reducing the crystal size. 

Therefore, energy loss tended to be lower after electron beam irradiation leading to 

much better desired storage energy density and storage energy efficiency of both neat 
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P(VDF-HFP) and HFP/GN composites at all loadings. After electron beam 

irradiation, the energy efficiency of neat P(VDF-HFP) was incrased from 68.11 to 

74.66%, which is much higher than previously reported of 58%. Meanwhile, the 

energy efficiency was increased by two times for the HFP/GN composites. 

For another application, electrocaloric cooling system, adding GNPs 

nanofillers shows a better role compared to electron beam irradiation. This 

electrocaloric effect improvement caused by GNPs was indicated by both increasing 

∆T and dropping Tc. Considering those two electrocaloric parameters, the | ∆Tmax /Tc | 

ratio for HFP/GN composites was improved to almost two times of the neat P(VDF-

HFP). 

In a simple term, adding GNPs nanofillers to the P(VDF-HFP) copolymers 

shows a good performance for dielectric and electrocaloric applications with 

additional advantages of hydrophobicity for self cleaning materialls, while electron 

beam irradiation shows an outstanding performance on dielectric constant, 

ferroelectricity and storage energy density and efficiency for a better smart energy 

device with self cleaning ability addition. 

 

6.2 Future work 

This work studied about the microstructure change and its effect on surface, 

electrical, ferroelectric and energy properties as well as electrocaloric effect behavior. 

The results show that there is a relation between all of them. According to the results 

of this work, the following issues could be considered for the future work: 

a) To gain a higher dielectric constant of the polymer, investigating other 

conducting materials and techniques that can facilitate β-phase formation and 

dipoles improvements should be conducted in advance. 

b) For energy application, higher storage energy density and efficiency could be 

generated by improving the flexibility of the dipoles. Hence, deeply 

exploration of electron beam irradiation and understanding its mechanism 

will be very useful to find the parallel techniques either by chemical or 

physical pinning.  

c) To generate a better electrocaloric cooling materials, improving ∆T and 

lowering Tc to be near room temperature is a necessary.  
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d) This work used indirect measurement for electrocaloric effect. Hence, its 

direct measurements could be conducted as a comparison. 

e) This work can be extended for energy harvesting study. 
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