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โคเฮกซะฟลูออโรโพรพิลีนสาํหรับระบบทาํความเยน็ 

ผู้เขียน   นายอาหะมดั  สาและ 
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บทคัดย่อ 

เทคโนโลยทีาํความเยน็อิเล็คโทรแคลอริคมีความสาํคญัในการพฒันาเทคโนโลยท่ีีเป็นมิตร

กบัส่ิงแวดลอ้มโดยลดสารซีเอฟซีและเพิ่มประสิทธิภาพความเยน็ใหสู้งข้ึน  เทคโนโลยดีงักล่าวได้

ถูกประยกุตใ์ชใ้นหลายดา้น  เช่น  อาหาร  เคร่ืองยนต ์ ท่ีพกัอาศยั หรือโรงงานอุตสาหกรรม  ปรากฏ

การณ์อิเล็คโทรแคลอริคเป็นการคายและดูดความร้อนในวสัดุเฟอโรอิเล็คทริคเม่ือมีการเพิ่มหรือลด

สนามไฟฟ้าภายนอกตามความสัมพนัธ์แมกส์เวลล ์   งานวจิยัท่ีผา่นมาไดมี้รายงานการพฒันาการณ์

ต่อเน่ืองในหลายวธีิเพื่อเพิ่มประสิทธิภาพ  งานวจิยัน้ีมีวตัถุประสงคเ์พื่อลดอุณหภูมิคูรี (Curie 

temperature) และเพิ่มการเปล่ียนแปลงอุณหภูมิ (temperature change) บนพอลิเมอร์พอลิไวนิลิดีน

ฟลูออไรด์โคเฮกซะฟลูออโรโพรพิลีนดว้ยวธีิอนัตรชั้นเฟสวศิวกรรม (interfacial phase 

engineering) เช่น สารตวัเติมอนุภาคนาโน (filler nanocomposites) และเทคนิคการยดืสองแกน 

(biaxial stretch technique) ผลการศึกษาพบวา่การเพิ่ม ลด และรักษาไวข้องผลึกดั้งเดิม (ordinary 

crystallization) มีผลต่อการเพิ่มข้ึนของการเปล่ียนแปลงอุณหภูมิบนพอลิเมอร์  ความแขง็แรงบน

อนัตรกริยาระหวา่งสารตวัเติมและพอลิเมอร์มีผลต่อการลดลงของอุณหภูมิคูรี  ซ่ึงข้ึนกบัชนิดของ

สารตวัเติม  ความสัมพนัธ์ระดบัโครงสร้างวสัดุของการลดอุณหภูมิคูรีและการเพิ่มการเปล่ียนแปลง

อุณหภูมิบนพอลิเมอร์สามารถคาดการณ์ประสิทธิผลของเทคโนโลยีอิเล็คโทรแคลอริคในอนาคต 
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ABSTRACT 

Electrocaloric cooling technologies play an important role in the development of 

environmentally-friendly technology of zero-CFCs waste gas with greater cooling 

efficiency. They are applied in several fields such as cooling for meals, automobiles, 

residences, and industrial environments. The electrocaloric effect is the exothermal and 

endothermal on ferroelectric material when it was applied/ejected external electric field, 

according to Maxwell’s relation. In the electrocaloric literature, it has spread developed 

in several approaches. This study is aimed to reduce Curie temperature and enhance 

temperature change on electrocaloric PVDF-HFP by interfacial phase engineering such 

as filler nanocomposites and biaxial stretch technique. Three PVDF-HFP behaviors of 

induced, reduced, and kept the ordinary crystallization, affected temperature change 

enhancement. The effect of how strong boding interaction on interfacial filler-polymer 

was noticed on Curie temperature reduction, depending on filler types. The deep-

understanding of Curie temperature reduction and temperature change enhancement by 

tailored microstructure can extrapolate electrocaloric performance for the novel 

electrocaloric cooling technology in the future. 

  



vii 

ACKNOWLEDGEMENTS 

This thesis cannot be successful without the advocate of my adviser, Assoc. 

Prof. Dr. Chatchai Putson. Thank you for always supporting my wonderful goals. 

His expert research experiences inspired me a lot. He exposed me to the real statement 

of “Our Soul is for the Benefit of Mankind”.  

I am very thankful to my thesis committee, Assoc. Prof. Dr. Chesta Ruttanapun 

(King Mongkut’s Institute of Technology Ladkrabang), Assoc. Prof. Dr. Nantakan 

Muensit, Assoc. Prof. Dr. Sumetha Suwanboon, Asst. Prof. Dr. Paphavee van 

Dommelen and Asst. Prof. Dr. Chalongrat Daengngam for their time and knowledge. 

My deep appreciation goes to Aj Jamras, P Keng, P Ying, and Aj Chaiwat for 

supporting the instruments in this research.  

To my materials physics group who are my extraordinary partners of 

the research, I am thankful to N Fah, N Ardian, N Beam, N James for their keen 

supporting my confidence. To Michael, Ardian (again), John, Piten, Lae Lae, Chaw, 

thank you for the amazing foreigner-friendship that improving my English conversation 

a lot.  

I am grateful to the Center of Excellence in Nanotechnology for Energy, 

Thailand Center of Excellence in Physics (ThEP-61-PIP-PSU3), PSU Graduate School, 

and PSU Department of Physics for the grants to support my research. My honest 

appreciation for Science Achievement Scholarship of Thailand (SAST) scholarship has 

supported me financially throughout my study for 10 years.  

Lastly, my family always advocate my soul in any situation, their special 

supporter gives me good guidance on my final decision. 

Ahamad Salea 



viii 

CONTENTS 

 Page 

 

ABSTRACT (Thai)…………………………………………………………...……....v 

ABSTRACT ................................................................................................................ vi 

ACKNOWLEDGEMENTS ....................................................................................... vii 

CONTENTS .............................................................................................................. viii 

LIST OF TABLES ..................................................................................................... xii 

LIST OF FIGURES .................................................................................................. xiii 

CHAPTER 1 

INTRODUCTION ........................................................................................................ 1 

1.1 Background and Motivation of the Thesis ..................................................1 

1.2 The Purposes of Thesis ...............................................................................5 

1.3 Thesis Organization ....................................................................................5 

1.4 Concept of EC and Thermodynamic Theory ..............................................6 

1.5 Highlights ..................................................................................................10 

 

CHAPTER 2 

RELATED ELECTROCALORIC MATERIAL LITERATURE .............................. 11 

2.1 The Effect of Curie Temperature by Filler Composition .......................... 11 

2.1.1 Reduction of Tc by Filler Composition ...................................... 11 

2.1.2 Increase of Tc by Filler Composition ......................................... 12 

2.1.3 Hit a Peak of Tc by Filler Composition ...................................... 12 

2.1.4 Curie Temperature Reduction by Other Strategies .................... 13 

2.2 Ferroelectricity in Polyvinylidene fluoride (PVDF) Polymers ................. 14 



ix 

CONTENTS (cont.) 

 

2.3 Interfacial Coupling in PVDF Based-Filler Nanocomposites .................. 15 

2.4 The Performance of PVDF Based-Filler Nanocomposites ....................... 16 

2.4.1 The Performance Level of PVDF among Ceramics .................. 16 

2.4.2 Advanced ∆T on PVDF Based-Filler Nanocomposites ............. 17 

2.4.3 An Advanced ∆T on PVDF by the Other Strategies.................. 18 

2.5 Strengths and Weaknesses of Indirect and Direct ECE Measurements .... 19 

 

CHAPTER 3 

MATERIALS, PREPARATION, AND CHARACTERIZATIONS .......................... 21 

3.1 Materials ................................................................................................... 21 

3.2 Preparation ................................................................................................ 21 

3.2.1 Polyvinylidene fluoride (PVDF-HFP) Thin Film with Filler 

Nanocomposite ....................................................................... 21 

3.3 Dielectric and Electrocaloric Characterizations ........................................ 22 

3.3.1 Dielectric measurement ............................................................. 22 

3.3.2 Electrocaloric characterization with Maxwell relation .............. 22 

 

CHAPTER 4 

ECE in PVDF Composites Based on Different graphene contents with Biaxial 

Stretch ......................................................................................................................... 24 

4.1 Highlights .................................................................................................. 24 

4.2Introduction ................................................................................................ 24 



x 

CONTENTS (cont.) 

 

4.3Experimental Details .................................................................................. 25 

4.3.1 Stretched PVDF-HFP Thin Film - based on Graphene Filler 

Nanocomposite Preparation .................................................... 25 

4.3.2 Thermal Analysis ....................................................................... 25 

4.3.4 Ferroelectric Energy Efficiency Measurement .......................... 26 

4.3.3 Dielectric and Electrocaloric Characterizations ......................... 26 

4.4A Brief of Results and Discussion ............................................................. 27 

4.5 Conclusion ................................................................................................ 29 

 

CHAPTER 5 

ECE in PVDF Composites Based on Different Rare-earth Contents with Two 

Electronegativities....................................................................................................... 31 

5.1 Highlights .................................................................................................. 31 

5.2 Introduction ............................................................................................... 31 

5.3 Experimental Details ................................................................................. 32 

5.3.1 PVDF-HFP-based on RE fillers nanocomposite preparation .... 32 

5.3.2 FTIR spectra............................................................................... 32 

5.3.3 XRD diffraction ......................................................................... 33 

5.3.4 Thermal Analysis ....................................................................... 34 

5.3.5 Dielectric and Electrocaloric Characterizations ......................... 34 

5.4 A Brief of Results and discussion ............................................................. 35 

5.5 Conclusion ................................................................................................ 37 



xi 

CONTENTS (cont.) 

 

CHAPTER 6 

SUMMARY ................................................................................................................ 40 

7.1 Conclusions ............................................................................................... 40 

7.2 Limitations and Recommendations for Future Work ............................... 41 

 

BIBLIOGRAPHY ....................................................................................................... 42 

APPENDICES ............................................................................................................ 58 

APPENDIX A ................................................................................................. 58 

APPENDIX B ................................................................................................. 67 

APPENDIX C ................................................................................................. 89 

APPENDIX D ................................................................................................. 94 

APPENDIX E ................................................................................................. 99 

VITAE ...................................................................................................................... 100 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



xii 

LIST OF TABLES 

Table Page 

 

Table 1 Divergence in the absorption FTIR of typical bands characteristics of  PVDF 

phases [50, 51]. ....................................................................................................... 33 

Table 2 Divergence in the diffraction XRD of angle and crystal planes of crystalline 

PVDF phases [50, 51] ............................................................................................. 34 

  



xiii 

 LIST OF FIGURES 

Figure Page 

 

Figure 1 (a) Electrocaloric cycle in ferroelectric materials (adapted from the prior study 
[10]), negative ECE behavior of AFE phase (a) without E and (b) with E, compared 

with the normal ferroelectric phase (adapted from the prior studies [11, 12]). ........ 2 

Figure 2 Electroactive phases of PVDF with SEM image of the crystalline and 

amorphous regions on spherulite PVDF structure, and the structure of PVDF 

based on BaTiO3 filler nanocomposite (adapted from prior studies[50, 55]). ........ 15 

Figure 3 Electrocaloric performance and energy density efficiency of PVDF based on 

filler nanocomposite, (a) electrocaloric PVDF performance among ceramics [15], 

(b) energy density efficiency [93], (c) dielectric constant of PVDF based on GCNs 

filler nanocomposites [72], and (d) the electrocaloric enhancement of PVDF based 

on filler nanocomposite [94]. ................................................................................ 19 

Figure 4 The stretched and GPN filler nanocomposite effects on PVDF-HFP thin film, 

(a) crystallinity enhancement melting temperature reduction, (b) the increases of 

dielectric constant and conductivity, (c) ferroelectric performance, and (d) 

electrocaloric performance.................................................................................. 29 

Figure 5 The RE filler nanocomposite effect, (a) β phase and crystal β behaviors, (b) 

crystallinity region and dielectric constant, (c) the structural schematic of PVDF-

HFP based on RE filler, and (d) electrocaloric behaviors. ................................. 37 

 

 

 

 

 

 

 



xiv 

LIST OF ABBREVIATIONS AND SYMBOLS 

𝐴   Electrode area (m2)  

Aα   Absorbance’s wavenumber at 767 cm-1 

𝐴𝛽   Absorbance’s wavenumber at 837 cm-1 

𝜀0   Dielectric permittivity of free space (8.853 x 10-12 F m-1) 

𝜀𝑟  Dielectric constant 

𝜀𝑟
"   Dielectric loss 

C  Electrical capacity 

𝐶𝐸  Heat capacity 

𝑑   Sample thickness (m) 

Dy  Dysposium 

DMF  N, N-dimethylformamide 

DI water Deionized water 

DSC  Differential Scanning Calorimetry 

∆E   Eelectric Field 

EC  Electricaloric 

ECE  Electrocaloric effect 

Er  Erbium 

𝑓  Frequency  

F(β)  Fraction of β phase 

FTIR  Fourier Transform Infrared Spectrophotometer

GPN  Graphene nanoplatelet 

 



xv 

LIST OF ABBREVIATIONS AND SYMBOLS (cont.) 

GCNs  Graphitic Carbon Nanomaterials

∆𝐻𝑚  Melting enthalpy change  

∆𝐻𝑚
0   The melting enthalpy of 100% crystalline PVDF-HFP (104.6 J g-1) 

∅   The weight fraction of filler 

Iβ(20.5)

Iα(18.3)
⁄  The crystal β phase ratio

Kα   The α coefficient (6.1 × 104 cm2 mol-1) 

Kβ   The β coefficient (7.7 × 104 cm2 mol-1) 

ɳ  Energy storage efficiency 

NST  non-stretching

P+  positive-dipole 

P-  anti-dipole 

𝑃  Polarization 

Pr  Remnant polarization 

Pmax  Maximum polarization 

𝜌  Density 

PVDF  Polyvinylidene fluoride

PVDF-HFP  Polyvinylidene fluoride-co-hexafluoropropylene 

𝑝   Pyroelectric coefficient 

PE loop Polarization-Electric field loop 

∆Q  Heat transfer 

RE  Rare-earth 

RT  Room temperature 



xvi 

LIST OF ABBREVIATIONS AND SYMBOLS (cont.) 

𝜎𝑎𝑐  AC electrical conductivity 

SEM  Scanning Electron Microscopy 

ST  Stretching  

∆S  entropy-change 

∆T  adiabatic temperature-change 

T  Temperature 

Tm  Melting temperature 

Tc   Curie temperature 

τ  Torque polarization 

TEM  Transmission Electron Microscopy

𝑈𝑒    Recoverable energy density 

𝑈𝑙   Unrecoverable energy density 

𝑋𝑐   Crystallinity 

XRD  X-Ray Diffraction 



1 

 

 

CHAPTER 1 

 

INTRODUCTION 

1.1 Background and Motivation of the Thesis 

Novel cooling technologies have to produce a greater energy conversion 

efficiency with environmentally-friendly and green technology as zero-CFCs waste 

gas. It can apply for routine cooling of meals, automobiles, residences, or industrial 

environments, deserving for future growing world energy consumption [1]. The current 

cooling technology of vapor-compression technology is limiting of energy efficiency 

improvement. This is an opportunity for alternative technology as non-vapor-

compression with greater efficiency and zero-hazardous-gases releasing. Caloric 

technology is a great candidate, providing advanced efficiency of about 60-70% [2-8] 

compared with other cooling technologies. Among caloric technologies, electrocaloric 

is the most suitable research for the commercial market. For examples of limited-space 

and lighter weight of voltage are included.  

The electrocaloric effect is effect producing/absorbing temperature after 

applied/ejected external electric field, following Maxwell’s relation [9]. This effect has 

changed the dipole moment in ferroelectric material by the electric field (∆E). 

Consequently, entropy-change (∆S) and adiabatic temperature-change (∆T, ∆Q 

constant) have occurred following the second law of thermodynamic; ∆𝑄 = 𝑇∆𝑆. 

Electrocaloric cycle is explained in Figure 1 (a).  Firstly, dipole moments are 

rearranged by applying ∆E with decreasing ∆S, resulting in T increase (T+∆Tad, 

exothermal material, stage 4 to 1). Afterward, the hotter temperature was released (stage 

1 to 2). Secondly, dipole moments are reversed to usual random by ejecting ∆E with 
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increasing ∆S, resulting in T reduction (T-∆Tad, endothermal material, stage 2 to 3). 

Finally, the cooler temperature was consumed (stage 3 to 4).  

 

Figure 1 (a) Electrocaloric cycle in ferroelectric materials (adapted from the prior 

study [10]), negative ECE behavior of AFE phase (a) without E and (b) with E, 

compared with the normal ferroelectric phase (adapted from the prior studies [11, 

12]). 

 

The ferroelectric materials have a large change of dipole moment at the phase 

transition temperature, and the enormous change is often found at ferroelectric-

paraelectric transition or Curie temperature (Tc). The high Tc on many ferroelectric 

materials has to reduce the nearer room temperature. Moreover, a great ∆T and low 

applied ∆E are also considering for electrocaloric strength (∆T/∆E) development. 

There is negative electrocaloric (negative ECE) that behaved in the opposite of 

positive electrocaloric (positive ECE), with producing the endothermal before 

exothermal. According to Geng’s theory, the dipole moment direction of negative ECE 

is opposite pair dipoles as shown in the antiferroelectric phase without E in Figure 1 (b). 

T T+∆Tad T T-∆Tad

Stage 4 Stage 1 Stage 2 Stage 3

(b) (c) (d)

E

(b)

(a)
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This anti-dipole (P-) tries to rearrange in the same direction with E, by changing to be 

a wider angle while P+ changing to be a narrower angle (Figure 1 (c)), compared with 

normal ferroelectric (Figure 1 (d)). This behavior produces the ∆S enlargement, 

resulting in adiabatic cooler temperature in beginning. Most of the negative ECE 

behaved as the asymmetry ferroelectric structure as called antiferroelectric. 

The negative ECE was found in anti-ferroelectric materials. For examples of 

negative ECE materials were (Pb0.88Sr0.08)[Nb0.08(Zr0.53Ti0.47)0.92]O3 with ΔT = –0.38 K 

(1.5 MV/m) [13], NBT with ΔT = –1.6 K (7 MV/m) [14], Pb0.97La0.02(Zr0.80Sn0.14Ti0.06)O3  

with ΔT = –5.5 K (11 MV/m) [15]. For examples of positive ECE materials were BaTiO3 

with ΔT = 1.6 K (1 MV/m) [16], Pb0.97La0.02(Zr0.66Sn0.23Ti0.11)O3 with ΔT = 0.6 K 

(30 MV/m) [17], etc.. Those ceramics have some drawbacks of the less flexible, 

difficulty in fabrication, and high weight, and low electrical breakdown strength. 

The distinct disadvantage of low electrical breakdown strength on ECE ceramic has 

limited for producing a great ∆T at high E, excepting PVDF polymer. 

Polyvinylidene fluoride (PVDF) is the great ferroelectric polymer with semi-

crystalline polymer, discovering the giant ∆T in the years of 2008 [18]. There are 

Fluorine (F), Hydrogen (H), and Carbon (C) backbone in the units (-C2H2F2-)n. 

The direction in the opposition between F and H produced a large dipole moment, 

calling β phase (TTT conformation). PVDF molecules with several phases are polarized 

by E, providing ∆T respectively. Polyvinylidene fluoride-co-hexafluoropropylene 

(PVDF-HFP) is one of PVDF copolymer in the units (-CH2CF2-)x[-CF2CF(CF3)-]y. 

which has low cost and more flexibility. There are many techniques for PVDF 

polarization. For examples of Tailored polarization by electron-beam or gamma 

irradiation [19-21], self-rearranged polarization by electrospinning [22, 23], rearranged 
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polarization by poling [24], modified crystal structure by stretching technique at a given 

temperature [25], are included for polarization improvement. The combination of 

stretching technique and polymer composite by adding filler are interesting to study. 

PVDF molecules are simply polarized when adding a conducting-filler 

nanocomposite. The research has successfully found that filler-nanocomposite 

improved not only ∆T enlargement but also Tc reduction effectively. The detailed filler-

nanocomposite information is extremely discussed in Chapter 2; related to 

electrocaloric material literature. For example, Ca doped BaTi0.975(Nb0.5Yb0.5)0.025O3 

was included [26]. The diffusion of Ca in BaTi0.975(Nb0.5Yb0.5)0.025O3 can reconstruct 

the original phase transition to lower temperature, resulting in Tc reduction. According 

to a prior study [27], the Rare-earth elements powerfully induced dielectric polarization 

on PVDF, resulting in great dielectric properties. The stronger interaction of rare-earth 

filler nanocomposite in PVDF polymer is challenging to further ECE study.  

In addition, many researchers have less focused on filler size effect in 

microstructural PVDF polarization. C. Putson and coworkers studied the effect of filler 

size on the dielectric polymer.[28] They highlighted that a stronger electrostatic force on 

a smaller filler size had potentially improved dielectric performance. Besides copper 

powder, a nanopowder of gold nanoparticles (AuNPs) is interesting in this field. 

M. Kushwah and colleagues tried to study the effect of AuNPs concentration in 

PVDF.[29] They found that the increasing concentration improved PVDF chain polymer 

by electrostatic force, resulting in greater dielectric properties. The synthesis of 

conductive AuNPs was reported by G. Frens as a well-known citrate reduction 

procedure.[30] AuNPs have formed in different sizes by the amount of citrate reduction 
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solution.[31] So far the different sizes of AuNP in PVDF polymer are interesting to study 

the relationship between dielectric and electrocaloric performances.  

1.2 The Purposes of Thesis 

In response to the general electrocaloric relationships, the main objectives of 

this research are as follows:  

1) to reduce the Curie temperature of PVDF-HFP. 

2) to promote the temperature change of PVDF-HFP. 

There are several aims for each paper, follows; two sub-main objectives were 

accomplished as follows: 

 The strategy I: different graphene contents with biaxial stretch on ECE PVDF-

HFP was studied in Paper I, for improving ∆T by both filler and stretching effects. 

 Strategy II: different rare-earth contents with two electronegativities on ECE 

PVDF-HFP was observed in Paper II, for reducing Tc by the advanced filler. 

1.3 Thesis Organization 

Chapter 1 starts to explain the motivation of this thesis. Some literature reviews 

are small discussed. The concept of ECE and thermodynamic theory is deeply explained 

following the highlights in this thesis. 

Chapter 2 has the most references because of concentrating on detailed 

information on the literature review. Most of the review topic covers and relates to this 

research. 
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Chapter 3 explains the main materials, preparation, and dielectric and 

electrocaloric characterizations. All detailed electrical characterizations are explained 

in this chapter. 

Chapter 4 expresses the results and discussion of the ECE effects of PVDF-

HFP based on different graphene contents with biaxial stretch. Many contents of this 

chapter were published in the Journal of Cleaner Production (Appendix A). I added 

some detailed information and extra discussion to fulfill the content.  

Chapter 5 expresses the results and discussion of the ECE effects of PVDF-

HFP based on different rare-earth contents with two electronegativities. Many contents 

of this chapter are revised in the Journal of Materials Science; Materials in Electronics 

(Appendix B) with major revision. I added some detailed information and extra 

discussion to fulfill the content. 

Chapter 6 summarizes all content in this thesis. It consists of conclusions, 

limitations, and recommendations for future work. 

After Chapter 6, Bibliography was shown, as well as Appendices before 

finalizing with my updated Vitae. 

1.4 Concept of EC and Thermodynamic Theory 

The external electric field polarizes dipole moment in ferroelectric material 

following electric field direction. As a result, entropy change (ΔS) and adiabatic 

temperature change (ΔT) are increased to hotter material (exothermic), following 

the second law of thermodynamic 

∆𝑄 = 𝑇∆𝑆,                                                               (1) 
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After removing the hotter temperature out of the material for a moment, the field 

is ejected with increasing ΔS of random dipole moment. As a result, ΔT decreases to 

cooler material (endothermic), as shown in Figure 1.  

According to Gibbs free energy (G) equation, dielectric relation is determined 

as Equation (2), 

𝐺 = 𝑈 − 𝑇𝑆 − 𝑋𝑥 − 𝐸𝐷,                                                            (2) 

and thus, 

𝑑𝐺 = −𝑆𝑑𝑇 − 𝑥𝑑𝑋 − 𝐷𝑑𝐸,                                                         (3) 

the derivative of Gibb free energy, 

𝑆 = − (
𝜕𝐺

𝜕𝑇
)

𝐸,𝑋
, 𝐷 = − (

𝜕𝐺

𝜕𝐸
)

𝑋,𝑇
,                                                    (4) 

where U, T, S, X, x, E, and D, are internal energy of the system, temperature, 

entropy, stress, strain, electric field, and electric displacement, respectively 

 

Because the EC effect is thermodynamically equivalent to the pyroelectric 

effect, using Maxwell’s relation, it is then given by 

(
𝜕𝑆

𝜕𝐸
)

𝑇,𝑋
= (

𝜕𝐷

𝜕𝑇
)

𝐸,𝑋
= 𝑝𝐸 ,                                                      (5) 

where 𝑝𝐸 is the definition pyroelectric coefficient 

 

and thus, using differential equation integration, 

∆𝑆 = ∫ (
𝜕𝐷

𝜕𝑇
)

𝐸
𝑑𝐸,                                                           (6)

𝐸2

𝐸1

 

where E1 and E2 are the initial and final applied electric field, respectively. For 

heat capacity definition; 𝐶 = 𝑇(𝜕𝑆
𝜕𝑇⁄ ),  the adiabatic temperature change (ΔT) can 

describe the EC effect as follow: 

∆𝑇 = −
𝑇

𝐶
∫ (

𝜕𝐷

𝜕𝑇
)

𝐸
𝑑𝐸,                                                               (7)

𝐸2

𝐸1

 

when C independent of E 
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Besides, Landau's theory widely uses to demonstrate macroscopic phenomena 

that occur near their phase transition temperature in polar materials e.g. ferroelectric 

properties including EC materials. Using the general form of the Landau-

phenomenological theory 

𝐺 =
1

2
𝑔1𝐷2 +

1

2
𝑔2𝐷2 +

1

2
𝑔3𝐷2 − 𝐸𝑃,                                              (8) 

because of 𝑔1 = 𝛽(𝑇 − 𝑇𝐶) and  
𝜕𝐺

𝜕𝑇
= −∆𝑆 

and thus, 

∆𝑆 = −
1

2
𝐷2,                                                                (9) 

∆𝑇 =
1

2𝐶
𝑇𝐷2,                                                                (10) 

where 𝑔 and 𝛽 is the Landau coefficient, and D is equal to polarization (P) in 

ferroelectric materials. 

The equation (10) is the final term of the EC effect. P is one of the main factors 

that can improve ΔT. In addition, to improve EC materials, pyroelectric factors are also 

interesting as well. It may also increase EC coefficient because both two effects are 

thermodynamically equivalent as described in the equation (5). As the definition 

pyroelectric coefficient is 𝑝𝐸 as 𝑝 = (
𝜕𝐷

𝜕𝑇
)

𝐸,𝑋
 then given by: 

𝑝 = (
𝜕𝐷

𝜕𝑇
)

𝐸,𝑋
= (

𝜕𝐷

𝜕𝑇
)

𝐸,𝑋
+ (

𝜕𝐷

𝜕𝑥
)

𝐸,𝑇
(

𝜕𝑥

𝜕𝑇
)

𝐸,𝑋
,                                     (11) 

Because the equation (12) compose of two parts of pyroelectric; primary 

coefficient (𝑝𝑝𝑟)  and secondary coefficient (𝑝𝑠𝑐), 

𝑃 = 𝑃𝑠 + 𝐸𝜀,                                                                   (12) 
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Because Ps is the saturated polarization and 𝜀 is the multiplying of 𝜀0𝜀𝑟 as shown 

in the equation (13), so the primary coefficient can rearrange as the equation (14) 

𝐷 = 𝜀𝐸 = 𝜀0𝐸 + 𝑃 = 𝜀0𝐸 + 𝜀0𝜀𝑟𝐸                                                 (13) 

where D is the electric displacement field, 𝜀0 is the permittivity of vacuum 

𝑝𝑝𝑟 = (
𝜕𝐷

𝜕𝑇
)

𝐸,𝑋
= (

𝜕𝑃𝑠

𝜕𝑇
)

𝐸,𝑋
+ 𝐸 (

𝜕𝜀

𝜕𝑇
)

𝐸,𝑋
,                                         (14) 

From the equation (14), it can confirm that EC coefficient was improved with 

increasing three factors in primary pyroelectric coefficient; the saturated polarization 

of materials (Ps), the dielectric constant of materials (𝜀𝑟) and external electric filed (E). 

Also, in the secondary coefficient, it improves the EC coefficient although its impact is 

less than the first one. It can expend equations as equation (15). There are three factors 

of secondary pyroelectric coefficient; Piezoelectric coefficient (d), Young’s modulus 

(c), and thermal expansion coefficient (α). 

𝑝𝑠𝑐 = (
𝜕𝐷

𝜕𝑥
)

𝐸,𝑇
(

𝜕𝑥

𝜕𝑇
)

𝐸,𝑋
= (

𝜕𝐷

𝜕𝑋
)

𝐸,𝑋
(

𝜕𝑋

𝜕𝑥
)

𝐸,𝑇
(

𝜕𝑥

𝜕𝑇
)

𝐸,𝑋

= 𝑑𝑐𝛼,                           (15) 

 

Curie-Weiss has found ferroelectric-paraelectric transition in ferroelectric 

materials, calling Curie temperature (Tc). The highest polarization of ferroelectric 

material is found on this Tc, following the Equation (16) 

𝜀 − 𝜀0 =
𝐶

𝑇 − 𝑇𝑐
,                                                                    (16) 

where Tc is Curie temperature, 𝜀0 is initially dielectric constant and C is the heat 

capacity. This equation (16) is similarly with the Landau coefficient of β = 𝑔/(𝑇 −

𝑇𝐶). Equation (16) explains that the greatest polarization ensures to occur when 

ferroelectric material reaches the temperature at Tc. Different ferroelectric materials 



10 

 

 

produced different Tc position. Some of them have a small phase transitions such as 

PMN-PT single crystal [32]. Many studies have reduced the Tc to lower temperature [26], 

discussing in Chapter 2. 

1.5 Highlights 

This work has successfully studied the effects on the Tc reduction and ∆T 

enlargement of PVDF-HFP, via tuning chemical filler nanocomposite and biaxial 

stretch techniques. The effect of the stronger bonding interaction of rare-earth (RE) 

fillers has powerfully reduced Curie temperature of electrocaloric PVDF-HFP. 

The great ∆T enhancement was devoted to the filler nanocomposite that kept 

the ordinary crystallization of PVDF-HFP. the induced and reduced the ordinary 

crystallization decreased ∆T, by biaxial stretch and strong bond RE filler, respectively. 

Only a few filler contents of 1 wt% promoted the best electrocaloric effect on PVDF-

HFP. The detailed highlights were showed in each specific topic.   
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CHAPTER 2 

 

RELATED ELECTROCALORIC MATERIAL LITERATURE 

2.1 The Effect of Curie Temperature by Filler Composition 

The general strategy is to induce transition region or Curie temperature (Tc) near 

room temperature (RT) to improve the EC effect and expand its operating temperature.  

2.1.1 Reduction of Tc by Filler Composition 

One of the most appropriate strategies is adding filler for a polarizing 

microstructural phase in the main matrix. Some research reported that this strategy 

increased Tc 
[33-36], while the others reported that the filler can induce Tc to lower 

temperature [37-39]. For example, Weihua Wang and coworkers prepared Yb doped in 

PbZrO3 from 0 to 3.0 mol% [40]. They found that Tc was decreased with Yb content. 

The suitable Yb content is 1.0 mol% with ∆T of -12.01 K at 70 °C of E = 800 kV/cm. 

The ∆T also was improved with Yb content. K. Co and colleagues [41] found that 

the addition of Zr in BaZrxTi(1−x)O3 (BZT) of 0 < x < 0.30 can reduce the Tc nearer RT 

with increasing Zr content. As a result, the ΔT of 1.25 °C had reported the maximum 

value for an electric field of 100 kV/cm when x = 0.20. They confirmed that a small 

amount of Zr (0 < x < 0.15) can transform BaTiO3 from cubic paraelectric phase to 

tetragonal, orthorhombic, and rhombohedral phase, while the large amount (x > 0.15) 

can transform from cubic paraelectric phase to the rhombohedral phase and the sole 

ferroelectric phase. This is the typical phenomenon of diffused phase transition [42]. For 

example, In3+ cations substituted Ba(Ti1-xInx)O3-x/2 (x = 0.01, 0.03, and 0.05) ceramics 
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can transform phase transition temperature, resulting in Tc reduction due to 

the parameter of c/a reduction with the In3+ content [43]. Ba(Ti0.99In0.05)O2.975 produced 

∆T of 0.42 K under an E of 36 kV/cm. In addition, Jankowska-Sumara and coworkers 

reported that just 0.2 % of Cr ions doping in Pb5Ge3O11 significantly reduced Tc from 

453 K to 431 K with enhancing ∆T [44].  

2.1.2 Increase of Tc by Filler Composition 

However, some studies reported that the Tc was increased with filler content. 

The example of (1−x)Pb(Mg1/3Nb2/3)O3−xPbTiO3 with x = 0, 0.05, and 0.10 was 

included [33]. The Tc increased with PbTiO3 content. However, ∆T and ∆T/∆E were 

increased with the PbTiO3 content. In the worst case, the filler content can both increase 

Tc and keep ∆T constant at high filler content. For example of 

(Ba0.85Ca0.15)(Ti0.9Zr0.1−xSnx)O3 with x = 0.00, 0.02, 0.04, 0.06 was included [36]. 

The x = 0.06 seemed to increase the Tc and kept ∆T constant. The increase of cation 

and/or anion filler in the BZT structure has an important role in improving the ECE. 

According to [34], the increase of Ba and Ti content in (Ba0.85Sr0.15)(Zr0.15Ti0.85)O3, 

significantly enhanced Tc and ∆T, resulting in the greater ∆T/∆E. The increase of Tc 

and ∆T with Ba content was matched with the prior study [35].  

2.1.3 Hit a Peak of Tc by Filler Composition 

Some research has hit a peak filler content for Tc reduction [45-47]. For example, 

(Bi0.5Na0.5)0.92Ba0.08–3x/2LaxTiO3 lead free ceramics with x = 0, 0.01, 0.02, and 0.03 was 

included [48]. Only at x = 0.01 strongly reduced Tc to the lowest temperature from 
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115 °C to 50 °C before increasing back to 115 °C on x = 0.03. As a result, the ∆T of 

0.95 K was reported at Tc the nearest RT with E=50 kV/cm. It is possible that 

the position of the hit a peak of Tc was in-between an increase and a reduction of Tc by 

the suitable content of filler composition. The phase transition reduction via the amount 

of filler content has limited. The too much filler content might increase the possibility 

of the rapid phase transition, instead of gradually changing phase. 

2.1.4 Curie Temperature Reduction by Other Strategies 

There was evidence of Tc reduction by applying high external electric fields. 

For example, the negative ECE of Pb0.97La0.02(Zr0.80Sn0.14Ti0.06)O3 reduced Tc by 

enhancing the external electric field [15]. The Tc was linearly decreased from 210 °C to 

30 °C by enhancing E from 20 kV/cm to 110 kV/cm.  

The temperature-pressure and temperature-electric field phase diagrams on 

composite also affect the Tc reduction as well. An example of K0.5Na0.5NbO3 was 

included [49]. The increased hydrostatic pressure linearly reduced Tc from 700 K to 

300 K with the pressures of 0 GPa to 7 GPa, respectively.  

Ceramic composite’s theory of electrocaloric development made an impact on 

materials physic researcher for easily predictable the Tc and ∆T. However, the less 

crystallinity of flexible PVDF polymer is more challenging because of the easy 

fabrication, light-weight, flexible, and acidic resistance.  
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2.2 Ferroelectricity in Polyvinylidene fluoride (PVDF) Polymers 

PVDF is one of the great dielectric properties with exposing strongly 

ferroelectric-electrocaloric behavior. A simple PVDF molecule is composed of H and 

F bonding with C back-bone, -[C2H2F2]n-. PVDF polymer present in five different 

phases conformations, such as α phase (TGTG′), β phase (TTTT), γ (T3GT3G′), and δ 

(TGTG′). The highest and the second-highest of net dipole moment are devoted to β and 

α phase, respectively, due to the highest orderly phase conformation in all PVDF 

molecules, showing in Figure 2 [50]. Those phases are discriminated by the FTIR 

technique [51]. PVDF polymer exists semi-crystalline, having 50−70% crystallinity [52], 

based on different binary copolymers such as PVDF−TrFE, PVDF−HFP, 

PVDF−CTFE, and terpolymers such as P(VDF−TrFE−CTFE). Thus, those phases on 

the crystalline region (crystalline phases) in spherulite are also distinguished by 

the XRD technique [53]. According to the PVDF review [54], there are several procedures 

of the β-phase of PVDF polymers, such as poling, quenching, and stretching techniques. 

However, there are a few increases in β-phase nucleation. 
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Figure 2 Electroactive phases of PVDF with SEM image of the crystalline and 

amorphous regions on spherulite PVDF structure, and the structure of PVDF 

based on BaTiO3 filler nanocomposite (adapted from prior studies[50, 55]). 

2.3 Interfacial Coupling in PVDF Based-Filler Nanocomposites  

Nonconducting fillers are one of the interesting fillers for β-phase nucleation. 

For examples of ZnO [56], PZT [57], BaTiO3 
[58], KNaNbO [59], BNT-based ternary lead-

free [60], Clay montmorillonite [61], SiO2 
[62], were included. However, conducting 

fillers-based PVDF nanocomposites play the most important role in the development 

of β-phase of PVDF polarization. For examples of Graphitic Carbon Nanomaterials 

(GCNs); Carbon Nanotube [63-72], Graphene Nanoplatelets [73-75], Graphene Oxide [76-

82], metal nanopowders; Ag [83-85], Cu [86, 87], Fe [88], and Au [89], and Rare-earths (RE); 

La [90], Er [88, 91], Gd [91], Ce [27], and Y [27], were included. Most of conducting fillers 

induced the β-phase on PVDF molecule greater than the nonconducting fillers because 

Spherulite
TEM

SEM

Lamella/

crystalline 

region

Amorphous region
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of the stronger H-bonding interactions (dipole-dipole interactions/ electrostatic force). 

Despite the H bonding, ion-dipole interactions show the stronger force in PVDF based 

filler nanocomposites [92], resulting in greater polarization and dielectric properties. 

It seemed that the conducting fillers-based PVDF nanocomposites are challenging and 

promising for further development to polarize dipole moment in effectively under 

electrocaloric performance.  

2.4 The Performance of PVDF Based-Filler Nanocomposites 

2.4.1 The Performance Level of PVDF among Ceramics 

Figure 3 (a) showed the electrocaloric performance and efficiency energy 

density on PVDF among several ceramic composites [15]. According to the previous 

studies, research has found that great electrical breakdown strength of PVDF has 

resulted in the greatest ∆T among the ceramics. On the reason behind this is probably 

the amorphous region of PVDF, resulting in less ∆T/∆E compared with ceramics. 

The advanced electrocaloric on PVDF further developed. Research has found that there 

is mostly an increase in efficiency energy density by adding filler nanocomposites 

(Figure 3 (b)) [93]. Therefore, the addition of filler nanocomposite might polarize 

the dipole moment on the PVDF molecule for the electrocaloric performance in 

excellently. A great polarized on PVDF molecule by GCNs filler nanocomposites was 

reported in the previous literature [63-75][76-82], resulting in great dielectric constant 

(Figure 3 (c) [72]). The amount of filler nanocomposite is limited by the percolation 

threshold (the insulator-conductor transition), resulting in lower electrical breakdown 

strength [54]. The filler nanocomposites have increased ∆T/∆E on PVDF (Figure 3 (d) 
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[94]. For example, the ∆T/∆E of 0.10 K m MV-1 to 0.22 K m MV-1 was included when 

adding BZT in PVDF terpolymer. It seems that this technique can improve ∆T/∆E on 

PVDF nearer ceramic performance as PZT and BST.  

2.4.2 Advanced ∆T on PVDF Based-Filler Nanocomposites 

Many researchers had found that filler nanocomposites are an important role in 

the enhancement of PVDF electrocaloric. Lu Yang and colleagues reported graphene 

nanoplatelet doped in stretched blended polymer from 0.5, 0.7, and 1.0 wt% [95]. 

As a result, ∆T increased from 2.5 K for 0 wt% to 5.2 K for 1.0 wt% at RT with a small 

E of 40 MV m-1. They found that the ∆T increased with graphene content. Moreover, 

Yuqi Chen and coworkers found that BiFeO3 nanoparticles in Ba(Zr0.21Ti0.79)O3 

nanofibers doped in PVDF-TrFE-CFE [94]. Consequently, the ∆T of PVDF improved 

from 8 K to 14 K with E of 75 MV m-1 at 30 °C. They also found that the volume 

fraction of the filler was hit a peak at 30 vol% before drop ∆T at 50 vol%. Some had 

successfully increased ∆T in an effective idea such as designed the advanced fiber-filler 

form. For instance, the nanofiber of BaTi0.89Sn0.11O3 doped in P(VDF-TrFE-CFE) from 

2.5 vol% to 10.0 vol% [96]. Consequently, 7.5 vol% of fiber-filler produced the highest 

∆T of 9.08 K with kept Tc constant at RT (E = 1000 kV/cm). Furthermore, Jianfeng 

Qian reported that P(VDF‐TrFE‐CFE) was changed to nanofiber form by 

electrospinning and doped with Ba(Zr0.21Ti0.79)O3 nanofibers [97] from 0 to 10 vol%. 

As a result, ∆T increased with Ba(Zr0.21Ti0.79)O3 filler content. For example, 

at an electric field of 200 MV m−1 at 30 °C, ΔT increased from 21 K of pure P(VDF‐

TrFE‐CFE) to 44.3 K of 10 vol% filler. 
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This is the typical phenomenon of filler/polymer interfaces according to 

Maxwell-Wagner-Sillars (MWS) effect [98]. It can explain that these fillers can promote 

interfacial surface charges or interfacial coupling polarization at phase boundaries 

between dipoles across the polymer-filler interfaces. 

2.4.3 An Advanced ∆T on PVDF by the Other Strategies 

Besides the fiber-filler form, PVDF-TrFE-CFE was changed from thin film to 

nanowire by anodic aluminum oxide (AAO) [99]. As a result, ∆T increased from 0.55 K 

to 2.5 K at RT with 50 MV m-1. The ∆T/∆E was increased about three times. The high 

cost of relaxor PVDF-TrFE-CTFE polymer with the great ∆T/∆E [100] has led to 

research in normal-relaxor transformation on PVDF. They tried to improve normal 

PVDF to be the relaxor PVDF. Similarly with the prior study [101], they can add 

copolymer PVDF-TrFE in terpolymer PVDF-TrFE-CFE in the volume ratio of 3/7 to 

produce ΔT of 45.4K at an electric field of 100 MV/m at 85 °C. The increase in 

copolymer content increased Tc. 

In PVDF based-filler nanocomposites, there is less research on the technique of 

Tc reduction near RT. Most of them successfully improved the temperature-change 

enhancement for electrocaloric efficiency only as shown in Figure 3.  
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Figure 3 Electrocaloric performance and energy density efficiency of PVDF based 

on filler nanocomposite, (a) electrocaloric PVDF performance among 

ceramics [15], (b) energy density efficiency [93], (c) dielectric constant of PVDF 

based on GCNs filler nanocomposites [72], and (d) the electrocaloric enhancement 

of PVDF based on filler nanocomposite [94]. 

2.5 Strengths and Weaknesses of Indirect and Direct ECE Measurements  

The direct measurement is a method for detecting the endothermal/exothermal 

in directly on materials. Many researchers have tried to directly measure ∆T 

in precisely. The invented ECE setup has to effort to make a precise in every single 

position, according to several ECE setup patents. The difficulty of direct measurement 

[102] occurred when the sample had a small transformation. As a result, some researchers 

(a) (b)

(c) (d)

BZT-BFO/Terpolymer
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decided to adjust the high-price apparatus as DSC for the applied external electric 

field [26]. 

The indirect measurement is the transformation technique by using Maxwell’s 

relation. The PE loops are measured by applying a constant external electric field for 

finding 
𝜕𝑃

𝜕𝑇
 in each temperature interval, depending on accurate data. The indirect 

measurement has resulted in relative ∆T. The relative ∆T awareness might not really 

100% the same with real ∆T. Many researchers tried to figure out the differentiated on 

two measurements. They reported that both measurements have not significantly 

different [103, 104]. Matching with the prior study[26], the electrocaloric performance on 

the indirect method is the same as the direct DSC method. The result also showed that 

Tc from the indirect method is more accurate. The DSC direct method has a drawback 

of less accuracy in Tc. Just a few research reported that the indirect seem larger than 

direct [105], and vice visa[106]. Even though the ∆T from the indirect method is still called 

relative ∆T, the Tc from the indirect method is more precise than the direct method. 
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CHAPTER 3 

 

MATERIALS, PREPARATION, AND CHARACTERIZATIONS 

3.1 Materials 

- Polyvinylidene fluoride-hexafluoropropylene PVDF-HFP (Solef 11010/1001, 

Solvay Solexis, Belgium) 

- N, N-dimethylformamide with ≥ 99% purity (DMF, RCI Labscan, Thailand) 

- Graphene nanoplatelets (806633 ALDRICH, Sigma-Aldrich Ltd, Singapore) 

- Erbium (III) nitrate pentahydrate (Er(NO3)3·5H2O, 298166 ALDRICH, 

Sigma-Aldrich Ltd, Singapore)  

- Dysprosium (III) nitrate hydrate (Dy(NO3)3·xH2O, 298158 ALDRICH, 

Sigma-Aldrich Ltd, Singapore) 

3.2 Preparation 

3.2.1 Polyvinylidene fluoride (PVDF-HFP) Thin Film with Filler Nanocomposite 

Polyvinylidene fluoride-hexafluoropropylene (PVDF-HFP) powder was 

purchased from Solvay Solexis, Belgium, having 10 wt. % HFP (Solef 11010/1001). 

Every filler powder was sonicated in the solvent of N, N-dimethylformamide (DMF, 

purchased from RCI Labscan, Thailand) for well dispersion by ultra-sonicator 

200 W for 20 minutes. Afterward, PVDF-HFP was gradually mixed and stirred at 30 °C 

for 12 hours. This homogeneous solution was then cast on a glass plate by a tape casting 

technique with an adjustable film applicator (Sheen S/N 102503/2, lncl, Shims). 

The DMF in this film had to remove by drying evaporation at 80 °C for 12 hours in 
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the oven (Asset positively identifiable T410353 Binder). This final film was peeled off 

from the plate by dropping a few DI water for preventing the film crack formation. Neat 

PVDF-HFP was prepared as the control case to compare with these composite thin 

films. 

3.3 Dielectric and Electrocaloric Characterizations  

3.3.1 Dielectric measurement 

The LCR meter (LCR meter, IM 3533 HIOKI, Japan) measured dielectric 

properties such as dielectric constant (𝜀𝑟), loss tangent or dielectric loss (𝜀𝑟
"), and 

electrical conductivity (𝜎𝑎𝑐) at various frequencies from 1 Hz to 105 Hz. The thin film 

was applied with 1 Vac voltage across the sample by two parallel electrodes for 

measuring the capacitance of surface charge (𝐶, in F) and 𝜀𝑟
" . The 𝜀𝑟, and 𝜎𝑎𝑐 were 

calculated by using Equation (17), and (18), respectively.  

𝜀𝑟 = 𝐶𝑑/𝜀0𝐴                                                                      (17) 

𝜎𝑎𝑐 = 2𝜋𝑓𝜀0𝜀𝑟𝜀𝑟
"                                                                  (18) 

Here, 𝑑 refers to sample thickness (m) with 100 µm, 𝐴 is electrode area (m2) 

with 5 mm diameter, and 𝜀0 (8.853 x 10-12 F m-1 [107-110]) is the free space permittivity. 

𝑓 is the ac frequency in Hz. 

3.3.2 Electrocaloric characterization with Maxwell relation 

Ferroelectric Polarization Loop Test System (P-E analyzer, PK-CPE1701, 

USA) measured polarization and electric field loop (P-E loop) on thin films by applying 
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40 MV/m electric field (Trek model 610E) at 10 Hz frequency. In this measurement, 

two electrodes on thin-film (30 µm) were sputtered by Sputter Coater (SPI-MODULE, 

Structure Probe, Inc, West Chester, PA, USA).  

Remnant polarization (Pr, µC/cm2) was recorded from the previous 

measurement at various temperatures from 30 °C to 140 °C (1 °C interval) in 

a controllable oven. The adiabatic temperature change (ΔT) was further calculated by 

using Maxwell relations [9] as Equation (19).  

∆𝑇 = −
1

𝜌𝐶𝐸
∫ 𝑇 (

𝜕𝑃

𝜕𝑇
) 𝑑𝐸

𝐸2

𝐸1

                                                            (19) 

Here, ρ is density, CE refers to specific PVDF-HFP heat capacity, T is 

temperature, E is an electric field, and 
∂P

∂T
 is the gradient between Pr and T. 

The ΔT calculation was explained in Appendix E. 
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CHAPTER 4 

 

ECE IN PVDF COMPOSITES BASED ON DIFFERENT GRAPHENE 

CONTENTS WITH BIAXIAL STRETCH 

4.1 Highlights 

• PVDF-HFP blends with graphene nanoplatelets. 

• Stretched composites improve crystallinity. 

• Stretched composites improve dielectric and ferroelectric performances. 

• Negative electrocaloric performance is decreased by increasing crystallinity. 

4.2 Introduction  

There were many techniques for an advanced PVDF polarization to polarize 

following the direction of the external electric field. For examples of electrical poling 

with temperature [24], nano-spider by electrospinning [22, 23], and tailored polarization by 

electron/gamma irradiation [19-21], are included. The fascinating on the modified 

crystallinity by biaxial stretching with a given temperature was reported [25]. However, 

the effect on biaxial stretch-induced crystallization of PVDF has less focused on 

electrocaloric performance. In this work, the graphene nanoplatelet (GPN) filled in 

stretched PVDF-HFP thin film was observed on the electrocaloric effect. The thin film 

preparation of PVDF-HFP based on graphene filler nanocomposite was studied in 

stretched and unstretched techniques for electrocaloric behavior. 
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4.3 Experimental Details  

4.3.1 Stretched PVDF-HFP Thin Film - based on Graphene Filler 

Nanocomposite Preparation  

Graphene nanoplatelet powder was purchased from Sigma-Aldrich Ltd, 

Singapore, having 12.01 g/mol (806633 ALDRICH). This filler was introduced to study 

the stretching effect with graphene filler contents of 1, 2, 3, 4, and 5 wt% in PVDF-

HFP. The stretching samples were labeled GPN1ST, GPN2ST, GPN3ST, GPN4ST, 

and GPN5ST, respectively, similarly without stretching samples labeling GPN1NST, 

GPN2NST, GPN3NST, GPN4NST, and GPN5NST. The pure ST and pure NST were 

labeled for neat PVDF-HFP in with and without stretching as the control cases.  

In this work, some PVDF-HFP was stretched for changing the macroscopic 

structure. The original length (Lo) started from 20 mm to 80 mm elongation length (L). 

This process controlled 2.5 mm/min of stretching rate by adjustable step motor in 

the oven 100 °C. The final thickness is 30 µm from 100 µm. This technique had been 

improved PVDF-HFP crystallinity for dielectric properties [111]. 

4.3.2 Thermal Analysis 

 Differential Scanning Calorimeter (DSC, STA8000, Perkin Elmer, USA) 

analyzed the amount of crystallinity (𝑋𝑐) of thin films by applying the heat in ambient 

air with a 10.00 °C/min heating rate from 120 °C to 180 °C. The 𝑋𝑐 was calculated from 

the melting enthalpy change (∆𝐻𝑚, J g-1) as Equation (20).  

𝑋𝑐(%) =
∆𝐻𝑚

(1 − ∅)∆𝐻𝑚
0  × 100                                             (20) 
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where ∆𝐻𝑚 is the observed melting enthalpy, ∆𝐻𝑚
0  (104.6 J g-1 [112]) is the melting 

enthalpy of 100% crystalline PVDF-HFP, and ∅ is the weight fraction of filler. 

4.3.4 Ferroelectric Energy Efficiency Measurement 

Ferroelectric Polarization Loop Test System (P-E analyzer, PK-CPE1701, 

USA) measured polarization and electric field loop (P-E loop) on thin films by applying 

40 MV/m electric field (Trek model 610E) at 10 Hz frequency.  

The integrated area of the loop was considered in this work. According to 

the hysteresis loops[93, 113-116], the equation of energy storage efficiency was defined as 

the Equation (21). 

ɳ (%) =  
𝑈𝑒

𝑈𝑒 + 𝑈𝑙
× 100                                                            (21) 

where ɳ is the energy storage efficiency of the material, 𝑈𝑒 is recoverable energy 

density (charging area), 𝑈𝑙 is an unrecoverable energy density (charging-discharging 

area or closed area of the hysteresis loops). Here, the well-known equation recoverable 

energy denoted to  𝑈𝑒 = ∫ 𝐸𝑑𝑃
𝑃𝑚𝑎𝑥

𝑃𝑟
. In this measurement, two electrodes on thin-film 

were sputtered by Sputter Coater (SPI-MODULE, Structure Probe, Inc, West Chester, 

PA, USA).  

4.3.3 Dielectric and Electrocaloric Characterizations 

 The dielectric and electrocaloric characterizations were examined, as presented 

in Chapter 3. 
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4.4 A Brief of Results and Discussion  

The stretched PVDF-HFP was a more translucent thin film. This is because of 

the biaxial stretch-induced crystallization of PVDF-HFP. The crystallite size also 

decreased, as shown in Appendix A. Figure 4 (a) confirmed the increase of crystallinity 

(Xc) on stretched film. The non-stretched film had not significantly changed with GPN 

contents. However, the Xc was suddenly reduced at 5 wt% GPN of the stretched film. 

The larger interfacial gap on exceeding GPN content might occur after stretching, 

resulting in sudden Xc reduction. In addition, the Tm on stretched film was a fluctuated 

reduction compared with non-stretched film, due to the interfacial gap after stretching.  

Figure 4 (b) showed the gradual increase of dielectric constant and conductivity 

with GPN content. This is because of the enhancement of interfacial polarization at 

phase boundaries of GPN-PVDF-HFP, according to Maxwell-Wagner-Sillars (MWS) 

effect [98]. Biaxial stretch-induced crystallization of PVDF-HFP promoted the dielectric 

properties as well, due to the greater polarization on crystallinity region. The biaxial 

stretch-induced crystallization had resulted in the great ferroelectric properties as 

Figure 4 (c). The lower Remnant polarization (Pr) from the slimmer PE loop was 

showed on stretched film, resulting in greater energy density efficiency. This is because 

the smaller crystallite size on stretched film (as showed in Appendix A) can easily 

polarize. 

Figure 4 (d) showed a sharp increase of│∆Tmax│at 1 wt% GPN and a gradual 

decrease when the GPN >1 wt%. The effect of biaxial stretch-induced crystallization 

can reduce │∆Tmax│. It is possible that the induced crystallization on PVDF-HFP is 

the abnormal crystallinity with unnatural polarization, resulting in the electrocaloric 
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performance reduction. This was confirmed on stretched film at 5 wt% that the sudden 

Xc reduction promoted │∆Tmax│. In addition, the GPN filler nanocomposite in PVDF-

HFP had the potential to change the phase transition to lower temperatures slightly. 

The suitable on GPN nanoplatelet form might effectively tailor structural phase PVDF-

HFP. However, another negative effect on the biaxial stretch-induced crystallization is 

that an increase in Tc in PVDF-HFP go to higher temperature again. In this work, 

the negative effect of biaxial stretch-induced crystallization of PVDF-HFP was 

successfully reported. The stretching technique on PVDF-HFP might inappropriate 

process to maximize electrocaloric performance. 
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Figure 4 The stretched and GPN filler nanocomposite effects on PVDF-HFP thin 

film, (a) crystallinity enhancement melting temperature reduction, (b) 

the increases of dielectric constant and conductivity, (c) ferroelectric 

performance, and (d) electrocaloric performance. 

4.5 Conclusion  

Graphene powders were blended with thin-film PVDF-HFP by solution casting 

technique. This composite film was stretched in the biaxial stretching technique. 

The comparison between stretching and non-stretching was studied. As a result, 

the unchanged of PVDF-HFP by non-stretching technique with GPN contents increased 

∆T, while the induced-Xc of PVDF-HFP by stretching technique decreased ∆T. 

Moreover, the interfacial bonding of GPN-PVDF-HFP as dipole-dipole interaction can 
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slightly reduce Tc. However, the stretching improved dielectric properties and energy 

storage efficiency due to the induced-Xc. The best negative ΔTmax was devoted to 1 wt% 

GPN without stretching with Tc reduction to a lower temperature by 20 °C.  
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CHAPTER 5 

ECE IN PVDF COMPOSITES BASED ON DIFFERENT RARE-EARTH 

CONTENTS WITH TWO ELECTRONEGATIVITIES 

5.1 Highlights 

• Polyvinylidene fluoride hexafluoropropylene blended with Er/Dy rare-earths 

fillers. 

• The rare-earth fillers suddenly decreased Curie temperature (Tc) by 40 °C. 

• Stronger EN of Er induced Tc and β phase on crystalline region better than Dy. 

• Stronger EN filler decreased crystalline along with dielectric properties. 

5.2 Introduction 

The availability of materials with high electrocaloric strengths is critical to 

improve. Many studies had tried to reduce a high Tc, which is inappropriate the daily 

devices, shifted from a high temperature to RT via filler nanocomposite, advanced 

material preparation, etc. (as discussed in Topic 2.1). As PVDF based on filler 

nanocomposite literature review (as explained in the topic  2.2), many of them with 

high interfacial bonding significantly promoted PVDF polarization, especially the RE 

element in nitrate tetrahydrate [92]. The high conductive RE and strong bonding of ion-

dipole interaction might powerfully reduce Tc on PVDF-HFP. The two different 

electronegativities (EN) of Dy and Er is an important role to figure out high 

electrocaloric strengths. In this work, the PVDF-HFP thin film was blended with RE 

fillers of Er and Dy. 
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5.3 Experimental Details 

5.3.1 PVDF-HFP-based on RE fillers nanocomposite preparation 

Erbium (III) nitrate pentahydrate (Er(NO3)3·5H2O) and Dysprosium (III) nitrate 

hydrate (Dy(NO3)3·xH2O), were purchased from Sigma-Aldrich Ltd, Singapore, having 

99.9% purity (298166 ALDRICH, and 298158 ALDRICH). The fillers used to study 

the effect of the RE filler on PVDF-HFP in-between Er and Dy fillers with contents of 

1, 5, 10, and 20 wt% in PVDF-HFP. The Er contents are here labeled PEr1, PEr5, 

PEr10, and PEr20, respectively. Similarly, the cases with Dy contents are labeled as 

PDy1, PDy5, PDy10, and PDy20, respectively. The pure PVDF-HFP was labeled for 

neat PVDF-HFP and it was used as the control cases.  

5.3.2 FTIR spectra 

Fourier-transform infrared spectroscopy (FTIR, VTR, Vertex70, Bruker, 

Germany) was used to characterize functional groups of the sample’s light absorption 

from 400 cm-1 to 1350 cm-1 with 4 cm-1 of resolution. This work focused on the 

absorption of two electroactive phases of α phase and β phase because of the two 

highest net polarization. The β phase (TTTT) produces the highest net polarization 

compared with α (TGTG') and γ (TTTGTTTG') phases. The second highest α phase is 

detected at several peaks [22, 117], for example, 484, 534, 613, 767, 795, and 976 cm-1, 

while the first highest β phase is noticed at 511, 837, 1234, and 1275 cm-1 [22, 117], as 

shown in Table 1. According to the relative fraction of the β phase [118], Gregorio et al. 
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used Lambert-Beer law to calculates the β phase fraction comparing with α phase as 

shown in Equation (22).  

F(β) =
Aβ

Kβ

Kα
Aα + Aβ

× 100                                                        (22) 

where, Kα (6.1 × 104 cm2 mol-1) and Kβ (7.7 × 104 cm2 mol-1) represent 

the coefficients, and Aα (767 cm-1) and 𝐴𝛽 (837 cm-1) are the absorbance of 

wavenumbers [109, 119]. The electroactive β phase on PVDF-HFP was measured in both 

amorphous and crystalline regions. 

 

Table 1 Divergence in the absorption FTIR of typical bands characteristics of  

PVDF phases [50, 51]. 

 Wavenumber (cm-1) 

α 408, 484, 534, 613, 767, 795, 855, and 976 

β 511, 837, 1234, and 1275 

γ 431,512, 776, 812, 833, 840, and 1234 

 

5.3.3 XRD diffraction 

In this work, an X-ray diffractometer (XRD, X'Pert MPD, Philips, Netherlands, 

PANalytical, Empyrean, Netherlands), was used to identify the crystal phase diffraction 

on semi-crystalline PVDF material. This wok focused on the crystalline α and β phases. 

According to prior related works [50, 51], the strongest dipole β phase is observed 

at 2θ = 20.5° with (110)/(200) crystallographic planes, while the α phase is diffracted 
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at 2θ = 18.3° with the (020) plane [120], as presented in Table 2. The diffraction peak 

was observed from 2θ = 10° to 2θ = 40°, with 0.05° s-1 scanning rate. The Cu-Kα1 

radiation with 0.15406 nm wavelength was applied at 40 kV, 30 mA. The crystal β 

phase ratio was evaluated by the ratio of Iβ(20.5)/Iα(18.3) as shown Equation (23), when the 

2θ = 20.5° and 18.3° referred to β and α phases, respectively. [121].  

The crystal β phase ratio =
Iβ(20.5)

Iα(18.3)
⁄                               (23) 

 

Table 2 Divergence in the diffraction XRD of angle and crystal planes of 

crystalline PVDF phases [50, 51] 

 2θ (°) with Crystallographic plane 

α 17.66 (1 0 0), 18.30 (0 2 0), 19.90 (1 1 0), and 26.56 (0 2 1) 

β 20.5 (1 1 0)/(2 0 0) 

γ 18.5 (0 2 0), 19.2 (0 0 2), and 20.04 (1 1 0) 

 

5.3.4 Thermal Analysis 

The DSC characterization was examined, as presented in Chapter 4. 

5.3.5 Dielectric and Electrocaloric Characterizations 

The dielectric and electrocaloric characterizations were examined, as 

investigated in Chapter 3. 
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5.4 A Brief of Results and discussion 

The increase of RE filler suddenly improved β phase in whole PVDF-HFP 

polymer, with insignificantly different on both Er and Dy (Figure 5 (a)). The two RE 

elements showed a significant difference when measuring the crystal β phase ratio on 

the crystalline region of PVDF-HFP. It can be seen that the stronger EN of Er had 

the potential to induced the crystal β phase ratio more than Dy, especially at high filler 

content. The crystal β phase ratio of both Er and Dy hits a peak at 5 wt% before reducing 

at 10 and 20 wt% respectively. It is possible that the crystalline region on the whole 

PVDF-HFP was decreased with RE content.  

Matching with Figure 5 (b), the crystallinity of PVDF-HFP was gradually 

reduced with RE content. The stronger EN of Er had more potential to reduce 

the crystalline region than those Dy. The lower crystallinity region of PVDF-HFP by 

Er had resulted in a lower dielectric constant compared with Dy. The schematic of 

PVDF-HFP based on RE filler nanocomposite (Figure 5 (c)) showed the strong bonding 

interaction (dipole-dipole interaction) and the strongest bonding interaction (dipole-

dipole interaction) on PVDF-HFP molecule via RE element. The crystalline region 

reduction on PVDF-HFP also significantly expressed at ≥10 wt%, affecting crystal β 

phase reduction. Predictably, the increase of filler nanocomposite often increased 

dielectric constant (Figure 5 (b)) because of the interfacial-polarization enlargement 

with filler content [98].  

The electrocaloric performance showed in Figure 5 (d) (as showed detailed 

information was shown in detail in Appendix B). The RE filler had successfully reduced 

Tc on PVDF-HFP by 40 °C. For example, the reduction of 118.47 °C (pure PVDF-HFP) 
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to 94.71 °C (PDy5) and 91.84 °C (PEr5) was reported. The Tc was further reduced to 

83.42 °C and 77.38 °C when adding RE content of 1 wt%. The too much filler content 

in PVDF-HFP might split and suddenly change phase transition, resulting in an increase 

of Tc at too high filler content [26]. It matched with prior reports [45-48] that the Tc was hit 

a peak by filler composition before gradual increased, reviewed in The topic 2.1.3. 

Moreover, Figure 5 (d) showed a gradual decrease in │∆Tmax│ with RE content. It is 

possible that the PVDF polarization was effectively polarized on a great ordinary 

crystalline. This was matched with the crystalline reduction with RE content as shown 

in Figure 5 (b), which is in the same reason on the greater │∆Tmax│on Dy than Er. The 

best performance of Curie temperature reduction was found with 1 wt% Er filler. The 

Curie temperature reduction was related to micro-phase structure and interfacial charge 

mobility for future electrocaloric cooling technology. 
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Figure 5 The RE filler nanocomposite effect, (a) β phase and crystal β behaviors, 

(b) crystallinity region and dielectric constant, (c) the structural schematic of 

PVDF-HFP based on RE filler, and (d) electrocaloric behaviors. 

5.5 Conclusion 

In this work, RE filler of Er and Dy were blended with thin-film PVDF-HFP by 

solution casting technique. The two EN differences between Er and Dy were considered 

in this work. As a result, the reduced-Xc of PVDF-HFP by RE fillers decreased ∆T. 

However, the strongest interfacial bonding of RE-PVDF-HFP as ion-dipole interaction 

can powerfully reduce the Tc. The best ΔTmax was devoted to 1 wt% Er with Tc 
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reduction to a lower temperature by 40 °C. The stronger EN of Er had more potential 

to reduce Xc on PVDF-HFP, resulting in lower dielectric properties compared with Dy. 

However, these fillers had successfully reduced Tc to lower temperatures from 120 °C 

to 77-83 °C. 
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CHAPTER 7 

 

SUMMARY 

7.1 Conclusions 

This work is aimed to develop both ∆T enhancement and Tc reduction of PVDF-

HFP based on filler nanocomposite for applications in the electrocaloric cooling. 

The thin film of PVDF-HFP based on filler nanocomposites was successfully fabricated 

by tape casting method. The negative result of biaxial stretching crystallization on 

PVDF-HFP was also noticed. This work was divided into two main results; 

the approach on ∆T enhancement, and the tactic on Tc reduction.  

Firstly, the approach in ∆T enhancement was observed, depending on PVDF-

HFP crystallization. The great ∆T enhancement was noticed for the filler 

nanocomposite that has the ability to keep the ordinary crystallinity constant. The small-

changed-crystallization of PVDF-HFP enables to intensification ∆T by graphene 

nanoplatelet fillers. However, there were two effects of ∆T reduction; induced-

crystallization, and reduced-crystallization. Two of them were raised from biaxial 

stretch technique and strong bonding interaction of RE filler. 

Secondly, the access in Tc reduction was observed, depending on how strong 

bonding interaction. The great Tc reduction was noticed for the great interfacial filler-

polymer composite. The strongest interfacial-bonding of ionic-dipole interaction 

produced the highest Tc reduction, observing in nitrate-hydrate RE filler such as Er and 

Dy. The stronger electronegativity of Er provided the greater Tc reduction. The second 

highest Tc reduction was devoted to the H-bonding of dipole-dipole interaction 
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(electrostatic charge), such as PVDF-HFP based on graphene nanoplatelet filler 

composite. 

These two approaches of ∆T enhancement and Tc reduction are applicable for 

an advanced electrocaloric refrigerator with suitable energy storage efficiency in the 

future. 

7.2 Limitations and Recommendations for Future Work 

The graphene nanoplatelet and RE filler have to reduce content from 1 wt% of 

the best electrocaloric condition. A small content of <1wt% filler may show greater 

electrocaloric performance. 

Normally, the ∆T from Maxwell relation is compared to the ∆T from direct 

measurement with high sensitivity of such as DSC.  This work constrains the level of 

high accuracy equipment for detecting the ∆T in the current study. We had tried to 

detect ∆T directly with IR thermal camera. The IR camera cannot detect due to small 

sensitivity detection. To support our ∆T, the high accuracy DSC equipment may be 

additionally researched. Developing a new instrument to measure direct ∆T might 

an option to eliminate these limitations.  

To improve the ∆T by adding larger E, this sample should be less conductive. 

The Silane coupling agent should continue to study to solve this problem by reducing 

the conductive of filler. The maximum silane content showed the result of 

the conductive filler type as shown in Appendix D.  
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APPENDIX E 

Calculation of ∆T by Maxwell’ relation 

 

 

Figure S1 (a) P-E loops of pure PVDF-HFP ferroelectric in various three temperatures, 

(b) with Remnant polarization in various temperatures.   

 

The loop at 40 °C was noticed as an antiferroelectric phase. The loop with Pr was then 

gradually larger with temperature from 0.091 µC/cm2 at 40 °C to 0.639 µC/cm2 at 80 

°C, especially rapidly increase near Tc (6.804 µC/cm2 at 118 °C) followed by a slight 

rise above Tc (11.051 µC/cm2 at 140 °C) as figure S1 (b). The Pr data were plotted point 

to point. Afterward, they were fitted with mathematical model of BiDoseResp function 

to get more data for precisely calculating in Equation (24). The fitting data of Pr with 

small temperature interval was calculated as 
𝜕𝑃

𝜕𝑇
 is the differentiate of 𝜕𝑃 and 𝜕𝑇 at each 

temperature (T) with 40MV/m of 𝑑𝐸, 1,600 J/kg/°C of 𝐶𝐸, and 1.8 g/cm3 of ρ, following 

Equation (24). 
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