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Abstract 

 

Polymer-based nanocomposites have attracted much attention in recent years for 

their outstanding mechanical and electrical properties. Ferroelectric material 

Polyvinylidene fluoride (PVDF) has been a well-known candidate and had been 

widely studied. PVDF is semi-crystalline polymer and exists in at least four 

crystalline phases, called α, δ, β and γ. Electroactive β-phase is highly desirable 

because of its all trans(TTT) planar zigzag chains conformation, whose dipole 

components normal to chain axes with largest polarization. There are many papers 

report the addition of nanofillers such as BaTiO3, CoFe2O4, NiFe2O4, carbon 

nanotube and graphene oxide in PVDF matrix could induce β-phase. However, most 

of the reported films were fabricated by solvent casting method which thickness is 

above 20um with high roughness and thin film nanocomposite has not been reported 

yet. This work is motivated by the idea the incorporation of Fe3O4 nanoparticles into 

PVDF could enhance ferroelectricity and improve dielectric properties.  

 

PVDF: Fe3O4 composite films were fabricated by spin coating and wire bar coating 

respectively. After deposition of the film, samples were subjected to various thermal 

treatments, such as annealing and melt-quenching followed by annealing. Atomic 

force microscope (AFM), fourier-transform infrared spectroscopy (FTIR), scanning 

electron microscopy (SEM), X-ray diffraction (XRD) and differential scanning 

calorimetry (DSC) were used for the material characterization. Dielectric and 

hysteretic electric displacement with respect to applied field loop measurements 

were conducted. The nanocomposites processed by wire bar coating and drop 

casting show improved dielectric constant at a low loading of Fe3O4 nanoparticles. 

The addition of Fe3O4 does not induce β-phase PVDF. 
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Chapter 1  

 

1 Introduction 

1.1 Multiferroic Magnetoelectric Materials 

Multiferroics are attracting much attention for long-term technological applications 

such as memory devices, actuators and spintronic devices [1]. The definition of 

multiferroics is the class of materials possessing two or all three ferroic properties: 

ferroelectricity, ferromagnetism and ferroelasticity. Multiferroic magnetoelectric 

(ME) materials are defined as materials that posse both ferroelectric and 

ferromagnetic properties in the same phase [2]. According to material constituents, 

multiferroic magnetoelectric materials can be classified as two types: single phase 

materials in which ferromagnetism and ferroelectricity arise independently also 

coexist, but are rare. Another type is composites which are multiphase materials 

combining ferroelectric and magnetostrictive components [3]. Polymer-based ME 

nanocomposites films which consist of both ferroelectric and magnetic orderings 

have many advantages such as easily processing, lightweight, and less expensive. 

Figure 1 shows the schematic representation of ME nanocomposites which 

ferroelectric polymer is used as a matrix and magnetic nanoparticles are used as 

fillers [4]. 

 

Magnetoelectric(ME) coupling describes the influence of a magnetic (electric) field 

on the polarization (magnetization) of a material. In magnetoelectric materials, 

ferroelectric polarization can be controlled by an external magnetic field and the 

magnetization can be controlled by an external electric field [2]. The ME effect in 

composite materials is a product tensor property which results from the cross 
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interaction between the two phases in the composite. The composite magnetic effect 

can be described as follows [5]:  

 

𝐷𝑖𝑟𝑒𝑐𝑡 𝑀𝐸 𝑒𝑓𝑓𝑒𝑐𝑡 =
𝑀𝑎𝑔𝑛𝑒𝑡𝑖𝑐

𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙
×

𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐
                    (1) 

 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑒 𝑀𝐸 𝑒𝑓𝑓𝑒𝑐𝑡 =
𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐

𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙
×

𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙

𝑀𝑎𝑔𝑛𝑒𝑡𝑖𝑐
                 (2) 

 

 

 

 

Figure 1. Schematic representation of magnetoelectric nanocomposite and mutual control of 

polarization (P) and magnetization (M) by electric (E) and magnetization (M) by electric (E) and 

magnetic fields (H) 

1.2 Ferroelectric Materials 

A ferroelectric system exhibits spontaneous polarization, and it must be possible to 

switch to the opposite direction with the reversal of the electric field. The 

polarization value at zero bias is called the remnant polarization (Pr) and the 

coercive field (Ec) is defined as the minimum field that is required to switch the full 
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remnant polarization. The hysteresis loop (electric displacement with respect to 

applied field) is one of the most common and straightforward tools to characterize 

ferroelectrics. In general, a ferroelectric film can only be measured when it is 

fabricated as a device (typically a capacitor). For an ideal linear dielectric, there is a 

straight line in the D-E loop. For an ideal resistor, an ellipse or a football shape will 

be presented. For ferroelectric material (Figure 2) [6], when the electric filed is 

much smaller than coercive field, the measurement shows only a linear electric 

displacement. And when the field close to the coercive field, the ferroelectric starts 

to polarize and saturates at high fields. I-V curve measurement can also be used to 

distinguish ferroelectric switching from artifacts. If the sample is ferroelectric, 

switching peaks are visible in the I-V curve measured during the switching process. 

Figure 2 (b) shows switching peaks in a ferroelectric material. 

 

 

 

Figure 2. (a) Hysteresis loops for a number of PbTiO3/SrTiO3 samples. (b) The corresponding 

current–voltage loops. 

 

Polyvinylidene fluoride (PVDF) is one of the most commonly used organic 

ferroelectric material. Its remarkable properties include high pyroelectric and 

piezoelectric coefficients, excellent mechanical properties, high dielectric strength, 

and outstanding chemical stability. These properties have made this polymer a 
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suitable candidate for many technological applications, such as sensors, actuators 

and non-volatile memory device [7,8]. PVDF is a semi-crystalline polymer with a 

chemical formula of (CH2–CF2)n that can crystallize into at least four phases, called 

α, β, γ, and δ [9]. The nonpolar α phase is most commonly obtained due to its high 

thermodynamic stability and can usually be produced by crystallization from the 

melt or from dimethylformamide or dimethylacetamide solutions at temperatures 

above 120 °C [10]. For α phase PVDF, dipole components normal to the chain axes 

are antiparallel and the net dipole moment vanishes [4]. Although the dipole 

moments of α phase are internally vanished, a polar analog, that is δ phase can be 

obtained by electro-forming [11]. By stepwise increasing electric field, hysteresis 

starts to appear. When the electric filed reaches to 250 MVm−1, paraelectric α phase 

PVDF became ferroelectric δ phase. After poling, the ferroelectric properties of 

PVDF film was fixed. Figure 3 (a) and (b) shows electro-forming process [11].   

 

The electroactive β phase is highly appreciated. Its unit cell consists of two all-trans 

chains packed with their dipoles pointing in the same direction leading to the highest 

spontaneous polarization [12]. Strong electric moments in the PVDF monomer unit 

arise due to stronger electro-negativity of fluorine atoms compared with those of 

hydrogen and carbon atoms. Thus, each chain has a dipole moment perpendicular to 

the polymer chain. For polar β phase conformation, the polymer chains pack in 

crystals to form parallel dipoles, resulting in a net non-zero dipole moment. Figure 3 

(c) and (d) present the molecular arrangement of fluorine and hydrogen element with 

carbon back bone of PVDF polymer chain in α and β phases [4]. The molecular 

conformation of polar β phase of PVDF is the most important phase for 

technological applications due to its better ferroelectric, pyroelectric properties and 

large piezoelectric coefficients. For this reason, increasing β phase content of PVDF 

matrix has always been an important job. The polar β phase cannot be naturally 

achieved in film fabrication. Traditionally β phase is obtained by mechanically 
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stretching non-polar α phase films [13]. However, this method has obvious 

limitations for electronic applications that usually require the preparation of thin 

films directly on substrates. An alternative method for the formation of the β phase 

PVDF is by solvent casting from an appropriate solvent (e.g. from 

Dimethylformamide) below 70 °C. However, the ferroelectric polymers prepared at 

low evaporation temperature results in high porosity films and poor electrical and 

mechanical properties [14].  

 

 

 

Figure 3. (a) Hysteresis loops during poling. (b) Hysteresis loops for the same thin-film capacitor 

after poling. (c) Molecular structure of α phase and (d) β phase of PVDF. 

 

There are some papers report the inclusion of nanofillers such as BaTiO3 [15], 

graphene oxide [16], clay [17] and ferrite nanoparticles [18] in polymer, the 

electroactive β phase content has been enhanced. However, most of the reported 

films were fabricated by solvent casting method which thickness is above 20um with 

high roughness and ferroelectric hysteresis loop has not been exhibited. The possible 

reason is the PVDF nanocomposite films obtained in this way shows high porosity 
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leading to poor electrical properties and it is very difficult to give enough voltage to 

such thick film. PVDF nanocomposite thin films with good electrical properties 

have not been reported yet. Taking this as an initial point, we add Fe3O4 

nanoparticles into PVDF polymer to fabricate thin film, investigating the influence 

of nanoparticles in PVDF polymer matrix. 

1.3 Polymer Nanocomposite Dielectrics 

PVDF possesses outstanding dielectric properties, such as high permittivity, high 

breakdown strength and relatively low dielectric loss that makes it a suitable 

candidate for applications in high energy density storage [19]. However, the intrinsic 

low dielectric constant values (<10) of polymer materials restricts their 

developments into industry. The introduction of inorganic nanoparticles into an 

insulating polymer is an important approach to enhance the overall dielectric 

constant. Table 1.1 summarize the dielectric properties of polymer composites as 

reported in the literature. Ceramic materials of large permittivity such as BaTiO3 is 

most commonly used. However, high volume fraction (>50 vol%) of ceramics was 

needed to achieve the high dielectric constant and the resulting material suffers from 

low flexibility, low electrical breakdown strength and poor mechanical performance 

[20]. By adding conductive nanofiller such as graphene nanoribbon (GNR), the 

dielectric constant can be greatly enhanced. However, conductive filler 

nanocomposites always exhibit very high dielectric loss due to the 

insulator−conductor transition occurring at the percolation threshold [21].  

 

Nano-sized ferrites have gained much attention due to their interesting surface 

reactivity, electrical and magnetic properties [22]. In this work, Fe3O4 was chosen as 

the nanofiller due to its large magnetostrictive coefficient value [4], which can act as 
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excellent candidate for the magnetic phase for the further magnetoelectric coupling 

study. 

 

Host polymer Filler material Dielectric constant  

(1 kHz) 

References 

PVDF CoFe2O4 (5 wt %) 11.2 [3] 

PVDF NaxTiyNi1-x-yO 600–750 [23] 

PVDF Carbon coated boron nitride (30 vol %) 39 [24] 

PVDF CaCu3Ti4O12 (30 vol %) 90 [25] 

PVDF BT–Fe3O4 (33 vol %) 385 [26] 

P(VDF-HFP) BaTiO3 (BT) (50 vol %) 48 [27] 

PVDF 

PVDF 

PVDF 

PVDF 

PVDF 

PVDF 

PVDF 

PVDF 

PVDF 

(PVP)-encapsulated Au (12.5 wt %) 

La1.7Sr0.3NiO4 (35 wt %) 

exfoliated graphite nanoplates 

Ag (20 vol %) 

nanocrystalline nickel 

TiO2@MWCNTs (1 wt %) 

BaFe12O19 (12 vol %) 

BaTiO3 (40 vol%) 

TiC (11.58 vol%) 

22 

3285 

200 

120 

2050 

50 

60 

65 

540 

[28] 

[29] 

[30] 

[31] 

[32] 

[20] 

[33] 

[34] 

[35] 

 

Table 1. Dielectric constant of polymer nanocomposites as reported in the literature. 

1.4 Thesis Outline 

The introductory chapter has presented the motivation and background of PVDF 

nanocomposites. The next chapter describe nanocomposite preparation, film 

fabrication and material characterization techniques. In chapter 3, the influence of 

processing conditions is discussed, and the suitable processing parameters are 

selected for the further device fabrication. Chapter 4 presents PVDF: Fe3O4 

nanocomposite thin films fabrication, followed by the detailed characterization of 

the nanocomposite. In chapter 5, nanocomposite thick films are investigated, 

including morphology, material and electrical characterization. Chapter 6 

summarizes the thesis and presents the outlook.   
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Chapter 2 

 

2 Experimental 

2.1 Materials 

Poly(vinylidene fluoride) (PVDF)(Mw 180 and 275 kg/mol) was supplied in pellet 

form by Sigma-Aldrich and was used as received. N,N-dimethylformamide (DMF, 

pure grade) was used as solvent. Fe3O4 magnetic nanoparticles with average 

diameter 11 nm were used in this work and synthesized by Hamed Sharifi Dehsari. 

The corresponding synthesis method of Fe3O4 nanoparticles can be found in report 

[36, 37].  

2.2 PVDF: Fe3O4 Nanocomposite Preparation 

The synthesized Fe3O4 nanoparticles were initially dissolved and saved in toluene. In 

order to separate Fe3O4 nanoparticles, antisolvent ethanol was used to mix with 

toluene solution, typically in 1:3 ratio by volume. Then shaking the mixed solution 

and put the solution next to the magnet, since Fe3O4 nanoparticles have magnetic 

properties, Fe3O4 nanoparticles would attach to the vial’ wall and separate from 

liquid. Finally, the colorless liquid was discarded by pipette and then Fe3O4 

nanoparticles were dried in vacuum oven at 60 °C overnight.  

 

We use solution-mixing method to prepare nanocomposite solution. PVDF pellets 

were dissolved in N,N dimethylformamide(DMF) through magnetic stirring at a 

temperature around 100 °C for 2 hours to ensure wholly dissolution. Separately, the 

desired amount of dry Fe3O4 nanoparticle power was add to DMF solvent followed 

by ultrasonic stirring for 4 hours to get a homogenous dispersion. PVDF: Fe3O4 
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composite solution was obtained by directly mixing the polymer solution with 

nanoparticle suspension under continuous ultrasonication for 6 hours. 

2.3 Film Deposition 

Deposition of thin films from solutions can be achieved by several approaches, 

including spin coating, wire bar coating and solution casting. In the polymer solution 

casting method, nanocomposite solution is directly dropped onto the substrate, and 

then the solvent evaporates spontaneously, allowing film formation. The produced 

film may be stripped from the substrate and to get a free-standing film. However, the 

coating across the surface is usually poor uniformity and it is hard to control film 

thickness. 

 

Spin coating is one of the most common techniques used to produce uniform thin 

films on substrates. By applying the solution onto the center of a substrate and then 

rotating the substrate at a certain spinning speed, the fluid flows outward radially by 

centrifugal force. The final film thickness depends on many controllable parameters 

such as solution viscosity, rotational speed and solution concentration. Figure 4 

shows a schematic of the spin coating method [30]. 

 

 

Figure 4. Schematic to illustrate the spin coating process 



 10    

 

Wire-bar coating is widely used in large-area fabrication of organic films at low cost. 

A typical wire-bar machine employs a wire wound bar above a substrate (Figure 5). 

The coating process includes the following steps. (1) A sufficient polymer solution 

is introduced into the space next to the front edge of wire wound bar. (2) The wire 

bar moves at a controlled speed against the fixed substrate. (3) The solution layer is 

spread evenly on the substrate. The heated bed which has a smooth aluminum face 

under substrate could be used to adjust the evaporation of the solvent. The 

concentration of polymer solution, the dimension of the wires wound on the 

wire-bar, velocity and heating temperature determine the final thickness of the film. 

 

 

 

Figure 5. K102 K Control Coater from RK PrintCoat 

 

2.4 Material Characterization 

2.4.1 Atomic Force Microscopy (AFM) 

Nanoscope Dimension 3100 Bruker Atomic Force Microscopy was used to study the 

surface morphology of the nanocomposite films. AFMs operate by measuring 

interaction force between a probe and the sample. When the tip approaches 

the sample surface, attractive forces act upon the tip causing the cantilever to deflect 

towards the surface. When the tip is in contact with the surface, increasingly 
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repulsive force takes over according to Hooke’s law. The beam deflection method is 

used to detect cantilever deflections towards or away from the surface. A position 

sensitive detector can be used to track probe motion change and has to be calibrated 

into electrical signal and the topographic map of the sample surface features can be 

generated. 

2.4.2 Fourier Transform Infrared Spectroscopy (FTIR) 

The phase identification of nanocomposite film was analyzed by Fourier transform 

infrared (FTIR) spectroscopy. FTIR spectra were recorded using a Bruker Tensor II 

FTIR spectrometer at a spectral resolution of 4 cm-1. In FTIR analyses, Infrared light 

from the light source passes the sample through the interferometer and reaches the 

detector. Then the signal is converted to digital signal which is transferred to a 

computer and Fourier transform is performed. Since chemical structures (molecules) 

produce specific IR fingerprints, the FTIR spectra with pattern provide sample 

structural information. 

2.5 Electrical Characterization 

2.5.1 Sawyer-Tower Circuit   

Dielectric displacement loops versus electrical field (D-E loop) measurements were 

carried out using Sawyer-Tower circuit. The electric circuit is shown in Figure 6 

[38] . Ferroelectric sample and a reference capacitor of a well-defined capacitance 

are connected in series and therefore carry the same charge. In order to generate D-E 

loop at oscilloscope, a voltage that is proportional to the electric filed of the 

ferroelectric sample at the x-channel and a voltage proportional to the dielectric 

displacement of the sample at the y-channel are needed. Since capacity of reference 

capacitor is high enough in comparison to the ferroelectric sample capacity, we do 

not need to take voltage drop at reference capacitor into account. That means that 
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the voltage at ferroelectric sample is almost equal to the supply voltage which can be 

read from x-channel. At the same time, the oscilloscope is connected to measure the 

voltage across the reference capacitor, the polarization of the ferroelectric sample is 

proportional to the voltage of y-channel. and the P-E loop can be easily obtained. 

The ferroelectric samples were measured with a continuous triangular wave signal at 

a frequency of 100 Hz, using a reference capacitor of 220 nF.  

 

 

 

Figure 6. Schematic of a Sawyer Tower circuit for P-E loop measurements. 

2.5.2 Dielectric Spectroscopy 

Dielectric properties were characterized using a Novocontrol spectrometer with a 

frequency sweep from 0.1 Hz to 10 MHz. Dielectric spectroscopy measures the 

dielectric permittivity as a function of frequency. The material permittivity is a 

complex number, which consists of a real part ε’ and an imaginary part ε”. ε’ is a 

measure of the energy stored whereas ε” is a measure of energy loss. Another useful 

quantity is the loss factor  

tan 𝛿 =
𝜀”

𝜀’ 
                               (3) 

The term tanδ is called loss tangent and loss angle δ is correlated with impedance 

phase angle θ, for a lossless capacitor, voltage drop always lags current by 90°, so 
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the impedance phase angle is -90° and tanδ is 0. But because of material absorption, 

the impedance phase angle of the real capacitor is  

𝜃 = −(90 − 𝛿)                          (4) 
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Chapter 3 

 

3 PVDF Thin Film Processing 
 

Ferroelectric polymer thin films for micro-electronic applications require 

high-quality films with transparent and smooth surfaces. However, PVDF thin films 

prepared at room temperature and at relative humidities greater than 25% possessed 

a cloudy appearance and a rough surface [39, 40] which were hard for electric 

characterization. In this chapter the processing condition for polyvinylidene fluoride 

(PVDF) thin film was investigated. Experimental results indicate that PVDF film 

qualities are affected by deposition temperature. At high deposition temperature, 

PVDF thin films presented low roughness.     

3.1 Spin coated PVDF Thin Films 

PVDF solutions were prepared by dissolving PVDF pellets (Mw = 180 000 g/mol, 

Sigma-Aldrich) in N,N-dimethylformamide (DMF) with a magnetic stirrer at 100°C 

for 2 hours to get transparent solutions. The PVDF concentration was 50 mg/ml. 

Thin films were prepared by spin coating (spinning speed, acceleration and time of 

3000 rpm, 3000rpm s-1 and 60s, respectively) onto thoroughly cleaned glass 

substrates an elevated temperature in ambient air. These substrates were rinsed with 

distilled water, acetone, isopropanol and dried with nitrogen. Prior to use, the 

substrates were further applied a UV-ozone treatment for 10 minutes to remove 

contamination and improve wetting ability. The substrates were heated by a heat gun 

and the temperature was detected by an infrared thermometer (RS 1327K). The 

morphology and roughness of films were characterized by atomic force microscopy 

(AFM), DEKTAK surface profilometer was used to measure film thicknesses.  
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Figure 3.1 shows the AFM images of PVDF thin films (Figures 7 a-e) and the 

thickness and roughness (Figure 7 f) as a function of deposition temperature. It was 

found that average thickness of coated film increases with increasing deposition 

temperature, which could be due to the increased solution viscosity at high 

temperature. It should be noted that the roughness of coated film is around 10 nm 

even the film thickness increases. The experimental results indicate that PVDF thin 

films with smooth and flat surface can be obtained at high deposition temperature by 

spin coating method. 

 

 

 

Figure 7. AFM images of PVDF thin films spin coated at: (a) 25 °C, (b) 40 °C, (c) 60 °C, (d) 80 °C, 

(e) 100 °C; and (f) thickness and roughness as a function of temperature. The solution concentration 

is 50 mg/ml in DMF. 
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The influence of solution concentration and spinning speed on the thickness of 

PVDF thin films deposited by spin coating at about 100 °C was studied. Figure 8 

exhibits the effects of spinning speed and solution concentration on the PVDF film 

thickness and roughness. The average thickness of coated film increases with 

decreasing spinning speed and increasing solution concentration; however, the 

roughness of PVDF films increase simultaneously, which means the film surface 

profile becomes less smooth. To obtain thickness of film around 300nm with 

corresponding roughness around 15nm, PVDF solution concentration at 75mg/ml 

with spinning speed at 3000 rpm are suitable parameters for further device 

fabrication. 

 

 

 

Figure 8. The film thickness and roughness as a function of solution concentration. (a) 2000 rpm, 

2000 rpm s-1. (b) 3000 rpm, 3000 rpm s-1 and (c) 4000 rpm, 4000 rpm s-1. The spinning duration for 

each sample is 60s.  
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3.2 Wire-bar coated PVDF Thin Films 

Wire-bar coating is a mature deposition technique [2], which could control 

deposition temperature accurately. PVDF thin films were prepared by wire-bar 

coating with solution concentration at 75 mg/ml and 5% relative humidity. The 

substrates temperature was controlled by the heated bed below the substrates. The 

surface morphologies of PVDF films with different deposition temperature are 

shown in Figure 9.  

 

 

 

Figure 9. AFM images of PVDF thin films wire-bar coated at: (a) 25 °C, (b) 40 °C, (c) 60 °C, (d) 

100°C, (e) 120°C; and (f) thickness and roughness as a function of temperature. The solution 

concentration is 75 mg/ml in DMF. 
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It was revealed that the difference in film quality at different deposition temperature. 

At room temperature, the films with porous structure because of the slower 

evaporation rate of DMF. The morphology changed substantially after increasing 

deposition temperature. The high deposition temperature increases solvent 

evaporation rate, leading films with a dense and smooth surface. It is also to notice 

the thickness and roughness difference at different deposition temperature. The film 

thickness and roughness systematically decrease with increasing deposition 

temperature. We chose PVDF film preparation temperature at 100 °C for further 

study. 

 

The relationship between film thickness and the solution concentration together with 

the diameter of the wire was investigated. The films were prepared at 100 °C and 5% 

relative humidity. Figure 10 shows the thickness and roughness change as a function 

of solution concentration with different wire diameters (Figure 10 (a) US 5 and (b) 

US 4).  

 

 

 

Figure 10. The film thickness and roughness as a function of solution concentration. (a) US 5 and (b) 

US 4. 
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3.3 Summary 

The effect of deposition temperature and coating parameters (spin coating and 

wire-bar coating) for PVDF thin films were investigated. It was revealed that the 

quality of films prepared at an elevated temperature was significantly improved. 

Porosity is greatly eliminated compared to those prepared at room temperature. For 

thin film device fabrication, the desired thickness is around 300 nm. From our 

experimental result, spin coating at 100 °C is suitable for device fabrication to 

achieve transparent and smooth surface with low roughness.  
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Chapter 4 

 

4 PVDF: Fe3O4 Nanocomposite Thin Films 

 

In this chapter, we systematically investigated the morphology and physical 

properties including ferroelectric properties and dielectric properties of PVDF 

nanocomposite thin film containing Fe3O4 nanoparticles. The size and crystal 

structure of the synthesized Fe3O4 nanoparticles were characterized using 

transmission electron microscopy (TEM) and X-ray diffraction (XRD) respectively. 

Scanning electron microscopy (SEM) and atomic force microscopy (AFM) were 

performed to analyze the dispersion of synthesized Fe3O4 nanoparticles in polymer 

matrix and microstructural feature. 

4.1 Experimental process 

4.1.1 Synthesis of Fe3O4 Nanoparticles 

The magnetic nanoparticle synthesis was performed by using the method reported in 

[36, 37]. The size distribution and form of the Fe3O4 nanoparticles were analyzed 

with transmission electron microscope (Figure 11 a). TEM images reveal 

nanoparticles average size about 11 nm. Figure 11 b presents the XRD patterns of 

the as-synthesized nanoparticles. The diffraction patterns and the intensities could be 

indexed to an inverse spinel structure with a high degree of crystallinity [36, 37]. 

The narrow sharp peaks indicate the high purity of the synthesized nanoparticles. 

4.1.2 PVDF: Fe3O4 Nanocomposite 

Nanocomposite films of PVDF: Fe3O4 with nanoparticle concentrations of 1, 4, 7, 10, 

15, 30, 50% (w/w) and an average thickness of 300 nm were prepared by spin 
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coating at 100 °C. Initially, certain amount dried Fe3O4 nanoparticle powder was 

dispersed in DMF and placed in an ultrasound bath for 6 hours. Separately, certain 

amount PVDF pellets were added to DMF under magnetic stirring and heated at 

100 °C for 2 hours and then filtered with 1 um filter to form a clear solution. The 

polymer solution concentration is 75 mg/ml. Nanocomposite suspension was 

prepared by directly blending the particle suspension with polymer solution. The 

final mixtures were ultra-sonicated for 4 hours.  

 

 

Figure 11. (a) TEM image of nanoparticles. (b) XRD patterns of the standard reference nanoparticles 

(black line) and the corresponding modeling result (solid red line). 

4.1.3 Capacitor Device Fabrication 

5×5 matrix architecture which is also known as cross-bar type capacitor devices 

were developed (Figure 12). Firstly, 1 nm thick chromium (Cr) was deposited on a 

clean glass substrate to improve adhesion property. A Gold (Au) layer was 

evaporated (50 nm) through shadow mask of width 400 µm which acts as the bottom 

electrode. Nanocomposite films were spin coated on the bottom electrode from the 

resulting nanocomposite suspension. In order to identify the appropriate thermal 

processing conditions, the as-casted nanocomposite films were applied further 
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thermal treatment, including annealing and melt-quenching and annealing. For 

annealing, the coated films were annealed at 150 °C in a vacuum oven for 2 h and 

the samples are designated as AN. While for melt-quenching and annealing, the 

as-cast nanocomposite films were first melt at 200 °C for 2h, and then quenched into 

the iced water, and in the end annealed at 150 °C for 2h under vacuum. These 

samples are designated as MQ-AN. The as-cast samples without any further thermal 

treatment designated as Normal. For the top electrode of the capacitor, Au (50nm 

thick) was evaporated using a shadow mask. The area of fabricated capacitor is 

0,16mm2. 

 

 

 

           Figure 12. Architecture of capacitor device on a glass substrate. 

           

4.2 Morphology of PVDF Nanocomposite Thin Films 

Nanocomposite film quality and uniformity were checked using atomic force 

microscopy (AFM, Nanoscope Dimension 3100 Bruker). Figure 13 a-c present AFM 

height images of PVDF: Fe3O4 nanocomposite (1 wt %) films with different thermal 

treatment. Figure 13 d shows the AFM phase image of the corresponding PVDF: 

Fe3O4 nanocomposite (1 wt %) films after melt-quenching and annealing. The films 

were smooth with flat surface. However, when the concentration of nanoparticles 

increases to 4 wt %, aggregation occurred (Figure 13 e and f). Large scale SEM 

measurements also confirm this finding. 
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Figure 13. AFM images of nanocomposite films. (a) The height image of PVDF: Fe3O4 

nanocomposite film with 1 wt % nanoparticle content without further thermal treatment. (b) The 

height image of PVDF: Fe3O4 nanocomposite film with 1 wt % nanoparticle content after annealing.  

(c) and (d) The height and phase images of PVDF: Fe3O4 nanocomposite film with 1 wt % 

nanoparticle content after melt-quenching and annealing. (e) and (f) The height and phase images of 

PVDF: Fe3O4 nanocomposite film with 1 wt % nanoparticle content without further thermal 

treatment respectively.  
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4.3 Ferroelectric Properties of PVDF: Fe3O4 Thin Films 

The room temperature ferroelectric (D-E) hysteresis loops based on Sawyer-Tower 

circuit of pure PVDF and PVDF: Fe3O4 composite thin films are shown in Figure 14. 

The measurements were made at 100 Hz frequency and each measurement was 

repeated several times to validate the accuracy.  

 

 

 

Figure 14. Ferroelectric hysteresis loop. (a) Pure PVDF thin film during poling and (b) after poling. 

(c) and (d) PVDF: Fe3O4 nanocomposite thin films with 1 wt % and 4 wt % nanoparticle contents 

respectively. 

 

It could be observed from the figure that all samples both as-cast samples and after 

further heat treatment were paraelectric (Figure 14 a). After applying a high electric 

field of about 250 MV/m, the samples became ferroelectric (Figure 14 b). However, 
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significant change in polarization was observed for Fe3O4 loaded samples. Even for 

1 wt% nanoparticles added, the D-E loop became rounded and dielectric leakage 

increased. At the same time, δ phase could not be induced anymore. For high 

concentration of nanoparticles, electric breakdown filed reduces dramatically. One 

of the possible reason is the rotation of molecular chain was prohibited due to the 

existence of nanoparticles inside of polymer matrix. Another possible reason is the 

resistivity of Fe3O4 is 0.01 Ohm cm at room temperature and present metallic 

character [42]. Therefore, the addition of Fe3O4 nanoparticles decreases the overall 

resistivity in the system. Moreover, there are some oxygen vacancies in Fe3O4 could 

also lead to the increase of leakage current [43]. 

4.3 Dielectric Properties of PVDF: Fe3O4 Thin Films 

In Figure 15, average dielectric constant values were plotted versus nanoparticle 

concentration for nanocomposite at room temperature and atmospheric pressure 1k 

Hz. The error bars in Figure 15 represent one standard deviation of the mean 

dielectric constant. As shown no significant enhancement of dielectric constant has 

been observed. When the loading of nanoparticles reaches to 15 wt %, the dielectric 

constant of PVDF nanocomposite films shows a decreasing trend. One of possible 

reason could be some portion of the Fe3O4 nanoparticles have agglomerated into 

clusters which cause more defects in polymer matrix and affect the performance of 

the nanocomposite thin films. At the same time, a great amount of naked Fe3O4 

nanoparticles on the surface were observed in PVDF: Fe3O4 nanocomposite thin 

films by AFM, implying the absence of specific interfacial interaction between 

Fe3O4 nanoparticles and PVDF chains [20]. Another possible reason is the PVDF 

nanocomposite dielectric constant is a volume average of those of the constituents 

[44]. However, the dielectric constant of PVDF and Fe3O4 are around 8 and 6 

respectively, resulting in no increase in the dielectric constant of composites.  
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Figure 15. Average dielectric constant of PVDF: Fe3O4 nanocomposite films as a function of 

composition at 103 Hz. 

4.4 Summary 

PVDF: Fe3O4 composite thin films have been prepared by spin coating at 100 °C. 

The addition of Fe3O4 nanoparticles does not enhance ferroelectric properties, 

neither dielectric properties. The possible reason is Fe3O4 nanoparticles aggregate, 

which results in non-uniformity in microstructure and deteriorate the properties of 

the PVDF nanocomposite. 
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Chapter 5 

 

5 PVDF: Fe3O4 Nanocomposite Thick Films  
 

This chapter reports on the design and development of PVDF: Fe3O4 nanocomposite 

thick films fabricated by wire-bar coating and drop casting respectively. The effects 

of Fe3O4 nanoparticle content on the structural, crystalline phase, thermal, 

ferroelectric properties and dielectric properties in PVDF matrix were discussed. 

The PVDF: Fe3O4 nanocomposite thick films exhibit composition-dependent 

dielectric properties. A high dielectric constant accompanied with low dielectric loss 

upon addition of 5 wt % Fe3O4 nanoparticles to PVDF has been observed. Nearly 62% 

increase of dielectric constant was observed in PVDF: Fe3O4 nanocomposite films 

as compared to pure PVDF films prepared under identical conditions. Fourier 

transformed infrared spectroscopy (FTIR) and X-ray diffraction (XRD) results 

reveal that the inclusion of Fe3O4 nanoparticles does not affect the PVDF crystalline 

phase, the processing conditions being the main reason for the formation of the α- or 

β-phase. 

5.1 Wire-bar Coated PVDF Nanocomposite Thick Films 

The PVDF: Fe3O4 nanocomposite suspension was prepared by using the same 

method described in chapter 4. PVDF polymer (Mw = 275 000 g/mol, 

Sigma-Aldrich) was used and the solution concentration is 150 mg/ml. PVDF 

nanocomposite thick films were prepared by a wire-bar coating deposition method at 

95 °C, using a K102 K Control Coater from RK Print Coat Instruments Ltd. The 

thickness of the obtained thick films was controlled by the dimension of the wires 

wound on the wire-bar. The coated films were melt at 200 °C for 2h in a vacuum 

oven and then quenched in ice water and subsequent annealed at 150 °C for 2h. 
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5.1.1 Morphology Characterization 

To study the influence of Fe3O4 nanoparticles on the PVDF microstructure, AFM 

height images of nanocomposite films were presented in Figure 16. At low ratio of 

Fe3O4 nanoparticles (Figure 16 a-c), significant change was not observed. However, 

when the ratio of Fe3O4 nanoparticles reaches to 5 wt % (Figure 16 d), aggregation 

was observed. Moreover, the roughness of the film increased.  

 

 

 

Figure 16. AFM height images. (a) Pure PVDF film. (b), (c) and (d) PVDF nanocomposite films 

with 1 wt %, 3 wt % and 5 wt % nanoparticle contents respectively. 

 

To further verify the PVDF nanocomposite microstructure, the sample (5 wt %) was 

studied by SEM (Figure 17). The top surface view of the microstructure of the 

PVDF: Fe3O4 nanocomposite film demonstrates that few naked Fe3O4 nanoparticles 

on the surface can be observed as they are encapsulated by PVDF chains, implying 

that there exist strong interactions between Fe3O4 nanoparticles and PVDF chains. 

The cross-sectional (Figure 17 b) image reveals agglomeration occurs due to the 

magnetic interaction among nanoparticles. 
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Figure 17. SEM images of 5 wt % PVDF nanocomposite film. (a) Top surface view and (b) cross- 

sectional view. 

 

5.1.2 Fourier Transformed Infrared Spectroscopy 

 

The FTIR spectrum of the films provides information about their structure that 

enables us to distinguish the different crystalline phases of PVDF. Figure 18 shows 

the FTIR absorption spectra of PVDF and PVDF: Fe3O4 nanocomposite thick films. 

Measurements were carried out using Bruker Tensor II FTIR spectrometer in 

absorbance mode with at a spectral resolution of 4 cm-1 and spectra wavenumber 

range between 1500 and 400 cm-1. In the FTIR spectrum of pure PVDF, the 

characteristic absorbance bands at 410 cm-1, 489 cm-1, 532 cm-1, 614 cm-1, 763 cm-1, 

795 cm-1, 854 cm-1, 975 cm-1, 1149 cm-1, 1209 cm-1, 1383 cm-1 and 1423 cm-1 are 

corresponding to the α phase [45]. In the case of Fe3O4 nanoparticles added to PVDF, 

all the samples show the same typical α phase characteristic peaks as pure PVDF 

without any β or γ phase. α phase PVDF is easily distinguished and in our case, 

wire-bar coated samples all show characteristic perks of α phase. There are only two 

exclusive bands of 1275 cm-1 for the β-phase and 1234 cm-1 for the γ- phase [35]. 

For wire-bar coated samples, neither of these two characteristic peaks were observed. 

Addition of Fe3O4 nanoparticles in PVDF does not induce β phase formation.  
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Figure 18. FTIR spectra of pure PVDF and PVDF nanocomposite films with different content of 

Fe3O4 nanoparticles. 

5.1.3 Differential Scanning Calorimetry 

Differential scanning calorimetry (DSC) is a thermoanalytical technique that has 

been a complementary method to FTIR and XRD and also used for the identification 

of the crystalline structure of polymer. The DSC thermograms under heating and 

cooling conditions of the neat PVDF and PVDF nanocomposites are presented in 

Figure 19. The degree of crystallinity was determined using the following equation 

[46]: 

 

𝑋𝑐 =
Δ𝐻

xΔ𝐻𝛼+𝑦𝛥𝐻𝛽
                          (5) 
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where Δ𝐻 is the melting enthalpy of the sample under consideration; Δ𝐻𝛼 and 

𝛥𝐻𝛽 are the melting enthalpy of a 100% crystalline sample of α-PVDF and β-PVDF 

respectively, and x and y are the amount of the α- and β-phase present in the sample. 

In this study, a value of 93.07 Jg-1 and 103.4 Jg-1 [13] was used for Δ𝐻𝛼 and 

𝛥𝐻𝛽 respectively.  

 

 

Figure 19．DSC thermograms under (a) heating and (b) cooling conditions of pure PVDF and PVDF 

nanocomposite films with different content of Fe3O4 nanoparticles. 

 

From the DSC measurements, no remarkable changes in melting temperature and 

crystallization temperature in PVDF nanocomposite have been observed. We have 

already used FTIR to establish that all the samples exhibit α-phase. Therefore, it is 

expected that nanocomposite will show melting peaks of α-phase PVDF 167 °C. In 

our case, the melting peaks were around 168°C for all samples. However, β-phase 

PVDF presents a similar melting temperature with α-phase PVDF [10]. Therefore, 

DSC measurement can not be used to distinguish α- and β-phase, but can be used to 

calculate the crystalline percentage of the film. Table 5.1 presents the values of 

melting peak of the thermograms and the crystallinity content of the samples. It 
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shows the addition of Fe3O4 nanoparticles cause the decreasing of crystallinity and 

the report [47] also had the same observation. 

 

Sample Tm(°C) Tc(°C) Xc(%) 

Neat PVDF 168.49 141.3 49.87 

1 wt % 168.69 140.2 49.28 

3 wt % 167.97 140.9 51.50 

5 wt % 167.93 140.0 39.27 

8 wt % 168.66 140.5 41.09 

15 wt % 167.99 139.1 32.54 

 

Table 2. Tm, Tc and Xc values of PVDF and PVDF: Fe3O4 nanocomposite films with different content 

of Fe3O4 nanoparticles. 

 

5.1.4 Thermogravimetric Analysis 

Thermogravimetric analysis techniques measure the mass of a sample over the time 

as a function of temperature and it can used to determines temperature and weight 

change of decomposition reactions. Figure 20 presents TGA thermograms of PVDF 

and PVDF nanocomposites. As indicated in the figure, the degradation of PVDF 

nanocomposites which is reflected with the major weight loss occurs in the range 

from 400 °C to 500 °C. The onset degradation temperature of pure PVDF was 

around 467 °C. However, the introduction of Fe3O4 nanoparticles increased the 

initial decomposition temperature and shifted to 482 °C, 481°C, 484 °C, 478 °C 

and 484°C in the case of 1 wt %, 3 wt %, 5 wt %, 8 wt % and 15 wt % Fe3O4 

nanoparticles added. This indicates that the thermal stability of PVDF 

nanocomposites is significantly enhanced compared to pure PVDF. The 

enhancement of thermal stability may be explained by the better packing of PVDF 

nanocomposite with Fe3O4 nanoparticles loading compared to pure PVDF. Moreover, 

nano-incorporation and interaction between the Fe3O4 nanoparticles and PVDF 

matrix may also enhance the thermal stability [48]. 
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Figure 20. TGA thermograms of PVDF and PVDF nanocomposites with different content of Fe3O4 

nanoparticles. 

5.1.5 Ferroelectric Properties  

The room temperature ferroelectric (D-E) hysteresis loops of pure PVDF and PVDF: 

Fe3O4 nanocomposite films with different contents of Fe3O4 nanoparticle are shown 

in Figure 21. As indicated in the figure, all the samples behave paraelectric α phase. 

At the same time, the inclusion of Fe3O4 nanoparticles reduce electric breakdown 

field. After applying a high electric field of about 250 MV/m, δ phase formation has 

not been observed. For high concentration of nanoparticles, electric breakdown filed 

reduces dramatically. One of the possible reason is the rotation of molecular chain 

was prohibited due to the existence of nanoparticles inside of polymer matrix. 

Another possible reason is the resistivity of Fe3O4 is 0.01 Ohm cm at room 

temperature and present metallic character [42]. Therefore, the addition of Fe3O4 

nanoparticles decreases the overall resistivity in the system. Moreover, there are 
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some oxygen vacancies in Fe3O4 could also lead to the increase of leakage current 

[43]. 

 

 

Figure 21. Electric filed dependent polarization. (a) Pure PVDF. (b-f) PVDF: Fe3O4 nanocomposite 

films with different nanoparticles content 1 wt %, 3 wt %, 5 wt %, 8 wt % and 15 wt % respectively. 
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5.1.6 Dielectric Properties   

Dielectric properties of wire-bar coated PVDF: Fe3O4 nanocomposite thick films 

were characterized using Novocontrol control dielectric spectrometer. Figure 22 

shows the dependence of the dielectric properties of the PVDF: Fe3O4 

nanocomposite films with nanoparticle content up to 8 wt % on the frequency range 

between 10-1 and 107 Hz at room temperature and atmospheric pressure.  

 

 

 

Figure 22. Dielectric properties of wire-bar coated PVDF: Fe3O4 nanocomposite films. (a) Dielectric 

constant and (b) loss tangent with different nanoparticles content. (c) Dielectric constant at 1 kHz as a 

function of nanoparticles content and (d) dielectric constant of PVDF nanocomposite films as a 

function of composition at 100 to 100 kHz. 
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As it can be seen in Figure 22 a, a significant improvement in dielectric constant up 

to 5 wt % the PVDF nanocomposite film in comparison to pure PVDF film was 

observed. The average dielectric constant values were plotted versus nanoparticle 

content at 1 kHz and the error bars represent the standard deviation of the mean 

dielectric constant (Figure 22 c). The dielectric constant of pure PVDF film was 8 at 

100 Hz, with values increasing to about 10 for 1 wt % nanocomposite films, to about 

12 for 3 wt % nanocomposite films. A maximum dielectric constant of 14 is 

observed for 5 wt % nanocomposite films, while maintaining low loss. Further 

doping of Fe3O4 nanoparticles decreases the value of dielectric constant. The 

observed behavior is consistent with the reported data [18]. Generally, there are 

several reasons responsible for the observed increase in dielectric constant of 

nanocomposites. The first one is Maxwell-Wagner-Sillars (MWS) polarization 

effect [49] which occurs in heterogeneous medium consisting of phases with 

different permittivity and conductivity due to accumulation of the mobile charges at 

an interface between electrode and nanocomposite films. This effect can be observed 

particularly in the low frequency range [30]. At low Fe3O4 nanoparticles 

concentration, the Fe3O4 nanoparticles are well separated from each other with no 

effective interaction between them. With increasing Fe3O4 nanoparticles content, the 

number of nanoparticles and their interfacial area per unit volume increases with a 

decrease in the interparticle distance which improves the interfacial polarization [50]. 

Higher doping concentrations of the Fe3O4 nanoparticles increase void space and 

without sufficient matrix polymer to fill the space between particles, the interstitial 

void space (with a dielectric constant of 1) increases [51], resulting in a decrease in 

dielectric constant. Paper [44] also reported the enhancement of the dielectric 

constant with low dielectric constant fillers. The model they used is based on the 

electric multilayer, the surface-area-to-volume plays an important role on the overall 

polarization response. An optimal distance of the surface of the fillers leads to high 

local dielectric constant. However, an increased or decreased distance between the 
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nearest nanofillers, both of which will result in a decreased dielectric constant. 

Another possible reason is the formation of a network of micro-capacitors in the 

nanocomposite due to the inclusion of nanoparticles. When the nanoparticles are 

loaded into PVDF matrix, they could act as micro-capacitor and lead to an overall 

increase in dielectric constant of nanocomposites compared with pure PVDF [52]. 

Figure 22 b shows frequency dependence of loss tangent (tan δ) of PVDF: Fe3O4 

nanocomposite films and pure PVDF film. As shown from the figure, the increase in 

dielectric loss with decreasing frequency at the low frequency region (𝑓 < 103 𝐻𝑧) 

is mainly dominated by dc conductivity [50]. It is interesting to note that the 

dielectric losses of PVDF nanocomposite were suppressed in the low frequency 

range (𝑓 < 103 𝐻𝑧) with respect to pure PVDF which may be explained by the low 

dc conductivity and decreased crystallinity in PVDF: Fe3O4 nanocomposites. 

However, at the high frequency region ( 𝑓 > 103 𝐻𝑧 ), both micro-Brownian 

moments of the amorphous chain segments and molecular motion on the interfaces 

can attribute to dielectric loss [20].   

5.2 Drop cast PVDF: Fe3O4 Nanocomposite Thick Films 

The nanocomposite solution used is the same solution with wire-bar coated films. 

Free-standing films with 50-90 μm were prepared by spreading the suspension on 

clean glass substrates. Solvent evaporation was performed inside the vacuum oven at 

a temperature of 60 °C for 24 h. The temperature of 60 °C was chosen in order to 

obtain β-phase PVDF. Pure PVDF films were also prepared under identical 

conditions for comparison.  

5.2.1 Morphology Characterization 

The microstructure of the prepared films was analyzed by scanning electron 

microscopy (SEM). Figure 23 shows the SEM images of PVDF nanocomposite 
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films with 5 wt % Fe3O4 nanoparticles. The main relevant microstructural feature of 

the sample is the following: the films display spherulites with a high degree of 

porosity and high roughness. Most of the nanoparticles aggregated into clusters and 

were embedded deeply in the film.  

 

 

 

Figure 23. SEM images of 5 wt % PVDF nanocomposite film. (a) Top view and (b) cross section 

    

5.2.2 Fourier Transformed Infrared Spectroscopy 

FTIR spectra of pure PVDF film and PVDF: Fe3O4 nanocomposite films were 

presented in Figure 24. Due to the similarity of the β- and γ- phase specific 

conformations, some bands are simultaneously common to the β- and γ- phase. That 

is for example, 512 cm-1 is characteristic band of γ- phase and it is very close to 510 

cm-1 of β-phase characteristic band [53] . Therefore, it leads to contradictory opinion 

regarding the identification of β- and γ- phase [54]. α-phase PVDF is easily 

distinguished as it exhibits a large number of characteristic bands which are the 

exclusive for this phase, such as 410, 489, 532, 614, 763, 795, 854, 975, 1179, 1209, 

1383 and 1423 cm-1. Report [45] provides identification method of the β- and γ- 

phase based on exclusive peaks. There are only two exclusive bands of 1275 cm-1 
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for the β-phase and 1234 cm-1 for the γ- phase. If the FTIR spectra exhibit exclusive 

peak 1275 cm-1and without 1234 cm-1 band, the sample is considered as the β-phase. 

On the contrary, if 1234 cm-1 band are showed together with the absence of the 1275 

cm-1, the sample is considered as the γ- phase. In our case, all the drop cast samples 

show exclusive peak 1234 cm-1. At the same time, exclusive peak 1275 cm-1 of 

β-phase is not found. Characteristic bands at 431, 482, 510, 811 and 833 cm-1 also 

correspond to γ phase. In fact, none of the characteristic α-phase absorption bands 

can be observed in the drop cast PVDF: Fe3O4 nanocomposite films. The 

measurement results imply the inclusion of nanoparticles does not affect the PVDF 

crystalline phase, and the processing conditions are the main reason for the 

formation of α-, β- or γ-phase. This finding is consistent with the report [59]. 

 

 

Figure 24. FTIR spectra of pure PVDF and PVDF: Fe3O4 nanocomposite films processed by drop 

casting. 
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5.2.3 X-ray Diffraction 

The XRD patterns of neat PVDF and PVDF nanocomposite films are presented in 

Figure 25.  All α, β or γ phases have an intense peak around 20°, some of them are 

exclusive of each other. In general, the β phase can be characterized by the presence 

of only one peak at 20° in the whole XRD spectra [55]. However, the identification 

of γ phase still have problems. This is due to samples containing the γ phase that 

always contain a large amount of the α phase, generally, γ-phase presents a 

superposition of peaks at 18.5° and 19.2° and a more intense peak at 20.04° [53]. 

The combination of XRD result with FTIR technique (explained in previous section) 

confirms the addition of Fe3O4 does not affect polymer phase. 
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Figure 25. X-ray diffraction patterns of pure PVDF and PVDF nanocomposite films containing 

various amounts of Fe3O4 nanoparticles. 

5.2.4 Dielectric Properties  

Figure 26 shows the frequency-dependent dielectric constant and dielectric loss 

tangent of drop cast PVDF nanocomposites at room temperature. The result is in 
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good agreement with wire-bar coated samples. One can see from Figure 26 (a) that 

the frequency dependence of the dielectric properties of the drop cast nanocomposite 

films shows similar behavior to the wire-bar coated PVDF: Fe3O4 nanocomposite 

films. It can be found that the dielectric constant of the PVDF: Fe3O4 nanocomposite 

films increases with gradually increasing nanoparticles content. The maximum 

dielectric constant of the PVDF: Fe3O4 nanocomposite films is 14 when the content 

of Fe3O4 nanoparticles is 5 wt %. In comparison with pure PVDF (ε= 8), the 

dielectric constant of the composite is nearly 2 times higher. This indicates that 

incorporating Fe3O4 nanoparticles into the polymer matrix results in an enhancement 

in dielectric constant. The significant increase in dielectric constant of PVDF: Fe3O4 

nanocomposite films can be attributed to the formation of a quantity of 

micro-capacitors. With increased nanoparticles concentration, more 

micro-capacitance structures are constructed and greater interfacial areas are 

introduced in the composite, resulting in higher dielectric constant relative to that of 

pure PVDF. In addition, charges can be accumulated at the interfaces between Fe3O4 

nanoparticles and polymer matrix due to their different dielectric constant as well as 

conductivity, thus interfacial polarization (Maxwell-Wagner-Sillars effect) can also 

makes a remarkable contribution to the increase in dielectric constant of PVDF: 

Fe3O4 nanocomposites in the low-frequency range [56]. The decrease in dielectric 

constant of PVDF nanocomposites with frequency may be explained that it becomes 

difficult for dipoles to execute the flipping motion and accumulation process needs 

to have a relatively long time with frequency increasing. Therefore there would be 

losses arising due to the dipolar relaxation [3]. All the drop cast samples show the 

similar dielectric loss tangent compared with pure PVDF. In fact, many works 

reported that the nanocomposite exhibit lower dielectric loss tangent at high 

frequencies [57]. Since the dielectric loss at higher frequencies mainly originates 

from the electrical conduction and dipolar polarization. The possible reason for  the 
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decrease of dielectric loss in the nanocomposites can be the inorganic fillers limit 

the macromolecular movement [58].  

 

 

 

Figure 26. (a) Frequency dependence of dielectric constant and (b) dielectric loss tangent of the 

PVDF: Fe3O4 nanocomposite films processed by drop casting. 

5.3 Summary 

Nanocomposite films of PVDF: Fe3O4 with favorable dielectric properties are 

fabricated through wire-bar coating and drop casting methods respectively. The 

addition of nanoparticles does not affect the PVDF crystalline phase, and the 

processing conditions are the main reason for the formation of α-, β- or γ-phase. 

This finding is consistent with the report [59]. A significant improvement of 

dielectric constant with low dielectric loss are observed in both bar-coated and drop 

cast samples. A dielectric constant value of 14 and a loss tangent of 0.02 at 1 kHz 

were measured with 5 wt % Fe3O4 nanoparticles loaded. The polymeric crystalline 

phase is not relevant for the dielectric properties of nanocomposites. The distribution 

and content of nanoparticles plays a major role in dielectric behavior.   
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Chapter 6 

 

6 Conclusions and Outlook 

6.1 Conclusions 

In this thesis, firstly the suitable processing condition was determined to get 

transparent, flat and smooth films. The films processed at an elevated temperature 

and low relative humidity exhibited low roughness. In order to investigate the effect 

of thermal treatment, after deposition of the film, the samples were received melt 

quenching with subsequent annealing and only annealing treatment. From the 

experimental results, melt quenching with subsequent annealing samples showed 

high breakdown strength. 

 

PVDF: Fe3O4 nanocomposite thin films were prepared by spin coating at 100 °C, 

the thickness was around 300nm. Ferroelectric properties and dielectric properties 

were investigated. The addition of nanoparticles did not enhance ferroelectric 

properties and dielectric properties. The possible reason is Fe3O4 nanoparticles 

aggregated into clusters causing more defects in polymer matrix which was 

confirmed by AMF and SEM measurements and affect the physical properties of 

PVDF nanocomposite thin films.  

 

PVDF: Fe3O4 nanocomposite thick films were fabricated by wire-bar coating and 

drop casting respectively. The frequency dependent dielectric constant and the loss 

tangent were studied for the PVDF nanocomposite thick films. Inclusion of Fe3O4 

nanoparticles in PVDF matrix significantly enhances dielectric properties of the 

polymer. A dielectric constant value of 14 and loss tangent of 0.02 at 103 Hz were 

measured at a Fe3O4 nanoparticle concentration of 5 wt %. Possible mechanisms 
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responsible for these observed improvements in dielectric properties have been 

discussed. At the same time, crystalline phase of PVDF: Fe3O4 nanocomposite films 

was studied by FTIR and XRD, the addition of Fe3O4 nanoparticles did not induce β 

phase. The processing conditions are the main reason for the formation of α-, β- or 

γ-phase. The polymeric crystalline phase is not relevant for the dielectric properties 

of nanocomposites. The distribution and content of nanoparticles plays a major role 

in dielectric behavior. All these results suggest that this polymer nanocomposite 

material system is promising candidates for energy storage and multiferroic 

magnetoelectric applications.  

6.2 Outlook  

The experimental results suggest the uniform distribution of nanoparticles in PVDF 

polymer matrix without particle agglomeration plays an important role for the 

physical properties of PVDF nanocomposite. As a future work, nanoparticle 

distribution in polymer matrix can be controlled through surface modification of 

nanoparticles. By tailoring interactions between nanoparticles and polymer matrix, 

improved dielectric and ferroelectric properties can be achieved. The 

magnetoelectric effect will be investigated in PVDF: Fe3O4 nanocomposites. 
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