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Abstract 

Polyvinylidene fluoride (PVDF) and its copolymer with trifluoethylene (PVDF-TrFE) 

have been widely investigated. This is largely attributed to their ferroelectric properties, 

which are present in a limited number of polymers. In comparison with the more widely 

used ferroelectric ceramics, the ease of their fabrication makes them attractive in 

flexible electronic devices. Despite many advances in their application, we are still 

lacking a complete fundamental understanding of the relationship between their 

structure and the functional properties. 

The melt-extrusion of PVDF revealed that the α-phase is predominantly formed in films. 

The ferroelectric β-phase PVDF was obtained by high temperature drawing of the α-

phase of as-extruded films. It was observed that a minimum draw ratio of 3 is required 

to generate the β-phase. Chain mobility is crucial to the formation of β-phase. Too high 

chain mobility when drawing at temperatures above 100 °C can only orientate the pre-

existing α-crystals without making the chain conformation change to form the β-crystals. 

Furthermore, the comparison between the produced α- and β-PVDF films is 

summarized. The α-PVDF films crystallized into spherulites with random orientation, 

while β-PVDF films displayed fibriliar structure showing preferred orientation of the 

polymer chains along the drawing direction. The overall crystallinity obtained from 

DSC data hardly varied, however, the drawn β-PVDF films had a lower melting 

temperature, which was also confirmed from the dielectric temperature spectra. The 

drawn β-PVDF films showed higher dielectric constant and larger remnant polarization 
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compared with the as-extruded α-PVDF films, which is mainly ascribed to their higher 

β-phase content and preferred orientation. 

Highly aligned PVDF-TrFE films were processed using a melt extrusion processing 

route. Crystalline structure and orientation were optimized by controlling the melt 

extrusion conditions. XRD patterns suggested that there was nearly perfect alignment of 

the c-axis (polymer chain direction) along the extrusion direction in the optimized as-

extruded films. SEM analysis confirmed the morphology of the crystalline phase, 

showing edge-on lamellae stacked perpendicular to the extrusion direction. DSC data 

indicated high crystallinity and well-ordered ferroelectric structure of the extruded films. 

FTIR spectroscopy revealed strong intermolecular dipole-dipole interaction in the 

extruded films. Accordingly, the optimized as-extruded PVDF-TrFE films exhibited a 

coercive field of 24 kV/mm, half of the commonly reported values for bulk films (~ 50 

kV/mm) and a remnant polarization of 0.078 C/m
2
 which further increased to 0.099 

C/m
2
 after annealing. This value is close to the theoretical limit (0.102 C/m

2
) assuming 

perfect in-plane c-axis orientation and 100% crystallinity. 

The typical limitations of PVDF - low crystallinity and indirect ferroelectric β-phase 

crystallization - and PVDF-TrFE - higher materials and processing costs and a low 

Curie point - are tackled by a simple and industrially viable melt blending approach. 

Despite the immiscible nature of PVDF and PVDF-TrFE, strong interactions exist 

between the two polymers when co-melt processed, which substantially affect the 

morphology and texture of the blends as well as their dielectric and ferroelectric 

properties. Surprisingly, minor amounts of PVDF-TrFE led to a significant increase in 

the β-phase content and preferred orientation of PVDF, well beyond the rule-of-
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mixtures. Moreover, the blends exhibited maximum increases in the dielectric constant 

of 80% and 30%, respectively compared with pure PVDF and PVDF-TrFE. The 

ferroelectric remnant polarization increased from 0.040 to 0.077 C/m
2
, while the 

coercive field decreased from 75 to 32 kV/mm with increasing PVDF-TrFE from 0 to 

40 wt. %. The enhancement of properties is explained by the strong interactions at the 

interfaces between PVDF and PVDF-TrFE, which also suppresses the Curie transition 

of PVDF-TrFE, providing a potentially increased working temperature range for 

blended films, which is important in applications like non-volatile energy storage 

devices, ferroelectric field-effect transistors and touch sensors. 

Ferroelectric composites, integrating dielectric ceramic fillers with mechanically 

flexible polymers, are promising materials for flexible electronic applications. 

Numerous research works have demonstrated enhanced dielectric and ferroelectric 

properties of composite materials. However, the mechanisms responsible for these 

enhancements are not completely understood. Herein, PVDF and BaTiO3 (BTO) were 

used to study the effect of dielectric filler on the crystallization, phase transformation 

and dielectric properties of PVDF. The crystallization of α-PVDF was not affected by 

the presence of BTO particles, but small amounts of BTO (< 3 vol. %) made PVDF 

crystallize into larger spherulites. This is linked to crystallization kinetic studies, which 

showed that BTO acted as a nucleation agent for large full ring banded spherulites when 

its content was less than 1 vol. %. Furthermore, solid state drawing in the presence of 

BTO particles promoted the formation of β-PVDF with more pronounced crystalline 

orientation at high drawing temperatures (120 °C). The dielectric and ferroelectric 

properties were enhanced with BTO filling. The 100 °C oriented drawn PVDF tape 

exhibited a dielectric permittivity of 14 (100 Hz) and remnant polarization of 0.080 
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C/m
2 

(10 Hz), which increased to 20 and 0.095 C/m
2
, respectively, after filling with 5 

vol. % BTO; neither resulting in high dielectric loss tangent (~ 0.02) nor obvious 

current leakage. Moreover, the coercive field decreased from 80 to 50 kV/mm with 

increasing BTO content from 0 to 5 vol. %. 
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Chapter 1 Introduction 

1.1 Background 

Ferroelectrics are a special category of dielectrics which have spontaneous polarization 

that can be switched by applying an external electric field
1-3

. The first discovered 

ferroelectric was Rochelle salt (potassium sodium tartrate tetrahydrate, 

KNa(C4H4O6)∙4H2O ) in 1921.
4
 Then the discovery and in-depth research in the 1940s 

on ferroelectric ceramics represented by barium titanate (BaTiO3) opened a new chapter 

for ferroelectrics.
1, 5, 6

 From the 1970s, two non-solid ferroelectrics had been thoroughly 

investigated because of the possibility to apply them in flexible devices. One of them 

was ferroelectric liquid crystals with a rod-like structure;
7
 another was the ferroelectric 

polymers of which the typical ones are polyvinylidene fluoride (PVDF) and its 

copolymer with trifluoethylene (PVDF-TrFE). Ferroelectric switching of PVDF and 

PVDF-TrFE is accomplished by the rotation of the polar dipoles (CH2-CF2 and CHF-

CF2) about the chain axes (C-C) with domain wall progressing through chain rotations 

in the a-b plane of lamella.
8-11

 

1.2 Scope of this thesis 

A review about the fundamental structure, dielectric and ferroelectric properties of 

PVDF and PVDF-TrFE is given in Chapter 2, which also includes the reported work of 

blends among fluoropolymers and PVDF based composite materials with enhanced 

dielectric and ferroelectric properties. The experimental procedures and characterization 

techniques used in this PhD research are summarized in Chapter 3. The processing of 
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PVDF is described in Chapter 4, which focuses on the influence of extrusion and the 

uniaxial drawing conditions on the phase transformation of PVDF. The experimental 

results and discussions of the relationship between structures and functional properties 

for the extruded PVDF-TrFE and PVDF/PVDF-TrFE blended films are explained in 

Chapters 5 and 6, respectively. The crystallization kinetics and enhancement of 

dielectric and ferroelectric properties of PVDF composites with BTO fillers are 

discussed in Chapter 7. The conclusion and future work are summarized in Chapter 8. 
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Chapter 2 Literature Review 

2.1 Structure of PVDF and its copolymer PVDF-TrFE 

2.1.1 PVDF 

PVDF is a semi-crystalline polymer with at least four polymorphs; α, β, γ, and δ-phase. 

The energetically favourable polymorph is the α-phase which is non-polar due to the 

self-cancelation of dipoles resulting from the antiparallel packed trans-gauche (TG
+
TG

-
) 

molecules.
10

 If TG
+
TG

-
 molecules pack in a parallel fashion; the formed polymorph is 

δ-phase.
12

 The favoured ferroelectric polymorph is the β-phase with all-trans (TTT) 

chain conformation.
13

 An intermediate conformation T3G
+
T3G

-
 takes a parallel packing 

to form the γ-phase.
14

 Figure 2.1 depicts the phase transition among different 

polymorphs along with chain conformation and parameters of corresponding unit cells. 

 

Figure 2.1 A scheme of crystalline transformations of PVDF phases induced by thermal, 

mechanical and electrical treatment (reproduced based on
13, 15

). 
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2.1.2 PVDF-TrFE 

PVDF-TrFE is a random copolymer due to the size similarity between the hydrogen and 

fluorine atoms. Based on potential energies calculated by Hasegawa
10

, the all-trans 

chain conformation (β-phase) favours inter-molecularly while trans-gauche (α-phase) 

favours intra-molecularly. However, the introduction of small amounts of TrFE 

stabilizes all-trans conformation relative to other conformations intra-molecularly
16

 but 

further introduction causes severe instability. As a result, the chain conformation and 

corresponding crystalline structure of PVDF-TrFE exhibit composition dependence.
17-20

 

Figure 2.2 shows the different characteristics of PVDF-TrFE as a function of 

composition. From Figure 2.2, PVDF-TrFE can be divided into three main categories 

over the entire composition range; VDF < 50 mol. %, VDF 50-80 mol. % and VDF > 80 

mol. %. In the VDF 50-80 mol. % range, Figure 2.2 (b) shows the existence of a Curie 

transition. The values of Curie temperature (Tc) upon heating are higher than those on 

cooling, suggesting thermal hysteresis of the first order transition. For 80 mol. % VDF, 

Tc values are similar to the melting temperature (Tm). Consequently, above 80 mol. % 

the Curie transition is merged with the melting process. When the VDF content is below 

50 mol. %, the structure instability makes the ferroelectric transition weak and obscure.  
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Figure 2.2 Characteristics of PVDF-TrFE as a function of composition: (a) phase diagram; (b) 

dielectric constant at Curie point (taken from
15, 21

). In the phase diagram, o= melting 

temperature (Tm), ●= crystallization temperature (Tcr), Δ= Curie point during heating (Tc+), ▲= 

Curie point during cooling (Tc-), □=ferroelectric and antiferroelectric transition 

From the point of view of Curie transition, the crystalline phases of PVDF-TrFE can be 

notated as the low temperature phase (LT); high temperature phase (HT) and cooled 

phase (CL). The LT phase is intrinsically the same with respect to the chain 

conformation of the β-phase.
22, 23

 The HT phase contains large amount of gauche bonds 
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and can be considered as a mixture of γ- and α-phase.
22

 The CL phase is formed by 

slowly cooling the HT phase. The CL phase is regarded as a tilting β-phase and 

transforms into LT phase under stretching or poling.
23

 Table 2.1 lists the 

crystallographic data for PVDF and PVDF-TrFE. 

Table 2.1 Crystallographic data of PVDF and PVDF-TrFE (reproduced from
22-24

) 

  Unit cell parameters Molecular chain 

PVDF α- a=4.96 Å    b=9.64 Å  

c =4.96 Å     β=90° 

TG
+
TG

-
 

β- a=8.58 Å     b=4.91 Å  

c =2.56 Å 

TTT 

γ- a=4.96 Å     b=9.58 Å 

c =9.23 Å     β=92.9° 

T
3
G

+
T

3
G

-
 

δ- a=4.96 Å     b=9.64 Å 

c =4.96 Å     β=90° 

TG
+
TG

-
 

PVDF-TrFE 

55/45 mol. % 

LT a=9.12 Å     b=5.25 Å 

c =2.55 Å 

Tilt angle φ=3° in the tilt plane 

TTT 

HT a=9.75 Å     b=5.63 Å 

c =4.60 Å    a/b=√3 

T
3
G

+
T

3
G

-
/TG

+
TG

-
 

CL a=9.16 Å       b=5.43 Å 

c =2.528 Å   β=92.9° (assumed) 

Tilt angle φ=18° in the tilt plane 

Long trans segments 

with irregular gauche 

linkage 
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2.2 Summary of properties for β-PVDF and PVDF-TrFE 

2.2.1 Ferroelectric properties 

The ferroelectric properties are generated from the permanent dipoles with the 

spontaneous polarization (Ps) along the b-axis. The dipole moment of CH2CF2 is 

μv=7.0×10
-30

 Cm. The Ps of β-phase PVDF is much larger than the other polymorphs 

due to the alignment of the molecular dipoles along one direction. The theoretical Ps 

value with regard to the unit cell parameters is Ps= 2μv/abc= 0.13 C/m
2
. The 

ferroelectric switching is accomplished by the coupled global rotation of the molecular 

polymer chain axis (c-axis).
25

 The Ps value is intrinsic and solely dependent on the 

crystal structure, while the remnant polarization Pr is linked to the degree of crystallinity 

and orientation of the c-axis. If the c-axis is perfectly oriented in the film plane and the 

b-axis about the c-axis is random, the maximum possible value (100% crystalline) of Pr 

is 95% of Ps.
15

 Therefore good in-plane c-axis orientation and high crystallinity are 

required to achieve a high Pr value. The orientation of a- and b-axes hardly influences 

the remnant polarization as long as the c-axis shows perfect in-plane orientation.  

With regard to PVDF-TrFE, three types of dipole unit contribute to the polarization. 

Legrand group
26

 reported ferroelectric properties for three compositions PVDF-TrFE 

(80/20, 70/30 and 60/40 mol. %) based on neutron diffraction data (Table 2.2, β-PVDF 

was added for direct comparison). Results from Table 2.2 clearly reveal the decrease of 

polarization with increasing molecular ratio of TrFE, which is due to the reduction of 

dipole moment and the expansion of the unit cell volume.
26

 PVDF-TrFE with 

appropriate composition (normally 65-80 mol. %) is superior to PVDF due to the high 

crystallinity of the ferroelectric phase (~ 80 %). Annealing PVDF-TrFE above its Curie 
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temperature but slightly below its melting point yields a much higher crystallinity (> 

90 %),
27

 which is due to the high chain mobility allowing the rearrangement of polymer 

chains and the occurrence of lamellae thickening. Higher crystallinity favours higher 

remnant polarization.
28

 The commonly reported values of remnant polarization for 

typical annealed PVDF-TrFE are about 0.090 C/m
2
 (Table 2.3) which is higher than that 

of PVDF (~ 0.060 C/m
2
).

25, 29
 

Table 2.2 Effect of the composition of PVDF-TrFE on: crystallographic data, dipole moment of 

a monomer μ, spontaneous polarization Ps, experimental values of remnant polarization Pr and 

Curie transition temperature upon heating Tc+. Data of β-PVDF was added for reference.
26

 

 β-PVDF 80/20 70/30 60/40 

a(Å) 8.58 8.9 9.05 9.2 

b(Å) 4.91 5.05 5.12 5.18 

c(Å) 2.56 2.55 2.55 2.55 

Volume (Å
3
) 107.8 114.6 118.2 121.5 

μ 7.0 6.3 6.0 5.6 

Ps (C/m
2
) 0.130 0.110 0.102 0.092 

Pr (C/m
2
) 0.0583

25
 0.080

30
 0.092

31
 0.088

32
 

Tc+(°C) — 130.5 88.5 64.5 

The coercive field (Ec) corresponds to the electric field at which the net polarization of a 

material is zero and the point where the maximum rate of ferroelectric switching occurs. 
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Experimental values of Ec for most ferroelectrics are a few orders of magnitude lower 

than the theoretical Landau–Ginzburg (LG) intrinsic values Ec=0.5P/εε0
33

, which is 

built on the electric field needed to overcome the minimum of free Gibbs energy density. 

The LG intrinsic values for PVDF and PVDF-TrFE are 340 and 500 kV/mm. The much 

lower experimentally measured values (Table 2.3) are due to the actual mechanism of 

nucleation of ferroelectric domains which involves the localized nucleation of domains 

followed by the forward and sideways growth.
34

 Under this mechanism the domain 

nucleation normally occurs at defects/imperfections. Apart from acting as domain 

nucleation agents, defects also serve as pinning sites during domain wall movement and 

thereby hindering the subsequent growth of domains. Consequently, the Ec for 

ferroelectrics is an extrinsic property and importantly dependent on the degree of 

crystallographic order/perfection. The semi-crystalline nature and unavoidably irregular 

polymer crystals escalate the complexity of its ferroelectric polarization reversal. As for 

PVDF and PVDF-TrFE, their dipole moments align along the b-axis and rotate around 

the c-axis. The relative orientation of the b-axis with respect to the applied electric field 

influences the Ec value. Kassa et al. 
35

 introduced a simple model to explain the 

crystalline orientation effect on ferroelectric reversal; the perfect in plane orientation of 

a- and c-axis minimizes the value of Ec, which is consistent with other reported work.
36, 

37
 Apart from crystalline orientation, edge-on lamellae especially with shorter length

35
 

and lower domain wall energy as a consequence of better crystal perfection
36, 38

 favour 

easier ferroelectric reversal. Another influencing factor reported by Tasaka et al. 
39

 was 

that the higher crystallinity along with thicker lamellae crystallites eased the 

ferroelectric switching process, which is due to a reduction in the number of folding 

chains arising from the expansion of intermolecular distance.  
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Table 2.3 Reported values of coercive field (Ec) for PVDF and PVDF-TrFE. 

 
Sample Sample description Measurement 

condition 

Ec 

(kV/mm) 

Pr 

(C/m
2
) 

Kepler et 

al. 
25

 

PVDF Uniaxially oriented β 

~ 30 μm; 

Biaxially oriented α+β 

~ 25 μm 

280 kV/mm; 

30 Hz 

~ 90 0.06 

0.06 

Furukawa 

et al. 
29

 

PVDF Coextruded α+β 200 kV/mm; 

0.8 Hz 

~ 75 0.06 

Davis et 

al. 
28

 

PVDF (1) β; (2) α; (3) α+β 200 kV/mm; 

60 Hz 

(1) ~ 50; 

(2) ~ 90; 

(3) ~ 85 

0.05 

0.06 

0.06 

Li et al.
40

 PVDF Spin-coated δ 

400 nm 

250 kV/mm; 

100 Hz 

115 0.07 

Zhang et 

al. 
41

 

PVDF-TrFE 

50/50 mol. % 

Hot compression 

25-40 μm 

160 kV/mm; 

1-10 Hz 

45 0.06 

Furukawa 

et al. 
42

 

PVDF-TrFE 

52/48 mol. % 

Hot compression 

20 μm 

200 kV/mm; 

300 Hz 

40 0.06 

Davis et 

al. 
28

 

PVDF-TrFE 

65/35 mol. % 

Hot compression 

65-100 μm 

200 kV/mm; 

60 Hz 

50 0.06 

Huang et 

al. 
43

 

PVDF-TrFE 

68/32 mol. % 

Uniaxially stretched 

20 μm 

150 kV/mm; 

10 Hz 

52 0.1 

Davis et 

al. 
28

 

PVDF-TrFE 

73/27 mol. % 

Hot compression 

65-100 μm 

60 kV/mm; 

60 Hz 

40 0.07 
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 Sample Sample description Measurement 

condition 

Ec 

(kV/mm) 

Pr 

(C/m
2
) 

Ohigashi 

et al. 
44, 45

 

PVDF-TrFE 

74/26 mol. % 

Uniaxially stretched, 

clamped annealed at 

135 °C for 2h and poled 

at 25 °C; 5-100 μm 

55 kV/mm; 

100 Hz 

38 0.10 

Kimura 

et al. 
46

 

PVDF-TrFE 

75/25 mol. % 

Spin-coated 

60 nm 

Integrating 

switching 

current as a 

function of 

time. 

125 0.08 

Table 2.3 continued 

The last row of Table 2.3 shows a much higher Ec (125 kV/mm) for 60 nm PVDF-TrFE 

75/25 mol. %, which is due to the restraint of domain nucleation for ultra-thin films. 

Figure 2.3(a) shows the thickness dependence of Ec of PVDF-TrFE.
34, 46-53

 The Ec of 

PVDF-TrFE films processed by Langmuir-Blodgett (LB) technique appeared to fit the 

L-G intrinsic value. It is regarded that 100 nm is a critical thickness for PVDF-TrFE. 

Contrary to PVDF-TrFE, PVDF exhibits more extrinsic ferroelectric switching;
54-58

 The 

Ec values are independent of film thickness, especially above 20 nm (Figure 2.3(b)). 

This is an obvious advantage of PVDF compared to PVDF-TrFE for application as thin 

films. 
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Figure 2.3 Reported Ec values as a function of film thickness: (a) PVDF-TrFE; (b) PVDF. 

Summing up the ferroelectric properties of PVDF and PVDF-TrFE: (1) Ps theoretical 

value for β-PVDF is 0.13 C/m
2
, for PVDF-TrFE Ps decreases with increasing molecular 

ratio of TrFE. Average experimentally measured Pr values for PVDF (crystallinity ~ 

50%) and PVDF-TrFE (crystallinity ~ 80%) are 0.060 and 0.090 C/m
2
, respectively; (2) 
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intrinsic LG coercive field values for PVDF and PVDF-TrFE are 340 and 500 kV/mm, 

respectively, which are much larger than the measured Ec; PVDF 90 kV/mm, PVDF-

TrFE 50 kV/mm. In-plane orientation of c-axis facilitates ferroelectric reversal. Ec 

values of thin PVDF-TrFE films show thickness dependence, and the critical thickness 

of PVDF-TrFE is about 100 nm. However, thin PVDF films exhibit more extrinsic 

ferroelectric switching; Ec values are independent of film thickness especially for films 

thicker than 20 nm. 

2.2.2 Dielectric properties 

The dielectric properties of PVDF and PVDF-TrFE are sensitive to the degree of 

crystallinity, crystallite size and crystalline orientation. At 1 kHz and 25 ℃, reported 

values the real part of the dielectric constant for PVDF and PVDF-TrFE are 8-19
59-62

 

and 8-17
15, 19, 42, 63

, respectively. 

The dielectric frequency spectra for PVDF and PVDF-TrFE(65/35 mol. %) are shown 

in Figure 2.4
15

 which also includes data for PTrFE and poly(vinylidene fluoride- 

tetrafluoroethylene) PVDF-TFE(80/20 mol. %) copolymer. All four exhibit a relaxation 

process at ~ 1 MHz related to non-crystalline molecular motions (αa), while PVDF 

shows another relaxation process at ~ 1 Hz produced by the crystalline motions in the α 

phase.
64
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Figure 2.4 Dielectric frequency spectra of PVDF, PVDF-TrFE(65/35 mol. %), PTrFE and 

PVDF-TeFE(80/20 mol. %) at room temperature.
15

 

Figure 2.5(a, b) shows dielectric temperature spectra at different frequencies for PVDF, 

and two relaxation are denoted; the lower one at -25 ℃ and 1 kHz is ascribed to the 

glass transition (Tg), the temperature of which shifts to higher temperature with 

increasing frequency (β relaxation), while the higher one is assigned to the chain 

relaxation in the crystalline region (αc). Figure 2.5(c, d) shows dielectric frequency 

spectra at different temperatures for PVDF. The αa relaxation process which is 

generated due to the dipole relaxation in the amorphous region and interfaces between 

amorphous and crystalline regions. It was observed that the peak position of αa 

relaxation shifts to higher frequency with increasing temperature due to the increased 
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dipole mobility. Yano et al. 
59

 also reported another relaxation process for PVDF below 

Tg (-80 ℃, at 1 kHz) named γ relaxation.  

 

Figure 2.5 Real (a) and imaginary (b) parts of dielectric constant as a function of temperature at 

different frequency; real (c) and imaginary (d) parts of dielectric constant as a function of 

frequency at different temperatures.
65

 

Yang et al. 
65

 investigated the dielectric properties of biaxially oriented PVDF, and 

concluded that the orientation of the interfacial amorphous PVDF chains increases the 

dielectric constant at low electric fields. Simulated values of dielectric constant for 

PVDF crystals were reported by Karasawa et al. 
66

 where the dielectric constant at zero 



Chapter 2 Literature Review 

16 

 

frequency for β-PVDF crystals was estimated to be 2.44 (slightly higher than that of α- 

and γ- ) and comparable with the measured value 3.1 (-102 ℃, 0.059 MHz).
67

 

Similar to PVDF, PVDF-TrFE (VDF 50-80 mol. %) also exhibits αa relaxation (non-

crystalline molecular motions) and β relaxation (glass transition). Apart from those two 

relaxation processes, the Curie transition can be observed in dielectric temperature 

spectra (Figure 2.2). Omote et al. 
68

 reported dielectric anisotropy for highly crystalline 

and highly oriented PVDF-TrFE (75/25 mol. %) films (Figure 2.6). The chain c-axis 

was along the stretching direction (orientation factor 0.9986) and the b-axis oriented 

±30° off the film normal. In Figure 2.6(a), subscripts 1, 2 and 3 represent the film 

stretching direction (chain c-axis), film transverse direction and film normal direction, 

respectively. Values of dielectric constant for a single crystal were derived based on the 

relative orientation and shown in Figure 2.6(b). ε2
c
 was larger than the other two in the 

whole temperature range below the Curie transition temperature, suggesting chain 

molecules undergo rotational vibration or torsional vibration around the chain axis due 

to the CF2 dipoles along the b-axis.
68

 Inset of Figure 2.6(b) shows ε1
c
 increases abruptly 

near the Curie transition, which is attributed to the change of chain conformation from 

all-trans to trans-gauche. 
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Figure 2.6 Dielectric temperature spectra of poled PVDF-TrFE (75/25 mol. %): (a) films; (b) 

calculated values for a single crystal.
68

 

In conclusion, at low electric fields, the contribution of dipoles to the dielectric polar 

response in the crystalline regions is minor compared to that of amorphous region. 

Dielectric frequency spectra for PVDF and PVDF-TrFE exhibit αa relaxation process at 

high frequency (~ 1 MHz) related to the motion of non-crystalline molecules, while for 

α-PVDF another relaxation process exists at low frequency (~ 1 Hz). Dielectric 

temperature spectra for PVDF show two relaxations; β- (glass transition) and αc 

(crystalline molecules motion), while for PVDF-TrFE, apart from β-relaxation Curie 

transition can be clearly seen. Highly oriented PVDF-TrFE shows dielectric anisotropy, 

εa-axis is larger than the other two in the whole temperature range below Curie transition 
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temperature, while εc-axis increases steeply near Curie transition arising from the change 

of chain conformation (from all-trans to trans-gauche). 

2.3 Blends among fluoropolymers 

Binary polymer blends can combine the desirable characteristics of two different 

polymers and thus blending is a common way to modify the properties of specific 

polymers. Miscibility is an important issue related to the evaluation of blends. PVDF 

blends with amorphous polymers containing carbonyl group (e.g. polymethyl 

methacrylate PMMA) exhibiting miscibility in the whole composition range. 

Contributions from the hydrogen bonding between the double-bonded oxygen of the 

carbonyl group and the acidic hydrogen of the CH2-CF2 group,
69-71

 however, 

crystallization of PVDF and the induced ferroelectric polarization are suppressed with 

the addition of amorphous polymers.
70, 72

 As a result, in order to maintain or even 

enhance ferroelectric properties, blending with fluoropolymers is more likely to be 

effective.  

Tanaka et al. 
73

 investigated the miscibility of PVDF/PVDF-TrFE blends. Based on the 

two distinct fusion peaks in the DSC heating run, PVDF was found to be immiscible 

with PVDF-TrFE regardless of the composition of the copolymer. Gregorio et al. 
74

 

came to the same conclusion, but they  assumed that PVDF and PVDF-TrFE displayed 

miscibility on a lamellae level. Figure 2.7 shows the SEM morphology of regions near 

the spherulite centre for PVDF and PVDF/PVDF-TrFE 50/50 blends. Pure PVDF 

showed spherulite morphology, while blends displayed homogenously distributed 

irregular texture, suggesting that PVDF-TrFE molecules are segregated in the regions 
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between the PVDF spherulites. Despite the immiscibility, strong interaction occurs in 

the PVDF/ PVDF-TrFE blends, which presumably enhances the ferroelectric properties 

in the blends. 

 

Figure 2.7 SEM morphology of region near spherulite centre: (a) pure PVDF; (b) PVDF/ 

PVDF-TrFE 50/50 wt. % blends.
74

 

Contradiction exists with regard to PVDF/polyvinyl fluoride (PVF) blends. Natta et al. 

75
 reported isomorphism in PVDF/PVF blends. Whereas Guerra et al. 

76
 reported the 

immiscibility of PVDF/PVF blends not only in the crystalline region (two distinct 

endotherms in DSC) but also in the amorphous region (combined relaxation peaks in 

DMA). The reason for this could be the different crystalline phases of PVDF induced by 

different chain conformation. PVF takes all-trans chain conformation, in Natta’s work 

PVDF was β-phase, while in Guerra’s work PVDF was γ-phase, which could give rise 

to different conclusions for PVDF/PVF blends. Apart from chain conformation diversity, 

Datta et al. 
77-80

 also pointed out that the H-H defect content difference in PVDF and 

poly(vinylidene fluoride-tetrafluoroethylene) PVDF-TFE influenced the miscibility of 
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PVDF/PVDF-TFE blends. As long as H-H defect content difference is larger than 12 

mol. %,
77, 78, 80

 PVDF and PVDF-TFE are immiscible.  

Co-crystallization was observed in PVDF-TrFE blends among different composition.
73

 

However, such co-crystallization phenomenon only occurred in PVDF-TrFE with small 

compositional difference (for example, PVDF-TrFE 52/48 and 65/35 mol. % as well as 

PVDF-TrFE 65/35 and 73/27 mol. %). PVDF-TrFE 52/48 and 73/27 mol. % blends 

exhibited phase separation both in ferroelectric and paraelectric phase.
73

 

Extremely rigorous requirements are needed to achieve miscibility of blends among 

fluorine polymers, for example, similar chain conformation and thus crystalline phases 

of PVDF, even defect content in polymer chains, all of which determine the miscibility 

of the final binary blends. Though PVDF is immiscible with PVDF-TrFE, strong 

interaction occurs between them forming a homogenous morphology without phase 

separation. Miscibility of PVDF/PVF blends is affected by the phase of PVDF; β-PVDF 

with all-trans chain conformation is miscible with PVF. H-H defect content diversity in 

polymer chains of PVDF and PVDF-TFE also plays an important role in the miscibility 

of binary blends, as long as the H-H defect content difference is above 12 mol. % 

immiscible blends will be formed. Moving to PVDF-TrFE blends, small compositional 

difference (52/48 and 65/35 mol. % as well as 65/35 and 73/27 mol. %) exhibit co-

crystallization behaviour while blends with large compositional (52/48 and 73/27 

mol. %) difference are partially miscible.  
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2.4 Enhanced electric properties of ferroelectric polymer composites 

loaded with inorganic fillers 

Ever-increasing demand for flexible electronic devices with excellent properties, like 

high energy density dielectric–based capacitors, requires a combination of dielectric 

ceramic particles and polymer matrices.
81, 82

 Ceramic materials (for example, barium 

titanate BTO) possess large dielectric constant, high ferroelectric polarization as well as 

excellent thermal stability.
83, 84

 However, their applications are impeded by the low 

electric breakdown voltage, extreme processing conditions and high stiffness.
85

 

Meanwhile, polymers can be easily fabricated into required shapes and have high break 

down electric field (PVDF, > 400 kV/mm).
86

 But the intrinsic values of dielectric 

constants for polymers are a few orders of magnitude lower than those of ceramic 

materials (PVDF, ε’ ~ 10). Thus, composite materials which integrate high dielectric 

constant ceramic particles with the mechanical flexibility of polymers provide 

promising new materials.  

2.4.1 Crystallization behaviour difference of PVDF induced by inorganic fillers 

Inorganic fillers normally act as nucleation agents in the crystallization process of semi-

crystalline polymers,
87, 88

 accordingly, the crystallization rate increases and sometimes 

the melting temperature increases.
89, 90

 Dillon and co-workers
88

 investigated the 

structure and morphology of PVDF composites with montmorillonite (MMT) based 

nanoclay, where the nanoclay showed obvious nucleating effect, increasing the melting 

(Tm, from 155 to 165 ℃) and crystallization (Tcry, from 125 to 145 ℃) temperatures, 

which is consistent with the work of Priya et al. 
91

. However, the increase of Tm is not 
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always observed.
92

 Meanwhile, the addition of nanoclay promotes crystallization of β-

phase; similar promotion was also reported in PVDF composites with other inorganic 

fillers, for instance, BTO nanofibers,
93

 functionalized BTO nanoparticles,
94

 carbon 

nanotubes
95

 and functionalized graphene sheet
96

. Considering such phase 

transformations, the change in the melting temperature is complicated. Values of 

melting temperature for α- and β-PVDF are not differentiated. Martins et al. 
97

 

suggested that α- and β-PVDF showed indistinguishable melting temperature in the 

range of 167-172 ℃ while other researchers
88, 98, 99

 believed that β-PVDF should have a 

higher melting temperature than  α-phase due to the more densely packed all-trans chain 

conformation. To make things more complicated, Lanceros-Méndez group
100

 reported 

the melting temperature of poled β-PVDF films, as 156.3 ℃, much lower than the 

common values for α-PVDF. For most PVDF composites, the formation of β-phase is 

not favoured by the addition of fillers,
101-104

 which is actually beneficial for energy 

density of dielectric-based capacitors due to the inhibition of ferroelectric switching.
105, 

106
 

Apart from nucleation effects, the existence of inorganic fillers also influences the 

crystalline orientation of polymer matrices in the process of uniaxial stretching. He et 

al.
107

 reported that the existence of organosilicate favoured the formation of β-PVDF 

during solid state drawing, which led to the improved piezoelectric and pyroelectric 

performance of PVDF/organosilicate composites. Coates and co-workers
108

 reported the 

improved dielectric performance of solid-state oriented polypropylene (PP) 

/multiwalled carbon nanotube (MWCNT) nanocomposites, where the dielectric 

improvement arose from the orientation of MWCNT and the neighbouring molecular 

chains of PP. Todorov et al. 
109

 used in-situ WAXS and SAXS techniques to investigate 
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structural evolution mechanism for poly(ethylene terephthalate) (PET) composites with 

titanium dioxide (TiO2) and silica (SiO2) nanoparticles (0.3 wt. %). For both neat PET 

and PET composites, three stages are involved during the structural evolution (Figure 

2.8): stage 1 is the evolution of amorphous region into mesophase before the occurrence 

of necking phenomenon, where the nanoparticles show stress concentrating effect; stage 

2 is the formation of necking zone when the polymer molecular chains orient rapidly 

producing voids and cracks resulting from the debonding of the nanoparticles coupled 

with the quick increment of mesophase and the transformation from mesophase to 

periodical mesophase; stage 3 involves propagation of the necking zone along with 

elongation of voids and the final achievement of periodical mesophase. The role of 

nanoparticles is to facilitate the formation of periodical mesophase making it occur at an 

earlier stage and reach higher fraction compared to neat PET, thus contributing to more 

preferred orientation for PET composites.
109

 

 

Figure 2.8 Schematic illustration of structure evolution during uniaxial stretching (reproduced 

from
109

). 
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To summarize, the crystallization process of PVDF is influenced by the inorganic fillers 

which act as nucleation agents facilitating the crystallization process and making the 

Tcry shift to higher temperature, and some specific fillers (for example, nanoclay) 

promote the crystallization of the β-phase. Meanwhile, the addition of inorganic fillers 

accelerates the formation of periodical mesophase and induces larger amounts of 

periodical mesophase, which improves the crystalline orientation of polymer matrices in 

the uniaxial stretching process. 

2.4.2 Interfaces between polymer matrices and inorganic fillers 

The interfaces between polymer matrices and inorganic fillers are strongly dependent on 

the surface area of inorganic fillers. Nano-scale fillers (at least one dimension is less 

than 100 nm) are selected to obtain greater surface area. Dang
106

 put forward a 

representative model, filling a unit cube with smaller ones, to explain the effect of nano-

scale fillers on the surface area (Figure 2.9). It is clearly seen that when the side length 

decreases from 10 μm to 5 nm, the surface area increases four orders of magnitude from 

0.6 to 1200 m
2
.  

 

Figure 2.9 A schematic diagram for great surface area induced by the nano-scale fillers
106

. 
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Due to the existence of greater surface area, the properties of interfaces are neither 

similar to the polymer matrices nor to the inorganic fillers. Tanaka
110

 put forward a 

multicore model to describe interfaces based on the nanoparticles embedded in polymer 

matrices (Figure 2.10). In the multicore model, interfaces are made up by three layers, 

of which the nearest one to nanoparticles is the bonded layer. This layer bonds 

nanoparticles with polymer matrices tightly either through covalent, ionic or hydrogen 

bonds or van der Waals forces. The outside bonded layer is the bound layer where the 

polymer chains are connected to the bonded layer and the particle surface. Out of the 

bound layer is the loose layer which is loosely linked to the bound layer. In all these 

layers, including the loose layer, polymer chain mobility is different from the polymer 

matrices, which improves the properties of nanocomposites. 

 

Figure 2.10 A schematic diagram of the multi-core model and corresponding distribution of 

injected charges for polymer nanoparticle composites (reproduced from
106, 110

). 
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Apart from chemical factors, electrical characteristics can also form the interfaces, as 

shown in Figure 2.10; whole interfacial region is marked as Gouy-Chapman diffuse 

layer.
110

 Positive charged nanoparticles make the interfacial region form a diffuse 

electric layer covering all three layers defined by the chemical viewpoint (Figure 2.10). 

This diffuse electric layer can be driven by the polymer polarization; electronic 

polarization linked with the dipole motion and the permanent dipole orientation related 

to the molecular chain motion. For solid electrolyte polymers, mobile charges can also 

form the diffuse electric layer with positive and negative ions. Due to the different 

morphology and crystalline structure, the properties of interfacial region are quite 

different from both nanoparticles and polymer matrices, and considering the diffuse 

charge distribution layer, interfacial polarization can enhance or even dominate the 

dielectric properties for composites materials.
111

 

2.4.3 Dielectric properties of ferroelectric polymer/inorganic fillers composites 

Apart from the increased dielectric permittivity, high dielectric breakdown strength, 

defined by the maximum value of applied electric field without the occurrence of short-

circuit, is also required for the energy storage application. Increasing the ratio of 

inorganic fillers is effective in achieving large dielectric permittivity, however, the high 

surface energy of inorganic materials results in the agglomeration and incompatibility 

with polymer matrices, inducing severe dielectric loss and poor dielectric breakdown 

strength.
112

 Therefore, it is crucial to control the volume ratio of inorganic fillers 

(normally lower than 60 vol. %
113

) and, meanwhile, applying surface modification to 

inorganic fillers is effective in minimizing phase separation and particle aggregation.
114
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In addition, the size and shape of inorganic fillers also determine the properties of 

composites materials.
114, 115

 

Surface modification of inorganic fillers 

Ogitani et al. 
116

 employed phosphoric acid type surfactants to modify lead magnesium 

niobate-lead titanate (PMN-PT) and increased the dielectric constant of epoxy/PMN-PT 

(71 vol. %) from 43 to 70. However, the residual surfactants were detrimental to the 

dielectric properties; resulting in high dielectric loss and leakage current. Thus, binding 

surface modifiers to inorganic fillers via robust chemical bonds is favourable.
117, 118
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Figure 2.11 SEM images of surface and fractured cross-section for thin spin-coated 

nanocomposites films: (a, b) PVDF-HFP/BTO 50 vol. %; (c, d) PVDF-HFP/PFBPA-BTO 50 

vol. %. All scale bars are 1 μm. (e) Molecular structure of pentafluorobenzyl phosphonic acid 

PFBPA that used to modify BTO in poly(vinylidenefluoride-hexafluoropropylene) PVDF-HFP 

matrix. (f) Dielectric frequency dependence of PVDF-HFP/PFBPA-BTO 50 vol. % 

nanocomposites thin films (reproduced from
118

). 

As depicted in Figure 2.11, nanocomposites with unmodified BTO exhibit severe 

aggregation and defects while the ones with modified BTO are more uniform and 
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display much better BTO dispersion. As a result, even for 30-50 nm BTO fillers, PVDF-

HFP/PFBPA-BTO 50 vol. % composites have large dielectric constant (εr=37 at 1kHz) 

and low dielectric loss (< 0.07). But a comparison of the dielectric properties induced 

by surface modification was not reported in this work. Zhou et al. 
119

 investigated such 

comparison, as shown in Figure 2.12, crude BTO nanoparticles (85-100 nm) (c-BTO) 

were surface hydroxylated using H2O2 (h-BTO); fractured cross-section of PVDF/h-

BTO showed less holes due to the strong interaction between the filler and matrix. 

Composites loaded with hydroxylated BTO possessed lower dielectric constants than 

those loaded with c-BTO (Figure 2.12(d)), which was due to the smaller polarization 

resulting from the restricted chain mobility of PVDF/h-BTO composites due to the 

hydrogen bonds. Additianally, the dielectric loss of PVDF/h-BTO composites was 

lower than that of PVDF/c-BTO composites. Moreover, PVDF/h-BTO composites 

showed higher dielectric breakdown strength, which is consistent with PVDF/h-

Ba0.6Sr0.4TiO3 nanofiber composites,
120

 whereas the dielectric constants of PVDF/h-

Ba0.6Sr0.4TiO3 composites increased compared with composites loaded with non-treated 

fillers; the authors linked such increase to the less air introduction arising from 

decreased defects. Despite the contradictary influence on dielectric permittivity, surface 

modification does promote the interaction between the fillers and polymer matrices, 

reducing the dielectric loss and increasing dielectric breakdown strength. 
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Figure 2.12 (a) Schematic diagram of BTO hydroxylation and the formation of hydrogen bond 

in PVDF/h-BTO composites; (b, c) fractured cross-section of PVDF/c-BTO and PVDF/h-BTO 

with 30 vol. % inorganic fillers; (d, e) frequency dependence of dielectric permittivity and loss 

tangent of PVDF/c-BTO and PVDF/h-BTO loaded with 30 vol. % inorganic fillers at different 

temperatures (20 and 150 
°
C) (reproduced from

119
) 

Size and shape of inorganic fillers 

Interfacial area increases with decreasing particle size; however, ferroelectric particles 

show size dependence of polarization. As predicted by theoretical models,
121

 the 
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ferroelectric polarization of BTO decreases gradually before reaching critical particle 

size (~ 100 nm) resulting from the phase transformation from tetragonal to cubic.  

 

Figure 2.13 Dielectric frequency spectra of PVDF/BTO composites with different size (a) 10 

vol.%; (b) 40 vol.%, (c) 60 vol.% (reproduced from
122

) 

Fu et al. 
114

 synthetized different grain sized BTO particles using molten-salt synthesis; 

Pr increased 0.18 to 0.28 C/m
2 

corresponding to the increasing grain size from 400 to 

600 nm. With regard to the size effect of binary PVDF/BTO composites, Dang et al. 
122

 

reported that PVDF composites with 200 and 300 nm BTO exhibited larger ε’ than 
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those with 400 and 500 nm BTO particles, meanwhile, BTO particle size makes little 

differences to the dielectric loss of composites (Figure 2.13). 

As inorganic fillers, nanofibers with large aspect ratio have obvious benefits compared 

to nanoparticles. Larger dipole moments of fibre shaped fillers
123

 enhance the dielectric 

properties of composites at lower volume ratio compared to those loaded with spherical 

fillers and are less detrimental to decreasing the dielectric breakdown strength 
124

. Song 

et al. 
125

 compared the difference between epoxy based composites loaded with 

nanoparticles and nanofibers; as shown in Figure 2.14, composites loaded with 

nanofibers exhibit enhanced dielectric properties; higher dielectric permittivity, lower 

dielectric loss and higher dielectric breakdown strength.  
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Figure 2.14 (I) SEM images of: (a) BTO nanofibers; (b) BTO nanoparticles; HRTEM images of 

(c) polydopamine modified BTO nanofibers Dopa@BTO nanofibers; (d) polydopamine 

modified BTO nanoparticles Dopa@BTO nanoparticles. (II) SEM images of fractured cross-

sections for epoxy/BTO composites loaded with (a) unmodified BTO nanoparticles; (b) 

Dopa@BTO nanoparticles; (c) unmodified BTO nanofibers; (d) Dopa@BTO nanofibers. (III) 

Variations of dielectric constant εeff and loss tangent tanδ with the volume ratio of BTO 

inorganic fillers for epoxy based composites loaded with unmodified and polydopamine 

modified BTO nanoparticles and nanofibers; the inset demonstrates the flexibility of 

epoxy/Dopa@BTO nanofibers 6.7 vol. % composites. Figures are reproduced from
125

. 

Additionally, Figure 2.14 shows the combined effect of surface modification and 

morphology of inorganic fillers; composites loaded with dopamine modified fillers have 

slightly higher dielectric permittivity, lower dielectric loss and enhanced dielectric 

breakdown strength especially for the ones loaded with nanofibers. Figure 2.15 shows 
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the results of PVDF
125

 and PVDF-TrFE
124

 based composites with dopamine modified 

BTO nanofibers, Values of dielectric permittivity for PVDF and PVDF-TrFE based 

dopamine modified BTO nanofibers (11 vol. % and 10.8 vol. %, respectively) are twice 

as large as that of PVDF/10 vol. % BTO particles composites (Figure 2.13(a)) 

associated with the larger dipole moment of nanofiber and strong interaction between 

fillers and matrices due to the surface modification. In addition, the dielectric 

breakdown strength is maintained for PVDF and even enhanced for PVDF-TrFE. 
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Figure 2.15 Dielectric properties of ferroelectric polymer/dopamine modified BTO nanofibers: 

(I) PVDF based
125

; (II) PVDF-TrFE based
124

: (a) dielectric permittivity frequency dependence 

εeff; (b) loss tangent frequency dependence tanδ; (c) dielectric breakdown strength as functions 

of volume fraction of fillers. 

On account of application in the energy storage devices,
126-128

 surface modification and 

morphology of inorganic fillers can be manipulated to enhance dielectric properties of 

polymer based composites. Due to the interactions between the fillers and matrices, as 

well as less agglomeration and defects, dielectric breakdown strength can be effectively 
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enhanced by surface modifying inorganic fillers. Fibre shaped fillers are more 

favourable to increase dielectric permittivity arising from the larger dipole moments. 

2.4.4 Ferroelectric properties and enhanced energy storage of ferroelectric 

polymer/inorganic fillers composites 

Electric capacitors are an important energy storage technology. Energy density (Ue) is 

crucial to the performance of electric capacitors, and is given by the relationship 

between the electric displacement (D) and electric field (E). Equation (1) shows the 

calculation of Ue, where E is the electric field and Dmax is the electric displacement at 

highest electric field.
106

 

   ∫                                 
 

    

 

Figure 2.16 demonstrates D-E loops of four typical materials; linear dielectrics, 

ferroelectrics, relaxor ferroelectrics and anti-ferroelectrics, where the darker shaded area 

are the Ue. Linear dielectrics are featured for lower dielectric constants and high 

dielectric breakdown strengths; e.g. polyethylene (PE) ε’~ 2.4; Ue~ 2.25 J/cm
3
 at 400 

kV/mm,
129

 biaxial-oriented polypropylene (BOPP) ε’~ 2.2; Ue~ 3.5 J/cm
3
 at 600 

kV/mm
130

 and aromatic polyurea ε’~ 4.2; Ue~ 12 J/cm
3
 at 800 kV/mm

131
. Compared to 

relaxor ferroelectrics, ferroelectrics are not promising candidates for energy storage 

devices, while the most suitable materials are anti-ferroelectrics. Details about energy 

storage will be discussed later.  
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Figure 2.16 Demonstration of displacement (D) versus electric field (E) and corresponding 

energy storage characteristic for: (a) linear; (b) ferroelectric; (c) relaxor ferroelectrics; (d) anti-

ferroelectric (figures reproduced from
132

) 

The ferroelectric response of composites is quite different from that of inorganic fillers 

arising from the hindering the of effective field by the surrounding low dielectric 

permittivity polymer matrices.
133

 Values of remnant polarization Pr and saturated 

polarization Psat increase significantly compared to the matrix phase due to the higher 

polarization of inorganic fillers (Figure 2.17).  
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Figure 2.17 Ferroelectric enhancement arising from filler addition: (I) PVDF-TrFE loaded with 

dopamine modified BTO nanofiber
124

; (II) PVDF-TrFE loaded with PZT powders
134

; (III) 

PVDF loaded with diisopropylammonium bromide (DIPAB)
135

; (IV) PVDF-TrFE loaded with 

ZnO
136

.  

Notably increasing dielectric permittivity of composites materials makes them 

promising candidates for application in energy storage devices. In PVDF based 

composites, γ-phase is much more favourable compared to α- and β-phase.
137

 Figure 

2.18(a) shows D-E hysteresis loops for all three phases. The β-phase shows typical 

ferroelectric switching with high remnant polarization (about 0.04 C/m
2
) and can only 

withstand electric field lower than 200 kV/mm, which hinders its maximum energy 

density. The α-phase, however, exhibited high energy loss at about 300 kV/mm arising 

from the phase transformation (Figure 2.18(e)). Impressively, the γ-phase can sustain 
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the electric field as high as 500 kV/mm and the corresponding energy density is 14 

J/cm
3
. 

 

Figure 2.18 (a) D-E hysteresis loops for α-, β- and γ-phase; (b) unipolar D-E hysteresis loops 

for α-phase; (c) unipolar D-E hysteresis loops for γ-phase; (d) energy density for α-, β- and γ-

phase; (e) energy loss for α-, β- and γ-phase (reproduced from
137

)  

Apart from crystalline phases, the crystal size and crystallinity are also crucial to energy 

density. Xia et al. 
138

 quenched PVDF-CTFE from 200 °C to different temperatures 

(70 °C-Q1, 25 °C-Q2, 0 °C-Q3, -94 °C-Q4 and -195 °C-Q5) attempting to fabricate 

films with various crystalline properties and energy storage density. It was found that 

crystalline size and crystallinity decreased with lowering quenching temperature; films 

quenched in liquid nitrogen (-195 °C-Q5) exhibited a reduced irreversible polarization 

due to the small crystallite size (Figure 2.19(a)). The size of crystal grains determined 

from polarized optical microscope for samples quenched in liquid nitrogen is about 4 

μm, which is much smaller compared to 50 μm for samples crystallized at 70 °C. 

Meanwhile, quenching in liquid nitrogen (-195 °C-Q5) facilitated the saturated and 



Chapter 2 Literature Review 

40 

 

remnant polarization under AC field (Figure 2.19(b)), which arose from the fact that it 

was easier to pole the small crystallites.
138

 Figure 2.19(c) also depicts the enhancement 

of dielectric breakdown strength. Films quenched in liquid nitrogen can withstand an 

electric field of 500 kV/mm. The dielectric breakdown strength of films crystallized at 

70 °C is only 230 kV/mm. The high dielectric breakdown strength of samples quenched 

in liquid nitrogen is due to a low crystallinity. The crystallinity of samples quenched in 

liquid nitrogen and crystallized at 70 °C are 28.2% and 39.8%, respectively. Therefore, 

the reduction of crystalline size and crystallinity caused by quenching at low 

temperature was favourable to high dielectric breakdown strength and polarization. The 

energy density of PVDF-CTFE quenched in liquid nitrogen reached to 15.3 J/cm
3
. 

 

Figure 2.19 (a) Unipolar and bipolar P-E loops for PVDF-CTFE quenched at 70 °C and -

195.8 °C; (b) hysteresis loops and (c) electric breakdown field for PVDF-CTFE quenched at 

different temperatures (reproduced from
138

).  
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Chapter 3 Experimental Procedure 

This chapter describes the experimental techniques that were used to produce and 

characterize the ferroelectric films, including their functional properties. 

3.1 Film preparation 

The ferroelectric polymer films were produced using a DSM 15 ml X’plore micro 

compounder (MC 15) and then collected using an X’plore micro cast film line (Xplore 

Instruments, Geleen, The Netherlands), as shown in Figure 3.1. The micro compounder 

contains a liquid-tight and chemical resistant barrel and vertically positioned detachable 

twin screws, providing good mixing of polymer melt and fine dispersion of fillers. The 

processing temperature can be precisely controlled by six separate heating zones. 

During processing, the polymer powders or pellets were firstly filled into the barrel and 

heated above the melting points of the polymers. The melt was then extruded through a 

die and collected on a roller at set speeds. 

 

Figure 3.1 Micro compounder and cast film line (Xplore Instruments, Geleen, The Netherlands, 

pictures are referred on
139

). 
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3.2 Characterization 

3.2.1 Crystalline structure and phase determination 

X-ray diffraction (XRD) 

XRD a common technique used to determine the crystalline phases in a material. The 

data is analysed using Bragg’s laws nλ=2dsinθ, where n is an integer; λ is the 

wavelength of X-ray beam; d is the distance between two parallel crystal planes; θ is the 

angle between the X-ray beam and scattering lattice planes. Figure 3.2 shows the 

diffractions of X-ray from three crystal planes. so and s represent the incident and 

reflected X-ray beams, respectively. The path differences between waves reflected by 

each continuous pair of planes are 2dsinθ, and equal to some integral multiple of X-ray 

wavelength nλ when the Bragg condition is satisfied. 

 

Figure 3.2 Diffraction of X-rays considered as reflection from a set of lattice planes. 

In this work, the XRD diffraction patterns were collected using a reflection Bragg-

Brentano θ-θ geometry X-ray diffractometer (X’Pert Pro, PANalytical, Almelo, The 
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Netherlands) with Cu/Kα radiation (λ=1.5418 Å) in the 2θ range of 5°-70°. During 

testing, the position of samples is fixed, while the tube and detector rotate at rates of -

θ°/min and +θ°/min, respectively. The angle between the tube and the detector is 2θ. 

Fourier transform infrared spectroscopy (FTIR) 

FTIR was performed on a Tensor 27 spectrometer (Bruker Optik GmbH, Ettlingen, 

Germany) with a platinum attenuated total reflectance (ATR) accessory. The acquired 

absorbance bands are attributed to specific molecule vibrations that linked to the chain 

conformations of polymers, and different chain conformations lead to different 

crystalline phases, thereby FTIR can be used to distinguish the crystalline phases of 

PVDF based polymers and complement the XRD data. The FTIR scans were performed 

with 32 scans for one sample and a resolution of 4 cm
-1

 in the wavenumber range of 

4000-400 cm
-1

. 

3.2.2 Crystalline preferred orientation 

The diffraction patterns used to characterize the crystalline orientation are composed of 

continually azimuthal intensity distribution along the direction denoted by ψ in Table 

3.1 (χ in Figure 3.4), which requires intense diffraction from at least two sets of crystal 

lattice planes. Typical diffraction patterns and related structure factors are depicted and 

summarized in Figure 3.3 and Table 3.1, respectively. The radial direction represents 

the spacing of crystal planes, and the length of the diffraction arcs reflects the 

crystalline orientation. The shorter the diffraction arcs, the higher the degree of 

crystalline orientation (b in Figure 3.3).  
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Figure 3.3 Diffraction patterns for polymer samples with marked typical characteristics (Figure 

reproduced from
140

 ). 
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Table 3.1 Possible features of crystalline structure that related to the marked characteristics in 

Figure 3.3 (Table reproduced from
140

) 

Characteristics 

of diffraction 

patterns 

Possible features of crystalline structure 

Distortion 

of crystal 

lattice 

Pronounced 

thermal 

vibration of 

atoms, etc. 

Degree of 

orientation 

Small sized 

crystallites 

Amorphous 

regions 

a) Change in 

Bragg spacing 
★★★   ★  

b) Arc length of 

reflections (ψ) 

  ★★★   

c) Line 

broadening 

(2θ) 

★★ ★  ★★★  

d) Rapid 

decrease in 

intensity at 

large angles  

★★ ★★    

e) Intense 

background 

scattering 

★ ★   ★★ 

The crystalline preferred orientation of films was characterized using two-dimensional 

wide-angle X-ray diffraction (2D-WAXD) ring patterns, which were obtained on a 

transmission geometry single crystal X-ray diffractometer (Kappa ApexII Duo, Bruker 

AXS GmbH, Karlsruhe, Germany). Two sources, Molybdenum and Copper, exist on 

one goniometer, which can be switched. This diffractometer uses 4-circle goniometers 

(Figure 3.3), 2θ, χ, φ, Ω, defining the relationship between lattice plane, incident X-ray 
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and the detector. The samples can be flexibly positioned, adjusting the centre region 

with the X-ray beam.  

 

Figure 3.4 Bruker AXS Kappa ApexII Duo diffractometer and schematic diagram of 4-circle 

goniometers. 

The Herman’s orientation factor (f) is used to quantify the orientation degree. In Figure 

3.5, the Z-axis is the reference direction and the angles made by a-, b-, and c-axis of the 

crystallite with the Z-axis are φa, φb and φc, respectively. The orientation factor, fa, fb and 

fc represent the orientation degree of a-, b- and c-axis with respect to Z axis are 

calculated using the following Equation 3.1.  

    3            ⁄   

     3            ⁄   

                                   3            ⁄                             3   

The <cos
2
φa>, <cos

2
φb> and <cos

2
φc> are defined by the following Equation 3.2.  
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                                                                          3   

The <sin
2
ψh00>, <sin

2
ψ0k0>, and <sin

2
ψ00l> are given by  

           
∫        
   

 
                    

∫        
   

 
            

  

           
∫        
   

 
                    

∫        
   

 
            

  

                      
∫        
   

 
                    

∫        
   

 
            

           3 3 

 

Here, I(ψh00), I(ψ0k0), I(ψ00l) are the intensity distributions of the h00, 0k0 and 00l 

diffractions on the ring patterns, θh00, θ0k0 and θ00l are the Bragg angles for the h00, 0k0 

and 00l diffractions. ψ is the angle from the equator measured on the ring patterns. 
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Figure 3.5 Parameters used to describe the calculation of Herman’s orientation factor. 

In this work, the 2D-WAXD ring patterns were analysed using FIT 2D software 

(European Synchrotron Radiation Facility, Grenoble, France) to obtain the azimuthal 

intensity plots, which were then fitted using a Gaussian function. The fc was calculated 

from the Gaussian fitting plots and was used to quantitatively determine the degree of 

preferred orientation of polymer chain axes. If all of the polymer chains are ideally 

oriented along the reference direction, then φ= 0° and f= 1. On the contrary, if all 

polymer chains are perpendicularly oriented with respect to the reference direction, then 

φ= 90° and f= -1/2. In the case of random orientation, f will be equal to 0. The extrusion 

or the drawing direction was chosen as the reference direction. 
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3.2.3 Morphology characterization 

The morphology of the gold coated samples was studied using a scanning electron 

microscopy (SEM) (FEI Inspect-F, Hillsboro, OR, USA). An SEM image is formed by 

the secondary electrons emitted from the samples due to the atom ionization under the 

primary beam electrons. For side and cross-section morphology, the samples were 

embedded in a resin. The resin blocks were pre-cracked and then cold fractured in liquid 

nitrogen. 

3.2.4 Thermal analysis 

Thermal properties of the films were characterized using a differential scanning 

calorimetry (DSC) (DSC4000, PerkinElmer, Massachusetts, USA). All samples were 

heated from 25 ℃ to 180 ℃ under a N2 atmosphere, and the heating and cooling rates 

were 5 ℃/ min. From the DSC data, melting (Tm) and crystallization temperatures (Tcys) 

as well as the corresponding enthalpies (∆Hm and ∆Hcys) can be determined. The 

crystallinity of one polymer is calculated by normalizing the measured ∆Hm value to 

that of the value for the same polymer with 100% crystallinity. The ∆Hm values for 100% 

crystalline PVDF and PVDF-TrFE are reported to be 104.6 J/g
141

 and 38 J/g
142

, 

respectively. The values of the characteristic temperature and thermodynamic 

parameters presented in this thesis are the average for 6 specimens. 



Chapter 3 Experimental Procedure 

50 

 

3.2.5 Functional properties characterization 

Dielectric properties 

The frequency dependence of dielectric constant and dielectric loss tangent were 

measured using a Precision Impedance Analyser (4294A; Agilent, CA, USA) at ambient 

temperature in the frequency range of 100 Hz to 100 MHz with an applied maximum 

voltage of 0.5 V. The temperature dependence of dielectric properties was measured 

using an LCR meter (4284A; Agilent, CA, USA) which was connected to a homemade 

furnace. The electrode diameter for dielectric tests was 5 mm.  

Ferroelectric properties 

The ferroelectric P-E hysteresis loops were tested using a ferroelectric hysteresis 

measurement tester (NPL, Teddington, UK) at ambient temperature and 10 Hz. The 

electrode diameter for ferroelectric tests was 2 mm. Both the dielectric and ferroelectric 

data presented in this thesis were based on the testing of 8 different specimens. 
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Chapter 4 Influence of Extrusion Parameters and 

Drawing Condition on the Phase Transformation from 

Non-ferroelectric to Ferroelectric PVDF 

4.1 Introduction 

As stated in Chapter 2, PVDF has multiple phases (α-, β-, γ-, and δ-); the β-phase is the 

most favourable ferroelectric phase. Uniaxial drawing the α-phase is a common method 

to produce the β-phase. Table 4.1 shows the optimum drawing conditions reported in 

the literature. No consensus was reached on the ideal drawing condition for α to β phase 

transformation of PVDF. For example, drawing at a temperature of 155 °C without 

yielding did not develop β-phase;
143

 a similar conclusion was made by Li et al. 
144

. 

However, in the work of Vijayakumar et al. 145
, almost complete phase transformation 

occurred even at a drawing temperature of 145 °C. This difference is due to the higher 

draw ratio of the latter work (6.4) compared to the former ones (~ 3). Compared to the 

drawing temperature and drawing rate, the draw ratio determines the formation of β-

phase to a larger extent; at a temperature below 120 °C, a draw ratio of 3 can produce a 

fair amount of β-phase (~ 60 wt. %); a larger draw ratio (> 6) is needed if the drawing 

temperature is higher than 120 °C. At constant drawing temperature and draw ratio, the 

drawing rate makes almost no difference to the formation of β-phase.
144
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Table 4.1 Reported drawing condition for the phase transformation of PVDF. 

Reference Drawing condition_ draw 

ratio 

Fraction of β-phase  

Sajkiewicz et al. 
146

 87 °C_ 138 mm/min_ 3.2 55 wt. % 

Andre´-Castagnet et al. 
147

 

90 °C_ 5 mm/min_ 3.5 72 wt. % 

Fang et al. 
148

 25 °C_ 0.1 mm/min_ 2 Not mentioned; no α-phase 

peaks in XRD 

Vijayakumar et al. 
145

 65 °C_ 55.5 mm/min_ 4 74 wt. % 

 145 °C_ 55.5 mm/min_ 6.4 98 wt. % 

Li et al. 
144

 100 °C_ 3 mm/min_ 3 95 wt. % 

Ye et al. 
149

 80 °C_ 10 mm/min_ 4 92 wt. % 

The mechanism of the formation of β-phase during uniaxial drawing has been 

investigated using in-situ small-angle X-ray scattering (SAXS) and wide-angle X-ray 

scattering (WAXS).
150, 151

 The characterization by SAXS focuses on the lamella crystals, 

while WAXS detects the level of crystalline block unit cell.
152

 The original crystalline 

lamellae can be broken into smaller segments and elongated along the drawing direction, 

which results in mechanical yield and the orientation of the polymer chains. The phase 

transformation starts at the yield point as well as the formation of a fibrillar structure.
143, 

150
 Cavities or micro-voids can be formed during drawing.

153
 Based on the reported 

work,
151

 cavitation plays a role in the phase transformation when drawing PVDF at low 

temperatures (e.g. 60 °C), while at a higher temperatures (e.g. 140 °C) the phase 

transformation is more related to the orientation of lamellae. 
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In this chapter, the PVDF was firstly processed by melt extrusion at various conditions 

followed by uniaxial drawing. The effects of extrusion parameters as well as the 

drawing condition on the crystallization, crystalline orientation, thermal properties and 

functional properties of PVDF were investigated.  

4.2 Experimental details 

PVDF pellets were purchased from Sigma Aldrich Chemical Co. The average molecular 

weight of the PVDF was about 180 kg/mol (Mw) and 71 kg/mol (Mn) according to the 

supplier.  

The extrusion processing conditions of the PVDF films are listed in Table 4.2. The β-

phase is usually processed by solid-state drawing. The melt draw down during extrusion 

might have an effect on the crystallization of PVDF, which was studied using 

conditions 2-6. The extrusion temperature of 210 °C, about 40 °C higher than its 

melting point, can generate good chain mobility, which is suitable for producing films. 

Conditions 1 and 2 were used to study the effect of melting time.  
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Table 4.2 The Extrusion parameters for processing PVDF. 

Extrusion 

condition 

Temperature 

(°C) 

Screw speed 

(rad) 

Film collecting 

speed (a. u.) 

Melt time 

(min) 

1 210 100 500 15 

2 210 100 500 8 

3 210 100 350 8 

4 210 100 750 8 

5 210 75 750 8 

6 210 75 1000 8 

Samples of dimensions 45 mm×15 mm were cut from the PVDF films extruded under 

condition 3, which have a thickness ~ 45 μm. The samples were then drawn in a 

temperature controlled chamber attached to an Instron 5900R84 machine. The influence 

of drawing temperature was investigated at a constant cross head speed of 10 mm/min 

at 80, 100 and 120 °C, and the drawing rate effect was studied at 100 °C at 5, 10, 25 and 

50 mm/min. The draw ratio of the drawn films was calculated using the following 

equation: 

                             Draw ratio=
Extension

Original length
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4.3 Results and discussion 

4.3.1 Effect of extrusion parameters on the crystallization of PVDF 

Figure 4.1 shows the FTIR spectra for the as-extruded PVDF films under different 

conditions. All of the samples exhibited similar bands, which are listed in Table 4.3 

along with the corresponding vibration mode. The bands shown in Figure 4.1 are 

characteristic α-phase bands. A typical β-phase band is at 840 cm
-1

, which is assigned to 

the combined vibration of CH2 bond rocking r(CH2) and CF2 bond asymmetric 

stretching νa(CF2). All of the extruded PVDF films showed very weak 840 cm
-1

 band, 

which suggests the PVDF principally crystallized into α-phase regardless of extrusion 

condition. 

 

Figure 4.1 FTIR spectra for the as-extruded PVDF films under condition listed in Table 4.1. 
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Table 4.3 The characteristic bands and corresponding vibration modes and crystalline phase of 

as-extruded and annealed PVDF films. 

Band (cm
-1

) Vibration mode Crystalline phase 

974 *τ(CH2) α 

871 *νa(CC)+δ(CCC) α 

854 *γ(CH2) α 

796 γ(CH2) α 

761 δ(CF2)-δ(CCC) α 

*τ, twisting; νa, asymmetric stretching; δ, bending; γ, rocking vibration 

4.3.2 Effect of thermal drawing conditions on the phase transformation of PVDF 

Figure 4.2 shows the XRD patterns for the as-extruded (extruded under condition 3) and 

drawn PVDF films. The allowed X-ray diffraction peaks and the corresponding 

diffraction crystal planes are listed in Table 4.4.  

 

Figure 4.2 XRD patterns for: (a) as-extruded and drawn PVDF films at 10 mm/min but 

different temperatures 80, 100 and 120 °C； (b) as-extruded and drawn PVDF films at 100 °C 
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but different drawing rates 5, 10, 25 and 50 mm/min. The as-extruded PVDF films were 

produced using condition 3 in Table 4.2.  

 

Table 4.4 Typical X-ray diffraction for PVDF reported in literature 

 Crystal plane 2θ (°) 

-Reference data 
12, 154-159

 

α- PVDF (100) 17.88 

 (020) 18.40 

 (110) 20.13 

 (120) 25.77 

 (021) 26.73 

 (130) 33.20 

 (200) 36.20 

 (210) 37.44 

β- PVDF (110)/(200) 20.80 

 (020)/(101) 36.50 

 (221) 56.50 

γ- PVDF (101) 20.30 

Characteristic XRD peaks of α-PVDF, 17.7° (100), 18.5° (020), 20.0° (110) and 25.7° 

(120) were clearly apparent in the XRD patterns of the as-extruded PVDF films (Figure 

4.2a, b). The XRD patterns of the drawn PVDF films showed strong drawing 



Chapter 4 PVDF 

58 

 

temperature dependence. Films drawn at the low temperatures, 80 and 100 °C, exhibited 

a strong β-phase peaks at 2θ=20.8°, which is reflected by (110)/(200) crystal planes 

(Figure 4.2a), indicating that the as-extruded PVDF films largely transformed into the 

ferroelectric β-phase after drawing at 80 and 100 °C, but not entirely due to the 

existence of small shoulder peaks at 2θ=18.6° (α-phase). The 120 °C drawn films, 

however, clearly suggested the coexistence of the α- and β-phases. The observed results 

are consistent with reported work;
160

 higher drawing temperature correlated to higher 

chain mobility, which could make polymer chains relax back during drawing, thus 

generating less effective formation of the β-phase at the same draw ratio. Figure 4b 

reveals the drawing rate influence on the phase transformation, which is less obvious 

than that of drawing temperature. All of the films drawn at 100 °C presented a strong 

characteristic β-phase peak at 2θ=20.8° regardless of drawing rate. But the shoulder 

peak at around 18.6° is more apparent for films drawn at 5 mm/min than the others, 

which can be explained that the phase transformation from α- to β- is a process of 

crystal deformation and recrystallization which needs large stress when using a higher 

drawing rate. More details related to the fraction of β-phase will be discussed later using 

FTIR spectra. 

Apart from crystalline phase transformation from α- to β-phase, PVDF exhibits 

evolution of morphology and crystalline orientation in the process of drawing (Figure 

4.3). The strain-stress curve of PVDF was terminated due to the ductile fracture (strain > 

375%), and showed a typical yield point at a strain of about 8%. The whole strain stress 

curve is not smooth and shows typical strain hardening, both of which are ascribed to 

the deformation of α-phase crystallites and recrystallization of β-phase crystallites. The 
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initial as-extruded α-phase PVDF films displayed spherulite crystals and almost random 

orientation, determined from 2D-WAXD data which shows three nearly full rings at 

diffraction angles of 18.1°, 20.0° and 26.6°. The inner one at 18.1° corresponds to 

overlapped diffraction from the peaks at 17.7° (100) and 18.5° (020). The other two 

rings at 20.0° and 26.6° correspond to the (110) and (021) diffraction peaks, 

respectively. Along with the strain increase, the as-formed spherulites showed 

deformation but not dramatic enough to induce an obvious change in the 2D-WAXD. 

Further spherulite deformation generated preferred orientation identified from the 

equatorially concentrated diffraction of (hk0) crystal planes, which suggests the 

polymer chains were aligned along the drawing direction. At this stage, the diffraction 

rings of α-phase were still detected. The final formed drawn films displayed a finely 

aligned fibril structure. Moreover, the 2D-WAXD patterns show obvious diffraction 

ring at 20.8° (110)/(200), which is characteristic of the β-phase. The accurate content of 

α-phase will be calculated later using FTIR data.  
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Figure 4.3 Strain-stress curves and chosen SEM morphology and 2D-WAXD ring patterns 

obtained during uniaxial drawing of PVDF at 100 °C and 10 mm/min. The Herman’s factor 

values were listed in the 2D-WAXD patterns and arrows indicate the uniaxial drawing direction. 

The influence of drawing condition on the crystalline preferred orientation is illustrated 

in Figure 4.4. To a certain extent, all of the patterns display a mixture of α- and β-phase 

diffraction peaks, which is consistent with 1D-WAXD data. Films drawn at 80, 100 °C 

and 10 mm/min exhibit the diffraction rings from the predominant β-phase crystals 

(Figure 4.4b), while the 120 °C drawn samples show strong diffraction from the (021) 

plane of α-phase crystals, and four bright arcs about 45° from the equatorial direction 

(Figure 4.4c), suggesting highly oriented α-phase crystals. The (021)α diffraction rings 

in films drawn at 100 °C 5, 25 and 50 mm/min are blurred without showing obvious 

arcs, indicating a high fraction of β-phase. The degree of preferred crystalline 

orientation was evaluated using Herman’s factor f which is influenced by the drawing 

rate; a low drawing rate cannot generate enough stress to deform the α-phase spherulites, 
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but a too high drawing rate hinders the alignment of β-phase crystals. The deformation 

of α-phase and the alignment of β-phase require an appropriate drawing rate. Thus, 

drawing at 100 °C and 10 mm/min are optimum conditions to produce oriented 

ferroelectric β-phase PVDF. 

 

Figure 4.4 2D-WAXD patterns for drawn PVDF films with Herman’s factor f listed at the 

bottom: (a) drawn at 80 °C_10 mm/min; (b) 100 °C_10 mm/min; (c) 120 °C_10 mm/min; (d) 

100 °C_5 mm/min; (e) 100 °C_25 mm/min and (f) 100 °C_50 mm/min.  

Molecular vibration of the as-extruded and drawn PVDF films was analysed by FTIR 

(Figure 4.5). The positive contribution of the rocking vibration of the CH2 group 

(r(CH2)) and negative contribution of the asymmetric stretching of the CF2 group 

(νs(CF2)) are associated with the formation of the characteristic β-phase band at about 

840 cm
-1

. The band at 766 cm
-1

 is typical of α-phase and related to the bending vibration 
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of CF2 group (δ(CF2)) and skeletal bending vibration of C(F)-C(H)-C(F) backbone 

(δ(CCC)).  

 

Figure 4.5 FTIR spectra for: (a) as-extruded and drawn PVDF films at 10 mm/min but different 

temperatures 80, 100 and 120 °C； (b) as-extruded and drawn PVDF films at 100 °C but 

different drawing rate 5, 10, 25 and 50 mm/min. 

The fraction of β-phase (F(β)) in PVDF films was also obtained using the following 

equation: 

     
  

(
  

  
)     

 
  

          
                             

Equation 4.2 is built on the assumption that FTIR follows the Lambert-Beer law, where 

Aα and Aβ correspond to the measured absorbance at 766 cm
-1 

and 840 cm
-1

. The 

calculated F(β) values are listed in Table 4.5. It is clearly seen that the drawing 

temperature largely affects the content of β-phase. At the same draw ratio of 10 

mm/min, the F(β) values for drawn films at 80 °C and 100 °C (~ 80%) were 

significantly higher than that of films drawn at 120 °C (~ 50%), which is consistent with 

XRD data. With regard to the drawing rate, films drawn at 5 mm/min showed a F(β) of 
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only 65%, the other drawing rates made little difference to the  β-phase content and all 

of the F(β) values were in the range of 70-80%. 

Table 4.5 Fraction of β-phase F(β) for as-extruded (condition 3) and drawn PVDF films 

Samples F(β) 

As-extruded PVDF 8±1% 

Drawn PVDF 80 °C 10 mm/min 82±3% 

Drawn PVDF 100 °C 10 mm/min 78±2% 

Drawn PVDF 120 °C 10 mm/min 50±2% 

Drawn PVDF 100 °C 5 mm/min 65±1% 

Drawn PVDF 100 °C 25 mm/min 78±2% 

Drawn PVDF 100 °C 50 mm/min 75±3% 

4.3.3 Thermal analysis of as-extruded and drawn PVDF films 

Figure 4.6 shows the DSC first heating curves for as-extruded and drawn PVDF films. 

The obtained values of melting temperature Tm, the enthalpy of fusion ∆Hf and 

crystallinity χ are listed in Table 4.6. The enthalpy of fusion of 100% crystalline PVDF 

used to calculate the crystallinity χ is assumed to be the same for all crystalline forms, 

104.6 J/g.
161

 From Figure 4.6 and Table 4.6, the melting behaviour varies between the 

as-extruded and drawn samples. The as-extruded PVDF films showed two obvious 

melting peaks and the main fusion peak was recorded a higher temperature compared to 

the drawn films. There are two possible explanations for this behaviour. Firstly, it is due 

to the existence of the smaller or imperfect crystallites in the drawn films, which have 
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lower melting temperature and less enthalpy of fusion. Then, the double melting peaks 

could be associated with a mixture of α- and β- phases. However, controversies exist 

regarding to the values of Tm for α- and β-PVDF. Martins et al. 
97

 suggested that α- and 

β-PVDF phases have indistinguishable melting temperatures in the range of 167-172 ℃, 

while other researchers 
88, 98, 99

 believed that β-PVDF should have a higher melting 

temperature than the α-phase due to the more densely packed all-trans chain 

conformation. To make things more complicated, Lanceros-Méndez group 
100

 reported 

the melting temperature of poled β-PVDF films, as 156.3 ℃, much lower than the 

common values for α-PVDF. Melting temperature values are governed by the 

crystallization of polymers, thereby different processing methods and conditions induce 

different melting temperatures as well as the heating rate during the DSC measurement. 

In this work, both the WAXD and FTIR data show the α-phase crystallization in the as-

extruded PVDF films so that the lower melting temperature peak corresponds to the 

fusion of imperfect crystals. It is clearly seen in Table 4.6 that the drawn PVDF films 

show lower melting temperatures. No significant changes in the crystallinity of PVDF 

after drawing, all have about 50 wt. % (α- and β-phases combined), suggesting that the 

β-phase was transformed from the as-crystallized α-phase and nearly no 

recrystallization from the amorphous region.  
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Figure 4.6 DSC first heating curves for: (a) as-extruded and drawn PVDF films at 10 mm/min 

but different temperatures 80, 100 and 120 °C； (b) as-extruded and drawn PVDF films at 

100 °C but different drawing rates 5, 10, 25 and 50 mm/min. 
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Table 4.6 Thermodynamic parameters acquired from DSC data for the as-extruded and drawn 

PVDF films. 

Samples Melting 

temperature (Tm) 

Tm (°C) 

Enthalpy of fusion 

∆Hf (J/g) 

Crystallinity χ 

As-extruded PVDF 161.4/169.1±1 52.9±3 51±2% 

Drawn PVDF 80 °C 

10 mm/min 

165.3±1 53.1±2 51±1% 

Drawn PVDF 

100 °C 10 mm/min 

165.3±2 54.6±2 52±2% 

Drawn PVDF 

120 °C 10 mm/min 

166.5±1 53.0±3 51±3% 

Drawn PVDF 

100 °C 5 mm/min 

169.1±2 52.6±2 50±1% 

Drawn PVDF 

100 °C 25 mm/min 

165.5±1 51.9±3 50±2% 

Drawn PVDF 

100 °C 50 mm/min 

167.2±1 52.4±2 50±1% 

4.3.4 Dielectric and ferroelectric properties of as-extruded and drawn PVDF films 

Figure 4.7 shows the comparison of the dielectric temperature spectra for the as-

extruded (extruded under condition 3) and drawn PVDF films (drawn at 100 °C and 10 

mm/min). Both the as-extruded and drawn samples showed relaxation peaks (Figure 

4.7b, d) at about -25 °C and 100 Hz which correlates to the glass transition of the 

amorphous regions and the corresponding glass transition temperatures Tg shifted to 

lower values with decreasing testing frequency.  
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Figure 4.7 Temperature dependence of dielectric permittivity for the as-extruded and drawn 

PVDF films at four frequencies 100 kHz, 10 kHz, 1000 Hz and 100 Hz: (a) real part of 

dielectric permittivity of as-extruded PVDF films; (b) dielectric loss of as-extruded PVDF films; 

(c) real part of dielectric permittivity of PVDF drawn films at 100 °C and 10 mm/min and (d) 

dielectric loss of PVDF drawnfilms at 100 °C and 10 mm/min. 

Figure 4.8 shows the dielectric temperature spectra of the as-extruded and drawn PVDF 

films measured at 100 Hz. The dielectric loss showed obvious peaks at about 150 °C, 

corresponding to the partial melting of the polymer, which appeared to occur at a higher 

temperature for the as-extruded samples, consistent with the DSC data, indicative that 

the as-extruded films have higher melting temperatures than those of the drawn films. 

Additionally, the dielectric loss peak due to the glass transition for the as-extruded 

sample seemed more intense and was at a lower temperature position. Random 
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molecular orientation in the as-extruded samples contributes to a sharper glass transition 

loss peak. And the lower Tg is ascribed to more motions of chain segments in the as-

extruded films.  

The dielectric constant of the drawn samples was higher as compared to the as-extruded 

samples, except for the temperature range of 75-130 °C, where the as-extruded samples 

showed a broad and step-like peak (Figure 4.8). Recall that the DSC data of the as-

extruded samples showed two melting peaks corresponding to the fusion of imperfect 

and well-crystallized crystals, respectively. The broad dielectric constant peak at 75-

130 °C is assigned to the melting peak of imperfect crystals in the as-extruded samples. 

And the larger dielectric constant for the drawn samples is due to the formation of polar 

β-phase compared to the predominant α-phase in the as-extruded samples,
138

 which is 

also confirmed from the dielectric frequency dependence curves shown in Figure 4.9. 

The reported values of dielectric constant for solution casted α- and β-PVDF films are 8 

and 12, respectively.
138
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Figure 4.8 Comparison of dielectric temperature spectra for as-extruded and drawn PVDF films 

measured at 100 Hz: (a) real part of dielectric permittivity and (b) dielectric loss for as-extruded 

and drawn PVDF films at 10 mm/min but different temperatures 80, 100 and 120 °C；(c) real 

part of dielectric permittivity and (d) dielectric loss for as-extruded and drawn PVDF films at 

100 °C but different drawing rates 5, 10, 25 and 50 mm/min. 
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Figure 4.9 The dielectric constant and loss as a function of frequency at room temperature: (a) 

the as-extruded and drawn PVDF films at 10 mm/min but different temperatures 80, 100 and 

120 °C; (b) the as-extruded and drawn PVDF films at 100 °C but different drawing rates 5, 10, 

25 and 50 mm/min. 

The ferroelectric properties for PVDF before and after drawing are shown in Figure 

4.10. The as-extruded PVDF films electrically broke down at about 200 kV/mm. As 

analysed before, the as-extruded PVDF films crystallized predominantly into the α-

phase. With increasing applied electric field, the non-polar α-phase PVDF changes into 

the polar δ-phase that gives rise to the ferroelectric response. The ferroelectric hysteresis 

loops were not saturated and the electric displacement showed current leakage. By 

drawing, the PVDF films could stand a maximum applied electric field of about 400 

kV/mm and the acquired PE loops were saturated above 280 kV/mm. The remnant 

polarization for PVDF drawn at 100 °C and 10 mm/min is about 0.096 C/m
2
. The 
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spontaneous polarization of β-PVDF is reported to be 0.13 C/m
2
 based on the rigid 

dipole model.
15

 From DSC data, the crystallinity of the PVDF films drawn at 100 °C 

and 10 mm/min was about 50%, consequently, the estimated value of remnant 

polarization is about 0.065 C/m
2
, which is much lower than the obtained experimental 

value. The reasons for this could be, firstly, the enthalpy of fusion for a fully crystalline 

β-phase PVDF is lower than the 104.6 J/g used to calculate the crystallinity based on 

DSC data; however, the accurate value is not available in the literature; secondly, apart 

from the crystalline dipoles, dipoles in the amorphous region and/ or the interfaces 

between the crystalline and amorphous parts could also be polarized and contribute to 

the remnant polarization. 

 

Figure 4.10 Ferroelectric hysteresis loops for: (a, b) as-extruded PVDF; (c, d) drawn PVDF at 

100 °C and 10 mm/min, measured at room temperature and 10 Hz. 
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A comparison of ferroelectric properties of the drawn PVDF films is shown in Figure 

4.11. All of the drawn films showed well-defined ferroelectric hysteresis loops, with a 

coercive field of about 100 kV/mm and remnant polarization of about 0.10 C/m
2
, and no 

obvious difference can be observed.  

 

Figure 4.11 Comparison of ferroelectric hysteresis loops for drawn PVDF at 380 kV/mm: (a, b) 

films drawn at 10 mm/min but different temperatures 80, 100 and 120 °C; (c, d) films drawn at 

100 °C but different drawing rates 5, 10, 25 and 50 mm/min. The ferroelectric hysteresis loops 

were measured at room temperature and 10 Hz. 
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4.4 Conclusions 

The processing, characterization and functional properties of PVDF are presented in this 

chapter. The melt extruded PVDF films mainly crystallized into non-ferroelectric α-

phase regardless of the processing conditions. The ferroelectric β-phase PVDF was 

obtained by high temperature drawing of the α-phase of as-extruded films. Both the α- 

and β-phase existed in the drawn films.  

The fraction of β-phase was influenced by the draw ratio, drawing temperature and 

drawing rate. The formation of β-phase requires a minimum draw ratio of 3. Upon 

increasing the drawing temperature to above 100 °C, the induced high chain mobility 

could only orientate the α-crystals along the drawing direction, but did not make the 

chain conformation change to form the β-phase. At the same draw ratio and drawing 

rate (draw ratio 3, drawing rate 10 mm/min), films drawn at 120 °C contained only 50% 

β-phase, lower than that of films drawn at 80 °C and 100 °C (~ 80%). Films drawn at 

100 °C and 5 mm/min contained only 65% β-phase, which increased to 80% with 

increasing drawing rate to 10 mm/min, but any further increase in the drawing rate 

made no difference on the content of β-phase. 

Regarding crystalline features, drawing changed the spherulites to a fibril structure and 

caused the polymer chains to orientate along the drawing direction, resulting in 

preferred crystalline orientation. The overall crystallinity calculated using the values of 

the enthalpy of fusion did not alter after drawing. However, the melting temperatures of 

the drawn films were lower than that of as-extruded films, as determined from both the 

DSC data and dielectric temperature spectra. Moreover, the dielectric temperature 
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spectra also indicated higher glass transition temperatures for the drawn films. The 

dielectric constant values of the drawn films were higher compared to the as-extruded 

films because of their higher β-phase content.  

The drawn films showed significantly higher ferroelectric remnant polarization and less 

current leakage as compared to the as-extruded films. It is believed that the 

improvement in the ferroelectric properties is mainly ascribed to their higher β-phase 

content and preferred orientation.  

  



Chapter 5 PVDF-TrFE 

75 

 

Chapter 5 Processing and Characterization of Free 

Standing Highly Oriented Ferroelectric Polymer Films 

with Remarkably Low Coercive Field and High 

Remnant Polarization 

5.1 Introduction 

It was confirmed in Chapter 4 that PVDF exhibits an obvious disadvantage for 

ferroelectric applications in that it cannot simply crystallize into the ferroelectric β-

phase. This problem was perfectly solved through introducing another comonomer 

during the synthesis of PVDF, for example, trifluoroethylene (TrFE) or 

tetrafluoroethylene (TFE), serving as defects, which makes the all-trans chain 

conformation become more stable than the trans-gauche conformation. Accordingly, the 

copolymers, PVDF-TrFE and PVDF-TFE can easily crystallize into ferroelectric β 

phase, even when simply cooled from the melt state.
15

 In this chapter, the processing of 

highly aligned and highly crystalline PVDF-TrFE films is described as well as their 

structure characterization and functional properties. 

The processing method can significantly influence the crystalline orientation, degree of 

crystallinity, as well as the crystalline phases formed. Melt extrusion is a common 

method used to produce oriented flexible chain polymers. Many studies
162-168

 related to 

melt extrusion have been conducted on polyethylene (PE) which has the same all-trans 

chain conformation as that of PVDF-TrFE (50-80 mol. % VDF), giving rise to a similar 
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crystallographic structure; orthorhombic unit cell in which the values of a-, b-, and c- 

are 7.4 Å, 4.94 Å and 2.54 Å (PE)
166

 and 9.05 Å, 5.12 Å and 2.55 Å (PVDF-TrFE 70/30 

mol. % 
26

). Well-stacked untwisted lamellae crystallites are formed in the extruded PE 

films as well as a preferred orientation of the c-axis along the extrusion direction.
164

 

With regard to PVDF-TrFE extruded films, Furukawa
21

 reported that PVDF-TrFE 78/22 

mol. % extruded films exhibited a sharp switching current peak due to the well-aligned 

lamellae, but the characterization of crystalline orientation and Ec value were not 

reported, and the Pr of as-extruded films was only 0.03 C/m
2
. Lovinger et al. 

169
 

reported extruded PVDF-TrFE 52/48 mol. % films poled at 70 kV/mm at room 

temperature showed preferred orientation, which they assumed was produced by the 

poling and not the extrusion.  

In this chapter, it is shown that preferred orientation does exist in extruded PVDF-TrFE 

(51/49 mol. %) films even without poling (Figure 5.1). Then the melt extrusion 

processing temperature (190 °C) was optimized to produce highly crystallised and 

orientated films. The Ec of highly oriented films was 24 kV/mm, which is half of the 

commonly reported value for bulk films (50 kV/mm). The Pr of the annealed optimized 

extruded films was 0.099 C/m
2
, which is close to the theoretical limit of 0.102 C/m

2
. 
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Figure 5.1 2D-WAXD ring pattern of extruded PVDF-TrFE 51/49 mol. % films, the displayed 

arcs suggests the preferred orientation in the extruded films. 

5.2 Experimental details 

PVDF-TrFE pellets, with the molecular composition of 77/23 mol% were purchased 

from Piezotech S.A.S, (France). The molecular weights reported by other researchers 

are Mw and Mn 210 and 100 kg/mol, respectively.142
 The PVDF-TrFE films were 

extruded at 170℃, 175 ℃, 190 ℃, 205 ℃ or 210 ℃. The screw speed was 75 rpm. A 

200 μm slit die was connected to the extruder. The take up speed was 180 mm/min at 

ambient conditions. Films extruded at 190 ℃ were clamped and annealed at 140 ℃ for 

24 hours. The thickness of extruded films was about 10-35 μm. For dielectric and 

ferroelectric measurements, gold electrodes (~ 100 nm thick) were evaporated on both 

sides of the films, and the diameters of electrodes for dielectric and ferroelectric testing 

were 5 mm and 2 mm, respectively. 
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5.3 Results and discussion 

5.3.1 Crystalline preferred orientation 

Figure 5.2 shows 2D-WAXD ring patterns of the PVDF-TrFE films extruded at 

different temperatures. In Figure 5.2a-e, all of the samples exhibit equatorial 110 and 

200 reflections, suggesting that their c-axes were preferentially oriented along the 

extrusion direction. The corresponding diffraction angle is 2θ= 20.12°. The 190 ℃ 

extruded films had the narrowest arcs. The preferred orientation of the films was 

quantified using Herman’s orientation factor (f) using a Gaussian fit. Calculated values 

of f are listed at the bottom of Figure 5.2. For the films extruded at 170 ℃, f is 0.65, 

indicating moderate crystalline preferred orientation. It increased to 0.72 for the 175 ℃ 

extruded films. After peaking at 0.89 for the 190 ℃ extruded films, f slightly decreased 

to 0.81 for the 205 ℃ extruded films and further declined to 0.57 for the 210 ℃ 

extruded films. The change of the f values indicates the degree of orientation of the 

polymer chains is strongly related to the extrusion temperature and more details will be 

discussed later in the section 5.3.2 on morphology determination. Figure 5.2f shows the 

diffraction pattern with X-ray beam along the extrusion direction (i.e., through the 

thickness of the film). The complete ring in Figure 5.2f indicates the random orientation 

of the b-axis about the c-axis in the extruded PVDF-TrFE films. 
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Figure 5.2 2D-WAXD ring patterns for PVDF-TrFE films extruded at: (a) 170 ℃; (b) 175 ℃; 

(c) 190 ℃; (d) 205 ℃ and (e) 210 ℃. Arrows indicate the extrusion direction, and the X-ray 

beam was parallel with the normal to the film surface. Values of Herman’s orientation factor (f) 

are listed at the bottom. (f) 2D-WAXD ring pattern for the cross-section of PVDF-TrFE films 

extruded at 190 ℃, and X-ray beam was parallel to the extrusion direction. 

5.3.2 Morphology determination 

Film surface, side and cross-section SEM images were used to determine the structure 

of the crystallites in the 190 ℃ extruded films (Figure 5.3a-c). Surface morphology 

displayed well-ordered lamellae oriented perpendicular to the extrusion direction 

(Figure 5.3a), which is consistent with the XRD data showing the narrowest equatorial 

110 and 200 reflections (Figure 5.2c). The side region morphology (Figure 5.3b) of the 
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extruded films is similar to that displayed by the film surface, while the cross-section 

region (Figure 5.3c) along the extrusion direction exhibits a flat morphology, which is 

consistent with the random orientation of the crystallites concluded from the XRD data 

(Figure 5.2f). Lamellae crystallites are formed by folded chains and grow in the 

direction along the largest temperature gradient, which is the extrusion direction during 

processing. According to the XRD data (Figure 5.2a-e), the polymer chain axes are also 

along the extrusion direction. Combining this with the SEM images, the extruded 

PVDF-TrFE films crystallize into edge-on lamellae crystallites (as illustrated in Figure 

5.3d). The cubic shape shown in Figure 2d is only for graphic simplification. As shown 

in Figure 5.3c the face side of the lamellae have polyhedral shape. The thickness of the 

lamellae crystallites are about 10 nm, which is consistent with the value that calculated 

using the Scherrer equation and the XRD data (12 nm). 

 

Figure 5.3 Structure determinations for 190 ℃ extruded films: (a) film surface SEM image; (b) 

side region along the extrusion direction SEM image; (c) cross-section perpendicular to the 

extrusion direction SEM image; and (d) corresponding schematic diagram of edge-on lamellae. 
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Figure 5.4 shows the comparison of surface morphology for PVDF-TrFE films extruded 

at different temperatures. When PVDF-TrFE was extruded at 170 ℃, due to its 

relatively high viscosity, the polymer chains were difficult to mobilize under the 

extension flow. As a result, the PVDF-TrFE crystallized into slightly aligned long 

needle-like lamellae (Figure 5.4a). The surface morphology changed to a twisted 

lamellae morphology when the extrusion temperature was increased to 175 ℃ (Figure 

5.4b). A high proportion of the lamellae oriented perpendicular to the extrusion 

direction, suggesting planar extension flow along the extrusion direction and uniaxial 

preferred orientation. As discussed before, the 190 ℃ extruded films exhibited well-

ordered lamellae oriented perpendicular to the extrusion direction (Figure 5.4c). The 

films extruded at 205 °C and 210 °C (Figure 5.4d and 5.4e) displayed more twisted or 

tilted lamellae morphology compared to the film extruded at 190 °C (Figure 5.4c), 

especially the films extruded at 210 °C.  
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Figure 5.4 Surface SEM images of PVDF-TrFE extruded at different temperatures: (a) 170 ℃; 

(b) 175 ℃; (c) 190 ℃; (d) 205 ℃; (e) 210 ℃. Arrows indicate the extrusion direction.  

At the lower extrusion temperatures (below 175 °C) the higher viscosity of the films 

produced longer chain relaxation times at the die exit. When the extrusion temperature 

was above 175 ℃, the chain mobility was high enough for extension flow. However, 

with further increasing temperature, shorter chain relaxation times prejudiced preferred 

orientation. The 170 ℃ and 210 ℃ extruded films will not be discussed further in this 

chapter because of the much less preferred orientation compared to the other three films. 
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5.3.3 Thermal analysis 

Figure 5.5 shows the DSC first heating scans for the PVDF-TrFE films extruded at 

different temperatures. The characteristic temperature values and thermodynamic 

parameters obtained from DSC are listed in Table 5.1. A sample crystallized during a 

DSC cooling process that had not experienced extension flow was chosen as a reference. 

The extruded films show a higher Curie point Tc and lower melting temperature Tm 

compared to the reference sample. Large amounts of gauche bonds possessing higher 

potential energy are formed during the Curie transition. The higher Tc indicates well-

ordered all-trans chains in the extruded films. The Tc increased from 132.8 to 134.0 ℃ 

when the extrusion temperature increased from 175 to 190 ℃. A further increase of the 

extrusion temperature to 205 ℃ did not make a significant difference (only 0.2 ℃ 

higher). Considering the morphological features of the films (Figure 5.4), the 190 ℃ 

extruded films displayed more planar lamellae texture, indicating higher preferred 

orientation compared to the film extruded at 175 ℃, which resulted in a higher Tc. The 

level of preferred orientation did not significantly alter the Tm values, and they were all 

at about 147.5 ℃ for the PVDF-TrFE extruded films. The higher Tm of the reference 

sample is ascribed to the slower cooling rate during the DSC experiments compared to 

the extrusion processing allowing more time to array polymer chains forming larger 

crystallites. Both the extrusion and reference samples showed similar values of the 

enthalpy of fusion ∆Hf, which indicates that the degree of crystallinity of all of the films 

was similar. Koga et al. 
170

 reported the ∆Hf  of PVDF-TrFE 74/26 mol. % films 

annealed at 140 ℃ for 1 hour as 33.47 J/g. They concluded that annealed films had a 

high degree of crystallinity of above 90%. Using their data, the crystallinity of the 

PVDF-TrFE extruded films in this work is estimated to be about 80%. The values of the 
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enthalpy of Curie transition ∆Hc for the extruded films were larger than that of the 

reference sample, and their Curie transition peaks were sharper; both of which suggest 

that the lamellae of extruded films are formed by more regular all-trans chains. If 

polymer chains were less regular, a larger amount of gauche bonds and/or chain kink 

would exist, thereby making the Curie transition peak broader and shift to lower 

temperature due to the unavoidable accompany of chain rotation and chain twist during 

the conformation change from all-trans to trans-gauche.
170

 

 

Figure 5.5 DSC first heating scans of the PVDF-TrFE extruded films. A DSC second heating 

scan was chosen as a reference to highlight the orientation effect on thermal parameters. 
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Table 5.1 Characteristic temperature and thermodynamic parameters from DSC for films 

extruded at different temperatures and second heating reference samples. 

 *Tc (℃) *Tm (℃) *∆Hc (J/g) *∆Hf (J/g) 

Reference 127.1±1 149.2±1 20.66±2 30.11±2 

Extruded @175 ℃ 132.8±1 147.4±1 25.28±2 29.19±1 

Extruded @190 ℃ 134.0±1 147.7±1 28.93±1 28.98±2 

Extruded @205 ℃ 134.2±1 147.4±1 29.25±1 28.91±2 

*Tc: Curie point; Tm: melting temperature; ∆Hc: enthalpy of Curie transition; ∆Hf: enthalpy of 

fusion. 

5.3.4 Ferroelectric properties 

Figure 5.6 shows the ferroelectric properties of the PVDF-TrFE extruded films with a 

maximum field of 150 kV/mm; the Ec and Pr values are listed with the Current-Electric 

field (IE) curves (Figure 5.6a) and Polarization displacement-Electric field (PE) loops 

(Figure 5.6b), respectively. The Herman’s orientation factor f values are also listed in 

Figure 5.6a to emphasize the relationship between preferred orientation and ferroelectric 

properties. The PE loops are saturated, which was confirmed by the invariance of the 

current peak position above a certain maximum applied electric field (~ 120 kV/mm). 

The PE loops for the extruded films were nearly square, except for the 175 ℃ extruded 

films. The larger value of Pr for these films is an artefact arising from current leakage at 

such a high electric field (150 kV/mm), which is confirmed by the inset in Figure 5.6a. 

Comparing the ferroelectric data for the 190 and 205 ℃ extruded films, the former ones 
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exhibited lower Ec (and slightly lower Pr), which can be explained by the fact that the 

190 ℃ extruded films exhibited easier ferroelectric switching because of the high 

preferred orientation of their lamella structure. The preferred orientation also influences 

the dielectric properties of the extruded films (Figure 5.7). The 190 ℃ extruded films, 

which had the highest preferred orientation, exhibited the lowest dielectric constant. 

 

Figure 5.6 Ferroelectric reversal of PVDF-TrFE extruded films: (a) IE curves; (b) PE loops; the 

inset in (a) corresponds to IE curves at I < 0.02 mA, 0<E≤150 kV/mm.  
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Figure 5.7 The frequency dependence of dielectric permittivity for films extruded at different 

temperatures. 

From the IE curves, it can be observed that the extruded films exhibited well defined 

switching current peaks. The position of switching peak for the 190 ℃ extruded PVDF-

TrFE films occurs at a lower electric field and a slightly higher maximum current 

compared to the other extruded films, suggesting easier ferroelectric switching. The 

value of Ec for the PVDF-TrFE 190 ℃ extruded films was 24 kV/mm, half of the value 

commonly reported for bulk materials (~ 50 kV/mm
28, 43

). Note that the Ec of the less 

oriented 175 ℃ extruded films, 52.3 kV/mm, is similar to that typically reported for 

PVDF-TrFE (films prepared by either hot compression or solution casting). 

The theoretical value of the spontaneous polarization Ps of β-PVDF based on a rigid 

dipole model using the dipole moment and unit cell volume is Ps= 2μv/abc= 0.13 C/m
2
.
 

15
 The Ps of PVDF-TrFE decreases with increasing molecular ratio of TrFE, which is 

due to a decrease of the dipole moment and the expansion of the unit cell volume.
28

 

Using the neutron data for PVDF-TrFE reported by Legrand et al.,
26

 the average dipole 

moment of PVDF-TrFE 77/23 mol. % monomer is estimated to be μ= μv×(1-x/2)= 

6.2×10
-30

 Cm (where x is equal to the content of TrFE, 0.23); unit cell parameters are 
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a=8.95 Å, b=5.07 Å and c=2.55 Å. Assuming a rigid dipole model, the theoretical value 

of Ps for PVDF-TrFE 77/23 mol. % is 0.107 C/m
2
 which is consistent with the reported 

results for PVDF-TrFE 75/25 mol. % and PVDF-TrFE 72/28 mol. %.
45

 
171

 Assuming 

perfect in-plane c-axis orientation and random b-axis orientation, the maximum possible 

Pr is 0.102 C/m
2
 for a fully crystalline material.

15
 The maximum possible Pr value for 

the extruded films is 0.082 C/m
2
 taking crystallinity into calculation (crystallinity 80%). 

The Pr of the 190 ℃ extruded films (0.078 C/m
2
) is close to this estimated value (0.082 

C/m
2
). 

The 190 ℃ extruded films were annealed to increase their crystallinity. It was found that 

the optimum annealing temperature was between the Curie and melting points at 140 ℃ 

for 24 hours, which is due to the high chain mobility allowing the rearrangement of 

polymer chains and occurrence of lamellae thickening (Figure 5.8b bottom right inset 

SEM). This increased the crystallinity of the PVDF-TrFE films to ~ 90% (Figure 5.8a), 

which improved their ferroelectric properties and Pr value increased to 0.099 C/m
2 

with 

an Ec of 37.9 kV/mm (Figure 5.8b). The Pr value is close the estimated maximum 

possible Pr value (0.102 C/m
2
) for 100% crystallization and perfect in-plane c-axis 

orientation (Figure 5.9). Due to a reduction of the preferred orientation, f decreased 

from 0.89 to 0.78 during annealing (Figure 5.8b), the extruded films annealed at 190 ℃ 

show a higher Ec (~ 38 kV/mm) compared to the as-extruded films, but still much lower 

than the commonly reported values for fully saturated PE loops of ~ 50 kV/mm. These 

results compare favourably with the results reported in the literature for free standing 

copolymer films. For melt compression processed films without poling, the reported Pr 

values range from 0.058 to 0.065 C/m
2
 and Ec from 40 to 50 kV/mm (see Table 5.2).

28, 

42
 Poling significantly increased Pr to 0.09 C/m

2 
for melt compression films.

172
 The best 
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previously reported results for a free standing copolymer film are Pr of 0.11 C/m
2
 and 

Ec of 55 kV/mm for a uniaxially stretched (draw ratio 5) PVDF-TrFE 68/32 mol. % film 

followed by a two-step annealing process 120 ℃ for 2 hours and 134 ℃ for 2 hours.
43

 

However, it should be noted that the Pr of 0.11 C/m
2
 is higher than the rigid model 

estimated Ps value (0.099 C/m
2
), which suggests there might be some contribution from 

leakage current. 

 

Figure 5.8 DSC comparison between as-extruded and annealed samples; (b) 2D-WAXD 

crystalline orientation (top left inset), SEM morphology (bottom right inset) and ferroelectric 

properties for annealed 190 ℃ extruded films. 

 

Figure 5.9 Comparison of ferroelectric properties: (a) Ec values of average reported and PVDF-

TrFE 190 ℃ films; (b) Pr values of theoretical limit and PVDF-TrFE 190 ℃ films. 
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Table 5.2 Ferroelectric properties of PVDF-TrFE reported in the literature. 

Reference 
Processing 

methods 

Orientation

& thickness 

Molecular 

ratio 

Ec  

(kV/mm) 

Pr 

(C/m
2
) 

PE loops 

measurement 

This work Extruded at 

190 ℃ 

Oriented 

~ 15 μm 

77/23 24 0.078 150 kV/mm 10 Hz 

 Extruded at 

190 ℃; 

annealed 

140 ℃_24 

hours 

Oriented 

~ 15 μm 

77/23 38 0.099 190 kV/mm 

10 Hz 

Furukawa 

et al. 
173

 

Solution cast Random 

Not 

mentioned 

55/45  35 0.040 80 kV/mm 

300 Hz 

Ohigashi et 

al. 
44

 

Solution cast, 

uniaxially 

stretched (five 

times), 

annealed 

138 ℃_2 

hours, and 

poled 

Oriented 

10-100 μm 

75/25  38  0.10 Not presented 

Huang  

et al. 
43

 

Solution cast, 

uniaxially 

stretched (five 

times), and 

annealed 

120 ℃_2 

hours and 

134 ℃_2 

hours 

Oriented 

~ 20 μm 

68/32 55 0.11 150 kV/mm 

10 Hz 

Davis  

et al. 
28

 

Melt 

compression 

Random 

~ 40 μm 

65/25  50 0.058 80 kV/mm  

60 Hz 

Davis  

et al. 
28

 

Melt 

compression 

Random 

~ 40 μm 

73/27  40 0.065 100 kV/mm  

60 Hz 

Christie et 

al. 
172

 

Melt 

compression; 

poled at 150 

kV/mm  

Random 

~ 30 μm 

73/27  50 0.090 150 kV/mm  

104 Hz 
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It is well known that the macroscopic nucleation-growth model, which involves domain 

nucleation and subsequent forward and sideways growth of domains, fits the 

ferroelectric switching behaviour of most ferroelectrics.
21, 174

 With regard to PVDF-

TrFE, the ferroelectric switching is produced by the rotation of polymer chains
9, 174

, 

which is predominantly influenced by the chain packing and the interrelated lamellae 

crystallites. Figure 5.10 shows the FTIR spectra for PVDF-TrFE films with different 

degrees of preferred orientation. The corresponding wavenumber values are listed in 

Table 5.3. The characteristic band at about 1170 cm
-1

 is mainly assigned to the 

asymmetric stretching of the CF2 group (νa(CF2)).
175

 The positive contribution of the 

wagging vibration of CH2 group (ω(CH2)) and the negative contribution of asymmetric 

stretching of CC group (νa(CC)) are associated with the formation of the characteristic 

band at about 1400 cm
-1

.
175

 The 190 ℃ extruded films exhibited a highest wavenumber 

(1176 cm
-1

) of νa(CF2) band and a lowest wavenumber (1392 cm
-1

) of ω(CH2)-νa(CC) 

band (Table 5.3). On the basis of Hooke’s law, the vibration frequency is determined by 

the force constant and the atom mass. Therefore the highest frequency of νa(CF2) and 

lowest frequency of ω(CH2)-νa(CC) bands indicate the largest force constant, which 

suggests that the strongest bonds exist between C-F and C-C. Polymer chains align 

nearly perfectly along the extrusion direction in the 190 ℃ extruded films. The parallel 

chain packing enables the F atoms in one molecular chain be attracted to the H atoms in 

its neighbouring chain, thereby generating the intermolecular dipole-dipole interaction. 

Such intermolecular interaction gives rise to a close chain packing. This is in line with 

the perfect alignment of lamellae crystallites in the 190 ℃ extruded films. More ordered 

chain packing significantly decreases the pinning sites
174, 176

 for domain walls in PVDF-
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TrFE, which promotes the ferroelectric polarization reversal and further reduces the 

coercive field. 

 

Figure 5.10 FTIR spectra of the PVDF-TrFE films with different degrees of preferred 

orientation: (a) 170 °C; (b) 175 °C; (c) 190 °C; (d) 190 °C annealed; (e) 205 °C; (f) 210 °C; (g) 

hot pressed films with random orientation.  
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Table 5.3 The assignment and position of the characteristic bands for PVDF-TrFE films with 

different degrees of preferred orientation 

 Bands assignment and position (cm
-1

) 

 *ω(CH2)-νa(CC) *νs(CF2)-

νs(CC)+δ(CCC) 

*νa(CF2) 

170 °C films 1398 1284 1168 

175 °C films 1398 1284 1169 

190 °C films 1392 1284 1176 

190 °C; annealed films 1393 1284 1169 

205 °C films 1394 1284 1174 

210 °C films 1398 1284 1168 

Hot pressed films 1398 1284 1168 

*ω, wagging vibration; νa, asymmetric stretching vibration; νs, symmetric stretching vibration; δ, 

bending vibration 

5.4 Conclusions 

Highly crystalline and oriented PVDF-TrFE films can be produced by melt extrusion, 

with the polymer chain axis along the extrusion direction. The crystalline structure and 

orientation level can be controlled by changing the extrusion temperature. The optimum 

extrusion temperature was found to be 190 ℃. The 190 ℃ extruded PVDF-TrFE films 

exhibited a well stacked edge-on lamella structure with remarkable ferroelectric 

properties. The coercive field was 23.9 kV/mm and the remnant polarization (0.078 

C/m
2
) was close to the estimated remnant polarization value assuming perfect in-plane 
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c-axis orientation and 80% crystallinity (0.082 C/m
2
). After annealing at 140 ℃ the 

crystallinity of the films was increased (~ 90%) and the ferroelectric properties further 

improved with Pr of 0.099 C/m
2 
and Ec of 37.9 kV/mm. This work demonstrates for the 

first time the extrusion processing of highly aligned ferroelectric copolymer films with 

pronounced ferroelectric properties, with a significantly low coercive field and high 

remnant polarization, using extrusion, a highly scalable processing route. 
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Chapter 6 Nanoscale Interfacial Electroactivity in 

PVDF/PVDF-TrFE Blended Films with Enhanced 

Dielectric and Ferroelectric Properties 

6.1 Introduction 

In this chapter, PVDF was blended with PVDF-TrFE using melt extrusion. On the basis 

of Chapter 5, melt extruded PVDF-TrFE films exhibited remarkable ferroelectric 

properties due to high crystallinity and highly preferred crystalline orientation. It was 

speculated that the presence of PVDF-TrFE could enhance the crystallization of PVDF 

into β-phase and generate preferred orientation of its polymer chains.  

6.2 Experimental details 

6.2.1 Materials 

PVDF was purchased from Sigma Aldrich Chemical Co. The average molecular weight 

of the PVDF was about 180 kg/mol (Mw) and 71 kg/mol (Mn). PVDF-TrFE of 

composition 77/23 mol% was purchased from Piezotech S.A.S, (France). The average 

molecular weight of the PVDF-TrFE was 210 kg/mol (Mw) and 100 kg/mol (Mn).
142

  

6.2.2 Sample preparation 

PVDF and PVDF-TrFE were melt-blended using mini-extruder at 205 ℃ and 60 rpm 

for 10 min. The weight ratios of PVDF/PVDF-TrFE were set as 100/0, 90/10, 80/20, 

70/30, 60/40 and 0/100. A slit die with gauge of 200 μm was used to produce films. The 
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films were collected by a roller at 180 mm/min and ambient temperature. The films 

were then clamped and annealed at 100 ℃ for 2 hours. The thickness of the films was 

about 20 μm. For the electrical measurements, gold was vacuum sputtered on both sides 

of the films to form electrodes. 

6.3 Results and discussion 

6.3.1 Crystalline phases and preferred orientation of PVDF/PVDF-TrFE blended 

films 

The FTIR spectra of the blended films are shown in Figure 6.1a. For pure PVDF, the 

strong α-phase characteristic bands at 1211, 1179, 1145, 1066, 976, 871, 854, 795, 764 

and 613 cm
−1

 can be seen in line (1). FTIR cannot clearly distinguish the β- from the γ-

phase since several of their characteristic bands overlap.
40, 177

 For example, the typical 

840 cm
-1

 β-phase band could also be a superposition of bands for the β- and γ-phases.
40, 

178
 However, the exclusive γ-phase bands at 1234, 1117, 833 and 812 cm

−1
 are not 

apparent in line (1),
57

 which means that only the β-phase contributed to the formation of 

the band at 840 cm
-1

. To sum up, pure PVDF films mainly crystallized into the α-phase 

with a small amount of the β-phase (～ 8 wt. % as shown in Figure 6.1b). 
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Figure 6.1 (a) FTIR spectra of: (1) PVDF/PVDF-TrFE 100/0; (2) PVDF/PVDF-TrFE 90/10 

wt.%; (3) PVDF/PVDF-TrFE 80/20 wt.%; (4) PVDF/PVDF-TrFE 70/30 wt.%; (5) 

PVDF/PVDF-TrFE 60/40 wt.%; (6) PVDF/PVDF-TrFE 0/100; (b) F(β) of pure PVDF and 

blended films as a function of wt. % PVDF-TrFE. 

For pure PVDF-TrFE, strong characteristic β-phase bands at 1167, 878 and 840 cm
-1

 

can be seen in Figure 6.1a line (6). The blended films show a mixture of α- and β-phase. 

The intensity of the 854 cm
-1

 band (α-phase) was considerably reduced with increasing 

amount of PVDF-TrFE, while the 840 cm
-1

 band (β-phase) became more obvious. 

Equation 6.1 was used to quantify the relative fraction of the β-phase (F(β)), assuming 
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that only the α- and β-phases existed.
179, 180

 Equation 6.1 is built on the assumption that 

FTIR follows the Lambert-Beer law.
179

 In Equation 6.1, Aα and Aβ correspond to the 

measured absorbance at 764 cm
-1 

and 840 cm
-1

, and Kα and Kβ are the absorbance 

coefficients at 764 cm
-1

 and 840 cm
-1

, the values of which are 6.1×10
4
 and 7.7×10

4
 

cm
2
mol

−1
, respectively 

179
. The values of F(β) for the blended films are shown in Figure 

6.1b; the value of F(β) of PVDF and PVDF-TrFE are also included. The F(β) value 

increases to almost 40 wt. % for PVDF/PVDF-TrFE 80/20 wt. % blended films, which 

shows that the introduction of PVDF-TrFE promotes the crystallization of PVDF into 

the β-phase.  

     
  

(
  

  
)     

                                                                      

Figure 6.2 shows 1D-WAXD patterns for the pure PVDF, PVDF-TrFE, and the blended 

films. The three main peaks for the pure PVDF films, at 2θ=17.82°, 18.48° and 20.05°, 

suggest that PVDF mainly crystallized into the α-phase,
12, 154-159

 consistent with the 

FTIR data which shows no traces of the γ-phase but about 8 wt.% of the β-phase. The 

shoulder peak for PVDF at 2θ=20.08° also indicates the existence of a small amount of 

β-phase in pure PVDF films. For the pure PVDF-TrFE films, one strong (110)/(200) 

reflection peak at 2θ=20.12° was observed. Two other peaks at 2θ= 35.5° and 40.9° 

were extremely weak and broad, which indicates a high preferred orientation for the 

pure PVDF-TrFE films.
158

 

Similar to PVDF, the blended films showed three XRD peaks. The intensity of the 

characteristic (020) α-PVDF peak at about 18.5° significantly reduced with PVDF-TrFE 

content, especially for the blended films containing more than 20 wt. % PVDF-TrFE. 
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The weakening of this peak indicates that the amount of the α-phase was reduced and/or 

the preferred orientation of the crystallites increased with the presence of PVDF-TrFE. 

Combined with the FTIR data, it can be confirmed that there was a reduction in the α-

phase and a corresponding increase in the β-phase PVDF. 

 

Figure 6.2 1D-WAXD of: (1) PVDF/PVDF-TrFE 100/0; (2) PVDF/PVDF-TrFE 90/10 wt.%; (3) 

PVDF/PVDF-TrFE 80/20 wt.%; (4) PVDF/PVDF-TrFE 70/30 wt.%; (5)PVDF/PVDF-TrFE 

60/40 wt.%; (6) PVDF/PVDF-TrFE 0/100. 

The preferred orientation results for the PVDF and PVDF-TrFE films obtained from 

2D-WAXD analysis are shown in Figure 6.3. From inner to outer, the WAXD 

reflections of the PVDF, calculated from Figure 6.3, are 18.1°, 20.0° and 26.6°. The 

ring at 18.1° consists of the overlapping 17.81° (100)α and 18.48° (020)α reflections. 

The reflection at 26.6°, though not obvious in Figure 6.2, is associated with the (021)α 

plane, which is characteristic of the α-phase. As clearly seen in Figure 1d, the crystalline 

phase of PVDF-TrFE is well oriented, with the (110)β/(200)β reflections concentrated 

towards the equatorial region, indicating that the polymer chain axis (c-axis) is oriented 

parallel to the extrusion direction.
181

 In comparison, the reflections of PVDF are more 
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uniformly distributed, implying low preferred orientation. The orientation difference 

can be explained by the fact that PVDF-TrFE exhibits a longer relaxation time in the 

melt state than that of PVDF, and therefore showed a more pronounced crystal 

orientation during flow extension.
182

 

 

Figure 6.3 2D-WAXD profiles of: (a) pure PVDF; (b) PVDF-TrFE; (c) PVDF/PVDF-TrFE 

90/10 wt. %; (d) PVDF/PVDF-TrFE 80/20 wt. %; (e) PVDF/PVDF-TrFE 70/30 wt. %; (f) 

PVDF/PVDF-TrFE 60/40 wt. %.measured with an incident X-ray beam in the normal direction. 

Extrusion direction is vertical (indicated by the arrows). 

The 2D-WAXD patterns for the blended films are shown in Figure 6.3. From inner to 

outer, the WAXD profiles exhibit the characteristic reflections of (100)α/(020)α, 

(110)α+β/ (200)β and (021)α planes at 18.36°, 20.33° and 26.6° respectively. With 
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increasing amount of PVDF-TrFE, the preferred orientation of the (110)α+β/(200)β and 

(021)α reflections are enhanced. The intensity as a function of azimuthal angle from -90° 

to +90° at the radial position of the (110)α+β/ (200)β and (100)α/(020)α peak for the pure 

PVDF, PVDF-TrFE and blended films was fitted with a Gaussian function (Figure 6.4).  

 

Figure 6.4 Intensity as a function of azimuthal angle at the radial position of: (a) (110)α+β/(200)β 

of pure PVDF, PVDF-TrFE and blended films; (b) (100)α/(020)α of pure PVDF and blended 

films 

Pure PVDF films show the least preferred orientation, corresponding to the broadest 

peak (Figure 6.4). For the blended films the intensity is enhanced and the peak becomes 

sharper radially and azimuthally with increasing amount of PVDF-TrFE, which shows 

that blending with PVDF-TrFE leads to increased crystallinity and higher preferred 

orientation for the PVDF/PVDF-TrFE blended films. Interestingly, the outermost 26.6° 

(021)α reflection ring of the blended films shows preferred orientation, about 45° from 

the equatorial direction, which enhanced with increasing the amount of PVDF-TrFE 

(Figure 6.3). During extrusion, the temperature dropped quickly from 205 ℃ to room 

temperature, which caused the PVDF and PVDF-TrFE to crystallize simultaneously. 

The existence of a strong interaction between the two different polymers caused the 
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chains of the PVDF to orientate in the same direction as the PVDF-TrFE. Figure 6.5 

depicts the orientation of the blended films formed during the extrusion processing. 

 

Figure 6.5 Schematic diagram illustrating the orientation of the blended films; the left reflects 

the film surface and can be used for the understanding of 2D-WAXD; the right reflects the 

cross-section region. The rectangles represent the lamellae with folded polymer chains. The red 

arrows indicate the extrusion direction. 

6.3.2 Miscibility and crystallization behavior of PVDF/PVDF-TrFE blended films 

Morphology studies 

It is known that PVDF crystallizes as spherulites when prepared by melt 

processing,
13

 while PVDF-TrFE crystallizes with stacked lamellae structure.
183

 

Figure 6.6a-b shows the surface morphology of the PVDF and PVDF-TrFE films. 

The arrow in Figure 6.6 indicates the extrusion direction. For PVDF, the lamellae 

tend to form spherulites with little preferred orientation, while PVDF-TrFE 

displays a stacked lamellar morphology.
184

. For the blended films, the two 
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components crystallize together without obvious phase separation (Figure 6.6c-f). 

Furthermore, the introduction of PVDF-TrFE produces distortion of the 

spherulites as can be seen in Figure 6.6f for the PVDF/PVDF-TrFE 60/40 wt. % 

blended film.  

 

Figure 6.6 SEM of surfaces of: (a) PVDF; (b) PVDF-TrFE; (c) PVDF/PVDF-TrFE 90/10 wt. %; 

(d) PVDF/PVDF-TrFE 80/20 wt. %; (e) PVDF/PVDF-TrFE 70/30 wt. %; (f) PVDF/PVDF-

TrFE 60/40 wt. % (arrow indicates extrusion direction). 

Thermal analysis 

Figure 6.7 shows the DSC scans of PVDF, PVDF-TrFE and their blends. The 

first heating curves are displayed in Figure 6.7a. Pure PVDF has two obvious 

fusion peaks at 161.3±1 ℃ and 169.9±1 ℃, which could be caused by the 

existence of different crystalline phases or crystallization imperfection. The 

melting endotherms of α- and β-PVDF are reported to be at almost the same 
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position, both at around 167 ℃.
179

 Combined with the FTIR results for PVDF, it 

can be deduced that the 169.9 ℃ endotherm peak corresponds to the melting of 

the well-formed prevalent α-phase crystals, while the 161.3 ℃ peak can be 

attributed to the melting of imperfect crystalline region.
88, 185

 It is seen in Table 1 

that pure PVDF exhibits a ∆Hf of 43.1 J/g, indicating the crystallinity of the pure 

PVDF extruded films is about 41% (∆Hf for 100% crystalline PVDF is 104.6 

J/g
186

). 



Chapter 6 PVDF/PVDF-TrFE Blends 

105 

 

 

Figure 6.7 (a) First heating; (b) cooling; and (c) second heating DSC graphs of: (1) 

PVDF/PVDF-TrFE 100/0; (2) PVDF/PVDF-TrFE 90/10 wt.%; (3) PVDF/PVDF-TrFE 80/20 

wt.%; (4) PVDF/PVDF-TrFE 70/30 wt.%; (5) PVDF/PVDF-TrFE 60/40 wt.%; (6) 

PVDF/PVDF-TrFE 0/100. 

Apart from its fusion peak at 147.2±1 ℃, pure PVDF-TrFE shows another peak 

at 133.8±1 ℃ originating from the ferroelectric to paraelectric phase transition 
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(Curie transition). The ∆Hf of PVDF-TrFE is 29.0 J/g, suggesting a crystallinity 

of 76% (∆Hf for 100% crystalline PVDF-TrFE is about 38 J/g
45

). The blended 

films exhibit three peaks on first heating, corresponding to the fusion peaks for 

PVDF-TrFE and PVDF, which proves the immiscibility of the two polymers. 

Interestingly, the Curie transition peak for PVDF-TrFE is diffuse and is apparent 

only as a shoulder on the lower temperature side of the fusion peak of PVDF-

TrFE.  

Figure 6.7b shows the cooling DSC curves on cooling after first heating. Pure 

PVDF has one crystallization peak at 150.6±1 ℃ and pure PVDF-TrFE shows 

two peaks at 134.6±1 ℃ and 77.8±1 ℃, resulting from the crystallization and the 

paraelectric to ferroelectric phase transition, respectively. All blended films 

exhibit three peaks. The crystallization temperatures of PVDF and PVDF-TrFE 

and the Curie transition in the blended films are slightly lower than those of the 

pure components.  

Figure 6.7c shows the second heating DSC curves of PVDF, PVDF-TrFE and 

their blends. During the second heating pure PVDF has two fusion peaks at 

168.9±1 ℃ and 174.8±1 ℃, indicating a mixture of α- and γ-phases.
177

 Further 

evidence for the presence of the γ-phase can be found in the FTIR data presented 

in Figure 6.8. With regard to pure PVDF-TrFE, the peak value of the Curie 

transition shifts to a lower temperature (127±1 ℃) when compared to the first 

heating (133.8±1 ℃). The higher Curie point in the first heating indicates that the 

pure PVDF-TrFE crystallized into highly oriented ferroelectric crystals through 

the extrusion method.
187

 For the blended films, the Curie transition peak was 
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diffuse in the first heating curves, however, a small, but clear, peak can be seen in 

the second heating curves. It is shown in Table 6.1 that ∆Hf PVDF of pure PVDF 

and blended samples during first heating are larger than those of second heating, 

while being lower for ∆Hf PVDF-TrFE, which indicates the existence of interactions 

between PVDF and PVDF-TrFE in the extruded blended films. The formed 

crystallites exhibited similar structure and were intimately correlated. The Curie 

transition is achieved by the formation of gauche bonds, thereby polymer chains 

in PVDF-TrFE undergo severe twisting and/or tilting
187

 which requires adequate 

space to accomplish this. However, the surroundings of PVDF crystals and the 

intimate coexistence of the two components restrict the space to accomplish the 

transition. PVDF and PVDF-TrFE crystallized more freely in the DSC slow 

cooling process (cooling rate 5 °C/min), which results in more phase separation 

and less interactions, making the Curie transition peaks more obvious than those 

of the extruded blended films in DSC heating curves.  
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Figure 6.8 FTIR data for PVDF crystallized during DSC cooling, indicating the formation of γ-

phase. 

Table 6.1 The enthalpy of Curie transition and fusion of PVDF/PVDF-TrFE blended films 

acquired from first heating and second heating DSC curves.  

 Enthalpy values of first heating 

(J/g) 

Enthalpy values of second heating 

(J/g) 

PVDF/

PVDF-

TrFE 

a)
 ∆Hc 

PVDF-TrFE 

∆Hf 

PVDF-TrFE 

∆Hf PVDF ∆Hc 

PVDF-TrFE 

∆Hf 

PVDF-TrFE 

∆Hf PVDF 

100/0 − − 46.3±3 − − 43.1±2 

90/10 − 7.0±1 38.0±2 9.2±1 13.1±1 31.1±1 

80/20 − 6.6±1 36.4±3 9.0±1 13.6±1 32.7±1 

70/30 − 17.1±2 33.0±3 7.8±1 19.6±1 32.0±1 

60/40 − 15.6±1 32.5±2 12.2±2 21.0±1 31.9±1 

0/100 28.7±2 29.0±3 − 26.4±3 28.8±2 − 

a)
∆Hc PVDF-TrFE: enthalpy of Curie transition of PVDF-TrFE; ∆Hf PVDF-TrFE and ∆Hf PVDF: enthalpy 

of fusion of PVDF-TrFE and PVDF, respectively. 

The above results correlated to both crystallization and morphological studies strongly 

demonstrate the intimate interactions between the PVDF and PVDF-TrFE. More 

detailed investigations of isothermal crystallization at 150 °C (PVDF crystallization 

temperature) and 135 °C (PVDF-TrFE crystallization temperature) were undertaken. 

The DSC data recorded during isothermal crystallization at 150 °C is shown in Figure 

6.9a and Figure 6.10a, and the morphology of the films is shown in Figure 6.11a. No 

crystallization of PVDF-TrFE occurred at 150 °C (Figure 6.9). It is evident that the rate 

of crystallization of the PVDF at 150 °C was increased by the addition of PVDF-TrFE 
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(in melt state). This is different to what is reported for PVDF/poly(1,4-butylene adipate) 

(PBA) blends where the crystallization rate of PVDF was reduced due to the presence of 

PBA.
188

 To understand these differences, it is necessary to consider the morphologies of 

the microstructures. In the PVDF/PBA system, PVDF crystallized into progressively 

larger spherulites with increasing PBA content, however, in our PVDF/PVDF-TrFE 

blends the growth of PVDF spherulites was restricted. The isothermally crystallized 

PVDF showed fine spherulites. The spherulites that formed in the blends samples were 

smaller and less perfect compared to those in PVDF (Figure 6.11a), which is consistent 

with the morphology of extruded films. On the basis that there was no crystallization of 

PVDF-TrFE at 150 °C because the temperature was above its melting point, the 

enthalpy of crystallization of the blends were normalized in terms of the PVDF content 

(∆Hc/PVDF). Figure 6.10a shows that the normalized values of ∆Hc/PVDF for both pure 

PVDF and the blends are similar regardless of weight ratio, indicative of almost no 

hindrance to the degree of crystallinity of PVDF due to the introduction of PVDF-TrFE. 
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Figure 6.9 DSC heat flow as a function of time recorded during isothermal crystallization at (a) 

150 °C and (b) 135 °C.  
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Figure 6.10 The enthalpy of crystallization (∆Hcry) acquired by integrating heat flow recorded 

during isothermal crystallization as a function of time at: (a) 150 °C and (b) 135 °C. The ∆Hc 

values at 150 °C for blends materials were normalized by PVDF. 
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Figure 6.11 SEM morphology images for samples isothermally crystallized at (a) 150 °C and (b) 

135 °C. 

The non-normalized raw DSC data for samples isothermally crystallized at 135 °C are 

shown in Figure 6.9b and Figure 6.10b. Pure PVDF-TrFE exhibited a maximum ∆Hc of 

approximately 37 J/g, which represents almost complete crystallization using the 

reported enthalpy of fusion for 100 % crystalline PVDF-TrFE (～ 38 J/g).
45

 During the 

isothermal crystallization at 135 °C, the PVDF continued to crystallize as demonstrated 

by the large enthalpies of the blends. On the other hand, the rate of crystallization at 

135 °C of the PVDF-TrFE was increased in the blends compared to the pure copolymer. 

This can be explained by the PVDF crystallites acting as nucleation sites for the 

crystallization of the PVDF-TrFE. Figure 6.11b shows the morphology of samples 

isothermally crystallized at 135 °C, with needle-like PVDF-TrFE crystals embedded in 

the matrix of PVDF, which did not crystallize into a spherulitic structure. To conclude, 

the DSC data (Figures 6.7, 6.9-10 and Table 6.1) and the microstructural analysis 

(Figures 6.6, and 6.11) clearly shows that synergistic effects occurred at the nanoscale 
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in the blended materials at the interface between the two immiscible polymers that 

strongly affected the kinetics of crystallization and the microstructures that formed. 

6.3.3 Electric properties of PVDF/PVDF-TrFE Blended Films 

Dielectric properties 

Figure 6.12a-b shows the frequency dependence of the dielectric permittivty and loss of 

PVDF, PVDF-TrFE and their blends. The blended films show larger dielectric constant 

values than those of the two pure components. One explanation for this could be 

enhanced interfacial polarization at the PVDF and PVDF-TrFE interfaces. Another 

possible explanation might be the preferred orientation of the polymer chains in the 

amorphous region, especially at the crystalline-amorphous interfaces.
65

 The addition of 

PVDF-TrFE in the blended films increased the crystalline preferred orientation of the 

PVDF, thus causing the chains in the amorphous region to orient along the same 

direction, which gives rise to higher dielectric constant values than for pure PVDF.  
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Figure 6.12 Frequency dependence of (a) dielectric permittivty and (b) dielectric loss for pure 

PVDF, PVDF-TrFE and blended films as a function of frequency.  

Figure 6.13 shows the temperature dependent dielectric spectra for pure PVDF, PVDF-

TrFE and their blends. All of the samples exhibit dielectric loss peaks at about 0 °C and 

100 kHz, which is ascribed to the glass transition.
189

 The dielectric permittivity of 

PVDF-TrFE shows an obvious peak at about 140 °C, and the peak position is frequency 

invariant, which suggests the existence of a Curie transition.
190

 The blended films with 

40 wt. % PVDF-TrFE show an inflexion in the permittivity and loss data consistent with 

a Curie transition (Figure 6.13 d). 
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Figure 6.13 Temperature dependence of the dielectric permittivity and loss of: (a) PVDF; (b) 

PVDF-TrFE; (c) PVDF/PVDF-TrFE 90/10 wt. %; (d) PVDF/PVDF-TrFE 60/40 wt. %. 

Ferroelectric properties 

Figure 6.14 shows the ferroelectric polarization hysteresis loops for PVDF, PVDF-TrFE 

and the blended films. The P-E loops are saturated, which was confirmed by the 

invariance of the current peak position beyond a certain maximum applied electric field 

(~ 120 kV/mm). The PVDF-TrFE exhibits superior ferroelectric properties, with a 

coercive field of about 35 kV/mm and a remnant polarization of 0.09 C/m
2
, which is 

attributed to highly preferred crystalline orientation and high crystallinity.
181

 In the case 

of PVDF, a ferroelectric response was observed, confirmed by the presence of weak 

current peaks. The ferroelectric behaviour of PVDF is attributed to the presence of the 

small amount of β-phase (～8 wt. %) and the transformation of the paraelectric α-phase 

to the ferroelectric δ-phase during the measurement.  



Chapter 6 PVDF/PVDF-TrFE Blends 

116 

 

 

Figure 6.14 Ferroelectric properties of: (1) PVDF/PVDF-TrFE 100/0; (2) PVDF/PVDF-TrFE 

90/10 wt.%; (3) PVDF/PVDF-TrFE 80/20 wt.%; (4) PVDF/PVDF-TrFE 70/30 wt.%; (5) 

PVDF/PVDF-TrFE 60/40 wt.%; (6) PVDF/PVDF-TrFE 0/100: (a) Current-Electric field I-E 

curves; (b) Polarization -Electric field P-E loops; (c) variations of remnant polarization Pr and 

switching field Ec as a function of wt. % PVDF-TrFE (data collected at E=180 kV/mm). 
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With regard to the blended films, the coercive field decreased from 83 kV/mm to 32 

kV/mm with increasing the amount of PVDF-TrFE from 10 wt. % to 40 wt. % as a 

result of blending. The remnant polarization of the PVDF is apparently higher compared 

with 10 wt. % PVDF-TrFE due to the leakage current in the pure PVDF, making the 

remnant polarization of PVDF unrealistically high (inset in Figure 6.14a). Such leakage 

currents could be ascribed to the gaps or voids formed between large PVDF 

spherulites.
141

 The introduction of PVDF-TrFE enhanced the remnant polarization for 

the blended films from 0.030 to 0.077 C/m
2 
with increasing the amount of PVDF-TrFE 

from 10 to 40 wt. % (Figure 6.14c). On the basis of the data from the structural 

characterization, the addition of PVDF-TrFE enhanced the crystallization of 

ferroelectric β-phase in the blended films. This alone would not explain the enhanced 

ferroelectric properties of the blended films.  

The theoretical value of remnant polarization for blends with 40 wt. % based on a 

simple rule of mixtures was calculated using following equation: Prblends= 

φPVDF×PrPVDF+ φPVDF-TrFE×PrPVDF-TrFE, where φ and Pr are the volume fraction and 

measured remnant polarization for pure PVDF and PVDF-TrFE extruded samples. The 

calculated value for blends with 40 wt. % is only 0.058 C/m
2
, about 25% lower than the 

experimental value. Similar conditions existed in the 20 wt. % and 30 wt. % blends, 

where the calculated values were about 20% less compared with the experimental 

values. Combined with the diffuse Curie transition and larger dielectric constants 

observed the blended films, the interaction between the two polymers and the interfaces 

between them could explain the enhanced ferroelectric properties for the blended films. 

The interfacial polarization contributes to the higher remnant polarization and more 
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contributions are generated at high electric fields, as indicated by the large saturated 

polarization of blends with 40 wt. % PVDF-TrFE.  

6.4 Conclusions 

Despite the immiscibility of PVDF and PVDF-TrFE, as demonstrated by the DSC 

results, they intimately crystallize on a fine scale (~ 40 nm) without the appearance of 

distinct phase separation. The rate of crystallization of PVDF and PVDF-TrFE is 

increased as a result of blending, as suggested by isothermal crystallization studies. 

With increasing amount of PVDF-TrFE, the blended films have more β-phase and 

increased preferred orientation, more than would be expected based on a simple rule of 

mixtures. Due to interfacial polarization, PVDF/PVDF-TrFE blended films have larger 

dielectric constant than those of the two pure components. Furthermore, the ferroelectric 

properties of the blended films were enhanced by the introduction of PVDF-TrFE, more 

than would be expected based on a simple rule of mixtures. The switching field 

decreased (from 75 to 32 kV/mm), while the remnant polarization increased (from 0.040 

to 0.077 C/m
2
) with increasing amount of PVDF-TrFE from 0 to 40 wt. %. The Curie 

transition was suppressed in the blended films, which may lead to increased high 

temperature stability for piezoelectric applications. 
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Chapter 7 Crystallization Kinetics and Enhanced 

Dielectric Properties of Free Standing PVDF/BaTiO3 

Composite Films 

7.1 Introduction 

Ferroelectric composites, integrating dielectric ceramic fillers with mechanically 

flexible polymers, are promising materials for flexible electronic applications. Plenty of 

research has demonstrated the enhanced dielectric and ferroelectric properties of 

composite materials. However, the mechanisms responsible for these enhancements are 

not completely understood. Herein, the typical dielectric materials, PVDF and BaTiO3 

(BTO), were used to study the effect of dielectric filler on the crystallization, phase 

transformation and dielectric properties of PVDF. 

7.2 Experimental details 

7.2.1 Materials 

PVDF pellets were purchased from Sigma Aldrich Chemical Co. The average molecular 

weight of the PVDF was about 180 kg/mol (Mw) and 71 kg/mol (Mn). Tetragonal 

BaTiO3 (BTO) particles with an average particle size of 300 nm were purchased from 

Nanostructured & Amorphous Materials, Inc. The density of the PVDF and BTO 

particles was 1.78 and 5.85 g/cm
3
, respectively, according to the suppliers. All of the 

materials were used without post-treatments. 
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7.2.2 Sample preparation 

The PVDF_BTO composites were firstly melt-blended using micro compounder at 210 

o
C and 100 rpm for 10 mins and then collected using a micro cast film line. These 

extrusion conditions were found to be optimum to produce good dispersion of the BTO 

particles and high crystallinity of the PVDF. The volume content of BTO in the as-

extruded films was varied from 0.15 to 10 vol. %. Samples of dimensions 50×15 mm
2
 

were cut from the as-extruded films and solid state drawn at 100 
o
C and 120 

o
C at 10 

mm/min. The chosen drawing temperatures were appropriate to enable significant chain 

mobility and transform the polymer to ferroelectric β-phase. The draw ratio of the films 

was calculated by dividing the extension by the original length.  

The thickness of drawn films was about 25 μm, measured using a digital micrometer. 

Gold electrodes were evaporated on both sides of the films to enable dielectric and 

ferroelectric measurements.  

7.3 Results and discussion 

7.3.1 Effect of BTO addition on the PVDF crystallization 

The one dimensional XRD patterns of the BTO powder, and the as-extruded PVDF and 

composite films are shown in Figure 7.1. The BTO powder diffraction data matches the 

JCPDS PDF#75-0460 data file with characteristic peaks at 2θ=44.9° (002) and 45.4° 

(200) and tetragonal structure (Figure 7.1(1)). The diffraction peaks in Figure 7.1(2) at 

2θ=17.8° (100), 18.6° (020) and 20.0° (110) were assigned to the non-ferroelectric α-

PVDF. The characteristic peak of the ferroelectric β-phase at 2θ=20.8° corresponding to 

the (110)/(200) reflections could not be observed as an obvious peak, but appeared as a 
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small shoulder in the pure PVDF and composite films, which suggests the α-phase is the 

predominant crystalline phase. Our previous studies showed that extruded PVDF can 

crystallize into small amounts of β-phase (~ 8 wt. %) as determined by FTIR 

technique.
191

 

 

Figure 7.1 XRD patterns of: (1) BTO; (2) PVDF; (3) PVDF_BTO 0.15 vol. %; (4) PVDF_BTO 

0.5 vol. %; (5) PVDF_BTO 1 vol. %; (6) PVDF_BTO 3 vol. %; (7) PVDF_BTO 5 vol. % and 

(8) PVDF_BTO 10 vol. % 

Figure 7.2 shows SEM images of the surface of as-extruded pure PVDF and composite 

films. Bright white BTO particles with an average diameter of 300 nm were well 

dispersed in the dark grey PVDF matrix. All of the samples displayed spherulite 

morphology, suggesting the crystallization of α-phase, which is consistent with the 

XRD data (Figure 7.1). Composites with BTO content of 0.15, 0.5 vol. % crystallized 

into larger spherulites (diameter ~ 10 μm) compared to pure PVDF (diameter ~ 3 μm). 

With increasing BTO content from 5 and 10 vol. %, no clear spherulite boundaries were 

observed and the BTO particles started to agglomerate. However, the composites 

showed no holes or pores, suggesting good compatibility between the BTO particles and 
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PVDF matrix. There was no apparent preferred orientation in relation to the extrusion 

directions for any of the films. 

 

Figure 7.2 SEM images for the as-extruded composites films filled with different BTO content: 

(a) pure PVDF; (b) PVDF_BTO 0.15 vol. %; (c) PVDF_BTO 0.5 vol. %; (d) PVDF_BTO 1 

vol. %; (e) PVDF_BTO 3 vol. %; (f) PVDF_BTO 5 vol. %; (g) PVDF_BTO 10 vol. %. 

Figures 7.3 shows DSC temperature scans and isothermal crystallization data for the as-

extruded PVDF and composite films. The values of melting (Tm) and crystallization (Tc) 

temperatures are listed in Table 7.1, which also includes the crystallinity (Χc), which 
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was determined from the enthalpy of fusion. The PVDF and composite films exhibit 

two fusion peaks during the first heating DSC temperature scan (Figure 7.3a). The 

broader peak at lower temperature corresponds to the melting of smaller and/or 

imperfect crystals. 
191

As shown in Table 7.1, the position of the main fusion peak (Tm) 

was hardly altered by the addition of BTO particles (~ 169 °C). Similarly, a crystallinity 

of about 50%, typical for PVDF, 
191

 was found, independent of the BTO content. Figure 

7.3b depicts the cooling DSC temperature scan after first heating. The Tc of pure PVDF 

was 142.1 °C, and barely varied with addition of less than 5 vol. % of BTO particles. 

The Tc increased to 143.5 and 146.2 °C in correspondence of 5 and 10 vol. % of BTO 

particles. The crystallization of semi-crystalline polymers involves two steps, crystal 

nucleation and crystal growth; a high content of BTO (> 5 vol. %) increased the amount 

of nucleation sites, which accelerated the crystallization of the PVDF and made it occur 

at a higher temperature than that of pure PVDF. 

Isothermal crystallization experiments were conducted to understand the effect of BTO 

on the crystallization of PVDF. Due to the higher Tc of the PVDF composites containing 

5 and 10 vol. % BTO, the isothermal crystallization temperature was chosen as 150 °C. 

The time dependence of the crystallinity (Χc) for the as-extruded PVDF and composite 

films are shown in Figure 7.3c. For all of the samples, the crystallinity firstly increased 

with time before reaching a plateau. During isothermal crystallization at 150 °C, pure 

PVDF achieved up to 38% crystallinity, which is lower than that of the extruded films 

due to the onset crystallization temperature. Compared to the pure PVDF, the composite 

samples exhibited higher crystallinity regardless of filler content. The crystallinity 

firstly increased with increasing BTO content up to 3 vol. %, then decreased at higher 

BTO content (5 vol. % and 10 vol. %). 
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Another characteristic shown in Figure 7.3c is the reduced time needed to reach the 

plateau for the composites with the higher BTO contents (5 and 10 vol. %). The 

isothermal crystallization behaviour is well described by the Avrami equation
192

, as 

shown in Equation 7.1, where Χt is the relative crystallinity at a corresponding time t, 

which is equal to the absolute crystallinity Χc, crystallized at time t, divided by the final 

maximum crystallinity; K is a constant correlated to the overall crystallization rate; n is 

the Avrami exponent which describes both the nucleation nature (nt) and crystal growth 

geometry (nc) (and Equation (7.2)). Values of K and n for pure PVDF and the composite 

films were determined by fitting the plots of ln[-ln(1- Χt)] against lnt using Equation 

(7.3). The fitting curves are shown in Figure 7.3d and the related crystallization kinetics 

parameters are listed in Table 7.1, where the t1/2 is defined as the required time to 

complete half of the crystallization, and is used to evaluate the crystallization rate.  
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Figure 7.3 (a) First heating DSC temperature scan; (b) cooling DSC temperature scan; (c) 

crystallinity against time during isothermal crystallization at 150 °C; (d) fitted Avrami results. 

The enthalpy of fusion for a fully crystalline PVDF is 104.6 J/g.
186
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Table 7.1 Characteristic temperatures and thermodynamic values obtained from the DSC data. 

Melting temperature Tm and crystallinity Χc were determined from the first heating DSC curves; 

crystallization temperature Tc was determined from the cooling DSC curves and crystallinity Χc-

iso, Avrami n and t1/2 were calculated on the basis of DSC isothermal crystallization data.  

 Tm (°C) Χc Tc (°C) Χc-iso Avrami n t1/2 (s) 

PVDF 168.3±1 50.7±2% 142.1±1 38.6±3% 3.8±0.1 331 

PVDF_BTO 

0.15 vol.% 

168.7±2 51.7±2% 141.7±1 45.4±2% 1.4±0.5 327 

PVDF_BTO 

0.5 vol.% 

168.9±2 52.0±3% 141.6±1 46.4±3% 1.7±0.2 344 

PVDF_BTO 

1 vol.% 

168.9±2 48.3±3% 142.0±2 47.9±1% 3.1±0.4 207 

PVDF_BTO 

3 vol.% 

168.8±1 50.0±4% 142.0±1 53.7±4% 3.6±0.2 240 

PVDF_BTO 

5 vol.% 

168.7±1 49.6±2% 143.5±1 38.0±2% 3.5±0.4 205 

PVDF_BTO 

10 vol.% 

168.6±1 50.4±2% 146.2±1 35.7±1% 3.9±0.2 136 

The Avrami equation is built on the ideal assumptions of: homogenous nucleation; no 

change in the crystal shape; constant crystallization rate and volume of polymer; and no 

occurrence of secondary crystallization.
193

 However, real isothermal crystallization is 

more complicated than this, and all of the details cannot be precisely revealed by the 

Avrami equation. Consequently, the Avrami exponent n values, shown in Table 7.1, are 

not integers (as one would expect) and are highly scattered. Pure PVDF exhibited a 

value of about 4 and crystallized into spherulites (Figure 7.4a), indicating homogenous 

nucleation (nt = 1) and three dimensional spherulite crystals (nc = 3). The composites 

samples, however, showed two different behaviours. The composites filled with the 
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lower BTO contents of 0.15, 0.5 vol. % had a n value of about 2, suggesting the 

crystallization of 2-dimensional crystals (nc = 2) and heterogeneous nucleation (nt = 0). 

The n was in the range of 3 to 4 for composites filled with BTO contents higher than 1 

vol. %, suggesting the crystallization of spherulites (nc = 3) and heterogeneous 

nucleation (nt = 0). 

The morphologies of the samples crystallized at 150 °C are shown in Figure 7.4, where 

PVDF crystallized into spherulites, consistent with an Avrami exponent n of about 4 

(Figure 7.4a). A similar spherulite structure was maintained for the composites filled 

with 0.15 vol. % of BTO particles (Figure 7.4b), which is contrary to the Avrami 

exponent n ranging from 1 to 2. This contradiction can be explained by the larger 

banded spherulites formed in the PVDF_BTO 0.5 vol. % composites, the diameter of 

which were about 50 μm, with concentric rings along the radial direction (Figure 7.4c 

inset). Banded spherulite structure has been reported in various semi-crystalline 

polymers.
194-196
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Figure 7.4 SEM images of samples isothermally crystallized at 150 °C: (a) pure PVDF; (b) 

PVDF_BTO 0.15 vol. %; (c) PVDF_BTO 0.5 vol. %; (d) PVDF_BTO 1 vol. %; (e) 

PVDF_BTO 3 vol. %; (f) PVDF_BTO 5 vol. %; (g) PVDF_BTO 10 vol. %. 

The BTO particles served as nucleating agents for the crystallization of PVDF. For 

composites loaded with a small content of BTO fillers (up to 0.5 vol. %), the 

heterogeneous nucleus of inorganic particles provided enough space for the growth of 

the PVDF crystals, thus forming the large ring banded spherulites. The Avrami 

exponent n of PVDF_BTO 0.5 vol. % was less than 2, which is consistent with the 

structure of the twisted lamellae in the banded spherulites, not the spherulites 
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themselves. With increasing BTO content, more nucleation sites were present. In this 

case, the crystals influenced each other and the growth of large ring banded spherulites 

was impeded. Correspondingly, the Avrami exponent n for composites with large BTO 

content was in the range of 3 to 4. Figure 7.5 schematically illustrates the different 

microstructures due to varying BTO content. 

 

Figure 7.5 Schematic diagrams for spherulites crystallized at 150 °C. 

On the basis of the t1/2 values listed in Table 7.1, the crystallization rate of PVDF was 

influenced by the addition of BTO particles. Despite the nucleating effect, the t1/2 values 

of composites filled with 0.15 and 0.5 vol. % BTO particles were similar to that of pure 

PVDF, arising from the longer time needed to the form large ring banded spherulites. 

With further increasing BTO content, the t1/2 values became smaller, indicating that the 

addition of large amounts of BTO particles facilitated the crystallization of PVDF 

because there were more nucleation sites. 

An important link exists between the isothermal crystallization studies and the 

morphology and thermal behaviours of the as-extruded films. Composites filled with 

less than 1 vol. % BTO particles crystallized into large ring banded spherulites 

(diameter ~ 50 μm) during isothermal crystallization, correspondingly, the as-extruded 
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composites filled with the same BTO content crystallized into large spherulites 

(diameter ~ 10 μm), almost tripling the size of the spherulites crystallized in the pure 

PVDF (diameter ~ 3 μm).  

7.3.2 Effect of BTO particles on solid state drawing of PVDF films 

Ferroelectric β-phase PVDF is widely used in applications that require electro-active 

properties. The common method to obtain the β-phase is solid state drawing of α-phase 

PVDF with draw ratios ranging from 3 to 5. It is conceivable that the addition of BTO 

particles would influence the behaviour of the PVDF matrix during solid state drawing, 

leading to differences in the functional properties  

Figure 7.6 shows the stress-strain curves recorded during drawing of the as-extruded 

films, at 100 °C and 120 °C. The stretching temperatures were chosen according to the 

crystalline relaxation temperature of PVDF. 
150

The samples showed similar values of 

strain at failure, ranging from 3 to 4.2, which should be sufficient to transform α- to β-

phase.
160

 Figure 7.7 shows the morphology of drawn films, which display fibrilar 

structure and no obvious difference exists between the 100 °C and 120 °C drawn films. 
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Figure 7.6 Stress-strain curves for PVDF and PVDF_BTO composites films drawn at: (a) 

100 °C; (b) 120 °C. The drawing rates for both are 10 mm/min. 
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Figure 7.7 SEM images of films drawn to breaking point at 10 mm/min and (A) 100 °C and (B) 

120 °C: (a) pure PVDF; (b) PVDF_BTO 0.15 vol. %; (c) PVDF_BTO 0.5 vol. %; (d) 

PVDF_BTO 1 vol. %; (e) PVDF_BTO 3 vol. %; (f) PVDF_BTO 5 vol. %; (g) PVDF_BTO 10 

vol. %. The arrow indicates the drawing direction. 

Figure 7.8 shows the XRD data for the drawn films. Reflections from the β-phase at 

20.7° (110)/(200)β are clearly present (Figure 7.8a). For the films drawn at 100 °C, the 

emergence of the peak at 20.7° occurred with the disappearance of the (100)α peak and a 

reduction in the intensity of the (110)α peaks. The films drawn at 120 °C clearly show 

combined reflections from the α- and β-phases. None of the drawn films exhibited full 

transformation into the β-phase, but the lower drawing temperature (100 °C) favoured 

this transformation, which is consistent with other reported works.
145, 149, 150

 A higher 
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drawing temperature is associated with higher chain mobility, especially in the 

amorphous region, which allows chains to relax, preventing efficient phase 

transformation.  

 

Figure 7.8 1D-WAXD patterns for films drawn to breaking point at 10 mm/min: (a) 100 °C; (b) 

120 °C. 

The phase transformation of PVDF is induced by the uniaxial tensile deformation 

leading to an orientation of the polymer chains along the drawing direction. The 2D-

WAXD patterns for the films drawn at 100 °C and 120 °C are shown in Figure 7.9 and 

7.10, respectively. Referenced to the 1D-XRD data, the arcs displayed in Figure 7.9 are 

attributed to the (020)α and (110)/(200)β reflections in the 100 °C drawn PVDF films. 
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The equatorially concentrated (hk0) arcs indicate that the c-axis (polymer chain 

direction) is aligned along the drawing direction. Similarly, all of the composite samples 

exhibited diffraction arcs of (020)α and (110)/(200)β. The full rings from the reflections 

of the BTO particles are progressively more obvious with increasing filler content. The 

degree of polymer chain orientation was evaluated using the Herman’s factor (f) using 

Equation 7.5, where φ is the angle between polymer chain axis and the reference 

direction (the drawing direction). For ideal orientation, φ=0 and f=1, on the contrary, 

˂cos
2
φ˃=1/3 and f=0 describes a random orientation.  

   3            ⁄                  

The calculated f values for PVDF and the composite samples are listed at the bottom of 

each 2D-WAXD pattern. The addition of BTO particles hardly influences the crystalline 

preferred orientation when drawing at 100 °C. 

 

Figure 7.9 2D-WAXD ring patterns for films drawn to breaking point at 100 °C and 10 

mm/min: (a) pure PVDF; (b) PVDF_BTO 0.15 vol. %; (c) PVDF_BTO 0.5 vol. %; (d) 

PVDF_BTO 1 vol. %; (e) PVDF_BTO 3 vol. %; (f) PVDF_BTO 5 vol. %; (g) PVDF_BTO 10 

vol. %. The stretching direction is vertical with X-ray beam perpendicular to the film plane. 
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Figure 7.10 2D-WAXD ring patterns for films drawn to breaking point at 120 °C and 10 

mm/min: (a) pure PVDF; (b) PVDF_BTO 0.15 vol. %; (c) PVDF_BTO 0.5 vol. %; (d) 

PVDF_BTO 1 vol. %; (e) PVDF_BTO 3 vol. %; (f) PVDF_BTO 5 vol. %; (g) PVDF_BTO 10 

vol. %. The stretching direction is vertical with X-ray beam perpendicular to the film plane. 

Apart from the (020)α and (110)/(200)β reflections, the 120 °C drawn PVDF showed 

four arcs at about 45° off the equator (Figure 7.10a), which are reflections from the 

(021)α crystal planes. The increased chain mobility with increased temperature leads to 

a smaller effect of drawing on chain conformation, only orienting the crystals but not 

changing the chain conformation from trans-gauche to all-trans, thereby merely forming 

oriented α-crystals. The intensity of the (021)α reflection became weaker with increasing 

BTO amount, which is due to the reduced α-PVDF content in the composites. Contrary 

to the condition of drawing at 100 °C, the degree of orientation was enhanced by the 

presence of BTO particles. The f value peaked at 0.94 for the composite filled with 1 

vol. % BTO.  



Chapter 7 PVDF_BTO Composites 

136 

 

Figure 7.11a shows the DSC heating scans for the drawn films. The values of the 

calculated crystallinity and melting temperature are listed in Table 7.2. The crystallinity 

values represent total crystallinity of the α- and β-phases combined. Compared to the 

DSC graphs for the as-extruded samples, the drawn films exhibited only one fusion 

peak, which was about 3 °C lower than that of the main fusion peak for the as-extruded 

films (Figure 7.3a and Table 7.1). This is probably ascribed to the different crystalline 

phases; however, according to the literature the values of the melting temperature for α- 

and β-PVDF are possibly not differentiated. Martins et al. 97 suggested that α- and β-

PVDF showed indistinguishable melting temperatures in the range of 167-172 ℃, while 

other researchers88, 98, 99 have suggested that the β-PVDF should have a higher melting 

temperature than the α-phase due to its more densely packed all-trans chain 

conformation. Lanceros-Méndez group100 reported the melting temperature of poled β-

PVDF films as 156.3 ℃, much lower than the commonly reported values for α-PVDF. 

The conclusion from our work is that the melting temperature of β-phase is slightly 

lower than that of α-phase. The films drawn at 100 °C showed similar crystallinity to 

those of the as-extruded films, while the crystallinity of the films drawn at 120 °C 

increased moderately, which is linked to their more obvious strain hardening behaviour 

(Figure 7.6 and Table 7.2). Another feature shown in Figure 7.11a is the highly 

asymmetric shape of the fusion peaks for the 100 °C drawn films, owing to the 

heterogeneous distribution of crystallite size formed during drawing at the lower 

temperature,
150

 which suggests strong interactions between the PVDF and BTO fillers. 
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Figure 7.11 DSC heating scans for PVDF and PVDF_BTO composites films drawn to breaking 

point at: (a) 100 °C; (b) 120 °C.  

Figure 7.12 shows the FTIR spectra for the drawn films. The fraction of β-phase (F(β)) 

is listed in Table 7.2. It can be seen that the films drawn at 100 °C exhibit more β-phase, 

which is consistent with their XRD data, and F(β) was nearly independent of BTO 

content. For films drawn at 120 °C, the formation of the β-phase was enhanced in the 

presence of the BTO particles. The increase was more prominent at low loadings (<5 

vol. % BTO).  
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Figure 7.12 FTIR spectra for PVDF and PVDF_BTO composite films drawn to breaking point 

at: (a) 100 °C; (b) 120 °C. 
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Table 7.2 Crystallinity Χc, melting temperature Tm and fraction of β-phase F(β) for samples 

drawn to breaking point at 100 °C and 120 °C, the drawing rate is constant 10 mm/min. The 

enthalpy of fusion for a fully crystalline PVDF is 104.6 J/g.
186

 

Samples Drawn at 100 °C Drawn at 120 °C 

Χc Tm F(β) 

wt. % 

Χc Tm F(β) 

wt. % 

PVDF 50.3±2% 165.5±2 86.0±4 50.7±2% 166.5±2 47.3±3 

PVDF_BTO 

0.15 vol. % 

53.5±4% 165.7±1 88.3±5 51.6±2% 167.4±1 51.4±2 

PVDF_BTO 

0.5 vol. % 

49.4±4% 166.1±2 87.2±4 52.5±2% 166.5±2 53.9±3 

PVDF_BTO 

1 vol. % 

48.8±3% 165.2±2 86.2±4 54.0±1% 166.9±1 59.9±4 

PVDF_BTO 

3 vol. % 

48.9±1% 166.3±1 83.2±5 54.8±1% 166.7±2 56.1±3 

PVDF_BTO 

5 vol. % 

49.2±4% 166.1±1 84.7±3 51.0±3% 166.1±2 51.0±3 

PVDF_BTO 

10 vol. % 

49.4±5% 165.2±2 85.1±5 51.1±3% 166.5±1 45.2±3 

7.3.3 Electric properties of PVDF_BTO composites 

Dielectric properties 

The dielectric frequency spectra for the pure PVDF and PVDF_BTO composites are 

shown in Figure 7.13a-c. In the low frequency range (100-10000 Hz) the dielectric loss 
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tangent (D) of the as-extruded films decreased with increasing frequency, which is 

ascribed to the crystalline relaxation of α-PVDF.
15

  

Figure 7.13d shows the relationship between the BTO content and the values of 

dielectric constant ε’ and dielectric loss D measured at 1000 Hz and room temperature. 

It can be seen that the 100 °C drawn pure PVDF and composites with low BTO content 

(0.15 and 0.5 vol. %) displayed larger dielectric constant (ε’) compared to the as-

extruded films and the 120 °C drawn films with the same BTO content, which is due to 

the formation of the more polar β-phase structure, consistent with the reported work by 

Guan et al. 
197

 Composites filled with large amounts of BTO particles (5 and 10 vol. %), 

however, exhibited smaller ε’ values in the drawn samples in comparison with the as-

extruded samples, which is associated with the fact that drawing reduces agglomeration 

of the particles and improves the distribution of high ratios of fillers. Meanwhile, the D 

did not increase obviously due to the addition of BTO particles, which proves the fact 

that the introduction of BTO particles did not result in severe defects, and is also 

consistent with the DSC data, which showed that the composites and pure PVDF 

samples showed similar crystallinity values. The as-extruded samples showed higher 

dielectric loss than the drawn samples especially for the composites.  
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Figure 7.13 Frequency dependence of pure PVDF and PVDF _BTO composites with BTO 

content of 0.15, 0.5, 5, 10 vol. %: (a) as-extruded films; (b) films drawn to breaking point at 
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100 °C and 10 mm/min; (c) films drawn to breaking point at 120 °C and 10 mm/min. (d) 

dielectric permittivity (ε’) and loss (D) as a function of vol. % BTO. 

Ferroelectric properties 

The ferroelectric properties of the pure PVDF and PVDF_BTO composites are shown 

in Figure 7.14. The displayed P-E loops are all saturated, which was determined by 

checking the invariance of the position of switching current peak with increasing 

maximum amplitude. The as-extruded samples displayed ferroelectric switching, which 

was associated with a field induced phase transformation during testing, from the non-

polar α-phase to the polar δ-phase. The remnant polarization and coercive field for the 

pure as-extruded PVDF were 0.05 C/m
2
 and 115 kV/mm (Figure 7.14a, b), respectively, 

consistent with the reported values for δ-PVDF.
40

 Small amounts of BTO, 0.15 and 0.5 

vol. %, slightly increased the remnant polarization. However, larger BTO contents, e.g. 

10 vol. %, resulted in severe current leakage and decreased the breakdown voltage, 

which is mainly ascribed to particle aggregation and/or formation of voids at high filler 

contents.  
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Figure 7.14 Ferroelectric I-E and P-E loops measured at 10 Hz for pure PVDF and PVDF 

_BTO composites with BTO content of 0.15, 0.5, 5, and 10 vol. %: (a, b) as-extruded films; (c, 

d) films drawn to breaking point at 100 °C and 10 mm/min; (e, f) films drawn to breaking point 

at 120 °C and 10 mm/min.  
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The drawn films (Figure 7.14c-f) produced well defined ferroelectric behaviour. The 

100 °C drawn pure PVDF showed a remnant polarization of 0.080 C/m
2
 and a coercive 

field of 80 kV/mm. Comparable values were observed in the 120 °C drawn PVDF, 

0.075 C/m
2
 and 86 kV/mm, respectively. The slightly lower remnant polarization in the 

120 °C drawn PVDF films is linked to the lower content of the ferroelectric β-phase. It 

is clearly seen that the coercive field of the composites decreased to about 60 kV/mm, a 

25 % reduction compared to that of pure PVDF in both the 100 °C and 120 °C drawn 

films. The interfaces between the PVDF matrix and BTO particles may have facilitated 

the nucleation of ferroelectric domains, which assists ferroelectric switching.
181

 For the 

100 °C drawn films, the remnant polarization of the composites filled with 5 vol. % 

BTO reached 0.095 C/m
2
 without showing any current leakage. To the best of our 

knowledge, the highest reported values of ferroelectric remnant polarization of PVDF 

based polymer composites is 0.093 C/m
2
 for PVDF-TrFE filled with 10.8 vol. % BTO 

nanofibers.
124

  

7.4 Conclusions 

In conclusion, the PVDF_BTO composites prepared by extrusion followed by solid 

state drawing were systematically studied. The BTO particles do not promote the 

crystallization of β-phase in PVDF, but larger α-PVDF spherulites were formed with the 

addition of less than 3 vol. % of BTO particles. A study of isothermal crystallization 

revealed that small amounts of BTO produce a significant change in the crystallization 

behaviour of PVDF; the Avrami exponent n changed from 4 to 2 with the addition of 

small amounts of BTO (less than 1 vol. %), which indicates that the crystals of PVDF 

were changed from three-dimensional spherulites to two-dimensional lamellar structure 
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due to the nucleation effect of BTO on the crystallization of large full ring banded 

spherulites. Additionally, in the following process of transforming α- to β-PVDF via 

solid state drawing, the rigid BTO particles produced stress concentrating effects along 

with the formation of voids and cavities, facilitating the generation of β-PVDF with 

more pronounced crystalline orientation in the case of the higher drawing temperature 

(120 °C). Finally, the dielectric properties were improved with the addition of BTO, the 

dielectric permittivity of 100 °C drawn films roughly increased from 14 to 20 (100 Hz), 

while the dielectric loss remained at about 0.02 after filling with 5 vol. % of BTO 

particles. The ferroelectric properties were also enhanced by drawing; the 100 °C drawn 

PVDF_BTO 5 vol. % composites films showed a remnant polarization of 0.095 C/m
2
 

the highest value ever reported for PVDF based composite materials and a coercive 

field of 50 kV/mm without the occurrence of obvious current leakage.  
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Chapter 8 Conclusions and Future Work 

8.1 Conclusions 

This thesis has examined the melt-extrusion processing, structure and properties of 

PVDF, PVDF-TrFE, PVDF/PVDF-TrFE blends and PVDF_BTO composite materials.  

8.1.1 PVDF 

In Chapter 4: 

 Melt extruded PVDF films mainly crystallized into non-ferroelectric α-phase 

regardless of the processing conditions. The ferroelectric β-phase PVDF was 

obtained by high temperature drawing of the α-phase of as-extruded films. Both 

the α- and β-phase coexisted in the drawn films.  

 The fraction of β-phase was influenced by the draw ratio, drawing temperature 

and drawing rate. A minimum draw ratio of 3 was required to form β-phase. 

High drawing temperature (> 100 °C) could only orientate the α-crystals along 

the drawing direction, but did not make the chain conformation change to form 

the β-phase. At the same draw ratio and drawing rate (draw ration 3, drawing 

rate 10 mm/min), films drawn at 120 °C contained only 50% β-phase, lower 

than that of films drawn at 80 °C and 100 °C (~ 80%). Films drawn at 100 °C 

and 5 mm/min contained only 65% β-phase, which increased to 80% with 

increasing drawing rate to 10 mm/min, but any further increase in the drawing 

rate made no difference on the content of β-phase. 
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 Uniaxial drawing changed the spherulites to fibril structure and caused the 

polymer chains to orientate along the drawing direction, resulting in preferred 

crystalline orientation. The overall crystallinity calculated using the values of 

enthalpy of fusion did not alter after drawing. However, the melting 

temperatures of the drawn films were lower than that of as-extruded films, as 

determined from both the DSC data and dielectric temperature spectra. 

Moreover, the dielectric temperature spectra also indicated higher glass 

transition temperature for the drawn films.  

 The dielectric constant values of the drawn films were higher compared to the 

as-extruded films because of their higher β-phase content.  

 The drawn films showed significantly higher ferroelectric remnant polarization 

and less current leakage as compared to the as-extruded films. It is believed that 

the improvement in the ferroelectric properties is mainly ascribed to their higher 

β-phase content and preferred orientation.  

8.1.2 PVDF-TrFE 

In Chapter 5: 

 Highly crystalline and oriented PVDF-TrFE films can be produced by melt 

extrusion, with the polymer chain axis along extrusion direction. The crystalline 

structure and orientation level can be controlled by changing the extrusion 

temperature. 

 The optimum extrusion temperature was found to be 190 ℃. The 190 ℃ 

extruded PVDF-TrFE films exhibited a well stacked edge-on lamella structure 

with remarkable ferroelectric properties. 
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 The coercive field was 23.9 kV/mm and the remnant polarization (0.078 C/m
2
) 

was close to the estimated remnant polarization value assuming perfect in-plane 

c-axis orientation and 80% crystallinity (0.082 C/m
2
). After annealing at 140 ℃ 

the crystallinity of the films was increased (~ 90%) and the ferroelectric 

properties further improved with Pr of 0.099 C/m
2 
and Ec of 37.9 kV/mm. 

8.1.3 PVDF/PVDF-TrFE blends 

In Chapter 6: 

 PVDF and PVDF-TrFE are immiscible according to the DSC results, but they 

intimately crystallize on a fine scale (~ 40 nm) without the appearance of 

distinct phase separation.  

 With increasing amount of PVDF-TrFE, the blended films have more β-phase 

and increased preferred orientation, more than would be expected based on a 

simple rule of mixtures.  

 Due to interfacial polarization, PVDF/PVDF-TrFE blended films have larger 

dielectric constant than those of the two pure components.  

 The ferroelectric properties of the blended films were enhanced by the 

introduction of PVDF-TrFE. The switching field decreased (from 75 to 32 

kV/mm), while the remnant polarization increased (from 0.040 to 0.077 C/m
2
) 

with increasing amount of PVDF-TrFE from 0 to 40 wt. %.  

 The Curie transition was suppressed in the blended films, which may lead to 

increased high temperature stability for piezoelectric applications. 



Reference 

149 

 

8.1.4 PVDF_BTO composite films 

In Chapter 7: 

 The BTO particles do not promote the crystallization of β-phase in PVDF, but 

larger α-PVDF spherulites were formed with the addition of less than 3 vol. % 

of BTO particles.  

 A study of isothermal crystallization revealed that small amounts of BTO 

produce a significant change in the crystallization behaviour of PVDF; the 

Avrami exponent n changed from 4 to 2 with the addition of small amounts of 

BTO (less than 1 vol. %), which indicates that the crystals of PVDF were 

changed from three-dimensional spherulites to two-dimensional lamellar 

structure due to the nucleation effect of BTO on the crystallization of large full 

ring banded spherulites.  

 In the following process of transforming α- to β-PVDF via solid state drawing, 

the rigid BTO particles produced stress concentrating effects along with the 

formation of voids and cavities, facilitating the generation of β-PVDF with more 

pronounced crystalline orientation in the case of the higher drawing temperature 

(120 °C).  

 The dielectric properties were improved with the addition of BTO, the dielectric 

permittivity of 100 °C drawn films roughly increased from 14 to 20 (100 Hz), 

while the dielectric loss remained at about 0.02 after filling with 5 vol. % of 

BTO particles.  
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 The ferroelectric properties were also enhanced by drawing; the 100 °C drawn 

PVDF_BTO 5 vol. % composites films showed a remnant polarization of 0.095 

C/m
2
 the highest value ever reported for PVDF based composite materials and a 

coercive field of 50 kV/mm without the occurrence of obvious current leakage.  

8.2 Future work 

8.2.1 Ferroelectric switching mechanism of polymers 

There is an obvious lack of literature about the structure of ferroelectric domains in 

polymers and how they respond during ferroelectric switching. The in-situ temperature 

measurement of piezoresponse force microscopy (PFM) should be conducted to study 

the ferroelectric switching for polymers. 

8.2.2 Revisiting the phase diagram of PVDF-TrFE 

According to the existing phase diagram, PVDF-TrFE with TrFE content less than 55% 

should be antiferroelectric. However, the PE-loops of PVDF-TrFE 51/49 showed 

typical ferroelectric behaviour. The phase diagram of PVDF-TrFE should be revisited 

not only in the temperature dependence, but also in the electric field dependence. 

8.2.3 Minimizing crystallite size for PVDF-based polymer films 

PVDF-TrFE 77/23 shows a first order Curie transition with large hysteresis. However, 

the Curie transition of extruded PVDF/PVDF-TrFE blends was suppressed, which is 

significantly related to the small crystallite size. This gives us some thoughts on 

decreasing the crystallite size of PVDF-based polymers into several nanometers, which 

could help us to obtain high energy density and low loss dielectric polymer materials. 
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