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ABSTRACT: The transformation of a to b-phase in poly(vinylidene fluoride) (PVDF) induced by the addition of tetradecylphosphonic

acid (TDPA)-BaTiO3 nanoparticles and subsequently the isothermal crystallization kinetics of pristine PVDF and its nanocomposites

have been investigated. The result of infrared spectra showed that the relative crystalline fraction of b-phase was enhanced greatly af-

ter the introduction of TDPA–BaTiO3 nanoparticles, and reached the peak of 93% when the concentration of nanofillers was 20%.

The interaction between TDPA–BaTiO3 nanoparticles and PVDF macromolecular chains induced the change of conformation from

trans-gauche to all-trans crystal structure in PVDF segment. The isothermal crystallization of TDPA–BaTiO3/PVDF nanocomposites

was carried out by the differential scanning calorimetry (DSC). The influence of TDPA–BaTiO3 nanoparticles concentration on crys-

tallization rate, activate energy, melting enthalpy, and peak temperature were studied. The nanocomposite film loaded 20% TDPA–

BaTiO3 nanoparticles exhibited the highest crystallization rate and activate energy, which decreased after loading more nanofillers in

the host because of high volume fraction of nanoparticles leading to steric hindrance and further weakening the mobility of PVDF

chains during the crystallization. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 129: 2940–2949, 2013
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INTRODUCTION

Dielectric materials play a key role in modern energy storage sys-

tem and have expansive applications from electric storage to

energy transformation energy.1–3 Due to increasing demands for

compact electronics and electric storage devices with high energy

density, the development of dielectric materials with high permit-

tivity becomes the hot issue of present research. Such as, dielec-

tric capacitors with high energy density can significantly reduce

the weight, the volume and the cost of entire energy storage sys-

tem. Dielectric polymers are the primary choice for energy stor-

age capacitors owing to wonderful mechanical flexibility, high

dielectric strength, low cost, and also processing advantages.4–8

Discovery of poly(vinylidene fluoride) (PVDF) with greatly

enhanced ferroelectric property opened a new world of ferroelec-

tric polymer science, and since then PVDF has established itself

as a vital ferroelectric polymer.1,9 PVDF exhibits a very simple

chemical formula, and its constitutional repeating unit is

ACH2ACF2A, intermediate between polyethylene (PE) ACH2A
CH2A and polytetrafluoroethylene (PTFE) ACF2ACF2A. This

similarity of chemical structure guarantees both great mechanical

flexibility (as much as PE) and steric constraint (as seen in PTFE)

of PVDF chains. Because of these structure characteristics, there

are many types of geometric configuration and crystal structure

in PVDF, depending on processing conditions during fabrication

of PVDF. Given the packing modes of these molecular chains

into the unit cell, macromolecular conformations of PVDF

appear in four kinds of crystalline phases known as a, b, c, and d.

In view of practical applications the a- and b-phases are the most

important crystalline structures. The a-phase belongs to trans-

gauche (TGTG’) conformation and is nonpolar. Therefore the a-

phase crystalline form of PVDF exhibits low permittivity. It can

be commonly obtained from molten sample cooled to room tem-

perature at a normal cooling rate or solvent cast at solvent evapo-

ration temperature above 120�C. The b-phase with all-trans

bond (TTTT) conformation is comprised of fluoride and hydro-

gen atoms on the opposite sides of the polymer chains, which

leads to net dipole moment.9 The unit cell of b-phase contains

two identical all-trans chains packed with their dipoles having

same direction and being perpendicular to the polymer main

chain. This provides great piezoelectricity and ferroelectric, which

are important to the applications of energy conversion and
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storage involving the electroactive properties of dielectric

materials.

Generally, the b-phase PVDF is transformed by stretching the

a-phase at the temperature below 100�C with a stretch factor

between 3 and 5.10–12 The solvent evaporation temperature of

unoriented b-phase PVDF obtained by solution cast usually

below 70�C. If the preparation temperature is higher than 70�C,

the sample will be mixtures containing both a- and b-phases,

and the fraction of a-phase increases with increasing solvent

evaporation temperature. The crystal form of PVDF membrane

was b-phase and displayed high permittivity in some specific

solvents. Also the PVDF films in different types of diluents,

such as 1,2-propylene glycol carbonate, dimethyl phthalate,

diphenyl ketone, and dibutyl phthalate by the thermally induced

phase separation method exhibited three kinds of

morphologies.13

The crystal structure and physical properties of PVDF not only

depend on the prepared conditions but also can be strongly

affected by the presence of nanoparticles, which effects on the

crystallization behavior and polymer morphology.14–16 Influence

of nanofillers, such as carbon nanofibers and magnetic nanopar-

ticles on the transformation of a to b-phase has been studied.

Lanceros-Mendez et al.17 investigated the effect of carbon nano-

fiber concentration on the transformation of a to b-phase of

PVDF matrix. The stretching of as-prepared composite films by

solution casting induced the transformation of a to b-phase

within the polymer matrix. In this phase transformation, the

polymer chains were prompted to all-trans zigzag conformation

and oriented in the crystals. This phase transformation occurred

as in the plain PVDF with the destruction of the spherulitic

microstructural morphology and then produced a microfibrillar

one. Moreover, the addition of the carbon nanofibers in the

PVDF matrix increased the degree of crystallinity of the poly-

mer composites. The influence of the existence of multiwalled

carbon nanotubes on the formation of b-crystalline phase in the

PVDF host was studied by Song et al.18 The fraction of b-phase

can be greatly enhanced with wrapped carbon nanotubes. Piezo-

electric property of PVDF and carbon nanotubes blends was

investigated by Hong et al.19 The enhancement of the elastic

modulus property can be explained by the transformation of a
to b-phase in the polymer microstructure due to the presence

of carbon nanotubes. Furthermore, the existence of nanopar-

ticles also influence on crystallization kinetics. Despite the crys-

tallization behavior of a-phase PVDF have been studied,20 the

effect of nanoparticles on the crystallization of polymer-based

dielectric nanocomposite has not investigated in-depth.

Recent researches show that the addition of nanoparticles into

the PVDF matrix shifts the crystallization peak to higher tem-

perature, and also smaller spherulites of PVDF were produced.

This indicates that the crystallization rate of PVDF accelerates

in the blends because of the nucleating function of nanopar-

ticles.21 Ferrite nanoparticles, such as magnetic carbon nano-

tubes, CoFe2O4 and NiFe2O4 were added into polymer matrix

via solution blending with different concentrations to obtain

ferrite nanoparticles/polymer nanocomposite.22–24 The used

ferrite nanoparticles played a key role in nucleating the ferro-

electric phase of PVDF. The nucleation kinetics of nanocom-

posites was enhanced by the existence of CoFe2O4 and

NiFe2O4 nanoparticles. There was a key change in Avrami’s

exponent with increasing nanoparticles concentration. Nandi

et al.25 made use of nano-sized Ag to act as nuclei in the

crystallization of b-crystalline phase PVDF. The melting point

and enthalpy of fusion of PVDF in the nanocomposite

enhanced with increasing in Ag nanoparticles concentration.

The crystallization indicates nucleating effect of Ag nanopar-

ticles in the composite.

Regarding isothermal crystallization kinetics of polymer nano-

composites, Papageorgiou coworkers26 took advantage of

Avrami equation, demonstrated that crystallization rates of

silica/poly(propylene terephthalate) nanocomposites were

enhanced with low silica content. The reduced recrystallization

on heating was observed due to bonding between the cross-

linking of the polymer macromolecules and silica nanopar-

ticles. More recently, ferroelectric ceramic nanoparticles were

added into PVDF matrix to improve the dielectric property

and meet the increasing demand of advanced applications in

up-to-date electronics and energy storage.27–32 The addition of

ferroelectric nanoparticles enhanced the permittivity of poly-

mer nanocomposites. Nevertheless, the transformation of dif-

ferent crystal types in the PVDF matrix induced by ferroelec-

tric nanoparticles has not been studied extensively. The

crystallization behavior of this nanocomposite film needs to be

investigated further.

In this work, we report a simple and convenient method to fab-

ricate tetradecylphosphonic acid (TDPA)-BaTiO3/PVDF nano-

composite films with different concentrations by casting solu-

tion. The used nanoparticles induce the transformation of a to

b-phase in PVDF matrix. Furthermore, the crystallization

kinetics of PVDF nanocomposites has been studied to investi-

gate the effect of nanoparticles during the crystallization in the

different crystal phases.

EXPERIMENTAL

Materials

PVDF powder was purchased from Shanghai 3F Company

(China). Barium titanate (99þ%, 60–80 nm) nanoparticles was

bought from Aldrich and functionalized with TDPA which was

synthesized according to Arbuzov reaction. TDPA–BaTiO3

nanoparticles were used as active nanofillers in PVDF nanocom-

posite films. N, N-dimethylacetamide (DMAc) was purchased

from Sinopharm Chemical Reagent Company (China), and used

without further purification.

Preparation of PVDF Nanocomposite Films

The film in a thickness of 55–60 lm was prepared via casting

the PVDF solution in DMAc on glass plate followed by drying

at 60�C for 120 min. The PVDF powder (0.5 g) was initially

dissolved in 10 mL DMAc. After stirring the mixture for 30

min, the TDPA–BaTiO3 nanoparticles were added in. The mixed

solution was stirred for 25 min at room temperature and ultra-

sonicated for 10 min to make sure TDPA–BaTiO3 nanoparticles

dispersing homogenously in solution. To remove extra gas in
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the solution, the mixture was stewed for 20 min before pouring

on glass substrate, which was dried at 60�C for 120 min and

cooled slowly to room temperature.

FT-IR Analysis

Infrared measurements were performed to determine and char-

acterize the presence of the different PVDF crystalline phase. A

Nicolet Avartar 360 apparatus was used in transmittance mode

and Fourier transform infrared spectra (FT-IR) were collected

with a resolution of 2 cm�1 from 4000 to 600 cm�1.

Isothermal Crystallization Kinetics

Crystallization kinetics of PVDF and its nanocomposite films

was measured by isothermal experiments using differential scan-

ning calorimetry (DSC, TA Q2000). Dry high-purity nitrogen

gas was sent into DSC cell through the whole experiment with

a flow rate of 50 mL per minute. The sample of each nanocom-

posite, cut from the film, around 5 mg, was sealed in aluminum

pans and used for the entire isothermal experiments. Nearly, all

the samples had the equally weight (about 5 mg) and the iden-

tical thickness, around 60 lm. The thermal history of PVDF

nanocomposite films were erased by heating at 180�C for 3

min. The samples then were quenched at the fastest rate

(around 45�C/min) to the chosen isothermal crystallization

temperature Tc (from 144 to 148�C) and held at it for 15 min.

The samples were then cooled to ambient temperature and

heated to 180�C at 10�C/min. The calibration of the DSC was

made with the standard calibration of TA Q series.

RESULTS AND DISCUSSION

Content of b-Phase in the PVDF and Nanocomposite Films

As already reported in previous works, the addition of nanofil-

lers, such as carbon nanotubers or magnetic nanoparticles,

changes the crystallization behavior of the host polymers.33,34 In

this work, PVDF nanocomposites were prepared via simple

solution casting with different contents of TDPA–BaTiO3

nanoparticles in the polymer matrix to explore the effect of

nanofillers during the crystallization and the phenomenon of

TDPA–BaTiO3 nanoparticles inducing crystallization of the

b-phase PVDF directly.

The FT-IR spectra for PVDF with different contents of TDPA–

BaTiO3 nanoparticles were shown in Figure 1. The infrared

transmittance bands at 764 and 839 cm�1 represent a and b-

phase of PVDF, respectively. It is observed that both a and b-

phase exist in the neat PVDF and its nanocomposite films. The

higher content of nanofillers in the nanocomposite comprised,

the higher crystallinity of b type structure was formed.

The relative content of b-phase in each sample was examined

from the infrared transmittance bands at 764 and 839 cm�1. It

is estimated that the relative fraction of b-phase can be calcu-

lated by eq. (1), assuming that the infrared transmittance obeys

the Lambert-Beer law.35

FðbÞ ¼ Xb

Xa þ Xb
¼ Ab

ðKb=KaÞAa þ Ab
(1)

where Aa and Ab are the absorbance at 764 and 839 cm�1, respec-

tively, and Ka and Kb represent the absorption coefficients at the

corresponding wavenumber, which are 6.1 � 104 and 7.7 � 104

cm2 mol�1. For the nanocomposite films, the variation of relative

fraction of b-phase with increasing concentration of TDPA–

BaTiO3 nanoparticles was depicted in Figure 2. In the pristine

PVDF film, the relative crystalline fraction of b-phase was 66%.

According to previous researches, the evaporation temperature

during the fabrication of nanocomposite film affected the form of

different crystal structures.34 In this study, the temperature of

film fabrication was 60�C and under such evaporation tempera-

ture PVDF macromolecular segments are likely to produce all-

trans zigzag conformation. After adding the nanofillers into

PVDF host, the relative crystalline fraction of b-phase increased,

which arrived at the peak of 93% while the concentration of

TDPA–BaTiO3 nanoparticles was 20%. Obviously, the used

Figure 1. FT-IR spectra of PVDF and its nanocomposites with different

concentrations of TDPA–BaTiO3 nanoparticles. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 2. Evolution of the b-phase content with increasing TDPA–BaTiO3

nanoparticles content.
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nanoparticles enhanced the content of b-phase in the nanocom-

posites. The interaction between nanoparticles and PVDF chains

induced the change of the all-trans conformation in PVDF seg-

ment. The existence of TDPA–BaTiO3 nanoparticles promoted

the all-trans nucleation of PVDF segment, and then this structure

propagated in the crystal growth of PVDF chains. In this work,

the demonstrating by FT-IR spectra indicated the greatly enhan-

cement of b-phase crystallinity with the presence of TDPA–

BaTiO3 nanoparticles.

Crystallization Behavior of PVDF and Its Nanocomposite

Films

All isothermal crystallization experiments were conducted on

each sample in the aluminum pan of the DSC cell during the

entire experiment. After the first melting, the repeatability is

excellent. For instance, melting and cool cycles of 10% nanofil-

lers nanocomposite film go for five times and the difference in

the endothermal peak position is smaller than 0.2% while the

difference in the crystalline fraction which was determined by

the integration of the peak was smaller than 1.3%. Repeatability

of a series of different samples was examined with two sealed

samples of the same volume fraction nanocomposite film for

melting and crystallization cycles. Uncertainty of endothermic

peak temperature is still less than 0.3% and difference of crys-

tallization fraction is less than 2.5%. This also indicates that the

nanoparticles dispersed well in the nanocomposite films.

Typical DSC isothermal crystallization of pristine PVDF and its

nanocomposites were exhibited in Figure 3. The maximum exo-

thermal peak shifts toward longer time as the isothermal

Figure 4. Dependence of melting enthalpy (n) and peak temperature

(~) of pristine PVDF on crystallization temperature. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 3. Crystallization thermograms at 144–148�C for different concentrations of PVDF nanocomposite films: (a) pristine PVDF film; (b) 10%

TDPA–BaTiO3; (c) 20% TDPA–BaTiO3; (d) 30% TDPA–BaTiO3. The exothermal peak is up. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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crystallization temperature increases. The same trend was

observed in the isothermal crystallization of PVDF nanocompo-

site films [Figure 3(b–d)]. At higher temperature, polymer chain

exhibits high mobility and needs more time to propagate regu-

lar crystal structure. At certain isothermal temperature the peak

moves to shorter time as content of nanoparticles increases, and

then moves to longer time when the nanocomposite film con-

taining 30% TDPA–BaTiO3 nanoparticles. Nucleation of TDPA–

BaTiO3 nanoparticles reduces the time of crystallization at low

concentration. At higher content in the nanocomposite film,

besides of nucleation, the existence of nanoparticles result in

steric hindrance. Polymer chains have to overcome the hin-

drance in the initial stage of crystallization, so it takes longer

time to pack into the regular crystal structure.

The crystallization fraction was calculated from the integration

of the endothermic peaks, assuming that the melting enthalpy

of the 100% crystalline a-PVDF is 93.07 J/g.36 The Melting en-

thalpy and peak temperature for pristine PVDF was represented

in Figure 4 and for PVDF nanocomposite films were listed in

Table I. The peak temperature of PVDF nanocomposites

increased with the rising crystallization temperature. The

Figure 5. Evolution of relative degree of crystallinity as a function of crystallization time at various isothermal temperatures for different contents of

nanoparticles: (a) pristine PVDF film; (b) 10% TDPA–BaTiO3; (c) 20% TDPA–BaTiO3; (d) 30% TDPA–BaTiO3. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Table I. Evolution of Melting Enthalpy and Peak Temperature of PVDF and Its Nanocomposite Films

Tc(�C) 144 145 146 147 148

PVDF DHm (J/g) 22.45 22.10 21.64 21.28 20.96

Tp (�C) 163.41 163.48 163.61 163.76 163.79

10% TDPA–BaTiO3 DHm (J/g) 20.27 19.93 19.76 19.63 19.41

Tp (�C) 163.64 163.81 163.97 164.04 164.15

20% TDPA–BaTiO3 DHm (J/g) 9.73 9.54 9.38 9.20 9.06

Tp (�C) 163.00 163.22 163.36 163.39 163.48

30% TDPA–BaTiO3 DHm (J/g) 5.76 5.71 5.65 5.46 5.34

Tp (�C) 162.74 162.91 162.98 163.03 163.20
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crystallization fraction of PVDF reduced slightly with the

increasing isothermal temperature. While the following melting

peak temperature increased a little with increasing crystallization

temperature. In the whole crystallization of polymers usually

there are two stages, nucleation and crystal growth, respectively.

The crystalline rate was controlled by those two stages. At high

crystalline temperature, the size of polymer crystal is larger

because of low super cooling. In the opposite, the crystalline

size will be smaller at low crystalline temperature under high

super cooling. Thus the melting enthalpy decreased with

increasing temperature. The crystalline fraction of PVDF in the

sample decreased obviously as the content of TDPA–BaTiO3

nanoparticles increased. This phenomenon can be explained

that the heterogeneous nucleation of TDPA–BaTiO3 nanopar-

ticles effect on the movement of PVDF macromolecular chain

segments, and PVDF host and the nanofillers can be likely to be

uniform system, which leads to the crystallinity of PVDF

decreases at a high nanoparticles volume fraction. This was also

evidenced by the isothermal crystallization of poly(vinyl methyl

ether) aqueous solution and ferrite nanoparticles/PVDF.24,37

This fact is contrast to some fillers such as carbon black,38 silica

nanoparticles,39 and vapor grown carbon nanofibers17 that are

reported to increase the crystalline fraction of polymer. In this

study, the used nanoparticles with a constrained polymer layer

act as nucleating agents and affect the crystallization kinetics

instead of acting as heterogeneous nucleating agents.40 This

shows that the presence of nanoparticles has a complex effect

on the crystallization of PVDF.

Crystallization Kinetics of the Nanocomposite Films

Crystallization kinetics of polymer nanocomposites depends on

various influencing factors. For example, the nucleation of poly-

mer chains, interaction between macromolecular chain and

nanoparticles surfaces, and the coexistence of different crystal-

line phases caused by varied nucleation and crystal growth rates

have important effects on the crystallization kinetics of polymer

nanocomposite. To further analyze the isothermal crystallization

experiments, the crystallization of PVDF and its nanocompo-

sites was compared. Analysis of the overall crystallization rate

under isothermal experiment is generally accomplished with the

use of Avrami equation that was used in the crystallization of

metals at first, now applied in the crystallization kinetics of

polymers widely.

A general form of Avrami equation is described as:41–43

1 � Xt ¼ expð�KtnÞ (2)

where Xt is relative degree of crystallinity, while K and n are

constants of a given morphology and type of nucleation. K is

Figure 6. Avrami plots lnð1 � Xt Þ½ � against ln t at various temperatures for different contents of nanoparticles: (a) pristine PVDF film; (b) 10%

TDPA–BaTiO3; (c) 20% TDPA–BaTiO3; (d) 30% TDPA–BaTiO3. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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crystallization rate constant, while n is Avrami index and includes

information of nucleation and growth geometry. The exponent,

n, is correlated to space dimensionality of growth and time

dimensionality of nucleation. The determination of n values is

complicated by factors such as more than single mode of nuclea-

tion, various morphologies in growth of crystal, incomplete crys-

tallization, or phase transformation involved during the process.

Thus values of n are always fractions instead of integers.

As discussed before, the addition of nanoparticles has a complex

effect on the crystallization of PVDF. Now the influence of

nanoparticles on the kinetics of PVDF crystalline with the

Avrami equation is examined. Xt is relative degree of crystallin-

ity, as a function of crystallization time t, and can be defined as:

Xt ¼
R t

0
@H
@t

� �
@tR1

0
@H
@t

� �
@t

(3)

where @H=@t is the DSC heat flow. The numerator means the

enthalpy at a given time t, and the denominator is the total

exothermal enthalpy when the crystallization is completed. The

development of crystallinity Xt as a function of time, t, for

PVDF and its nanocomposites at various crystallization temper-

atures were shown in Figure 5, which were represented by dif-

ferent geometrical symbols. S-shaped curves were obtained,

which are consistent with nucleation and growth process of

polymer crystallization. At the lower crystallization temperature,

less time needed to achieve the end of crystallization. For exam-

ple, the crystallization of neat PVDF almost completed after 6

min at 144�C, however, under the same time at the crystalliza-

tion temperature of 148�C the relative degree of crystallinity

reached 28%. In addition, we found that no matter which tem-

perature chosen for 20% TDPA–BaTiO3 nanoparticles nano-

composite film, it needs the least time to complete the crystalli-

zation. Even at 148�C when the crystallization time reached 6

min, >90% crystallinity was finished.

Under the crystallization temperature of 148�C, at the initial

stage of isothermal crystallization, the nuclei of pristine PVDF

needs more time, and the Xt is very small. After adding the

nanoparticles into PVDF matrix, at certain time the relative

degree of crystallinity is raised. During the whole crystallization

time, the Xt of nanocomposites are higher than it of pristine

PVDF. The presence of TDPA–BaTiO3 nanoparticles turned the

crystallization of PVDF from homogeneous to heterogeneous

nucleation. Also the addition of nanoparticles promotes the

nuclei of PVDF chain segments and reduces the time of preg-

nant period, thus the Xt of PVDF nanocomposite films

are higher than that of pristine PVDF at given time. Meanwhile

the existence of nanoparticles is too much in the host, like vol-

ume fraction of 30%, the crystallization of PVDF will be

hindered.

Applying logarithmic properties to both sides of eq. (2), the lin-

earized equation can be obtained:

ln �lnð1 � Xt Þ½ � ¼ ln K þ nlnt (4)

The above mentioned equation represents that n is the slop of

the plot of lnð1 � Xt Þ½ � against ln t. Figure 6 shows this repre-

sentation for PVDF and its composites with different

volume fractions of TDPA–BaTiO3 nanoparticles under various

crystallization temperatures. Applying the eq. (4), the influence

of nanoparticles on the Avrami parameters of crystallization of

PVDF is shown in Figure 7. There is an important change in

Avrami exponent which reduces from 2.9 to around 2.0 with

the increasing TDPA–BaTiO3 nanoparticles at 148�C, and the

similar trend happens to the crystallization rate constant K. The

connection of macroscopic Avrami parameters and microscopic

polymer chain crystal interaction is that both nucleation

kinetics and the interaction of growing polymer crystal leads to

changes in kinetics parameters. This shows the existence of

nanoparticles has a vital effect on the crystallization of

PVDF.17,24

The half crystallization time, t1/2, is defined as the time when

the extent of crystallization reached 50% of overall. It can be

obtained from eq. (2):

1=2 ¼ 1 � Xt ¼ expð�KtnÞ (5)

Figure 7. Evolution of the Avrami parameters: (a) n and (b) ln K with different volume fraction of TDPA–BaTiO3 nanoparticles. The isothermal crystal-

lization temperature is 148�C.
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that can be further rewritten as:

t1=2 ¼ ln 2

K

� �1=n

(6)

where t1/2 is the time at which the extent of relative crystalliza-

tion is 50%. It can be considered approximately as the growth

rate of crystallization (Figure 8). The isothermal crystallization

parameters of PVDF and its nanocomposite films at various

crystallization temperatures were shown in Table II.

Nucleation plays a key part in the kinetics of mass crystal

growth that was observed by DSC thermograms. Generally, the

mass crystal growth increases with increasing nucleation under

the same crystal growth rate at the first period of crystallization

when the spherulites collide with each other. The growth rate of

crystallization for plain PVDF was below 0.4 min�1 at the crys-

tallization temperature of 144�C. After adding TDPA–BaTiO3

nanoparticles into PVDF matrix, it increased greatly and

reached the peak of 1.8 min�1 for 20% TDPA–BaTiO3 nanopar-

ticles nanocomposite film. Loading more nanoparticles into

films, the crystal growth rate decreased deeply. Because too

much nanoparticles loaded in the nanocomposite hinders the

reorganization of PVDF macromolecule chain. At high crystalli-

zation temperature, such as 148�C, the growth rate of crystalli-

zation for various concentrations had little difference. It indi-

cates that the growth of crystal is a key step for the overall

crystallization at high temperature.44,45

Activate Energy of the Nanocomposite Films in

Crystallization

Assuming that the isothermal crystallization is activated by ther-

mal, crystallization rate constant, K, can be applied by Arrhe-

nius equation:46

K
1
n ¼ k0 exp � DE

RTc

� �
(7)

that can be further expressed as:

1

n
lnK ¼ ln k0 ¼ DE

RTc

(8)

where k0 is a temperature-independent pre-exponential factor, R

the gas constant, Tc isothermal temperature, and DE is the crys-

tallization activate energy. DE can be determined by the slope

coefficients of plots of (1/n)ln K as a function of 1/Tc (Figure

9). The effect of the TDPA–BaTiO3 nanoparticles contents on

the activate energy of isothermal crystallization of PVDF was

exhibited in Figure 10. It can be observed that the crystallization

Table II. Isothermal Crystallization Parameters for PVDF and Its Nanocomposite Films at Various Crystallization Temperatures

Tc ( C) 144 145 146 147 148

PVDF n 1.96 2.34 3.11 2.73 2.94

ln K �2.2648 �3.2759 �5.1503 �5.2439 �6.2480

t1/2 2.63 3.47 4.66 5.97 7.39

R2 0.9963 0.9990 0.9979 0.9998 0.9920

10% TDPA–BaTiO3 n 1.37 1.50 1.58 1.86 1.96

ln K �0.6754 �1.2879 �1.9533 �2.7937 �3.5445

t1/2 1.25 1.85 2.73 3.69 5.06

R2 0.9947 0.9985 0.9956 0.9981 0.9978

20% TDPA–BaTiO3 n 1.03 1.02 1.19 1.55 1.84

ln K 0.2211 �0.2615 �0.8777 �1.7207 �2.4998

t1/2 0.57 0.90 1.54 2.40 3.19

R2 0.9634 0.9946 0.9871 0.9871 0.9925

30% TDPA–BaTiO3 n 1.37 1.61 1.54 1.72 1.86

ln K �0.9206 �1.5595 �2.0032 �2.5418 �3.0632

t1/2 1.50 2.10 2.89 3.54 4.26

R2 0.9943 0.9971 0.9924 0.9916 0.9727

Figure 8. Plots of the reciprocal half crystallization time versus tempera-

ture during isothermal crystallization of pristine PVDF and TDPA–

BaTiO3/PVDF nanocomposites. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

ARTICLE

WWW.MATERIALSVIEWS.COM WILEYONLINELIBRARY.COM/APP J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.38949 2947



activate energy of TDPA–BaTiO3/PVDF nanocomposites is

higher than plain PVDF. It exhibits an increasing trend with

loading up to 20% and decreases at 30% TDPA–BaTiO3 nano-

particles nanocomposite. This is probably because the crystalli-

zation of PVDF concludes both nucleation and crystal growth.

For the neat PVDF, the nucleation of PVDF is the key stage in

the crystallization. When the content of nanofillers reaches 20%,

the strong nucleation effect of nanoparticles plays an important

role in the crystallization of PVDF nanocomposite. At higher

concentration, the presence of nanoparticles leads to more steric

hindrance than nucleation effects, thus reducing the mobility of

PVDF polymer chains during the crystallization. This also

explains that the fraction of b-phase with the 20% TDPA–

BaTiO3 nanoparticles nanocomposite film is the highest. The

surface functionalization of BaTiO3 nanoparticles may have

huge influence on the crystallization of polymer host. Because

of interaction between the polymer and functional groups, the

thermal property of PVDF host was affected by the functional

groups on the surface of BaTiO3 nanoparticles.47 Therefore, the

activate energy of crystallization increases after adding the

nanoparticles into PVDF matrix, which was also proved in other

polymer-based composites.48

CONCLUSIONS

In conclusion, the evolution of different crystal structures

prompted by TDPA–BaTiO3 nanoparticles and the isothermal

crystallization of PVDF and its nanocomposite films have been

studied. It has been proved that the addition of TDPA–BaTiO3

nanoparticles induces the transformation of a-phase to b-phase.

The fraction of b-phase was 66% in the pristine PVDF film

while it increased to the peak of 93% at 20% TDPA–BaTiO3

nanocomposite film. In the blends the existence of TDPA–

BaTiO3 nanoparticles promoted the all-trans nucleation of

PVDF segment, and then this structure grew in the crystal

growth of PVDF chains to form b-phase in nanocomposite

film. According to the isothermal crystallization examination of

TDPA–BaTiO3/PVDF nanocomposite films, the maximum exo-

thermal peak shifts toward longer time with increasing isother-

mal crystallization temperatures. The reduce of degree of crys-

tallinity for PVDF with increasing concentration of nanoparticle

is observed, implying that a portion of macromolecular chains

are confined in interphases with the nanofillers and are unlikely

to diffuse and grow into regular crystals. The nucleation kinetics

is enhanced by the existence of nanoparticles and there is a sig-

nificant change in Avrami exponent occurs with increasing con-

centration of nanoparticle. The nanocomposite film loaded 20%

TDPA–BaTiO3 nanoparticles exhibited the highest crystallization

rate and activate energy as a consequence of nucleation effect of

TDPA–BaTiO3 nanoparticles, which may lead to the highest

content of b-phase. At higher concentration, like 30% TDPA–

BaTiO3 nanoparticles, the presence of nanoparticles caused

steric hindrance instead of nucleation effects and weak mobility

of PVDF polymer chains during the crystallization, thus the

crystallization rate and activate energy decreased.
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