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Abstract A number of solution-casted poly(vinylid-

enefluoride–chlorotrifluoroethylene–trifluoroethylene)

[P(VDF–CTFE–TrFE)] terpolymer films with different

CTFE content have been characterized by a series of

thermal analysis techniques, including thermogravimetric

analysis (TG), differential scanning calorimetry, dynamic

mechanical analysis (DMA) and thermal mechanical analy-

sis (TMA). The work intends to provide more compre-

hensive information about thermal behavior of these

ferroelectric polymers. TG results suggest that the intro-

duction of the CTFE units slightly decreases the thermal

stability of the polymer due to the instability of C–Cl bond

during heating. DMA detected a relatively weak aa relax-

ation and a broad ac relaxation in the samples of low CTFE

content. These two relaxation processes completely mixed

together in the sample with high CTFE content, revealing

the crystalline structures in the polymer, become a more

imperfect and diffuse state as CTFE units increasing. The

polymer with less CTFE units possesses an enhanced

stiffness due to its higher degree of crystallinity. A con-

traction process after a slight amount of thermal expansion

upon heating is detected by TMA, due to the release of

internal tensile strain/stress generated during solidification

of the films. The higher crystallinity of the polymer film

generated the greater strain/stress, leading to the larger

degree of shrinkage. Also, the higher melting point of the

polymer with less CTFE units allows the film soften at a

higher temperature.

Keywords TG � DSC � DMA � TMA � Thermal analysis �
Poly(vinylidenefluoride–chlorotrifluoroethylene–

trifluoroethylene)

Introduction

Poly(vinylidene fluoride) (PVDF) based ferroelectric

polymers are technologically important thermoplastics,

which find a variety of applications in advanced electro-

mechanical devices such as capacitors, transducers, actua-

tors, sensors and non-volatile memories [1–5]. In the past

few decades, PVDF based homo- and co-polymers have

attracted a great deal of scientific attention due to its good

mechanical properties and desirable piezoelectric, ferro-

electric and pyroelectric properties [5–12]. The interesting

electronic properties of PVDF originate from the presence

of highly electronegative fluorine on the polymer chain and

the spontaneous alignment of the C–F dipoles in the

crystalline phases [13]. PVDF is a semi-crystalline poly-

mer, its polymer chains can be packed into various crystal

lattices, resulting in different crystalline phases mainly

including non-polar a-phase with trans-gauche chain

conformation, polar b-phase with all trans zigzag chain

conformation and weakly polar c-phase with trans-trans-

trans-gauche chain conformation [6]. Among them, the

b-phase has parallel dipole moments and thus is the most

polar one with large spontaneous polarization and corre-

sponding ferroelectricity and piezoelectricity, but the

a-phase is the more stable and common one. This phase

can be formed during simple crystallization upon cooling

from the melt in quiescent conditions [14]. The switch

from the non-polar to polar phases can be induced by

electric field poling or mechanical stretching. During the

phase transition, large differences in dipole moments and
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lattice parameters exist among different phases, leading to

significant changes of dielectric constants, piezoelectric

and pyroelectric coefficients, and interesting electrome-

chanical responses. The energy barrier of the phase tran-

sition is closely related to the chain structure [15].

PVDF generally displays low electric field sensitivity in

terms of its dielectric constant, piezoelectric coefficient,

and electromechanical coupling efficiency at room tem-

perature due to its high crystallinity and large crystal lattice

size. Owing to its high energy barrier of the phase transi-

tion, the ferroelectric–paraelectric (F–P) phase transition

(i.e., curie transition) in PVDF is absent below the melting

point. By incorporating trifluoroethylene (TrFE) into PVDF,

the resulting P(VDF–TrFE) copolymers are able to crys-

tallize directly at room temperature into the ferroelectric

b-phase. As the F-atom in TrFE is slightly larger than the

H-atom, in the copolymer the trans bond is favored over

the gauche bond due to steric hindrance occurring in the

latter [10, 16]. The ferroelectricity in the P(VDF–TrFE)

copolymers is evidenced by the existence of the Curie

transition below the melting point [17]. However, the

lowest Curie transition temperature (Tc) for P(VDF–TrFE)

appears at ca. 60 �C with 45 mol% TrFE in the copolymer

[16–18]. The introduction of a third bulky monomer, such

as chlorotrifluoroethylene (CTFE), 1,1-chlorofluoroethyl-

ene (CFE), hexafluoropropylene (HFP), as random defects

into P(VDF–TrFE), can transform the macroscopic polar

domains in the copolymer to nanoclusters and further

reduce or even eliminate the energy barrier of the phase

transition [19–27]. Some of the resulting terpolymers show

high dielectric constant, slim polarization hysteresis, and

large electrostrictive response at ambient temperature and

exhibit common ferroelectric relaxor behaviors with a

broad dielectric peak that shifted toward higher temperatures

as the frequency increased [19–27]. This is different from the

copolymer, a normal ferroelectric material, in which the F–P

transition does not show much frequency dependence. The

unusual relaxor behaviors of the terpolymers are considered

as a result of heterogeneous nanoscale polar crystalline

regions where the energy barriers to reorientation are com-

parable to the energy of thermal motion. Conventionally, the

terpolymers are produced by free-radical polymerization of

the three monomers using emulsion, suspension, solution,

and bulk methods; however, one major concern in these

direct processes is the limited supply of TrFE monomer that

is dangerous [28] in transport and storage and is very expen-

sive. Recently, a more convenient chemical route [29–31],

including VDF/CTFE copolymerization and partial reduc-

tion of chlorine in P(VDF–CTFE), is reported to synthesize

the poly(vinylidene fluoride–chlorotrifluoroethylene–triflu-

oroethylene) [P(VDF–CTFE–TrFE)], this approach allows

to tune the dielectric properties of the polymers by exquisite

control over chemical compositions [29–32].

The previous researches have given the full investiga-

tion of electrical properties of the terpolymers; however,

their thermal properties have not been reported in a com-

prehensive manner. Especially, the information on their

thermal stability and thermomechanical properties is very

scarce. In this study, a number of P(VDF–CTFE–TrFE)

terpolymer films with different CTFE content have been

characterized by a series of thermal analysis techniques,

including Thermogravimetric analysis (TG), Differential

scanning calorimetry (DSC), Dynamic mechanical analysis

(DMA), and Thermal mechanical analysis (TMA). The

work intends to provide more comprehensive information

about the thermal behavior of these ferroelectric polymers.

Experimental

Materials

P(VDF–CTFE–TrFE) terpolymers with different CTFE

content were synthesized by partial reduction of chlorine in

P(VDF–CTFE) copolymers. The detailed synthesis pro-

cesses and composition of the terpolymers have been dis-

cussed in our previous study [33]. The polymer composition

is listed in Table 1.

Preparation of the terpolymer films for measurement

The predetermined amounts of polymers were fully dis-

solved in N,N-dimethylformamide (DMF) to make homo-

geneous solutions with the concentration of 100 mg mL-1.

The solutions were poured onto clean and flat glass slides;

laid the slides horizontally and dried at 65 �C under vac-

uum for 24 h. Polymer films with thickness around 30 lm

were obtained.

Characterization

TG was performed on a NETZSCH STA 449 C apparatus

under argon gas flow (60.0 mL min-1). The temperature

ranged from 30 to 800 �C at a heating rate of 10 �C min-1.

Table 1 The composition of the P(VDF–CTFE–TrFE) terpolymers

Polymer no. Polymer composition/mol%

VDF CTFE TrFE

1 68.0 23.1 8.9

2 68.0 13.6 18.4

3 68.0 6.7 25.3

4 68.0 4.4 27.6

5 68.0 1.1 30.9

358 H. Li et al.

123



The initial sample weights were between 4.900 and

5.100 mg. DSC experiments were conducted using a

NETZSCH DSC 200 F3 thermal analyzer. The sample was

hermetically sealed in an aluminum pan and heated from

10 to 200 �C at a rate of 10 �C min-1. The typical sample

weight for DSC was 5.000 mg. The temperature of all the

instruments was calibrated with indium and lead standards.

For heat flow calibration, only the same indium sample was

used.

DMA was carried out in a TA Instruments DMA Q800

apparatus at 1 Hz frequency with temperature varied from

-50 to 120 �C at a rate of 2 �C min-1, using the tensile

mode. Rectangular samples were cut from the terpolymer

films with 4 mm width and 25 mm distance between

clamps. In DMA experiments a static stress of 1.50 MPa

was applied over a dynamic stress of 1.00 MPa of ampli-

tude that allowed maintaining the sample tough. TMA was

conducted on a TA Instruments TMA Q400 apparatus. In

the TMA experiments a small force of 10 mN was applied

to the rectangular samples, also 4 mm width and 25 mm

distance between clamps, in order to keep them vertical

during heating from 20 to 120 �C at a rate of 2 �C min-1.

Results and discussion

Thermogravimetric analysis

TG is a common method to investigate the thermal

decomposition and stability of polymeric systems. Figure 1

shows the TG data for the studied P(VDF–CTFE–TrFE)

terpolymer films. For all the samples, only single decom-

position stage was observed. No mass loss was found

around 100 and 150 �C, indicating the absence of water

and DMF in the samples after drying. The major mass loss

process occurred in the region between 400 and 550 �C.

After the primary degradation mechanism, less than 12% of

residual mass remained. In general, the process of thermal

decomposition can be characterized by a number of

experimental indicators. From the TG profile, at least three

characteristic temperatures can be obtained [34]: (I) the

initial temperature, Tinitial, which is defined as the tem-

perature at which the experimental curve diverges from the

tangent line that the mass evolution follows before degra-

dation, (II) the onset temperature, Tonset, that is calculated

by extending the pre-degradation portion of the curve to the

point of interception with a line drawn as a tangent to the

steepest portion of the mass curve occurring during deg-

radation, and (III) the temperature of half decomposition,

Thalf, the temperature at which the loss of mass during

pyrolysis reaches 50% of its final value (in this study, we

regard the amount of char residue at 800 �C as the final

value). In addition, the differential degradation curve (the

first-order derivative of TG curve) can give us further

information about the rate of decomposition. Figure 2

shows the DTG data for the samples, the peak temperature

in DTG curve, Tmax, corresponds to the temperature of

maximum mass loss rate.

Table 2 summarized the data of degradation processes

of the polymers. A trend can be easily found that all the

characteristic temperatures and residual mass (at the same

temperature) increased gradually with the order from

polymer 1 to 5. That means the thermal stability of the

terpolymer enhanced slightly with a decrease in CTFE or

chlorine content. In fact, the chlorine content usually plays

an important role on dropping the thermal stability of

polymer systems. For example, among polyethylene (PE),

chlorinated polyethylene (CPE) and poly(vinyl chloride)

(PVC), the CPE generally decomposes at a lower temper-

ature than PE during heating; however, the PVC is often

more easily to thermally decompose than CPE [35]. This is

because the C–Cl bonds are usually the weak points of the

polymer chains, during heating, they favor to hemolytic

break and often initiate the chain reactions to decompose

the polymers [36].

TG is an excellent tool for studying the thermal degra-

dation kinetics. It is widely used because of its experi-

mental simplicity and the wealth of information obtained

from a simple thermogram. From Fig. 1, the information

about the kinetics of the loss process can be investigated.

The expression for the thermal decomposition of a homo-

geneous system has the following general form:

da
dt
¼ kðTÞf ½aðtÞ�

where a represents the reaction extent of the component

of the sample under degradation, t is the time, the

rate constant k(T) changes with absolute temperature

T according to the Arrhenius equation. f(a) represents the
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Fig. 1 TG curves of the P(VDF–CTFE–TrFE) films, obtained at

10 �C min-1, The inset plot is an amplified image of the TG curves
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net results of elementary steps, as the polymer degradations

are often chain reactions. For solid state reactions

f(a) = (1-a)n, where n is the order of reaction, assumed

to remain constant during the degradation process. Under

the assumption of n = 1 and applying the Broido method,

the expression for the thermal decomposition of the

polymer system can be written as follow [34]:

In½�Inð1� aÞ� ¼ �Ea

RT
þ const

where Ea is the activation energy of the degradation pro-

cess, R is the gas constant (8.314 J mol-1 K-1). In this

method a straight line should be observed in the plot of

ln[-ln(1-a)] versus T-1 with a slope of -Ea R-1. Fig-

ure 1 was used to calculate a(T) and Fig. 3 shows the ln[-

ln(1-a)] versus 103 T-1 plot for the studied terpolymers.

The data, ranging from 450 to 490 �C with step of 5 �C,

were linearly fitted with R [ 0.99. From the slope of the

fitting lines the activation energy of the terpolymers was

obtained and listed in Table 2. It is observed that, except

for polymer 1 and 2, the value of Ea computed using this

method exhibits similar trend of that the characteristic

temperatures of the terpolymers drops with the increasing

CTFE content. However, for polymer 1, its Ea value is even

larger than that of polymer 4. As for this we should rec-

ognize that the thermal degradation is quite complicated,

besides the CTFE content, some other factors may have

affected the processes.

Differential scanning calorimetry

The DSC measurement was used to characterize the phase

transitions and crystalline structures of the terpolymers.

Figure. 4 records the DSC traces of the samples at the first

heating run. For all the curves, only one endothermic peak

is apparent, which results from the melting process. A

weak F–P transition is found in polymers 4 and 5, indi-

cating the existence of a small amount of b-phase in them.

Table 3 summarizes the phase transition data, where, Tm

and DHm are the peak temperature and enthalpy associated

with the melting behavior, respectively; and Tc and DHc

are the peak temperature and enthalpy corresponding to the

F–P transition, respectively.

It shows clearly that as the polymer with higher con-

centration of CTFE, both the melting temperature and

enthalpy of the terpolymer decrease continuously. This

agrees with the previous studies [29–31], suggesting the

CTFE units, serve as defects; destroy the crystalline
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Fig. 2 The DTG curves of the P(VDF–CTFE–TrFE) films, obtained

at 10 �C min-1

Table 2 Data summary of degradation processes of the terpolymer films

Polymer no. Tinitial/�C Tonset/�C Thalf/�C Tmax/�C Ea /kJ mol-1 Weight remaining/% (±0.1)

400 �C 450 �C 475 �C 500 �C 550 �C 800 �C

1 381.1 446.8 470.2 471.9 4.72 98.9 86.6 39.9 8.7 7.1 4.2

2 383.4 450.9 476.3 478.4 4.30 99.1 88.1 55.5 15.6 8.8 5.1

3 384.8 453.7 478.4 479.7 4.28 99.2 89.2 60.0 17.6 9.3 5.4

4 389.7 457.5 480.9 481.5 4.44 99.5 91.5 66.6 19.1 10.5 6.0

5 405.6 465.2 483.6 485.3 5.20 100.0 95.5 72.8 18.0 11.9 6.8
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Fig. 3 Representation of the data of Fig. 1 in order to use the Broido

method. The points are experimental results and the solid lines are the

linear fitting of the process
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structures of the terpolymers. On the other hand, the curie

transition was very weak in polymer 5 and 4, and even

disappeared in polymer 3, 2, and 1, indicating that only a

small amount of CTFE units can eliminate the polar phase

remarkably. This is different from the P(VDF–CTFE–

TrFE) terpolymers prepared from direct-polymerization

process [19, 22, 24], in which the CTFE units show a lower

efficiency to eliminate the F–P transition. It is mainly

because the indirect-polymerization process in this study

may have brought more region-defects to the polymers

[30, 31].

The degree of crystallinity (Xc) can be calculated by the

following formula:

Xc ¼ DHm=DHmð100%Þ

In this study, however, the value of DHm (100%) (the

melting enthalpy of 100% crystalline of the polymer) is

unknown. Yet it is reasonable to believe that the values of

DHm (100%) for the terpolymers are almost the same. Under

this assumption, the crystallinity of the terpolymer

decreases with an increasing content of CTFE. In fact,

this has been demonstrated by WXRD in previous study

[29, 30].

Probably because the solution-cast terpolymer films did

not follow an annealing process, morphologically, the

shape of their melting peaks (especially the melting peaks

of polymer 4, 3 and 2) is complex; this reflects the presence

of complicated crystalline organizations in the polymers,

which may include the co-existence of the crystalline

structures with varied size or in different phases or both the

former cases. In general, what structures the polymers

possess are strongly affected by the processing conditions

which they undergo. The relatively complicated and broad

melting peaks also suggest the imperfect crystals in the

solution-cast films.

Dynamic mechanical analysis

DMA is employed to investigate the molecular motions

and the related macroscopic viscoelastic behavior of the

polymers. In a DMA test, the sample is subjected to

repeated small-amplitude strains in a cyclic manner. The

storage modulus (E0), the loss modulus (E00) and the loss

factor (tand = E00/E0) are measured. E0 is a measure of the

energy stored elastically whereas E00 is a measure of the

energy lost as heat. tand is also called the damping and it

indicates how efficiently the material loses energy to

molecular rearrangement and the internal friction. The tand
curve reveals various types of mechanical relaxations

associated with the molecular motions. Figure 5 displays

the temperature dependence of the storage modulus and the

loss factor at a fixed frequency of f = 1 Hz.

As can be seen, the storage modulus for all samples

decreases with temperature as the samples pass from the

glassy to the rubbery state. In the same temperature, the

polymer includes higher CTFE content will have a lower

storage modulus. The stiffness of polymer 1 is so low that it

was breakdown when heated to only around 50 �C whereas

polymer 5 still has a value of E0 over 200 MPa in this
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Fig. 4 The DSC traces of the P(VDF–CTFE–TrFE) terpolymers at

the first heating run

Table 3 Data summary of the first heating DSC curves for the ter-

polymer films

Polymer no. Tm/�C DHm/J g-1 Tc/�C DHc/J g-1

1 87.3 -4.39 N.A. N.A.

2 114.3 -5.70 N.A. N.A.

3 140.5 -13.88 N.A. N.A.

4 146.2 -14.79 52.7 -0.17

5 163.4 -17.71 57.8 -0.56
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Fig. 5 DMA spectra (storage modulus and loss factor) of the

P(VDF–CTFE–TrFE) terpolymers measured at 1 Hz
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temperature. One can easily correlate this behavior with the

crystallinity of the samples, because the polymer with a

lower CTFE content has a higher degree of crystallinity

which is beneficial to enhance stiffness of the materials.

However, this seems not to be so apparent when at low

temperature due to the molecular chains are frozen both in

amorphous and crystalline fraction before the glass tran-

sition occurring.

The mechanical loss spectra of the samples are more

complicated to analysis. In general, the loss peaks can be

divided into two groups according to the located temper-

ature. In the high temperature region, a broad and pro-

nounced relaxation peak was found. This process, labeled a
or ac, is mainly associated with the molecular motions,

involving rotational and translation mobility of the chain

stems [37], within the crystalline fraction. However, due to

their semi-crystalline nature of the terpolymers, the coop-

erative mobility of molecular chains in the amorphous

region as well as the crystal-amorphous interface should

accompany this process. Moreover, the F–P phase transi-

tion should also make contributions to ac process in the

case of polymer 5 and 4 due to their Tc just locate at this

process. The ac relaxation peak reduces its intensity and

shifts to a higher temperature as polymer with less CTFE

content, because the enhanced crystallinity prefers to

restrict the movement of molecular chains. In the low

temperature region, polymer 5 exhibits an obvious relax-

ation peak located at about -13 �C, this process, assigned

to the dynamic glass transition of segments in the amor-

phous phase, is less prominent than the ac relaxation and

usually labeled b or aa. The aa process is significantly

weakened in polymer 4 and 3 and disappeared in polymer 2

and 1. It is conceivable that, as the fraction of amorphous

phase increases greatly with high concentrations of CTFE

in the polymer, the crystalline phase has been destroyed to

a more imperfect and diffuse state, which makes the aa and

ac relaxations in the polymers of high CTFE content

merging into a new broad relaxation peak with the con-

tributions from glass transition of amorphous phase, the

segmental motion in the crystalline phase and the cooper-

ative mobility of the interface.

Thermal mechanical analysis

From a practical point of view, the TMA give information

about the dimensional stability of the terpolymer films

along the temperature axis that may be useful for certain

applications.

Figure 6 shows the TMA results of the samples. The

relative change in sample length, Dl = (l-l0)/l0, was mea-

sured during continuous heating at 2 �C min-1 and nor-

malized to the initial sample length l0 at 20 �C. As can be

observed, the sample length shows more than one regime of

variation for all the polymers. From 20 to 40 �C the sample

length slightly increases due to the thermal expansion. Close

examination reveals that Dl is linearly dependent on tem-

perature and the slope decreases gradually from polymer 1–5

because of the enhancement of stiffness. When heated to

above 40 �C, surprisingly, all the samples undergo a process

of contraction in length to varying extent: the shrinkage is

weak in polymer 1 and 2 but significant in polymer 3, 4 and 5,

a lower CTFE content of sample has a higher degree of

contraction in length. After contraction, the samples fol-

lowed by a non-linear regime of pronounced thermal

expansion due to soften at high temperature. It is clear that

the polymer with a higher CTFE content softened at a lower

temperature because of its lower melting point.

In general, the behavior of contraction upon heating is

very common in retractable films used in packaging [38],

usually produced in polyethylene, due to the release of the

orientation induced by the stretching of the films during

their formation processes. However, in this study only a

simple solution-cast method without any other processing

was used to prepare the samples. Therefore, the reasons for

this shrinkage behavior should be related to the process

of casting. Indeed, solution-cast thermoplastic thin films

inherently generate internal stress in the plane of them

[39–42]. Polymeric coatings usually shrink during and after

solidification due to solvent evaporation, coating adhesion,

however, prevents shrinkage from occurring freely; this

frustration of in-plane shrinkage leads to a tensile stress in

the plane of the coating. Croll [41, 42] proposed that the

internal strain induced by the constrained shrinkage

depends on the solvent loss after the solidification point; he

referred to this point at which the polymer molecules can

no longer f1ow to fill the gaps left by the lost solvent

molecules. In this study, the solution-cast terpolymer films
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crystallized to varying degrees depending on the CTFE

content. It is believe that the strain tends to be greater for

polymer film with higher degree of crystallinity, because

the crystallization should give rise to a higher viscosity of

the polymer/solvent system, resulting in an earlier solidifi-

cation point and the larger volume of solvent lost after it.

Alternatively, the formation of crystallites should give

closer packing of the polymer chains, leading to greater

volume of shrinkage. Therefore, a lower CTFE content of

polymer film should generate a greater tensile strain/stress

during drying. From a thermodynamic point of view, these

solution-cast polymer films are metastable for their mole-

cule chains are frozen in a tensile state at room temperature.

To lower free energy, the polymer system has to overcome

an energy barrier to initiate the loosing of the tension in

molecule chains. When heated to a certain temperature, the

system can overcome this barrier and then releases tensile

stress to an equilibrium state. Thus, it is not difficult to

understand that the polymer films experienced a contraction

process after a slight of thermal expansion upon heating,

and that for the greater release of tensile stress the lower

CTFE content of film shrank to a larger extent.

Few studies have discussed the molecular origin of the

geometrical recovery in solution-cast films of semicrys-

talline polymers during heating. In this study, the aa and ac

relaxation gradually merge together as CTFE content

increasing, so the CTFE content or the crystallinity of the

polymer should play a significant role here. It is suggested

that the origin of the contraction of polymer films with low

CTFE content (Polymer 5, 4 and 3) is more likely to be

related with the occurrence of the ac relaxation, which

accompanies cooperative diffusion processes in the amor-

phous phase and the interface, resulting in the loosing of

the tension in molecule chains to lower free energy of the

polymer system. As for the polymer with high CTFE

content (Polymer 1 and 2), the aa relaxation should make

more contribution to initiate the shrinkage process due to

their greater amorphous fraction.

Conclusions

Thermal behavior of the solution-cast P(VDF–CTFE–

TrFE) terpolymer films with different CTFE content have

been characterized in an integrated way by a series of

thermal analysis techniques. The results suggest that the

CTFE content affect thermal properties of the terpolymers:

(a) The terpolymers exhibited a relatively stable behavior

with a single degradation process at temperature above

400 �C. A lower CTFE content gives the polymer

slightly higher thermal stability probably due to the

instability of C–Cl bond during heating.

(b) The introduction of CTFE units decreases the melting

temperatures, fusion enthalpy and crystallinity of the

terpolymers. On the other hand, due to the indirect-

polymerization process brings the high percentage of

regiodefects to the polymer, CTFE units show a high

efficiency to eliminate the F–P transition.

(c) Dynamic mechanical analysis detected a relatively

weak aa relaxation (attributed to the dynamic glass

transition, located at the low temperature) and a broad

ac relaxation (mainly assigned to the molecular

motions within the crystalline structure, located at

the high temperature) in the samples of low CTFE

content. These two relaxation processes completely

mixed together in the samples of high CTFE content,

revealing the crystalline structures in the polymer

become a more imperfect and diffuse state as CTFE

units increasing. The semi-crystalline nature of the

terpolymers suggests the molecular mobility in the

crystalline fraction should accompany the cooperative

processes in the amorphous region and the interface.

The higher degree of crystallinity of the polymer with

less CTFE units account for its enhanced stiffness.

(d) The solution-cast terpolymer films experienced a

contraction process after a slight amount of thermal

expansion upon heating in order to release the internal

tensile strain/stress generated during solidification

process. The higher crystallinity of the polymer film

generated the greater strain/stress, leading to the

larger degree of shrinkage. Also, the higher melting

point of the polymer with less CTFE units allows it

soften at a higher temperature. Depending on the

crystallinity, the molecule origin of shrinkage process

should be mainly related with the ac relaxation in the

case of polymer with low CTFE units; however, the

aa relaxation should make more contribution in

the case of polymer with high CTFE units.
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