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Improving Dielectric Strength of Polyvinylidene Fluoride by Blending Chains with Different Molecular Weights

Polyvinylidene fluoride (PVDF), as an electroactive polymer, has been attracting increasingly attention for its broad potential applications ranging from film capacitors, actuators, to energy harvesters. The capability of a PVDF film to sustain a high working voltage is highly demanded to achieve these applications. Herein, we find that blending two PVDF polymers with low and high molecular weights can achieve higher dielectric strength (E b = 479 MV/m ) than either of the two original ones (PVDF-1 with Mw of ~180,000, E b = 412 MV/m and PVDF-2 with Mw of ~441,000, E b = 391 MV/m). The underlying synergetic effect is deduced from the analysis of the crystallization of PVDF by wide-angle X-ray diffraction and small-angle X-ray scattering from a synchrotron source. It involves crystallite polymorphism, the transition of crystalline phases, the variation of crystalline lattice spacing at different strain spaces, and the long periods and the distribution of crystallite sizes. Understanding these underlying influences is beneficial to process PVDF films with desirable and reliable dielectric properties.

INTRODUCTION

As a semi-crystalline polymer, poly (vinylidene fluoride) (PVDF) has a polycrystalline structure that brings different responses to external stimulations, and consequently possesses high application value in film capacitors and other dielectric multifunctional applications. [START_REF] Prateek | Recent Progress on Ferroelectric Polymer-Based Nanocomposites for High Energy Density Capacitors: Synthesis, Dielectric Properties, and Future Aspects[END_REF][START_REF] Huan | Advanced polymeric dielectrics for high energy density applications[END_REF][START_REF] Baer | Anniversary Perspective: Dielectric Phenomena in Polymers and Multilayered Dielectric Films[END_REF][START_REF] Fan | Polymer-based Materials for Achieving High Energy Density Film Capacitors[END_REF] One of the important parameters in these applications is to obtain PVDF films that have a high dielectric strength to improve failure tolerance under a high applied voltage. There are five distinct crystalline phases (α, β, γ, δ, and ε) in PVDF and these crystalline phases have different conformations and polarization behaviors, which usually affects PVDF's dielectric breakdown strengths [START_REF] Bohlen | Inducing the β-phase of Poly(vinylidene fluoride) -A Review[END_REF][START_REF] Mohammadi | Effect of tensile strain rate and elongation on crystalline structure and piezoelectric properties of PVDF thin films[END_REF][START_REF] Wu | In-Situ Simultaneous Synchrotron Small-and Wide-Angle X-ray Scattering Measurement of Poly(vinylidene fluoride) Fibers under Deformation[END_REF] . For instance, the α phase has a nonpolar conformation of trans-gauche-trans-gauche' (TGTG') showing an intermediate dielectric strength [START_REF] Prateek | Recent Progress on Ferroelectric Polymer-Based Nanocomposites for High Energy Density Capacitors: Synthesis, Dielectric Properties, and Future Aspects[END_REF][START_REF] Guan | Crystal Orientation Effect on Electric Energy Storage in Poly(vinylidene fluoride-co-hexafluoropropylene) Copolymers[END_REF] ; the β phase has a polar conformation of all-trans (TTT) with the lowest dielectric strength due to the remnant polarization [START_REF] Baer | Anniversary Perspective: Dielectric Phenomena in Polymers and Multilayered Dielectric Films[END_REF][START_REF] Li | Ferroelectric Polymers and Their Energy-Related Applications[END_REF] ; the γ phase has a trans-trans-trans-gauche-trans-trans-trans-gauche' (TTTGTTTG') conformation with the highest dielectric strength 10, [START_REF] Li | Influence of Crystalline Properties on the Dielectric and Energy Storage Properties of Poly(vinylidene fluoride)[END_REF] .

In the past years, lots of researches have focused on the crystallization of PVDF and the influence of polycrystalline structures on multifunctional properties. Many important conclusions have been summarized based on various aspects, such as processing techniques 4, 5, 12 , copolymers 13-15 , blending 16-18 /co-extrusion 3, 19-21 with other polymers and composites incorporated by fillers 22-24 etc. However, there is still an important part that has not yet been ascertained. It is the molecular weight distribution of a film processed by extrusion/stretching based on crystallization and its potential influence on the film dielectric strength. Although the influences of the molecular weight distribution on the miscible blends and the crystallization has been a classical topic in the polymer thermodynamics [START_REF] Kimata | Molecular Basis of the Shish-Kebab Morphology in Polymer Crystallization[END_REF][START_REF] Schrauwen | Structure, Deformation and Failure of Flow-Oriented Semicrystalline Polymers[END_REF] , the discussion of the potential influences on dielectric strength of PVDF is still rare. As one of the important candidates to film capacitors, studying the dielectric strength of PVDF films processed by extrusion and stretching, based on molecular weights and crystallization, is essential for manufacturing products with desirable and reliable properties.

During the extrusion process, a semi-crystalline polymer film is extruded from a molten state and then stretched to achieve a homogeneous thickness. The melts are subjected to shear and elongational flow, which makes the flow-induced crystallization inevitable during the stretching. The flow-induced crystallization is largely dependent on the nature of the polymer and the processing conditions. Based on the current entropic reduction model 27 , a kinetic pathway composing coil (melt) → still segment (helix) → precursor → crystal has been proposed to describe this nonequilibrium process. The molecular mobility and the relaxation of neighboring segments into regular order has been viewed as a vital stage of the nucleation that determines the morphology and structure of lamellae, especially for a polymer with crystallite polymorphism
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. Polymer segments with high molecular weight usually need longer relaxation time so that they are able to be oriented and result in a relatively regular and multilayered stacked structure. By contrast, in polymer segments with low molecular weight, the crystalline regions usually show "row structures" with twisting in growth direction [START_REF] Schrauwen | Structure, Deformation and Failure of Flow-Oriented Semicrystalline Polymers[END_REF] . Hence, blending PVDF segments with different molecular weights can cause more complex surface stresses and lamellae twisting structures, and consequently form polycrystalline structures that possibly feature a variety of polarity, which can affect the dielectric strength of the films.

In this study, experimental results have shown that the binary blend of two PVDF polymers with high and low molecular weights (Mw~180,000 and Mw~441,000) can achieve higher dielectric strength than either of the two original ones. By studying the results of wide-angle X-ray diffraction (WAXD) and small-angle X-ray scattering (SAXS) from a synchrotron source, the crystalline phases, the oriented structures, the long periods and the distribution of crystallite sizes of three PVDF films could be characterized and analyzed in detail. Meanwhile, the change in lattice spacing derived from in-situ WAXD results at different strains can provide an analogy to deduce the transition of crystalline phase caused by electric field-induced strain. Comparing crystallization behavior and dielectric breakdown strength can help to understand the underlying synergetic effects of blending polymer chains with different molecular weights.

EXPERIMENTAL SECTION

Materials and preparation: Two PVDF products with different molecular weights were selected in this study: they were PVDF-1 purchased from Sigma Aldrich and PVDF-2 provided by Arkema, France. The molecular weights of the two products are listed in Table 1. The two products were blended into a "binary blend" with a weight ratio of 50:50. Film samples of PVDF-1, the binary blend and PVDF-2 were processed by a micro-compounder (Micro 5cc Twin Screw Compounder, DSM) and its rolling system (Xplore). The processing temperature was 210 o C for PVDF-1 and 230 o C for the binary blending and PVDF-2. Film uniaxial stretching was conducted at room temperature from the extrusion with the air cooling system. The three films were stretched at the same speed and their thickness ranged from 20 to 30 μm. 

where P(E) is the cumulative probability of electric failure; E b is the measured breakdown field; the scale parameter α is the field strength for which there is a 63% probability for the sample to breakdown; and the shape parameter β evaluates the scatter of data.

Crystalline structures were studied using synchrotron sources in the Advanced Photon Source at Argonne National Laboratory (Chicago-USA). A medium angle detector was used in the range of 0.12⩽q⩽0.70 Å -1 . Small-angle X-ray scattering (SAXS) was used to determine the long period (L p ) of the lamellar crystallites. The L p was deduced from the peak maximum of q (q peak ) by plotting Iq 2 as a function of q, where q is the scattering wave vector and I is the intensity as indicated by Equation (2) 30 :

(2)

Wide-angle X-ray diffraction (WAXD) was used to measure the evolution of the crystalline structures. Uniaxial tensile tests were carried out on a tensile machine (Zwick/Roell). Film samples were tested at 25 o C with a displacement rate of 1 mm/min. A 500 N load cell was used according to ISO 527. WAXS results were used to determine the peak positions that correspond to the scattering vector at the maximum intensity (q Imax ) given by Equation ( 3), with λ = 0.7293 Å as wavelength. With the q Imax value, the lattice spacing distance (d spacing ) of different planes at various strains was calculated by Equation ( 4) 31, 32 .

(

In order to derive quantitative information about the crystallinity (X c %) and the crystalline phase, the peak fitting procedure of the Origin program was used [START_REF] Murthy | General procedure for evaluating amorphous scattering and crystallinity from X-ray diffraction scans of semi-crystalline polymers[END_REF] . The fitting curves are presented in the support information (S1). The content of β phase was calculated by the ratio of crystalline peaks intensity (I):

(

Differential scanning calibration (DSC) was carried out through a Q1000 (TA Instruments) to detect the melting point and the heat of fusion (ΔH f ) of the sample. 10 o C/min was used as the heating rate. The melting point was defined as the peak of the melting endotherm, with the largest peak denoted by T m . The mass fraction crystallinity of the polymer (Φ m ) was calculated from the ratio of ΔH f /ΔH PVDF , where ΔH f is the area under the DSC melting endotherm and ΔH PVDF is the enthalpy of fusion of a 100% crystalline PVDF, which is equal to 104 J/g.

RESULTS

The probability functions for the E b of PVDF-1, the binary blend and PVDF-2 are shown in Figure 1.

The E b of the binary blend (479 MV/m) is the highest; that of PVDF-1 is the intermediate (412 MV/m) while that of PVDF-2 is the lowest (391 MV/m). It can be found that blending PVDF chains with different molecular weights can achieve an enhanced dielectric strength. As mentioned, PVDF is a semi-crystalline polymer with a polycrystalline structure, and the improvement of dielectric strength is possibly associated with crystallization and orientation. Therefore, in order to explain the synergetic effect of blending polymer chains with different molecular weights, the orientation and the crystalline structures of the three films will be analyzed first. 110) and (021/111/120), which infer a partial orientation in these lattices during stretching. It has been reported that the threshold stress required to induce an oriented structure in a polymer is associated with the molecular mass distribution: usually a polydispersity value larger than 4.5 of a polymer is effective in promoting shish formation, whereas a value less than, or equal to 2 has no discernible effect [START_REF] Kimata | Molecular Basis of the Shish-Kebab Morphology in Polymer Crystallization[END_REF] . As presented in Table 1, the polydispersity values of PVDF-1 and PVDF-2 are between 2 to 4.5, but that of PVDF-2 is still higher than that of PVDF-1. Thus partial orientation is found in PVDF-2 while PVDF-1 does not present oriented structures.

For the binary blend, although it simultaneously has two PVDF products, the oriented structures are still not clear.

By plotting the intensity of lattices ( 110) and (021/111/120) as a function of the azimuthal angle tilting from 0 to 90º, as presented in Figure 2 (b), it can be found that in PVDF-1, the intensity of (110) is progressively reduced while the tendency of (021/111/120) is almost independent of the azimuthal angle. In the binary blend, the intensity of (110) decreases more obviously as the azimuthal angle increases, and the curve of (021/111/120) presents a plateau when the azimuthal angle increases to 45-50 o . However, in PVDF-2, the intensity of ( 110 WAXD patterns for PVDF-1, the binary blend and PVDF-2 films at three azimuthal angles, 0 o , 45 o and 90 o , are presented in Figure 3 and the calculated X c % by peak fitting are listed in Table 2. When the azimuthal angle is 0 o , X c % of PVDF-1, the binary blend and PVDF-2 do not show an obvious discrepancy. However, for azimuthal angles of 45 and of 90 o , the crystalline structures of the three films become different, not only in X c % but also in crystalline phases: as the azimuthal angle tilts from 0 to 90 o , X c % of PVDF-2 is reduced from 59% to 24% while X c % of PVDF-1 is less reduced than that of PVDF-2. For the binary blend that possesses 50% weight fraction of PVDF-2, it also presents a variation of X c % when the azimuthal angle increases.

Regarding the crystalline phase, as shown in Figure 3, when the azimuthal angle increases, the crystalline phase of PVDF-1 always remains in α phase which is quite different from the binary blend and PVDF-2. For PVDF-2, when the azimuthal angle is 0 o , the major crystalline phase is the α phase but with 1% β phase (110/020). When the azimuthal angle reaches 90 o , the β phase is still detected and meanwhile some peaks of α phase have disappeared. For the binary blend, when the azimuthal angle is 0 o , the major crystalline phase is also the α phase, but when the azimuthal angle is 90 o , its (020) and (110) peaks shift slightly to the right and the difference in the intensity between the two peaks is clearly reduced, which infers the transition from α to γ because the peaks of (020) and (110) in the γ phase (2θ at 18.5 and 20.05 o ) are a bit different from those in α phase (2θ at 18.3 and 19.9 o ) [START_REF] Mohammadi | Effect of tensile strain rate and elongation on crystalline structure and piezoelectric properties of PVDF thin films[END_REF] . In-situ WAXD patterns of PVDF-1, the binary blend and PVDF-2 at different strains have also been studied and are presented in Figure 4. It can be found that the crystalline peaks of (100), ( 020) and (110) in the three samples have shifted with the increase in strains, but the peaks of (021/111/120) do not change obviously. The unchanged position of the (021/111/120) peak in the three samples during stretching infers that the shifts of other peaks ((100), ( 020) and ( 110)) are not caused by the movement of the chains in the unit cell. Hence, in order to compare the microscopic structural evolution in the inter-chain spacing at different strains, d spacing of (100), ( 020) and ( 110 ) indicates that PVDF-1 and the binary blend have crystallites with different sizes: the smaller ones melt at T m ' while the bigger ones melt at T m
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. By contrast, the size distribution of crystallites in PVDF-2 is more uniform and all of them can melt at the same temperature. These small crystallites in PVDF-1 and the binary blends are possibly caused by the growth of crystallites which involves two simultaneous processes: forming smaller crystallites and re-crystallizing mobile amorphous segments into bigger crystallites [START_REF] Offenbach | Real-Time Infrared-Mechano-Optical Behavior and Structural Evolution of Polypropylene and Hydroxyl-Functionalized Polypropylene during Uniaxial Deformation[END_REF] . Stretching at room temperature is a fast crystallization process which is not long enough for some short chains growing to a bigger size. As a result, the distribution of the crystallite sizes becomes wide and results in PVDF-1 having obvious double peaks in DSC. The crystallites size distribution of the binary blend is between those of PVDF-1 and PVDF-2 because the differences between the double peaks of the binary blend including the width (T m -T m '

) and the intensities are smaller than that of PVDF-1. If calculating crystallinity (φ m ) for the three samples by the ratio of melting endotherms, it can be found that φ m obtained by DSC is similar with the average X c % derived from WAXD, which suggests that the crystallinity obtained by DSC is with less consideration on the oriented structures. In addition, as reported in the reference [START_REF] Martins | Electroactive phase of poly(vinylidenefluoride): Determination, processing and applications[END_REF] , generally in DSC measurements, the presence of γ phase in the PVDF results in a shift of the melting peak of the thermogram to higher temperatures. But in DSC of the binary blend, the shift of the peak is not visible, which assumes that the amount of γ phase of PVDF in the binary blend is relatively low. Semi-crystalline polymers can be considered as periodic systems constituted by two regions of different electron-density-crystalline lamellae and amorphous layers with a diffuse transition layer between the lamellae. Long period (L p ) is used to describe this periodic system and the length of L p can be calculated by the peak maximum of q deduced from SAXS results that are shown in Figure 7. The calculated values of L p and the crystallinities for the three samples are listed in Table 3. The results show that L p of PVDF-2 is the largest; L p of the binary blends is intermediate and L p of PVDF-1 is the smallest. 

DISCUSSION

(1) Effect of the crystalline phases:

The formation of β phase in PVDF-2 as highlighted by WAXD is possibly associated with the oriented structure of PVDF-2 because of its higher molecular weight. But it should be noticed that the content of β phase is really small, 1% as calculated. Actually, when stretching PVDF film at room temperature, it is hard to produce large amounts of β phase and the formation of high contents of β phase usually needs to polarize under high electric field [START_REF] Nilsson | Poling and characterization of piezoelectric polymer fibers for use in textile sensors[END_REF][START_REF] Satyanarayana | Molecular dynamics simulations of α-to β-poly(vinylidene fluoride) phase change by stretching and poling[END_REF] . Thus, in this experiment, 1% of β phase in PVDF-2 is reasonable. However, such a small amount of β phase in PVDF-2 still influence E b because the β phase has a polar structure with the lowest E b of all PVDF crystalline phases.

For the binary blend, γ phase has been observed in the WAXD patterns. As reported, γ phase usually crystallizes together with α phase because of the unbalanced surface stresses [START_REF] Lotz | 50th Anniversary Perspective: Polymer Crystalis and Crystallizations: Personal Journeys in a Challenging Research Field[END_REF] . The transition from α to γ makes the binary blend different from PVDF-1 and PVDF-2 in dielectric strength. As γ phase appears at azimuthal angles from 45 to 90 o , a possible reason for producing unbalanced surface stresses in the binary blend is the combination of polymer segments with different molecular weights during shearing. The produced unbalanced surface stress may cause the crankshaft geometry that brings similar main chain atoms to the surface of α phase crystallites to form the γ phase. As mentioned, γ phase is reported to have higher E b than both α and β phases. Hence, the formation of γ phase can be viewed as one of the synergetic effects that explain the higher E b achieved in the binary blend film.

(2) Effect of the high electric field In-situ WAXD patterns have shown a left shift of (110) when the strain is larger than 0.5% in both PVDF-1 and the binary blend, which indicates the plastic deformation of some α phases with row structural crystallites. However, the right shift of (110) in PVDF-2 infers a potential transition from α to β phase at 1% strain. The potential transition from α to β during the stretching has been also observed by other researchers and the heterogeneous stress distribution has been viewed to play a critical role in this transition [START_REF] Defebvin | In situ SAXS/WAXS investigation of the structural evolution of poly(vinylidene fluoride) upon uniaxial stretching[END_REF][START_REF] Kaito | Organization of Oriented Lamellar Structures in a Miscible Crystalline/Crystalline Polymer Blend under Uniaxial Compression Flow near the Melting Temperature[END_REF] . During the crystallization process, the short chains generally abandon the interlamellar region while the medium and long ones are trapped there because they cannot add to the growth front as fast as it passes by. And then these medium and long chains are more likely to be attached to multiple stacked lamellae. 23, 28 PVDF-2 film has a more oriented structures than PVDF-1 since its chains with high molecular weights enable it to form a multilayered stacked structure. However, in the lamellae, the long chains with larger molecular weight do not crystallize well due to the fast solidification from melting to room temperature. Thus the oriented structures in PVDF-2 are not only constituted by crystallites but also by amorphous chains. These oriented amorphous structures possibly penetrate into a lamellae frame. As a result, PVDF-2 has a smaller crystallinity as detected by DSC. When PVDF-2 deforms up to some strains, these oriented amorphous chains start to relax, which provides the heterogeneous stress distribution in PVDF-2 and makes the transition from α to β occur. By contract, in PVDF-1 and the binary blend, the chains of small molecular weights are little oriented and dispersed randomly in the row structures. Then during the stretching, these row structures are easy to deform plastically.

In-situ WAXD of PVDF-1, the binary blend and PVDF-2 can be further employed to deduce the breakdown processes since a high electric field can induce a deformation in a film [START_REF] Romanyuk | Giant electric field-induced strain in PVDF-based battery separator membranes probed by Electrochemical Strain Microscopy[END_REF] . Quantitative measurement of the electric field-induced strains is hard to achieve directly, but it was reported that even a 200 V could cause 0.75% strain in BaTiO 3 ceramics 40 . Hence, the process of breakdown measurement (around 10000 V) in PVDF-2 film can induce even larger strains. During the measurements under high voltage, the heterogeneous stress distribution caused by electric field-induced strains can make the α to β transition become possible, which consequently will accelerate the breakdown of PVDF-2. However, fewer oriented structures are observed in PVDF-1 and the binary blend and thus, the electric field-induced strain may cause the plastic deformation of some α phases which makes these two films safer than PVDF-2 under high voltage. Therefore, as indicated by the in-situ WAXD results, the potential crystalline transition during the breakdown measurements makes E b of PVDF-2 lower than those of PVDF-1 and the binary blend.

(3) Effect of the compact structures The DSC and SAXS results indicate that PVDF-1, the binary blend and PVDF-2 have different morphologies of crystalline and amorphous segments in a L p : as we have mentioned, PVDF-2 film is able to form a multilayered stacked structure while the chains of PVDF-1 are little oriented, so that the average L p of PVDF-1 is the smallest of the three because of its row structures with small lamellae frames. The case of the binary blend is intermediate between those of PVDF-1 and PVDF-2 with a moderate L p . Hence, the chains with different molecular weights make the morphology become different in a long period composed by crystalline and amorphous segments in these three samples as illustrated in Figure 8. Back to the dielectric strength, the third synergetic effect possibly stems from the combination of long and short chains. It is known that one of the main factors that influence E b is the compact structure with less free volumes: more compact structures usually achieve higher E b in a polymer film. 2, [START_REF] Artbauer | Electric strength of polymers[END_REF] The combination of long and short chains with different molecular weights is beneficial to form a compacter structure since the shorts chains can usually penetrate into the networks of the long chains which may reduce the free volume. Therefore, the combination of chains with high and low molecular weights is another important synergetic effect based on geometry to explain the highest E b achieved by the binary blend.

CONCLUSION

Blending PVDF chains with high and low molecular weights can achieve higher breakdown strength than those of the two original products. The underlying synergetic effects can be summarized in three points: first, γ phase with high E b can be formed in the binary blend because of the different surface stresses caused by the combination of segments with different molecular weights. Second, the strain induced by high electric field on the film may cause either the transition of crystalline phase or the plastic deformation. The results of in-situ WAXD during the stretching infer that the strain induced by stretching may cause α to β transition in PVDF-2, which may occur during the breakdown measurement. By contrast, the strain may cause the plastic deformation of α crystallites in PVDF-1 and the binary blends, which makes them able to endure higher electric field. Third, the combination of chains with high and low molecular weights in the binary blends can achieve a compacter structure that is beneficial to achieve high breakdown strength.

Figure 1

 1 Figure 1 Probability of breakdown for PVDF-1, the binary blend and PVDF-2. Two values in the brackets: the left one is the breakdown strength which is determined at 63.2% failure probability from a two-parameter linear Weibull failure analysis; the right one is the value of β.

  ) decreases sharply, and a visible peak appears when the azimuthal angle reaches 45-50 o . The changes in the lattices with the azimuthal angle infer a polycrystalline structure in PVDF-2 and the binary blend. Hence, it is necessary to further investigate the crystalline structures of PVDF-1, the binary blend and PVDF-2 at these three azimuthal angles: 0 o , 45 o and 90 o . Typically recorded WAXD patterns of PVDF-1, the binary blend and PVDF-2 film samples. (b) Intensity curves of (110) and (021/111/120) reflections as the azimuthal angle increases from 0 to 90º.

Figure 3

 3 Figure 3 WAXD for PVDF-1, the binary blend and PVDF-2 for the azimuthal angles of (a) 0 o , (b) 45 o and (c) 90 o .

  ) has been plotted as the function of strains in Figure5. It is observed that the tendencies of d(100), d(020) and d(110) in the three samples are different during stretching. As the strains increase, in PVDF-1, d(100) and d(020) increase at the beginning but start to decrease when the strains become larger than 2%, whereas d(110) keeps increasing. In the binary blend, the three d spacing all increase. In PVDF-2, the three d spacing do not change at the beginning until the strain reaches 1%, and then they decrease. The variation of d spacing highlights the different evolutions of crystalline phases during the stretching.

Figure 4 Figure 5

 45 Figure 4 WAXD patterns at different strains of (a) PVDF-1, (b) the binary blend and (c) PVDF-2 during stretching when the azimuthal angle is 0º

Figure 6

 6 Figure 6 DSC curves for PVDF-1, the binary blend and PVDF-2. The symbols indicate the following: T m = melting point, T m ' = a second endothermic peak or shoulder, ΔH f = heat of fusion and Φ m = mass fraction crystallinity of the polymer.
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 7232 Figure 7 Iq 2 vs q for PVDF-1, the binary blend and PVDF-2

Figure 8

 8 Figure 8 Schematics for long periods in PVDF-1, the binary blend and PVDF-2

Table 1

 1 

	Weight average mass, number average mass and polydispersity (Mw/Mn) for PVDF 1 and
	PVDF 2			
		Mw (by GPC)	Mn	Mw/Mn
	PVDF-1	~180,000	~71,000	~2.5
	PVDF-2	~441,000	145,000	~3
	Characterization: The breakdown strength (E b ) of the films was measured by means of a PolyK
	Ferroelectric Polarization Loop & Dielectric Breakdown Test System. During the measurement,
	the rate of voltage increase was set as 200 V/s. Measurements were carried out at room
	temperature in silicon oil to avoid the corona discharge in air. The breakdown trials were
	performed for each film to conduct Weibull failure analysis as indicated by 29 :	

β

Table 2

 2 Crystalline fractions (X c %) of PVDF-1, the binary blend and PVDF-2 when the azimuthal angle is equal to 0, 45 and 90 o , and the average values.

		0 o	45 o	90 o	Average
	PVDF-1	59%	51%	45%	52%
	Binary blend	58%	45%	38%	47%
	PVDF-2	59%	52%	24%	45%
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