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ABSTRACT: In this investigation, polyvinylidene fluoride (PVDF)/short carbon fiber (SCF) composites have been prepared by solution

casting technique to enhance electrical and dielectric properties with very low-electrical percolation threshold (0.5 phr SCF). The

effect of SCF content on mechanical, thermal and morphological properties of the composites have also been investigated. The

mechanical properties of the composites are found to reduce compared to neat PVDF due to poor polymer–filler interaction which

can be concluded from FESEM micrographs showing poor bonding between PVDF and SCF. The PVDF/SCF composites exhibit

either positive temperature coefficient effect of resistivity or negative temperature coefficient effect of resistivity depending on the

loading of SCF in the polymer matrix. The change in conductivity during heating–cooling cycle for these composites shows electrical

hysteresis along with electrical set. The melting point of the composites marginally increases with the increase in fiber loading in

PVDF matrix as evidenced from DSC thermograms. X-ray diffraction analysis reveals the crystallinity of PVDF decreases with the

increase in SCF loading in matrix polymer. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 39866.
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INTRODUCTION

The mechanical, electrical, and dielectric properties of any

filler–polymer composite can be controlled by varying filler to

polymer proportion, state of filler distribution and dispersion in

the matrix polymer, and filler geometry.1–8 To achieve properties

like mechanical reinforcement, electrical sensing, electromag-

netic interference shielding effectiveness (EMI SE), good electric

and dielectric properties, thermal properties in the polymer

composite, it is necessary to mix and disperse the filler uni-

formly in the polymer matrix, which provides wetting of filler

particles by polymer chains leading to a good bonding in

between filler and polymer.9–11 It is well documented that elec-

trical, dielectric, mechanical or any other physical property of

the polymer composites depend on the nature of polymer and

filler individually.12–20 There are several other factors like filler

dispersion in polymer matrix,21–23 physicochemical bonding in

between polymer and filler,24,25 polymer–polymer compatibility

in case polymer blend is used as matrix,26–29 electronic charac-

trestis of polymer and filler for example presence of lone pair

or pi bond or both in conjugation in polymer,30 duration of

mixing time,31–34 method of mixing,35 aspect ratio of filler, tem-

perature of mixing. All these factors affect the physical proper-

ties of polymer–filler composites. The electrical conductivity of

conductive polymer composites also depends on temperature.36

The electrical conductivity in insulating polymer is achieved by

incorporating conductive fillers where electrical conductivity

drastically increases up to a crtical concentration of filler known

as percolation thresold.37,38

It is observed that EMI SE and toughness increase with increasing

SCF concentration whereas rheological properties either in extru-

tion or injection moulding process decreases.39 The mixing of SCF

in polyvinylidene fluoride (PVDF) matrix produces a low adhesion

due to lack of reactive groups and innert nature of PVDF, that

results in poor mechanical properties of PVDF/SCF composite.40,41

The objective of this research work is to develop PVDF/SCF

(aspect ratio 5 735) composites having high electrical conductiv-

ity at low percolation threshold. To fulfil this objective, PVDF and

SCF composites have been prepared by solution mixing method.

The effect of SCF loading on mechanical properties, dielctric

properties, both ambient and temperature dependent electrical

resistivity, and crystallinity, have been investigated and an effort
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is made to correlate composite structure with different proper-

ties through SEM morphology, X-ray diffraction (XRD) and dif-

ferential scanning calorimetry (DSC) analyeses.

EXPERIMENTAL

Materials

Conductive carbon fiber (RK 30/12) was obtained from RK Car-

bon Fibers, UK. Short carbon fiber (SCF), having average length

of 5 mm was prepared by chopping continuous carbon fiber. It

has diameter 5 6.8 lm, density 5 1.78 g/cm3, electrical resistiv-

ity 5 1.5 3 1023 X cm, and aspect ratio 5 735. The PVDF

[average molecular weight (Mw), 534,000] was supplied by

Aldrich, USA, under the trade name 182702 and has a density

of 1.77 g/cm3. N,N-dimethyl formamide (DMF) was used as a

solvent for PVDF which was obtained from Merk Specialities,

Worli, Mumbai.

Sample Preparation

Different PVDF/SCF composite films were prepared by solution

casting method. The clear and saturated solution of PVDF in

N,N-DMF was initially prepared. Different proportion of

chopped SCF particles with average length of 5 mm was mixed

and sonicated for 30 min with requisite amount of saturated

solution of PVDF. The mixture was again mechanically mixing

for extra half an hour. Composite films were prepared through

casting of different mixtures of PVDF and SCF on Petri dish

followed by drying in vacuum oven at 40�C for 48 h.

Characterization

Tensile properties of PVDF/SCF composites have been measured

by Hounsfield universal mechanical testing machine (UTM),

H10KS with loading cell at the testing speed 5 mm/min.

Crystalline melting temperature of different composites was

measured using DSC (Q100 T.A. Instruments, USA) under N2

atmosphere, over a temperature range 270 to 210�C at a heat-

ing rate of 10�C per minute. XRD was carried out by using Phi-

lips PW 1710 diffractometer, angle (2h) ranges from 10� to 80�

to study the effect of SCF length on composite’s crystallinity.

DC electrical resistivity measurement at ambient temperature

(25 6 2�C) was performed using Agilent 4339B high resistance

meter [coupled with Agilent 16008B resistivity cell (for samples

having electrical resistance �106 X)] and Agilent 34401A 61=2
digital multimeter [couples with a homemade electrode (for

samples having electrical resistance �99 3 106 X)]. The dielec-

tric constant, dielectric loss and AC resistivity in the frequency

range from 10 to 106 Hz were measured using QuadTech 7600

precision LCR meter attached with a homemade electrode.

The effect of temperature (30–150�C) on DC resistivity of

PVDF/SCF composites were measured using the instrument

Agilent 34401A 61=2 digital multimeter. The entire electrode

with sample was placed in an electrically heated oven (SC Dey

Company). The temperature was maintained through PDI con-

troller attached with the oven. The effects of heating and

heating–cooling cycle on DC resistivity were done at the

heating–cooling rate 1�C/min. But the effect of heating and

heating–cooling rate (speed) on DC resistivity and electrical

hysteresis has been carried out at two different rates namely 1

and 5�C/min.

Leica, DMLM-P-11888500 (Germany) optical microscopy and

SUPRA 40 field emission scanning electron microscope (FE-

SEM) were used for understanding morphology and distribu-

tion of SCF in PVDF matrix.

RESULTS AND DISCUSSION

Mechanical Properties

The tensile strength (TS) of SCF-filled PVDF composites are

presented in Figure 1. It can be seen from the figure that as the

concentration of SCF increases from 0 to 2 phr, there is a con-

tinuous decrease in TS whereas for 2–5 phr SCF loading varia-

tion there is only marginal increase in TS. This reveals that SCF

acts as nonreinforcing filler for PVDF matrix unlike carbon

black. Carbon black generally acts as reinforcing filler for elasto-

meric matrices. But in present case, SCF acts as nonreinforcing

filler. This is because carbon black has some active groups like

>CO, ACOOH, ACHO, AOH, etc., which helps in the forma-

tion of some kind of physicochemical bonds with polymer

matrix. However, SCF surface does not contain any such groups

as, during manufacturing of carbon fiber it was subjected to

very high temperature leading to destruction of such groups on

SCF surface. Further carbon black surface has some roughness

as well as black particles generally exist in aggregated and

agglomerated form which leads to formation of some kind of

mechanical interlocking between polymer chains and carbon

black particles. SCF surface on the other hand is much more

smooth compared to carbon black as a result there is a much

less tendency to form some mechanical locking between SCF

particles and polymer chains.3 Consequently, physicomechanical

bonds between polymer chains and SCF particles are rather

weak compared to that in carbon black-polymer bond. The

existence of poor SCF-polymer interaction has also been

reported elsewhere.42

Jianghong et al. have studied the reinforcement effect of carbon

fiber (CF, with and without surface treatment) on the mechani-

cal properties of PVDF matrix prepared through melt mixing

Figure 1. TS and elongation at break of PVDF/SCF composites. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.3986639866 (2 of 10)

wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


technique.43 They have reported that, with the increase in CF

loadings up to 28 wt %, the TS of the composites was increased

by about 180% compared to neat polymer. The discrepancy in

between earlier report and present findings is mainly due to

due to the difference in methods of composite preparation and

the of carbon fiber surface treatment. Unlike present case of

composite preparation through solution mixing using SCF with-

out any surface treatment, melt mixing process was adopted by

Jianghong et al. using surface treated SCF. However, this reduc-

tion in mechanical properties is well compensated by compara-

tively much better improvement in electrical conductivity at

much lower filler loading in the present case.

The variation of elongation at break against SCF loading (Figure 1)

shows somewhat similar trend as that observed for TS.

Because of SCF addition in PVDF matrix the elongation at

break is found to decrease up to loading of 1 phr there after

a marginal change is observed for increase in filler loading

from 2 to 5 phr.

The FESEM images of PVDF/SCF composite shown in Figure

2(a–d). It is observed that fibers have been pulled out from

matrix polymer creating holes and channels on the polymer sur-

face. It is also noteworthy that de-bonded fiber surfaces are

smooth and do not exhibit presence of any polymer on them.

This provides an ample evidence of weak bonding between

PVDF and SCF in the composite system.3

DC Resistivity

The DC resistivity of SCF-loaded PVDF composites has been

presented in Figure 3. It can be seen from the figure that ini-

tially the resistivity is reduced drastically with the addition of

very small amount of SCF in PVDF matrix. The resistivity of

the composites decreases from 1014 (for neat polymer) to 106 X
cm at the loading of only 0.5 phr of SCF which is further

reduced to 104 X cm when loading is increased upto 1 phr.

However, for further increase in SCF loading even up to 5 phr,

there is only marginal decrease in resistivity. Here, the electrical

percolation (the critical concentration of filler) which causes the

transition of the composite from insulating to semiconducting/

conducting is taking place at and around 0.5 phr of SCF. The

retention of initial high aspect ratio (L/D) of SCF during com-

posite preparation through solution mixing followed by solvent

casting helps in the formation of continuous conducting net-

work of SCF in PVDF matrix even at very low loading, 0.5 phr.

These PVDF/SCF composites are found to be superior to many

similar polymer composites prepared using the same SCF, as

mentioned earlier literature. Sau et al. reported percolation

threshold value ranging from 14 to 30 phr for different for SCF

(SCF, aspect ratio 5 13–30) filled nitrile rubber (NBR), ethylene

propylene diene rubber (EPDM) and their blend composites.44

The percolation threshold value of 8–10 vol % (16.3–20.8 phr)

were observed for polypropylene (PP)/SCF composites (SCF,

Figure 2. FESEM images of cryo-fractured PVDF/SCF composite (a–d).
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aspect ratio 5 24).45 The achieving of high conductivity level

with very low percolation threshold for the present SCF-PVDF

is noteworthy. Li et al. reported electrical percolation for PVDF/

EG composites system as 8 phr (6 vol %) significantly higher

than present composite system.46 Better electrical conductivity

for the present PVDF/SCF composites is mainly due to initial

high aspect ratio of SCF (735) which almost retained in final

composites which facilitate the formation of continuous con-

ductive networks inside the matrix polymer at very low percola-

tion threshold.

Optical microscopic images of composites reveals percolation

the formation of continuous conductive networks as shown in

Figure 4(a–f), mostly the SCF particles are randomly distributed

in PVDF matrix. At a concentration (<0.5 phr), SCF particles

remain separated from each other [Figure 4(b,c)] in PVDF

matrix but with progressive increase in SCF concentration the

average interpartcle gap decreases and a tendency of continuous

network formation is aparent. Initially, the network is not con-

tinuous but slowly the formed network spreads and becomes

continous at and around critical concentration [Figure 4(d)]

and the system changes abruptly from insulating to conducting

one. However, with further addition of SCF in the system more

and more closed packed networks are formed [Figure 4(e,f)].

The effect of temperature on DC resistivity and relative resistiv-

ity of PVDF/SCF composites has been shown in Figures 5

and 6, respectively. The term relative resistivity is defined as qt/

q0, where qt is the resistivity at any measurement temperature

and q0 is the resistivity at the starting temperature (30�C). It is

observed from Figure 5 that the resistivity of 1 and 2 phr SCF

loaded composites increases with the increase in temperature

(the positive temperature coefficient, PTC effect) whereas, the 5

phr loaded composite exhibits different behavior where the

resistivity is found to decrease with the increase in temperature

Figure 3. DC resistivity of PVDF/SCF composites against filler loading.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 4. Distribution of SCFs in PVDF matrix (a) 0.0 phr SCF, (b) 0.1 phr SCF, (c) 0.2 phr SCF, (d) 0.5 phr SCF, (e) 1.0 phr SCF, and (f) 2.0 phr SCF.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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(negative temperature coefficient, NTC effect). The appearance

of PTC or NTC effects respectively depends on the net increase

or net decrease of conductive networks of filler present in the

composite which in turn depends on the nature of matrix poly-

mer, type of conductive filler and filler concentration. PTC

effect is generally due to higher thermal expansion of polymer

matrix compared to filler leading to net destruction whereas

NTC effect is due to the increased effect of electric field radia-

tion between adjacent conductive filler particles in the matrix

which bridges the interparticle gap and facilitates network for-

mation. In fact with the increase in temperature, the electrons

present in the composite system especially in the conductive fill-

ers radiate from one conductive site to another in the matrix

when the conductive sites are close enough and around 10 Å,

resulting in better electron flow and reduction in electrical

resistivity.

In the present composite system the carbon fiber has negative

coefficient of thermal expansion (21.45 3 1026)47,48 whereas

the matrix PVDF has positive thermal expansion coefficient

(17.1 3 1025).49 Because of this difference in thermal expan-

sion between filler and matrix, average interparticle gap

increases and resistivity increases that is what is observed a for

composites with 1 and 2 phr SCF loaded composites. Whereas

comparatively highly loaded (5 phr) composite where there are

more number of conductive networks already present and aver-

age interparticle gap is also much less compared to previous

ones, the effect of differential thermal expansion is marginal.

But the decrease in resistivity is mainly due to increased effect

of electric field radiation which predominate the increase in

resistivity by thermal expansion. The relative increase in resistiv-

ity for 2 and 5 phr loaded composite is lower compared to 1

phr loaded composite. The change in relative resistivity for 1

phr loaded composite is from 1 to 1.45, for 2 phr loaded com-

posite is from 1 to 1.04, and for 5 phr loaded composite is

from 1 to 0.84. Li et al. reported that the relative resistivity of

the PVDF/EG composites increases with the increase in temper-

ature up to the melting point of PVDF that is the PTC effect of

resistivity is observed for the composite system.46 The incre-

ment in relative resistivity is in the order of 101 to 103 depend-

ing on the loading of EG. For the present system the close

packed networks of SCF in PVDF matrix exhibits much lower

variation of relative resistivity against temperature compared to

previous results.

The effects of heating–cooling and repeated heating–cooling

cycle on DC resistivity have been shown in Figure 7 for 1 and 5

phr loaded composites. It is observed that the change in resis-

tivity during heating does not follow the same root during cool-

ing part of the heating cycle leading to some kind of hysteresis

and the original value of resistivity at the starting temperature

is not reached at the end of heating–cooling cycle leaving a dif-

ference in the resistivity value which may be termed as electrical

set.48 So it is clear from the figure that the composites show

electrical hysteresis where there exist an electrical set. The elec-

trical hysteresis is defined as the difference in area between

resistivity versus temperature plots during heating and cooling

Figure 5. DC resistivity against temperature of PVDF/SCF composites.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 6. DC relative resistivity against temperature of PVDF/SCF compo-

sites. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 7. Repeated heating–cooling cycle for 1 and 5 phr loaded PVDF/

SCF composites. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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cycle. The electrical set is the difference between initial resistiv-

ity at the starting temperature of the composite before heating–

cooling cycle and final resistivity at the starting temperature

after heating–cooling cycle. There is wide difference between the

initial and final resistivity. But it is interesting to show that the

final resistivity (after cooling) for 1 phr loaded composite is

quite higher compared to initial resistivity; whereas, the final

resistivity for 5 phr loaded composite is lower compared to its

initial resistivity. The increase in final resistivity after heating–

cooling cycle has also been observed by Sau et al, where the

only difference was in the magnitude of electrical set.44 It is also

observed from the figure that the magnitude of electrical hyster-

esis and electrical set in the second heating–cooling cycle is less

compared to first heating–cooling cycle. The effect of heating

and cooling cycle on DC resistivity for 1 phr loaded composite

have been measured at two different rates (1 and 5�C/min) and

shown in Figure 8. It is seen from the figure that the DC resis-

tivity is dependent on heating–cooling rate. The increase in

heating–cooling rate decreases the electrical hysteresis and elec-

trical set.

A comparison between volume and surface resistivity of PVDF/

SCF composites against filler loading is presented in Figure 9. It

is observed that the magnitude of surface resistivity at any par-

ticular SCF loading is always lower than the corresponding vol-

ume resistivity. It may be due to the fact that the fibers tend to

distribute more towards surface compared to the bulk of the

PVDF matrix.

AC Resistivity

AC resistivity of different PVDF/SCF composites against loga-

rithm of applied frequency is presented in Figure 10. It is found

that when concentration of SCF is more or equal to the percola-

tion thresold, the AC resistivity is frequency independent. It is

clear from the figure that frequency dependent AC resistivity is

observed for composites with 0–0.2 phr SCF loading but when

SCF loading is increased to �0.5 phr (percolation thresold and

above), the AC resistivity becomes almost frequency independ-

ent that is AC resistivity becomes equal to DC resistivity.

AC Resistivity of different PVDF/SCF composite against their

filler loading are presented in Figure 11. The effect of filler load-

ing on AC resistivity is found to be similar to that of DC resis-

tivity. The only difference is in their magnitude. The difference

in AC resistivity at lower filler loading is due to the hopping/

tunneling of electrons from one conductive site to another site.

Generally hopping/tunneling phenomena increases with the

increase in frequency.14 This is why at lower filler loading, the

AC resistivity measured at higher frequency exhibits lower

value.

The AC conductivity for EVA/SCF composites has been

reported by Sohi et al.50 They have shown that the electrical

percolation has reached around 15 phr of fiber loading,

whereas, for this study, it is only 0.5 phr. Furthermore, in terms

of AC resistivity, the present composite loaded with 1 phr SCF

is found to be more effective compared to 20 phr loaded EVA/

Figure 8. Effect of heating–cooling rate on DC resistivity for 1 phr loaded

PVDF/SCF composite. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 9. Comparison of volume and surface resistivity of PVDF/SCF

composites. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 10. AC resistivity against frequency of PVDF/SCF composites.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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SCF composite. The percolation threshold of AC electrical con-

ductivity for PVDF/EG composite system is around 8 phr of EG

loading, which is higher compared to this study.46 The electrical

AC conductivity result of 0.5 phr loaded present PVDF/SCF

composite is better compared to 8 phr loaded PVDF/EG

composite.

Dielectric Constant and Loss

Dielectric constant and loss of different composites against log

frequency is presented in Figures 12 and 13, respectively. The

change in dielectric constant against frequency is marginal upto

0.2 phr SCF that is before percolation. When SCF loading is

increased to 0.5 phr, dielectric constant almost linearly increases

with decrease in log frequency upto log equal to 2. If the fre-

quency is further lowered, measurement value is erratic and

unreliable. For the composites having fiber loading above perco-

lation threshold (>0.5 phr), the dielectric constant is found to

increase almost linearly with the decrease in frequency from 106

to 5 3 104 Hz. But when the frequency is further decreased, the

system become highly conducting and the dielectric constant

value goes beyound the measurement limit of the instrument

used.

The variation of dielectric constant and dielectric loss with

respect to filler loading at constant frequency 1 MHz has been

presented in Figures 14 and 15, respectively. From both the fig-

ure it is seen that the dielectric constant and loss are increasing

with respect to filler loading. Initially upto 0.2 phr SCF loading,

the increment is very marginal followed by a drastic increment

in dielectric constant and dielectric loss upto 1 phr. Futher

addition of SCF gives marginal increment.

The SCF present in the PVDF matrix can be considerd as milli

capacitor which generates interfacial polarization with the poly-

mer matrix and among themselves.12,16 The increase in SCF

loading increases such numbers of capacitors.16 This results in

Figure 11. AC resistivity against filler loading of PVDF/SCF composites.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 12. Dielectric constant against frequency of PVDF/SCF composites.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 13. Dielectric loss against frequency of PVDF/SCF composites.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 14. Dielectric constant against filler loading of PVDF/SCF compo-

sites. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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higher magnitude of interfacial polarization especially at lower

frequencies. This attributes to the increment of dielectric con-

stant and loss with the increase in filler loading.

From Figures 14 and 15, it is observed that the magnitude of

dielectric loss is higher compared to dielectric constant at the

similar loading of SCF (specially for higher loaded composites).

This is due to the higher value of dissipation factor (>1).

Because dielectric loss is the product of dielectric constant and

dissipation factor.

The dielectric property of similar SCF filled ethylene vinyl ace-

tate (EVA) composites has been investigated by our previous

group.13 It is observed that the dielectric constant results of 1

phr loaded PVDF/SCF composite is higher compared to 15 phr

loaded EVA/SCF composite. Similarly, the dielectric constant of

0.5 phr loaded PVDF/SCF composite is quite higher compared

to 8 phr loaded PVDF/EG composite.46 The dielectric constant

for 0.5 phr loaded PVDF/SCF composite at log frequency 2 is

in the order of 1010 whereas for 8 phr loaded PVDF/EG com-

posite the dielctric constant is only in the order of 103. Dang

et al. have investigated the dielectric constant of PVDF/upright

carbon fiber composites.51 They have reported that the dielectric

constant at volume fraction 0.074 (7.99 phr) of carbon fiber (at

log frequency 3) is around 80 (less than log 2) that is extremely

lower compared to our 0.5 phr loaded PVDF/SCF composites.

The credit for this high effective of PVDF/SCF composites goes

to the high aspect ratio of SCF. Actually, a carbon fiber with

higher aspect ratio may be considered as a series combination

of several microcapacitor made of smaller carbon fiber. This is

why the composite with higher aspect ratio of fiber exhibits

higher dielectric property compared to the composite having

lower aspect ratio of fiber.

Differential Scanning Calorimetry

DSC plot of different SCF-filled PVDF composites are presented

in Figure 16. The DSC curves show the melting endotherms of

crystalline neat PVDF and PVDF/SCF composites from where

the corresponding crystalline melting temperatures (Tm) can be

clearly detected. A distinct transition around 50–60�C is

observed for the PVDF composites. This may be due to some

structural changes in PVDF matrix. In fact PVDF can exist in

one to five different crystalline form42 depending on the chain

configuration. As a result it shows different types of transitions

depending on the type of crystalline form. A sharp endothermic

peak is observed for all systems at around 150–175�C. This is

due to crystalline melting of PVDF matrix. There is marginal

shift of melting peak with SCF loading is observed.

It is seen from Figure 16 that the melting point of 1 and 5 phr

loaded composites are 165 and 170�C, respectively. These melt-

ing points are somewhat higher compared to the highest mea-

surement temperature of DC resistivity as shown in Figure 6. It

has been mentioned in literature that for the semicrystalline

polymer composites (filled with any carboneous filler), the

major increase in electrical resistivity occurs around the melting

point of the composites.46,52 But for 1 and 5 phr loaded PVDF/

SCF composites, the highest measurement temperature are 15

and 20�C lower than their melting point, respectively. Thus,

this may be one of the reasons for the very low increase/

decrease of relative resistivity with respect to temperature com-

pared to other carbon filled composites.

X-ray Diffraction Analysis

PVDF has five polymorphic forms viz. a, b, c, d, and e in which

conformation of alpha (a) and delta (d) is TGTG0, gamma (c)

and epsilon (e) is TTTGTTTG0, and beta (b) is TTTT.53 XRD

patterns of pure PVDF and PVDF—SCF composites have been

shown in Figure 17. The peak obtained at around 2h 5 18.7�,
20.0�, and 26.4� reflect a-crystal structure which can be indexed

into a (020), a (110), and a (021) for pure PVDF.54–57 The

absence of 2h peak at around 20.6� shows that there is no for-

mation of b-crystal structure during drying of solution casted

pure PVDF. However, PVDF-SCF composites exhibit b-crystal

structure.

The crystallinity for neat PVDF and its composites have been

calculated using the following relation [eq. (1)].

Figure 15. Dielectric loss against filler loading of PVDF/SCF composites.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 16. DSC thermogram of PVDF/SCF composites. [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Crystallinityð%Þ5½Cp=ðCp1ApÞ�3100 (1)

where Cp 5 Crystalline peak area and Ap 5 Amorphous peak

area. It is found that the crystallinilty for neat PVDF, 1, 2, and

5 phr loaded PVDF-SCF composites is 51%, 45%, 44%, and

24% respectively. It has been mentioned earlier that there is no

chemical interaction between PVDF and SCF because SCF has

no functional group on its surface. Hence, the added SCF in the

PVDF matrix only disturb the formation of parallel alignment

of PVDF chain. This leads to decrease in crystallinity with

increase of SCF loading in PVDF matrix.

SUMMARY AND CONCLUSIONS

The decrease in TS and elongation at break of the composite

compared to neat PVDF is due to poor interaction between

matrix PVDF and filler SCF. FESEM photo micrographs also

corroborate the poor polymer–filler interaction. The electrical

percolation has been found to be 0.5 phr of SCF loading which

is significantly low compared to earlier reported results for simi-

lar composites. Dielectric constant and dielectic loss have been

found to increase with increasing filler loading. For composites

with filler loading less than percolation threshold, AC resistivity

is frequency depedent whereas for composites having filler load-

ing equal to or higher than percolation it is frequency inde-

pendent which means AC and DC conductivity marges

togather. PVDF/SCF composites exhibits either PTC or NTC

effect of resistivity depending on filler loading. The DC resistiv-

ity shows electrical hysteresis along with electrical set. Both area

under hysteresis loop and magnetude of electrical set decrease if

heating–cooling cycle is repeated. Dielectric properties increase

with the increase in SCF loading mainly due to the increase in

interfacial polarisation and electronic conductivity especially at

low-frequency region.
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