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This thesis examines the value of using dispersed conductive fillers as a 
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ability to be effective and the influence of filler concentration on the conductivity are also 

examined.  
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To meet these objectives, nanocomposites of polyvinylidene fluoride (PVDF) with 

carbon nanofibers (CNFs) and carbon nanotubes (CNTs) were prepared by melt-

blending using a twin screw extruder. Since PVDF has a potential to be piezoresistive 

based on the type of crystalline phase, the effect of CNFs on PVDF crystallinity, 

crystalline phase, quasi static and dynamic mechanical property was studied 

concurrently with piezoresponse. Three time dependencies were examined for 

PVDF/CNTs nanocomposites: quasi-static, transient and cyclic fatigue. The transient 

response of the strain with time showed viscoelastic behavior and was modeled by the 

4-element Burger model. Under quasi-static loading the resistance showed negative 

pressure coefficient below yield but changed to a positive pressure coefficient after 

yield. Under cyclic load, the stress–time and resistance–time were synchronous but the 

resistance peak value decreased with increasing cycles, which was attributed to charge 

storage in the nanocomposite.  

The outcomes of this thesis indicate that a new piezoresponsive system based 

on filled polymers is a viable technology for structural health monitoring. 
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CHAPTER 1  

3BPOLYMER/CARBON NANOPARTICLE NANOCOMPOSITES 

1.1 7BIntroduction 

Nanotechnology is now recognized as one of the most promising technologies of 

the 21st century. Among various materials research, polymer nanocomposites is 

emerging as a multidisciplinary research activity. Results obtained through the research 

of polymer nanocomposites can broaden the applications of polymers to a great extent. 

Multifunctional advanced polymeric nanocomposites can be used for wide variety of 

applications in various different fields.  

Polymer nanocomposites, a multiphase solid material where one of the phases is 

less than 100 nm size, are becoming popular and being manufactured commercially for 

various diverse applications. In the last twenty five years there has been intensive 

research on polymer nanocomposites. Simultaneously, growth in the computer 

simulation techniques, scanning electron, and transmission electron microscopy has 

made the characterization and prediction of the polymer nanocomposites’ properties 

easier. In addition, nanocomposites can be processed using conventional processing 

techniques and does not need any special or costly processing techniques. Today 

various types of nanomaterials with various shapes and sizes are being used to prepare 

polymer nanocomposites. The nanofillers can be in the form of nanoparticles (e.g. 

carbon, metal powder), nanoplateletes (e.g. silicates), nanowires (e.g. carbon 

nanotubes, ceramic nanowires), fullerences (e.g. C60), etc. To fulfill the objective of this 

research carbon nanofibers and carbon nanotubes were used as nanofillers to make 
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nanocomposites with polyvinylidene fluoride (PVDF) polymer. The details about carbon 

nanofibers and carbon nanotubes are discussed in this chapter.  

1.2  How Nanocomposites Work? 

Transition of fillers from macro size to nano size drastically increases the surface 

area per unit volume of the particles and also causes change in their physical properties 

[ 3F1]. Small size of particles provides large interfacial area between particles and host 

material. Nanofillers provide higher reinforcing efficiency due to their high aspect ratio. 

In general, shape and size of the particles have direct effect on properties of the 

prepared nanocomposites. Along with the individual properties of the host material and 

fillers, interfacial region shared by both the components affect nanocomposite’s 

properties. Other factors like aspect ratio of the nanoparticles, filler dispersion in the 

matrix, physical or chemical interaction of nanoparticles with host material affect 

properties of nanocomposits. In the early 1990s, Toyota Central R&D Laboratories in 

Japan pioneered the work on nanocomposites showing considerable improvement in 

thermal and mechanical properties of Nylon-6 nanocomposite  made by addition of 

small amount of nano fillers [ 4F2]. Since then polymer nanocomposites research became 

commercially and scientifically attractive topic all over the world. 

1.3 9BHow to Produce Nanocomposites? 

Polymer nanocomposites can be produced using various techniques. The goal of 

any processing technique to produce nanocomposite is achieving maximum possible 

dispersion of nanofillers in polymer matrix. Techniques to produce nanocomposites are 

discussed below. 
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1.3.1 32BMelt Mixing 

Since the invention of nanocomposites the melt mixing technique is highly 

attractive owing to its simplicity [ 5F3, 6F4]. This technique has been widely studied and well 

explored with polymer clay system and generated knowledge with this system can be 

used easily with other nanofillers and polymer nanocomposites. In this technique a 

thermoplastic polymer and nano fillers mixed using conventional melt mixing methods 

such as extrusion, batch mixing, or injection molding. No solvent is required in this 

technique and fillers mixed in the molten matrix using high shear forces. Viscosity of the 

melt plays important role in shear mixing of the nanofillers and polymer melt during 

processing [ 7F5- 8F9F7]. Compatibilizers can also be used to improve the interfacial adhesion 

between polymer and fillers. However, organic surface modifications are prone to 

thermal damage and optimum processing conditions need to be selected. Increased 

mixing time can improve the dispersion of nanofillers in polymer but long processing 

time can degrade the heat sensitive polymers. Elongational flow and orientation of 

extrudate during extrusion leads to orientation of fillers in the direction of extrusion. 

Large amount of polymer composites can be processed compared to other techniques. 

Achieving complete exfoliation or dispersion of nanofillers in polymer matrix with this 

technique is difficult.  

1.3.2 33BIn Situ Polymerization  

In this technique monomer is dissolved or suspended in solvent [ 10F811F12F13F- 14F12 ]. The nano 

particles are dispersed or swelled in liquid monomer by ultra sonication or vigorous 

mechanical stirring. Low viscosity of the monomer improves the dispersion of the 

nanofillers. Combined solution of monomer and fillers is then polymerized using initiator 
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at elevated temperature or using radiation. Subsequent polymerization of the monomer 

leads to uniforn intercalation or dispersion of fillers in polymer matrix. This method is 

common for thermoset resins as non reacted liquid resin can be crosslinked in between 

the dispersed nanofilres [ 15F13]. This approach has also been successfully used for 

thermoplastics like nylon [ 16F14], polystyrene (PS) [17F15], poly metyl methacrylate (PMMA) 

[ 18F16], etc. Nandika et al. [19F17] polymerized layered double hydroxide (LDH) dispersed 

styrene monomer by using free radical polymerization method and benzoyl peroxide as 

a initiator to make PS/LDH nanocomposite. 

1.3.3 34BSolution Technique  

 In this technique polymer is dissolved in suitable solvent [ 20F18, 21F19]. Nanofillers 

which tend to form stacked structure or agglomerate can also be dispersed in the same 

solvent using sonication or mechanical stirring. The polymer chains get adsorbed on the 

filler surface or get intervened between nanofillers. When the solvent is evaporated, 

remaining polymer and nanofillers form a nanocomposite. Removal of the solvent is 

critical issue in this technique. 

1.4  Polymer Carbon Nanoparticle Composites 

Today, carbon nanofillers are ideal fillers for polymers owing to their high 

mechanical and electrical properties. By the late 1980s, carbon filaments were able to 

manufacture in several gram size quantities. But at the same time the ability of those 

nano size fillers to enhance the mechanical properties as well as electrical properties of 

the polymers was not realized by the researchers at that time. Also, the cost of 

manufacturing carbon nanotubes was barrier to commercialize and use them into 

composite systems.  
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 After Iijima discovered carbon nanotubes in 1991 [ 22F20 23F21], significant efforts have 

been made to incorporate carbon nanotubes in various materials. Carbon nanotubes 

have high aspect ratio, high modulus, and strength and therefore they are promising 

fillers in polymer composites. Significant enhancement in the tensile modulus and 

tensile strength has been reported. The estimated mechanical properties of carbon 

nanotubes are higher than the real values but still represent high potential filler 

materials for polymer nanocomposites. 

 The glass transition temperature and thermal degradation temperature is also 

observed to be significantly increased by addition of carbon nanofillers in polymer. Also, 

addition of carbon nanotubes in polymeric system can impart improved electrical and 

thermal conductivity [ 24F22- 25F26F27F28F29F30F31F32F30].  Also, many potential applications have been proposed for 

carbon nanotubes and carbon nanotubes based systems, including high strength 

conductive composite, sensors, thermal conductors, energy storage, semiconductor 

devices and probes, etc. 

1.5  Carbon in Various Forms 

The structure and properties of various forms of carbon are completely different. 

Carbon forms various structures like graphite, diamond, carbon fibers, carbon black, 

bucky balls (C60), carbon nanofibers, carbon nanotubes, etc. In the  experimental work 

of this thesis I have used carbon nanofibers and carbon nanotubes as a conductive 

fillers so these forms of carbon has been elaborately discussed below.  

1.5.1 35BCarbon Nanofibers 

Carbon nanofibers and carbon nanotubes looks similar under electron microscope 

but Melechko et al. [33F31] showed that the planar structures and arrangement of graphen 
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1.5.2 36BCarbon Nanotubes  

Carbon nanotubes are the allotropes of carbon, cylindrical in nature and made by 

rolled graphene sheets. CNTs show incredible thermal, mechanical, and electrical 

properties. Chemical composition of the carbon nanotubes is simple but shows diverse 

structure property relationship. Each carbon atom in the nanotube is attached to three 

neighboring carbon atoms by sp2 bonding in x-y plane. The presence of sp2 bonding in 

carbon nanotubes which forms hexagonal lattice is stronger than sp3 bonding which 

forms cubic structure in diamond. Theoretical tensile strength of carbon nanotube is 

130-150 GPa and modulus is over 1000 GPa [ 34F32]. In laboratories actual measured 

value of up to 63 GPa has been reported which is higher than diamond, Kevlar, or 

spider’s silk. Comparison of various materials properties are shown in Table 1.1.  

The delocalized pi-electron cloud in the z-direction of graphene plane gives unique 

electrical properties to carbon nanotubes [ 35F33]. Thermal and electrical conductivity of the 

carbon nanotubes depends on the chirality or twist of the carbon nanotubes (chirality is 

the chiral angle between hexagons of carbon nanotubes and the tube axis). Fig. 1.2 

shows different structures formed by CNTs due to arrangement of hexagonal lattice 

structure. Single wall nanotubes can be either conductive or semiconductive according 

to structure. However, measuring electrical and thermal properties of single nanotubes 

is challenging.  
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There are two types of carbon nanotubes: 1) Single wall carbon nanotubes 

(SWNTs) and 2) Multi wall carbon nanotubes (MWNTs). MWNTs consists of one atom 

thick single graphene sheet rolled around itself. Diameter of nanometer and length upto 

1000 nm has been achieved by many researchers depending on the synthesis process 

variables. SWNTs show better transport properties than MWNTs. MWNTs consist of 

many concentrically nested SWNTs [ 36F34].   Space between concentric nanotubes is 

slightly larger than the single graphene sheet because of the presence of geometrical 

strains occurred during formation of nanotubes. MWNTs having outer diameter of 4-50 

nm, inner nanotube diameter of 2.2 nm, and length up to several microns has been 

reported by researchers. In this work, I have used MWNTs supplied by Baytubes® and 

the detail information has been given in chapter 3 and 4. 

1.6  Dispersion of Nanotubes in Polymer Matrix 

Due to high polarizability of the pi-electrons there is a strong interaction between 

adjacent nanotubes through van der Walls’ forces and weak interaction between 

graphene sheets. Attraction between nanotubes to nanotubes leads to formation of 

agglomerates of nanotubes and that hinders well dispersion of nanotubes in polymer 

matrix. The dispersion of nanotubes in polymer matrix can be improved by covalent 

treatment or non-covalent treatment of carbon nanotubes (CNTs). In covalent treatment 

attachment of the chemical structure on the surface of the nanotubes or at the end of 

nanotubes is possible. Covalent treatment causes change in possible hydrogen bonding 

and results in separation of nanotubes and can be dispersed in common solvent of 

polymer [37F35]. This treatment of solvent also aids to improve the interfacial adhesion 

between CNT and polymer matrix. Functionalized CNTs ensure the reactive coupling of 
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CNT to polymer matrix. This manifest stronger interface and efficient load transfer 

between CNTs and polymer matrix. Covalent treatment of CNT can ensure the better 

mechanical properties of composite due to better dispersion of CNT in polymer matrix 

but at the time covalent treatment adversely affect the intrinsic properties of CNTs. This 

route causes the change in aspect ratio of the CNTs which generally affect the 

percolation threshold of the composite. Electrical properties of CNTs can also be 

hampered due to adverse effect of covalent treatment on Fermi level and perturbs pi-

conjugation of CNTs [ 38F36]. Covalent treatment also decreases the phonon-scattering 

length which affects the thermal conductivity of the CNTs [ 39F37]. The changes in intrinsic 

properties of CNTs directly affect the overall properties of polymer/CNT composite. 

Non-covalent treatment is effective to disperse the CNTs without disturbing pi-

conjugation of the CNTs so that the intrinsic properties of the CNTs can be preserved. 

S. Bose et al. [40F38] have shown that the electrical properties of the non-covalently treated 

CNTs and polymer composites are better than the covalently treated CNTs and polymer 

composites.   
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and physical micro interlocking [ 42F40]. Physical micro interlocking is difficult in CNT due 

atomically smooth surface.  

When CNTs are dispersed randomly in polymer matrix, thermal, mechanical, or 

electrical properties are expected to be isotropic. As the filler content in the polymer 

matrix increases gradual transition from predominant polymer matrix properties to filler 

properties occurs. Above certain concentration of fillers in polymer, overall properties of 

the composite are dominated by filler properties and that transition point is called as 

percolation threshold. At percolation threshold there is a formation of percolating 

network of filler in polymer matrix which helps to transfer electrical, thermal, or 

mechanical forces from one end to another. The required concentration for percolation 

threshold reduces with increased dispersion of fillers in matrix [43F41].  

1.7  Percolation Theory 

The bulk electrical conductivity of the single atom thick graphene is highly isotropic. 

Along the graphene planes the electrical conductivity takes place without any scattering 

while conductivity perpendicular to graphene plane involves considerable scattering 

losses. Graphene’s in plane electrical conductivity is 2.1 × 106 S/m and perpendicular to 

graphene plane is 5 × 102 S/m [ 44F42]. Carbon nanotubes are nothing but rolled graphene 

sheets so at least from electrical point of view the intrinsic electrical conductivity of 

nanotubes is similar to graphene sheets. Bulk electrical conductivity can be different 

depending on the factors like orientation, entanglement, agglomeration, number of walls 

in nanotubes, etc. In MWNTs Ballistic conductivity like superconductivity (electron 

transfer without any collision losses) is observed by Poncharal et al. [45F43].  
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1.8  Piezoresitivity in CNT Filled Nanocomposites  

Piezoresistivity is phenomenon in which electrical resistance of the material 

changes with change in applied stress or strain. By addition of carbon nanofillers 

dielectric polymer matrix can be made electrically conductive. In electrically conductive 

material change in the electrical resistance can be measured easily. So when applied 

stress or strain on the material is changed there is change in measured electrical 

resistance of the material. Thus change in the electrical resistance of the material is 

directly related to the change in the stress or strain of the material.  In this way, strain 

sensing is possible with piezoresistive materials. Polymeric nanocomposites materials 

are the best suited materials for this application as they can be designed for required 

stress or strain. To achieve piezoresistivity in polymeric nanocomposites there are 

important issues need to be studied and investigated in detail.  

In this thesis poly vinylidene fluoride (PVDF) was used as a host material and 

CNFs and CNTs were used as a conductive nanofillers. PVDF/CNF nanocomposites 

and PVDF/MWCNT nanocomposites were prepared by non covalent melt blending 

technique. Various issues like mechanical properties, thermal properties, morphological 

structure, piezoresistivity under dynamic and transient stress loading conditions, non-

linear piezoresistive response, etc were studied and discussed elaborately in this thesis. 
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CHAPTER 2  

4BCRYSTALLIZATION, MECHANICAL AND RHEOLOGICAL BEHAVIOR OF 

POLYVINYLIDENE FLUORIDE/CARBON NANOFIBER COMPOSITES0F

* 

2.1 16BIntroduction 

Reinforcement of polymers by carbon-based nanofillers has been of increasing 

interest because of the multifunctional properties that they result in. Polyvinylidene 

fluoride (PVDF) has attracted interest because it is a piezoelectric, pyroelectric, and 

ferroelectric material [ 46F1- 47F48F49F4]. PVDF is a semicrystalline polymer with a high molecular 

weight and typically has around 50% amorphous content. PVDF shows various 

interesting properties like ease of processability, good mechanical properties, thermal 

stability, and chemical resistance [ 50F5]. Five crystal structures are present in PVDF. The 

electrical properties have been correlated to the β phase, which has been found to 

induce polarity in the crystal structure. When PVDF is uniaxially oriented, it results in 

longitudinal deformation of polymer chains in the crystals and increased β-phase 

formation [51F6]. Serrado Nunes et al. [52F7] have shown that the α phase can be converted 

into β phase by mechanical stretching below 100 ºC using a stretching ratio of about 3 

to 5, or directly fromsolution at a given temperature. Some researchers have processed 

PVDF into porous and nonporous films that have had a 100% β phase [ 53F8- 54F55F10].  

PVDF with nanofillers like carbon nanotubes (CNTs), carbon black, and calcium 

carbonate has been widely studied. The concept of nanoreinforcement is based on the 

fact that a low percentage (3% to 5%) of loading can result in a major change in the 

                                            
* This entire chapter is reproduced from Shailesh Vidhate, Ali Shaito, Jaycee Chung,  Nandika Anne 

D’Souza, “Crystallization, Mechanical and Rheological Behavior of Polyvinylidene Fluoride/Carbon 
Nanofiber Composites”, Journal of Applied Polymer Science, Vol. 112, 254–260 (2009),  with 
permission from Wiley Periodicals, Inc. 
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properties of polymers. Mechanical properties, thermal conductivity, electrical 

conductivity, flame retardance, and wear resistance have all shown benefits from 

nanofillers [ 56F11]. Single-walled carbon nanotube (SWCNT) and PVDF composites have 

demonstrated an increase in mechanical, conducting, and ferromagnetic properties [ 57F12].  

Yu et al. [58F13] showed that montmorillonite clays act as nucleating agent and cause the 

formation of a γ phase. For clay content greater than 1 weight percent, α and β phases 

coexist. When multiwalled carbon nanotubes (MWCNTs) are incorporated, the 

crystallites are transformed from the nonpolar α form to polar β form. A percolation 

threshold for electrical and thermal conductivity was observed at 2 to 2.5 weight 

percentage of MWCNT [ 59F14, 60F15]. MWCNTs also offer ease of processing, flexibility, and 

good dielectric behavior of PVDF film [ 61F16, 62F17]. CNT-filled PVDF thin films indicated an 

excellent acoustic response, acting as a transducer over a broadband frequency range. 

In addition the films were transparent (invisible sound monitors for military applications), 

flexible, and lightweight [63F18]. Among the various nanofillers, an increase in electrical 

conductivity was also observed with the addition of carbon black [64F19]. Vapor-grown 

carbon fibers (VGCFs) have been attracting much research interest as fillers in 

composites because of their good electrical, thermal conductivity, and mechanical 

properties [ 65F20]. There is to date limited information on carbon nanofiber reinforcement 

of PVDF, to our knowledge. However, cost comparisons of multiwalled carbon 

nanotubes, single-walled carbon nanotubes, and carbon nanofibers indicate that carbon 

nanofibers remain very cost-competitive. The purpose of this study is to investigate the 

effects of CNFs on the thermal, mechanical, and rheological properties of PVDF at 

different weight percentage loadings. 
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2.2 17BExperimental 

2.2.1  Materials 

The PVDF used was supplied by Arkema (Kynar® 721, powder form) and had the 

following properties:  

• Density: 1.78 g/cc 

• Melt flow index (MFI): 10 g/10 min 

• Tensile strength: 54 MPa 

• Melting temperature: 168 ºC 

CNFs were obtained from obtained from Pyrograf® Products, Inc. (PR-24-XT-LHT), 

with the following material properties:  

• Bulk density: 1.95 g/cc (ASTM D1513-86) 

• Average diameter: 107 nm (JEOL 5300 SEM) 

CNFs were used as received without further purification. Prior to melt-mixing, both 

the materials were vacuum-dried at 80 ºC for 6 hours. PVDF and CNFs were dry-mixed 

via tumbling in a bottle. The contents of CNFs in PVDF powder were 0, 1, 2, and 4 

weight percentage; and the compositions were coded as PVDF, PVDF1, PVDF2, and 

PVDF4, respectively. 

2.2.2  Preparation of PVDF Fibers 

Melt-blending of PVDF and CNFs was performed in a twin-screw co-rotating 

extruder. The extruder temperatures were set from 170 ºC at the feed zone to 210 ºC at 

metering zone. Screw rpm was 200. Substantial shear forces are necessary during the 

composite processing step in order to disperse nanofibers in the polymer and to achieve 

good mechanical and electrical properties [ 66F21]. Fiber pulling roll speed was set to 230 
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rpm to ensure mechanical stretching of fibers, which is anticipated to lead to orientation 

of carbon nanofibers and polymer crystallites in the direction of the pulling [ 67F22]. 

Extruded fibers with an average diameter of 0.5 mm were obtained in product form. 

2.2.3 39BDifferential Scanning Calorimetry (DSC) 

The crystallization and melting behavior of PVDF/CNF compositions were 

investigated by using the Perkin Elmer DSC 6 in a nitrogen atmosphere. Approximately 

4 to 6 mg of sample was sealed in an aluminum pan. Heating and cooling scans was 

performed at 10 ºC/min between 30 and 220 ºC. Samples were held at 220 ºC in the 

molten state for 5 min to eliminate previous thermal history prior to cooling scan.  

2.2.4 40BX-Ray Diffraction 

The crystal structure of PVDF and composites were studied by wide-angle X-ray 

diffraction (WAXD). The diffraction patterns were obtained with a Rigaku Ultima III using 

CuKα radiation with a wavelength of 0.154 nm at 40 kV and 100 mA. Measurements 

were made between 2θ values of 2º and 40º with a scan speed of 2 º /min.  

2.2.5 41BMechanical Testing  

Tensile tests were carried out on the extruded fiber samples with a TA Instruments 

RSA III DMA in the tensile mode. The shapes of the samples were cylindrical with 50 

mm gauge length and 0.5 mm diameter. The crosshead speed was set at 5 mm/min. 

For each data point, three samples were tested, and the average value was taken. 

2.2.6 42BDynamic Mechanical Measurements (DMA) 

DMA was conducted on a TA Instruments RSA III under nitrogen using a heating 

rate of 3 ºC/min. and a frequency of 1 Hz between -100 and 120 oC. A fiber sample with 

a 0.5 mm diameter and 40 mm length was used. 
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2.2.7 43BScanning Electron Microscopy (SEM) 

A high resolution SEM (FEI Nova 200 Dual Beam FIB/ FEGSEM) was used to 

observe the dispersion of CNF in the PVDF matrix. The samples were dipped in liquid 

nitrogen for 3 minutes and fractured. Gold coating was done on the fractured surface to 

avoid overcharging of polymeric samples during SEM imaging. The gold coated surface 

was imaged using beam of 1.7 nA at 5 kV of accelerating voltage.  

2.2.8 44BMelt Rheology  

Rheological measurements were carried out on a TA Instrument’s ARES strain-

controlled rheometer. For the rheological study, a 25 mm parallel plate setup was used. 

Extruded fibers were used to prepare rheological disc samples having a diameter of 25 

mm and a thickness of 2.5 mm in a compression press at 180 oC. Dynamic strain sweep 

measurements were carried out at a frequency of 1 Hz, a temperature of 180 ºC, and a 

strain of 0.1% to 100% to determine the linear viscoelastic region. The gap between the 

two parallel plates was 0.051 mm.   

2.3 18BResults and Discussion 

2.3.1 45BCrystallization Behavior  

DSC results of the pure PVDF and composites are summarized in Table 1. Melting 

temperature (Tm), melting enthalpy (ΔHm), crystallization temperature (Tmc), melt 

crystallization temperature (Tmc), and melt crystallization enthalpy (ΔHmc) were obtained 

from the second-heating and second-cooling thermograms.  
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with concentration for PVDF1 and PVDF2 but to increase for PVDF4 is once again 

observed. While the CNF enhanced the nucleation efficiency of the PVDF, the 

crystallinity decreased with increasing concentration. With an unchanged melting point 

but increased recrystallization temperature, the difference between melting and 

recrystallization temperatures decreased. This indicates a reduced degree of 

supercooling in the composites with the presence of CNF. The glass transition of PVDF 

was undetected by DSC. 

Table 2 DSC results from second-heating and second-cooling thermograms 

Sample 

ID 

Tm (ºC) ∆Hm (J/g of 

PVDF) 
Tmc 

∆Hmc 

(J/g) 

Xc (%) 

PVDF 168 58.081 138 -62.625 55.32 

PVDF1 168 41.298 141 -52.068 39.33 

PVDF2 168 31.568 144 -40.455 30.06 

PVDF4 170 42.0395 145 -50.288 40.04 

 

2.3.2 46BDynamic Mechanical Behavior 

DMA was used to determine the dynamic mechanical properties of the samples in 

which the sample is subjected to repeated small-amplitude strains in a cyclic manner. 

The DMA Tg was found by examining the peak temperature of the tan δ (E/E) curve. E’ 

(storage modulus) is a measure of the energy stored elastically, whereas E (loss 

modulus) is a measure of the energy lost. Tan δ, also called damping, indicates how 

efficiently material loses energy to molecular rearrangements and internal friction. 
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Figure 2.3 (a) shows the β transition region of the PVDF and its composites.  PVDF 

shows a broad β relaxation related to side chain relaxation.  For PVDF1 and PVDF2, 

the curves overlap and indicate a slight decrease in the damping factor. A significant 

decrease in peak height for the PVDF4 is obtained. In addition the β transition is shifted 

toward a lower temperature indicated inhibited mobility. The α relaxation region is 

depicted in Figure 2.3 (b). The Tg of PVDF is 40.16 ºC. As can be seen the glass 

transition of the composites is shifted to higher temperatures (around 80 ºC) I note 

however that PVDF4 does not exhibit a glass transition temperature within the range 

investigated and the fiber compliance prevented additional data collection. The DSC 

results on the decreased fractional crystallinity coupled to the increased glass transition, 

indicates that the improved mechanical performance in the composite is best attributed 

to the CNF presence. 
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2.3.3 47BX-Ray Diffractometry 

WAXD was used to observe the effect of CNF content on the microstructure of 

PVDF. Figure 2.4 shows the X-ray diffraction of PVDF and its composites. PVDF 

reflections are located at 2θ = 17.8o (100), 18.6o (110), 19.8o (020), 26.62o (021), and 

38.2o (002). These correspond to assignments for the α-phase crystal which has non-

polar trans-gauche-trans-gauche (TGTG) conformation.  I note that the composite fibers 

show retention of the α-phase crystal. No conversion to a β-phase is observed as 

indicated by an absence of a peak at an angle of about 20.6º to 20.8º. The alpha phase 

however does undergo a change with CNF presence. Two intense peaks at 17.8 and 

18.6 observed in the PVDF merge into a single broad peak. I also note that the peak 

intensity of the (020) reflection ratioed to the (110) reflection is approximately 2 for the 

PVDF but drops to 1.5 in all composites. This ratio is retained when ratioing the (002) 

peak intensity to the (020) reflection. I therefore conclude that the transformation of 

crystal structure does not take place from α to β but the nature of the α phase is 

affected by the presence of CNF. I predict that the crystal phase transformation did not 

occur since the extruded fibers were cold stretched and quenched in water on exit from 

the die. 
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loss moduli, and complex viscosities compared with pure PVDF and show monotonic 

increase with CNF content. It is conjectured that CNFs and PVDF interact and that 

these structures become stronger with an increase in the percentage of CNF 

concentration. At high frequency, however, the elastic moduli, loss moduli, and complex 

viscosities of PVDF and its composites are similar, indicating matrix dominance. At low 

frequency, a temporal structure is formed between CNFs and PVDF chains which is 

strong enough to withstand the flow, resulting in the higher values of * at a low-

frequency region. At high frequency, flow destroys some of the structure, leading to a 

decrease of viscosity. 
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2.4 19BConclusion 

I prepared PVDF/CNF composites by melt-blending and explored the potential of 

CNFs as mechanical reinforcements in PVDF composite fibers. DSC showed that CNFs 

decrease the fractional crystallinity in the composite. The increase in crystallization 

temperature with relatively no change in melting point indicates decreased supercooling 

in the composite. X-ray diffraction analysis indicated some change in α-phase 

crystallites, but β-phase transformation did not occur.  A decrease in peak tan δ for both 

the α and β relaxation was observed. The transition temperature of the α relaxation 

underwent a significant increase with the presence of CNF. The increased amorphous 

fraction coupled to the absence of a β phase transformation is attributed to the use of a 

quick quenching of the fibers in the cooling bath on exit from the extruder die. CNFs 

however were found effective in improving mechanical properties. The addition of CNFs 

results in an increase in ultimate tensile stress and modulus values of PVDF, 

suggesting that nanofibers play an important role in enhancing the mechanical 

properties of a polymer matrix.  An increase in storage moduli, loss moduli, and melt 

viscosities was observed with increased CNF concentration and was significantly 

dependent on test frequency. I note that when 4% CNF were added to PVDF a 

transition in stress-strain curves is observed together with slight increases in 

crystallinity.  I note that higher concentrations of CNF were not processable in the 

extruder fiber die. This is reflected in the viscosity measurements which show values 

>104 Pa-s for the PVDF4 concentration.  
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CHAPTER 3  

5BTIME DEPENDENT PIEZORESISTIVE BEHAVIOR OF POLYVINYLIDENE 

FLUORIDE/CARBON NANOTUBE CONDUCTIVE COMPOSITES* 

3.1 21BIntroduction 

Over the last decade, polymer composite materials containing nanofiller 

reinforcements have become a popular material for structural applications [ 69F1, 70F2]. 

Nanofillers such as carbon nanotubes offer multifunctional benefits of concomitant 

strength and thermal/electrical conductivity [ 71F3- 72F73F74F75F7] enhancement leading to novel 

multifunctional materials. The change in resistance due to change in strain have been a 

reliable means of developing strain based sensors [76F8-77F78F10]. Piezoresistive ceramics 

based on barium strontium titanate and lead zirconia titanate have been used effectively 

but their reliability over time is limited by poor adhesion to the surface, their brittleness 

and cost of manufacture. In contrast polymer carbon nanotube composites are easy to 

make by melt blending. This leads to reduced cost, good mechanical strength and ease 

of stress or strain monitoring.       

The application of a stress to a nanotube based composite can be expected to give 

resistance changes based on the extent of interchain contact throughout the matrix. 

When a mechanical force is applied on such a composite, a morphological change in 

network structure of the filler and polymeric matrix would take place leading to a change 

in resistivity. In this paper I will focus on how the resistivity response is dependent on 

stress and time.  

                                            
* This entire chapter is reproduced from Shailesh Vidhate, Jaycee Chung, Vijay Vaidyanathan, Nandika 

Anne D’Souza, “Time dependent piezoresistive behavior of polyvinylidene fluoride/carbon nanotube 
conductive composite”, Materials Letters 63 (2009) 1771–177 with permission from Elsevier.  
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150 0C for one hour. PVDF and MWCNT were dry mixed via tumbling in a bottle. The 

content of MWCNT in PVDF powder was 10 wt %.   

3.3.2 51BSample Preparation 

MWCNT and PVDF were melt blended in twin screw extruder at 230°C and 200 rpm, 

followed by a compression molding at 220 °C under 10 MPa for 10 min. to form a sheet 

with smooth surfaces. After natural cooling to room temperature, the sheet was cut into 

samples with a size of 25 × 25 × 3 mm3. Silver paste and copper mesh was mounted on 

the both surfaces to make better electric contact.  

3.3.3 52BMeasurements  

The compression tests were performed on MTS 810 Material Test System, a 

universal testing machine, in which the upper platen was fixed and the bottom platen 

was mobile. A two-probe method was used to measure the resistance, as the resistance 

of the highly conductive metal wires and contacts can be ignored. The compression test 

was done at the speed of 0.5 mm/min. The axial compressive force and the 

displacement data were automatically recorded in a computer. For creep testing under 

compression, the specimen was compressed with a certain axial stress which was 

maintained during the creep period. Compressive creep tests on composite samples 

were performed under axial stresses of 20, 30, and 40 MPa. Fatigue tests were 

conducted between 0 and 48 MPa in a triangle wave at 1 cycle per minute. 

3.4 24BResults and Discussion 

3.4.1 53BCompressive Stress and Resistance Response under Quasi-Static Loading 

Depending on the % loading of the conductive filler in composite and the stress 

level, positive pressure coefficient (PPC) or negative pressure coefficient (NPC) can be 
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3.4.2 54BCompressive Creep and Resistance under Transient Creep  

For the creep test, the applied stress selected was in the NPC region since the 

range of stresses showing PPC behavior was small. The plots of the creep strain versus 

time at the different axial stress are shown in Fig. 3.3a together with the results of the fit 

to the Burgers model. The fit parameters are provided in Table 3.1. With increasing 

magnitude of constant stress, the elastic factor decreases for both the time independent 

(EM) and the time dependent (EK) factors. The relaxation time also decreases with 

increasing stress.   

Table 3 Results of the Burger model. 

Sample  
0  

(MPa) 

E Compressive  

(Mpa) 

EM  

(Mpa) 

EK  

(Mpa) 

ηM 

 (Gpa h) 

ηK  

(Gpa h) 



 (h)  

PVDF 

10 

20 

3200 

4264 20876 1394 532 25.5 

30 4045 18647 1330 413 22.1 

40 3954 15634 1273 302 19.3 

 

The corresponding fractional resistance ∆R/ R0= R/R0 – 1, is shown in Figure 3.3b. 

The resistance sharply decreased under the instantaneous application of the 

compressive stress. Under constant load there was a negligible change in resistance 

over time. This correlates to the increase in conductivity on load application and the 

consequent decrease in resistance.  The marginal change in resistance during the 

constant stress shows that the material has a potential for sensing constant load with no 

time dependent resistive response.  
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Figure 3.3 (a) Creep compliance versus time in compressive creep test (b) Change in 

fractional resistance in creep test 
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3.4.3 55BCyclic Loading and Electric Resistance Response of Sample  

Cyclic loading was applied within the elastic limit of the sample. During cyclic 

loading, as shown in Fig. 3.4, the specimen resistance undergoes an increase and 

decrease with stress on the sample. The decrease in resistance was observed with 

increasing time at unloading condition due to time dependency of piezoresistance or 

building up of some permanent residual stain after every cycle of loading.   

 

Figure 3.4 Resistance response under cyclic loading 
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tensile test but there was no time dependent resistance response under the constant 

stress application. For cyclic fatigue, the stress-time response was synchronous with 

the resistance but the peak resistivity decreased over time. This was related to residual 

conductance during one cycle that built up with increasing cycles. 
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CHAPTER 4  

6BRESISTIVE-CONDUCTIVE TRANSITIONS IN TIME DEPENDENT 

PIEZORESPONSE OF PVDF-MWCNT COMPOSITES* 

4.1 27BIntroduction 

Piezoresisivity is a phenomenon in which electrical resistance of a material 

changes with applied stress or strain. This phenomenon can be employed to make 

sensors which can monitor the change in the stress or strain of the material by 

analyzing the electrical response of the material. Many researchers are applying this 

phenomenon using various types of material systems like thermoplastics [3-6,8,12-18] 

thermoset resins [7,21], cement [82F1] etc. with a range of fillers. Since the last decade, 

polymeric composite materials containing nanofiller reinforcements have become 

popular materials for structural application. Among the various types of nanofillers, 

carbon nanotubes are dominant when conductivity is needed, as they provide high 

strength and modulus [ 83F2,84F3] at low concentration. If polymer-carbon nanotube 

composites provide strain sensing, then the conventional expensive electronic sensors 

are not necessary. Polymer carbon nanotube composites are also easy to make by melt 

blending based techniques such as extrusion and injection molding. This means 

reduced cost, good mechanical strength and ease of strain monitoring can be realized. 

The piezoresistive effect can be used to develop various strain sensors or self sensing 

                                            
 This entire chapter is reproduced from Shailesh Vidhate, Jaycee Chung, Vijay Vaidyanathan,  Nandika 

Anne D’Souza, “Resistive–conductive transitions in the time-dependent piezoresponse of PVDF-
MWCNT nanocomposites”, Polymer Journal 42, 567–574 (2010). Reprinted with permission from 
Macmillan Publishers, Ltd. 
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composite structures and some mechanical damage based self-monitoring materials [ 85F4-

86F87F88F89F90F91F10]. 

By incorporating carbon nanotubes, multifunctional mechanical and electrical 

response is facilitated. Increases in the mechanical strength and electrical conductivity 

are simultaneously obtained [ 92F11- 93F94F95F96F97F16]. These materials have attracted a great deal of 

scientific and commercial interest because they exhibit unique electrical and mechanical 

properties in addition to some exclusive properties pertaining to polymeric materials 

such as light weight, low cost, ease of processing, and corrosion resistance. When 

mechanical force is applied to MWCNT composites, morphological changes in the 

network structure of the filler in the polymeric matrix take place which leads to change in 

resistivity measurements. Change in the resistance of the conductive composites is 

mainly because of the change in inter-particle separation distance. Any process which 

can change the particle to particle distance can change the resistivity response. For 

example, by application of stress on a filled system can change particle to particle 

distances. Also, depending upon the filler concentration loading level, time and stress 

dependent changes can be observed. The increase in resistance with increase in 

pressure is called as a positive pressure coefficient (PPC) phenomenon and the 

opposite is a negative pressure coefficient (NPC) phenomenon.  

Much work has been published on the study of various aspects related to 

piezoresitivity of polymer and conducting filler composites. The main reason for the 

piezoresistance is due to differences in compressibility of matrix and filler constituents, 

material composition, load and filler content [ 98F17]. From the literature it can be inferred, 

that with increase in concentration of the filler content, resistance of the material 
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decreases slowly up to the percolation threshold and decreases rapidly afterwards till 

the conducting particles come in close contact with each other and after that remains 

constant at very high filler concentration [ 99F18-100F101F102F21]. Mechanical strain due to tensile or 

compressive stress also causes a remarkable change in resistance [103F22-104F105F106F25]. 

In this study, experimental results on PVDF/MWCNT conductive composites 

have been demonstrated. Previous work on PVDF/MWCNT composites showed various 

outstanding properties like, low percolation threshold for electrical conductivity [ 107F26], 

improved piezoresitivity [108F27], improved strain sensing ability [ 109F28], good interfacial 

adhesion between nanotubes and PVDF [ 110F29], improved crystallinity [17], etc. There are 

very few reports on time dependent piezoresistive behavior of conducting composites. 

For HDPE/ short carbon fiber conductive composite Q. Zheng et al. [111F30] suggested that 

the molecular motion of the matrix due to creep brings about the local rearrangement of 

the percolation network leading to the resistance creep and resistance relaxation. In 

another paper Chen et al. [112F31] worked on HDPE/ graphite composites demonstrating 

that there exists a critical stress above which resistivity increases with time and below 

which resistivity decreases with time. 

Although several research attempts have been made to understand the 

piezoresistive behavior of the conducting material, questions still remain regarding a) 

how the concentration of the conducting filler affects the time dependent behavior of the 

material and b) how this time dependent behavior can be predicted based on a 

mathematical model. Herein, I study the piezoresistive behavior of the conductive 

composites using various concentrations of fillers using compression and creep tests. 

An analogy between electrical and mechanical laws [ 113F32] is used to generate a model to 
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4.2 28BExperimental  

4.2.1 57BMaterials 

PVDF used was supplied by Arkema (Kynar® 721, powder form) with properties 

as follows; Density: 1.78 g/cc, MFI: 10 g/ 10 min, Tensile Strength: 54 MPa, Melting 

temperature 168 0C. MWCNTs (Baytubes® C150 P) were obtained from obtained from 

Bayer® MaterialScience, with outer number of walls 3-15, outer mean diameter 13-16 

nm, inner mean diameter 4 nm, length 1-10 mm and bulk density 140-160 kg/m3. 

MWCNT were used as received without further purification. Prior to melt mixing both the 

materials were vacuum dried at 150 oC for one hour. PVDF and MWCNT were dry 

mixed via tumbling in a bottle. The contents of MWCNT in PVDF powder were 0, 1, 2, 4 

and 10 weight percentage; and the compositions were coded as PVDF, PVDFCNT1, 

PVDFCNT2, PVDFCNT4, and PVDFCNT10 respectively.  

4.2.2 58BSample Preparation  

MWCNT and PVDF were melt blended in twin screw extruder at 230 °C and 200 

rpm, followed by a compression molding at 220 °C under 10 MPa for 10 min. to form a 

sheet with smooth surfaces. After natural cooling to room temperature, the sheet was 

cut into samples with a size of 25 × 25 × 3 mm3. Silver paste and copper mesh was 

mounted on the both surfaces to make better electric contact. All experiments were 

conducted in triplicate. 

4.2.3 59BMeasurements 

The compression tests were performed on MTS 810 Material Test System, 

universal testing machine, in which the bottom platen was fixed and the upper platen 

was mobile only along the uniaxial direction. The two-probe method was used to 
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measure the volume resistance by using Agilent 34410A multimeter. The two-probe 

method is based on Ohm’s law, i.e., V = IR with V, I and R being voltage, current and 

resistance between the two electrodes respectively. Since the copper electrode-material 

resistivity difference was significant, a two point over four point measurement 

configuration was found to be equitable. When connecting electrical multimeter to the 

two ends of the conductive wires, a circuit is formed through conductive composite 

sample, in which a direct current (DC) is produced by the power of the meter. Based on 

the current and voltage and using Ohm’s law, a resistance was measured.  
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data were automatically recorded in a computer. The engineering stress was 

determined as the ratio of the axial force to the cross-section area of the specimen, and 

the compression stain was defined as	 	X	100	%	. Where, l is the deformed length 

at time t. For creep tests, l0 is the axial length of the composite at the beginning of the 

creep process, and ε represents the creep strain. Compressive creep test for all the 

samples was performed under the constant stress below the maximum yield stress of 

the sample. 

4.2.4 60BRaman Spectroscopy 

For recording Raman spectra, film samples of all compositions were used. All 

Raman spectra were recorded on a Thermo Nicolet Almega XR Dispersive Raman 

equipped with a microscope, through a 20 fold magnification objective, by co-adding 

four spectra with collection times of 10 seconds each. Argon-ion laser of 514 nm 

wavelength was used. The multiple grating that provides a resolution starting from 1000 

cm-1 to 2800 cm-1 for the argon-ion laser was used. The abscissa was calibrated with 

the 520.7 cm-1 peak of a silicon standard, and the sharp Raman shifts are accurate 

within the limits of the resolution. To eliminate the influence of experimental parameters 

all the compositions were measured on the same day. 

4.3 29BResults and Discussion 

4.3.1 61BCompression Test  

Compression tests were performed to first determine the maximum yield stress 

value of the sample. The compression test results for all compositions are shown in Fig. 

4.3 (a) and (b). It is clear that with an increase in MWCNT content in PVDF, 

compressive yield stress and modulus values increase. Yield stress values for PVDF, 
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composites, MWCNT can be considered as incompressible as their Young’s modulus is 

very high (0.9 to 5.5 TPa) [ 115F34]. When the composite is compressed, the compressibility 

of the matrix leads to a decrease in inter-particle distance of the MWCNT and close 

conducting paths can result in decreasing the resistance of the composite i.e. NPC 

effect, but upon further compression above yield stress results in plastic deformation 

which may cause MWCNT slippage and an increase in interparticle distance. In 

addition, at compressive stresses above yield, orientation of the MWCNT in transverse 

direction, buckling or breakdown of MWCNT and the destruction of the conducting path 

formed by MWCNT result in increasing the resistance of the sample at strains greater 

than yield. This results in PPC behavior. When a higher concentration (4 and 10%) of 

MWCNT, increased concentration leads to increased particle contact. Thus the slippage 

or realignment of MWCNT does not influence the particle to particle distance and little to 

no PPC behavior is evident (Fig. 4 c and d). 
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4.3.2 62BResistance Response for Creep and Relaxation of PVDF/MWCNT Composites  

Transient tests were performed using the method of Fotheringham and Cherry [ 116F35] 

which involves first stressing a sample and then immediately removing the applied 

stress and allowing the sample to relax at zero stress. The specimens were loaded 

using a mechanical test system using a stress ramp up rate of 0.5 MPa/minute. When 

the sample reached a predetermined value of stress, 20 MPa, the stress was kept 

constant for 1 hour. The strain continued to be monitored for 1 hour following creep. 

Creep compliance was calculated by dividing obtained strain values by constant stress. 

All the tests were performed at ambient temperature. As shown in Fig. 4.5, the effect of 

sample composition on creep compliance can be seen. With increase in filler 

concentration the creep compliance decreased. It can be seen that at higher % MWCNT 

concentration, higher elasticity in the material causes relaxation to occur faster than the 

lower % MWCNT filled samples. The fitting parameters corresponding to the 

mechanical response are shown in Table 4.1. From the mechanical fits, I deduce that 

the Maxwell initial elastic response trends are similar to the quasi-static elastic modulus 

(Figure 4.3 b). The short term time dependence corresponding to the Kelvin element 

shows similar trends for both elastic and viscous response with concentration. Long 

term constant rate viscosities also increased with concentration.  
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phenomenon was observed at high wt. % (4 & 10) concentration of MWCNT. The 

corresponding resistance curves are shown in Fig. 4.6 b. I note that initial resistance 

response is always conductive but that time dependent behavior led to concentration 

dependent resistive/conductive response dependent on MWNCT concentration.  At low 

concentrations I would expect less particle to particle contact. With the applied 

compressive stress, the particles are pushed and result in decreased interparticle 

distance. Thus the resistivity initially decreases but the time dependent phenomenon is 

more influenced by the polymer constrained between the conductive MWCNTs. The 

corresponding fitting parameters show conductivity of the instantaneous response. The 

transition to the long term response fits (Table 1) indicates negative capacitance. 

Negative capacitances have been reported due to charge injection in mixtures of 

materials with differences in resistivity of the constituents or when charges trapped at 

the interface are released [ 117F36]. I note that the electrical resistance of the MWCNT is far 

less than of PVDF matrix. At high concentration the gap between the MWCNT particles 

is small enough for tunneling to occur, leading to formation of local conductive paths. 

This has been associated with negative capacitances in semiconductor-conductor 

mixtures. The time dependent polymer relaxation resulted in increased interparticle 

distance and a long term capacitive/resistive response.  
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resistivity is dominant, the remnant resistivity remains relatively time independent with 

low time dependence. This indicates that the lack of particle to particle contact is 

responsible. The resistive response persists when the load is removed and the particle 

to particle distances are relatively unchanged as the material recovers. At higher 

concentrations, the interparticle distances that were shortened during the application of 

compressive loads coupled to increased filler-filler contact caused increased 

conductivity. Dimensional recovery results in an increase in junction distances causing a 

resistivity increase. With time however, the polymer recovery leads to a gradual 

relaxation of the polymer matrix causing a decrease in resistivity as the material 

approaches its architecture prior to the application of stress. The difference between the 

low and high concentrations is shown in the schematic in Fig. 4.7. At low 

concentrations, under the applied stress, the matrix between the nanotubes is the active 

piezoresponsive element. There are fewer MWCNT-MWCNT contacts and the response 

is largely resistive. At higher concentrations, more MWCNT-MWCNT contact leads to a 

conductive response. The fitted results for the electrical analogy are shown in Fig. 4.8. 

The schematic of the transition from resistive to conductive response is replicated in the 

model through the annihilation of the capacitive response for the high concentrations. 

The model fits show the potential for this applied functionality in sensor deployment. 
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acquired. Each spectrum represents the Raman response of the composition present at 

the point where laser is focused. The image was obtained by integrating over all Raman 

lines. Using both images and the spectral data at different locations can be clearly 

linked to distribution of MWCNT in the polymer matrix. Examining the G band as a 

function of distance it can be seen that low dispersion exists at 1% corresponding to the 

least particle to particle contact and highest resistance. For 2 and 10% well dispersed 

particles are evident with periodic peaks and valleys showing spatial uniformity (albeit 

with increased concentration the period is smaller). For 4%  I see agglomeration as the 

concentration transitions from no particle to particle concentration to a continuous 

network.  
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4.4 30BConclusions 

A transition from NPC to PPC behavior for materials in compression was 

determined. The extent of the PPC was related to the degree of particle to particle 

contact and was thus a function of the material response. A novel transition from 

electrically resistive to conductive time dependent response was determined in MWCNT 

modified PVDF with concentration. The magnitude of the resistance change could be 

similar for high and low concentrations indicating that resistive based piezoresponse 

can also be considered without requiring particle-particle contact in a non 

piezoresponsive polymer. An electrical and mechanical analog for time dependent 

viscoelastic response was developed to describe the resistive response. As shown, the 

result from the model agrees well with the experimental data and the creep analysis of a 

viscoelastic continuum can be easily carried out by means of the electric analogy. 

Raman spectroscopy was ideally suited for the investigation of MWCNT dispersion 

since the laser probe can interrogate large surface area. Of longer range ramifications, 

the results in this investigation show that even a resistive piezoresponse is of value 

because the magnitude of the change in resistance whether conductive or resistive is a 

valuable parameter in correlating stress effects. 
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CHAPTER 5  

SUMMARY 

The objective of this thesis was to estabilish the viability of using particle dispersed 

polymers as piezoresponsive materials using the electrical properties of the filler. 

Carbon is a conductive filler and two particles were investigated: CNFs with a dimension 

of 107 nm average diameter and 50-100 µm length and electrical resitivity of 1000 micro 

ohm-cm and carbon nanotubes with 3-15 walls 3-15, outer mean diameter 13-16 nm, 

inner mean diameter 4 nm, length 1-10 µm and 2-4 micro ohm-cm resistivity. To 

summarize we can state:  

5.1 Effect of Carbon Nanofibers on Thermo-Mechanical Properties of PVDF 

The DSC results showed the decrease in fractional crystallinity of PVDF/CNFs 

composites. The increased crystallization temperature with relatively no change in 

melting point indicated decreased supercooling in the composite. X-ray diffraction 

analysis indicated some change in α-phase crystallites, but β-phase transformation did 

not occur due to weak interface formation between CNFs and PVDF matrix and lack of 

sufficient chain orientation. DMA results indicated decrease in tan δ values for both the 

α and β relaxation. However, CNFs were found effective in improving mechanical 

properties. Improved ultimate tensile stress and modulus values of PVDF were 

observed by addition of CNFs. In rheological investigation an increase in storage 

moduli, loss moduli, and melt viscosities were observed with increased CNF 

concentration.  
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5.2 PVDF/CNTs Nanocomposites’ Time Dependent Piezoresistive Effect 

NPC and PPC behavior was observed under quasi static loading conditions for 

PVDFCNT10 nanocomposite. Elastic matrix response caused the NPC effect and the 

plastic deformation of composites resulted into PPC effect. Under transient creep, the 

resistance response during the instantaneous loading mimicked the response of the 

tensile test but there was no time dependent resistance response under the constant 

stress application. For cyclic fatigue, the stress-time response was synchronous with 

the resistance but the peak resistivity decreased over time. 

5.3  Resistive To Conductive Transition in PVDF/CNTs Nanocomposites 

A novel transition from electrically resistive to conductive time dependent response 

was determined in MWCNTs modified PVDF. The magnitude of the resistance change 

could be similar for high and low concentrations indicating that resistive based 

piezoresponse can also be considered without requiring particle-particle contact in a 

non piezoresponsive polymer. An electrical and mechanical analog for time dependent 

viscoelastic response was developed to describe the resistive response. Also, the 

developed electrical model based on Burgers model agreed well with the experimental 

data. Raman spectroscopy was successfully employed to observe the dispersion of 

MWCNTs in PVDF nanocomposites andto correlate the results with electrical resistivity 

response.   

In conclusion, the electrically conductive PVDF/CNTs nanocomposites have 

shown the prospective to be used as a stress or strain sensor for real time structural 

health monitoring.   




