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ABSTRACT 
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Nanofibers are one dimensional nanomaterials with exceptional properties. Different types of 

materials and fabrication techniques could result in multifunctional nanofibers with broad 

applications. Ferroelectric polymers such as PVDF and its copolymers could be formed into 

nanofibers that exhibit piezoelectric and pyroelectric properties. Several fabrication methods are 

proposed to produce nanofibers. Electrospinning is a common nanofiber fabrication process with 

broad throughput from lab scale to industrial scale. Mechanical stretching and electric field poling 

could enhance the piezoelectric properties of piezoelectric materials. Therefore, electrospinning is 

a preferred technique for piezoelectric nanofibers fabrication, because a high stretching rate and 

strong electric field are applied to nanofibers during the processing due to the nature of the process. 

The electromechanical coupling factor is an important metric in measuring the performance of 

piezoelectric materials. This factor highly depends on piezoelectric coefficient and Young’s 

modulus of the materials. Post-processing techniques such as twisting and stretching as mechanical 



 

viii 

post-processing, and annealing as thermal treatment were used to enhance piezoelectric and 

mechanical properties. 

In this work, the conventional electrospinning method with rotating collector drum was used to 

produce aligned P(VDF-TrFE) nanofibers. Both mechanical and thermal post-processings were 

employed to enhance the electromechanical coupling factor through piezoelectric and Young’s 

modulus enhancement. Mechanical and piezoelectric properties of electrospun nanofibers were 

investigated in nano and macro scales through tensile and AFM-based nanoindentation tests. 

Piezoelectric response of nanofibers was studied by flexure test and PFM, in macro and nano 

scales, respectively. The evolution of molecular structure, orientation of polymer chains and 

crystalline phase transitions were investigated by spectroscopy, crystallography, and calorimetry 

methods, to explain the enhancements of material properties. 
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INTRODUCTION AND BACKGROUND 

1.1 Background 

Fibers in various forms have been always used to pull, lift, and hold objects. The history of 

fiber and its development shows that fibers were always unique one dimensional elements for 

many applications with exceptional properties [1, 2]. Initially fiber was limited to natural long 

strand materials like cotton, wood, and silk, which were great, but had limited applications and 

disadvantages. Various fabrication methods have been developed to fabricate synthetic fibers. 

Combinations of fiber bundles in different configurations (e.g. twisting and braiding) enhanced 

their performance, which opened new applications for them [1, 3]. New technologies and recent 

developments provide tools to make ultrafine diameter fibers, called nanofibers. In general, 

nanofibers are fibers with submicron diameter and large length-diameter aspect ratio of greater 

than 100 [4]. Nanofibers like other nanomaterials could show different properties from the larger 

diameter fibers. Nanofibers have high surface area ratio and the nanofiber mats are highly porous 

with ultrafine pore size and good interconnection. Using proper materials to fabricate nanofibers 

could add one or more functionality to them such as electrical conductivity, thermal conductivity, 

and piezoelectric/pyroelectric properties. Nanofibers with these exceptional properties became 

great candidates for several applications in various fields such as filtration in environmental 

industry, drug delivery in disease treatment, bio scaffold in tissue engineering, energy 

generation/storage, and sensors in electronics [4-14]. These broad potential applications for 

nanofibers, affect the perspective of their market. Figure 1.1 shows the trend of the global 



 

2 

nanofiber product market through 2020, which illustrates a significant increase in various fields 

[15]. 

 

Figure 1.1. Global nanofiber product market by segment, 2013-2020. Reprinted with permission 

from [15]. 

1.1.1 Piezoelectric Materials 

 Piezoelectric materials convert applied mechanical stress to electrical energy (direct 

piezoelectric effect), or reversibly, undergo mechanical stress upon an applied electric potential 

(converse piezoelectric effect) [16]. The prefix “Piezo” is originated from “piezo” (πιέζω) or 

“piezein” (πιέζειν) in Greek, which means pressure, to press, or to squeeze. This special behavior 

was discovered by Pierre and Jacques Curie for the first time in 1880. Figure 1.2 demonstrates 

direct and converse piezoelectric effects. 
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Figure 1.2. Schematic of (A) direct piezoelectric effect (electric charge generation under tension 

and compression stresses). The polarity of generated charge changes from tension to compression; 

and (B) converse piezoelectric effects (mechanical deformation in response to electric potential). 

Changing the polarity of electric potential results in different deformation.  [17]. 

Dielectric materials are categorized into paraelectrics and ferroelectrics [18]. Paraelectric 

materials do not have spontaneous polarization and could be polarized with an external electric 

field, although the polarization remains as long as an electric field is applied, and they lose the 

polarization upon removing the electric field. On the other hand, ferroelectric materials have stable 

polarization without an external electric field [16, 19]. The piezoelectric effect is related to the 

existence of stable electric dipole moments, which is called spontaneous polarization. The electric 

dipole moments exist in materials composed of molecules with an asymmetrical structure in which 

atoms with different electro-negativity are arranged in a way that a net electric dipole moment 
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forms [16]. This implies that these materials must be crystals or polycrystalline, composed of 

crystallites with definite chemical composition, with the molecules made up of positive and 

negative ions to constitute a crystal lattice structure. The spontaneous electric polarization in 

ferroelectric materials changes to induced electric polarization, upon heating above a certain 

temperature. This temperature called the Curie temperature phase transition, which indicates the 

temperature that ferroelectric phase changes to paraelectric phase. 

A unit cell is the smallest repeating unit of the lattice. On the basis of the symmetric elements 

of orientation, there are generally 32 crystallographic point groups, of which 11 classes are 

centrosymmetric and the rest 21 do not have center of symmetry (non-centrosymmetric). All 

non-centrosymmetric point groups except one (point group 432) are potentially piezoelectric, 

while only half of these (10 classes) are polar (have a spontaneous polarization) and other 10 

classes could be polarized by a mechanical stress [16, 19]. The 10 non-centrosymmetric polar 

classes exhibit piezoelectric as well as pyroelectric effects. In addition to piezoelectric and 

pyroelectric properties, ferroelectric materials have reversible polarization. These classification of 

crystals are illustrated in Figure 1.3. 

Piezoelectric materials are categorized into piezo ceramics and piezo polymers. Piezoelectric 

effect was first observed in ceramics. Generally, piezo ceramics have their pros and cons. They 

have larger strain piezoelectric constant and they could work in high temperatures. However, they 

are brittle, difficult to form in desired shape and size, and therefore relatively expensive to 

manufacture.  Zirconate titanate (PZT), lead titanate (PbTiO3), lead lanthanum zirconate titanate 

(PLZT), and lead magnesium niobate (PMN) are some examples for piezo ceramics. 
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Figure 1.3. Classification of crystals showing the classes with piezoelectric, pyroelectric, and 

ferroelectric effects. Reprinted from [16] with permission from Elsevier. 

Piezoelectric materials as an important class of multifunctional materials, are extensively used 

as actuators, sensors, and in energy harvesting [20-23]. Piezoelectricity is a valuable and 

interesting functionality that could make nanofiber a multifunctional element. A system with 
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piezoelectric nanofibers could function as a sensor [24, 25], an actuator [26-30], or an energy 

resource to enable the system to be self-powered [25, 26, 31], which all stem from the piezoelectric 

property. 

The strain piezoelectric coefficient (d), describes the strain response of a piezoelectric material 

under an electric field. Similarly, piezoelectric voltage coefficient (g) is defined as the electric field 

produced on a piezoelectric material, due to a mechanical stress. The electromechanical coupling 

factor (k2) of piezoelectric materials, which is the ratio of stored electrical energy (�̂�𝑒) to input 

mechanical energy (�̂�𝑚), is an important metrics for evaluation of the performance of these 

materials. It can be shown that 𝑘2 =
𝑑2𝑌

𝜀
, in which Y is the elastic modulus, d is the piezoelectric 

constant, and ε is the dielectric constant [32, 33]. There are always demands for obtaining better 

performance and higher efficiency for piezoelectric materials. Therefore, often depending on the 

application higher modulus and larger piezoelectric constant are desired. This will be further 

discussed for the piezoelectric polymers in next section.  

1.1.2 PVDF and its copolymers 

In contrast to the inherent brittleness of piezoelectric ceramics [23, 34], piezoelectric polymers 

have demonstrated a great potential to achieve flexibility, stretchability, and processability 

originating from their polymeric nature, which makes them suitable for emerging applications 

requiring conformal and soft mechanics [35-40]. Although piezoelectric polymers compared to the 

piezoelectric ceramics have smaller strain piezoelectric constants (d), they have a much larger 

piezoelectric voltage constant g = d/εr compared to the most piezo ceramics, which makes them 

suitable for sensor applications [41]. 
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There are several polymers (both synthetic and biological) which show piezoelectric, 

pyroelectric, and ferroelectric behavior, due to their specific molecular and crystalline structure. 

Collagen in tendon and bone [42-50], or silk [51-56] are some examples of biological materials 

with piezoelectric behavior. 

Poly(vinylidene fluoride) (PVDF) and its copolymers are synthetic piezoelectric polymers 

which have been studied in the past decades [57-61].  Due to their flexibility, stretchability and 

easy processability, these polymers have been used in many applications [7, 10, 13, 36, 62-67].  

PVDF and P(VDF-TrFE) as the most cited piezoelectric polymers with the strong piezoelectric 

property among all the piezoelectric polymers have been used in multifunctional nanofiber 

production. In addition to the piezoelectric effect, P(VDF-TrFE) exhibits ferroelectric, 

pyroelectric, and electro-cooling effects and has superior dielectric permittivity with the largest 

piezoelectric effect among the synthetic polymers [68, 69]. Therefore, it has attracted special 

interest in transducer, sensor and actuator, energy harvesting and storage, and filtration 

applications in various fields such as space, biomedical, haptics, and energy [23, 39, 70-79]. In 

addition, PVDF and P(VDF-TrFE) are biocompatible and are considered highly attractive 

polymers for biomedical applications such as a sensor in smart catheter devices and as a scaffold 

for tissue engineering [7, 80, 81]. Based on recent reports, electrospun PVDF and P(VDF-TrFE) 

nanofibers have shown great promise both in terms of structural functionality [82], as well as 

energy harvesting and sensor applications [8, 9, 14, 26, 31, 83, 84]. It is reported that electrospun 

nanofibers can sustain mechanical strain up to 65% [82]. Aligned arrays of electrospun P(VDF-

TrFE) nanofibers enabled ultrahigh sensitivity for measuring pressure, even at exceptionally small 
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values (0.1 Pa) [26]. Recently, electrospun nanofibers of PVDF were demonstrated for use in self-

powering wearable electronic textiles applications [9, 14, 84]. 

Piezoelectric polymers are semi-crystalline. This means some regions of the macro-

conformation of polymer are crystalline and some other parts are amorphous. One polymer chain 

could be in one of these regions or partially in crystalline and partially in amorphous region. Figure 

1.4 shows schematic conformation of chains in polymers. 

 

Figure 1.4. Schematic drawing of the different macro-conformation possible in polymers: (A) 

Random, glassy; (B) folded chain, lamellar; (C) extended chain equilibrium; and (D) fringed 

micelle model, mixture of (A), (B), and (C). Reproduced from [85] with permission from Springer.  

PVDF polymer has chemical structure of (-CH2-CF2-)n and is usually synthesized through free 

radical polymerization. The high electronegativity of the fluorine atom as compare to carbon and 

hydrogen is the main reason for a strong dipole moment, which is estimated to be about 2 Debye. 

Randomly coiled polymer chains with configurational defects in melted PVDF can crystallized 

into regular conformation below 150 °C, due to torsional bond arrangement, to achieve a structure 
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with minimum potential energy. This results in two favorable arrangements of substituents at 180° 

(transor, shown by T) or ± 60° (gauche shown by G and Ǵ ) [16, 86]. Therefore PVDF and its 

co-polymers are semicrystalline polymers and exist in different crystalline phases including α, β, 

γ and δ phases.  

 

Figure 1.5. Schematic illustration of common crystalline chain conformation in PVDF (A) all-trans 

for β-phase; (B) TTTGTTTG’ for γ-phase; and (C) TGTG’ for α-phase and δ-phase. Gray, cyan, 

and green spheres represent the carbon, hydrogen and fluorine atoms, respectively. Arrows depict 

dipole moments. Modified from [86] with permission from AIP Publishing LLC. 
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Figure 1.5 shows the schematic of common crystalline chain conformation in PVDF. 

Depending on atomic conformation, crystalline phase can be nonpolar (for example, α-phase with 

conformation of TGTǴ ) or polar (β-phase with conformation of TTTT (all trans) and γ-phase with 

conformation of TTTGTTTǴ ). The α-phase has the lowest energy conformation and easily forms 

when the polymer cools down from the melting state. Although there is dipole moment (due to C-

F bond) perpendicular to polymer chain, the dipole moments of the two chains in the unit cell are 

antiparallel and the crystal does not exhibit spontaneous polarization, so α-phase is non-polar [16, 

65, 86, 87]. Although the α-phase is the dominant phase in PVDF, the β-phase is the most 

piezoelectrically responsive [25, 57, 88].  Most of the time, more than one crystalline phase could 

be found in PVDF, the number of different phases depend on fabrication and post-processing 

methods [19, 81, 89-93]. Depending on the PVDF crystalline phase composition its macroscopic 

properties could vary [16, 94, 95].  

The majority of PVDF chains formed in regular structural patterns of repeated CH2 and CF2, 

which are referred to “tail” and “head” , respectively. Occasionally, the sequence of head-tail 

breaks and head-head and tail-tail defects form in the polymer chain structure. The amount of 

these defects is an important factor on polar structure, which is responsible for the piezoelectric 

properties [87]. Adding suitable comonomer could introduce artificial defects into PVDF, which 

could decreases the energy required to form the all-trans form. Trifluoroethylene (TrFE) with the 

structural unit of [-CHF-CF2-] is one of the most common comonomers used for this purpose. 

Figure 1.6 represents the P(VDF-TrFE) repeat unit. Although PVDF does not crystallize into β-

phase without a specific fabrication method or post-processing modification, one advantage of 

P(VDF-TrFE) over PVDF is that regardless of processing method, it always contains β-crystalline 
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phase [65, 87, 96]. This is attributed to the steric hindrance of TrFE in the co-polymer, which 

forces PVDF into all-trans (TTTT) configuration (β-phase) [87, 93]. 

 

Figure 1.6. Schematic representation of the P(VDF-TrFE) repeat unit. Reprint from [97] with 

permission from Elsevier. 

An important difference between PVDF and P(VDF-TrFE) is the existence of the Curie 

temperature for P(VDF-TrFE) while PVDF does not show the Curie temperature phase transition, 

because the virtual Curie temperature of PVDF is approximately 20 °C above its melting point 

[87, 98]. The Curie temperature varies with the percentage of TrFE. The effect of TrFE content in 

P(VDF-TrFE) on the Curie temperature is illustrated in Figure 1.7(left) [94]. The higher content 

of TrFE in P(VDF-TrFE) (which is less polar compare to VDF) decreases the Curie temperature 

due to reduction of average dipole moment. Figure 1.7(right) shows the reversible ferroelectric-

paraelectric phase transition of a P(VDF-TrFE) (63:37 weight %) by heating up from room 

temperature to 130 °C, which is above its Curie temperature ,and cooling back down to room 

temperature [87]. 

Given its thermoplastic nature, P(VDF-TrFE) can be readily processed into solids, films, 

textiles, and coatings. Although initial interest was on P(VDF-TrFE) thin films, recently high 

performance nanofiber arrays of P(VDF-TrFE) fabricated by the electrospinning process, have 
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shown major promise in structural functionality, energy harvesting, and sensor applications [5, 7, 

8, 14, 25, 26, 29, 31, 37, 99-106]. 

 

Figure 1.7. P(VDF-TrFE) ferroelectric-paraelectric phase transition, melting point (Tm) and Curie 

temperature (TC) versus percentage of VDF monomer (Left) [94]; XRD plots represent phase 

transition with temperature for P(VDF-TrFE) (63:37) (Right) [87] 

There have been always substantial efforts to enhance the piezoelectric and mechanical 

properties of piezoelectric materials to improve their efficiency in specific applications. Several 

strategies have been proposed to enhance the piezoelectric performance of piezoelectric polymers 

[25, 57, 65, 88, 89, 107-113]. In one strategy, different nano-fillers were used to form composite 

with enhanced piezoelectric performance. Enhancement of ferro/piezoelectric properties of 

individual P(VDF-TrFE) nanowire fabricated in sub-100 nanometer anodic alumina oxide (AAO) 

templates was reported [111]. Multi-walled carbon nanotube (MWNT) and vapor grown carbon 

fiber (VGCF) have been used as nano-fillers to increase the β-phase content, which resulted in 

enhancement of piezoelectricity of the PVDF composite films, since the nano-fillers provide a 

phase transformation nucleation function [111]. MWNT has been added to P(VDF-TrFE) solution 
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to fabricate CNT-based piezoelectric strain sensors with enhanced strain-sensing performance by 

35 times [114]. Carbon black (CB) was introduced into the PVDF-HFP to form PVDF-HFP/CB 

composite films to improve piezoelectricity of the composite film [112]. Dopamine-modified 

BaTiO3 electrospun nanofibers were used as nanofiller to enhance dielectric and ferroelectric 

properties of P(VDF-TrFE)-based nanocomposite films [115]. 

Mechanical deformation has been widely used to enhance the performance of piezoelectric 

materials [116]. A nanoscale tip was employed to induce local pressure to enhance the local 

piezoresponse of P(VDF-TrFE) ferroelectric polymer thin films (Figure 1.8) [117]. Stretching of 

ferroelectric polymer films resulted in enhancement of piezoelectric and mechanical properties 

[89, 108, 111, 118, 119]. Similar phenomena exist in electrospinning where piezoelectric polymer 

jet is subjected to high stretching ratio [4, 57, 65].  

Fabrication technique and environmental condition during fabrication or post-processing steps 

could affect the piezoelectric response of materials. P(VDF-TrFE) fabricated into sub-20 nm 

nanopillars showed more than 5 times larger piezoelectric constant compare to flat film [120]. 

Ultra-thin film of PVDF homopolymer fabricated via Langmuir-Blodgett (LB) deposition process 

resulted in high piezoelectricity, which was explained by hydrogen bonds between PVDF 

molecules and water formed in LB deposition [121, 122]. Environmental conditions (temperature 

and humidity) affect the piezoelectricity of spin-coated PVDF film [123, 124]. Thermal annealing 

of piezoelectric polymers have been reported to be an effective way to change the mechanical and 

piezoelectric properties [69, 90, 113, 125-127]. 
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Figure 1.8. Schematic illustration of a hypothetical mechanism with top and cross-section views. 

The top illustration shows the procedure of the mechanical annealing, where the randomly oriented 

β-phase crystallites form a β-phase with long trans sequences aligned along the scan direction 

resulting from sliding diffusion. In addition, G bonds easily form in the all-trans conformations, 

which consist of short trans sequences. The cross-section illustration shows the β-phase oriented 

along either (200) or (110) planes, where the c-axis is aligned parallel to the substrate in both 

pristine and mechanically annealed regions. Reprint from [117] with permission from American 

Chemical Society. 

Another common technique to enhance the piezoelectric response is to subject the piezoelectric 

material to a large electric field, in a specific environmental condition (in particular, elevated 

temperature). This could be an inherent phenomena of fabrication method such as electrospinning 

[25, 128, 129], or as an extra step such as contact poling [130, 131] or corona discharge technique 
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[132-135]. Sometime combination of corona discharge poling with mechanical stretching have 

been used to enhance the piezo- and pyroelectric properties of ferroelectric polymers [136]. High 

energy conversion efficiency was obtained from direct-write PVDF piezoelectric nanogenerator 

fabricated by near-field electrospinning in which mechanical stretching and in situ electrical poling 

resulted in a large electromechanical coupling factor compared to thin film (Figure 1.9) [31].  

 

Figure 1.9. Piezoelectric PVDF nanogenerator. (a) Near-field electrospinning (NFES) combining 

direct-write, mechanical stretching, and in situ electrical poling to create and place piezoelectric 

nanogenerators onto a substrate. (b) Scanning electron microscope (SEM) image of a 

nanogenerator comprised of a single PVDF nanofiber, two contact electrodes, and a plastic 

substrate. (c) Output voltage measured with respect to time under an applied strain at 2 Hz. (d) 

Output current measured with respect to time under applied strain at 2 Hz. Reprinted with 

permission from [31]. Copyright 2010 American Chemical Society. 
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Morphology of the piezoelectric polymers can influence the piezoelectric and mechanical 

properties of the polymer. The electromechanical coupling factor can be predicted from 

morphology, and could be enhanced by modification of morphology. So, clear observation of 

morphology of the piezoelectric polymers are always required. PVDF nanofibers with diameters 

less than 10 nm were fabricated on a lacey carbon film that contained many holes with diameter 

of 1~10 μm. The molecules of these nanofibers were imaged at atomic scale by aberration 

corrected electron microscopy. The conformations and relative locations of atoms in segments of 

polymer molecules near the surface of the nanofiber were compared with molecular dynamics 

modeling results (Figure 1.10) [137]. 

 

Figure 1.10. (A) A high resolution transmission electron microscope image of a thin nanofiber of 

PVDF, (B) is a magnified part of (A), and (C) is the computer simulation of the trial model. 

Reproduced from [137] with permission of The Royal Society of Chemistry. 

Mechanical properties of electrospun nanofibers have been investigated in both individual and 

fiber mats levels. In case of nanofiber mat, tests are in macroscale and are fairly straight forward, 

although the result of macroscale test may not match the mechanical properties of individual 
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nanofibers. Uniaxial tensile test and nanoindentation of electrospun nanofiber mats was reported 

[138-140]. For individual nanofibers, performing mechanical tests requires careful test design, 

while performing the test is challenging. Because of the size of the individual nanofibers, it is 

difficult to manipulate them, since they could get damaged during manipulation or observation. 

Besides mechanical test of single nanofibers requires precise load and displacement measurement 

and high resolution displacement mechanism [141]. Several techniques such as tensile test, 

stretching, nanoindentation, bending, and resonance excitation have been used to evaluate 

mechanical properties of individual nanofibers [141, 142]. AFM-based nanoindentations were 

performed on different individual polymeric nanofibers such as PLLA, silk, PVA and other 

materials [143-146]. Sometimes, both macroscale and nanoscale test on both nanofiber mat and 

individual nanofibers were performed, which would help to predict the mechanical properties of 

the material in both scales and to compare the results. Tensile experiment on both nanofiber mats 

and individual nanofibers, and 2-points, and 3-points bending test on individual nanofibers were 

performed for electrospun nylon 6 single nanofibers (Figure 1.11) [147].  

 

 

Figure 1.11. Schematic of (a) 2-point bending, and (b) 3-point bending of single nanofiber using 

an AFM cantilever tip. Reproduced from [147] with permission from John Wiley and Sons. 
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Young’s Modulus of individual P(VDF-TrFE) electrospun nanofibers with different diameters 

were measured with 3-point bending AFM-based test [148]. The results showed the Young’s 

modulus of nanofibers with diameters below 200 nm were significantly higher compared to larger 

diameter nanofibers (Figure 1.12). 

 

Figure 1.12. Young's modulus of individual fibers. (a) SEM and (b) AFM topographical image of 

a representative setup of the three-point bending test consisting of an individual suspended fiber 

across a 10 μm grating (scale bar = 5 μm). (c) Force and displacement values are extracted from 

AFM force curves. (d) Calculated Young's modulus as a function of fiber diameter and (e) in log–

log form showing an increase in Young's modulus with a decrease in fiber diameter. The black 

dashed line represents the bulk Young's modulus of P(VDF-TrFE). The red solid line is a linear 

best-fit describing the relationship between fiber diameter and Young's modulus. Reproduced from 

[148] with permission from Royal Society of Chemistry. 
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1.1.3 Electrospinning 

Polymer nanofibers have been produced with various techniques such as template 

melt-extrusion (drawing), centrifugal spinning, electrospinning, phase-separation, flash-spinning, 

melt blowing  (solution blowing), etc. [4, 149-151]. However, these methods have their own 

limitations, advantages and disadvantages, which have been extensively studied [4, 151, 152]. 

Iterative thermal size reduction technique was used to produce PVDF nanoribbons with 

spontaneous high piezoelectricity ([153]). Figure 1.13 shows the drawing-based iterative size 

reduction technique, combined with local heat treatment at different temperatures as a post-

processing step to achieve kilometer-long fibers with various self-organized nanostructured 

morphology [154].  

 

Figure 1.13. Low temperature, multimaterial fiber drawing method used for the iterative size 

reduction of a macroscopic layered rod down to core-shell nanowires. Structural changes in a 

nanowire array subjected to heat treatment. Thermal compatibility of chalcogenide glass, PES and 
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PVDF polymers permit the production of different combinations of nanostructures. Gradual 

increases in temperature result in structural alterations in the nanowire, up to and including the 

fragmentation of the core region. Reprint from [154]. 

Electrospinning is a well-developed fabrication method for manufacturing of nanofibers from 

various polymers, and is widely used in both research, and industrial scale [11, 31, 39, 40, 76, 128, 

155-157]. The process is fairly simple and involves drawing a viscos polymer solution or polymer 

melt under a strong electric field into fine fibers, and collecting them on a grounded collector, 

which finally results in a nonwoven fiber mat. When a polymer solution on a needle tip is subjected 

to an electric field, the charge accumulates on the polymer. If the electric field increases to 

overcome the surface tension of polymer solution, the solution at the tip of the needle (spinneret) 

begins to stretch and elongate to form a cone-shape (known as Taylor-Cone) and at some point the 

intensity of electric field causes enough repulsive electric force on the Taylor-cone to form a jet of 

polymer solution that leaves the spinneret and gets attracted toward the grounded collector. The 

solvent of polymer fiber evaporates during the fiber traveling between spinneret and collector. Due 

to the strong interaction between electric field and the charged polymer jet, the polymer fiber 

undergoes a whipping movement that results in more stretching and smaller diameter fibers. This 

whipping phenomena is one of the major reason for getting fibers with a broad range of diameters. 

Electrospun fibers could have diameters on the order of a few micrometers to tens of nanometers. 

Nanofiber diameter, and alignment of fibers and quality of nanofibers, strongly depend on 

electrospinning parameters, which have been widely investigated [5, 11, 14, 25, 83, 99, 102, 104 , 

157]. 
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The simplest electrospinning setup has a stationary collector plate and produces a random 

nanofibers mat. However, studies have reported that aligned nanofibers would result in better 

performance compared to random nanofibers [4, 105]. Therefore several ideas have been 

developed to improve the alignment of the nanofibers [4, 6, 158-160]. A common method is to 

replace the static plate collector with a rotating drum as shown in Figure 1.14. Other methods 

include a cage-like rotating drum as collector, parallel sharp grounded edges as a rotating collector, 

or stationary parallel conductive electrodes or conductive frame as illustrated in Figure 1.15 [4, 6, 

158-160]. The electrostatic force applied to nanofibers causes alignment of nanofiber 

perpendicular to the edge of conductive electrodes. 

 

Figure 1.14. Schematic of electrospinning setup with a rotating collector drum. Reprinted from 

[11], with permission from Elsevier. 
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Figure 1.15. (A) Schematic of stationary collector for aligned nanofibers, constructed from two 

parallel conductive plates, (B) the electrostatic force analysis of a charged nanofiber spanning 

across the gap of the collector, (C) optical micrograph of aligned nanofibers, (D) SEM image of 

nanofibers close to the edge of the collector. Reproduced from with permission [159, 161]. 

Copyright 2003 American Chemical Society. 

Continuous nanofiber bundle is a desired form of electrospun nanofiber structures, especially 

for applications such as smart textile that requires long yarns. Several strategies such as conjugated 

dual needle electrospinning were reported for continuous nanofiber bundles. A spiral collector and 

converging coil were used to fabricate continuous bundles of aligned electrospun PAN nanofibers 

[162]. The spiral collector and converging coil helps the alignment of the nanofibers, while rotation 

of the spiral collector inserted twisting into nanofibers bundle to enhance their interactions. 
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Figure 1.16. Fabrication of continuous bundles of aligned electrospun nanofibers by 

electrospinning with the spiral collector and converging coil. Reproduced from [162] with 

permission from Elsevier. 

The electrospinning technique has several advantages as compared to other fiber fabrication 

methods, which make it useful for many applications. With proper parameters and instrument 

settings, electrospinning could be used to produce theoretically infinitely long nanofibers (high 

aspect ratio) from a broad range of materials such as polymers, biomaterials, multi-component 

solutions and biomaterials.  The electrospun nanofibers have high surface-to-volume ratio and 

could exhibit interesting mechanical, electrical and thermal properties. Electrospun nanofiber mats 

are highly porous with a very fine pore size and good interconnectivity. Several parameters affect 

the quality, diameter and surface structure of electrospun fibers, as well as the structure of the fiber 

mats  [4, 5, 14, 155, 161, 163].  However, the throughput of electrospinning using the needle as 

spinneret is limited, and it is not applicable to industrial scale. Several ideas such as adding more 
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needles have been applied to overcome this limitation, which did not improve the production rate 

significantly [164-166]. The solution for throughput limitation was resolved to a great extent with 

needleless electrospinning methods, which not only increases the production rate, but  also reduces 

the solution injection equipment and its issues [164, 167-171]. Figure 1.17 shows the PVDF 

nanofiber electrospun by disc (needleless) and needle. The productivity of these two methods are 

compared in Figure 1.17(d), which confirms the high throughput of needleless method. It resulted 

in a large uniform piece of PVDF nanofibers mat in a short time [172]. 

 Several parameters could affect the electrospinning process and the fabricated fibers. These 

parameters include properties of solutions such as viscosity, elasticity, electrical conductivity, 

surface tension of the solution, and polarity. Also, the processing parameters such as intensity of 

the electric field, distance between spinneret and grounded collector, temperature and humidity, 

as well as solution pumping rate are very important to the electrospun nanofiber’s diameter and 

uniformity [4, 5, 83, 149, 155, 161]. Effects of polymer concentration, as well as humidity and 

solvent type and evaporation rate have been investigated on PVDF electrospun nanofibers [129]. 

Comparison of the solution casted film and electrospun nanofiber mat with variations in each of 

the variable parameters revealed that lowering the evaporation rate by either changing the solvent 

or by increasing the humidity will affect the percentage of crystalline phase [129]. It was confirmed 

that the electrospinning process plays a significant role in promoting β-phase in PVDF nanofibers 

as compared to solution casted film. Although humidity, polymer concentration, and intensity of 

electric voltage also could slightly affect the crystalline phase percentages [129], the high rate 

stretching, and poling effects due to the large electric field required for nanofiber formation in 

electrospinning, enhanced the overall piezoelectric performance of nanofibers. 



 

25 

 

Figure 1.17. (a) Apparatus for disc and needle electrospinning techniques, (b and c) SEM images 

of the PVDF nanofibres electrospun by disc at 40 kV and needle (16% solution) (scale bar: 2 μm), 

(d) diameter (-■-) and productivity (-□-) of the PVDF nanofibres prepared under different spinning 

conditions, (e) digital photo of a large piece of PVDF nanofibre mat prepared by disc 

electrospinning (length: 60 cm, width: 30 cm, applied voltage: 60 kV, collecting time: 40 minutes, 

scale bar: 5 cm). Reprint from [172] with permission of The Royal Society of Chemistry.  

1.2 Motivation 

The aim of this project was to investigate the interrelation between processing and mechanical 

and thermal post-processing conditions, and morphology of P(VDF-TrFE) electrospun nanofibers. 

In this regards, the evolution of molecular structure of P(VDF-TrFE) polymer, orientation of 

polymer chains and their configuration within the electrospun nanofibers were studied by 

investigating the effects of mechanical and thermal post-processing techniques on mechanical and 

piezoelectric enhancement of P(VDF-TrFE) electrospun nanofibers. Twisting and stretching the 

nanofiber mats as two different mechanical post-processing methods, and annealing at various 

temperature as thermal post-processing technique were considered. Different mechanical tests 

were performed to evaluate the mechanical properties of electrospun nanofiber mats in macroscale 
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and individual nanofiber in nanoscale. The piezoelectric response of nanofiber mat in microscale 

and individual nanofiber were evaluated using flexure test and piezo-response force microscopy 

(PFM), respectively. Various characterization methods including spectroscopy, crystallography, 

and calorimetry were performed to reveal crystalline phases related to atomic structure of polymer 

chains and their transition, and orientation of polymer chains inside electrospun nanofibers. 

Evolution of the mechanical and piezoelectric performance of P(VDF-TrFE) electrospun 

nanofibers due to different post-processing conditions were compared to the trend of molecular 

and crystalline structural information to explain property changes. Our understanding about the 

evolution of piezoelectric and mechanical properties of P(VDF-TrFE) polymer and the molecular 

scale principles behind them is crucial for the progress of research toward better and more efficient 

piezoelectric-based multifunctional materials and devices.  

1.3 Dissertation Outline 

The present dissertation includes an investigation into the properties and molecular structure 

of P(VDF-TrFE) electrospun nanofibers and their evolution in different post-processing 

conditions. This investigation is presented in the following chapters as explained below: 

 

In chapter 2 detail the materials used in all experiments of this project are discussed, and the 

electrospinning and its parameters settings as the fabrication method. In the second part, general 

information about characterization methods used in this project is presented. 
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Chapter 3 introduces fabrication of yarns and coils by twisting the P(VDF-TrFE) electrospun 

nanofiber ribbons. Mechanical behavior of nanofiber mats, yarns and coils in tensile tests were 

investigated. Effects of alignment of nanofibers, and twisting were studied.   

 

Chapter 4 describes the effects of thermal annealing on both mechanical and piezoelectric 

properties of P(VDF-TrFE) electrospun nanofibers. Uni-axial tensile test on arrays of nanofibers 

(nanofiber mats) and nanomechanical experiments on individual nanofibers (including micro-

tensile test and nanoindentation) were performed. Microstructure and morphology of nanofiber 

mats via spectroscopic characterization techniques including FTIR and XRD were investigated to 

understand the observed differences in mechanical properties of nanofibers and ribbons as a result 

of annealing processes.  

 

In chapter 5, the evolution of mechanical and piezoelectric properties due to thermal annealing 

at different temperatures is presented. The variation of these properties were compared with 

crystallographic and spectroscopic data, to help us understand the phase transformation and 

crystallinity of P(VDF-TrFE) nanofibers during annealing and their relationship to mechanical and 

piezoelectric properties. Based on these results, optimum annealing temperature for the desired 

properties could be suggested. 

 

Chapter 6 deals with the combination of stretching and thermal annealing of P(VDF-TrFE) 

electrospun nanofibers. Spectroscopy, crystallography and calorimetry were performed to 

investigate the molecular and crystalline phases of P(VDF-TrFE) nanofibers in detail. Polymer 
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chain orientation and crystalline phase transformations have been explained by qualitative and 

quantitative analysis of these data. Changes in mechanical and piezoelectric properties were 

studied and compared with characterization analysis. This chapter helps to understand the 

structural changes in P(VDF-TrFE) nanofibers due to post-processing steps. 

 

Chapter 7 concludes the observations and analyses of this projects and suggests additional 

works.  
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FABRICATION AND CHARACTERIZATION OF P(VDF-TRFE) NANOFIBER 

2.1 Nanofiber Fabrication 

2.1.1 P(VDF-TrFE) Solution 

P(VDF-TrFE) 70/30 in the form of powder was obtained from Piezotech (Piezotech S.A.S, 

France). DMF (N,N-Dimethylformamide) as the solvent for P(VDF-TrFE)  was obtained from 

Sigma Aldrich (CAS 68-12-2).  Acetone was used to dilute the mixture of P(VDF-TrFE) and DMF 

in order to adjust the viscosity of the final solution to be suitable for the electrospinning process. 

A solution of 20% (by weight) of P(VDF-TrFE) was prepared with DMF : acetone (7:3 by 

volume) solvents. P(VDF-TrFE) 70/30 powder was dissolved in DMF on a hotplate at 70 °C while 

the solution was stirred using a magnetic stirrer for at least six hours. Then, acetone was added to 

the solution and stirred for an additional six hours without heating to get a solution with uniform 

viscosity and clear appearance. 

2.1.2 Electrospinning 

Conventional electrospinning process was used to fabricate P(VDF-TrFE) nanofibers. The 

P(VDF-TrFE) solution was loaded into a 1 ml syringe with spinneret needle gauge size 18. The 

solution was pumped using a syringe pump (New Era Pump systems Inc., Farmingdale, NY) with 

a rate of 150~170 µl/hr, while a positive ~28 kV voltage was applied to the needle. The cylindrical 

collector with a diameter of 76 mm and a high speed rotation (at least 4300 rpm to obtain minimum 

linear speed of 17 m/s) was electrically grounded. The distance between cylindrical collector and 
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spinneret was 14 cm, so that the applied electric potential was 200 kV.m-1. Nanofibers were 

collected on a paper substrate on the collector drum. In order to obtain wide and uniform nanofiber 

membranes, syringe pump system was moved laterally by mounting the syringe pump on a 

reciprocal stage with the stroke of ~13 cm and 1 cycle per minute. Finally P(VDF-TrFE) 

electrospun fiber mat collected on the paper substrate was detached from the collector for further 

processing and characterization. The electrospun nanofiber mat was cut parallel with aligned 

nanofibers, into desired size ribbons for different measurement and characterizations. A 

conventional paper cutter was employed to ensure straight and parallel cut and to minimize the 

cutting defects on the edge of the ribbons.  

2.2 Characterization 

2.2.1 Fourier transform infrared spectroscopy (FTIR)  

Fourier transform infrared spectroscopy (FTIR) is a powerful absorption spectroscopy 

technique that sends infrared beams with different combination of frequencies into the sample of 

interest and measures the percentage of absorbed beam, to calculate the absorbance of the sample 

at each wavelength. The calculation is based on Fourier transform (FT) mathematical method. The 

absorbance spectra obtained through FTIR technique is used to identify the presence of different 

functional groups and nature of bonds in a material by monitoring the vibrational energy levels, 

which are essentially the fingerprint of different molecules [173-176]. 

In this dissertation, two different modes of FTIR technique were employed to investigate the 

absorbance of P(VDF-TrFE) electrospun nanofibers. Normal transmission mode with the help of 

a polarizer was used to study the orientation of polymer chain of nanofibers. The polarized IR 
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beam could be absorbed only by molecular vibration perpendicular to the polarization direction 

[177]. Therefore, this technique was used to predict the orientation of P(VDF-TrFE) polymer 

chains. Second, FTIR was used in ATR (Attenuated Total Reflection) mode, which helped to get 

IR spectra with more detail and resolution compared to normal transmission mode, owing to the 

high signal-to-noise ratio in ATR mode [178]. The principle of ATR technique has been explained 

in the literature [179-181].  

2.2.2 X-Ray Diffraction (XRD) 

X-ray diffraction is a crystallographic technique used to determine the molecular and atomic 

structure of crystalline materials. The electrons in an atom scatter the light. Since the atoms in a 

crystal are in a periodic array arrangement, they diffract the light. If an X-ray beam with known 

wavelength (which is in the same order of the distance between atoms of a crystal) illuminates a 

crystalline material and a detector records the scattering of X-rays from the crystal’s atoms, a 

diffraction pattern would result. This diffraction pattern contains information about the atomic 

structure of the sample’s crystal. The atoms in amorphous materials do not have the periodic array 

arrangement and do not produce a diffraction pattern, because the X-rays would scatter randomly. 

This important phenomena was reported in 1913 by W. Bragg [182]. Based on Bragg’s law, given 

the wavelength of X-ray and the angle of incident, the inter-planar distance between the lattice 

planes of the crystal can be calculated by a very simple equation [182]. 

The X-ray diffraction pattern provides useful information about atomic structure of crystalline 

materials, which is used to identify the type of phase of specimen. This is a valuable tool for semi-

crystalline polymers such as PVDF and its copolymer P(VDF-TrFE). Using the XRD diffraction 

pattern, the crystalline phase (as relatively sharp peak) and the amorphous phase (as broad halo) 
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can be identified. The total diffraction pattern of polymer is the convolution of diffraction pattern 

from different crystalline phases and amorphous phases. To be able to identify individual peaks, 

the total diffraction pattern needs to be deconvoluted by well-defined fitting functions such as a 

Gaussian function. An example of XRD data and deconvoluted peaks is presented in Figure 2.1. 

The degree of crystallinity (𝑋𝐶) of a polymer is defined as the area under crystalline peaks (𝐴𝐶) 

over the total area of the diffraction pattern, which is the summation of the area under crystalline 

peaks and amorphous peaks (𝐴𝐴) [69, 183]  formulated as: 

𝑋𝐶 =
𝐴𝐶

𝐴𝐴 + 𝐴𝐶
× 100 

Although the X-ray diffraction has primarily been developed on diffraction profiles using 1D 

detectors, later 2D diffraction pattern was developed using 2D detectors [184]. The X-rays scatter 

from the crystal in different directions in space and in case of polycrystalline materials the pattern 

of diffracted X-rays forms diffraction cones that can be detected by a sufficiently large 2D detector. 

In addition to the atomic structure and degree of crystallinity of a specimen extractable from 

conventional XRD, 2D-XRD can provide other valuable information regarding the orientation of 

lattice planes, using proper 2D image processing techniques [184]. 
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Figure 2.1. An example of XRD data and deconvoluted peaks. Black open circles are experimental 

data, and green dash, red dash-dot and blue dot lines are deconvoluted peaks. 

In this dissertation, both conventional XRD profile and 2D XRD techniques were used in order 

to evaluate the evaluation of different crystalline phases, as well as the degree of crystallinity and 

orientation of those crystalline phases in P(VDF-TrFE) nanofibers.  

2.2.3 AFM-based Nanoindentation 

In the AFM-based nanoindentation, a probe approaches the surface of the specimen at the point 

of interest and pushes its tip through the surface of the sample and retracts as soon as the requested 

parameter such as maximum force or displacement is triggered. AFM-based nanoindentation steps 

are schematically shown in Figure 2.2. During the approaching step, there is no contact between 

the tip and the sample (step A in Figure 2.2). When the AFM tip is close enough to the surface so 

that the van der Waals forces overcome the cantilever stiffness, the cantilever suddenly bends 

downward and the tip of the cantilever jumps into contact and touches the surface of the sample 

(Step B in Figure 2.2). Further movement of the cantilever toward the sample removes the 
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downward bending of the cantilever and it begins to bend upward due to the contact force between 

cantilever tip and sample surface (Step C in Figure 2.2). As soon as the cantilever reaches the 

maximum requested trigger point (step D), the cantilever moves away from the surface, which 

results in decreasing the contact force and relaxing the upward bending. When the contact force is 

removed completely, by continuous upward moving of the cantilever, due to an adhesion force 

(because of the capillary phenomena from water molecules on the surface and/or adhesive nature 

of the surface), the cantilever bends downward again (Step E), and subsequently it leaves the 

surface as soon as the force from cantilever stiffness overcomes the adhesion force (again reach to 

point A).  

 

Figure 2.2. Schematic of AFM-nanoindentation steps. Reprinted with permission from [185] 

 Based on the load-displacement data from this indentation, mechanical and geometrical properties 

of the cantilever and its tip, and mechanical properties of the sample can be obtained by using 
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proper contact models. The Oliver-Pharr contact mechanics model used in this project is briefly 

explained in Chapter 5. 

2.2.4 Piezoresponse Force Microscopy (PFM) 

Piezoresponse force microscopy is an AFM-based technique which measures the mechanical 

response (deformation) of a piezoelectric material upon application of an electrical voltage to the 

sample surface through a conductive cantilever tip [186]. This is basically the evaluation of the 

piezoelectric coefficient of the sample from the converse piezoelectric effect phenomena, which 

is the deformation of a piezoelectric material in response to an electric field. The domain structure 

of ferroelectric materials can also be imaged through PFM technique [186]. In this method, an AC 

voltage with a specific frequency is applied on conductive cantilever tip, while the tip of the 

cantilever is in contact with the material’s surface with a constant force. Due to the interaction 

between the dipoles in the ferroelectric material and the electric field, the surface of ferroelectric 

material undergoes local deformation (converse piezoelectric effect), which causes a change in the 

AFM cantilever’s deflection. The cantilever deflection due to AC voltage has an amplitude (do) 

and a phase shift (φ) with respect to the AC voltage. The amplitude and phase shift of the cantilever 

response are measured through AFM controller system. The piezoelectric coefficient obtained 

from he amplitude and the polarization direction is indicated by a phase shift. Figure 2.3 depicts 

the PFM operation for two materials with different polarization directions. Depending on the 

polarization of the material under the tip and the polarity of the applied voltage, the deformation 

could be upward or downward. 
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Figure 2.3. Principle of PFM measurement. The ferroelectric materials deform in response to 

applied voltage and consequently the AFM-cantilever deflects, which could be measured through 

AFM system. Deformation of the sample due to the applied voltage depends on the sign of the 

applied voltage. [Image courtesy S. Jesse, ORNL]  

In this project, the piezoelectric coefficient of P(VDF-TrFE) nanofibers was evaluated through 

PFM-ramp measurement on single point on top point of the nanofibers. To obtain the 

piezoresponse of the nanofiber, the amplitude of the AC voltage applied to the cantilever tip was 

increased linearly up to 8 V. 

2.2.5 Differential Scanning Calorimetry (DSC) 

DSC is a thermal analysis method in which the difference of heat required to increase the 

sample’s temperature and temperature of the reference material is measured as a function of 

temperature. This is basically an evaluation of the material’s heat capacity (CP) over a temperature 

range. Therefore, DSC could determine the enthalpy and peaks of phase transition. For the semi-

crystalline structure of piezoelectric polymers, it can determine the Curie phase transition 

temperature and enthalpy, as well as enthalpy and melting point. A schematic setup of DSC is 

illustrated in Figure 2.4. Two crucibles, one containing the sample and other one empty as 

reference, are placed on top of mounting stages specified for them. A high-sensitive temperature 



 

37 

sensor is integrated on each mounting stage. These two mounting stages are inside a furnace that 

can be heated up and cooled down homogenously, while the chamber is purged with a suitable gas 

[187]. 

 

Figure 2.4. Schematic setup of differential scanning calorimetry. Reprinted from [187] 

The heating up and cooling down steps may be performed at different rates depending on the 

requirement of the experiments. The DSC measurement may be performed in a cyclic fashion to 

observe how the thermodynamic behavior of the polymer changes. 

In this project, DSC measurements were performed using a Q2000 Differential Scanning 

Calorimeter (TA Instruments, New Castle DE). DSC measurements were performed over a 

complete temperature cycle, with the rate of 10 °C/min. 
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HIGH PERFORMANCE COILS AND YARNS OF POLYMERIC PIEZOELECTRIC 

NANOFIBERS * 

3.1 Introduction  

Development of light-weight, strong, and tough materials is critical for current advanced 

applications such as defense, automobile, and aerospace. Fibrous materials such as nanofibers, 

nanotubes and their twisted yarns are great candidates to achieve this multifunctionality facilitated 

by their light weight and enhanced interaction surface [188-196]. Current research is focused on 

improving the interfacial properties between individual elements in twisted yarns, given that 

interfaces are often the weakest point in the structure. The weak shear interaction between adjacent 

nanofibers or nanotubes prevent these materials to achieve their maximum theoretical 

performance. Interaction between neighboring elements in fibrous materials is often weak van der 

Waals forces or hydrogen bonds if they are properly functionalized.  There has been major effort 

in establishing hydrogen bonds at interfaces, including hydrogen bonds in CNT yarns [191, 196]. 

Electrostatic (Columbic) interactions are much stronger than van der Waals interactions (~1 kT) 

and hydrogen bonds (~10 kT) [197]. Columbic interactions can be as strong as covalent bonds 

(100-300 kT).  Engineering interfaces with endogenous electrostatic interactions can be beneficial 

                                                 

* Reproduced with permission from Baniasadi, M.; Huang, J.; Xu, Z.; Moreno, S.; Yang, X.; 

Chang, J.; Quevedo-Lopez, M. A.; Naraghi, M.; Minary-Jolandan, M., High-performance coils 

and yarns of polymeric piezoelectric nanofibers, ACS applied materials & interfaces 2015, 7 (9), 

5358-5366. Copyright 2015 American Chemical Society 
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in enhancing the interface strength and ultimately result in lightweight materials. Such interactions 

are believed to exist between collagen fibrils in bone. Collagen fibrils are piezoelectric materials, 

and hence would generate surface charges in bone under deformation [46-48]. This mechanism 

could be one of the reasons for high toughness of natural materials such as bone.  

One potential candidate for engineering interfaces with electrostatic (Columbic) interaction 

would be piezoelectric materials. Mechanical tension in these materials results in surface charges 

that could enhance the mechanics of the interface. Piezoelectric materials are an important class 

of multifunctional materials [22]; extensively used as actuators and sensors [20], and in energy 

harvesting [21].  Common piezoelectric materials such as PZT (lead zirconate titanate), BaTiO3 

(barium-titanate), ZnO (zinc oxide) and GaN (gallium nitride), which are often ceramics or 

semiconductors, are mechanically brittle and fail at low strains (<0.1-3%) [23, 34]. In contrast to 

the inherent brittleness of piezoelectric ceramics, piezoelectric polymers have demonstrated a great 

potential to achieve flexibility and stretchability. Among piezoelectric polymers, the piezoelectric 

properties of PVDF [88], and its co-polymer P(VDF-TrFE)  has attracted considerable interest [23, 

71-75, 88]. Bulk PVDF has a failure strain in the range of 12% - 50% [10, 198].   

Humans discovered the superior mechanical enhancement of fibers and ropes by twisting them 

[2]. This gives the idea to apply this techniques to P(VDF-TrFE) electrospun nanofibers. Highly 

stretchable piezoelectric structures of electrospun P(VDF-TrFE) nanofibers was fabricated. 

Twisting process was used to develop nanofibrous P(VDF-TrFE) yarns out of ribbons. Results 

show that the twisting process, not only increases the failure strain, but also increases overall 

strength and toughness. Through over-twisting, novel polymeric coils was fabricated out of twisted 

yarns. Over-twisting here means that once the yarn samples were obtained by twisting the ribbons, 
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additional twist was applied to fabricate coil samples from yarn samples. The coils can stretch up 

to ~740% strain. This enhancement in mechanical properties is likely result of increased 

interactions between nanofibers, contributed by friction and vdW (van der Waals) interactions, as 

well as favorable surface charge interactions as a result of piezoelectric effect. A theoretical model 

was presented to account for the contribution of the piezoelectric effect on mechanical properties. 

3.2 Experimental Section 

Electrospinning process: Electrospinning process was used to fabricate P(VDF-TrFE) 

nanofibers (Figure 3.3A). The nanofibers were collected on a rotating drum collector. By changing 

the rotational speed of the collector drum, random and aligned nanofibers were obtained. The 

rotational speed of the collector drum was 120 rpm, and 4300 rpm, for random and aligned 

nanofibers, respectively.  The diameter of the needle in the electrospinning setup was 1 mm. A DC 

electric voltage of 25 kV was applied between the needle tip and the collector, placed at a distance 

of 25 cm.   

Fabrication of Yarns and Coils: Detail of the experimental method of coil and yarn 

fabrication is shown in Figure 3.1. During the twisting process, a small weight was hung from one 

end of the ribbon, while the other end of the sample was fixed. The end of the ribbon was twisted 

using a DC motor. After application of a few twists to the ribbon, initially a uniform yarn was 

obtained. When the yarn was over-twisted, coils started developing from one end of the yarn, and 

gradually extended to the other end of the sample until the entire yarn was converted to a fully 

packed coil. For each sample, the number of turns was counted during the twisting process. This 
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number was divided by the length of the sample to provide an “index” for the number of turns per 

length of the sample. 

 

Figure 3.1. Fabrication of yarns and coils from electrospun ribbons through twisting using a DC 

electric motor. (A) A pre-twist ribbon with a hanging weight at one end. (B) A ribbon fully twisted 

to yarn form and partially twisted to coil form (bottom section). The inset shows the zoomed-in 

view of the twisted part to coil form. (C) A several centimeter-long coil with uniform coils along 

its length. 

FTIR spectroscopy and XRD:  A Perkin Elmer GX FTIR spectrometer was used for 

collecting the IR spectra from the samples. X-ray diffraction of samples was recorded using a 

Rigaku Ultima III XRD (40 kV, Rigaku Corp., Tokyo, Japan) with Cu Ka source 

(wavelength=0.15418 nm). The diffractograms were recorded between angles 2θ = 10° and 60° 

with a scan rate of 3° per minute at room temperature.  

Tensile experiments: Mechanical properties of the samples were characterized using uniaxial 

tension (Instron Universal testing machine 5969).  Each end of the sample was glued onto a flat 

grip using epoxy glue. Samples were subjected to a displacement rate of 1.2 mm/s. This rate was 

DC motor

Electrospun ribbon 

Weight Twisted yarn 

to coil 

A B C Fabricated 

coil
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chosen as a quasi-static strain rate for the experiments. Effect of higher or lower rates was not 

studied in this work. Before the experiment, the gauge length (L0) of each sample was obtained 

using a digital caliper.  

Piezoelectric characterization: For flexure experiments (Figure 3.2), samples were fabricated 

as following. A P(VDF-TrFE) ribbon was sandwiched between two aluminum foils and was 

subsequently mounted between two Kapton tapes (50 µm thickness). Double sided copper tape 

was used as the electrode. The electrodes were mounted between grippers of a flexure stage 

(SIGMA KOKI Co, Japan). The electrodes were connected to a digital multimeter (Agilent 

34410A). A customized LabView interface was developed to simultaneously run the flexure stage 

controller as well as record the generated voltage from the multimeter. 

PFM (piezo response force microscopy) experiments were conducted using an MFP-3D 

Asylum Atomic Force Microscope (AFM). Conductive AFM cantilevers with a spring constant of 

~5 N/m and a resonance frequency of ~160 kHz were used. P(VDF-TrFE) nanofibers were directly 

electrospun onto a gold-coated Si substrate. An AC electric potential (A.sin (ωt)) was applied 

between the AFM probe as the top electrode and the gold-coated substrate as the bottom electrode, 

where A is the amplitude and ω is the frequency of the applied electric field. A frequency sweep 

was conducted to identify the resonance peak of the tip-sample at contact. PFM ramp experiments 

were conducted at 100 kHz, away from the tip-sample resonance. PFM ramp experiments 

consisted of applying a voltage sweep up to 5 V on the nanofiber. To calibrate the sensitivity of 

the PFM experiments, a periodically poled Lithium Niobate calibration standard sample was used. 

Based on manufacturer data (Asylum Research, Santa Barbara, CA), piezoelectric constant (d33) 

of the poled Lithium Niobate is 21-27 pm/V. 
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Figure 3.2. Charge generation of electrospun nanofibers by flexure test. (A) Shows the 

experimental setup including a flexure stage controlled by a step-motor controller to flex the ribbon 

sample and a digital multimeter to register the generated electric charges. (B) and (C) show the 

side-view of the ribbon sandwiched between two aluminum contacts and Kapton tape in  (B) flexed 

and  (C) relaxed states, respectively. 

3.3 Results and Discussion 

The nanofiber membrane on paper substrate was cut into several identically sized ribbons, 

parallel to the electrospinning direction (perpendicular to collector axis) as shown in Figure 3.3C. 

Figure 3.3D, and E show SEM (scanning electron microscope) images of the aligned nanofiber 

membranes. More than 80% of the nanofibers have a diameter between 200 to 600 nm (Figure 

3.3F).  
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Figure 3.3. (A) Schematic of the electrospinning process. The inset shows a jet of P(VDF-TrFE) 

solution projected from the tip of the needle toward the collector. (B) Electrospun membrane 

detached from the substrate using tweezers, and (C) cut into ribbons. (D) and (E) SEM micrographs 

of a ribbon (membrane) with aligned nanofibers. (F) Histogram of the distribution of the fibers 

diameters obtained from SEM images. More than 80% of the nanofibers have diameter between 

200-600 nm. 

Figure 3.4 shows the FTIR and XRD spectra acquired from the samples. The FTIR peak at 

840 cm-1 is the main peak associated with the β-phase [89, 176]. In FTIR spectra, α-phase would 

be represented with peaks at 765 cm-1 and 795 cm-1. Absence of strong peaks at these wavenumbers 

indicates that the β-phase is the majority phase in these samples. X-ray diffraction (XRD) data is 

shown in Figure 3.4D and E. The strong peak at 2θ~19˚-20˚ corresponds to XRD from (110) plane, 

representing the β-phase, which confirms the presence of the β-phase in the nanofibers. Presence 

of strong β-phase in the electrospun nanofibers shows that electrospun P(VDF-TrFE) gets poled 

during electrospinning, and the commonly used stretching at an elevated temperature is not 
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necessary to obtain β-phase. The importance of β-phase is that the nanofibers are piezoelectric, as 

shown next.  

 

Figure 3.4. FTIR and XRD spectra of the electrospun nanofibers: (A) Chemical structure of 

P(VDF-TrFE).  (B) and (C) FTIR spectra show the peak associated with the crystalline β-phase.  

(D), and (E) XRD spectra show the peak at 2θ=19°~20° that corresponds to the X-ray diffraction 

pattern from (110)/(200) plane, representing the β-phase. 
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The presence of β-phase in the nanofibers points to strong piezoelectric properties. For 

quantitative analysis, piezoelectric property of P(VDF-TrFE) nanofibers was characterized using 

both direct and converse methods (Figure 3.5) [20, 22]. In the direct method, electric charge 

generated in the sample under mechanical deformation was measured. In the converse method, 

displacement generated under electrical voltage was measured.  For the direct measurement, a 

flexure stage was used to apply a periodic flexed-unflexed to the P(VDF-TrFE) nanofibers. As 

shown in Figure 3.5, the sample is mounted on the flexure stage and the electrodes of the sample 

are connected to a multimeter. Experimental setup is shown in Figure 3.2. 

 

Figure 3.5. Piezoelectric characterization of the electrospun nanofibers: (A) Schematic of the 

flexure-test experiment. (B) Plot shows the generated voltage for several flexed and un-flexed 

states. Inset shows schematic of the prepared sample. (C) Schematic of the PFM experiment. (D) 

Piezo-response amplitude vs. applied voltage from P(VDF-TrFE) nanofiber. 
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The generated voltage from the sample is shown in Figure 3.5B. Each stroke of the flexure 

stage results in two peaks in opposite directions. The first peak is the result of flexing deformation 

and the second peak is the result of unflexing (relaxing) deformation. The nanofibers generate a 

uniform voltage as large as 20 mV. By improving the electrical contact through fabricating the 

nanofiber layer along with incorporating the electrodes within the structure of the device, improved 

electrical output can be obtained [83].  

For converse piezoelectric characterization, piezo-response force microscopy (PFM) was 

performed (Figure 3.5C) [20, 47]. Figure 3.5D shows the piezo response of an individual 

nanofiber. The relationship between the applied voltage and measured piezo-response is linear, 

which is an indication that the measured response is the piezoelectric response. The piezoelectric 

constant of the nanofiber was measured to be 37-48 pm/V, which is slightly stronger than the bulk 

P(VDF-TrFE) (~38 pm/V). This is an indication that the fabricated nanofibers from 

electrospinning are highly piezoelectric without the need to the electric poling, which confirms the 

results of FTIR and XRD for the presence of β-phase in the nanofibers. 

 

Yarns and coils were fabricated by twisting the ribbons [194, 199, 200], as shown in Figure 

3.6. Figure 3.6B and C show images of the fabricated coils. Several centimeter long yarns and 

coils can be fabricated using this method.  
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Figure 3.6. (A) Fabrication of yarns and coils from electrospun ribbons formed by the twisting 

process. (B) A Several-centimeter long coil. (C) An optical microscope image of a coil.   

Figure 3.7 shows SEM micrographs of coil and yarn samples fabricated from aligned 

nanofibers. The coil has an outer diameter of ~306 µm and a pitch of 140 µm. SEM images show 

that the coil is uniform along its length. In addition, the high-magnification images show that 

alignment of the nanofibers is maintained in the fabricated coil after twisting and over-twisting 

process. Figure 3.7J-L show SEM micrographs of a yarn with a diameter of 175 µm. Similar to 

the coil, the yarn is made of aligned nanofibers. 
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Figure 3.7. (A)-(I) SEM micrographs of a coil fabricated from aligned nanofibers shown in 

different magnifications. The coil has an outer diameter of ~306 µm and a pitch of 140 µm. (J)-

(L) SEM micrographs of a yarn fabricated from aligned nanofibers shown in different 

magnifications. The yarn has a diameter of ~175 µm. 

An important observation from SEM images is that even after large amount of twist, the 

nanofibers in the fabricated samples appear to be continuous with no signs of nanofiber failure. 
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This shows that individual nanofibers are highly deformable. The stretchability and continuous 

geometry of the nanofibers would contribute to the enhanced mechanical properties of the samples. 

To examine the mechanical properties of the samples, the fabricated ribbons, yarns, and coils were 

subjected to uniaxial tensile test. Results of the tensile experiments of the ribbons and yarns 

fabricated from aligned nanofibers are shown in Figure 3.8.  

 

Figure 3.8. Tensile experiment results in terms of specific stress vs. strain for (A) ribbons, and (B) 

yarns. The inset in (A) shows digital photographs of the tensile experiment on a ribbon.  

Figure 3.9 shows the corresponding results for the samples fabricated from random nanofibers. 

The results of the tensile experiment are given in terms of the specific stress vs. engineering strain. 

The engineering strain was calculated as the crosshead displacement divided by the gauge length 

of the sample: 

𝜀 =
𝐿 − 𝐿0

𝐿0
=

ΔL

𝐿0
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Figure 3.9. Tensile experiment results in terms of specific stress vs. strain for (A) ribbon, (B) yarn, 

and (C) coil samples fabricated from random nanofibers. 
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The specific stress of the sample was calculated by dividing the force sustained by the sample 

by the linear density (λ) of the sample. The linear density is defined as: 

𝜆 =
𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔𝑟)

𝑙𝑒𝑛𝑔𝑡ℎ (𝑘𝑚)
 

where λ is defined in “tex” units. In these units, the specific stress has units of N/g/km, which 

is equivalent to 103 MPa/g/cm3. Density of P(VDF-TrFE) is 1.87 g/cm3. Area under force-

extension was calculated for each sample and normalized by weight to provide gravimetric 

toughness in unit of J/g. 

Inset in Figure 3.8A shows digital photographs of a ribbon sample under tension. Aligned 

ribbons show strain to failure in the range of 67-83%. Comparing to 

Figure 3.9A, ribbons made of random nanofibers show 134-146% failure strain, on average 

more than 1.8 times larger than the aligned ribbons. However, the strength of the aligned ribbons 

is on average 8.7 times larger than the random ribbons. The toughness of the aligned ribbons is 

also more than five times larger than the random samples. The higher ductility of ribbons with 

randomly oriented nanofibers is likely the result of additional degrees of motion available to 

misaligned nanofibers, such as reorientation towards the loading direction. This reorientation is, 

however, accompanied with non-uniform stress distribution and localization, compromising the 

overall strength and toughness. 

Similar trends hold for the yarns. The strain to failure of the random samples is larger (1.6) 

compared to the aligned yarns. However, their toughness and strength is larger compared to the 

random yarns by six and nine folds, respectively. The yarns fabricated from the random samples 

stretch up to 235% strain, while for the aligned samples the strain to failure reduces to ~160%. 
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The aligned yarns of P(VDF-TrFE) achieve a remarkable energy to failure of up to 98 J/g. This 

is notable considering that a large portion of previous fibers such as carbon nanotube (CNT) yarns, 

or high performance synthetic fibers, such as Kevlar© show energy to failure in the range of 30-

60 J/g. For instance, the energy-to-failure of CNT yarns, fabricated by pulling CNT aerogels from 

a CVD (chemical vapor deposition) reactor and twisting them into yarns, or via hot-drawing 

polymer-CNT composite fibers, and CNT yarns drawn from CNT forests are typically within 14-

60 J/g [189, 201, 202]. This is considerably lower than the highest energy-to-failure of 

P(VDF-TrFE) yarns reported here. On the other hand, in few cases, CNT yarns have been 

developed with energy-to-failures of ~100 J/g or higher [191], comparable to values reported here 

for PVDF yarns.  

Yarn samples show higher performance compared to the ribbon samples in terms of failure 

strain, strength and toughness. This enhancement of mechanical properties is the result of increased 

nanofiber-nanofiber interactions in the yarns, facilitated by the lower porosity (more compactness) 

of the yarns as the result of twisting process. The nature of interactions between nanofibers is likely 

vdW (van der Waals) interactions, and sliding friction. In addition, nanofibers become poled 

during the electrospinning process as confirmed by FTIR and X-ray spectroscopy (Figure 3.4) and 

direct piezoelectric characterization (Figure 3.5). Therefore, the interactions between nanofibers 

can also originate from favorable (attractive) electrostatic interactions of neighboring nanofibers. 

This electrostatic interaction is shown in Figure 3.12. These electrostatic surface charges are 

generated as the result of piezoelectric effect when the nanofibers are under mechanical stress. As 

a result, this electrostatic interaction may enhance the mechanical properties of the yarn samples, 

given that electrostatic interactions are much stronger than weak vdW forces [197]. 
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3.3.1 Theoretical analysis of the electrostatic interaction between nanofibers 

A single piezoelectric nanofiber with the assigned coordinate system is shown in Figure 3.10.  

 

 

Figure 3.10. Schematic of a single nanofiber with the assigned coordinate system. 

PVDF belongs to the orthorhombic structure in polar point group mm2 [203]. The relation 

between polarity and applied mechanical stress for this symmetry group can be written as:  

 

 

For an applied stress along Z1-direction, 11
,  polarity is defined as 3 31 11P d 

, and other 

polarizations are zero. Hence, under an axial stress, polarization normal to the axis of the nanofiber 

will result in a surface charge density of σe equal to d13 σ11. For adjacent nanofibers that are 

favorably poled (poled in the same direction), the surface charges will look as shown in Figure 

3.11. 
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Figure 3.11. Interaction of two nanofibers with surface charges generated from the piezoelectric 

effect (Length of the nanofiber junction is L). 

The electrostatic interactions between nanofibers can be estimated by treating the building 

blocks shown in Figure 3.11 as a parallel plate capacitor. Based on the principle of virtual work, 

the electrostatic shear force between nanofibers, Fe, can be calculated as the derivative of the 

electrostatic energy stored in the electric field between the nanofibers, Ue, with respect to a virtual 

sliding displacement between the fibers. The latter can be expressed as the change in the overlap 

area between the nanofibers per unit of the equivalent contact width, w (w is measured normal to 

plane). Therefore, Fe is estimated as: 
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       (2) 

 

where g and 0
 are the distance between nanofibers, and the absolute permittivity of the void 

(air) between nanofibers, respectively. In (2), the surface charge density, σe (= d13 σ11), is only a 

function of the piezoelectric coefficient of the nanofibers and the internal stress in the nanofibers. 
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Therefore, in the limit of very small gaps (compared to contact width and length) the electrostatic 

shear force is independent of the overlap length. Hence, the work required to break nanofibers 

junction in shear, Ue, (subscript e stands for electrostatic) is: 
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      (3) 

 

where L is the overlap length between nanofibers, VV is the volume of the void, which is equal 

to L×g×w . Vv in (3) is replaced with its equivalent value based on the total volume of the yarn, 

VTot, and the volume fraction of the nanofibers, vF (
( 1V F TotV v V 

). This energy is stored as the 

electrostatic energy in the void between the nanofibers. A comparison can be drawn between the 

electrostatic energy stored in between the nanofibers and the elastic energy stored within the 

nanofibers. The latter is estimated as EVvU TotFEalstic

25.0  . 

As a result, it can be shown that:  
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 (4) 

 

The dimensionless parameter, 
2

13 0Ed  , is a property of piezoelectric materials (the structural 

parameters such as void density is included in 
( 1 F Fv v

), which relates the energy stored in the 

electrostatic fields of piezoelectrically induced charges to elastic energy stored in the material. As 



 

57 

such, this parameter can be considered a figure of merit for mechanical to electrostatic energy 

conversion in elastic piezoelectric materials with “brick-and-mortar” type structures.  

The volume fraction of the nanofiber (vF) can be calculated from the effective area of the yarns. 

The effective area of the yarns can be calculated by dividing the linear density of the yarns by its 

density, based on (5).  

 

)/(

)/(
= 3. mgρ

mgλ
Aeff

 (5) 

 

where λ is the linear density of the yarns (weight/length) and ρ is the density of polymer. The 

linear density is defined as the weight per unit length of the yarn. This definition of the effective 

area takes into account the voids in the yarn’s cross-section between the nanofibers. The effective 

diameter is, then, calculated by assuming a circular cross-section with an area of Aeff .  

The porosity of the yarns can be defined as:  

 

apparent

1
effA

A
  

 (6) 

 

where the volume fraction is 
1Fv  

. The Aapparent can be obtained from the SEM images 

assuming a circular cross section.  

For yarn samples the volume fraction of nanofibers is ~40%. For P(VDF-TrFE) yarns, the 

𝑈𝜀 𝑈𝐸𝑙𝑎𝑠𝑡𝑖𝑐⁄  is ~2.07, meaning that the electrostatic energy can be comparable to or even larger 
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than the elastic energy stored in the nanofibers.  This effect is likely less in ribbons given smaller 

number of fiber-fiber interactions, whereas in yarns, the twisting process increases fiber-fiber 

interactions.  

 

Figure 3.12. Electrostatic interactions between adjacent piezoelectric nanofibers as the result of 

piezoelectric generated surface-charges under mechanical stress. (i) Contribution of electrostatic 

surfaces charges to shear force between nanofibers. (ii) Contribution of electrostatic forces to the 

friction between nanofibers by increasing the normal compressive force between the nanofibers.   

Another contribution of the piezoelectric generated surface charges could arise from enhancing 

the friction between the nanofibers. This phenomena is often called electrostatic tribocharging 

[204, 205]. It has been suggested that tribocharges produced by friction have a large effect on the 

friction coefficient of dielectrics, and may exceed all other mechanical energy dissipation 

mechanisms [205]. The friction force between two surfaces is proportional to normal force 

between them ( .f NF F ). The attractive force between surface charges on the nanofibers will 

increase the normal force between nanofibers, and hence contribute to the static friction between 
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nanofibers. This effect, in turn will enhance interaction forces between the nanofibers (Figure 3.12-

(ii)).  

Figure 3.13A shows the tensile experiment results for coils made of aligned nanofibers. The 

coil samples stretch up to a remarkable strain of ~740%. For random coils, failure strain range 

drops to 328-632% strain. Aligned coils also show much larger toughness and strength compared 

to the random coils. Figure 3.13B shows a coil sample subjected to a series of load-unload until 

final failure. The sample shows a hysteretic behavior under loading and unloading cycles. Up to 

~85% strain (the inset), the strain returns to zero after unloading, indication of the elastic behavior. 

Further strain results in plastic deformation. Figure 3.13C shows consecutive images of a coil 

under tension. This coil sustains strain up to nearly 700% before failure. Figure 3.13D shows a 

series of optical microscope images from deformation of a coil sample under an optical 

microscope. The deformation mechanism of the coil is initially separation of the adjacent coils 

surfaces and gradual unwinding of the coils until the sample is free of coils. Similar CNT coils 

reported in the literature show strain to failure of ~285%, with a toughness of 28.7 J/g and tensile 

strength of ~74 MPa [195]. The P(VDF-TrFE) coil samples reported here achieved toughness of 

up to 56 J/g and a tensile strength of up to 30.5 MPa.  
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Figure 3.13. (A) Tensile experiment results in terms of specific stress vs. strain for coils. (B) Load-

unload response of a coil sample. The inset shows load-unload up to 85% strain with full return to 

zero strain after unloading. (C) Digital photographs of the tensile testing of a P(VDF-TrFE) coil. 

The snap shots show the extension of the coil under tension up to ~700% strain, to the point that 

all the coils are uncoiled. (D) A series of optical microscope images showing the deformation 

mechanism during the extension of a coil under axial stretch (left to right). The coil becomes 

straight resembling a yarn shown in the right panel. 
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Figure 3.14. Comparison of mechanical properties of aligned and random ribbons, yarns, and coils: 

(A) failure strain, (B) specific strength, and (C) toughness. 
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 Figure 3.14 shows a summary of the mechanical properties of the random and aligned ribbon, 

yarn, and coil samples.  Coil samples achieve the highest strain to failure, facilitated by the 

structural geometry. Specific strength of the aligned samples is several folds larger than the random 

samples. The yarns show the largest enhancement of specific strength by 9.4-times compared to 

the random yarns.  Ribbons exhibit 8.7-times and coils 4.8-times enhancement of specific strength 

compared to the corresponding random samples. This large enhancement in specific strength can 

be explained by increased number of nanofibers that contribute to load carrying in the axial 

direction of the sample. Yarns achieve the highest toughness in comparison to ribbon and coils. 

Compared to ribbons, yarn and coil samples have larger fiber-fiber interactions as the result of 

twisting process. Moreover, according to SEM images, the interaction length of adjacent 

nanofibers in yarns is longer than coils. This is because of the over-twisting process in coils, which 

reduce the interaction length by rotating the nanofibers along the pitch of the coil. The increased 

interaction length in yarns facilitates the load transfer between nanofibers, caused by a 

combination of vdW interactions, favorable electrostatic interactions, and piezoelectrically 

enhanced friction, leading to enhanced toughness and strength.   

3.4 Conclusions 

In conclusion, it was demonstrated that highly stretchable yarns and coils can be fabricated by 

taking advantage of the twisting process of electrospun piezoelectric P(VDF-TrFE) nanofibers. 

Super-stretchable coils exhibited strain to failure of up to 740%. The nanofibrous yarns achieve a 

remarkable energy to failure up to 98 J/g. The optimal twisting condition for yarns, which is in 

between untwisted ribbons and over-twisted coils, increases the interaction length between 
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nanofibers in yarns. The increased interaction length facilitates load-transfer between nanofibers, 

through a combination of van der Waals interactions, favorable columbic interactions, and 

piezoelectrically enhanced friction, leading to enhanced toughness and strength.  
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THERMO-ELECTROMECHANICAL BEHAVIOR OF PIEZOELECTRIC 

NANOFIBERS * 

4.1 Introduction 

During the electrospinning process, majority of polymer chains align along the axial direction 

of the nanofibers. Since P(VDF-TrFE) is a linear polymer, the permanent dipoles are 

approximately perpendicular to the chain direction. Hence, in an electrospun nanofiber the 

majority of the dipoles are aligned in the transverse direction with respect to the fiber axis. In 

highly elongated nanofibers of P(VDF-TrFE), ordered crystallites are embedded within highly 

elongated amorphous phase. The percentage of crystalline phase and alignment of dipoles can 

affect the piezoelectric, ferroelectric and mechanical properties of P(VDF-TrFE) polymer. 

Annealing is an effective method to modify the properties of P(VDF-TrFE) through improving 

crystallinity, removing any local stress generated during processing, reducing porosity, and 

eliminating any residual solvent during the fabrication process, in particular in solution-based 

processes. 

Annealing temperature, annealing duration and the rate of cooling are parameters that may 

affect the crystal structure after cooling, hence affect piezo-, pyro- and ferro-electric properties of 

                                                 

* Reproduced with permission from Baniasadi, M.; Xu, Z.; Hong, S.; Naraghi, M.; Minary-

Jolandan, M., Thermo-electromechanical Behavior of Piezoelectric Nanofibers, ACS applied 

materials & interfaces 2016, 8 (4), 2540-2551. Copyright 2016 American Chemical Society. 
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P(VDF-TrFE), since these properties arise from the crystalline phase. In addition, these factors 

may affect the mechanical properties, since the crystal phase and the amorphous phase have 

distinctly different mechanical properties. Among these factors,  annealing temperature with 

respect to the two phase transition temperatures, namely the Curie temperature (ferroelectric to 

paraelectric transition, Tc) and melting temperature (Tm) is the most critical one (Glass transition 

temperature (Tg) of PVDF is ~ -35°C). Depending on the composition (ratio of VDF/TrFE), the 

processing condition and the phases present in the polymer, properties of the P(VDF-TrFE) can 

vary. Co-polymers with 50-80% VDF show clear Curie temperature in the range of 70°C-140°C, 

which is absent in pure PVDF [93]. The crystal structure of the ferroelectric phase (β-phase) is 

orthorhombic (mm2 symmetry) with all-trans chains, whereas the paraelectric phase is hexagonal 

[206]. 

The concentration of β-phase and strength of thermo-electromechanical effects in PVDF can 

be readily adjusted by poling at elevated temperatures and hot-drawing. PVDF can be 

mechanically stretched and electrically poled at very high voltage under elevated temperature to 

align randomly oriented dipoles in the sample [10]. Typical conditions for poling include 

temperatures of 80-165°C, at electric fields of as high as 100 kV/mm. Moreover, α to β phase 

transformation takes place by hot-drawing thin films to strains of 400% at temperatures of 

75-167 °C [207, 208]. In addition to mechanical stretching and electric poling, annealing at 

temperatures in the range of 100°C to 150°C for P(VDF-TrFE) have been reported [25, 64, 69, 76, 

77, 79, 82, 87, 89-91, 96, 99, 100, 103, 110, 118, 126, 176, 177, 209-220].  For example, it has 

been reported that P(VDF-TrFE) films annealed at 150°C showed the highest local piezo-response 

and best ferroelectric character [221]. Another study has shown that piezoelectric coefficient of 
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P(VDF-TrFE) remains nearly unchanged after annealing in temperature up to 125°C, while for 

pure PVDF piezoelectric constant drops after annealing  [87].  

Heat treating at a temperature between Curie and melting point is the most effective method 

for growth of crystals in P(VDF-TrFE) [93, 177]. This is because in the hexagonal (paraelectric) 

phase, the chain molecules are very mobile along the chain axis, and when the films are crystalized 

by annealing in the hexagonal phase, and subsequently poled, thick lamellar crystals are grown in 

the polymer [206].  At temperatures below Tc in orthorhombic phase, only the local motion of the 

chain molecules are allowed [206]. While, if P(VDF-TrFE) film is annealed at T>Tm, the 

percentage of β-phase reduces and recrystallizes into α or γ phases when cooled [177]. It is reported 

that when films with VDF/TrFE molar ratios of 65/35 to 82/18 are crystalized by annealing in the 

paraelectric phase or hexagonal phase, where trans-gauche sequences are thermally introduced in 

all-trans chains, strong piezoelectricity can be realized [92, 222]. Additionally, it has been reported 

that highly double oriented films can be obtained from a uni-axially drawn films of P(VDF-TrFE) 

by crystallization in the paraelectric phase (annealed at 138°C for 2 hours). These films are termed 

“single crystal-like films”, and are in sharp contrast to lamellar crystalline films [223]. Similarly, 

pre-stretching up to 150% strain and subsequent annealing at 140°C for 2 hours was reported to 

result in single-crystalline P(VDF-TrFE) nanofiber webs [156].  

Despite numerous reports in the literature on the effect of annealing on crystal structure of 

P(VDF-TrFE) films and nanofibers, there is no report on the quantitative investigation of effect of 

annealing on the mechanical and piezoelectric properties of P(VDF-TrFE) nanofibers.  In this 

work, the effect of annealing on these nanofibers was investigated using uni-axial tensile test on 

arrays of nanofibers and nanomechanical experiments on individual nanofibers (including micro-
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tensile test, nanoindentation and piezo-response force microscopy (PFM)).  The results reveal that 

annealing electrospun nanofibers in the paraelectric phase (Tc<T<Tm) can significantly modify the 

microstructure of nanofibers leading to significant improvements in piezoelectric response and 

stiffness of individual nanofibers at the cost of ductility and toughness of individual nanofibers 

and arrays of nanofibers. 

4.2 Experimental Section 

Electrospinning process: Electrospinning process was used to fabricate P(VDF-TrFE) 

nanofibers. In brief, P(VDF-TrFE) solution was loaded into a 1ml syringe with spinneret needle 

gauge size 18. The solution was pumped using a syringe pump (New Era Pump systems Inc., 

Farmingdale, NY) with a rate of 150 µl/hr, while the needle was kept at positive 28 kV bias. The 

cylindrical collector with a diameter of 76 mm and a rotating speed of 4300 rpm was electrically 

grounded. The distance between cylindrical collector and spinneret was 14 cm, so that the applied 

electric potential was 200 kV.m-1. The nanofibers were collected on a paper substrate on the 

collector drum. In order to obtain wide and uniform nanofiber membranes, the syringe pump 

system was moved laterally by mounting the syringe pump on a reciprocal stage with the stroke 

of ~13 cm and 10 cycles per minute. Finally P(VDF-TrFE) electrospun fiber mat collected on the 

paper substrate was detached from the collector for further processing and characterization.  

Thermal annealing process: The annealing temperature for all experiments was set to 135°C, 

which is a temperature slightly above solidification temperature and below the melting point of 

P(VDF-TrFE). Two different rates of cooling after annealing were examined (fast and slow). In 

the fast-cooled process, the samples were taken out of the oven and cooled at room temperature. 

In the slow-cooled process, the samples were kept inside the vacuum oven, after the oven heat was 
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turned off.  In the fast-cooled process, sample temperature drops to room temperature in seconds, 

while in slow-cooled process, temperature decreases gradually from 135°C to room temperature 

in about 5.5 hours, which is ~0.33°C.min-1. Annealing duration was varied from 0 to 3 hours with 

steps of 1 hour.  

FTIR, XRD spectroscopy and DSC analysis: FTIR spectra were collected using the built-in 

ATR module on Nicolet is50 spectrometer (Thermo Scientific, Marietta, OH) in the absorbance 

mode with 100 scans and resolution of 4 cm-1 in the range of 400 cm-1 to 4000 cm-1. X-Ray 

diffraction measurement was performed at room temperature using Rigaku Ultima III XRD 

(Rigaku Corp., Tokyo, Japan) with Cu Kα source (λ= 0.15418 nm) energized with 40 kV potential. 

Spectra were acquired on fiber mat samples mounted on a glass slide. The X-ray angle (2θ) was 

varied between 10° to 60° with the resolution of 0.05° and scanning rate of 3° per minute. Degree 

of crystallinity (Xc) for each sample was extracted from XRD spectra, using specific XRD 

spectrum analysis software (Jade 7, Materials Data, Inc., CA). Differential Scanning Calorimetry 

(DSC) was performed on samples using Q2000 Differential Scanning Calorimeter (TA 

Instruments, New Castle DE). DSC measurements were performed in a complete temperature 

cycle, ranging from -45 °C to 250 °C with the rate of 10 °C.min-1. The cycle started from room 

temperature, sample was cooled down to -45 °C and kept at that temperature for three minutes. 

Subsequently, it was heated up to 250 °C and kept for 5 minutes. Finally, it was cooled down to 

room temperature. 

Scanning Electron Microscopy: Prior to SEM imaging, samples with different annealing 

conditions were coated with ~7 nm Palladium/Gold using Hummer-VI sputtering tool (Anatech 
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USA, Union City, CA) to reduce charging artifact. SEM Images were taken using ZEISS SUPRA-

40 FE-SEM (Carl Zeiss Microscopy GmbH, Germany) with EHT set to 5 kV. 

Piezo-response force microscopy: For quantitative PFM measurements, individual 

electrospun nanofibers were probed on a gold-coated glass slide that was electrically grounded on 

the AFM stage. A conductive AFM cantilever with a nominal spring constant of 5 N.m-1 

(HQ:NSC14/CR-AU, MicroMasch) was used for PFM measurement. First, a single nanofiber was 

scanned in tapping mode. Then, the tapping mode scanning process was stopped and tapping mode 

was changed to single Frequency Piezo Force Measurement mode (SingleFreqPFM). Contact 

resonance frequency of the cantilever was acquired while the cantilever was on the nanofiber. For 

quantitative characterization and to avoid amplification, PFM ramp measurements were performed 

at a frequency below the contact resonance frequency of the sample-cantilever. Measurements 

were performed on several points along the axis of the nanofiber.  Ramp measurements were 

performed with increasing the voltage at the rate of 0.1 V.s-1 to a maximum voltage of 5 V, in 50 

seconds. Quantitative PFM measurement was performed for at least five different samples. The 

PFM was calibrated using the standard PFM sample (a periodically poled lithium niobate film 

(AR-PPLN, LiNbO3), Asylum Research, Santa Barbara, CA). With the known vertical piezo 

constant (d33) of PPLN (~24 pm.V-1), the Piezo constant of P(VDF-TrFE) fiber can be estimated. 

For both nanoindentation and quantitative PFM measurement, few nanofibers were collected on 

the Cr-Au coated glass slide using a short (3-5 second) electrospinning period, to obtain individual 

nanofibers. Both nanoindentation and vertical PFM measurement were performed using MFP3D-

Bio AFM (Asylum Research, Santa Barbara, CA). 
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Tensile test of ribbons: Tensile tests were performed on a tabletop tensile test machine 

(INSTRON, MA) equipped with a 500 N load cell (Series 2580, INSTRON, MA) and pneumatic 

grippers. The crosshead speed was set to 10% (of the initial gauge length) per minute. Fiber mats 

were sized into strips of 5 mm × 20 mm. These strips were annealed with different annealing 

parameters and consequently were mounted and fixed onto U-shape cardboard frames using 

5Minute®epoxy (ITW Devcon, Danvers, MA).  The U-shape cardboard frame was used as a 

protecting frame to prevent stress and deformation of the sample prior to experiment. The 

cardboard frame was cut with scissors after the sample was mounted on tensile testing grippers 

and before running the tensile test. The gauge length of individual samples (~10 mm) was 

measured with a caliper prior to the experiment.  

Mechanical characterization of individual nanofibers – AFM Nanoindentation: For 

Nanoindentation experiments, a cantilever with a spring constant of 34 N.m-1 (HQ:NSC15/Al BS, 

MicroMasch) was used. The spring constant of the cantilever was calibrated using the thermal 

method. The optical sensitivity of the cantilever was calibrated using a stiff substrate. Prior to 

nanoindentation, a topography image of the desired nanofiber was obtained to position the tip of 

the probe on the top surface of the nanofiber along its axial direction.  A quasi-static indentation 

rate of 0.5 µm/sec was used for all the experiments.  

Mechanical characterization of individual nanofibers – Micro Tensile Test: Mechanical 

properties of nanofibers in tension were measured, using micro-devices specifically designed and 

manufactured via bulk micromachining techniques for this purpose. Each device consisted of a 

compliant folded silicon beam with known stiffness (calculated from the beam dimensions and 

known modulus), as the load sensor, on which one side of the individual nanofibers were mounted. 
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The other side of the nanofiber was mounted on a movable micro-machined grip. The movable 

grip was displaced by a piezoelectric actuator that interfaced the device via electrochemically 

sharpened probe tips, thus loading the nanofiber. All the tests were performed and recorded under 

an optical microscope, and the motion of the pads were measured via Digital Image Correlation 

(DIC). The relative motion of the grips was calculated as the nanofiber stretching and load cell 

deformation, from which the strain and force (engineering stress) in the nanofiber was calculated. 

The diameter of the nanofibers, required to calculated stress from applied force, was measured via 

SEM, after completion of the experiment. Further details of the method and the approach to 

manipulate individual nanofibers can be found in [224].  

4.3 Results and Discussion 

Nanofibers were fabricated by electrospinning process using a rotating drum, Figure 4.1A-B 

[225]. An AFM image of a single nanofiber is shown in Figure 4.1C. The individual nanofibers 

were used for piezoelectric characterization and nanoindentation and micro-tensile experiments. 

Single nanofibers were separately collected on a gold-coated glass slide by exposing the glass slide 

to the spinning jet for a short period of time. 

The Curie temperature (Tc) in P(VDF-TrFE) co-polymer can vary for various molar ratios of 

TrFE (the Curie temperature is higher for P(VDF-TrFE) with higher VDF molar ratio, Figure 

4.1D) [87]. Prior to measurement of mechanical properties of nanofibers, their thermal behavior 

was characterized via differential scanning calorimetry (DCS). The results are shown in Figure 

4.2. The Curie temperature of the as-fabricated (with no annealing) nanofiber mats was obtained 

to be Tc =109 ± 3.2 °C. The melting temperature and solidification temperatures were Tm= 152 ± 

1°C and Ts = 129 ± 1°C, respectively. The results for nanofibers are similar to the ones of the thin 
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films of P(VDF-TrFE) [221]. Pronounced Curie points in the DSC response confirms that 

nanofibers are ferroelectric and go through ferroelectric-paraelectric phase change [216].  

 

 

Figure 4.1. (A) Schematic of the electrospinning setup for fabrication of P(VDF-TrFE) nanofibers. 

(B) SEM micrograph of P(VDF-TrFE) fiber mat. (C) AFM topography image of a single fiber. 

Overlaid is the cross-section profile. (D) Annealing process in paraelectric phase at Tc < TA < Tm 

inside a vacuum oven.  

Based on DSC results and other relevant data in the literature [177, 206, 226, 227], TA = 135°C 

was chosen as the annealing temperature. This temperature is higher than Curie temperature and 

below melting temperature (Tc<TA<Tm). As mentioned above, annealing in this temperature range 

has been reported to be effective in rearrangement of polymer chains, phase transition and forming 

more crystalline structure. Figure 4.2B shows DSC response of samples with different annealing 
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duration at TA. Overall, the DSC response is similar for various annealing conditions. Figure 4.2C 

shows the variation of the Curie temperature, solidification and melting temperature for different 

annealing periods. Solidification and melting temperature were repeatable and nearly did not 

change for samples with different annealing period, while the Curie temperature shows slight 

variations within ~ ± 3 °C. Another observation is that the changes in heat flow at the Curie point 

is more pronounced for samples with longer annealing duration (Figure 4.2B). Subsequent 

characterizations were conducted for samples that were annealed for 2 hours at 135 °C 

(paraelectric phase, Figure 4.1D). 

 

In addition to annealing temperature, the cooling process after annealing may also change the 

morphology and mechanical properties of the nanofibers by affecting the crystallization kinetics. 

Two different cooling rates were defined for samples after annealing. These cooling rates (fast-

cooled and slow-cooled) are detailed in the Experimental Method section. Briefly, in the fast-

cooled process, the samples were taken out of the oven and cooled at room temperature. In the 

slow-cooled process, the samples were kept inside the vacuum oven, after the oven heat was turned 

off.   
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Figure 4.2. (A) Representative DSC response of P(VDF-TrFE) nanofiber mats. TC, TS and Tm are 

Curie temperature, solidification temperature, and melting temperature, respectively. (B) DSC data 

for the nanofiber mats with different annealing conditions; TC1 and TC2 are the Curie transition 

temperature in heating and cooling, respectively. (C) Variation of Curie temperature TC (TC1) 

solidification temperature TS and melting temperature Tm vs. annealing duration. 
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Figure 4.3 shows the physical properties of the nanofibers. Diameter of the nanofibers did not 

change after annealing, within the statistical margin of error. This distribution was obtained by 

analysis of the SEM images of the nanofibers (n = 48, 60 and 69 for as-made, fast-cooled and 

slow-cooled nanofibers, respectively). SEM images reveal that nanoscale cracks appear on the 

surface of the annealed nanofibers. Studies have suggested that electrospun nanofibers have a 

higher concentration of solvent residues at the core, trapped inside the fiber after the formation of 

the rigid skin [101, 128] . Thus, the core is more ductile than the skin. As a result, the skin cannot 

follow the deformation of the core induced by crystallization, leading to skin fragmentation 

(periodic skin cracks). As a consequence of these nanoscale cracks, the surface of the annealed 

samples are generally rougher than the surface of the as-fabricated samples, indicated by their 

AFM images (Figure 4.3 right panel). 

After the annealing and cooling process, mechanical tests were performed on ribbons (mats) 

and individual nanofibers to quantify the mechanical properties of the electrospun fibers for 

various annealing conditions. Representative tensile test results for nanofiber mats is shown in 

Figure 4.4A. The data are presented in terms of the specific stress (MPa/g/cm3) and engineering 

strain. The units of the stress are expressed in MPa/g/cm3 in accordance with analysis of stress in 

textile materials to account for the effect of the porosity in the samples. Detailed of the analysis 

can be found in [225]. (Density of P(VDF-TrFE) ~1.87 g/cm3).  
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Figure 4.3. Distribution of diameter of the fibers (left) obtained from SEM image analysis, SEM 

image (middle) and AFM topography image (Right) for (A) as-made, (B) annealed fast-cooled, 

and (C) annealed slow-cooled samples. Nano-sized cracks appeared on fibers surfaces for both 

annealed samples. Size of AFM images is 2.5 µm × 2.5 µm. 

It can be clearly seen that as-made samples show much larger ductility (strain to failure) 

compared to both types of thermally annealed samples. Ductility for the samples is given in Figure 

4.4B. Error bars are standard deviations for 5 samples of each group. The as-made nanofiber mats 

exhibit a failure strain of ~155 ± 10%. The annealed and fast-cooled samples show a failure strain 

of ~14 ± 7%, and the annealed slow-cooled samples fail at ~17 ± 0.9% strain, which is ~one order 

of magnitude smaller than the as-made samples. Hence, the ductility dropped significantly by ~10-

fold. One-way ANOVA analysis (p < 0.05) and means comparisons tests (Bonferroni, Scheffe and 
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Tukey) confirmed the significant change in failure strain between as-made and annealed P(VDF-

TrFE) samples (both fast-cooled and slow-cooled). Failure strain of the fast-cooled and slow-

cooled samples are the same within the margin of error.  

Figure 4.4C shows the specific strength for each sample type. The as-made mat shows a 

specific strength of ~72.6 ± 9.8 MPa/g/cm3.  The fast-cooled and slow-cooled samples shows 

specific strength of 95.7 ± 32 and 79 ± 31 MPa/g/cm3, respectively. Based on One-Way ANOVA 

statistical analysis (p < 0.05) followed by means comparisons (Bonferroni, Scheffe and Tukey 

tests), there is no significant difference between strength of the samples with different annealing 

conditions, although one order of magnitude change in ductility was observed in the samples.  

Since the specific strength is not significantly different among samples, the difference in 

ductility results in significant difference in tensile toughness.  Tensile toughness (energy to failure 

in tension per unit mass), defined as the area under the stress-strain curve over mass density, 

represents the amount of energy that the material can absorbed before final rupture in tension. 

Figure 4.4D shows the tensile toughness results. The as-made mats show a tensile energy to failure 

(toughness) of ~53 ± 8 J/g, whereas tensile toughness significantly drops to less than ~5 J/g for 

annealed samples, 4.4 ± 0.6 and 4.0 ± 1.4 J/g for fast-cooled and slow-cooled samples, 

respectively.  Statistical analysis (One-way ANOVA, followed by means comparison test, 

p < 0.05) was performed for toughness data to confirm this difference. 
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Figure 4.4. Tensile test results for nanofiber ribbons (mats) with different annealing conditions. 

(A) Representative stress-strain responses. (B)-(D) Comparison of failure strain, specific strength 

and tensile toughness for different annealing conditions. Error bars are standard deviation (N = 5). 

Inset in B is two optical images of the sample before tension (left) and under ~100% strain (right).  

Tensile properties of the ribbons can represent a combination of properties of individual 

nanofibers as well as the interaction between nanofibers, and their orientation in the ribbon. Hence, 

knowing the mechanical properties of individual nanofibers and their dependence on annealing 

parameters can further assist us in evaluating the effect of annealing on properties of the 

nanofibers. The mechanical properties of individual nanofibers were measured via micro-scale 

tensile tests and nanoindentation. For the micro-tensile experiment, a minimum of three samples 

were tested for each sample type.  The nanofibers tested in tension had an initial diameter in the 
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range of 0.4 µm - 0.8 µm. The micro-tensile stage used for the tensile experiment of individual 

nanofibers is shown in Figure 4.5A. Zoomed-in view shows an individual nanofiber suspended 

between two grips. Three representative tensile test results for as-made, fast-cooled and slow-

cooled annealed samples is shown in Figure 4.5B. Similar to the tensile test on the ribbons, as-

fabricated nanofibers show larger ductility. As-fabricated nanofibers exhibit a ductility of 

130 ± 30%, whereas the annealed nanofibers fail at 46 ± 20% and 48 ± 18% strain, for the fast-

cooled and slow-cooled, respectively (Figure 4.5C).  

The elastic modulus of as-fabricated nanofibers was measured to be 0.34 ± 0.09 GPa. Upon 

annealing, the modulus of nanofibers increased significantly (by three-fold) reaching 

0.79 ± 0.31 GPa and 1.00 ± 0.33 GPa, in the slow-cooled and fast cooled samples, respectively 

(Figure 4.5D). The differences in elastic moduli for the two cooling conditions are within the 

experimental uncertainty. As it will be discussed in the following, the increase in modulus is the 

result of improved crystallinity. However, polymer chains in crystalline phase are less mobile and 

difficult to stretch compared to the amorphous phase, which will result in reduction in ductility. 

The observed nanoscale cracks on annealed nanofibers may also have a negative effect on 

mechanical properties of nanofibers due to stress concentration in cracks’ tips, which will results 

in failure at smaller strains. However, overall the ultimate strength of annealed nanofibers did not 

change significantly compared to as-made samples, potentially due to the competing effects of 

enhanced crystallinity and surface cracks. It can be concluded that the ultimate strength of the 

annealed samples could be higher if the cracks didn’t form. One point deserves an attention. 

Although the cracks did not change the tensile strength of the fibers under static tensile test, their 

behavior under cyclic loading for long term applications should be investigated in future studies.   
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Figure 4.5. (A) Micro-tensile stage used for tensile experiment of individual nanofibers. The 

zoomed-in view of the boxed area is shown on the right. (B) Samples of stress-strain responses of 

the three types of samples (as-fabricated, and two annealing types).  (C) - (F) show the failure 

strain, elastic modulus, strength and energy to failure (toughness), respectively for the examined 

samples. 

In the micro-tensile experiments, the strength of as-fabricated individual nanofibers was 

267 ± 55 MPa. Within the experimental uncertainty, the strength of the as-fabricated nanofibers 
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are comparable to the strength of the individual annealed samples: 244 ± 95 MPa for the slow-

cooled samples, and 330 ± 82 MPa for the fast-cooled samples, Figure 4.5E. Hence, while cooling 

significantly affected mechanical properties of nanofibers (leading to higher modulus, but reducing 

the ductility),  the rate of cooling was found to have negligible effect on the magnitude of changes, 

suggesting that the morphological changes that has led to mechanical property changes have 

mainly occurred during heating phase of annealing. Moreover, since the strength of the nanofibers 

remained nearly unchanged as a result of annealing, the loss in ductility led to a considerable loss 

in energy to failure. That is such that the energy to failure of the as fabricated nanofibers, measured 

to be 100 ± 16 J/g, dropped as a result of annealing by ~50% to 37 ± 9 J/g (slow-cooled samples) 

and 52 ± 32 J/g (fast-cooled samples). Hence, annealing improved modulus at the cost of 

toughness (Figure 4.5F).  

The significant enhancement in modulus of the nanofibers as a result of annealing was further 

confirmed via nanoindentation experiment on individual nanofibers. The nanoindentation 

experiments were performed on the top surface of the nanofibers along the axial direction, as 

schematically shown in Figure 4.6A. This procedure was confirmed by observing the footprint of 

the AFM probe on the nanofibers by imaging the nanofibers after nanoindentation. Figure 4.6B 

shows a nanofiber with footprint of nanoindentations on its top surface, one of which is pointed 

out with an arrow. Figure 4.6C shows results of the nanoindentation experiment on individual 

nanofibers with different annealing conditions. As-made nanofibers show softer indentation 

response compared to the annealed samples. For example, for the same indentation force of 

~1750 nN, the as-made samples deform by ~90 nm, whereas the annealed samples show less than 

~40 nm indentation. Hence, approximating the slope of the indentation depth vs. nanoindentation 
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force as a measure of nanofibers modulus, as a result of annealing the modulus of nanofibers is 

increased by ~125%, consistent with changes observed in micro-tensile tests on individual 

nanofibers.  

 

Figure 4.6. Nanoindentation experiment on individual nanofibers. (A) Schematic of the 

nanoindentation experiment. (B) AFM image of a single nanofiber shown with nanoindentation 

footprints on its top surface, one of which is pointed out with the arrow. (C) Nanoindentation force 

vs indentation depth response for nanofibers with different annealing conditions. The envelopes 

show results of 8(= N) experiments, and the solid lines-symbols show the averages. 

The trends observed in mechanical properties (ductility, strength, and toughness) of individual 

nanofibers as a result of annealing are qualitatively the same as those observed in ribbons (mats). 

In both individual nanofibers and ribbons the strength did not change within the experimental 

uncertainty upon annealing, while annealing led to considerably lower ductility and toughness. 

The results show that the strength of individual nanofibers, ~207-330 MPa, is considerably larger 

than the strength of ribbons, ~73-96 MPa. Moreover, the reduction in ductility as a result of 

annealing in ribbons was much more than the corresponding loss in individual nanofibers. The 
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strain to failure of individual nanofibers reduces by ~50-70% due to annealing, while the ductility 

of ribbons drops by nearly one order of magnitude as a result of annealing. The trends in strength 

and toughness of nanofibers and their ribbons can be explained by considering that the failure in 

ribbons is governed by the weakest link (weakest nanofiber), which leads to a redistribution of 

loads during tension tests and a progressive failure. In addition, in a ribbon, not all the nanofibers 

are aligned with the loading direction. Hence they do not fully contribute to load carrying capacity.   

It is also interesting to point out the differences in the stress-strain curves of nanofibers and 

ribbons. In all sample types studied here, the stress-strain curve of individual nanofibers is nearly 

a straight line, which extends to relatively large strains of more than 60%. This behavior is 

qualitatively similar to the behavior of the as-fabricated ribbons, although the latter shows slight 

strain hardening (the slope of stress-strain curve in annealed fibers increases with strain, Figure 

4.4A). This strain hardening in as-fabricated ribbons is likely a result of misaligned nanofibers 

within ribbons, which upon large deformation, get reoriented towards the loading direction, further 

resisting the load. On the other hand, the stress-strain curves of the annealed ribbons show a 

considerable strain hardening (Figure 4.4A). That is potentially due to the formation of new 

junctions between nanofibers upon annealing due to thermally induced chain diffusion between 

nanofibers, which can resist the deformation in ribbons. Similar behavior has been observed in 

heat treated electrospun nanofibers [228]. The significantly higher ductility of annealed nanofibers 

compared to annealed ribbons could also be explained based on the formation of cold junctions 

that localizes the deformation and leads to stress concentration.  

In order to understand the observed differences in mechanical properties of nanofibers and 

ribbons as a result of annealing processes, the microstructure and morphology of nanofiber mats 
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were studied via spectroscopic characterization techniques including FTIR and XRD. Figure 4.7 

shows the absorbance spectra of the samples with different annealing conditions. In particular, the 

peaks associated with the β-phase are highlighted in the spectra at wavelengths 1431, 1287, 845, 

and 506 cm-1 [13, 26, 177, 225]. Existence of β-phase is mostly due to the extra fluorine atoms in 

TrFE unit. The P(VDF-TrFE) co-polymer always shows β-phase due to TrFE unit, regardless of 

processing methods and conditions, however, the amount of β crystalline phase could be improved 

with processing and post-processing. 

FTIR spectra shows that annealing does not change the overall number of peaks in the spectra. 

However, compared with the as-made sample, the intensity of the characteristic peaks associated 

with β-phase (highlighted area in Figure 4.7A) increases under the examined annealing and cooling 

conditions, indicating that annealing increases the β-phase content in the sample. To quantify the 

effect of annealing from the FTIR data, FWHM (full width at half maximum) parameter at peak 

1398 cm-1 (which is the most prominent absorption) were calculated for each data set, Figure 4.7B 

[229, 230]. The data shows that the sharpness of the peak increases by 20% and 16%, for slow-

cooled and fast-cooled samples, respectively.  
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Figure 4.7. (A) FTIR spectra of the electrospun nanofiber mats with different annealing conditions. 

(B) Relative FWHM calculated from FTIR data, peak 1398 cm-1 for various annealing conditions.  

XRD data for samples with different annealing conditions is presented in Figure 4.8A. The 

main peak at 2θ ~ 19.7-19.8° in the XRD spectra corresponds to the β-phase [13, 26, 177, 225].   
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Figure 4.8. (A) X-Ray diffraction spectra of samples for different annealing duration. (B) Degree 

of crystallinity (Xc) of P(VDF-TrFE) electrospun nanofibers vs. duration of annealing.  (C) 

Schematic shows a polymer with low degree of crystallinity (top) and high degree of crystallinity 

(bottom). 
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PVDF has a semi-crystalline structure. For each spectrum, the degree of crystallinity can be 

obtained, which can be distinguished from amorphous peaks based on the sharpness of the peak 

and deconvolution of spectra. Change of degree of crystallinity of samples with different annealing 

condition is shown in Figure 4.8B. As-made electrospun nanofibers have ~25% crystalline phase. 

Annealing process increases the degree of crystallinity (Figure 4.8C). After 3 hours annealing, the 

crystallinity increases to ~43% and ~52% for fast-cooled and slow-cooled samples. For 2 hours of 

annealing, both samples show a crystallinity of ~40%, while slow-cooled samples show slightly 

larger percentage of crystallinity. This result agrees with the previously reported trend of degree 

of crystallinity for annealed P(VDF-TrFE) thin films [177]. In addition, the higher crystallinity of 

the slow-cooled samples is an indication that the crystallization has indeed continued, although 

marginally, during the cooling process. For the fast-cooled samples the high rate of cooling and 

loss of chain mobility has prevented further crystallization. 

Due to the high electronegativity of fluorine atoms, P(VDF-TrFE) has strong electrical dipole 

moment. Among different crystalline phases, the β-phase, which represents an all trans (TTTT) 

planar zigzag polymer chain, has the greatest strong dipole moment (8 × 10-30
 Cm) [65]. Further 

insight into the morphology of the nanofibers can be obtained by evaluating the piezoelectric 

behavior of the samples, which is primarily driven by the β-phase. Figure 4.9 shows the piezo-

responses acquired from individual nanofibers with different annealing conditions. Three different 

conditions mentioned above were examined. This includes as-made, 2-hours annealed fast-cooled 

and 2-hour annealed slow-cooled.  
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Figure 4.9. (A) Schematic of PFM (piezo-response force microscopy) on an individual 

P(VDF-TrFE) nanofiber. (B) Piezoelectric response of nanofibers (as-made and annealed at 135°C 

for 2 hours). (C) Schematic shows the orientation of dipoles in a molecule and change of this 

orientation in the nanofiber after annealing. (D) Comparison of the piezoelectric constants obtained 

for different annealing conditions.   

There is a significant difference between PFM response of the annealed samples (both fast- 

and slow-cooled) and as-made samples. The slope of the PFM response of annealed samples is 

0.517 mV/V and 0.487 mV/V for slow-cooled and fast-cooled samples, respectively, whereas the 

slope of PFM response of as-made fiber is ~0.32 mV/V. Piezo-responses were also obtained from 

a standard calibration sample with a known piezoelectric constant (~24 pm/V). Considering the 
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piezoelectric constant for standard calibration sample and slope of its PFM response, a conversion 

factor of 70.18 pm/mV can be used to calculate the piezoelectric constant of samples. Based on 

this calculation, piezoelectric constant of 35.5 ± 3.4 pm/V, 33.8 ± 5.2 pm/V and 22 ± 1.6 pm/V 

were obtained for slow-cooled, fast-cooled and as-made nanofibers, respectively.  The results show 

that the annealing processes results in larger piezoelectric constant in nanofibers, which indicates 

that the piezoelectrically active phase (β-phase) in the nanofibers has increased as a result of the 

annealing process. 

The consideration of crystallinity and the corresponding changes in mechanical and 

piezoelectric properties of as-fabricated and annealed individual nanofibers sheds light on the 

morphological evolutions of P(VDF-TrFE) as a result of annealing. Figure 4.10A shows the elastic 

modulus vs. degree of crystallinity for individual nanofibers. As discussed before, elastic modulus 

increases with increasing the degree of crystallinity. A ~70% increase in degree of crystallinity 

translates into ~ 3-folds increase in the elastic modulus. Moreover, the piezoelectric coefficient of 

nanofibers increases by ~50 - 60% as a result of annealing, nearly proportional to the increase in 

crystallinity, Figure 4.10B. The increase in degree of crystallization, and thus the elastic modulus 

can be explained by considering that the annealing temperature (135 °C) is slightly above the 

solidification temperature (Figure 4.2). The thermally enhanced chain mobility allows the chains 

to move towards a more energetically favorable configuration in the form of crystals.  

The increased piezoelectricity due to annealing requires the formation of crystalline domains 

such that the dipoles of P(VDF-TrFE) chains in the newly forming crystals are lined up with the 

dipoles of the existing ones. To explain this effect, it is speculated that the chains within the 

amorphous phase of the electrospun nanofibers are partially aligned with the fiber axis, and the 
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main reason they did not crystallize in the as-fabricated nanofibers is a sudden loss in mobility due 

to fast solvent loss [101]. Moreover, during annealing, the chain mobility is increased, and the 

electrostatic moments applied to the chains in the amorphous phase by the dipoles in the existing 

crystallization phase tends to change the stereoregularity of the amorphous chains, such that the 

dipoles of the two phases are in the same direction, thus minimizing the electrostatic energy 

between the chains. Without electrostatic interactions between the two phases, which is caused by 

ferroelectric properties of P(VDF-TrFE), one would expect the stereoregularity of the chains 

within the additional crystallinity to be random (atactic) with no enhancement in piezoelectric 

effect, contrary to what was observed in the experiments.   

 

Figure 4.10. (A) Elastic modulus, and (B) piezoelectric response of individual P(VDF-TrFE) 

nanofibers as a function of degree of crystallinity 

4.4 Conclusions 
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analysis was performed on the electrospun nanofibers for as-fabricated and annealed in the 

paraelectric phase (Tc<TA<Tm). Annealing in the paraelectric phase is found to be an effective 

approach to improve the crystallinity of the P(VDF-TrFE) polymer. Mechanical test on nanofiber 

ribbons as well as micro-tensile test and nanoindentation on individual nanofibers revealed that 

annealing enhances the stiffness (elastic modulus) of the nanofibers by up to three fold. Moreover, 

piezo-response force microscopy (PFM) experiments on individual nanofibers revealed that 

annealing results in ~50-60% enhancement in piezoelectric constant of the nanofibers. These 

enhancements in the piezoelectric properties and modulus of P(VDF-TrFE) nanofibers are 

achieved at the cost of significant reduction in ductility (strain to failure) by as much as ~10 fold. 

Meanwhile, experimental results revealed that annealing has minimal effect on the strength (failure 

stress) of the nanofibers. Both FTIR and XRD spectroscopy reveal that annealing results in an 

increase in the β-phase in the nanofibers and ~70% increase in the crystallinity. The increase in 

modulus and piezoelectric properties is attributed to enhanced crystallinity and alignment of the 

formed crystals such that their dipole moments is in the same direction as the existing dipoles in 

the nanofibers after electrospinning.  
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CORRELATION OF ANNEALING TEMPERATURE, MORPHOLOGY AND 

ELECTRO-MECHANICAL PROPERTIES OF ELECTROSPUN PIEZOELECTRIC 

NANOFIBERS    

5.1 Introduction 

As piezoelectric polymers P(VDF-TrFE) can provide alternatives to brittle ceramic piezo 

materials, such as PZT, BaTiO3, etc., in particular for applications requiring flexibility, for 

example soft robotics, conformal sensors, and energy harvesting devices [10, 57, 58, 60, 62, 94, 

104, 105, 111, 121, 122, 126, 129, 214, 215, 218, 231, 232]. However, the piezoelectric constant 

of piezo-polymers is significantly lower than that of the piezo-ceramics. For instance, piezoelectric 

constant of Lead Zirconate Titanate (PZT) is an order of magnitude higher than that of P(VDF-

TrFE). Hence, there is an interest to improve the piezoelectric constant (d) and electromechanical 

coupling factor (k2) of piezo polymers. The electromechanical coupling factor is the ratio of the 

stored electrical energy (�̂�𝑒) to input mechanical energy (�̂�𝑚), 𝑘2 =
𝑑2𝑌

𝜀
, in which Y is the elastic 

modulus, d is the piezoelectric constant, and ε is the dielectric constant [32, 33]. Since P(VDF-

TrFE) is a semi-crystalline polymer, its morphology (crystallinity, orientation and size of the 

crystallites, and alignment of the amorphous chains, etc.) can be changed by thermal annealing. 

                                                 

 Mahmoud Baniasadi, Zhe Xu, Jizhe Cai, Soheil Daryadel, Manuel Quevedo-Lopez, Mohammad Naraghi and Majid 

Minary-Jolandan, Correlation of Annealing Temperature, Morphology, and Electro-Mechanical Properties of Electrospun 

Piezoelectric Nanofibers, Submitted to RSC Advances (the Royal Society of Chemistry) – under Review. 
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Changes in morphology, in turn will affect mechanical and piezoelectric properties of this polymer, 

and ultimately, the electromechanical coupling factor, which is an important metrics for evaluation 

of the performance of the material [108].  

Thermal annealing has been demonstrated to enhance the crystallinity of PVDF-based 

polymers [64, 69, 76, 77, 79, 87, 89-91, 99, 103, 109, 113, 118, 125-127, 176, 177, 206, 209-220, 

222, 233-236]. Particularly, for P(VDF-TrFE) annealing is an effective process to enhance 

crystallinity, because the Curie temperature of P(VDF-TrFE) is below its melting point, which 

allows for annealing at the paraelectric phase [87, 93, 94, 98, 177]. Various parameters of the 

annealing process, such as temperature, duration, pressure, etc. affect the outcomes of the 

annealing process [107, 109, 113, 125, 210, 213, 227, 236]. However, annealing temperature, is 

the most important factor that has been studied [90, 109, 236]. This is because the molecular 

conformation of P(VDF-TrFE) chains and crystalline phase content significantly change by 

varying the annealing temperature [90, 236]. Earlier studies had put some doubts on the 

effectiveness of annealing on enhancing the piezoelectric properties of PVDF [70], however, more 

recent studies confirmed the effectiveness of annealing [69, 90, 108, 113, 127].  

Although there are a number of studies on morphological evolution of PVDF and its 

copolymers after annealing at different temperatures, most of these studies have focused on films, 

and using only crystallography and spectroscopy techniques [90, 236, 237]. Piezoresponse image 

and switching spectroscopy of P(VDF-TrFE) spin-coated films annealed at various temperatures 

above the Curie temperature have been reported [236]. Both Fourier transform infrared 

transmission (FTIR-TS) and grazing incident reflection absorption (FTIR-GIRAS) spectra were 

analyzed using the factor analysis method to evaluate crystallization and phase transition behavior 
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of ultra-thin spin-cast P(VDF-TrFE) films [238]. Mao et al. investigated the evolution of 

morphology, crystallinity, and bonding orientation as a function of annealing temperature for spin-

coated P(VDF-TrFE) films, and concluded that annealing at or slightly above the Curie 

temperature is the optimal temperature for enhanced polarization, smooth surface morphology, 

and low leakage current [227]. Wahid et al. reported maximum enhancement of crystallinity and 

remnant polarization for spin-coated P(VDF-TrFE) films upon annealing at temperature between 

the Curie temperature and the melting point [90]. Dynamic mechanical analysis (DMA), tensile 

tests and differential scanning calorimetry (DSC) were performed to study the evolution of the 

microstructure of PVDF films subjected to annealing at various temperatures [239, 240].  

In this dissertationthe effect of annealing temperature on mechanical and piezoelectric 

properties of electrospun P(VDF-TrFE) nanofibers was studied. AFM-based nanoindentation and 

piezo-response force microscopy (PFM) were performed on single nanofibers annealed at various 

temperatures to evaluate the elastic modulus and piezoelectric constant of the fibers, respectively. 

FTIR, XRD, and WAXD spectroscopies were employed to quantitatively and qualitatively explain 

the enhancement of these properties.  

5.2 Experimental section 

Nanofiber Fabrication: P(VDF-TrFE) 70/30 powder was purchased from Piezotech 

(Piezotech S.A.S, France). DMF (N,N-Dimethylformamide) as the solvent, was obtained from 

Sigma Aldrich (CAS 68-12-2).  Acetone was used to dilute the mixture of P(VDF-TrFE) and DMF 

in order to adjust the viscosity of P(VDF-TrFE) solution. The P(VDF-TrFE) solution was prepared 

as previously described [67, 241]. Briefly, solution of 20% (by weight) of P(VDF-TrFE) was 

prepared with DMF:Acetone (7:3 by volume) as solvent. P(VDF-TrFE) 70/30 powder was 
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dissolved in DMF on a magnetic stirrer hotplate at 70 °C for at least six hours. Then, acetone was 

added to the solution and stirred for additional six hours without heating to obtain a uniform 

viscosity and clear final solution. 

Aligned nanofiber mats were collected on a conventional paper attached to the rotating 

collector of the electrospinning setup. The P(VDF-TrFE) solution was injected out from an 

18-gauge needle at 170 μL/h using a syringe pump (New Era Pump systems Inc., Farmingdale, 

NY). A positive DC electric voltage of 28 kV was applied to the needle tip. The electrically 

grounded cylindrical collector with 76 mm diameter and 5000 rpm rotation speed was employed 

to collect the nanofibers. The distance between spinneret tip and collector was ~14 cm. The syringe 

pump system was moved laterally with the stroke of 13 cm and one cycle per minute to obtain a 

uniform mat. Electrospun P(VDF-TrFE) nanofibers were collected for 3 hours (approximately 0.5 

ml solution) on paper substrate. This nanofiber mat was cut to size of 1.5 cm 1.5 cm, for XRD 

and FTIR-ATR characterizations. 

To obtain individual nanofibers for local piezoresponse force microscopy (PFM) and 

nanoindentation, gold coated silicon chips were mounted on the collector using double sided tape. 

A large cardboard was placed between collector and spinneret to avoid excessive fiber collection 

on silicon chips. After running the electrospinning process for a few minutes to achieve stable 

Taylor cone, the cardboard barrier was removed for a short period of time while the spinneret was 

moving transversally and the collector was rotating at 2500 rpm. Nanofibers on the silicon chips 

were observed under an optical microscope to ensure individual nanofiber were present, as it was 

confirmed by AFM later. 



 

96 

Thermal annealing process: Both nanofiber mats and individual nanofibers on chips were 

annealed at temperatures (70 °C, 90 °C, 110 °C, and 130 °C) for two hours under vacuum (absolute 

pressure 10kPa) in a vacuum oven (Fisher Scientific™, Model Isotemp™ 281A). After annealing, 

samples were taken out from the oven and cooled down to room temperature. 

FTIR, XRD and DSC: For X-Ray diffraction measurement, fiber mats were placed on a glass 

slide as a substrate. X-ray was applied perpendicular to the fiber direction. The X-ray angle (2θ) 

was varied between 10° to 30° with resolution of 0.05° and scanning rate of 3° per minute. The 

diffraction signal was recorded at room temperature using a Rigaku Ultima III XRD (Rigaku, 

Tokyo, Japan) with Cu Kα source (wavelength, 0.15418 nm). Degree of crystallinity (XC) for each 

sample was calculated based on the relative areas under the deconvoluted amorphous and 

crystalline peaks of XRD spectra. Deconvolution and Gaussian peak fitting were performed using 

Origin software 9.1.0 (OriginLab Co, Northampton, MA). The wide-angle X-ray powder 

diffraction pattern of P(VDF-TrFE) nanofiber mats were obtained using GADDS BRUKER-AXS 

MWPC 3-thircle X-ray Diffractometer (Cu Kα, wavelength of 0.154 nm) in the range of 2θ from 

5o to 43o. The azimuthal scans of the 2D diffraction peak at 2θ ≈ 19.8° was used to determine the 

orientation of the crystalline phase of P(VDF-TrFE) nanofiber mat. The alignment of crystallites 

were quantified for comparison purposes between different annealing conditions as FWHM, 

corresponding to the full-width at half-maximum value of the crystalline peak. 

Nicolet is50 FTIR spectrometer (Thermo-Scientific, Marietta, OH) with built-in ATR module 

was used to obtain absorbance spectra with 50 scans and resolution of 4 cm-1 in the range of 400 

cm-1 to 1500 cm-1. Polarized FTIR spectra were collected from nanofiber mats using a manual 

polarizer window. DSC data was obtained using a Q2000 DSC (TA Instruments, New Castle DE), 
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at temperature ranging from 0 °C to 200 °C at a rate of 10 °C/min under a 50 mL/min nitrogen gas 

flow. First, mat was cooled down to 0 °C from room temperature, then it was heated up to 200 °C. 

DSC data was analyzed using TA Universal Analysis 2000, Version 4.5A software (TA 

Instruments, New Castle, DE). 

DSC data was obtained using a Q2000 DSC (TA Instruments, New Castle DE) , in temperature 

ranging from 0 °C to 200 °C at a rate of 10 °C/min under a 50 mL/min nitrogen gas flow. First, 

sample was cooled down to 0 °C from room temperature, then it was heated up to 200 °C. DSC 

data was analyzed using TA Universal Analysis 2000, Version 4.5A software (TA Instruments, 

New Castle, DE). 

AFM nanoindentation: Nanoindention was performed on individual nanofibers collected on 

a silicon chip using MFP-3D-Bio AFM (Asylum Research, Santa Barbara, CA). Cantilevers 

(MikroMasch) with a nominal spring constant of 40 nN/nm (HQ: NSC15/AlBs) were used for 

nanoindentation. The spring constant of the cantilevers were calibrated using the thermal noise 

method. The tip radius of the AFM probe was obtained by scanning the calibration standard film 

with ultra-sharp spikes on the surface (<5 nm). The image of this scan provide a direct topography 

of the very end of the AFM tip, which provides the shape and radius of the curvature of the tip 

[186].  

The topography of the individual nanofiber was imaged with AFM in tapping mode in order 

to find the proper positions for indentation on top of the nanofiber. AFM was switched to 

indentation mode and indentation was performed on selected points of several individual nanofiber 

(minimum indentation points, n>15) with the force-controlled mode up to a maximum load of 

2 μN. All indentations were performed at the rate of 1 μm/sec. To avoid the effect of creep on the 
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unloading part of indentation response, the indentation procedure was performed with a hold at 

maximum force using five seconds dwell time. The topography of indentation sites was obtained 

immediately after indentation by AFM scanning in tapping mode, to observe the exact point of 

indentations to eliminate the indentations that were not exactly on top of the fiber. 

Piezoresponse Microscopy (PFM): A conductive cantilever probe HQ:NSC14/CR-AU 

(MikroMasch) on MFP-3D-BIO AFM (Asylum research, Santa Barbara, CA) was employed for 

local piezo response measurement (PFM-Ramp). The electrospun nanofiber was deposited directly 

on gold coated silicon substrate through short time electrospinning process. The electrospun 

nanofiber on gold coated silicon substrate was grounded and a topographic image of the nanofiber 

was obtained in non-contact scan (AC mode). Then, the scan area was squeezed on the point of 

interest until the scan size became nearly zero. Then, a PFM ramp measurement was performed 

by applying a ramp voltage to the cantilever tip (from 0V up to 8V in 15 sec). The same 

measurement with the same cantilever was conducted on a standard calibration sample (PPLN: 

Periodically Poled Lithium Niobate, Asylum Research) as reference. 

5.3 Results and Discussion 

P(VDF-TrFE) nanofibers with good alignment and with  an average diameter of 500 ± 67 nm 

were obtained through conventional electrospinning process. The obtained fiber mats and single 

fibers collected on a silicon chip substrate were annealed at temperatures of 70 °C, 90 °C, 110 °C 

and 130 °C for two hours, and were subsequently cooled down to room temperature at ambient 

environment. The thermal behavior of the mats after annealing at different temperatures was 

studied using DSC (Figure 5.1). All mats showed broad endothermic Curie transition peaks, which 

indicates stable ferroelectric phases with different thermodynamic stability [125]. The Curie 
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transition peak and Curie enthalpy for as-spun fibers and fibers annealed at 70 °C were measured 

to be ~94 °C and ~9 J/g, respectively. The Curie transition peak shifted to ~102 - 103 °C upon 

annealing at 110 °C and 130 °C, and the Curie enthalpy increased to 19~21 J/g (Figure 5.1C and 

E), which agrees with previously reported data for P(VDF-TrFE) films  [206, 242, 243]. This 

enhancement is attributed to the decrease of the gauche defects density in the molecular chains, 

which indicates the formation of a more stable ferroelectric phase upon annealing that requires 

more energy to transfer to the paraelectric phase [242, 244]. The Curie temperature peak of fibers 

annealed at 130 °C shifted slightly down compared to the fibers annealed at 110 °C, which can be 

explained by reformation of some gauche defects into a molecular chain by annealing at 

temperatures near melting point [206]. Annealing at different temperatures slightly affect the 

melting point and melting enthalpy of the fibers, which is similar to the previously reported trend 

[206]. The major effect on melting point and enthalpy was observed for fibers annealed at 130 °C 

(Figure 5.1D and F). Annealing at 110 °C and 130 °C increased the melting enthalpy, and thus the 

degree of crystallinity. Moreover, the narrowing down of the 1398 cm-1 in the FTIR spectra (Figure 

5.2) suggests that the crystalline domains that evolved upon annealing are mainly in the β-phase 

and are formed by removing gauche defects. In other words, annealing at 130 °C resulted in 

formation of new lamellae and higher degree of crystallinity of P(VDF-TrFE) nanofibers, due to 

the higher energy given to non-crystalline polymer chains to rearrange and transform into 

crystallites [242, 244]. 
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Figure 5.1. (A) Curie temperature peaks, and (B) melting temperature peaks for fibers annealed at 

different temperature; Variation of (C) Curie temperature, (D) melting temperature, (E) Curie 

enthalpy, and (F) melting enthalpy vs. annealing temperature. Dashed lines in A and B indicate 

the Curie transition peak of as-spun fibers. The shaded regions in figures show the Curie 

temperature range.  
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Fourier transform infrared (FTIR) absorbance spectra were collected from mats annealed at 

different temperatures (Figure 5.2A). Each absorbance peak indicates one (or more) crystalline 

phases [245, 246]. Peaks at 776, 812, 833 and 1235 cm-1
 are exclusively assigned to -phase [65, 

246, 247]. Peaks at 472, 507, 847,  1284, 1398 and 1430 cm-1 were observed for all mats, which 

indicate the all-trans (TTTT) conformation (β-phase), the dominant crystalline phase in P(VDF-

TrFE) [245, 246, 248, 249]. The 1284 and 847 cm−1 bands belong to the CF2 symmetric stretching, 

and the 1398 cm−1 band is assigned to the CH2 wagging vibration [108, 238, 248-250]. The peaks 

at 507 and 1287 cm−1 are exclusively assigned to β-phase [245, 248], although the peak at 507 cm-

1 is close to 512 cm-1 for the -phase [245]. FWHM (full width at half maximum) of peak at 1398 

cm-1 is commonly used to evaluate the changes in β-phase; the higher intensity of the peaks 

assigned to β-phase result in smaller FWHM [229, 230]. Decreasing trend of the relative FWHM 

of peaks at 1398 cm-1 for fibers annealed at temperatures above the Curie temperature indicated 

enhancement of the β-phase in nanofibers (Figure 5.2B). The intensity of the peak at 812 cm-1, 

which is assigned to γ-phase decreased, while the intensity of peak at 945 cm-1 increased (Figure 

5.2A). A weak peak at 1235 cm-1 was observed as a shoulder of strong peak at 1179 cm-1, which 

confirms the existence of a small quantity of γ-phase. None of the exclusive peaks for α-phase 

were present in the FTIR spectra, which suggested that the common peaks between α and γ phases 

were mainly reflecting the presence of the γ-phase. 

 



 

102 

 

Figure 5.2. (A) FTIR absorbance spectra, and (B) the relative FWHM of peak at 1398 cm-1 for 

fibers annealed at different temperatures. Open square in B indicates the as-spun fiber.  

An interesting phenomena observed in FTIR spectra of fibers annealed at different 

temperatures is that the intensity of all peaks assigned to the β-phase increased significantly by 

annealing at temperatures higher than Curie temperature, while the peak location slightly shifted. 
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Figure 5.3A shows a close-up view of the peak at 1398 cm-1, in which the peak shift is obvious. 

Similar phenomena were observed for peaks at 472 and 1284 cm-1. Figure 5.3B shows the 

enhancement of the intensity of peaks at 472, 1284, and 1398 cm-1 vs. annealing temperature. The 

intensity of these peaks for fibers annealed at 70 °C compared to as-spun ones did not change 

significantly. However, the intensity of these peaks significantly increased upon annealing at the 

Curie temperature and above. The intensity of peaks at 472 and 1398 cm-1 increased up to about 

45%, while the intensity of the peak at 1284 cm-1 increased up to 70%. Figure 5.3C shows the shift 

in wavenumber of these peaks vs. annealing temperature. The peak at 472 cm-1 is assigned to 

wagging mode of CF2 bond, the peak at 1398 cm-1 is assigned to wagging mode of CH2 bond, and 

the peak at 1284 cm-1 is mainly assigned to symmetric stretching of CF2 [251, 252]. The peaks at 

472 and 1398 cm-1 shifted to lower wavenumbers, and the peak at 1284 cm-1 shifted slightly to 

higher wavenumber. This indicated that the vibration frequency of bonds in wagging vibration 

mode (for both CH2 and CF2 bonds) decreased by annealing at temperatures above the Curie 

temperature. This is an indication that the effective stiffness for this vibration mode decreased. 

This could be explained by the elimination of gauche defects in the polymer chains. Since wagging 

mode vibration is along the polymer chain, crystallinity and compactness of polymer chains cannot 

increase the effective stiffness in this case. On the other hand, increase of the wavenumber at 

1284 cm-1 could be interpreted as the effect of increased crystallinity and compactness of polymer 

chains, which increased the effective stiffness of CF2 bond in stretching vibration mode.  
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Figure 5.3. (A) close- up view of the 1398 cm-1 peak of FTIR spectra; (B) the relative intensity, 

and (C) shift of absorption peaks at 472, 1284, and 1398 cm-1 vs. annealing temperature.     
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Polarized FTIR spectra were collected to evaluate the orientation of the polymer chain and 

dipoles within the fibers annealed at different temperatures. In Figure 5.4, the polarized FTIR 

spectra are labeled by the orientation of the polarized IR with respect to the fiber axis. There is 

obvious difference between parallel and perpendicular FTIR spectra for all fibers regardless of 

annealing temperature. The intensity of peaks significantly increased for fibers annealed at 

temperatures above the Curie temperature, compared to as-spun fibers. However, to quantitatively 

compare the orientation of polymer chains and dipoles in fibers annealed at different temperatures, 

the dichroic ratio from the polarized FTIR spectra, for the peak at 1398 cm-1 was calculated based 

on 𝐷. 𝑅. =
𝐼⊥−𝐼∥

𝐼⊥+𝐼∥
 [108, 253, 254], where 𝐼⊥ and 𝐼∥ are the intensity of FTIR absorption perpendicular 

and parallel to the polarizer direction. In this definition, D.R. is equal to zero for random chains 

and is equal to one for perfectly oriented chains. Annealing below the Curie temperature had a 

marginal effect on the dichroic ratio, it increased from ~0.59 to ~0.62 for fibers annealed below 

Curie temperature. On the other hand, the dichroic ratio increased to ~0.7 for fibers annealed at 

temperatures above Curie temperature (Figure 5.4F). Since the absorbance peak at 1398 cm-1 is 

assigned to CH2 wagging vibration, the enhancement of dichroic ratio confirms the improvement 

of polymer chain alignment along the fiber axis. 
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Figure 5.4. Polarized FTIR spectra of P(VDF-TrFE) fibers (A) as-spun, and (B)-(E) annealed at 

70 °C, 90 °C, 110 °C, and 130 °C, respectively; (F) dichroic ratio calculated from polarized spectra 

at wavenumber 1398 cm-1, the shaded area in F is the Curie temperature range. 
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The X-ray powder diffraction patterns of fibers annealed at different temperatures are shown 

in Figure 5.5A. A sharp peak at 2θ ~ 19.8°, which is attributed to the (110) and (200) planes of β-

phase, was present for all fibers [67]. A small diffused peak at the shoulder of the main peak at 

slightly lower diffraction angle was also present, which corresponds to the γ-phase, as also 

confirmed in FTIR spectra [148]. Deconvolution of XRD pattern to Gaussian curves associated 

with β and γ crystalline phases and a non-crystalline phase, was performed to estimate the degree 

of crystallinity as the ratio of the area under the crystalline peaks, to the total area under the XRD 

spectra [109]. Figure 5.5B shows the relative degree of crystallinity (normalized to degree of 

crystallinity of as-spun fibers) vs. annealing temperature for the fibers. The relative crystallinity 

of the annealed fibers improved gradually up to ~55% compared to the as-spun fibers. Crystallinity 

for fibers annealed at 70 °C was ~7% larger than the as-spun fibers. For fibers annealed at 90 °C 

and 110 °C crystallinity increased by 27% and 47%, respectively, compared to as-spun fibers. The 

change in crystallinity above the Curie temperature from 110 °C to 130 °C and below the Curie 

temperature from room temperature (25 °C) to 70 °C was just 7%. However, around the Curie 

temperature, from 90 °C to 110 °C, the change in crystallinity was more significant, ~40%. The 

trend of change in crystallinity was found to be in close agreement with previous reports for PVDF 

films [238, 243]. The data suggests that the piezoelectric interactions between polymer chain 

dipoles is a major barrier to thermally enhanced chain reconfiguration, which tends to reduce the 

energy of the system by crystallization. Only after the dipole-dipole interactions are turned off 

(above Curie temperature), the chain reconfiguration towards a more stable configuration 

(formation of crystals) is observed.  
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Figure 5.5. (A) X-Ray powder diffraction patterns and (B) the relative degree of crystallinity of 

fibers annealed at different temperatures. The inset in A shows a representative deconvolution of 

XRD pattern. The open square in B represents the as-spun fibers. The shaded area in B is the Curie 

temperature range. 

The orientation of the crystallites was quantified by the wide angle 2D X-ray diffraction 

(WAXD) patterns (Figure 5.6A). The FWHM of the azimuthal angle scan of WAXD at diffraction 
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angle of 2~19.8°C were obtained to quantify the orientation of crystallites, based on a simplified 

Orientation Index expressed as, 𝑓 =
180−𝐹𝑊𝐻𝑀

180
  [155].  

 

Figure 5.6. (A) 2D WAXD patterns, and (B) the Herman orientation index for fibers annealed at 

different temperatures. The open square in B represents the as-spun fibers. The highlighted region 

is the Curie temperature range. 
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Figure 5.6B shows the Orientation Index vs. annealing temperature. Two bright arcs on both 

side of 2D WAXD pattern indicated the diffracted X-ray from (110) and (200) planes. Although 

the degree of crystallinity of fibers increased by increasing the annealing temperature, the most 

aligned crystallites was observed in fibers annealed at the temperature slightly above the Curie 

temperature, with the orientation index about 0.86. The orientation index dropped to 0.84 and 0.82 

for fibers annealed at 110 °C and 130 °C, respectively. This observation shows that annealing in 

temperatures near melting point could cause rotation of crystallites about fiber axis due to thermal 

vibrations of the amorphous phase and entropic effects, while it can result in higher crystallinity. 

Rotation of crystallite about fiber axis resulted in smaller Orientation Index, while this rotation did 

not affect the polarized-IR absorbance for CH2 wagging vibration, because CH2 wagging is parallel 

to the fiber axis [255]. The effect of this crystallites orientation is not significant to affect the 

overall piezoelectric response (d33), while the effect of enhanced crystallinity is dominant on 

effective piezoelectric response. 

To investigate the effect of annealing temperature on mechanical properties, nanoindentation 

experiment using AFM was performed on individual fibers. Nanoindentation was performed on 

several points at the top surface of the fibers along the axial direction. The footprints of the 

indentation were imaged after indentation to confirm the proper indentation point. Figure 5.7A 

shows an AFM topography image of a fiber with footprints of nanoindentation on its top surface. 

The Oliver-Phar model was applied to extract the elastic modulus from the initial part of the 

unloading force-indentation response [142, 256-258]. Effective elastic modulus (𝐸𝑒𝑓𝑓) is related 

to elastic unloading stiffness (𝑆) as follows: 

𝑆 = 2𝛽√
𝐴

𝜋
𝐸𝑒𝑓𝑓 Eqn. 1 
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The elastic unloading stiffness is determined as the slop of the upper portion of the unloading 

response (dP/dh), 𝐴 is the projected contact area, and 𝛽 is a geometrical constant of the indenter. 

Considering that the indenter and the sample (fiber) are arranged in series, the elastic modulus of 

sample (𝐸𝑠) is related to the effective elastic modulus (𝐸𝑒𝑓𝑓) as [256-258]:  

1

𝐸𝑒𝑓𝑓
=

1−𝜈𝑠
2

𝐸𝑠
+

1−𝜈𝑡
2

𝐸𝑡
 Eqn. 2 

 

where 𝐸𝑡 is the Young’s modulus of the AFM tip, and 𝜈𝑡 and 𝜈𝑠 are the Poisson’s ratios of AFM 

tip and polymer fiber, respectively. Poisson’s ratio of AFM tip and fiber were considered to be 

0.17 and 0.33 respectively, while the modulus of the AFM tip was considered to be 169 GPa. 

Figure 5.7B shows an example of load-indentation response with the elastic modulus fitting to the 

unloading part.   

 

Figure 5.7. (A) AFM image of a single fiber with nanoindentation footprints on its top surface. (B) 

An example of load-indentation response; the elastic modulus was obtained from the fitting to the 

unloading part. (C)The elastic modulus of fibers annealed at different temperatures. 

The results showed that the modulus of P(VDF-TrFE) electrospun nanofibers increased vs. the 

annealing temperature (Figure 5.7C). Based on statistical analysis (One-way ANOVA analysis 
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with p < 0.05) and means comparisons tests (Bonferroni, Scheffe and Tukey), the elastic modulus 

did not significantly change between as-spun fibers and the ones annealed at 70 °C. However, the 

modulus significantly increased upon annealing at temperatures near and above the Curie 

temperature. This can be explained by a decrease in the gauche defects, which results in increasing 

the crystallinity of polymer and an increase in the thickness of crystalline lamellae [206].  

The piezoelectricity of P(VDF-TrFE) originates from strong electrical dipole moments. The 

β-phase conformation, which represents all-trans (TTTT) planar zigzag polymer chains, has the 

strongest dipole moment (8 × 10-30
 Cm) [65]. The piezo response force microscopy (PFM) was 

performed to evaluate the piezoelectric coefficient of fibers annealed at different temperatures. 

Figure 5.8A schematically shows the PFM-ramp measurement.  Figure 5.8B shows an example of 

piezoresponse of individual fiber versus applied electric voltage to the AFM tip. The piezoelectric 

constant calculated for fibers annealed at different temperatures are summarized in Figure 5.8C. 

The piezoelectric constant of fibers annealed at 130 °C shows ~1.9-fold increase compared to as-

spun ones. This enhancement is comparable to the reported experimental and computational data, 

where the piezoelectric constant of core-shell micro-pillar P(VDF-TrFE) was measured to be 

1.85~2 times that of thin film fabricated from the same material [259]. 
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Figure 5.8. (A) Schematic of PFM (piezo-response force microscopy), and (B) An example of 

piezo response versus drive amplitude for a single P(VDF-TrFE) nanofiber, (C) Piezoelectric 

constant of single nanofibers annealed at different temperatures. 

There was no significant difference between PFM response of fibers annealed at temperatures 

below Curie temperature, based on statistical analysis (One-way ANOVA analysis with p < 0.05) 

and means comparisons tests (Bonferroni, Scheffe and Tukey). However, the piezoelectric 

constant of fibers annealed above the Curie temperature showed significant improvement. The 

piezoelectric constant of fibers annealed at 110 °C was ~34 pm/V, and it increased to ~43 pm/V 

for fibers annealed at 130 °C. This enhancement in piezoelectric constant for fibers annealed above 

the Curie temperature reflects to the growth of the β-phase, the crystalline phase mainly 

responsible for piezoelectric properties of the polymer, as was independently confirmed by the 

FTIR results (Figure 5.2).  The enhancement of piezoresponse for fibers annealed at 130 °C 

compared to fibers annealed at 110 °C is more likely due to an improvement in crystallinity and 

β-phase content.  Annealing at the paraelectric phase results in enchantment of mobility of polymer 

chains in non-crystalline (amorphous) phase to reorient and form more piezoelectrically active 

phase (β-phase) [206, 259].   

The correlation of crystallinity, elastic modulus, and piezoelectric coefficient of P(VDF-TrFE) 

fibers annealed at different temperatures is illustrated in Figure 5.9.  

Both elastic modulus and piezoelectric constant increased vs. annealing temperature, which 

closely follows the trend of crystallinity vs. annealing temperature. Enhancement of mechanical 

properties is explained by increase in the degree of crystallinity, which causes a large portion of 
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non-crystalline phase of the polymer (which could not form crystalline structure due to fast 

evaporation of solvent during electrospinning) to transform to crystalline phase [260].  

 

The electromechanical coupling factor for piezoelectric materials is related to piezoelectric 

constant and the elastic modulus [32, 33]. The relative electromechanical coupling factor for fibers 

annealed at different temperature was calculated (Figure 5.9D). The relative electromechanical 

coupling factor of fibers annealed at 130 °C increased by nearly 9-time compared to as-spun ones. 

This improvement can be used to improve the efficiency of devices (such as sensors and energy 

harvesting devices) fabricated from piezoelectric nanofibers. This enhancement is not significant 

for fibers annealed below Curie transition temperature, while it drastically increased for fibers 

annealed at higher temperatures. 
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Figure 5.9. Evolution of (A) crystallinity, (B) elastic modulus, (C) piezoelectric constant, and (D) 

relative electromechanical coupling coefficient of P(VDF-TrFE) nanofiber vs. annealing 

temperature. Open square represents as-spun samples.  The highlighted region is the Curie 

temperature range.  

 

Figure 5.10 schematically demonstrates the evolution of non-crystalline and crystalline phases 

in P(VDF-TrFE) fibers upon annealing at different temperature. As-spun and annealed at 70 °C 

fibers have less than 50% crystallinity and the orientation of the dipoles are similar. Upon 
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annealing at 90 °C and above, the percentage of crystalline phase increased, and dipoles rotated 

and got aligned. 

Similarly, rearrangement of randomly formed polymer chains in non-crystalline phase into 

crystalline phase and increase in the crystallinity causes enhancement of piezoelectric constant. 

Considering the nature of P(VDF-TrFE), which forms mostly β-phase as confirmed by FTIR 

spectra, the crystals forming during annealing are mainly in the β-phase. Since the β-phase is the 

most piezoelectric phase due to the larger electric dipole moment, the overall piezoelectric 

coefficient of the fibers follows the trend of the degree of crystallinity [261, 262]. 

 

However, the enhancement of piezoelectric coefficient does not only depend on degree of 

crystallinity. Since the piezoelectric response is the consequence of the total dipole moment, it 

highly depends on the orientation of the dipoles. This suggests that annealing at temperatures 

above the Curie temperature not only provides enough energy to transfer part of the polymer chains 

to crystalline phase, but it also gives chance to crystalline phase to reorient and get fairly aligned. 

Crystallinity improvement and reorientation of crystallites, result in larger total dipole moment, 

and consequently larger piezoelectric coefficient. 
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Figure 5.10. Schematic of the evolution of the morphology of the P(VDF-TrFE) nanofibers 

annealed at different temperatures, based on a simplified model for polymer. Nanofibers annealed 

at temperatures below the Curie temperature did not show significant change in crystallinity, 

however annealing at temperatures above the Curie temperature significantly increased the 

crystallinity. 
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5.4 Conclusion 

Effect of annealing temperature on morphology of polymer chains and structure of crystalline-

phase in P(VDF-TrFE) electrospun nanofiber were investigated. Several characterization methods 

such as XRD crystallography, FTIR and DSC were employed to evaluate the degree of crystallinity 

of nanofibers, while FTIR and DSC were used to confirm the β-phase enhancement and 

thermodynamic stability of annealed nanofibers.  At annealing temperatures above the Curie 

temperature, P(VDF-TrFE) polymer molecules are mobile along the polymer chain axis in the 

paraelectric phase (hexagonal crystal structure), while bellow the Curie temperature, their 

movement is limited in the ferroelectric phase (orthorhombic crystal structure). Therefore, 

annealing the polymer at temperature above the Curie temperature, provides the opportunity for 

chain molecules to rearrange, which results in enhancement of β-phase crystalline phase. The 

enhancement in β-phase content and crystallinity was confirmed using mechanical and 

piezoelectric properties measurement of individual nanofiber using AFM in two different modes 

of nanoindentation and piezoresponse force microscopy, respectively. It was shown that annealing 

at temperatures higher than the Curie temperature of the P(VDF-TrFE) fibers significantly 

improved the piezo constant of the fibers. In this regard, an increase of about 90% in the piezo 

constant of the material and about 170% in the modulus were achieved by annealing at 130 °C. 

Overall, both piezoelectric and mechanical enhancement results in about 9-fold improvement in 

the relative electromechanical coupling factor. Results show that annealing at the paraelectric 

phase significantly modifies the morphology of nanofibers leading to significant improvement in 

piezoelectric response and modulus of individual nanofibers.  



 

119 

 

EFFECT OF THERMOMECHANICAL POST-PROCESSING ON CHAIN 

ORIENTATION AND CRYSTALLINITY OF ELECTROSPUN P(VDF-TRFE) 

NANOFIBERS  

6.1 Introduction 

Post-processes such as thermal annealing and drawing affect the morphology (crystallinity, 

orientation and size of the crystallites, and alignment of the amorphous chains, etc) of polymers. 

Such changes in morphology can influence material and mechanical properties of the polymer.  In 

the case of piezoelectric polymers, post-processing will also affect the electromechanical coupling 

behavior [108, 113, 127, 235, 263, 264]. For piezoelectric materials, the electromechanical 

coupling factor k2, which is the ratio of stored electrical energy (�̂�𝑒) to input mechanical energy 

(�̂�𝑚), is an important metrics for evaluation of the performance of the material. It can be shown 

that 𝑘2 =
𝑑2𝑌

𝜀
, in which Y is the elastic modulus, d is the piezoelectric constant, and ε is the 

dielectric constant [9, 32]. Therefore, the performance of piezoelectric materials depends on both 

the piezoelectric constants and also the elastic properties.  

                                                 

  Mahmoud Baniasadi, Zhe Xu, Salvador Moreno, Seyed Soheil Daryadel, Jizhe Cai, Mohammad Naraghi and Majid 

Minary-Jolandan, Effect of Thermomechanical Post-Processing on Chain Orientation and Crystallinity of Electrospun P(VDF-

TrFE) Nanofibers, Submitted to Polymer (Elsevier Ltd) – Under review 
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Flexibility, stretchability and processability of piezoelectric polymers, in addition to their 

large voltage constant g = d/εr compared to piezoelectric ceramics, have positioned them as ideal 

candidates for emerging functional applications in actuation, sensing and energy harvesting [12, 

27, 35-40, 265-269].  PVDF (polyvinylidene fluoride) and its co-polymer P(VDF-TrFE) are among 

the most widely investigated piezoelectric polymers, given their large piezoelectric constant and 

thermal stability. Since these polymers are  semicrystalline, both mechanical and electro-

mechanical properties strongly depend on polymer morphology [270]. Therefore, enhancement of 

degree of crystallinity and effective orientation of the crystallites may result in improvement of 

the electromechanical coupling in these polymers.  PVDF and its co-polymers are semicrystalline 

polymers and exist in different crystalline phases, including nonpolar α-phase and polar β-phase 

and γ-phase. Although the α-phase is the dominant phase in PVDF, the β-phase is the most 

desirable for functional applications. P(VDF-TrFE) is one of  most frequently investigated 

copolymers of PVDF. Regardless of processing methods, in this co-polymer higher percentage of 

β-phase forms because of extra TrFE [271, 272]. Drawing and thermal annealing post-processing 

treatments are effective methods for altering the morphology to enhance piezoelectric, mechanical 

and ferroelectric properties of piezoelectric polymers [113, 127, 235, 263, 264]. The temperature 

range between the Curie temperature and melting temperature could be used to anneal 

P(VDF-TrFE) in the paraelectric phase without reaching the melting point [70, 273, 274].  

Investigation of post-processing – morphology – property relationship in piezoelectric 

nanofibers have been limited. Large surface area and more flexibility of nanofibers makes them 

distinct compared to films. Electrospinning is one of the processes that is widely used in both 

research and industrial scale to produce nanofibers from different materials [39, 40, 155, 157, 268, 
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275] . Phase transformation from α-phase to β-phase under uniaxial stretching at temperature 

above 60 °C has been reported for PVDF fibers in which degree of crystallinity of fibers did not 

change significantly by this post-processing technique [276, 277].  Improvement of tensile 

modulus and strength by 17% and 41% respectively was reported for self-assembled PVDF fibers 

in the form of yarn structure after stretching the yarn for 25% at 100 °C followed by annealing for 

one hour at 100 °C. This post-processing resulted in 10% increase in β-phase content. The 

improvement in mechanical properties was attributed to improvement in crystallinity [278]. 

“Single crystalline-like” films and nanofibers of P(VDF-TrFE) have been also reported in which 

the polymer was highly crystalized with no amorphous or lamellar crystals [63, 275, 279].  

In this dissertation, morphology, mechanical, and piezoelectric properties of electrospun 

P(VDF-TrFE) nanofibers as a function of thermomechanical treatments post-electrospinning were 

investigated. Thermal annealing and drawing processes were defined as thermomechanical 

treatment. The treatments included stretching up to 50% strain, and annealing at the paraelectric 

phase (at 135 °C) for two hours.  

6.2 Experimental section 

Electrospinning process: P(VDF-TrFE) nanofiber mat was fabricated with electrospinning 

method [67, 225]. Briefly, 1 ml P(VDF-TrFE) solution in a syringe with spinneret needle gauge 

size 18 was pumped using a syringe pump (New Era Pump systems Inc., Farmingdale, NY) with 

a rate of 170 µl/hr. A positive 28 kV voltage was applied to the spinneret, while a grounded 76 

mm diameter cylindrical collector was rotating at 5000 rpm. The distance between cylindrical 

collector and spinneret was ~14 cm, which resulted in an applied electric field of ~200 kV.m-1. 

The syringe pump system was moved laterally by mounting the syringe pump on a reciprocal stage 
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with the stroke of ~13 cm and 10 cycles per minute in order to obtain wide and uniform nanofiber 

mats. At the end of the electrospinning process, the substrate was detached from the collector for 

further processing and characterization.  

Thermal annealing process: Since annealing under atmospheric pressure could lead to further 

amorphization [280], annealing was performed under vacuum to achieve maximum crystallinity. 

The annealing process was performed at 135 °C for two hours under vacuum (absolute pressure 

10 kPa) in a vacuum oven (Fisher Scientific™, Model Isotemp™ 281A). After annealing, samples 

were taken out from the oven and cooled down at room temperature. In order to maximize crystal 

growth, all samples were hung inside the oven during the annealing process to keep all surfaces of 

the mats free from any solid surface contact [156, 223].  

Tensile test: A tabletop tensile test machine (Instron™, MA) equipped with a 50 N load cell 

(Series 5848, Instron™, MA) and pneumatic grippers was employed for tensile tests. The 

crosshead speed was set to 2.5% (of the initial gauge length) per minute. The electrospun nanofiber 

mat on paper substrate was cut parallel to aligned nanofibers into 10 mm wide ribbons. A 

conventional paper cutter was employed to ensure straight and parallel cut and minimize the 

cutting defects on the edge of the ribbons. Fiber ribbons were cut into appropriate length (~35 

mm). These strips were mounted on U-shaped cardboard frames with 20 mm gauge length using 

a double sided tape. Finally, the substrate was removed from back of the fiber mat and another 

tape was applied on both ends of the ribbon to ensure it was fixed firmly on cardboard frame 

(Figure 6.1C). Nanofiber ribbon fixed on the U-shaped cardboard frame was mounted on the 

tensile test machine while cardboard frame kept the mat intact. The cardboard frame was cut with 

scissors after sample was mounted on the tensile machine and before balancing the load prior to 
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running the tensile test. As-spun fibers were tested with pattern of 50% strain interval until they 

broke. Annealed samples were subjected to the same loading pattern although they broke in the 

first ~20% strain. For stretched-then-annealed samples, as-spun fiber mats were stretched to 50% 

of initial length, then the load on the sample was removed in a load controlled mode. At the end 

of this step, permanent strain was ~40%. Then, a glass slide was fixed on both ends of the 

cardboard frame to secure them in place to maintain the length of sample while the sample was 

transferred to an oven for the annealing step. After two hours annealing, the sample was subjected 

to the second step of tensile test with the same setting for as-spun and annealed samples until it 

broke. After the tensile test, samples were weighed in a precision scale in order to obtain specific 

stress from load-displacement data using the weight of the sample and density of P(VDF-TrFE) (ρ 

=1.87 gr/cm3). 

FTIR, XRD spectroscopy and DSC analysis: Nicolet is50 FTIR spectrometer (Thermo-

Scientific, Marietta, OH) with a built-in ATR module was used to obtain absorbance spectra with 

50 scans and resolution of 4 cm-1 in the wavelength range of 600 cm-1 to 1500 cm-1. Polarized 

FTIR spectra were collected while the fiber mat was mounted vertically, which was aligned with 

zero degree of the polarizer. X-Ray powder diffraction was captured at room temperature using 

Rigaku Ultima III XRD (Rigaku Corp., Tokyo, Japan) with Cu Kα source (λ = 0.15418 nm) 

energized with 40 kV potential and tube current of 44 mA, which results in X-ray with 1.76 kW 

power. Diffraction signals were acquired on fiber mat samples placed on a glass slide. The X-ray 

angle (2θ) was varied between 10° to 60° with the resolution of 0.05° and a scanning rate of 3° per 

minute. Degree of crystallinity (Xc) for each sample was calculated based on the relative areas 
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under the deconvoluted amorphous and crystalline peaks of XRD spectra. Deconvolution and peak 

fitting was performed using Origin software 9.1 (OriginLab Co, Northampton, MA).  

The wide-angle X-ray powder diffraction pattern of P(VDF-TrFE) film was obtained using 

GADDS BRUKER-AXS MWPC 3-thircle X-ray Diffractometer (Cu Kα, wavelength of 0.154 nm) 

in the range of 2θ from 5o to 43o. The orientation of the crystalline phase P(VDF-TrFE) was 

determined based on the azimuthal scans of the 2D diffraction peak at 2θ ≈ 20°. The alignment of 

crystals was quantified for comparison purposes between different fabrication conditions as 

FWHM, corresponding to the full-width at half-maximum value of the crystalline peak. 

Differential scanning calorimetry (DSC) was performed using Q2000 Differential Scanning 

Calorimeter (TA Instruments, New Castle DE) under 50 mL/min nitrogen gas flow. DSC 

measurements were performed in a complete temperature cycle, ranging from 0 °C to 200 °C with 

the rate of 10 °C/min. First, the sample was cooled down to 0 °C from room temperature and kept 

at that temperature for three minutes isothermally. Subsequently, the main cyclic measurements 

were performed: it was heated up to 200 °C and kept for three minutes. Then, it was cooled down 

to room temperature. This procedure was repeated for four cycles in order to observe changes in 

the Curie temperature and melting temperature and enthalpy at these temperatures. DSC data was 

analyzed using TA Universal Analysis 2000, Version 4.5 software. 

Scanning electron microscopy: SEM images were taken using ZEISS SUPRA-40 FE-SEM 

(Carl Zeiss Microscopy GmbH, Germany) with EHT set to 3kV. Samples for SEM images were 

fixed onto a copper tape. In order to reduce charging artifact prior to SEM imaging samples were 

coated with ~7 nm Palladium/Gold using Hummer-VI sputtering tool (Anatech USA, Union City, 
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CA). Nanofiber diameter and length and crack sizes were measured using ImageJ software 

(National Institutes of Health). 

Piezoresponse measurement: A conductive cantilever probe HQ: NSC14/CR-AU 

(MikroMasch, CA) on MFP-3D-BIO AFM (Asylum research, Santa Barbara, CA) was employed 

for local piezoresponse measurement (PFMRamp). The electrospun nanofiber was placed on a 

gold coated glass substrate, which was electrically grounded. First, topographic image of the fiber 

was obtained in non-contact scan (AC mode). Then, scan area was squeezed on the point of interest 

until scan area became nearly zero. Then, PFM ramp measurement was performed by applying 

ramp voltage to the cantilever tip (from zero volt up to 8 V within 15 s). Same measurement was 

conducted on a standard calibration sample (Periodically Poled Lithium Niobate, Asylum 

Research) as reference. 

6.3 Results and discussion 

P(VDF-TrFE) nanofiber mats were synthesized using the electrospinning process [67, 225] 

(Figure 6.1A). A high speed rotating drum collector resulted in a fairly aligned nanofibers in the 

mat (Figure 6.1B). The inset image in Figure 6.1B is the corresponding FFT (fast fourier transform) 

of the SEM image, which shows fairly aligned nanofibers [157]. Nanofiber mats with three 

different post- processing conditions were investigated. These included as-spun fiber mat, fiber 

mat annealed at 135 °C for two hours, and fiber mat stretched to 50% strain and then annealed at 

135 °C for two hours. These three types of mats are termed as-spun, annealed, and stretched-then-

annealed, respectively, throughout the manuscript (Figure 6.1C). More details are provided in 

experimental method section.  

https://en.wikipedia.org/wiki/National_Institutes_of_Health
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The fiber mats were annealed at a temperature between the Curie temperature and the melting 

temperature (paraelectric phase) because of higher chain mobility in the paraelectric phase 

compared to ferroelectric phase, which leads to maximum efficiency of annealing in terms of 

crystallization of polymer chains  [221, 223]. Higher chain mobility allows the chains to change 

to the lowest energy conformation, which is all trans (β-phase) conformation for P(VDF-TrFE) 

[281, 282].  

 

Figure 6.1. (A) Schematic of the electrospinning setup used for fabrication of P(VDF-TrFE) 

nanofiber mats. (B) An SEM image of as-spun nanofiber mat. Inset of (B) is the corresponding 

FFT (fast Fourier transform) of the SEM image. (C) Schematic of P(VDF-TrFE) nanofiber ribbons 

that were mounted on a U-shape cardboard frame for stretching and thermal annealing processes.  

In order to quantify effects of post-processing on the mechanical properties of the nanofibers, 

tensile tests were performed on the nanofiber mats cut in the form of ribbons for each post-

processing condition (at least five samples tested for each set). Figure 6.2A show an example of 

specific stress-strain response for each condition. The stress data are shown as specific stress to 

account for the porosity of the mats based on the textile convention [67, 225].  As-spun mats 
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demonstrated a ductility in excess of ~110% (111.75 ± 5.19%), while the annealed nanofiber mats 

were stretchable to only 24.56 ± 3.15%. To obtain the stretched-then-annealed nanofibers, the mats 

were initially stretched to 50% strain and then were unloaded. This resulted in ~40% plastic 

deformation. The unloaded mats were subsequently annealed in the oven and were returned to the 

tensile machine for further tension experiments. Stretched-then-annealed nanofibers demonstrated 

additional ductility of 19.34 ± 0.32% after the initial stretch before annealing, which resulted in 

~60% total strain. In Figure 6.2A, the stress-strain response during the initial stretch, the unloading, 

and the stretch after annealing, are shown.  Figure 6.2B shows the specific stress-strain of annealed 

and stretched-then-annealed nanofiber mats without the initial drawing strains (for the stretched-

then-annealed mats). Figure 6.2C summarizes the ductility for different post-processing 

conditions. 

 

Figure 6.2. (A) Specific stress-strain response of the nanofiber mats; Inset: a fiber mat under 

tension; (B) Specific stress-strain of annealed and stretched-then-annealed nanofiber mats without 

the initial drawing strains; (C) Ductility for different post-processing conditions.  

Figure 6.3 shows the mechanical properties extracted from the stress–strain responses. The 

strength improved by ~ 68% for the annealed mats (187 ± 41.6 MPa/gr/cm3) as compared to the 
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as-spun mats (111.27 ± 9.64 MPa/gr/cm3). Drawing followed by the annealing process resulted in 

~150% increase in strength (278.04 ± 27.56 MPa/gr/cm3) compared to the as-spun mats (Figure 

6.3A). Improvement of strength as a result of annealing was at the cost of the toughness, which 

was reduced more than 3 fold from 38.0 ± 3.1 J/g for as-spun mats to 9.0 ± 2.2 J/g for annealed 

mats, (Figure 6.3C). Stretched-then-annealed mats had similar ductility (19.3 ± 0.3%) to annealed 

mats (24.6 ± 3.1%).  Thus, the enhanced strength in stretched-then-annealed mats resulted in an 

overall enhancement of the tensile toughness for stretched-then-annealed nanofiber mats (14 ± 1.2 

J/g) (Figure 6.3C). Although drawing resulted in the enhancement of the strength of the mats, it 

did not lead to a significant enhancement of the elastic modulus of the mats compared to the 

annealed mats, as shown in Figure 6.3B. Elastic modulus was measured to be 0.45 ± 0.1 

GPa/gr/cm3, 0.95 ± 0.2 GPa/gr/cm3, and 1.0 ± 0.15 GPa/gr/cm3 for as-spun, annealed, and 

stretched-then-annealed mats, respectively. The results suggest that the enhancement of elastic 

modulus for annealed and stretched mats compared to the as-spun mats is because of the annealing 

process, and not drawing.  

 
Figure 6.3. (A) Specific strength, (B) specific elastic modulus, and (C) tensile toughness of fiber 

mats.  
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To estimate crystallinity in the fibers, X-ray powder diffraction (XRD) was performed on the 

mats. The X-ray powder diffraction patterns of electrospun P(VDF-TrFE) fiber mats with different 

post-processing conditions are shown in Figure 6.4A. In diffraction spectra, a sharp peak appears 

at 2θ ~ 19.8°, which is attributed to the (110) and (200) planes of β-phase [67]. At the shoulder of 

this peak and at slightly lower diffraction angles, a diffused peak is also present that corresponds 

to the γ-phase [148]. The degree of crystallinity can be estimated as the ratio of the area under the 

crystalline peaks, to which Gaussian curves were fitted, over the area under the crystalline peaks 

and amorphous halo [69]. Inset of Figure 6.4A shows an example of the deconvolution of XRD 

peak. Figure 6.4B shows the relative crystallinity of the fibers scaled to the crystallinity of the as-

spun fibers. Crystallinity of the annealed fibers improved by ~86% compared to the as-spun fibers. 

Crystallinity for fibers that were stretched to 50% prior to annealing was ~81% larger than the 

annealed fibers, slightly lower than the annealed fibers. Less than ~2% of crystallinity of as-spun 

fibers was from γ-phase, while in annealed and stretched-then-annealed fiber mats ~13% and 

~15% of crystallinity originated from the γ-phase, respectively. 

 It is interesting to compare the effect of drawing on crystallinity in P(VDF-TrFE), as reported 

here, to that in P(VDF-TrFE) spin-coated films, reported in our previous work [108]. While in 

P(VDF-TrFE) electrospun nanofibers drawing does not enhance crystallinity, in spin-casted films 

of P(VDF-TrFE) a considerable improvement in crystallinity was observed as a result of drawing 

[108].  This contrast can be explained by considering the low degree of chain alignment in spin-

casted films, compared to electromechanically drawn nanofibers. As a result, the drawing in films 

can drastically improve chain alignment, facilitating the chain packing and crystallization. Hence, 

the drawing process will have more effect in films compared to electrospun fibers. 
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Figure 6.4. (A) X-Ray powder diffraction pattern and (B) the relative crystallinity of the nanofiber 

mats. (C) 2D WAXD patterns of the nanofiber mats; (D) Variation of the X-ray intensity as a 

function of azimuthal angle for as-spun (I), annealed (II) and stretched-then-annealed (III) fiber 

mats; (E) Comparison of the full-width-half-maximum (FWHM) of azimuthal angle in (D); (F) 

The Herman orientation function of different processed fiber mats. Inset of (A) is an example of 

deconvolution of XRD peak. 
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Further insight into the morphology of the crystalline phase was obtained from the wide angle 

2D X-ray diffraction (WAXD) patterns of the processed fiber mats (Figure 6.4C), and the variation 

of the diffraction intensity as a function of the azimuthal angle (Figure 6.4D). The alignment of 

the crystalline structure was characterized from the full width at half maximum of the azimuthal 

angle scan of WAXD data of the nanofiber mats (Figure 6.4E). In the WAXD patterns of the as-

spun nanofibers, a bright ring was clearly visible with two brighter regions in both right and left 

sides of the diffraction pattern. This bright ring corresponds to diffraction angle (2θ) at ~19.8° in 

the powder diffraction pattern (β-phase). The bright regions in the axisymmetric 2D diffraction 

pattern point to a preferential orientation distribution of the β-phase crystallites such that the 

backbone of the chains within the crystalline domains were aligned parallel to the fiber axis, 

induced by the electrospinning process.  

The WAXD 2D pattern of the annealed nanofibers is also nearly axisymmetric. The bright 

regions in the pattern became shaper that can be discerned at azimuthal angles that are 180° apart, 

pointing to a preferential orientation of the crsytalline phases attained during annealing. For the 

nanofibers that were stretched prior to annealing, strong peaks also appear in the WAXD pattern, 

similar to the annealed nanofibers. These peaks were at azimuthal angles of ~90° and ~270°, with 

respct to the axis of the nanofibers.  Fiber direction is perpendicular to the line connecting the two 

bright arcs on each side (Figure 6.4C). The FWHM of the peaks were ~44.7°, ~36.8˚ and ~37.1˚ 

for as-spun, annealed and stretched-then-anneaeld fiber mats, respectively (Figure 6.4E). It is also 

interesting to note that the increased intensity of the defraction pattern at azimuthal angles of ~90° 

and ~270° coincided with a loss of intensity at other azimuthal angles, in particular at azimuthal 

angles of ~0° and ~180°. Therefore, it is speculated that the crystalline domains (mainly the β-



 

132 

phase) of the annealed and stretched P(VDF-TrFE) nanofibers are oriented such that the backbone 

of the chains are mostly parallel to the fiber direction, and that this preferential orientation is 

enhanced as a result of annealing and stretching-annealing.  

Herman’s orientation function ( f ) was calculated to quantify the orientation of the chains (and 

crystalites) in nanofibers, [155, 253]:  

 

𝑓 =
3〈cos2 𝜙〉−1

2
   (1) 

in which,   

〈cos2 𝜙〉 =
∫ 𝐼(𝜙) cos2 𝜙 sin 𝜙𝑑𝜙

𝜋
2

0

∫ 𝐼(𝜙) sin 𝜙𝑑𝜙

𝜋
2

0

       (2) 

where 𝜙 (Azimuthal angel) is defined as the angel between the fiber axis and the 

crystallographic axis. 𝐼(𝜙) is the intensity as a function of 𝜙. For the case that the polymer chains 

are completely parallel to the fiber axis, 𝑓 is equal to 1, and for polymer chains perpendicular to 

fiber axis, 𝑓 is equal to - 0.5. If polymer chains are randomly oriented, 𝑓 is equal to zero [155]. A 

Simplified Herman’s orientation function is expressed as [155]: 

 

𝑓 =
180−𝐹𝑊𝐻𝑀

180
  (3) 

where FWHM is the FWHM of azimuthal angle peak in degrees. Function f is shown in Figure 

6.4F for the nanofiber mats. The parameter f was obtained to be 0.75 for as-spun nanofibers, and 

it changed to 0.80 and 0.79 for annealed and stretched-then-annealed nanofibers.  

The thermal transition properties of P(VDF-TrFE) nanofibers were characterized using 

differential scanning calorimetry (DSC). Figure 6.5A shows an example of total heat flow 
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thermogram of a P(VDF-TrFE) nanofiber mat demonstrating the Curie temperature (temperature 

at which phase change occurs between ferroelectric and paraelectric) upon heating (TC1) and upon 

cooling (TC2), the melting temperature (Tm), and solidification temperature TS (crystallization 

temperature). Upon heating , the broad endothermic peak of the Curie transition was observed for 

all nanofibers with three different post-processing conditions, which is an indication of stable 

ferroelectric phases with different thermodynamic stability [125]. 

For all nanofibers, regardless of post-processing conditions, the single peak Curie temperature 

in the first DSC cycle changed to two diffused peaks in consecutive cycles.  This behavior indicates 

the formation of different ferroelectric phases with different thermodynamic stability after melting 

and recrystallization [125]. This phenomena has been suggested to be a sign of splitting of large 

uniform domains into two large and small domains, in which the large domains have higher Curie 

temperature (TCH) and the smaller domains have lower Curie temperature (TCL) [283]. In Figure 

6.5B variations of the Curie temperature of as-spun nanofibers in the cyclic calorimetry is shown 

for four cycles. The Curie temperature of the first cycle coincides with the lower Curie temperature 

of the second cycle. For annealed and stretched-then-annealed nanofibers, the Curie temperature 

of the first cycle matched the higher Curie temperature of the second cycle (Figure 6.5C, D). This 

could be an indication that part of the ferroelectric phase changed to lower thermodynamic stability 

[125]. For all nanofibers, the third and fourth cycles followed the behavior of the second cycle.  

The Curie temperature of annealed and stretched-annealed nanofibers in the first cycle was 

~103.5 °C, while the Curie temperature of as-spun nanofiber in first cycle was ~93.5 °C (Figure 

6.5E). The endothermic enthalpy of the Curie transition showed a similar pattern. The endothermic 

enthalpy was obtained to be ~8.5 J/g for as-spun nanofibers. For annealed and stretched-then-
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annealed nanofibers, this value increased to ~20 J/g, a more than 2 fold enhancement (Figure 6.5F). 

Both the Curie temperature and Curie enthalpy did not vary significantly from the second cycle to 

the forth cycle. The transition behavior of P(VDF-TrFE) is highly affected by several factors such 

as size of the crystallites and domain sizes, number of defects and percentage of VDF co-polymer 

[283-286]. Increase in Tc has been interpreted as indication of the increase in the crystallite size 

[284], or existence of large ferroelectric domains [283]. In this study, XRD measurements 

confirmed an increase in crystallinity (Figure 6.4B), which is in a good agreement with the increase 

of the Curie temperature for annealed and stretched-then-annealed nanofibers in the DSC 

thermogram. This observation is consistent with previous studies [65, 125, 284]. 

In order to investigate the presence of ferroelectric phases of P(VDF-TrFE) and most 

importantly in the all-trans (TTTT) β-phase, which is the main phase with strong dipoles, Fourier 

transform infrared spectroscopy (FTIR) spectra were acquired from nanofibers using ATR 

technique. The FTIR-ATR spectra of P(VDF-TrFE) nanofiber mat with different post-processing 

conditions are shown in Figure 6.6A. Existence of strong peaks for β-phase was confirmed in all 

three types of samples [62, 95, 232, 287, 288]. 
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Figure 6.5. (A) Thermogram of P(VDF-TrFE) nanofibers. Change in phase transition in four cycles 

of DSC for (B) as-spun, (C) annealed, and  (D) stretched-then-annealed nanofiber mats; 

Comparison of the (E) Curie temperature and (F) Curie enthalpy changes of nanofiber mats with 

different post-processing in four cycles of DSC. 
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In the FTIR spectra, the peak at 840 cm-1 has been reported as a strong peak for β-phase, it also 

appears as a small shoulder for γ-phase [65]. The peak at 883 cm-1 is accepted mostly for γ-phase 

[289, 290]. However, since polar phases (β-phase and γ-phase) have very close vibrational 

frequencies [62, 95, 232, 287, 288, 290, 291], in the literature, the absorbance peaks are either 

assigned to both phases as a common frequency or assigned exclusively for one of the β-phase or 

γ-phase. Peak at 840 cm-1 has been assigned as a common frequency for both the β-phase and γ-

phase [289, 290], while in other reports it was assigned exclusively to β-phase [291]. A similar 

situation is common for peaks at 883 cm-1 and 1175 cm-1 [65, 291]. In the FTIR spectra of the fiber 

mats, the intensity of peaks at 883 cm-1  and 1175 cm-1 wavenumbers increased in annealed and 

stretched-then-annealed nanofibers, which indicates an increase in the γ-phase [65, 289-291]. This 

is also in agreement with the XRD data. Absorbance intensity at 1288 cm-1, which is exclusively 

for β-phase (TTTT) [65, 198], increased for annealed and stretched-then-annealed fibers compared 

to as-spun fibers. This increase qualitatively confirms an improvement in β-phase content.  The 

peak at 1288 cm-1 is assigned to CF2 asymmetric stretching, CCC scissoring and C-C symmetric 

stretching [66]. Asymmetric stretching at 1288 cm-1 is very sensitive to ferroelectric crystallinity. 

Intensity improvement was also observed in other β-phase wavenumbers such as 845 cm-1, 1175 

cm-1, 1400 cm-1, and 1430 cm-1 [62, 95, 232, 287, 288]. The peak at 1400 cm-1 is attributed to CH2 

wagging and also to C-C asymmetric stretching, in which dipole transition moments is parallel to 

the C chain [254, 287, 292]. This peak is commonly used to evaluate the crystallinity and chain 

orientation of PVDF-based polymers [26, 254, 292]. The relative FWHM at 1400 cm-1 decreased 

by 12% for both annealed and stretched-then-annealed samples, which could be interpreted as an 

improvement in the degree of crystallinity (Figure 6.6B). 
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Figure 6.6. (A) FTIR-ATR spectra of (I) as-spun, (II) annealed and (III) stretched-then-annealed 

P(VDF-TrFE) nanofiber mats. The β-phase peaks are shown as green bands; (B) The relative 

FWHM of absorbance peak at 1400 cm-1 for spectra in A. (C)-(E) Polarized FTIR spectra of as-

spun, annealed and stretched-then-annealed nanofibers, respectively. ((C)-(E) have the same 

vertical axis scale.); inset in (C) is a representation of P(VDF-TrFE) β-phase, which shows 

wagging of CH2 bonds; (F) Dichroic ratio calculated from polarized FTIR spectra at 1400 cm-1. 
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Polarized FTIR spectra of P(VDF-TrFE) nanofiber mats with different post-processing 

conditions were conducted to examine the orientation of the dipoles within the nanofibers (Figure 

6.6C-E). In these experiments, nanofibers were mounted vertically onto the IR equipment window. 

Here, parallel polarization means polarized IR was parallel to the long-axis of the fibers.  

Noticeable change in the intensity of spectra for perpendicular and parallel polarized IR was 

observed at 1400 cm-1. Perpendicular polarized IR (⊥-polarized IR) spectra, showed higher 

absorbance at 1400 cm-1, while this peak did not show significant peak in parallel polarized IR. 

Since absorbance at 1400 cm-1 indicates C-H bond wagging vibration, high absorbance of 

perpendicular polarized IR confirms that the backbone of P(VDF-TrFE) chains are aligned with 

the fiber axis  [254]. This conclusion is in line with the sharpening of the WAXD spectrum as a 

function of azimuthal angle, as observed in Figure 6.4C and D.  

Further quantification of chain orientation was investigated by calculating the dichroic ratio 

(DR) from the polarized FTIR spectra. DR was calculated as follow [253, 254]: 

 

𝐷. 𝑅. =
𝐼⊥−𝐼∥

𝐼⊥+𝐼∥
     (4) 

 

where 𝐼⊥ and 𝐼∥ are the intensity of FTIR absorption perpendicular and parallel to the polarizer 

direction [253, 254]. D.R. is equal to zero for random chains and is equal to one for perfectly 

oriented chains. Dichroic ratio of nanofibers were calculated to be 0.64, 0.78 and 0.80 for as-spun, 

annealed, and stretched-then-annealed nanofibers, respectively (Figure 6.6F). The difference of 

the measured D.R. from perfectly oriented chains could be due to both miss-alignment of the 

nanofibers and miss-orientation of polymer chains in the fibers. Since D.R. for both annealed and 
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stretched-then-annealed fibers are close, it seems that the reorientation of polymer chains during 

annealing is more significant than the alignment of the chains during the stretching process. 

The piezoelectric effect in P(VDF-TrFE) polymer is dependent on the alignment of the dipoles, 

which in turn depends on the crystallinity and orientation of the crystallites in the polymer. To 

observe the effect of post-processing on piezoelectric properties of the nanofibers, piezoelectric 

response of single nanofibers was quantified using PFM (Figure 6.7A).  The d33 piezoelectric 

constant of single nanofibers with various post-processing conditions was measured with PFM 

ramp technique (see experimental section), Figure 6.7B. As-spun fibers had a piezoelectric 

constant of 29.1 ± 6.3 pm/V. After two hours annealing at the paraelectric phase (135 °C), the 

piezoelectric constant of the fiber increased to 48.51 ± 4.24 pm/V, which shows ~66% 

enhancement. Drawing process did not significantly change the piezoelectric constant of fibers 

compared to the annealed ones. Stretched-then-annealed P(VDF-TrFE) fiber showed piezoelectric 

constant of 45.6 ± 7.94 pm/V. Based on the One-Way ANOVA statistical analysis (p < 0.05) 

followed by means comparisons (Bonferroni, Scheffe and Tukey), there was a significant 

difference between the piezoelectric constant of as-spun fiber as compared to annealed and 

stretched-then-annealed, while there was no significant difference between annealed and stretched-

then-annealed fibers. The trend of piezo response of fibers with different post-processing 

conditions was in good agreement with the change in degree of crystallinity. It can be concluded 

that the piezoresponse of P(VDF-TrFE) fibers was improved due to the annealing process as a 

result of enhanced crystallinity. Since no external electric poling was applied to the fibers, the 

enhancement of the piezoelectric constant by annealing shows that the enhanced crystalline phase 

had similar dipole orientation to the crystalline phase already in the fibers before annealing. 
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Otherwise, crystallinity could increase, but the piezoelectric constant could decrease. This point is 

schematically shown in Figure 6.9.  

 

Figure 6.7. (A) Schematic of PFM measurement on the P(VDF-TrFE) fiber; (B) piezo-response of 

single nanofiber vs. applied electric potential; (C) piezoelectric constant of single electrospun 

nanofiber. 

The annealing process increased the length of the fibers in mats. This was observed visually 

after taking the mats out of the oven, as well as the wavy pattern in the SEM images (Figure 6.8). 

This phenomenon can be explained based on the large lattice strains for P(VDF-TrFE) [293]. 

Assuming constant volume, increase in length should result in diameter reduction. The average 

diameter of fibers was obtained by statistical analysis from SEM images using ImageJ software. 

Diameter distribution was ~500 ± 67 nm, 459 ± 64 nm, and 403 ± 46 nm, for as made, annealed 

and stretched-annealed fibers, respectively. This is approximately an 8% and 20% reduction in 

diameter for annealed and stretched-then-annealed fibers, respectively (Figure 6.8).  
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Figure 6.8. (A)–(C) SEM images of nanofibers with different post-processing conditions, as-spun, 

annealed and stretched-then-annealed, respectively. The right panel shows the corresponding 

diameter distribution. 

The volume of as-spun fiber with diameter 𝑑0 and length of 𝑙0 was obtained from 𝑉0 =

𝑙0𝜋𝑑0
2 4⁄ . For annealed fiber mat, the average length of fibers increased by ~10% estimated from 

SEM images. Therefore, the volume of annealed fibers can be estimated as 𝑉𝐴 = 𝜋𝑙𝐴𝑑𝐴
2 4⁄ =
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(1.1𝑙0)𝜋𝑑𝐴
2 4⁄ . For stretched-then-annealed fibers, the length of the fiber increased by 50%, and it 

returned to ~40% after unloading. Considering the same elongation from annealing, stretched-

then-annealed samples had a total of ~50% increase in length. Similarly, volume could be 

estimated by 𝑉𝑆𝐴 = 𝜋𝑙𝑆𝐴𝑑𝑆𝐴
2 4⁄ = (1.5𝑙0)𝜋𝑑𝑆𝐴

2 4⁄  ,where 𝑉𝑆𝐴 𝑙𝑆𝐴, 𝑑𝑆𝐴 are volume, length and 

diameter of stretched-then-annealed fiber, respectively. This results in 𝑑𝐴 = (0.95)𝑑0 and 𝑑𝑆𝐴 =

(0.82)𝑑0. This is in agreement with the average diameter observed in SEM images. These 

calculations are estimations for the case in which there were no cracks on the surface of fibers. 

Although micro-cracks were observed on the surface of annealed and stretched fibers in SEM 

images, the volume percentage of cracks in total was estimated to be negligible (less than 0.1% 

volume). 

Another hypothesis for the diameter reduction is an increase in the crystallinity and 

reorientation of the crystallites (as it was confirmed from XRD and polarized FTIR 

characterizations). This could result in compacting the polymer chain which would result in 

diameter reduction. In Figure 6.9, schematic of longitudinal cross-section of fibers with different 

post-processing conditions are presented. In this schematic, relative degree of crystallinity is 

shown with the number of representative symbols of crystalline phase. Also, the arrows on 

crystallite symbols represent the alignment of the crystallite calculated from 2D WAXD azimuthal 

angle (FWHM). The amorphous symbols in the stretched-then-annealed schematic are extended 

along the fiber axis horizontally. Changes in length and diameter of fibers are also presented 

schematically. 



 

143 

 

Figure 6.9. Schematic representative of semicrystalline morphology of P(VDF-TrFE) nanofibers. 

Reorientation of crystallites, increase in the crystallinity, alignment of dipoles, and increase in 

length and diameter reduction are shown in this schematic.  

Although the above characterizations did not show improvement in crystallinity or orientation 

of polymer chains in stretched-then-annealed fiber mats as compared to the annealed ones, the 

strength of stretched-then-annealed fiber mats was higher than annealed fibers. Nanofibers were 

straight in stretched-then-annealed mats, while fibers were wavy in annealed samples (Figure 6.8). 

The stretching process results in better alignment of fibers prior to annealing. The load transfer 

between neighboring fibers is higher when the fibers are less wavy, thus, they can transfer load 
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more efficiently between them, which results in higher strength. This is also in agreement with 

microstructural observations, since no difference between the microstructure of annealed and 

stretched-then-annealed nanofibers was observed. Therefore, the difference in structural 

performance is likely a structural effect not a material effect. 

Electromechanical coupling factor (k2) is used as a measure of electromechanical conversion 

efficiency of piezoelectric materials [33]. Figure 6.10A and B show the elastic modulus and 

piezoelectric constant of fiber mats for three different post-processing conditions. Post-processing 

enhanced the elastic modulus by more than 100% and the piezoelectric constant approximately by 

60% for annealed and stretched-then-annealed fibers. The relative electromechanical coupling 

efficiency factor is calculated as: 

 

   𝑘2𝜀𝑟 =
𝑑2

𝜀0
𝑌 (5) 

 

where d is the piezoelectric constant, Y is the Young’s modulus, ε0 and εr are vacuum 

permittivity and the relative permittivity of P(VDF-TrFE). Enhancement of both the elastic 

modulus and the piezoelectric constant resulted in more than 5.5 times improvement in the relative 

electromechanical coupling factor (Figure 6.10C).  
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Figure 6.10. (A) Elastic modulus, (B) piezoelectric constant, and (C) the relative electromechanical 

coupling factor of P(VDF-TrFE) fiber mats with different post-processing conditions.  

6.4 Conclusions 

The morphology of polymer chains in electrospun P(VDF-TrFE) nanofibers and the effect of 

the annealing and stretching post-processes were investigated with different characterization 

techniques. X-ray powder diffraction was used to investigate the change in the degree of 

crystallinity, while 2D WAXD was employed to illuminate the direction of polymer chains. DSC 

and FTIR-ATR techniques confirmed the enhancement of ferroelectric phase content in annealed 

and stretched-then-annealed nanofibers. Polarized-FTIR was employed to confirm the direction of 

polymer chains. Polarized-FTIR also explained the orientation of electric dipoles and enhancement 

of this orientation because of annealing and stretching, which was quantified by local piezo 

response measurement using PFM technique. Overall, stretching (drawing) the P(VDF-TrFE) 

nanofibers did not enhance chain orientation, crystallinity and piezo response. This is most likely 

because polymer chains inside P(VDF-TrFE) nanofibers already experienced a high ratio of 

stretching during electrospinning process. This is in contrast to the effect of stretching in 

P(VDF-TrFE) films fabricated by the spin-coating process recently reported [108]. However, 
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enhancement of mechanical strength in stretched-then-annealed fiber mats compared to the 

annealed ones was achieved, which could be explained based on macroscopic alignment of the 

fibers in the mat.   
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CONCLUSION AND PERSPECTIVE 

7.1 Conclusion 

In the present dissertation, interrelation between processing and post-processing, morphology, 

and electromechanical properties of piezoelectric nanofiber polymers was investigated. This 

complete investigation, provided a good understanding of the effect processing and post-

processing on morphology of P(VDF-TrFE) piezoelectric nanofiber polymer. The morphology of 

the nanofibers affects the mechanical and piezoelectric performance of piezoelectric nanofibers, 

which are two main factor to enhance the electromechanical coupling coefficient. 

Highly stretchable yarns and coils were fabricated by taking advantage of twisting process of 

electrospun piezoelectric P(VDF-TrFE) nanofibers as a mechanical post-processing technique. 

The nanofibrous yarns showed an extraordinary toughness and absorbed up to 98 J/g energy before 

failure.  The coils demonstrated high stretchability and exhibited strain to failure of up to 740%. 

The optimal twisting condition for yarns, which is in between untwisted ribbons and over-twisted 

coils, increases the interaction length between nanofibers in yarns. The higher interaction 

facilitates load-transfer between nanofibers, through a combination of van der Waals interactions, 

favorable columbic interactions, and piezoelectrically enhanced friction, leading to enhanced 

toughness and strength. 

Thermo-electromechanical behavior of electrospun piezoelectric P(VDF-TrFE) nanofibers 

was investigated. A comprehensive study including mechanical tensile test and spectroscopic 

analysis were performed on the electrospun nanofibers for as-fabricated and annealed in the 
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paraelectric phase (Tc<TA<Tm). Annealing in the paraelectric phase is found to be an effective 

approach to improve the crystallinity of the P(VDF-TrFE) polymer. Mechanical test on nanofiber 

ribbons, as well as micro-tensile test and nanoindentation on individual nanofibers revealed that 

annealing enhances the stiffness (elastic modulus) of the nanofibers by up to three-folds. 

Moreover, piezo-response force microscopy (PFM) experiment on individual nanofibers revealed 

that annealing results in ~50-60% enhancement in piezoelectric constant of the nanofibers. These 

enhancements in the piezoelectric properties and modulus of P(VDF-TrFE) nanofibers are 

achieved at the cost of significant reduction in ductility (strain to failure) by as much as ~10-folds. 

Meanwhile, experimental results revealed that annealing has minimal effect on the strength (failure 

stress) of the nanofibers. FTIR and XRD spectroscopy reveal that annealing results in increase in 

the β-phase in the nanofibers and ~70% increase in the crystallinity. The increase in modulus and 

piezoelectric properties is attributed to enhanced crystallinity and alignment of the formed crystals 

such that their dipole moments is in the same direction as the existing dipoles in the nanofibers 

after electrospinning.  

The effects of annealing temperature on morphology of polymer chains and structure of 

crystalline-phase in P(VDF-TrFE) electrospun nanofiber were investigated. Several 

characterization method such as XRD crystallography, FTIR and DSC were employed to evaluate 

the degree of crystallinity of nanofibers, while FTIR and DSC were used to confirm the β-phase 

enhancement and thermodynamic stability of annealed nanofibers.  These enhancement in β-phase 

content and crystallinity was confirmed using mechanical and piezoelectric properties 

measurement of individual nanofiber using AFM in two different modes of nanoindentation and 

piezoresponse force microscopy, respectively. It was shown that annealing at temperatures higher 
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than the Curie temperature of the P(VDF-TrFE) fibers significantly improved the piezo constant 

of the fibers. In this regard, an increase of about 90% in the piezo constant of the material and 

about 170% in the modulus were achieved by annealing at 130 °C. Overall both piezoelectric and 

mechanical enhancement results in more than 9-fold improvement in the relative 

electromechanical coupling factor. Most of this enhancement was observed for nanofibers 

annealed at temperature above the Curie temperature. 

Morphology of polymer chains in electrospun P(VDF-TrFE) nanofibers and the effect of 

annealing, and stretching post-processes were investigated with different characterization 

techniques. X-ray powder diffraction was used to investigate the evolution of degree of 

crystallinity, while 2D WAXD was employed to illuminate the direction of polymer chains. DSC 

and FTIR-ATR techniques confirmed the enhancement of ferroelectric phase content in annealed 

and stretched-then-annealed nanofibers. Polarized-FTIR was employed to confirm the direction of 

polymer chains. Polarized-FTIR also explained the orientation of electric dipoles and enhancement 

of this orientation because of annealing and stretching, which was quantified by local piezo 

response measurement using PFM technique. Overall, stretching (drawing) the P(VDF-TrFE) 

nanofibers did not enhance chain orientation, crystallinity and piezoresponse. This is most likely 

because polymer chains inside P(VDF-TrFE) nanofibers already experienced high ratio of 

stretching during electrospinning process. However, enhancement of mechanical strength in 

stretched-then-annealed fiber mats compared to the annealed ones was achieved, which was 

explained based on macroscopic alignment of the fibers in the mat.   

All in all, morphology of piezoelectric nanofibers was studied by X-ray crystallography, 

differential scanning calorimetry, and FTIR characterization techniques to investigate the effects 
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of post-processing steps. This complete investigation, provided a good understanding of the effect 

of processing and post-processing on morphology of P(VDF-TrFE) piezoelectric nanofiber 

polymer. The morphology of the nanofibers affects the mechanical and piezoelectric performance 

of piezoelectric nanofibers, which are two main factor to enhance the electromechanical coupling 

coefficient. 

7.2 Future work 

There are some interesting topic closely related to this dissertation that could be considered as 

future research as listed below: 

 

 A detailed investigation into the effect of annealing on nano-crack formation on 

P(VDF-TrFE) nanofibers. In this project, nano-cracks were observed in SEM images 

of annealed nanofibers. A fatigue experiment on annealed nanofibers might lead to an 

interesting conclusion regarding the formation and fracture mechanism of annealed 

nanofibers. 

 

 Computational analysis (finite element analysis and molecular dynamic analysis) of 

P(VDF-TrFE) nanofibers with different crystalline phase configurations could provide 

valuable information. This could be extended to annealed nanofibers with nano-cracks, 

to compare with fatigue-test suggested in the previous bullet-point. 
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 An interesting phenomena that was observed during the thermal annealing of nanofiber 

mat, was thermal actuation of the P(VDF-TrFE) nanofiber mat. P(VDF-TrFE) 

nanofiber mat was actuated upon heating above the Curie temperature and cooling to 

room temperature. It would be great if one could get it to work as a shape memory 

polymer (SMP), since the phenomena was reversible. This could add another 

functionality to P(VDF-TrFE) nanofibers. 

 

 Wearable electronics are one of the hot topics in engineering and science. Piezoelectric 

nanofibers are a suitable candidate as an energy resource for wearable electronics. 

Fabricating a fabric mat from electrospun nanofibers as a suitable substitute for normal 

fabrics, could integrate both the functions of a normal fabric, energy source, and even 

as a sensor. This needs a continuous nanofiber yarns. Ongoing work on conjugated dual 

needle electrospinning to fabricate continuous yarn is in process. This investigation 

seems helpful to develop a piezoelectric fabric and should be continued.
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