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Abstract
Characterization of nanofiber is performed to correlate test metrics with the
practical characteristics of the material and to ensure reliable high quality of the
products during production. The aim of single-fiber measurement procedure is to
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find fundamental information to better understand the relationship between the
structure and the features of nanofibers. Theoretically, several characterization
techniques have been utilized with nanofibers. Nevertheless, it must be borne in
mind that morphology, molecular structure and mechanical properties are the
most critical features of nanofibers. Therefore, in this chapter, it is attempted to
explain briefly the nanofiber characterization techniques by focusing on the
morphological and mechanical properties of nanofibers to provide fundamental
data for evaluation of nanofiber materials.

Keywords
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Introduction

There are great promises toward nanotechnology as a frontier research subject to
boost sciences and strength industrial competitiveness. Nanotechnology is recently
subjected to the remarkable governmental global investments at about 100 billion
US dollars. The European Union has invested € 3.5 billion just for transnational
cooperative projects on nanotechnology-related area. Recently, several fields of
study and systems are matured by using nanotechnology and are progressively
swamping markets and industries. Although, some issues and limitations such as a
need for large-scale fabrication platforms, low chemical and biological flexibility,
and economical and environmental challenges, i.e., toxicity aspects of nano-
materials, are still required to be addressed to fully understand the vast potential of
nanotechnologies. Case in point, nanofibers could be considered as a relatively new
developed type of nanomaterials, which can satisfy many of these abovementioned
challenges. Advances in the supramolecular chemistry concept have introduced
several self-assembled supramolecular polymers such as self-assembled monolayers,
liquid crystals, and colloids. These theoretical and technical developments have
enhanced the opportunity of using self-assembled molecules to generate nanofibers.
Nanofibers can self-assemble from several ingredients, including polysaccharides
and natural and synthetic polymers. In accordance with the physicochemical features
of composed ingredients, two synthesis techniques are frequently applied to produce
nanofibers: electrospinning and hydrogel formation. These methods are almost
exceptional in being effectively large scaled in perspective. In addition, a variety
of organic and inorganic materials can be used to synthesis and dope and modify the
surface of nanofibers. For example, inorganic nanoparticles, carbon nanotubes,
graphenes, photocurable compounds, low-molar-mass light-emitting molecules,
biomacromolecules, cell-directing proteins, and growth factors have been used to
functionalize nanofibers in order to increase their biocompatibility. Therefore, nano-
fibers are not only fascinating from a scientific perspective but also their fabrication
procedures showing an outstanding potential to draw laboratory processes to the
industrial scale. For these reasons, nanofibers could open up a new horizon for wide
industrial applications of organic-based nanotechnology.
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Background of Nanofibers

Nanofibers are described as nano-objects with two nano-sized external dimensions.
It is defined as solid fibers with less than 100 nm in diameter and larger fiber length
than that of the fiber diameter. Theoretically, the fiber length could be infinitely long.
Therefore, the fiber diameter and length are the main external characteristics of
fibers. Nanofiber’s diameter is dependent on the used polymer type and the method
of production ranging from a few nanometers to micrometers [28]. Nanorods,
nanotubes, and nanowires are classified as rigid, hollow, and electrically conductive
nanofibers, respectively. There are several types of nanofibers available, but the
primary nanofibers of interest in the field of nanotechnology are formed from
polymer precursors.

In the polymer nanofibers, the observed internal length is attributed to the fibers’
molecular weight, which is defined as the persistence length or molecular length.
The molecular length is the length in which the orientation of one part of a long
molecule is corresponded to the orientation of another. As a result, the persistence
length determines the stiffness of the molecule. Thus, the larger persistence lengths
lead to the stiffer molecules. For instance, DNA shows the persistence length at
about 50 nm, while the persistence length of a rigid rod could be infinite. In the weak
molecules, the orientation of the end of the molecule shows low cohesion with the
orientation of the inception of the molecule. The stiffness of the fiber is typically
measured by the assortments and configurations of the molecules which form fibers,
an entropic stiffness, not by the molecular stiffness.

Generally, nanofibers’ stiffness would exceed the stiffness of the conventional-
sized fibers. Mechanical properties of an individual nanofiber could be improved in
comparison with their bulk or film materials counterpart. This improvement in
mechanical properties is mainly contributed to the enhancement of the eventual
alignment of polymer backbones along the nanofiber length as well as increase in the
strength of filament-shaped materials as the fiber diameters decrease. The orientation
of the molecular chains along the longitudinal axis would enhance the uniaxial
tensile strength. The created fractures and cracks on the surface of nanofibers
would weak the fiber’s structure and facilitate their mechanical failures [29]. Fibers
with smaller radius show lower external surface per unit length than that of larger
radius fibers. Therefore, they would exhibit lower mechanical failure and surface
cracks and flaws.

In addition, large surface to volume ratio of the nanofibers makes them an ideal
alternative for conventional fibers. This feature improves their functionalizations,
which give rise to obtain better flexible and strengthened materials. Consequently, it
broadens the nanofiber utilizations in specific applications, e.g., as a component of
larger structures such as nanomats and polymer scaffolds.

Porosity is another important property of nanofibers, which affects nanomaterial
characteristics such as their fluid diffusion, wettability, controllable releasing of
chemicals, and effective biochemical signal exchanging. Porosity can be a bulk
property, an internal property, or a surface property of a sample. It is frequently
defined as three-dimensional (3D), unfilled holes existed between nanofiber
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ingredients and limited by fiber molecule bodies. The holes are connected hydrau-
lically, which lead to continuous vessels available for fluids and molecules to flow
through nanofibers.

Another unique feature of nanofibers is their promising optical property. The weak
non-covalent intermolecular interaction leads to the small overlap between orbitals of
different molecules and subsequently to strong optoelectronic properties in individual
molecules. Generally, Frenkel excitons accurately describe initial excitations in the
polymers. The Frenkel excitons are placed on individual polymeric chains with a
considerable binding energy [67]. Excitation of the organic composite stimulated by
an absorbed photon leads to an electronic transition from the highest occupied molec-
ular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) level.
Although, the proximity between molecules in the nanofibers results in the generation
of other excited species in which electrons are possibly transferred from one molecule to
another close molecule. The most often-investigated energy transfer mechanism
between two molecules is called fluorescence resonance energy transfer (FRET). In
the FRET, the energy is transferred from an excited donor to an acceptor molecule
through dipole–dipole interaction [76–78]. Since discovery of electroluminescence poly
(p-phenylene vinylene) (PPV), organic, highly flexible optoelectronic materials have
been advanced critically. Case in point, 1D nanostructures such as nanofibers, by
presenting unique properties including processability, spectral tenability and chemical
and biological compatibility have been considered as strategic nanomaterials for devel-
oping the next generation of optoelectronic devices based on organic semiconductors.

Due to the presence of bandgap energy of conjugated materials, nanofibers are
considered as intrinsic semiconductor materials [2, 10]. Conductivity property of
conjugated materials was first observed in 1976 in doped polyacetylene [29, 67]. The
conductivity of polymer nanofibers can be enhanced by doping, while un-doped
nanofibers have also shown strong conductivity. Nanofibers by presenting high
conductivity have attracted a great deal of attention and opened up a novel field of
study at the frontier of chemistry, physics, materials sciences, and nanotechnology
[16, 29]. This characteristic in the conjugated materials is largely attributed not only
to properties of individual molecules but also to the supermolecular assembly of the
molecules. Indeed, the electrical conductivity is due to the charge-carrier transport by
band-like conduction or by hopping mechanism [35]. For example, due to the
overlap between adjacent carbon orbitals along molecular backbones, charge carriers
are delocalized along the conjugation length. Thus, the mobility along the intramo-
lecular length becomes high [23, 29]. The presence of material disorders, chemical
defects, and the molecular distortions could limit the transport of charge carriers
fundamentally. Generally, nanofiber molecules are assembled with π-π interaction,
which provides an intermolecular mobility [22, 57, 93, 97]. Most of light-emitting
nanofibers also show conductivity because of their conjugation characteristics. It is
possible to fabricate several other conductive nanofibers by using different synthesis
techniques [51, 102]. It has been proven that nanofibers are considerably attractive
for investigation of charge transport theories at nano-sized scale due to their unique
behaviors, i.e., possessing smaller particle size, large surface to volume ratio,
chemical flexibility, and controllable molecular configuration [89].
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Synthesis Process of Nanofibers

The most frequently used technique for the synthesis of nanofibers is electro-
spinning. This process was first developed by Formhals in the 1930s decade to
produce fibers. In this technique, a solution is charged by using a high-voltage
electric field (10–50 kV) to produce charge carriers with the same polarity as the
used electric field. Due to the presence of analogous charges, the electrostatic
repulsion tensions the solution forward in a cone-like form. When high-voltage
electric field is applied, the fiber jet formation is occurred at the cone tip, and the
opposite charged collector collects the formed nanofibers [88] (Fig. 1). Although
electrospun nanofibers have been used in several applications including tissue
engineering, filtration, organ implant, gene and drug delivery, diagnosis, optical
platforms, and wound dressing, there are still definite limitations and requirements
on the production of nanofibers by using electrospinning. With this regard,
hydrogel formation as an alternative technique is introduced to produce nanofibers
from oligomeric biopolymers [25, 83]. Hydrogelation is an obvious macroscopic
shift in texture and morphology of materials which provides visual information on
successful formation of nanofiber self-assembly.

Nanofibers can be synthesized from natural polymers such as keratin, collagen,
silk, alginate, gelatin, chitosan, and celluloses as well as synthetic polymers like
poly lactic acid (PLA), poly lactic-co-glycolic acid (PLGA), poly caprolactone
(PCL), and polyurethane (PU). The polymer chains are spun into the fibers through
covalent bonds by using different organic solvents such as ethanol, chloroform,
formic acid, and water. Diameter and surface topology of the nanofibers are
strongly dependent upon the surface free energy, surface tension, solution concen-
tration, solvent permeability, electrical conductivity, polarity, and viscosity. In

Fig. 1 Schematic
representation of the
electrospinning process to
produce nanofibers
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addition, the physical parameters of the processing equipment as well as ambient
factors of the procedure could also modulate nanofiber generation [37].

Nanofibers could easily degrade under harsh reaction conditions such as exposure
to gamma radiation, plasma, high-temperature ultraviolet, and acidic or basic envi-
ronments. Therefore, when degradable polymers are used in sensitive applications,
particular care should be taken to preserve nanofibers from rapid destruction or
degradation. In order to obtain this, surface modification of fibers by coating or
layering as well as functionalizing of nanofibers are widely used. In fact, this process
is carried out by using electrostatic interactions to immobilize biomolecules on the
surface of nanofibers [62].

Characterization of Nanofibers

Characterization of nanofibers is correlating test metrics with the practical charac-
teristics of materials and verifying the quality of products during the synthesis
procedure. By single-fiber characterization, fundamental data are obtained to under-
stand the relationship between the structure and the properties of nanofibers. Theo-
retically, several characterization techniques can be utilized for nanofibers. In
addition, entire available polymer characterization techniques can be used for
organic polymer nanofibers.

A principal limitation in characterization of nanofibers is the lack of confirmed
appropriate techniques. There are some challenges in the characterization of nanofiber,
including limitation in the manipulating small nanofibers, finding an appropriate
observation mode, finding a suitable source for force transducers and actuators, and
single nanofiber sample preparation [86]. It seems that, nowadays, some of these
limitations are not that serious anymore and have been improved. For example, high-
resolution nano manipulators and single-fiber isolation by using simple sample prep-
aration procedures have solved some of the abovementioned limitations.

The type of characterization approach used for testing nanofibers is based on
the ultimate ambition of as-prepared materials. For instance, when nanofibers are
intended to be used for air filtration in gas masks, the air permeability, particle
penetration, porosity distribution, and residual electrical charge on fibers are
important. If it is going to be used for sensors, the electrical conductivity, optical
characteristics, equilibrium swelling by organic vapors, and chemical reactivity
may be meaningful to be tested.

Evidently, the characterization techniques are still in initial stage and the demand
for the establishment of an efficient characterization techniques are increasing
continuously. Therefore, in this section basic information for the selected character-
ization methodologies, which are used for nanofibers, are reviewed in summary.
Some of these methodologies are adopted as standard test methods in the field from
the American Society for Testing and Materials (ASTM) or the International Orga-
nization for Standardization (ISO). It is also attempted to provide some information
on the limited single-fiber assessment techniques.
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Morphological Characterization of Nanofibers

Pore Size Distribution and Porosity
As explained before, porosity is a morphological property which is defined as empty
voids existed between nanofiber ingredients. The pore size distribution and porosity
are the important characteristics for scaffold and filtration. According to the standard
guide and literature review, porous materials are classified based on their pore sizes
as presented in the Table 1 [90].

There are three different types of pores including through pores, blind pores, and
closed pores as shown in Fig. 2.

Several techniques are available for characterization of porous materials includ-
ing mercury intrusion porosimetry, liquid extrusion porosimetry, nuclear magnetic
resonance, and capillary flow porometry.

Mercury Intrusion Porosimetry
Mercury intrusion porosimetry is the conventionally used technique for the porosity
assessment, in which mercury is forced into the nanofiber sample by using a pressure
“p” to the mercury column. By increasing “p,” smaller voids in the nanofibers are
intruded by the mercury. This technique just measures the voids that are accessible
by the mercury. It simply means that the small or closed pores, that are inaccessible,
are not involved. The large voids are also not considered in the measurement process
since the mercury floods easily even before the pressure application. Washburn

Table 1 Classification
of pores based on pore
sizes in the porous
materials

Title Size (nm)

Micropores 0.5–2

Mesopores 2–50

Macropores 50–200

Capillaries 200–800

Macrocapillaries >800

Fig. 2 Different types of
pores in a porous material
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equation (Eq. 1) measures the relationship between the used pressure “p” and the
pore radius “r” as follows [45]:

r ¼ �2γ cos θ=p (1)

where γ and θ are the contact angle and the surface tension of the mercury,
respectively.

Since in the mercury intrusion test more than thousands of psi pressure is used,
the pore volume distribution, pore size, and pore shape could be distorted in those
nanofibers that are made of soft polymers. By using this technique, the voids from
both sides of the sample are determined. The porosity of poly (lactide-co-glycolide)
(PLGA) electrospun from THF/DMF mixed solution was measured at 91.6% with
pore volume of 9.69 mL/g and pore sizes of 2–465 mm [56]. In another study, Poly
(L, lactide) (PLLA) showed 78% porosity with mean pore diameter of 21.5 mm [94].

Liquid Extrusion Porosimetry
Since in the mercury intrusion porosimetry high pressure is applied, it is not
applicable for the soft polymeric nanofiber identification. Therefore, liquid extrusion
porosimetry was developed to measure porosity of nanofibers, where lower orders of
pressure are applied compared to the mercury intrusion porosimetry technique. In
liquid extrusion porosimetry, a nanofiber is placed on a porous membrane, and it is
covered by a wetting liquid layer. The liquid is then intruded to the voids by gas
pressure over the liquid column. The liquid is then transferred from the pores of
porous membrane to the fiber. The pressure and volume of liquid are recorded. The
pressure “p” and the volume of liquid are indicative of the pore diameter and pore
volume, respectively. The relationship between pressure “p” and the average pore
radius “r” is measured by the following equation (Eq. 2)

r ¼ 2γ cos θ=p (2)

where γ is the contact angle and θ is the surface tension of the liquid.
“V,” volume of liquid, is attributed to the shift in the interfacial area at interface of

the liquid/polymer as given below [42]:

pdV ¼ γ cos θdS (3)

where “S” is the surface area and measured by integration of the function.
Any pores that are not accessible by the liquid cannot be investigated by this

technique. Their fractions can be indirectly assessed by comparing liquid extru-
sion records to the intrusion porosimetric information. This technique also
measures the required pressure to intrude liquid to the pores. The pore volumes
and the pore dimensions are measured by using liquid extrusion that are attrib-
uted to the gas flow direction.

The measured pore size distributions by using both mercury intrusion and liquid
extrusion methods are generally different. The liquid extrusion porosimetry tech-
nique is mostly underestimate the pore volumes for pores with large surface
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openings in related to those assessed by mercury intrusion porosimetry. The chan-
nels’ pore volume is measured based on the throat diameter.

Capillary Flow Porometry
Capillary flow porometry technique is similar to the liquid extrusion, in which,
nanofibers are saturated with a liquid under gas pressure. In this technique, gas
pushes the liquid and the gas flow rate as a function of the differential pressure is
monitored. The lower pressure at which the larger voids are wiped and gas is flowed
through the pores is known as bubble point. The gas pressure would not make any
distortion in fiber’s pore structure. The required flow rate is significantly dependent
on the liquid’s surface tension, fibers’ surface energy, and diameter of pores.

Nuclear Magnetic Resonance
Nuclear magnetic resonance (NMR) is infrequently used to characterize nanofiber
porosity. This technique relies on the differences between t1 and t2 proton relaxation
times in liquids. The difference between t1 and t2 will decrease with the increase in
average pore diameter. In the NMR, in magnetic field nuclei absorb and reemit
an electromagnetic radiation. This radiation has precise energy at a specific reso-
nance frequency, which is dependent on the potency of magnetic field as well as the
magnetic characteristics of the atoms’ isotope. By using NMR, observation of the
nucleus’ exact quantum mechanical-magnetic features is possible. The resonance
frequency of a particular material is corresponded to the strength of the used
magnetic field.

For example, the porosity of poly (3-hydroxybutyrate-3-hydroxyvalerate) (PHBV)
films was studied by using NMR. It was observed an increase in the differences
between t1 and t2 by increasing in the immersion time [63]. In another effort, the
porosity of polycaprolactone (PCL) was estimated by using NMR at 78 + 3%. No
significant differences were found in the average porosity related to the average fiber
diameter [6]. The structures of the polymer molecules within the nanofibers can also be
characterized by NMR analysis.

Microscopic characterizations are frequently applied as the preliminary charac-
terization techniques. Both optical and electron microscopy have been routinely used
to monitor diameter distributions of nanofibers. Since most of the pores are not
cylindrical with regular geometry, using optical and electron microscopy determines
only the surface of voids, and the porosity data obtained are different from those that
are measured by other methods.

Diameter and Size Distribution of Nanofibers

Transmission Electron Microscopy (TEM)
The transmission electron microscope opened up a new window to visualize the
structure and morphology of materials far below the resolution presented in light
microscopy. TEM is considered as one of the most important instrument for many
aspects of different fields of study.
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TEM is a destructive technique, in which, the sample may be damaged by the
electron beam, especially when biological samples are analyzed. The regular imag-
ing process commences by transmitting a beam of electrons through the ultrathin
section of samples which leads to a phase shift in a portion of the electrons. When the
incident electron beam comes down through the microscope column, it interacts with
the sample fluorescent screen. During the hitting of the electron beam to the sample,
a large amount of radiation is transmitted/emitted from the sample.

Interaction of the electron beam with the nanofibers leads to the elastic and
inelastic scattering of the transmitted electrons. The images are visualized from the
elastically scattered electrons, allowing observation of the structural features or
defects at a high resolution. The elastically scattered electrons can also be used in
the diffraction mode to provide crystalline structure data.

Scanning Electron Microscopy (SEM)
In scanning electron microscopy, surface of the samples is sputtered with a thin layer
of gold and is placed in high-energy electron beam under vacuum. A cathode source
as an electron gun generates beam and collimates by electromagnetic lenses to an
adjusted spot. The spot is manipulated by several deflection coils and surface of the
samples is scanned. Interaction of the beam with the secondary electrons produced
from the samples is monitored and amplified by using scintillator and photo-
multiplier tube, respectively, and illustrated in the form of a high-resolution image
of the sample surface. Interactions of the beam with some of the secondary electrons
produced from the samples emitted at near 1080 can form some backscattered
electrons which are attributed to the atomic number of the scattering surface.
Since, the SEM is mostly unapplicable for the nano-sized materials, a field emission
electron microscopy (FeSEM) is employed for observation the morphological
behavior of the samples at relatively high resolutions.

Both FeSEM and TEM have been extensively used in understanding and quan-
tifying of the morphology of nanofiber. Moreover, FeSEM and TEM can provide
three-dimensional (3D) and two-dimensional (2D) images for void and nanofiber
morphology with 1–20 nm and 0.1 nm resolutions, respectively.

FeSEM gives topographic information from the surface or whole small particles. It
uses electrons instead of light which is released from a field emission source and
accelerated in a high electrical field gradient. These liberated electrons are focused
onto the sample (primary electrons), and as a result, the electrons are reflected and
directed back from sample (secondary electrons). The surface structure of sample
would change the angle and velocity of these secondary electrons and catch via a
detector. This technique is mostly equipped with the energy dispersive X-ray (EDX)
spectroscopy to obtain information related to the elemental features or compositions.
Indeed, an X-ray excited from the interaction of electron and sample is used to identify
the elemental and chemical composition of the sample. To maximize the X-ray signal
reaching the detector, the EDX spectrometer is often located close to the sample. An
EDX spectrum is consisted of peaks of modifying energy. Since X-rays include certain
energies that are respective to each element (like fingerprinting), the peaks in the EDX
spectrum are performed to determine the elements within a sample.
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Observation and assessment of nanofibers, biological material, live cells, or even
living organisms by using environmental SEM (ESEM) without any sputtering and
coating treatment requirement are also possible. In the ESEM, the electron beam is
manipulated under water vapor environment. In this case, the accumulation of
surface charges is prevented by ionization of water, allowing non-conductive mate-
rials to be accurately visualized without sputtering requirement. The ESEM could be
supplied with the EDX as well.

In several studies, FeSEM or SEM has been used to characterize different
nanofibers by monitoring 60 [66], 100 [30, 47], and 500 [71] measurements per
micrograph averagely to determine nanofiber diameter. In another studies, the
morphological structure and nanofiber diameter for PVA [79], kefiran nanofibers
[24], polyamide 66 (PA66) [32], poly (vinyl alcohol) (PVA) [52], poly (lactic acid)
(PLA), poly(ethylene oxide) (PEO), poly(ε-caprolactone) (PCL) [69], poly (vinyl
pyrrolidone) (PVP) [44], and modified cellulose/poly (vinyl alcohol) (MC/PVA) [12]
were monitored via these techniques.

Since images recorded by using microscopic techniques are limited to a random
small section of the sample, the data obtained cannot be considered as a general
characteristic of the entire sample. Case in point, for nanofiber qualitative charac-
teristics, an adequate number of random samples are required to be selected to obtain
sufficient statistical information and accurate characteristics of the materials.

Determining fiber diameters by automated analysis of the images using image
analysis tools is used widely. For example, Fovea Pro (Reindeer Graphics Inc.) and
ImageJ software (National Institute of Health, USA) as image analysis tools are used
to determine distribution of fiber diameters. In these cases, a sufficient number of
images and fibers per images are required to estimate the fiber diameter.

Atomic Force Microscopy (AFM)
Atomic force microscopy is considered as an extensively used technique for the
characterization of nanomaterials. It gives information about topography, morphol-
ogy, and particle/grain distribution from the surface of the sample. In AFM, a 15-μm-
long monolithic silicon-made tip or a probe located at the end of cantilever is pressed
against the sample with an invariable force to scan the surface of the samples. The
probe movement is converted into the signals to depict sample surface. Its move-
ment, as small as 1 nm, can be probed by instrument. Reflection of the laser beam off
the surface of the cantilever is generated because of the variations in tip-to-surface
distance that is monitored by a position-sensitive photodiode detector (Fig. 3).

The interaction loop between the photodiode regulation and the piezoelectric
scanners to the tip movement would provide data, which are used for image
generation. Therefore, in AFM a minute deflection can even be detected by the
photodiode detector. In the contact mode imaging, the tip is vibrated at a low
frequency where it touches the surface of sample alternatively. Imaging can be
carried out with the oscillating cantilever in which the tip is not in contact with the
surface, but in close proximity above the surface of sample. In this mode, the
frequency and amplitude of the oscillating cantilever are recorded to generate an
image [7]. In summary, normally, the operation of AFM can be carried out by two
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modes depending on the application: non-contact and contact modes. The silicon or
silicon nitride cantilever with the sharp tip (radius in nano-sized scale) at its end
scans the surface of the bulk samples and gives information by taking picture.

The topology of several nanofibers including polyurethanes, aramids, poly
(dicyclopentadiene), poly (butylene terephthalate) (PBT), polyelectrolyte com-
plexes, silk nanofibers, polyacrylonitrile (PAN), polystyrene (PS), poly (benzimid-
azole), PEO nanofibers, and polylactide (PLA) has been investigated through AFM
images [4, 18, 20, 36, 43, 49, 64, 68, 84, 86, 94].

Characterization of nanofibers by AFM is normally a complicated procedure, and
due to the convolution of the shape of the tip with the nanofiber geometry, the width
of fibers obtained by AFM is not accurate [49]. The exaggeration of the fiber
diameter measured by AFM was confirmed when fiber diameters of poly (benzimid-
azole) (PBI) nanofibers were twice larger than that of measured by other techniques.
Generally, the fibers with the smaller dimension present a higher exaggeration in
AFM [68]. Mostly, the resolution of AFM images can be poor even when a sharp tip
is used and the nanofibers tend to be easily displaced by the movement of the tip over
their surface. In order to solve these problems, nanofibers are placed on a substrate to
fix them during measurement via adhesion or nonbonded interactions.

Mechanical Characterization of the Nanofibers

The characterization techniques used to assess the mechanical properties of films
and textile materials can be utilized with some modification to nanofibers. In this
case, the data interpretation should be done cautiously. One of the most frequent
techniques used to determine the mechanical properties of nanofibers is tensile
test by applying the same general experimental procedure used for film or woven
textile samples.

Tensile Test
In order to test nanofibers by using tensile test, the samples are cut into the
rectangular or typical dumbbell-shaped test samples [9, 21, 54, 61, 72, 100]. The
universal testing machine is applied to determine the tensile properties of nanofibers.

Fig. 3 Atomic force
microscope sample
characterization
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For instance, the mechanical properties of 100-mm-thick poly (vinyl alcohol) (PVA)
nanofiber were tested by using a 1 cm length gauge with 2 mm/min crosshead
speed [92].

In the tensile test process, the sample is placed in the universal testing machine
and extended slowly until it fractures. The gauge elongation is recorded against the
applied force. The data obtained do not define the geometry of the sample surface so
it needs to be manipulated. The elongation records are used to calculate the engi-
neering strain, ε, as follows:

e ¼ ΔL
L0

¼ L� L0
L0

(4)

whereΔL, L0, and L are the change in gauge length, initial gauge length, and the final
length of gauge, respectively.

The force data are used to calculate the engineering stress, σ, as follows:

σ ¼ Fn

A
(5)

where F and A are the tensile force and the nominal cross-section of the sample,
respectively.

Since the mechanical impeccability and the geometric arrangement of the fibers
can be compromised during sample preparation, handling fragile nanofibers is still a
critical concern. Instead of thickness an equivalent thickness can be predicted from
the “ρ,” density of polymer, mass m, and “A,” the die area utilized for cutting the
samples [65]:

Equivalent thickness ¼ m=A:ρ (6)

The mechanical properties of nanofibers are affected by the chemical-
unassociated factors of the polymers. Nanofibers of the same polymer electrospun
produced from different solvents often show diverse mechanical properties. These
discrepancies are related to the diverse rates of solvent evaporation and subsequently
different kinetics of development of the relevant phase morphologies which affect
nanofiber morphology. The tensile properties of a sample are affected by several
factors, including the volume density of fibers, fusion degree of the individual
nanofibers, the multi-dispersity of fiber diameters, and deficiency and branching of
fibers even when the same polymer/solvent materials are used. For example,
pellethene nanofibers electrospun from THF and DMF provide diverse tensile
properties [80].

Dynamic Mechanical Analysis (DMA)
By using dynamic mechanical analysis (DMA), the viscoelastic features of the
samples are determined. In this test, the fiber and film clamps are used for the
oriented and unoriented samples, respectively. A DMA multifrequency strain pro-
cess is generally run with a temperature and frequency uniform changes to test a

15 Characterization and Evaluation of Nanofiber Materials 503



cylindrical sample with length “l” and diameter “d.” The master curves are plotted
based on time versus temperature, when the middle of the experimental temperature,
reference temperature, is selected and the other curves are changed regarding the
reference curve. Several properties for the trends such as loss modulus, storage
modulus, and tan δ master curves could be tested as a function of nanotube loading.
Moreover, the Arrhenius equation is used for the calculation of the nanofibers’
activation energy as below (Eq. 7):

ln aT ¼ �Ea

R

1

T0

� 1

T

��
(7)

where Ea, aT, R, T, and T0 are the activation energy of the fibers, time-based shift
factor, gas constant, temperature in which measurement is performed, and the
reference temperature, respectively.

The master curve is obtained by horizontally shifting the curves around a
reference temperature. The time-based shift factor, aT, for each temperature is
plotted as a function of the temperature. When the polymer is strained, the energy
barrier should be beaten to allow chains to shift or spin around the main chain
bonds. This energy barrier is defined as the polymers’ activation energy. The
activation energy is increased to the maximum with addition of the nanotubes,
same as the effect of nanotubes on the tensile properties of materials. By adding
high modulus nanotubes, the resistance to strain, rupture, and deformation is
increased significantly. Although, by increasing the concentration of nanotubes,
the reinforcing effect is decreased.

Structural Evaluation and Phase Formation Study

X-Ray Diffraction (XRD) Technique
X-ray diffraction spectroscopy is a type of nondestructive test which can be conducted
on both powder and pellet form samples. It is mostly applied to investigate the
structural and phase evaluation of materials. In fact, it gives information about the
phase formation, crystallite size, lattice strain, lattice parameter, d-spacing, and content
of each phase. The sample preparation was carried out by sticking a double-side
adhesive tape in the dimension of 1*1 Cm2 on a piece of glass plate. Then, the
as-enough powders are dispersed on the surface of the tape so that it is completely
covered. The XRD spectra are collected applying, e.g., a Philips X’Pert-MPDmachine
equipped with a graphite monochromator. Depending on the type of tool, the applied
current and voltage would be ~30 mA and ~40 kV, respectively, and Cu Kα radiation
(λ = 0.1542 nm) performing scan rate of 0.030 2θ/s. Figure 4 displays a schematic
diagram of how a quality data is collected without intricate sample preparation.

A small portion of the powder is placed in a sample holder to radiate with X-ray
of a fixed wavelength. A goniometer is used to record the intensity of the reflected
radiation. This information is then evaluated for the reflection angle to estimate the
inner atomic spacing (D). The intensity (I) is evaluated to distinguish (applying I
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ratio) the different D spacing, and the results are to determine possible matches. A
simple version of Bragg’s Law for powder diffraction is exhibited in Eq. 8 [27]:

nλ ¼ 2d sin θ (8)

where θ, d, λ, and n designate the Bragg angle (Fig. 4), distance between atomic
layer, the electron beam wavelength, and an integer, respectively. Sets of atomic
planes within a crystal structure resulted in constructive diffraction if the incident
beams strike them at the Bragg angle (θ). Atomic planes, (h k l), from which dhkl
values are identified, are indexed applying conventional Miller index notation. The
average crystallite size was calculated from different methods to ensure the accuracy
of their size. Firstly, to determine crystallite size, the Debye-Scherrer’s equation was
exploited using the Eq. 9 [33]:

d h k lð Þ ¼ kλ

β cos θ
(9)

where, λ, θ, and β designate wavelength radiation (λ = 0.154 nm), Bragg diffraction
angle, and full width of the diffraction line at half the maximum intensity (FWHM),
respectively. K is a constant, usually taken to be equal to 0.9 [33].

FWHM designated by β depicts peak broadening which can be related to the
discrepancy in integral profile width between a measured FWHM (βi) and equip-
ment broadening (βe); therefore, a refined version of β was used based on the
following equation in order to remove the errors due to the instruments [70].

β2 ¼ βi2 � βe2 (10)

Prior to estimating the crystallite size and lattice strain from XRD peaks and in
order to refine the data, the background was automatically eliminated, and the exact
position of kα1 and kα2 radiations was analyzed using the X’Pert High Score
software:

kα2

kα1
¼ 0:51 (11)

Fig. 4 Schematic diagram of
the XRD
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X’Pert High Score software executes the pseudo-Voigt profile function, which is
the weighted average between a Gaussian and a Lorentz function [70]:

Gik ¼ γ
c
1=2
0

Ηkπ
1þ C0X

2
ik

� ��1 þ 1� γð Þ c
1=2
1

Ηkπ1=2
exp C1X

2
ik

� �
(12)

where Xik is considered as (2θi – 2θk)/Hk, herein, Hk is the β value of the Kth Bragg
reflection, γ is a variable “mixing” parameter that yields the Lorentzian profile
amount in terms of the Gaussian profile amount, and C0 and C1 are taken to be
4 and 4� ln 2, respectively. Thus, the overall profile shape is presented [33].

The level of crystallinity in several nanofibers including poly (D,L lactide) (PDLA),
PLLA [99], PLGA [100, 101], poly (m-phenylene isophthalamide) (PMPI) [58],
polyamide 66 (PA66) [32], poly (glycolide) (PGA), poly (vinyl alcohol) (PVA) [52],
poly (ethylene oxide) (PEO) [69], poly (lactic acid) (PLA), poly (ε-caprolactone)
(PCL) [69], PET, PEN [48], PAN [41], poly (vinyl pyrrolidone) (PVP) [44], and
nylon-6 [19, 59] was assessed by XRD technique. The results showed a relatively low
level of crystallinity for most of the studied nanofibers, while a relatively high level of
molecular orientation was observed. Since electrospinning process is rapid and yielded
metastable amorphous nanofibers, the development of crystallite during electro-
spinning process is retarded [8].

Chemical Characterization of Nanofibers

X-ray Photoelectron Spectroscopy (XPS)
Most surface characteristics, such as hydrorepellence, wettability, adsorption, and
adhesion, of materials are strongly attributed to their microscopic properties, such as
elemental and molecular composition, microporosity, and roughness. Knowledge of
the surface dynamics of materials has recently allowed significant progress in many
academic and scientific fields [91]. So far, many electron spectroscopy techniques
have been developed as potential methods for surface analysis.

Among these tools, X-ray photoelectron spectroscopy (XPS) is considered as one
of the most powerful techniques, which typically gives accurate chemical information
about the surface of the materials, in the case of elemental and molecular composition.
It is also a strong technique enough to distinguish chemical states of the same element
in order to determine their depth distribution at a range of thickness of about 5–10 nm.
Furthermore, detection of the emitted electrons through electron counter creates an
opportunity to implement both the quantitative and qualitative analysis [81].

This technique is normally used in parallel with Auger process with a difference
that it is a one-electron process and the photoelectron kinetic energy is dependent
upon the excitation radiation energy. The photoelectron kinetic energy is obtained
around 0–1400 eV when the most commonly excitation sources are employed. XPS
is less likely to yield surface damage, and it can be preferable especially in
non-conductive materials, studying the nature of surface. So far, however, several
techniques have been employed to study the surface of treated materials; they,
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sometimes, do not involve key aspects of natural and synthetic materials. For example,
studying the functional groups induced onto nanofiber materials through the surface
treatment is only possible to carry out via XPS. In other words, induced various
functionalities during the surface treatment of nanofiber materials affect their proper-
ties, which is difficult to evaluate by means of other techniques. Therefore, under-
standing the surface features of such materials via XPS is very essential and inpriority.

XPS measurements are accomplished, e.g., with a ULVAC-PHI Quantera II
system equipped with monochromatic Al-Kα (hv = 1486.6 eV) X-ray source. The
experiments would operate at 25.6 W (beam diameter of 100 mm), wide scan
analysis (pass energy of 280 eV with 1 eV per step), and narrow scan analysis
(pass energy of 112 eV with 0.1 eV per step). The sample is pressed on the indium
foil prior to place in the high vacuumed chamber. The binding energy (BE) of the
XPS system is calibrated by setting C1’s peak at 112 eV [35].

Surface physicochemical characteristics of surface-treated nanofibers are nor-
mally sensitive to preparation methods and chemical and/or physical routes, which
makes remarkable variations in the surface of materials. For example, studying silver
nanofiber/polyvinylpyrrolidone (AgNF/PVP) core–shell nanofibers through XPS,
prepared via coaxial electrospinning process, indicated the presence of elemental
composition on the surface of AgNF/PVP core–shell ES nanofiber mats with a
desired composition [26]. From XPS spectrum, only peaks related to C, N, and O
emerged in the spectrum. Surprisingly, the XPS results revealed the absence of silver
on the AgNF/PVP core–shell ES nanofiber mats’ surface. Due to the fact that
elemental analysis of XPS can determine the topmost �100 Å in depth of a tested
sample [85], it is reasonable to draw a conclusion that the Ag signal in the PVP shell
surface was at least deeper than 10 nm so it could not be observed. The above results
indicate that the formed AgNF/PVP core–shell ES nanofiber mats are corresponding
with the ideal nanofiber model.

In another study, chemical composition and structure of p-PAN/CNC/Ag nano-
fibers are investigated [74]. The XPS results are shown in Fig. 5. C, N, O, N, C, and
Ag peaks were observed in the p-PAN/CNC/Ag nanofibers. Figure 5b shows a high-
resolution XPS of Ag 3d. The p PAN/CNC/Ag nanomats represented two specific
peaks. Their binding energy was about of 369.6 and 375.6 eV, which belongs to Ag
3d5/2 and Ag 3d3/2 energy levels, respectively. The spine energy separation is 6 eV,
reflecting the metallic nature of Ag [14]. The N 1s levels (Fig. 5c) showed only one
peak at 398 eV, which is attributed to nitrogen atoms present in nitrile structures
(CN) [73]. The high-resolution XPS of O1s is shown in Fig. 5d. The –OH peak in the
nanomat appeared at 532.0 eV. As compared to the previous works, it moved to
lower values. The reason is associated with the O-electron cloud density reduction in
–OH of the p-PAN/CNC/Ag system. This signifies that O chelated with silver ions
[95]. The Ag ions were chelated between the hydroxyl sites of Ag ions and CNCs,
but the cyano groups of PAN. CNCs in these electrospun nanostructures binding the
PAN with the metallic nanostructure by H-bonds. This results in a good foundation
for the metallic/CNC/PAN nanocomposite materials. Peaks located at 530.9 eV and
529.5 eV were attributed to C=O and Al2O3. These peaks are induced by the
residual solvent and aluminum foil used to collect the fibers [95].
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Fourier Transform Infrared Spectroscopy (FT-IR)
The term Fourier transform infrared spectroscopy (FTIR) refers to a recent
advance in the manner where the interference pattern data is collected and
converted to a spectrum. Indeed, infrared radiation is passed through a sample
and different phenomena occur. The emitted radiation could be absorbed, passed,
and/or transmitted from the sample. The obtained spectrum provides some
information about molecular transmission and absorption which yields molecular
fingerprint for the materials.

The wavelength of absorbed light shows characteristic of the chemical bond,
which is observed in spectrum. Similar to a human fingerprint, no two individual
molecular structures generate the same infrared spectrum. This feature makes
FTIR useful for a number of analyses such as identifying unknown materials,
determining the quality of a sample, and determining the value of components in
a mixture.

The functional groups of the several nanofibers such as poly (vinyl alcohol)
(PVA) [52], modified cellulose/poly (vinyl alcohol) (MC/PVA) [12], polyamide
66 (PA66) [32], poly (lactic acid) (PLA), poly (ethylene oxide) (PEO), poly
(ε-caprolactone) (PCL) [69], and poly (vinyl pyrrolidone) (PVP) [44] were investi-
gated using FTIR spectroscopy. The strength of molecular interaction between
polymers inside the nanofibers could be investigated by using FTIR as well [44].

Raman Spectroscopy
Raman spectroscopy is used to evaluate the rotational, vibrational, and other
low-frequency modes in physical or chemical systems. It depends on inelastic
scattering, or Raman scattering of monochromatic light in the near-infrared or
near-ultraviolet and visible range, typically generated from a laser source. Indeed,
the interaction of laser light with phonons or other excitations leads to the energy of
the laser photons being moved up or down. The change in the laser photons’ energy
provides information about the phonon modes in the system.

Raman spectroscopy has been widely used for different nanofibers to investigate
the considerable variations in the distribution of the polymers and to assess the
presence of carbonaceous materials within the polymeric nanofiber matrix and their
effects on the morphology and physical properties of the nanofibers [15].

Polystyrene nanofibers loaded with different amounts of MWCNTs were
investigated by using Raman spectroscopy. The D and G bands of MWCNTs as
the main Raman bands showed a significant increase in the intensity of bands
because of MWCNT dispersion in polystyrene. The observed modification in
Raman bands is attributed to the stress transfer from polystyrene to MWCNTs
[15]. In another try, the D and G bands of the poly (acrylonitrile) (PAN)-based
carbon nanofibers were studied to determine the crystallite sizes. The D and G
bands, which are attributed to sp2 carbon species, were fitted into a Gaussian–-
Lorentzian hybridized function. The crystallite sizes of nanofibers were deter-
mined from the ratios of the intensity of the G to that of the D band [46]. Raman
spectroscopy has also been utilized to study the effects of CNTs on composite
nanofibers of silk, carbon fibers, and PAN.
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Thermal Evaluation Techniques

In the thermal analysis, a physical behavior of a material is determined in terms of
temperature, where a controlled temperature program is employed. Thermo-
gravimetric analysis (TGA) is being used to dictate an occurred variation in weight
of material (loss or gain) as a function of alter in heating temperature. Differential
scanning calorimetry (DSC) comprises cooling or heating test and relies on differ-
ences in energy required to keep the sample and reference at an identical tempera-
ture. The temperature differences between an inert reference material and a sample is
determined by using differential thermal analysis (DTA), when both are treated with
the identical heat. The analysis of thermal feature of the materials is carried out by
using DTA, thermogravimetric analysis (TGA), and differential scanning calorime-
try (DSC).

Differential Scanning Calorimetry Technique
In the differential scanning calorimetry (DSC) techniques, a sample is sealed in
aluminum or platinum crucible (sample pan), and a reference sample free aluminum
pan is manipulated at the same temperature. The sample pan with higher thermal
aptitude will request additional thermal energy attributed to the reference sample free
aluminum pan to reach an applied temperature. When the insulated precincts’
temperature raised, the change in the energy requirement for the both reference
sample free aluminum pan and the sample could be monitored precisely. In the
thermal behavior, several distinctive prototypes such as first- and second-order
transitions, solution evaporation, and chemical reactions can be observed.

The sample and reference pans could be placed in an insulated chamber with an
efficient thermal contact with each other through a metallic connector. The existence
of nanofibers inside the pan will induce thermal imbalance followed by heat flow
between sample and reference pans. The enthalpy changes can be measured by
estimating the difference in temperature between the pans, ΔT. The nanofibers will
encounter melting of the crystalline fraction, as an endothermic event.

As temperature is raised to the crystalline melting temperature of the nanofibers,
Tm, the latent heat attributed to the thermodynamic transition leads to the observation
of endothermic peak in the DSC curve. The endothermic peak location on the
temperature axis is associated with the crystallite chemistry.

The plot of heat flow (mW) against temperature is achieved when the temperature
increased from T1 to T2, and the shift in the enthalpy, ΔH, is correlated to the area
under the curve, A:

ΔH ¼ kA (13)

where k is an instrument constant.
This technique is widely used to study the degrees of molecular orientation for

different electrospun polymer nanofibers such as PLLA [99], modified cellulose/poly
(vinyl alcohol) (MC/PVA) [12], poly (benzimidazole) [49], polyamide 66 (PA66) [32],
poly (lactic acid) (PLA), poly(ethylene oxide) (PEO), poly(ε-caprolactone) (PCL)
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[69], and PAN [11]. The higher degrees of molecular orientation in the electrospun
polymer nanofibers are achieved as compared to cast film of the polymers which
are frequently confirmed. The crystallization temperatures of poly (ethylene tere-
phthalate) (PET) and poly (ethylenenapthalate) (PEN) nanofibers were also inves-
tigated by using DSC [48].

The generation of polymer fibers from polymer solution generally changes the
orientation of polymer chains. The configuration of the polymer chains within the
nanofibers could be investigated by X-ray diffraction (XRD) technique beside DSC,
which is described below.

Thermogravimetric Analysis (TGA)
Thermogravimetric analysis (TGA) provides useful information about material
compositions through decomposing all organic contents at high temperatures with
a uniform heating rate. In the TGA analysis, a plot of mass against temperature or
time is generated to measure the changes in the chemical and physical features of
materials. The obtained thermogravimetric curves provides useful data about the
thermal stability of remained materials, polymerization, second-order phase transi-
tions, solid/gas interactions, the expediencies of stabilizers and activators, dehydra-
tion, and pyrolysis. In this case, by increasing temperature at a consistent rate, the
decrease in the mass or gain of a sample is recorded. In the TGA instruments, sample
is placed in a balance with a platinum crucible which is located inside a program-
mable furnace. TGA procedure is generally performed under air gas, but other inert
gases such as nitrogen could be used as well in the either first or second stage of test
to prohibit oxidation and/or other undesired reactions. For instance, the amount of
silica in the vinyl polymer–silica hybrids was measured by TGA which was in line
with the stoichiometry analysis results. In another effort, the thermal stability of the
neat and nanophased polypropylene was investigated by using TGA. The heat rate
was set at 10 �C/min and the test was conducted under nitrogen gas. The initial
decomposition was observed at 10% of the total weight loss which was started at
394 �C and 430 �C for neat and nanophased polypropylene, respectively. The
decomposition temperatures for neat and nanophased polypropylene were 444 �C
and 474 �C, respectively. It showed that the nanophased polypropylene is thermally
more stable than the neat polypropylene.

Magnetic Characteristic Measurements

M-H Hysteresis Loop
Vibrating sample magnetometer (VSM) is used to characterize the magnetic behav-
ior of the samples. The VSM traits on Faraday’s law of induction indicates that the
generation of electric field is attributed to varying in the magnetic field. The VSM
performing principle is by first placing the sample to be evaluated in a constant
magnetic field. This constant magnetic field is prone to magnetize the sample by
lining up the magnetic domains or the individual magnetic spins, with the field if the
sample is magnetic. Larger magnetization will be occurred if the constant field is
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stronger. A magnetic field around the sample is created as a result of the magnetic
dipole moment, which is well-known as magnetic stray field. As the sample is
shifted up and down, the magnetic stray field is varying as a function of time, and
it is sensing by a set of pick-up coils [34].

The hysteresis loops are obtained by using a VSM with different models, e.g.,
model 7400 series. An automatic measurement on the fundamental magnetization
curve is provided by this equipment. Furthermore, it provides magnetic hysteresis
graphs under static state of various magnetic materials, precise measurement on
static magnetic behavior parameters such as coercivity (Hc), saturation magnetiza-
tion (Ms), and remanence (Br). Magnetization in terms of applied field measure-
ments is a time-dependent measurement of the magnetic moment of a sample as the
magnetism is enhanced and declined in a hysteretic fashion.

A room temperature starting at zero applied fields is normally operated for the
measurement of the hysteresis loop. First, the magnetic field is ramped to, e.g., 1 kOe
in 100 Oe accresions, continued by ramping to 10 kOe in 1 kOe enhancements. The
reversion magnetic field is applied at identical state of field spacings to �10 kOe.
Eventually, the magnetic field is elevated to 12 kOe to carry out a complete
measurement of the hysteresis loop. The Ms is identified by scrutinizing the mag-
netic moment of the sample at the largest applied magnetic field. Hc and Mr are
estimated by placing the point on the x-axis and on the y-axis, respectively, where
the magnetization is zero in an applied field:

MS ¼ 8:1661exp
3T

1000

� �
(14)

where T is temperature.
For example, the variation of Hc with particle size in CoFe2O4 nanofiber is shown

in Fig. 6 [60]. It indicates that by increasing the calcination temperature, the particle
size changes from single-domain to multi-domain state, determining the critical
particle size for CoFe2O4 nanofiber. It also indicates the canted spin arrangement
on the surface of particles, which is considered as “dead magnetic layer.” This is
associated with the thermal energy (KBT). When size reached nanoscale, thermal
energy became more prominent and comparable to the magnetic anisotropy energy
(K1V). This is described in terms of a core–shell scenario: a ferromagnetic (FM) core
with a paramagnetic (PM) shell, as shown in Fig. 6, and the core is the source of the
principal magnetic attributes. As the particles grow, their contribution to the PM shell
relatively decreased. Such random surface spins have a significant influence on the
magnetic moments. The larger grain sizes lead to a higher Ms. The variation of Hc with
particle size, which raised from gradual increase in calcination temperature, is also
stated elsewhere.

B-H Hysteresis Loop
B-H hysteresis loop is attained by performing, for example, a Linkjoin Technology
MATS 2010 Static Hysteresisgraph. From the B-H curve, the parameters are the
following: Hc, saturation induction (Bs), and flux density (Br). The measurement is
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accomplished on the toroid samples at room temperature. Each sample is rounded
with 60 turns for secondary turn (N2) with a copper wire and with 10 turns for
primary turn (N1) with covered copper wire. Then, the samples connected to a B-H
hysteresis graph and its curve are shown on the monitor [34].

Electrical and Dielectric Behavior Measurement

Dielectric Behaviors
The pellet form samples with thickness of 3 mm and diameter of 10 nm are used to
measure the dielectric properties. The samples are placed between two sandwich-
liked plates and then connected to instrument. The Novocontrol dielectric machine is
used to measure dielectric properties such as dielectric constant and dielectric loss. It
is interesting to mention that by using this machine there is no longer conversion of
data and it directly gives the values of dielectric behaviors.

Electrical Resistivity Measurement and Evaluation
The issue with the resistance measurement is that it relies not only on the material out
of which the wire is composed but also the wire geometry. For instance, the
measured resistance would enhance by increasing the length or reducing the diam-
eter of the used wire. However, to determine a behavior that explains a material’s
ability to carry electrical current that is independent of the geometrical factors, its
resistivity is computed. In doing so, the electrical resistance (R) is measured by
using, e.g., Keithley 6485 Picoammeter. To resistance measurement, the samples are

Fig. 6 Schematic illustration of Hc versus particle size (R) [60]
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placed between parallel plates and attached to the instrument. A current is passed
through the sample by conducting a metallic contact deposited at the end of each
sample. In fact, after smoothly polishing the toroid-like samples by silica carbide
paper, in order to make better electrical connection between the plates and sample, a
silver paste is deposited on the samples. Then, the Eq. 15 is applied to compute the
resistivity of the sample:

ρ ¼ AR

t
Ωcm (15)

where A and t refer to the cross-sectional area and thickness of the sample.
In composite nanofiber materials, in order to shift the composite from the insulative

state into the conductive state, a critical filler loading (the percolation threshold) should
be integrated. The electrical conductivity of the composite would suddenly enhance at
the critical filler loading. As shown in Fig. 7, the filler generates an incessant network
inside the polymer matrix at the percolation threshold. Enhancement in the filler
loading results in a little effect on the composite electrical resistivity.

Once the filler loading increases above the percolation threshold, a remarkable
reduction in the composite’s electrical resistivity occurs [1]. In this state the three-
dimensional conductive network does not form at the percolation concentration, and
hence the composite conductivity is attributed to tunneling beside direct contact
between the particles.

Tunneling conduction is the dominant mechanism in some cases. It occurs once
the distance between the filler particles are small enough, approximately less than
10 nm. The current–voltage (I-V) relationship investigation indicates if the compos-
ite conductivity is because of tunneling or direct contact between the particles

Fig. 7 Schematic of typical electrical resistivity as a function of filler loading of high aspect ratio
filler/polymer system [1]
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[96]. Linear I-V relationship (Ohm’s law) shows that the dominant conduction
mechanism is direct contact between the filler particles. Nevertheless, when com-
posites are characterized by using power law I-V relation, the tunneling is the main
mechanism [1, 13].

Characterization of Single Fiber

Due to the fact that nanofiber characterization is controlled by the properties of the
individual fibers, characterization of single fibers is important for understanding
physical, chemical, and mechanical properties of nanofibers. Assessment of single-
fiber properties by interpreting of data obtained from the characterization of nanofibers
samples is not practical. Nanofibers with dimensions smaller than the wavelength of
light are complicated to extract or assess. Different novel approaches for the direct
characterization of mechanical, electrical, optical, and thermal properties of single
fibers are developed, and the mechanical properties of fibers are discussed in details in
the following section [3, 50, 55]. Various conventional test techniques used in
materials science have also been efficiently employed for nanofibers. For example,
single electrospun nanofiber could practically be installed in a universal tensile test
machine to monitor their properties [39, 87]. Besides, individual nanofibers of poly
(L-lactide) (PLLA) and poly (1-caprolactone) (PCL) nanofibers electrospun were
successfully isolated and installed in a tensile test machine [40, 86, 87]. The tensile
test of PCL yielded a tensile modulus of 120 � 30 MPa and an ultimate extensibility
of 200 � 100%. In addition, however, AFM is mostly used for profilometric and
surface chemistry study of materials; it can be used for measuring tensile properties of
nanofiber to avoid some of the drawbacks attributed to the nanofibers handling during
test procedure. This technique has been also served as an appropriate system in
monitoring mechanical properties of individual nanofibers [38]. For instance, tensile
properties of single-walled carbon nanotubes (SWCNTs) and multi-walled carbon
nanotubes (MWCNTs) have been measured through AFM study [17].

The AFM instruments can be used for nanoindentation measurement, bending
test, and uniaxial extension test in the nanofibers. For nanoindentation measure-
ments, the AFM is operated in the force mode when tip is in contact with the sample
surface. To obtain more meaningful information, the small diameter tip is required
and the data should be collected at the same strain rate. The indentation depth, dZ,
diverges linearly with the utilized load, p. The slope of the curve at Pmax is directly
correlated to the Young’s modulus, E*, of the nanofibers, and A is the sample area
where tip is connected:

Slope ¼ dP=dZf gmax ¼ 2E� A=πð Þ1=2 (16)

The AFM is used for bending test by applying a deflecting force into nanofibers to
measure Young’s modulus, E*. The applied force, F, by the tip at the fiber leads to a
tip deflection, ΔZ, which can be converted to the fiber deformation, δ. The applied
force, F, is attributed to the deformation of the sample, δ, as given below [98]:
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δ ¼ F L3=αE�I
� �

(17)

where I, L, and α are the moment of inertia, the suspended length of the fiber, and
constant value, respectively.

The AFM instrument has been applied on PEO [5], poly (dicyclopentadiene) [4],
inorganic Ti nanofibers, TiO2-filled poly (vinylpyrrolidone) (PVP) [53], polyacry-
lonitrile (PAN) [31], and PVA nanofibers [82] to measurement bending properties.

Using AFM for illustration of a complete stress–strain curve for an individual
nanofiber is a challenging procedure [87]. Uniaxial extension test was used for
aligned PEO nanofibers by using a piezoresistive AFM cantilever, and the elastic
modulus of PEO nanofibers was estimated to be about of 45 MPa. In this case, the
deflection data are converted to the electrical resistance of the piezoresistive canti-
lever to test the uniaxial load. The uniaxial extension information was measured
from an image recorded by a charge-coupled device (CCD) camera.

The Raman spectroscopy could be used as a powerful technique to calculate the
molecular orientation and structure of individual nanofibers. This technique has been
used in the characterization of single electrospun poly (ethylene terephthalate)
nanofibers [75].

Conclusions and Perspectives

Nanofibers as a relatively new developed type of nanomaterials satisfy many of
drawbacks faced with nanomaterial synthesis procedures including low chemical
and biological flexibility, toxicity, cost, and need for large-scale fabrication plat-
forms. Therefore, nanofibers could open up a new window for extensive scientific
and industrial applications of organic-based nanotechnology. Principal challenges in
the characterization of nanofiber including limitation in the manipulating small
nanofibers, the lack of confirmed appropriate techniques, finding an appropriate
observation mode, finding a suitable source for force transducers and actuators,
and single nanofibers sample preparation make it a complicated procedure. More-
over, nanofibers could simply degrade under harsh reaction conditions; so, when
degradable polymers are used as samples, particular care should be taken to protect
nanofibers from quick destruction or degradation during characterization process.
Therefore, characterization of nanofibers is far from being ideal, and more attempts
have to be done to perfectly characterize this speculate material for using nanofibers
in various applications and future devices.
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