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Abstract: Electrospinning is a rapidly growing polymer processing technology as it
provides a viable and simple method to create ultra-fine continuous fibers. This paper
presents an in-depth review of the mechanical properties of electrospun fibers and
particularly focuses on methodologies to generate high strength and high modulus
nanofibers. As such, it aims to provide some guidance to future research activities in the
area of high performance electrospun fibers.

Keywords: polymer nanofibers; chain orientation; chain extension; crystallinity;
mechanical properties; carbon nanotubes; carbon nanofibers

1. Introduction

Over the last two decades, a relatively old technique, electrospinning, has been receiving renewed
interest due to its huge potential of producing polymer nanofibers [1-3]. Since then, basic
electrospinning theories [4—6] have been developed and hundreds of electrospun nanofibers from
different polymer systems have been practically produced [7-9].
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The small fiber diameter (usually 20 nm-1 pm), high specific surface area (tens to hundreds m?/g),
high porosity and small pore size renders electrospun nanofibers of interest for a wide range of
potential applications in tissue engineering, drug delivery, textiles, filtration, composite
reinforcements, etc. [10-12]. Many applications require however high mechanical property nanofibers
and for applications like air filtration systems [13], microfibers are still employed as supports for
electrospun fibers as these nanofibers are often too weak to be used independently.

Compared to corresponding textile fibers made from the same polymers, the mechanical properties
of electrospun nanofibers are often found to be poor. Electrospun nanofibers typically display tensile
strengths below 300 MPa and Young’s moduli below 3 GPa [12,14-19], which can be mainly ascribed
to the low degree of orientation and chain extension of the polymer chains along the fiber axis. The
objective of this review article is to report on the various research works on mechanical properties of
electrospun nanofibers and to answer the question whether it is at all possible to produce high modulus
and high strength electrospun nanofibers. For this, first a brief overview of different concepts to
produce conventional high performance synthetic fibers will be given, focusing on flexible chain
versus rigid chain polymers. Subsequently, we will discuss current progresses in the manufacturing of
high performance electrospun nanofibers.

2. High Strength and High Modulus Fibers
2.1. Basic Concepts for High Performance Fibers

A century ago, natural fibers like cotton, silk, and wool dominated the market due to their
abundance and aesthetic appeal. In the 1920s, Hermann Staudinger was the first to propose the concept
of macromolecules [20] and this epoch-making idea greatly influenced the discovery of synthetic
fibers with the first synthetic fiber being invented in 1935 by Wallace Carothers, which is known to us
as polyamide (PA) or nylon fiber [21].

The two most commonly used aliphatic polyamide fibers are polyamide 6 and polyamide 6,6 which
are made of caprolactam and hexamethylenediamine with adipic acid, respectively. Polyamide (PA)
fibers are produced by melt-spinning and are given moderate molecular orientation and crystallinity
after post-drawing. Molecular orientation and crystallinity, along with hydrogen bonding between
chains provided by the amide group (-NH-CO-) [22] provides them with good mechanical properties
and abrasion resistance, which renders them to be one of the most widely used industrial fibers.
Polyethylene terephthalate (PET), which is the most important commercial polyester, first appeared on
the market in 1953 [23] and is now fully established in textile and technical fibers. PET is produced
by polymerization of either dimethyl terephthalate or terephthalic acid with ethylene glycol.
Melt-spinning in combination post-drawing is also applied in the manufacture of PET fibers, with main
applications in textiles, ropes, tyres, carpets, and so on. Since these initial developments on PA and
PET, more and more synthetic fibers have been investigated and developed.

The tensile strength and Young’s modulus of those traditional synthetic fibers are usually limited to
below 1 GPa and 15 GPa, respectively. The relatively low mechanical performance of these textile
fibers greatly limits their applications in areas such as aerospace, protective clothing, armor, advanced
composites, etc.
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In 1932, Staudinger [24] postulated the basic requirements for producing a high strength and high
modulus synthetic fiber. In his structural model for such a fiber, all molecular chains should be fully
extended and perfectly aligned along the fiber axis. Simultaneously, few chain end defects should exist
as the tensile strength is determined by secondary bonds rather than primary bonds. The fully extended
and oriented polymer chains will provide ultimate stiffness to the fiber while the few chain end defects
as in the case of high molecular weight polymers provides high tenacity, the combination of both
making the ideal fiber (Figure 1).

Figure 1. Ideal polymer chains model for producing high strength and high modulus fibers.

It has long been recognized by Meyer and Lotmar [25] that only extended polymer chains will
provide high stiffness. In 1960, Terloar [26] estimated the longitudinal modulus of a single extended
polyethylene chain to be 182 GPa in comparison to the Young’s modulus of isotropic polyethylene
being less than 2 GPa [27]. More calculations showed that the Young’s modulus of a single extended
polyethylene chain can reach even higher values up to 320 GPa [28]. On the other hand, polymers like
polypropylene with a helical chain configuration, exhibit a much lower theoretical modulus compared
with planar zig-zag configurations as in polyethylene. Elastic modulus of crystalline regions in the
direction parallel to the chain axis have since also been measured experimentally using X-ray
diffraction (Table 1), providing great insight into the potential of certain polymers to generate high
performance fibers [29-31].

Table 1. Theoretical crystal modulus of polymers derived from X-ray diffraction studies [29-31].

Polymer Theoretical modulus (GPa)
Polyethylene (PE) 235
Poly(vinyl alcohol) (PVA) 250
Polyamide-6 (PA 6) 157
Poly(ethylene terephthalate) (PET) 108
Polypropylene (PP) 40

Polyacrylonitrile (PAN) 35-55

Thermotropic polyester (Vectran) 126
Poly(p-phenylene terehthalamide) (PPTA) 156

Poly(phenylene benzobisoxazole) (PBO) 478
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All the above studies indicated that high modulus and high strength in fibers mainly relies on high
polymer chain orientation and extension, combined with sufficient chain length. Inspired by this,
polymer scientists have attempted to improve the mechanical properties of fibers by pursuing two routes
to reach Staudinger’s ideal model, i.e., flexible chain polymers and rigid chain polymers [32].

2.2. High Performance Fibers Based on Flexible Polymer Chains

In the case of flexible chains, notably polyethylene, the chains tend to fold upon crystallization and
in order to get the desired level of chain extension necessary to exploit the intrinsic properties of the
polymer chain, solid-state drawing at elevated temperature but below the melting temperature is
applied [33-35]. Great efforts have been devoted to melt-spinning and later also solution-spinning
of polyethylene in the 1970s. Ward et al. [36,37] developed polyethylene fibers using a process of
melt-spinning followed by drawing in the solid state. This technique had limitations with respect to the
use of high molecular weight polymers and as such the tenacity of the obtained fibers, as spinnability
(as a result of the rapidly increasing melt viscosity) and fiber drawability both decreased with increasing
molecular weight. An initial breakthrough in the development of high strength polyethylene fibers was
the so-called surface growth technique from Zwijnenberg and Pennings [38,39]. Here, Young’s moduli
exceeding 100 GPa and tensile strengths over 3 GPa were obtained from ultra-high molecular weight
polyethylene. Their results were a break-through as this was the first experimental evidence that high
modulus and high strength structures could be produced from flexible chain polymers [40].

An industrial breakthrough in the production of high modulus and high strength polymer fibers was
achieved by the solution (or gel) spinning process developed at DSM in the Netherlands at the end
of the 1970s. Smith and Lemstra [41-44] discovered that as-spun ultra-high molecular weight
polyethylene filaments from solution could be hot-stretched in the solid-state below the melting
temperature to very high draw ratios. In the gel-spinning process, a semi-diluted ultra-high molecular
weight (Mw > 10° g/mol) polyethylene solution of low polymer concentration is squeezed through a
spinneret and after quenching in a water bath a gel-like filament is obtained (Figure 2). This results in a
morphology with a low entanglement density of polymer chains in the as-spun gel-like fiber, which
renders them super-drawable.

Figure 2. Schematics of the gel-spinning process [34].
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Upon solid-state drawing, the lamellae structure of the as-spun polyethylene fiber will initially
orient in the drawing direction. At higher draw-ratios, these lamellae ideally unravel into chain-extended
structures approaching ultimate properties (see Table 1). In fact, the solid-state drawing step can be
regarded as the single most important process step needed to create high performance fibers, based on
flexible chain polymers. Since the relaxation times of flexible chain polymers are typically very short,
the elongation flow induced orientation in the as-spun fibers rapidly disappears due to relaxation
before solidification. High performance fibers based on flexible chain polymers are therefore typically
post-drawn in the solid-state below the melting temperature as this will prevent chain relaxation after
orientation and chain extension.

Dyneema® by DSM and Spectra® by its licensee Allied Signal (now Honeywell) are two
commercially available high strength and high modulus fibers that use ultra-high molecular weight
polyethylene (UHMWPE) as a starting material. These fibers have Young’s moduli exceeding 100 GPa
and tensile strengths of more than 3 GPa, i.e., 100 times that of bulk polyethylene. In combination
with their low density (<1000 kg/m®), this leads to exceptionally high specific mechanical properties
(properties per unit weight), making these UHMWPE fibers of interest for a wide range of
applications ranging from maritime ropes to protective gloves, bullet-proof vests, and other advanced
composites applications.

2.3. High Performance Fibers Based on Rigid Polymer Chains

The discovery of rigid rod polymers to produce high performance fibers originated from the
discovery of para-oriented aromatic polyamide [45,46], notably, poly(p-phenylene terehthalamide)
(PPTA). Large research efforts led to significant advances in the fundamental understanding of PPTA
polymerization [47], spinning solutions [48,49], spinning process and the structure of para-aramid
fibers [48,50], taking full advantage of its rigid rod like molecular structure and unique liquid
crystalline properties.

Generally, PPTA exhibits lyotropic liquid crystalline properties in proper solvents, viz. concentrated
sulphuric acid. At low concentrations, the rod-like molecules are randomly distributed but they tend to
order and form nematic domains above a certain concentration (see also Section 3.3.1.). As chain
extension in rigid chains is already built in by the chemist, it is not essential to post-draw these as-spun
filaments, which is the main difference between processing fibers based on rigid and flexible
chain molecules.

The melting point of PPTA is higher than its degradation temperature, so melt-spinning is not
feasible in the case of PPTA. Dry-jet (air gap) wet spinning [47] was utilized as a novel spinning route
for these materials in the 1970s. Anisotropic solutions with concentrations of around 19-20 PPTA in
concentrated sulphuric acid at 70-90 °C, i.e., concentrated solutions of moderate viscosities, were used
for spinning of these fibers. Orientation with extended chain configuration of the liquid crystalline
domains is achieved in the air-gap (Figure 3) and fixed in the coagulation bath usually made up of
water or diluted sulphuric acid with temperatures in the range of 0-5 °C. The as-spun fibers are then
washed, neutralized, and dried afterwards. The degree of chain orientation and crystallinity can be
further tuned by changing the draw ratio during spinning and/or by heat treatments.
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Figure 3. Molecular orientation during dry-jet wet spinning of PPTA.
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Para-aramid fibers are manufactured under the trademark of Kevlar® (Du Pont, Wilmington, USA)
and Twaron® (Teijin Aramid, Arnhem, The Netherlands). A combination of properties like light
weight, high strength, high modulus, excellent high temperature resistance and good resistance to
chemicals, make para-aramid fibers of interest for aerospace composites, anti-ballistic materials, and
many other advanced applications.

Another high strength and high modulus fiber based on (semi) rigid polymer chains is aromatic
polyester which exhibits liquid crystalline properties. This thermoptropic liquid crystalline polymer
(TLCP) fiber was initially developed by Celanese Corporation and became commercially available in
the mid-1980s under the trade name Vectran®. Melt-spinning using conventional extrusion practices in
combination with moderate draw-down is performed on these thermotropic liquid crystal polyesters to
fully exploit its liquid crystalline properties [51].

Other more recent developments in high performance fibers based on lyotropic liquid crystalline
rigid rod polymers are poly(phenylene benzobisoxazole) (PBO) from Toyobo Corporation under
the trade name Zylon® [52-54] and poly(hydroquinone-diimidazopyridine) (“M-5") [55] from
Akzo-Nobel with a very similar chemical structure as PBO but exhibiting much better compressive
properties [56]. The mechanical properties of all these fibers are later shown in Figure 21.

3. Electrospun Nanofibers
3.1. Basic Concepts of Electrospinning

Electrospinning is a versatile technique that makes use of an -in principle- very simple experimental
set-up. Normally, polymers or polymer mixtures to be used in electrospinning are dissolved in organic
solvents to make homogenous spinnable solutions. These spinning solutions are usually pumped from
a single nozzle at a controlled feeding rate. 10-50 kV DC high voltages are typically applied between
two electrodes within a distance of 10-30 cm to generate an electrostatic field. Consequently,
a pending droplet will be stretched to a Taylor cone first by electrostatic repulsion forces resulting
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from charges on the solution [57]. A solution jet will be ejected from the deformed cone when the
repulsion force exceeds the surface tension of the pending droplet. In its flight to the counter electrode,
it will move in a straight line for a short distance followed by a whipping path (Figure 4) accompanied
with solvent evaporation and jet stretching until a solid nanofiber mat (Figure 5) is collected on

the substrate.

Figure 4. A typical electrospinning set-up with a grounded collector.
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Figure 5. Two scanning electron microscope (SEM) pictures of an electrospun
PAG6 nanofiber non-woven mat under different magnifications (scale bars of 40 um and
5 um, respectively).

In principle, a numbers of parameters, which can be classified into solution and processing
parameters, are believed to affect the electrospinning process. Solution parameters include viscosity
(Figure 6), molecular weight of polymer, conductivity, surface tension, etc. Solution feeding rate,
process temperature and humidity, applied voltage, distance between electrodes, and design of
collector are typical processing parameters which also influence spinnability and fiber morphology [58].
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A significant disadvantage of electrospinning as a means to create polymer nanofibers has been the
low production rate using single needle systems, which have been typically restricted to a few grams
per hour. However, recently, several new technologies have been suggested that tackle this issue.

Free liquid surface electrospinning [59] such as the Nanospider® technology applies a nozzle-less
electrospinning head instead of a traditional nozzle based set-up. Its rotating electrospinning head
can carry a thin layer of polymer solution from a liquid polymer bath and nanofiber layers in a high
throughout rate can be produced when the polymer solution is exposed to a high electrical field
(Figure 7a). Electrospinning has also been combined with traditional polymer processing techniques
such as twin-screw extrusion in order to improve the ability to spin more viscous systems including
polymer melts [60]. Moreover, such a process can generate high production rates when combined with
multi-nozzle spinnerets (Figure 7b) [61].

Figure 6. Different fiber morphologies of electrospun nanofibers produced from low
solution concentration to high solution concentration of poly(methyl methacrylate)
(PMMA\) in DMF.
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Recently also alternative spinning technologies for nanofibers have been introduced, such as a
rotary jet-spinning technology that is capable of high rate spinning [62]. Unlike conventional
electrospinning using an electrostatic force as driving force to generate fibers, in rotary jet-spinning
nanofibers are fabricated by a centrifugal force caused by high speed rotation of a polymer solution or
melt as shown in Figure 7c.

To make high performance electrospun nanofibers, in principle, the molecular structures of
nanofibers should be oriented with chain extension, and should resemble the ideal polymer chains
model described in Figure 1. In the next section, recent reports on mechanical properties of electrospun
nanofibers are presented according to their intrinsic chain flexibility, viz. flexible chains versus rigid
chains. Some nanofibers possessing enhanced mechanical properties are highlighted.
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Figure 7. Novel nanofiber production technologies (a) nozzle-less electrospinning with a
rotating head [59]. Reproduced with permission from Petrik et al., 2009. Copyright
Cambridge Univ Press. (b) Multi-nozzle electrospinning with a twin-screw extrusion [61].
Reproduced with permission from Senturk-Ozer et al., 2012. Copyright John Wiley &
Sons. () Rotary jet-spinning [62]. Reproduced with permission from Badrossamay et al.,
2010. Copyright American Chemical Society.
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3.2. Electrospun Nanofibers Based on Flexible Chain Polymers

Inspired by the success of Dyneema®, Rein et al. [63] tried to fabricate UHMWPE fibers using the
electrospinning method. The mechanical properties of manually twisted yarn from as-spun nanofiber
mats were investigated and a tensile strength of 129 MPa and modulus of 0.4 GPa
were reported, which are well below those of commercial UHMWPE fibers at around 3000 MPa and
100 GPa, respectively [64]. The relatively low strength and modulus of these electrospun UHMWPE
fibers can to some extent be explained from their wide-angle X-ray scattering (WAXS) pattern (Figure 8).
The WAXS data shows a significant difference of the average molecular chain orientation in
electrospun and solution-spun ultra-drawn UHMWPE. Where electrospun UHMWPE shows broad
(110) and (200) reflection arcs, shows only ultra-drawn UHMWPE greatly intensified reflections
typical of a highly oriented polymer fiber.
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Figure 8. (a) WAXS pattern of electrospun UHMWPE nanofiber [63], showing broad
reflection arcs typical of a moderately oriented polymer structure. Reproduced with
permission from Rein et al., 2007. Copyright John Wiley & Sons. (b) WAXS pattern of
solution-spun ultra-drawn UHMWPE fiber with draw-ratio 100, showing intense reflections
typical of a highly oriented polymer structure [33].
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Table 2. Mechanical properties of electrospun polyamide (PA) and poly(ethylene
terephthalate) (PET) nanofibers.

Modulus Strength

Polymer Solvent & concentration Sample Refs.
y Y ! P (MPa) (MPa)
0/ i -
PAG 6wt%inl,1,1,3,3,3 Nonyvoven 3449 72405
hexafluoro-2- propanol nanofiber mat [65]
04 | -
PA 6.6 7.5wt%in1,1,1,3,3,3 Nonyvoven 2141 6.5+ 0.8
hexafluoro-2-propanol nanofiber mat
o Nonwoven 19 10.5
PA 6 20 wt% in formic acid nanofiber mat [66]
Single nanofiber 902 304
PA 6,6 20 wt% in formic acid Single nanofiber 950 + 390 150 + 49 [67]
10 wt% in formic acid &
PA Nanofiber yarn 121 12
6.6 chloroform (75:25 v/v) anofiber ya 0 0 [68]
12 wt% in formic acid &
PA L ingle nanofiber 1320 + 152 78.1 + 6.
0 acetic acid (50:50 w/w) Single nanofibe 3 > 8 6.0 [69]
12 wt% in formic acid & Nonwoven
PA 6 . . 418+ 93 57.7+8.9 70
acetic acid (50:50 w/w) nanofiber mat [70]
30% (w/v) in TFA & DCM Nonwoven
PET . 60 3.7 71
(70:30 v/v) nanofiber mat [71]
PA 6/6,6 Melt Bulk 2000-2500 50-80 23]
PET Melt Bulk 2000-3000 50-150
PA 6/6,6 Melt-spun + drawn Single fiber 6000 1000 [40]
PET Melt-spun + drawn Single fiber 15000 1100

With respect to the vast amount of research on other electrospun nanofibers based on flexible chain
polymers such as aliphatic polyamide and polyester, a relatively limited number of studies involved the
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mechanical properties of non-woven nanofiber mats or even single nanofibers. According to Table 2,
the mechanical properties of most electrospun polyamide and polyester fibers are also not comparable
with conventional microfibers manufactured by melt-spinning, which again can be ascribed to the low
degree of chain orientation in these as-spun nanofibers and the absence of a post-drawing step in the
electrospinning process. In fact, in many cases the properties of electrospun fiber properties are even
inferior to that of the bulk polymer, which can be attributed to factors, such as residual solvent,
plasticization, and porosity.

Although traditional methods to induce high molecular orientation like post-drawing are usually not
feasible for single nanofibers, at least for the time being due to technological difficulties, limited
stretching or drawing has been attempted to oriented nanofiber mats in order to generate improved
molecular orientation and crystallinity. Zong et al. [72] stretched PLGA nanofiber membranes up to a
deformation of 450% at 90 °C. An improvement in mechanical properties after post-drawing was
observed as seen in Figure 9, although the properties achieved remained low. Wu et al. [73] also tried
solid-state hot-drawing at 135 °C of polyacrylonitrile (PAN) nanofiber sheets. Here, the crystallinity
increased from 7.9% for as-spun nanofiber mats to 31.8% for hot-drawn mats, while the tensile
strength was raised from 100 MPa to 220 MPa, correspondingly.

Kongkhlang et al. [74] attempted to induce favorable orientation and increased crystallinity directly
into as-spun electrospun nanofibers using a high-speed collector for nanofibers collection. Figure 10
exhibits two 2D wide-angle X-ray diffraction patterns of polyoxymethylene (POM) nanofibers
electrospun with different take up speeds. It is clearly shown that a higher collecting speed of
1890 m/min induces a higher degree of orientation in these nanofibers. In addition, it should be noted
that alignment of the nanofibers within the mat is also vital for achieving high strength and high
modulus structures as misalignment will significantly reduce the efficiency of the fibers within a mat
and will greatly reduce its mechanical properties [75].

Figure 9. Strain-stress curves electrospun poly(glycolide-co-lactide) (PLGA) of as-spun
nanofiber mat and nanofiber mat after a solid-state deformation of 450% [72]. Reproduced
with permission from Zong et al., 2003. Copyright Elsevier Publisher.
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Figure 10. Two dimensional (2D) wide-angle X-ray diffraction patterns of electrospun
polyoxymethylene (POM) nanofibers with different take up speeds (a) 630 m/min
(b) 1890 m/min [74]. Reproduced with permission from Kongkhlang et al., 2008.
Copyright Americal Chemical Society.
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Although it has been shown by various researchers that electrospinning can induce some level of
chain orientation in fibers based on flexible chain polymers, these levels are often rather low. An
interesting study in this respect was by Mohan et al. [76]. Here, small angle neutron scattering (SANS)
was used to quantify the size and shape of the chain conformation in electrospun fibers of deuterated
atactic polystyrene prepared from solutions. Although the orientation parameter <P,> was found to
increase with increasing collecting speed, the maximum value of about 0.15 (Figure 11a) was well
below the orientation parameter expected for high performance polymer fibers with values typically
approaching 1. When the tangential velocity of the rotating collector was greater than the flight
velocity of the fibers some degree of orientation of the polymer coils was induced. However, even at
the highest collector speeds the ratio of the radii of gyration increased only by 20% from for bulk (17 nm)
to fibers (20 nm), showing limited coil deformation. As the diameters of these fibers was much greater
than the polystyrene radius of gyration these effects can be solely contributed to flow-induced
orientation, excluding size or confinement effects as a result of nanosized fiber diameters.

The influence of size effects on the mechanical properties of electrospun fibers has been studied
extensively [77-83] with many studies showing an increase in Young’s modulus with decreasing
nanofiber diameter. In most cases it is assumed that such an increase is due to confinement of the
polymer coils as they are forced to align along the nanofiber axis. Confinement effects are regarded by
most researchers as the main reason for property improvement in electrospun nanofibers. However,
although some degree of alignment and orientation can be envisaged with decreasing fiber diameter,
particularly if the diameter is reduced to below the coil size, full chain extension as observed in
super-drawn high performance fibers will be more difficult to achieve.

Nevertheless, a certain degree of orientation of polymer chains has been observed in electrospun
fibers when their diameter is decreased. Figure 12a shows improved crystalline and extended
amorphous structures in polycaprolactone (PCL) nanofibers for two diameters of 150 nm and 450 nm,
produced under similar conditions [78]. Although an increase in mechanical properties with decreasing
fiber diameter was reported for these PCL fibers the maximum reported Young’s modulus remained
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low at 2 GPa. Additionally, chain orientation has also been observed in nanofibers that showed
birefringence under crossed polarizers [8,84].

Figure 11. (a) Orientation parameter <P,> obtained from SANS experiments for as-spun
polystyrene fibers as a function of collector speed. Red circles represent uncorrected data
for fiber angular alignment on the electrode while black squares are corrected data. Open
symbols represent samples collected on static parallel plate electrode. (b) Radius of
gyration of the polymer chains parallel (black squares) and perpendicular (red circles) to
the fiber direction together with bulk data (dashed line) [76]. Reproduced with permission
from Mohan et al., 2011. Copyright Royal Society of Chemistry.
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Figure 12. PCL nanofibers produced under similar conditions but with different fiber
diameters (a) 150 nm (b) 450 nm, showing a thinner nanofiber possessing a more aligned
fibrillar and lamellae microstructure [78]. Reproduced with permission from Lim et al.,
2008. Copyright AIP Publisher.
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Stachewicz et al. [85] found that electrospun PVA nanofibers can possess a composite-like
core-shell structure, with the shell region being aligned as a result of rapid solvent evaporation
suppressing chain relaxation, and the core region being isotropic. This core-shell structure is used to
explain the increase in elastic modulus with decreasing PVA nanofiber diameter as the shell
component remained fairly constant at around 30 nm, meaning that the relative contribution of the
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shell region increases with decreasing fiber diameter. Properties of these PVA fibers indicated an
increase in elastic modulus, as measured by single fiber AFM bending tests, for diameters below
300 nm. Elastic moduli up to 13 GPa, six times that of bulk PVA, were reported for fibers with
diameters just below 100 nm. Although these values are superior to most reported data for electrospun
fibers these values still do not rival solid-state drawn solution-spun PVA fibers possessing Young’s
moduli up to 70 GPa and tensile strengths of approximately 2 GPa [86].

Arinstein et al. [87] related the size of oriented regions in electrospun nylon 6,6 nanofibers to the
rapid increase in Young’s modulus and quantified the percolation of the cross-section area required by
using a modified Onsager model. A value of about 300 nm for a critical fiber diameter was found,
below which a rapid increase in Young’s modulus is initiated. Arinstein et al. [88] also reported an
increase in Young’s modulus in electrospun nylon 6,6 nanofibers with decreasing fiber diameter
(Figure 13). Here the authors suggest that the rapid increase in Young’s modulus with decreasing fiber
diameter is not the result of the small increase in observed crystallinity or orientation of the crystallites.
Instead they ascribed the increase in mechanical properties to orientation of amorphous regions when
their sizes are comparable or smaller than the nanofiber diameter.

Figure 13. Relative Young’s modulus Ee (Erel = E/Epyik) Of electrospun PA 6,6 nanofibers
as a function of their diameters [88]. Reproduced with permission from Arinstein et al.,
2007. Copyright Nature Publisher.
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Most studies show similar to results reported by Arinstein et al. [86], i.e., a three-fold increase in
Young’s modulus of thin electrospun fibers compared to that of bulk polymer. Naraghi et al. reported
an increase in Young’s modulus for electrospun PAN fibers smaller than 300 nm, with a three-fold
increase in modulus for diameters ranging from 100-200 nm [89]. Pai et al. reported a similar increase
in Young’s modulus of individual electrospun fibers of poly(trimethyl hexamethylene terephthalamide)
(PA 6(3)T) [80]. Here, the Young’s modulus was found to increase for fibers with diameters smaller
than 500 nm, with a maximum modulus value reported of around 6 GPa for 170 nm fibers, i.e., three
times the bulk modulus.

One recent example of a more significant property improvement in electrospun fibers that was
ascribed to confinement effects was reported for polyacrylonitrile (PAN). Young’s moduli up to
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48 GPa and tensile strengths up to 1.75 GPa were reported by Dzenis and coworkers [90] for
individual PAN nanofibers, approaching typical values for high performance fibers. Unlike traditional
high performance fibers, where an increase in mechanical properties is often accompanied with a
sacrifice in strain at break, these ultrafine PAN nanofibers were also simultaneously stiff and ductile.
The highest value of toughness was achieved from the thinnest electrospun nanofiber with a diameter
of 138 nm. Similar to Arinstein et al. their increase in mechanical properties was not ascribed to
increased crystallinity (Figure 14) as crystallization was restrained by the fast solidification that
resulted from the rapid evaporation of solvent. Again it was proposed that the increase in mechanical
properties was mainly related to confined molecular orientation of amorphous regions with decreasing
nanofiber diameter.

The mechanical properties of these electrospun PAN fibers are particularly impressive, with the
reported Young’s modulus of 48 GPa approaching or even exceeding theoretical values for atactic
PAN (55 GPa) [91] or isotactic PAN having a 3/1 helical conformation (35 GPa) [91],
although theoretical calculations have indicated that the crystal modulus of PAN taking a planar-zigzag
conformation could reach values as high as 130 GPa [92]. In contrast to most other electrospun
fibers, including PAN, where confinement effects typically result in a moderate increase in
modulus [80,85,87,88], here a nanofiber modulus is reported that is ~25 times greater than that of bulk
PAN. This is in stark contrast to studies of Naraghi et al. [89], who reported only a three-fold increase
in Young’s modulus for electrospun PAN fibers with a maximum value of 7 GPa for a 150 nm fiber.
Similarly, these high performance PAN nanofibers also outperform most conventional wet-spun high
strength acrylic fibers with typical Young’s moduli of 10-20 GPa and tensile strengths of 1-1.5 GPa [93].
In fact, the values reported for these electrospun PAN fibers exceed those of super-drawn solution-spun
ultra-high molecular weight PAN fibers by Kanamoto and co-workers who obtained tensile moduli of
35 GPa and strengths of 1.8 GPa for fibers of draw-ratio 80, exhibiting extremely high levels of
chain orientation [92].

Figure 14. (a) Stress-strain curves of electrospun PAN nanofibers with different diameters
(b) XRD patterns of nandiber bundles with various fibre diameters and corresponding
degree of crystallinity (inset) [90]. Reproduced with permission from Papkov, D. et al.,
2013, Copyright American Chemistry Society.

2000

(a) 138 nm

(b)

1500 +

Crystalinity %
n §

1280 # 320nm and 2005 Rk}

00 1000 1500

1000 -

True Stress (MPa)

469 £ 157 nim

500 - 262 62 nm " -
400 nm -

| - -
0 3 .
L97p 10 20 30 40 50

0 . 20 40 ] a0
28

True Strain (%)



Fibers 2014, 2 173

The underlying mechanisms of these exceptional properties are therefore still to be debated. The
high modulus of the PAN nanofibers seems not related to their crystallinity as the reported crystallinity
(<50%) does not significantly increase with decreasing fiber diameter and is also less than that of
conventional PAN fiber (~65%) [94]. Since flow-induced orientation is difficult to achieve during
fiber spinning due to fast chain relaxation, and because these fibers are not post-drawn, it is difficult to
envisage higher levels of chain extension in these as-spun nanofibres than in the super-drawn
UHMW-PAN fibers by Sawai et al. [92]. Moreover, as the estimated coil size of a PAN molecule with
a molar mass of 150,000 is of the order of 30—40 nm based on its mean square end-to-end distance
(<R*> = C,, n I%) [95,96] it is also difficult to imagine the extreme confinement effects in 138 nm
fibers which are necessary to explain such property improvement. Nevertheless, the reported
mechanical properties of these electrospun PAN fibers are very interesting and require further studies.

In summary, the relatively poor mechanical properties of flexible chain based polymer nanofibers
are mainly ascribed to two phenomena. The first one is related to the relatively low degree of chain
orientation in these systems. Orientation of macromolecules can be usually introduced from a random
coil morphology when the product of the polymer chain relaxation time and the strain rate in the
electrospinning process is greater than 0.5 [57]. Given that strain rates can be up to 10° s* while
viscoelastic relaxation times are found to be tens to hundreds of milliseconds [97,98], some level of
chain orientation can be potentially generated. However, residual solvents in the deposited nanofibers
can accelerate chain relaxation and lead to shorter relaxation times [57]. Hence, relaxation of polymer
chains could be suppressed by rapid solvent evaporation and fiber solidification [58]. As relaxation
times of flexible chain polymers are typically very short, orientation induced in the initial spinning
process may rapidly disappear before solidification. It is for this reason that conventional high
performance fibers based on flexible chain polymers are post-drawn in the solid state below the
melting temperature as this will prevent chain relaxation after orientation. Similarly, low degrees of
molecular orientation are to be expected in electrospun fibers based on flexible chain polymers,
explaining their poor mechanical properties. Nonetheless, the mechanics in achieving chain orientation
in electrospun fibers is still controversial due to the lack of systematically studies. For instant, most of
characterizations on molecular orientation and mechanical properties in electrospun nanofibers
are conducted on nanofiber mats or bundles rather than single fibers [99]. Therefore, in future
research more attentions should be paid to single fiber characterization in order to establish better
structure-processing-property relationships.

The second reason for the relatively poor mechanical properties of electrospun fibers is that full
chain extension is nearly impossible to realize during the electrospinning process in the case of flexible
chain polymers, which is crucial for obtaining a high performance fiber with properties approaching
the theoretical crystal moduli listed in Table 1. With the exception Dzenis and co-workers’ PAN
nanofiber [90], the differences between experimentally reported Young’s moduli of electrospun
nanofibers and these ultimate values are very large. Assuming the hypothetical case that polymer chain
extension from random coil morphology is induced by virtue of reducing the nanofiber diameter to the
same level as the size of crystallites or even the size of a single chain one might envisage a high
modulus. Respective average crystallite size and chain size of PA 6,6 are around 4 nm and 0.1 nm [87],
respectively, and polymer chains could be forced to extent and orient along the fiber axis if fiber
diameters would go down to these levels. In such a case the Young’s modulus of the fiber would be
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potentially approaching near theoretical values. However, even in such a hypothetical case it is
expected that such ultra-thin fibers would be extremely weak as there would be insufficient overlap
between chains, resulting in poor stress transfer.

3.3. Electrospun Nanofibers Based on Rigid Chain Polymers
3.3.1. Electrospun PPTA Fibers

While chain extension in the case of flexible chain polymers can effectively be only achieved by
solid-state drawing, the extension of polymer chains can be readily build in by polymer scientists
when using rigid rod polymers. Rigid rod polymers have a significant advantage over flexible
chain polymers as these systems can be oriented during the spinning process without the need of
a post-drawing process to induce chain extension.

Inspired by the success of high performance aramid fibers the electrospinning of poly(p-phenylene
terenthalamide (PPTA) and characterization of the obtained nanofiber structures was carried out by
Srinivasan and Reneker [100].

In their studies a homogeneous isotropic solution was formed by dissolving PPTA fibers
(Kevlar 49®) at a concentration of 2-3 wt% in a solvent of 95%-98% sulphuric acid. A water bath was
used for extracting the solvent and collecting the electrospun nanofibers 12-18 kV high voltages were
applied between two electrodes at a distance of 3 c¢cm. Nanofibers with diameters ranging from
40 nm to hundreds of nanometers were produced (Figure 15). The meridional and equatorial reflection
of the as-spun and at 400 °C annealed PPTA nanofibers were shown in dark field mode transmission
electron microscopy (TEM) and revealed some order in the fibers. However, only moderate chain
orientation in these annealed PPTA nanofibers was demonstrated using electron diffraction. Moreover,
a continuous electrospinning process and mechanical properties of the deposited nanofibers were
not reported.

Figure 15. A single electrospun PPTA fiber together with a single Kevlar®49 fiber [100].
Reproduced with permission from Srinivasan & Reneker, 1995. Copyright John Wiley & Sons.

Traditional high performance p-aramid fibers are typically produced from anisotropic PPTA
solutions with concentrations of around 19-20 wt% as shown in Figure 16 [94]. However, in the work



Fibers 2014, 2 175

of Srinivasan and Reneker, spinning solutions employed (2-3 wt% ) were in their isotropic phase,
which is outside the regime needed for flow induced molecular orientation as in the case of dry-jet wet
spinning of high performance p-aramid fibers. Nevertheless, electrospinning of rigid rod polymers like
aramids could still show promise once anisotropic PPTA solutions are used under optimized
conditions, as it avoids problems related to chain relaxation in as-spun fibers.

Figure 16. Liquid crystalline behavior of PPTA solution, indicating an isotropic phase at
concentrations below 12 wt% and an anisotropic phase between concentrations of 12 wt%
to 20 wt% .
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3.3.2. Electrospun Polyimide Nanofiber

Poly(p-phenylene biphenyltetracarboxamide) (BPDA/PDA) is a high performance aromatic
polyimide with great mechanical properties but a less rigid structure compared to PPTA [75] (Figure 17).
Because of the rigid macromolecular backbone, it is insoluble in common organic solvents and thus
not directly spinnable from solutions.

However, the precursor of BPDA/PDA, poly(p-phenylene biphenyltetracarboxamide acid)
(BP-PAA) (Figure 18) shows good solubility in common organic solvents and it is therefore feasible to
electrospin BP-PAA precursor fibers and subsequently convert them into BPDA-PDA polyimide
nanofibers through a heat treatment.

Hou and coworkers [101,102] investigated the electrospinning process and mechanical properties of
these polyimide nanofibers. Under proper spinning condition, a well-aligned BP-PAA nanofiber mat
was obtained on a high-speed collector and the aligned polyamic acid nanofiber samples were imidized
into polyimide nanofibers. During this imidization process, the rigid-rod molecular chains tend to
become oriented and extended along the fiber axis (Figure 18).
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Figure 17. Structural formulas of (a) PPTA and (b) BPDA/PDA polyimide.
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Figure 18. A schematic diagram of the imidization process [75]. Reproduced with
permission from Huang et al., 2006. Copyright John Wiley & Sons.
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Mechanical tests indicated that the average tensile strength and modulus of these nanofiber mats
with fiber diameters of around 300 nm were 660 MPa and 15 GPa, respectively. Further studies
showed that the ultimate tensile strength and Young’s modulus could reach values of 1.7 GPa and
76 GPa, which are comparable to conventional BPDA-PDA fibers [103] and are in the region of
commercial high performance fibers.

3.4. Other Routes to High Performance Nanofibers
3.4.1. CNT Reinforced Polymer Nanofibers

Carbon nanotubes, due to their excellent mechanical properties, have been regarded as ideal
reinforcement candidates for nanocomposites [104-106]. Basically, the Young’s modulus and tensile
strength of single-wall carbon nanotubes (SWCNTSs) are reported to reach about 1 TPa and tens of
GPa’s [107,108], respectively, outperforming most other materials.

Generally, CNTs are however prone to aggregation and bundling because of their small diameter
and strong Van der Waals interactions, lowering their reinforcing capability. Therefore, three main
challenges are encountered when using carbon nanotubes as nano-reinforcements in polymer fibers.
Firstly, the creation of a homogenous spinnable dispersion of CNTs. Secondly, a good interfacial
adhesion and stress transfer, and finally orientation of the CNTs in the polymer fiber [109-111].
Electrospinning is a promising technique to produce CNT reinforced nanofibers since it has the potential
to debundle and align CNTs along the fiber axis and thus effectively reinforce the nanofiber [112-114],
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while interfacial interactions between CNTs and host polymer can be enhanced by functionalization of
the CNTs [115].

Sen et al [115] reported on ester-functionalized SWCNTSs reinforced electrospun polyurethane (PU)
nanofibers. Mechanical tests showed that the tensile strength of these ester-functionalized SWCNT
reinforced nanofiber membranes were improved by 104%, while elastic moduli were increased by 250%
compared to pure PU membranes, with improvements of these properties being mainly attributed to
alignments and improved interfacial interactions between SWCNTSs and polymer matrix.

Baji et al. investigated the mechanical properties of multi-wall carbon nanotube (MWCNT)
reinforced nylon 6,6 nanofibers [116]. In their study, carboxylic acid functional groups modified
MWCNTs were mixed together with nylon 6,6 in different concentrations. These mixtures were
electrospun into aligned nanofibers using parallel plate electrodes. Mechanical tests showed that the
tensile strength and Young’s modulus of the composite nanofibers increased with CNT loading,
reaching peak values (from about 0.32 GPa and 1.2 GPa to 0.65 GPa and 3.5 GPa, respectively) for
CNT concentrations of 7.5 wt%. This significant improvement in mechanical properties was claimed
to be due to among others the good dispersion and alignment of the MWCNTSs along the nanofiber axis
as confirmed by TEM. Other studies involving CNT reinforced nanofibers were reported by
Hou et al. [117], Jose et al. [118], Lu et al. [119], and Wang et al. [120].

A careful analysis of the reinforcing efficiency of CNTs in the composite fibers should be
emphasized here since high reinforcing efficiency of CNTs in composites is generally a good
indication of effective dispersion, interfacial interaction and alignment. Wang et al. [121] reported on
solid-state drawn nanocomposite PVA/SWCNTSs tapes and found a remarkable reinforcing efficiency
for systems incorporating up to 1 wt% of SWCNTSs. Further studies on nanotube reinforced electrospun
PVA nanofibers (Figure 19) revealed similar high reinforcing efficiencies, with a back-calculated
SWCNT Young’s modulus of around 0.85 TPa [120], i.e., close to its theoretical 1 TPa value.

Despite various developments in CNT reinforced nanofibers, in many cases, eliminating
agglomeration and achieving homogenous spinnable solutions and good alignment remain a challenge
especially at higher CNT concentrations. Moreover, even for systems that report significant property
improvements these properties are often still not very impressive when compared to commercial high
performance fibers.

Figure 19. TEM micrograph of an individual MWCNT reinforced electrospun PVA
nanofiber, showing an aligned MWCNT in a polymer nanofiber (scale bar 100 nm) [120].
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3.4.2. Electrospun Polymer-derived Carbon Nanofibers

Another interesting approach towards high strength and high modulus nanofibers is the development
of carbon nanofibers. Polymer nanofiber precursors prepared via electrospinning followed by
carbonization have been investigated [122]. Several polymers have been investigated as precursors
for carbon fibers. Principally, polyacrylonitrile is used [123-127], while pitches [128,129], poly(vinyl
alcohol) (PVA) [130], polyimide (Pl) [131], poly(vinylidendluoride) (PVDF) [132], and
polybenzimidazol (PBI) [133] have also been utilized.

Zussman et al. created single electrospun PAN-derived carbon nanofibers with different fiber
diameters possessing Young’s moduli of 63 + 7 GP and tensile strengths between 0.32 GPa and
0.9 GPa. Inferior mechanical properties of these electrospun PAN-based carbon nanofibers compared
to commercial carbon fibers resulted from the relatively poor molecular orientation and disarrangements
in the core-shell structure of the carbon nanofibers [124]. PAN-based carbon nanofibers were also
prepared by Zhou et al. [127]. Young’s moduli of 40 to 60 GPa and tensile strengths of 0.3 to 0.6 GPa
for carbon nanofiber bundles were achieved and mechanical properties were found to increase with
carbonization temperature. In addition, the authors proposed possible ways to further enhance the
mechanical properties of these PAN-based carbon nanofibers, i.e., by post-drawing of precursor fibers;
the stabilization and carbonization of nanofibers under tension; and the use of PAN copolymer as a
precursor. Optimized process conditions for strong carbon nanofibers based on PAN were reported by
Chasiotis and co-workers [134]. Both the PAN precursor nanofibers and carbon nanofibers were
smooth and uniform (Figure 20). Young’s moduli of 191 + 58 GPa upon carbonization at 1700 °C and
tensile strengths of 3.52 + 0.64 GPa upon carbonization at 1400 °C were reported, and were attributed
to an increase in crystallites in the carbon nanofibers, making these fibers approach the mechanical
performance of standard high-strength carbon fibers.

Figure 20. (@) SEM micrograph and (b) TEM micrograph showing homogenous
morphology of carbon nanofibers [134]. Reproduced with permission from Arshad et al.,
2011. Copyright by Elsevier Publisher.
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Figure 21. Mechanical properties of traditional high performance fibers and electrospun
nanofibers with respect to Young’s modulus and tensile strength. Commercial
high-performance fibers show typical tensile strengths of 3—-4 GPa and moduli of around
100-300 GPa, while most electrospun fibers typically possess tensile strengths <0.3 GPa
and Young’s moduli < 3 GPa [65-71,73]. Some high performance electrospun nanofibers
have been reported based on polyimide [102], polyacrylonitrile [90] and carbon nanofibers
from electrospun PAN precursors [134].
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4. Conclusions

Electrospinning has proven to be an efficient method to produce thin fibers with diameters down to
the nano-scale. However, the mechanical properties of these nanofibers are often well below those of
fibers made by conventional processes such melt- or solution spinning (see Figure 21). The main
reason for this being the competition between flow-induced chain orientation and chain relaxation
before fiber solidification, leading to low degrees of molecular orientation in as-spun fibers. In
conventional polymer fiber processing, chain alignment is induced by drawing the as-spun fiber in the
solid-state below the melting temperature into a highly oriented structure as here relaxation times are
infinite. In order to achieve similar high levels of chain orientation and chain extension in nanofibers
based on flexible chain polymers it is vital to apply a post-stretching step.

Although some evidence exists of confinement induced molecular orientation in the case of
ultra-fine nanofibers, the orientation and particularly chain extension achieved is often rather limited,
leading to only moderate improvements in Young’s modulus (typically 2—4 times bulk polymer), well
below those attainable in commercial melt- or solution spun fibers (typically 10-100 times
bulk polymer).
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As the introduction of a post-drawing step in commercial electrospinning processes may prove
technologically challenging, the use of rigid-rod polymers as an alternative to flexible chain polymers
may be more promising as here chains have already build in chain extension and can be readily
oriented during spinning. Other alternative routes worth pursuing are the use of nano-reinforcements
such as carbon nanotubes or transforming polymer precursor fibers into carbon nanofibers, with
especially the latter showing some great promise for future work.
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