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Abstract 

In the last two decades, a rapidly growing polymer processing technology, 

electrospinning, has attracted great interests as it provides a viable and simple 

method to create ultra-fine continuous fibres. Despite the potential utilization of 

electrospun nanofibres in many fields, their success is limited so far due to their poor 

mechanical properties compared to corresponding textile fibres made from the same 

polymers, which is mainly ascribed to the low degree of orientation and chain 

extension of the macromolecules along the fibre axis in such fibres. 

In this thesis, first an in-depth review of the mechanical properties of electrospun 

fibres and recent developed methodologies to generate high strength and high 

modulus nanofibres will be presented. In the experimental work, electrospinning of 

rigid polymer PPTA was attempted and mechanical properties of obtained fibres 

were evaluated (Chapter 3). It was shown that the electrospinning process cannot be 

easily operated in a controllable and continuous manner although some high 

performance fibres were obtained. Chapter 4 dealt with the electrospinning of 

reactive mesogens (liquid crystal monomers) by employing polymers (PMMA and 

PA6) as matrix. The mechanical properties of the resulting composite nanofibres 

(PA6/RM257) showed dependence on the reactive mesogen (RM257) content and 

the phase separation between PA6 and RM257. In Chapter 5, a high performance 

polymer BPDA/PDA/ODA was synthesized and electrospun; the nanofibres were 

characterized using FTIR and WAXD and their mechanical tests were carried out 

based on unidirectional mats and multifilament bundles. A Weibull modulus based 
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model was introduced to estimate the tensile strength of single nanofibres in such 

bundles. Subsequently, composites based on BPO nanofibres in a rubbery 

thermoplastic matrix were fabricated and evaluated in Chapter 7 using composite 

mechanics theories for off-axis properties and „Rule of Mixture‟ which were used to 

back-calculate the Young‟s modulus of single BPO nanofibres. From this it could be 

concluded that the developed co-polyimide BPO nanofibres exhibit among the 

highest mechanical properties of electrospun nanofibres reported in literature so far. 

It can be concluded that the electrospun BPO co-polyimide nanofibres and p-aramid 

fibres possess among the highest mechanical properties reported for electrospun 

fibres so far. 
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Chapter 1 

General Introduction 

 

1.1 Electrospinning and Electrospun Nanofibres 

In the last two decades, an old technique – electrospinning – has been extensively 

used by researchers (Figure 1.1) for the creation of nanomaterials, owing to its 

simplicity and huge potential of producing nanofibrous materials [1]. Over the years 

a number of basic electrospinning theories [2-4] have been developed and hundreds 

of electrospun nanofibres from different polymer systems have been practically 

produced [5-7].  

Electrospinning is a versatile technique that makes use of an - in principle - very 
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simple experimental set-up. Normally, polymers or polymer mixtures to be used in 

electrospinning are dissolved in corresponding organic solvents to make 

homogenous solutions. The spinning solution is usually pumped from a single nozzle 

with controlled feeding rate. 10-50 kV DC high voltages are applied between two 

electrodes within a distance of 10-30 cm and an electrostatic field is generated. 

Consequently, a droplet placed in this filed will be stretched to a Taylor cone first by 

electrostatic repulsion forces resulting from charges on the solution [8]. A solution 

jet will be ejected from the deformed cone when the repulsion force exceeds the 

surface tension of the droplet. In its flight to the counter electrode, it will move in a 

straight line for a short distance followed by a whipping path accompanied with 

solvent evaporation and jet stretching until a solid nanofibre is collected on the 

substrate (Figure 1.2).  

 

Figure 1.1. Numbers of research articles, meeting articles, book chapters, etc. from 

1999 to 2013 (searching key word: electrospinning; source: Web of Science). 
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Figure 1.2.  A typical electrospinning set-up with a grounded collector. 

 

Figure 1.3. Specific surface area as a function of fibre diameter in nonwovens [9]. 
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Figure 1.4. Various potential applications of electrospun nanofibres [8, 10-16]. 

The small diameters (usually 10 nm to 1 µm), high specific surface area (tens to 

hundreds m
2
/g, as shown in Figure 1.3), high porosity and small pore size render 

electrospun nanofibres to a broad range of potential applications (Figure 1.4) in 

medicine, filtration, sensors, textiles, composite reinforcements, etc.  

1.2 Liquid Crystals, Liquid Crystalline Polymers and 

Reactive Liquid Crystals 

Liquid crystals are materials that exhibit a state between liquid phase and crystalline 

phase. They have a certain degree of molecular order as well as liquid properties.  
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Polymers are referred as liquid crystal polymers (LCPs) when they exhibit liquid 

crystalline properties either as a function of concentration when dissolved in a 

solvent (lyotropic LCPs) or heated within a certain temperature range (thermotropic 

LCPs). In both cases, the polymer chains tend to order themselves along one 

direction, which results in anisotropy. Traditional high performance fibres such as p-

aramid fibre and liquid crystal polyester fibre retain their anisotropy properties and 

thus exhibit high mechanical properties in the direction of the fibre. 

Reactive mesogens (RMs) are liquid crystalline monomers having reactive acrylate 

end groups, which are polymerizable. They tend to orient parallel to each other in 

their nematic phase. UV-light exposure induced photo-polymerization with the 

presence of photo-initiator can be used to chemically „freeze in‟ such regularly 

ordered molecular structures, thus leading to highly oriented polymer networks.  

1.3 High Performance Fibres 

In general, high performance polymer fibres distinguish themselves from industrial 

and textile grade synthetic fibres in terms of their mechanical properties. Synthetic 

textile fibres typically have Young‟s moduli of 5-10 GPa and tensile strengths up to 

1 GPa, while this thesis is mainly concerned with high performance polymer fibres 

of high stiffness (> 50GPa) and tensile strength (> 2 GPa). Usually, due to their 

superior mechanical properties, high performance polymer fibres have applications 

in aerospace, ballistic protection, sports equipment, etc. 
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Figure 1.5.  A general classification of high performance fibres, industrial and 

textile fibres according to their modulus and strength [17]. 

1.4 Outline of the Thesis 

Many potential applications of electrospun nanofibres require high mechanical 

property nanofibres, for instance, microfibres are employed in air filtration to 

support nanofibres since nanofibres are too weak to be used independently [12].  

Compared to the corresponding textile fibres made from the same polymers, the 

mechanical properties of nanofibres are often found to be poor. Electrospun 
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nanofibres typically display tensile strengths below 300 MPa and Young‟s moduli 

below 3 GPa [18-24], which can be mainly ascribed to the low degree of orientation 

and chain extension of the polymer chains along the fibre-axis. Therefore, the 

question arises whether it is at all feasible to produce high modulus and high strength 

electrospun nanofibres. Hence, the objective of this thesis is to investigate potential 

routes to produce high performance electrospun nanofibres. 

A brief review of general concepts employed to produce high modulus and high 

strength synthetic fibres will be given first in Chapter 2. Then the development of 

several commonly accepted high strength and high modulus polymer fibres based on 

flexible and rigid chain polymers are presented. Subsequently, Chapter 2 reviews the 

various research works on the mechanical properties of electrospun nanofibres, 

potential ways to produce high modulus and high strength electrospun nanofibres 

and progress in the area of manufacturing high modulus and high strength 

electrospun nanofibres. 

In Chapter 3 and Chapter 4, the feasibility and challenges of electrospinning of liquid 

crystal polymer (p-aramid) and reactive diarylate mesogens in polymer blends will 

be studied and discussed, respectively. In both cases, the mechanical properties of 

obtained fibres are evaluated.  

In Chapter 5, co-polyimide BPDA/PDA/ODA nanofibres were produced using a 

two-step procedure from a precursor fibre. Its mechanical properties based on 

unidirectional mats and multifilament bundles are fully investigated and evaluated 

using Weibull statistics. Subsequently, a co-polyimide nanofibre reinforced 
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composite is fabricated in Chapter 6. The mechanical properties of UD composites at 

different nanofibre volume fractions are discussed as well as the influence of 

nanofibre orientation in off-axis composite laminates.  
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Chapter 2 

High Strength and High Modulus 

Electrospun Fibres 

 

2.1 High Strength and High Modulus Synthetic Fibres 

2.1.1 Basic concepts for high performance fibres 

A century ago, natural fibres 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 [1] and this epoch-making idea greatly 

influenced the discovery of synthetic fibres with the first synthetic fibre being 

invented in 1935 by Wallace Carothers, which is known to us as polyamide (PA) or 

Nylon fibre [2]. 
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The two most commonly used aliphatic polyamide fibres are polyamide 6 and 

polyamide 6,6 which are made of caprolactam and hexamethylenediamine with 

adipic acid, respectively. Polyamide (PA) fibres 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–) [3] provides them with good mechanical 

properties and abrasion resistance, which renders them to be one of the most widely 

used industrial fibres. Polyethylene terephthalate (PET), which is the most important 

commercial polyester, first appeared on the market in 1953 [4] and is now fully 

established in textile and technical fibres. PET is produced by polymerization of 

either dimethyl terephthalate or terephthalic acid with ethylene glycol.  

Melt-spinning in combination with post-drawing is also applied in the manufacture 

of PET fibres, with main applications in textiles, ropes, tyres, carpets, and so on. 

Since these initial developments on PA and PET, more and more synthetic fibres 

have been investigated and developed. 

The tensile strength and Young‟s modulus of those traditional synthetic fibres are 

usually limited to below 1 GPa and 15 GPa, respectively. The relatively low 

mechanical performance of these textile fibres greatly limits their applications in 

areas such as aerospace, protective clothing, armour, advanced composites, etc. 

In 1932, Staudinger [5] postulated the basic requirements for producing a high 

strength and high modulus synthetic fibre. In his structural model for such a fibre, all 

molecular chains should be fully extended and perfectly aligned along the fibre axis. 

Simultaneously, few chain end defects should exist as the tensile strength is 
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determined by secondary bonds rather than primary bonds. The fully extended and 

oriented polymer chains will provide ultimate stiffness to the fibre 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 fibre (Figure 2.1). 

 

Figure 2.1. Ideal polymer chains model for producing high strength and high 

modulus fibres [5]. 

It has long been recognized by Meyer and Lotmar [6] that only extended polymer 

chains will provide high stiffness. In 1960, Treloar [7] 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 [8]. More 

calculations showed that the Young‟s modulus of a single extended polyethylene 

chain can reach even higher values up to 320 GPa [9]. 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 
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since also been measured experimentally using X-ray diffraction (Table 2.1), 

providing great insight into the potential of certain polymers to generate high 

performance fibres [10-12]. 

Table 2.1. Theoretical crystal modulus of polymers derived from X-ray diffraction 

studies [10-12]. 

Polymer Crystal 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) 160 

Poly(phenylene benzobisoxazole) (PBO) 478 

 

All the above studies indicated that high modulus and high strength in fibres mainly 

relies on high polymer chain orientation and extension, combined with sufficient 

chain length. Inspired by this, polymer scientists have attempted to improve the 
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mechanical properties of fibres by pursuing two routes to reach Staudinger‟s ideal 

model, i.e., flexible chain polymers and rigid chain polymers [13]. 

2.1.2 High performance fibres 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 [14-16]. Great efforts have 

been devoted to melt-spinning and later also solution-spinning of polyethylene in the 

1970s. Ward et al. [17, 18] developed polyethylene fibres 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 fibres, as spinnability (as a result of the rapidly increasing melt viscosity) 

and fibre drawability both decreased with increasing molecular weight. An initial 

breakthrough in the development of high strength polyethylene fibres was the so-

called surface growth technique from Zwijnenberg and Pennings [19, 20]. Here, 

Young‟s moduli exceeding 100 GPa and tensile strengths over 3 GPa were obtained 

from ultra-high molecular weight polyethylene. These 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 [21]. 

An industrial breakthrough in the production of high modulus and high strength 

polymer fibres was achieved by the solution (or gel) spinning process developed at 

DSM in the Netherlands at the end of the 1970s. Smith and Lemstra [22-25] 
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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
6
 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 2.2). This results in a morphology with a low 

entanglement density of polymer chains in the as-spun gel-like fibre, which renders 

them super-drawable. 

 

Figure 2.2. Schematics of the gel-spinning process [15]. 

Upon solid-state drawing, the lamellae structure of the as-spun polyethylene fibre 

will initially orient in the drawing direction. At higher draw-ratios, these lamellae 

ideally unravel into chain-extended structures approaching ultimate properties (see 

Table 2.1). In fact, the solid-state drawing step can be regarded as the single most 

important process step needed to create high performance fibres, based on flexible 
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chain polymers. Since the relaxation times of flexible chain polymers are typically 

very short, the elongation flow induced orientation in the as-spun fibres rapidly 

disappears due to relaxation before solidification. High performance fibres 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 fibres that use ultra-high 

molecular weight polyethylene (UHMWPE) as a starting material. These fibres 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
3
), this leads to exceptionally high specific mechanical properties (properties 

per unit weight), making these UHMWPE fibres of interest for a wide range of 

applications ranging from maritime ropes to protective gloves, bullet-proof vests, 

and other advanced composites applications. 

2.1.3 High performance fibres based on rigid polymer chains 

The discovery of rigid rod polymers to produce high performance fibres originated 

from the discovery of para-oriented aromatic polyamide [26, 27], notably, poly (p-

phenylene terehthalamide) (PPTA). Large research efforts led to significant advances 

in the fundamental understanding of PPTA polymerization [28], spinning 

solutions [29, 30], spinning process and the structure of para-aramid fibres [29, 31], 
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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 fibres 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 [28] was 

utilized as a novel spinning route for these materials in the 1970s. Anisotropic 

solutions with concentrations of around 19–20 wt% PPTA in concentrated sulphuric 

acid at 70–90 °С, i.e., concentrated solutions of moderate viscosities, were used for 

spinning of these fibres. Orientation with extended chain configuration of the liquid 

crystalline domains is achieved in the air-gap (Figure 2.3) and fixed in the 

coagulation bath usually made up of water or diluted sulphuric acid with 

temperatures in the range of 0-5 °С. The as-spun fibres 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. 

Para-aramid fibres are manufactured under the trademark of Kevlar
®
 (Du Pont, 

Wilmington, USA) and Twaron
®
 (Teijin Aramid, Arnhem, The Netherlands). A 

http://en.wikipedia.org/wiki/Arnhem
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combination of properties like light weight, high strength, high modulus, excellent 

high temperature resistance and good resistance to chemicals, make para-aramid 

fibres of interest for aerospace composites, anti-ballistic materials, and many other 

advanced applications. 

 

Figure 2.3. Molecular orientation during dry-jet wet spinning of PPTA. 

Another high strength and high modulus fibre based on (semi) rigid polymer chains 

is aromatic polyester which exhibits liquid crystalline properties. This thermotropic 

liquid crystalline polymer (TLCP) fibre was initially developed by Celanese 

Corporation and became commercially available in the mid-1980s under the trade 

name Vectran
®

. Melt-spinning using conventional extrusion practice in combination 

with moderate draw-down is performed on these thermotropic liquid crystal 

polyesters to fully exploit their liquid crystalline properties [32]. 

Liquid crystal domains

Coagulation bath

Air gap

Spinneret

Orientation
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Other more recent developments in high performance fibres based on lyotropic 

liquid crystalline rigid rod polymers are poly(phenylene benzobisoxazole) (PBO) 

from Toyobo Corporation under the trade name Zylon
®
 [33-35] and 

poly(hydroquinone-diimidazopyridine) (“M-5”) [36] from Akzo-Noble with a very 

similar chemical structure as PBO but exhibiting much better compressive 

properties [37]. The mechanical properties of all these fibres are later shown in 

Figure 2.21. 

2.2 Electrospun Nanofibres 

2.2.1 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 droplet placed in this field will be stretched to a Taylor cone first by 

electrostatic repulsion forces resulting from charges on the solution [38, 39]. A 

solution jet will be ejected from the deformed cone when the repulsion force exceeds 

the surface tension of the 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 2.4) 
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accompanied with solvent evaporation and jet stretching until a solid nanofibre mat 

(Figure 2.5) is collected on the substrate. 

 

Figure 2.4. A typical electrospinning set-up with a grounded collector. 

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 2.6), 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 fibre morphology [40]. 

A significant disadvantage of electrospinning as a mean to create polymer nanofibres 

has been the low production rate using single needle systems, which have been 

Polymer solution 

Needle

Taylor cone

Solution jet

Region of instability

V
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typically restricted to a few grams per hour. However, recently, several new 

technologies have been suggested that tackle this issue. 

       

Figure 2.5. Two scanning electron microscope (SEM) pictures of an electrospun 

PA6 nanofibre non-woven mat under different magnifications (scale bars of 40 µm 

and 5 µm, respectively). 

Free liquid surface electrospinning [41] 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 nanofibre layers in a high throughout rate can be produced when 

the polymer solution is exposed to a high electrical field (Figure 2.7a). 

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 [42]. Moreover, such a process can 

generate high production rates when combined with multi-nozzle spinnerets (Figure 

2.7b) [43]. 
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Figure 2.6. Different fibre morphologies of electrospun nanofibres produced from 

low solution concentration to high solution concentration of poly(methyl 

methacrylate) (PMMA) in DMF, nanofibres electrospun from low concentration 

solutions show beaded morphology while the ones spun from high concentration 

show homogenous morphology. 

Recently also alternative spinning technologies for nanofibres have been introduced, 

such as a rotary jet-spinning technology that is capable of high rate spinning [44]. 

Unlike conventional electrospinning using an electrostatic force as driving force to 

generate fibres, in rotary jet-spinning nanofibres are fabricated by a centrifugal force 

caused by high speed rotation of a polymer solution or melt as shown in Figure 2.7c. 

To make high performance electrospun nanofibres, in principle, the molecular 

structures of nanofibres should be oriented with chain extension, and should 

resemble the ideal polymer chains model described in Figure 2.1. In the next section, 

recent reports on mechanical properties of electrospun nanofibres are presented 
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according to their intrinsic chain flexibility, viz. flexible chains versus rigid chains. 

Some nanofibres possessing enhanced mechanical properties are highlighted. 

       

 

Figure 2.7. Novel nanofibre production technologies (a) nozzle-less electrospinning 

with a rotating head [41] (b) Multi-nozzle electrospinning with a twin-screw 

extrusion [43] (c) Rotary jet-spinning [44].  

2.2.2. Electrospun nanofibres based on flexible chain polymers 

Inspired by the success of Dyneema
®
, Rein et al. [45] tried to fabricate UHMWPE 

fibres using the electrospinning method. The mechanical properties of manually 

twisted yarn from as-spun nanofibre mats were investigated and a tensile strength of 

129 MPa and modulus of 0.4 GPa were reported, which are well below those of 

(a) 

(c) 

(b) 
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commercial UHMWPE fibres at around 3000 MPa and 100 GPa, respectively [46]. 

The relatively low strength and modulus of these electrospun UHMWPE fibres can 

to some extent be explained from their wide-angle X-ray scattering (WAXS) pattern 

(Figure 2.8). 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 fibre. 

 

Figure 2.8. (a) WAXS pattern of electrospun UHMWPE nanofibre [45], showing 

broad reflection arcs typical of a moderately oriented polymer structure. (b) WAXS 

pattern of solution-spun ultra-drawn UHMWPE fibre with draw-ratio 100, showing 

intense reflections typical of a highly oriented polymer structure [14]. 

 

 

 

 

(a) (b) 
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Table 2.2. Mechanical properties of electrospun polyamide (PA) and poly(ethylene 

terephthalate) (PET) nanofibres. 

Polymer Solvent & 

concentration 
Sample Modulus 

(MPa) 
Strength 

(MPa) 
Refs. 

PA 6 6 wt% in 1,1,1,3,3,3-

hexafluoro-2- propanol 
Nonwoven 

nanofibre mat 
34 ± 2 7.2 ± 0.5 

 [47] 

PA 6,6 7.5 wt% in 1,1,1,3,3,3-

hexafluoro-2- propanol 
Nonwoven 

nanofibre mat 
21 ± 1 6.5 ± 0.8 

PA 6 20 wt% in formic acid 

Nonwoven 

nanofibre mat 
19 10.5 

 [48] 

Single 

nanofibre 
902 304 

PA 6,6 20 wt% in formic acid Single 

nanofibre 
950 ± 390 150 ± 49  [49] 

PA 6,6 
10 wt% in formic acid 

& chloroform (75:25 

v/v) 

Nanofibre yarn 1216 120  [50] 

PA 6 
12 wt% in formic acid 

& acetic acid (50:50 

w/w) 

Single 

nanofibre 
1320 ± 152 78.1 ± 6.0  [51] 

PA 6 
12 wt% in formic acid 

& acetic acid (50:50 

w/w) 

Nonwoven 

nanofibre mat 
418 ± 93 57.7 ± 8.9  [52] 

PET 30% (w/v) in TFA & 

DCM (70:30 v/v) 
Nonwoven 

nanofibre mat 
60 3.7  [53] 

PA 6/6,6 Melt Bulk 2000–2500 50–80 

 [4] 

PET Melt Bulk 2000–3000 50–150 

PA 6/6,6 Melt-spun + drawn Single fibre 6000 1000 

 [21] 

PET Melt-spun + drawn Single fibre 15000 1100 
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With respect to the vast amount of research on other electrospun nanofibres based on 

flexible chain polymers such as aliphatic polyamide and polyester, a relatively 

limited number of studies involved the mechanical properties of non-woven 

nanofibre mats or even single nanofibres. According to Table 2.2, the mechanical 

properties of most electrospun polyamide and polyester fibres are also not 

comparable with conventional microfibres manufactured by melt-spinning, which 

again can be ascribed to the low degree of chain orientation in these as-spun 

nanofibres and the absence of a post-drawing step in the electrospinning process. In 

fact, in many cases the properties of electrospun fibre 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 nanofibres, at least for the time being due to 

technological difficulties, limited stretching or drawing has been attempted to 

oriented nanofibre mats in order to generate improved molecular orientation and 

crystallinity. Zong et al. [54] stretched PLGA nanofibre membranes up to a 

deformation of 450% at 90 °C. An improvement in mechanical properties after post-

drawing was observed as seen in Figure 2.9, although the properties achieved 

remained low. Wu et al. [55] also tried solid-state hot-drawing at 135 °C of 

polyacrylonitrile (PAN) nanofibre sheets. Here, the crystallinity increased from 7.9% 

for as-spun nanofibre mats to 31.8% for hot-drawn mats, while the tensile strength 

was raised from 100 MPa to 220 MPa, correspondingly. 
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Figure 2.9. Strain-stress curves electrospun poly(glycolide-co-lactide) of as-spun 

nanofibre mat and nanofibre mat after a solid-state deformation of 450% [54].  

Kongkhlang et al. [56] attempted to induce favourable orientation and increased 

crystallinity directly into as-spun electrospun nanofibres using a high-speed collector 

for nanofibres collection. Figure 2.10 exhibits two 2D wide-angle X-ray diffraction 

patterns of polyoxymethylene (POM) nanofibres 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 nanofibres. In addition, it should be noted that 

alignment of the nanofibres within the mat is also vital for achieving high strength 

and high modulus structures as misalignment will significantly reduce the efficiency 

of the fibres within a mat and will greatly reduce its mechanical properties [57]. 
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Figure 2.10. Two dimensional (2D) wide-angle X-ray diffraction patterns of 

electrospun polyoxymethylene (POM) nanofibres with different take up speeds (a) 

630m/min (b) 1890 m/min [56].  

Although it has been shown by various researchers that electrospinning can induce 

some level of chain orientation in fibres based on flexible chain polymers, these 

levels are often rather low. An interesting study in this respect was by Mohan et 

al. [58]. Here, small angle neutron scattering (SANS) was used to quantify the size 

and shape of the chain conformation in electrospun fibres of deuterated atactic 

polystyrene prepared from solutions. Although the orientation parameter <P2> was 

found to increase with increasing collecting speed, the maximum value of about 0.15 

(Figure 2.11a) was well below the orientation parameter expected for high 

performance polymer fibres with values typically approaching 1. When the 

tangential velocity of the rotating collector was greater than the flight velocity of the 

fibres 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 fibres (20 nm), showing limited coil deformation. As the 

diameters of these fibres was much greater than the polystyrene radius of gyration 
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these effects can be solely contributed to flow-induced orientation, excluding size or 

confinement effects as a result of nano-sized fibre diameters. 

 

Figure 2.11. (a) Orientation parameter <P2> obtained from SANS experiments for 

as-spun polystyrene fibres as a function of collector speed. Red circles represent 

uncorrected data for fibre 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 polymer chains parallel (black squares) 

and perpendicular (red circles) to the fibre direction together with bulk data (dashed 

line). 

The influence of size effects on the mechanical properties of electrospun fibres has 

been studied extensively [59-65] with many studies showing an increase in Young‟s 

modulus with decreasing nanofibre 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 nanofibre axis. Confinement effects are regarded by most researchers as the main 

reason for property improvement in electrospun nanofibres. However, although some 

degree of alignment and orientation can be envisaged with decreasing fibre diameter, 
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particularly if the diameter is reduced to below the coil size, full chain extension as 

observed in super-drawn high performance fibres will be more difficult to achieve. 

Nevertheless, a certain degree of orientation of polymer chains has been observed in 

electrospun fibres when their diameter is decreased. Figure 2.12a shows improved 

crystalline and extended amorphous structures in polycaprolactone (PCL) nanofibres 

for two diameters of 150 nm and 450 nm, produced under similar conditions [60]. 

Although an increase in mechanical properties with decreasing fibre diameter was 

reported for these PCL fibres the maximum reported Young‟s modulus remained low 

at 2 GPa. Additionally, chain orientation has also been observed in nanofibres that 

showed birefringence under crossed polarizers [66]. 

 

Figure 2.12. PCL nanofibres produced under similar conditions but with different 

fibre diameters (a) 150 nm (b) 450 nm, showing a thinner nanofibre possessing a 

more aligned fibrillar and lamellae microstructure [60].  

Stachewicz et al. [67] found that electrospun PVA nanofibres can possess a 

composite-like core-shell structure, with the shell region being aligned as a result of 
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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 nanofibre diameter as the shell component remained fairly 

constant at around 30 nm, meaning that the relative contribution of the shell region 

increases with decreasing fibre diameter. Properties of these PVA fibres indicated an 

increase in elastic modulus, as measured by single fibre AFM bending tests, for 

diameters below 300 nm. Elastic moduli up to 13 GPa, six times that of bulk PVA, 

were reported for fibres with diameters just below 100 nm. Although these values are 

superior to most reported data for electrospun fibres these values still do not rival 

solid-state drawn solution-spun PVA fibres possessing Young‟s moduli up to 70 GPa 

and tensile strengths of approximately 2 GPa [68]. 

Arinstein et al. [69] related the size of oriented regions in electrospun Nylon 6,6 

nanofibres 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 fibre diameter was found, below which a rapid increase in 

Young‟s modulus is initiated. Arinstein et al. [70] also reported an increase in 

Young‟s modulus in electrospun Nylon 6,6 nanofibres with decreasing fibre 

diameter (Figure 2.13). Here the authors suggest that the rapid increase in Young‟s 

modulus with decreasing fibre 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 nanofibre diameter. 
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Figure 2.13. Relative Young’s modulus Erel (Erel = E/Ebulk) of electrospun PA 6,6 

nanofibres as a function of their diameters [70].  

Most studies show similar results to those reported by Arinstein et al. [70], i.e., a 

three-fold increase in Young‟s modulus of thin electrospun fibres compared to that 

of the bulk polymer. Naraghi et al. reported an increase in Young‟s modulus for 

electrospun PAN fibres smaller than 300 nm, with a three-fold increase in modulus 

for diameters ranging from 100–200 nm [71]. Pai et al. reported a similar increase in 

Young‟s modulus of individual electrospun fibres of poly(trimethyl hexamethylene 

terephthalamide) (PA 6(3)T) [62]. Here, the Young‟s modulus was found to increase 

for fibres with diameters smaller than 500 nm, with a maximum modulus value 

reported of around 6 GPa for 170 nm fibres, i.e., three times the bulk modulus. 

One recent example of a more significant property improvement in electrospun 

fibres that was ascribed to confinement effects was reported for polyacrylonitrile 

(PAN). Young‟s moduli up to 48 GPa and tensile strengths up to 1.75 GPa were 
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reported by Dzenis and coworkers [72] for individual PAN nanofibres, approaching 

typical values for high performance fibres. Unlike traditional high performance 

fibres, where an increase in mechanical properties is often accompanied with a 

sacrifice in strain at break, these ultrafine PAN nanofibres were also simultaneously 

stiff and ductile. The highest value of toughness was achieved from the thinnest 

electrospun nanofibre with a diameter of 138 nm. Similar to Arinstein et al. their 

increase in mechanical properties was not ascribed to increased crystallinity (Figure 

2.14) 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 nanofibre diameter. 

The mechanical properties of these electrospun PAN fibres are particularly 

impressive, with the reported Young‟s modulus of 48GPa approaching or even 

exceeding theoretical values for atactic PAN (55 GPa) [73] or isotactic PAN having 

a 3/1 helical conformation (35 GPa) [73], although theoretical calculations have 

indicated that the crystal modulus of PAN taking a planar-zigzag conformation could 

reach values as high as 130 GPa [74]. In contrast to most other electrospun  

fibres, including PAN, where confinement effects typically result in a moderate 

increase in modulus [62, 67, 69, 70]; here a nanofibre modulus is reported that is ~25 

times greater than that of bulk PAN. This is in stark contrast to studies of Naraghi et 

al. [71], who reported only a three-fold increase in Young‟s modulus for electrospun 

PAN fibres with a maximum value of 7 GPa for a 150 nm fibre. Similarly, these high 

performance PAN nanofibres also outperform most conventional wet-spun high 
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strength acrylic fibres with typical Young‟s moduli of 10–20 GPa and tensile strengths 

of 1–1.5 GPa [75]. In fact, the values reported for these electrospun PAN fibres exceed 

those of super-drawn solution-spun ultra-high molecular weight PAN fibres by 

Kanamoto and co-workers who obtained tensile moduli of 35 GPa and strengths of 

1.8 GPa for fibres of draw-ratio 80, exhibiting extremely high levels of  

chain orientation [74]. 

 

Figure 2.14. (a) Stress-strain curves of electrospun PAN nanofibres with different 

diameters (b) XRD patterns of nanofiber bundles with various fibre diameters and 

corresponding degree of crystallinity (inset) [72].  

The underlying mechanisms of these exceptional properties are therefore still to be 

debated. The high modulus of the PAN nanofibres seems not related to their 

crystallinity as the reported crystallinity (< 50%) does not significantly increase with 

decreasing fibre diameter and is also less than that of conventional PAN fibre (~65%) 

[76]. Since flow-induced orientation is difficult to achieve during fibre spinning due 

to fast chain relaxation, and because these fibres are not post-drawn, it is difficult to 

envisage higher levels of chain extension in these as-spun nanofibres than in the 

(b) (a) 
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super-drawn UHMW-PAN fibres by Sawai et al. [74]. 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
2
> = C∞ n l

2
) [77, 78] it is also 

difficult to imagine the extreme confinement effects in 138 nm fibres which are 

necessary to explain such property improvement. Nevertheless, the reported 

mechanical properties of these electrospun PAN fibres are very interesting and 

require further studies. 

In summary, the relatively poor mechanical properties of flexible chain based 

polymer nanofibres 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 [38]. Given that strain rates can be up to 

10
5
 s

−1
 while viscoelastic relaxation times are found to be tens to hundreds of 

milliseconds [61, 62], some level of chain orientation can be potentially generated. 

However, residual solvents in the deposited nanofibres can accelerate chain 

relaxation and lead to shorter relaxation times [38]. Hence, relaxation of polymer 

chains could be suppressed by rapid solvent evaporation and fibre solidification [64]. 

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 fibres 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 
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orientation are to be expected in electrospun fibres based on flexible chain polymers, 

explaining their poor mechanical properties. Nonetheless, the mechanics in 

achieving chain orientation in electrospun fibres is still controversial due to the lack 

of systematically studies. For instant, most of characterizations on molecular 

orientation and mechanical properties in electrospun nanofibres are conducted on 

nanofibre mats or bundles rather than single fibres [81]. Therefore, in future research 

more attentions should be paid to single fibre characterization in order to establish 

better structure-processing-property relationships. 

The second reason for the relatively poor mechanical properties of electrospun fibres 

is that full chain extension is nearly impossible to realize during the electrospinning 

process for flexible chain polymers. This is crucial for obtaining a high performance 

fibre with properties approaching the theoretical crystal moduli listed in Table 2.1. 

With the exception Dzenis and co-workers‟ PAN nanofibre [72], the differences 

between experimentally reported Young‟s moduli of electrospun nanofibres 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 

nanofibre 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 [69], respectively, and polymer 

chains could be forced to extent and orient along the fibre axis if fibre diameters 

would go down to these levels. In such a case the Young‟s modulus of the fibre would 

be potentially approaching near theoretical values. However, even in such a 

hypothetical case it is expected that such ultra-thin fibres would be extremely weak 
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as there would be insufficient overlap between chains, resulting in poor stress 

transfer. 

2.2.3. Electrospun nanofibres based on rigid chain polymers 

2.2.3.1. Electrospun PPTA fibres 

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. 

 

Figure 2.15. A single electrospun PPTA fibre together with a single Kevlar
®

49 fibre 

[82].  

Inspired by the success of high performance aramid fibres the electrospinning of 

poly(p-phenylene terephthalamide) (PPTA) and characterization of the obtained 

nanofibre structures was carried out by Srinivasan and Reneker [82]. 



Chapter 2 High Strength and High Modulus Electrospun Fibres 

 

62 

 

 

Figure 2.16. 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 %.  

In their studies a homogeneous isotropic solution was formed by dissolving PPTA 

fibres (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 nanofibres 12–18 kV high voltages were applied between two electrodes 

at a distance of 3 cm. Nanofibres with diameters ranging from 40 nm to hundreds of 

nanometers were produced (Figure 2.15). The meridional and equatorial reflection of 

the as-spun and at 400 °C annealed PPTA nanofibres were shown in dark field mode 

transmission electron microscopy (TEM) and revealed some order in the fibres. 

However, only moderate chain orientation in these annealed PPTA nanofibres was 
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demonstrated using electron diffraction. Moreover, a continuous electrospinning 

process and mechanical properties of the deposited nanofibres were not reported.  

Traditional high performance p-aramid fibres are typically produced from 

anisotropic PPTA solutions with concentrations of around 19–20 wt % as shown in 

Figure 2.16. However, in the work 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 fibres. 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 fibres. 

2.2.3.2. Electrospun polyimide nanofibre 

Poly(p-phenylene biphenyltetracarboxamide) (BPDA/PDA) is a high performance 

aromatic polyimide with great mechanical properties but a less rigid structure 

compared to PPTA [57] (Figure 2.17). 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 2.18) shows good solubility in common organic solvents 

and it is therefore feasible to electrospin BP-PAA precursor fibres and subsequently 

convert them into BPDA-PDA polyimide nanofibres through a heat treatment. 
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  (a) 

(b) 

Figure 2.17. Structural formulas of (a) PPTA and (b) BPDA/PDA polyimide. 

Hou and co-workers [83, 84] investigated the electrospinning process and 

mechanical properties of these polyimide nanofibres. Under proper spinning 

condition, a well-aligned BP-PAA nanofibre mat was obtained on a high-speed 

collector and the aligned polyamic acid nanofibre samples were imidized into 

polyimide nanofibres. During this imidization process, the rigid-rod molecular 

chains tend to become oriented and extended along the fibre axis (Figure 2.18). 

 

Figure 2.18. A schematic diagram of the imidization process [57]. 

Mechanical tests indicated that the average tensile strength and modulus of these 

nanofibre mats with fibre diameters of around 300 nm were 660 MPa and 15 GPa, 
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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 fibres [85] and are in the region of commercial high 

performance fibres. 

2.2.4. Other routes to high performance nanofibres 

2.2.4.1. CNT reinforced polymer nanofibres 

Carbon nanotubes, due to their excellent mechanical properties, have been regarded 

as ideal reinforcement candidates for nanocomposites [86–88]. Basically, the 

Young‟s modulus and tensile strength of single-wall carbon nanotubes (SWCNTs) 

are reported to reach about 1 TPa and tens of GPa [89, 90], 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 fibres. 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 fibre [91–93]. 

Electrospinning is a promising technique to produce CNT reinforced nanofibres since 

it has the potential to debundle and align CNTs along the fibre axis and thus 

effectively reinforce the nanofibre [94–96], while interfacial interactions between 

CNTs and host polymer can be enhanced by functionalization of the CNTs [97]. 
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Sen et al. [97] reported on ester-functionalized SWCNTs reinforced electrospun 

polyurethane (PU) nanofibres. Mechanical tests showed that the tensile strength of 

these ester-functionalized SWCNT reinforced nanofibre 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 SWCNTs and polymer 

matrix. 

Baji et al. investigated the mechanical properties of multi-wall carbon nanotube 

(MWCNT) reinforced nylon 6,6 nanofibres [98]. 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 nanofibres 

using parallel plate electrodes. Mechanical tests showed that the tensile strength and 

Young‟s modulus of the composite nanofibres 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 MWCNTs along the nanofibre axis as confirmed by TEM. 

Other studies involving CNT reinforced nanofibres were reported by  

Hou et al. [99], Jose et al. [100], Lu et al. [101], and Wang et al. [102]. 

A careful analysis of the reinforcing efficiency of CNTs in the composite fibres 

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. [103] reported on solid-state drawn nanocomposite 
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PVA/SWCNTs tapes and found a remarkable reinforcing efficiency for systems 

incorporating up to 1 wt% of SWCNTs. Further studies on nanotube reinforced 

electrospun PVA nanofibres (Figure 2.19) revealed similar high reinforcing 

efficiencies, with a back-calculated SWCNT Young‟s modulus of around 0.85 TPa 

[102], i.e., close to its theoretical 1 TPa value. 

Despite various developments in CNT reinforced nanofibres, 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 

fibres. 

 

Figure 2.19. TEM micrograph of an individual MWCNT reinforced electrospun PVA 

nanofibre, showing an aligned MWCNT in a polymer nanofibre (scale bar 100 nm) 

[102]. 
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2.2.4.2. Electrospun polymer-derived carbon nanofibres 

Another interesting approach towards high strength and high modulus nanofibres is the 

development of carbon nanofibres. Polymer nanofibre precursors prepared via 

electrospinning followed by carbonization have been investigated [104]. Several 

polymers have been investigated as precursors for carbon fibres. Principally, 

polyacrylonitrile is used [105–109], while pitches [110, 111], poly(vinyl alcohol) 

(PVA) [112], polyimide (PI) [113], poly(vinylidene fluoride) (PVDF) [114], and 

polybenzimidazol (PBI) [115] have also been utilized. 

Zussman et al. created single electrospun PAN-derived carbon nanofibres with 

different fibre diameters possessing Young‟s moduli of 63 ± 7 GP and tensile 

strengths between 0.32 GPa and 0.9 GPa. The inferior mechanical properties of these 

electrospun PAN-based carbon nanofibres compared to commercial carbon fibres 

resulted from the relatively poor molecular orientation and disarrangements in the 

core-shell structure of the carbon nanofibres [106]. PAN-based carbon nanofibres 

were also prepared by Zhou et al. [109]. Young‟s moduli of 40 to 60 GPa and tensile 

strengths of 0.3 to 0.6 GPa for carbon nanofibre 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 nanofibres, i.e., by post-drawing of precursor 

fibres; the stabilization and carbonization of nanofibres under tension; and the use of 

PAN copolymer as a precursor. Optimized process conditions for strong carbon 

nanofibres based on PAN were reported by Chasiotis and co-workers [116]. Both the 

PAN precursor nanofibres and carbon nanofibres were smooth and uniform (Figure 
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2.20). Young‟s moduli of 191 ± 58 GPa upon carbonization at 1700 °С and tensile 

strengths of 3.52 ± 0.64 GPa upon carbonization at 1400 °С were reported, and were 

attributed to an increase in crystallites in the carbon nanofibres, making these fibres 

approach the mechanical performance of standard high-strength carbon fibres. 

 

Figure 2.20. (a) SEM micrograph and (b) TEM micrograph showing homogenous 

morphology of carbon nanofibres [116].  

(a) (b)
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Figure 2.21. Mechanical properties of traditional high performance fibres and 

electrospun nanofibres with respect to Young’s modulus and tensile strength. 

Commercial high-performance fibres show typical tensile strengths of 3–4 GPa and 

moduli of around 100–300 GPa (as shown in the top right hand side), while most 

electrospun fibres typically possess tensile strengths < 0.3 GPa and Young’s moduli 

< 3 GPa (as shown in the lower left hand side) [47-53, 55]. Some high performance 

electrospun nanofibres have been reported based on polyimide [84], 

polyacrylonitrile [72] and carbon nanofibres from electrospun PAN precursors 

[116]. 
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2.3. Conclusions 

Electrospinning has proven to be an efficient method to produce thin fibres with 

diameters down to the nano-scale. However, the mechanical properties of these 

nanofibres are often well below those of fibres made by conventional processes such 

melt- or solution spinning (see Figure 2.21). The main reason for this is the 

competition between flow-induced chain orientation and chain relaxation before 

fibre solidification, leading to low degrees of molecular orientation in as-spun fibres. 

In conventional polymer fibre processing, chain alignment is induced by drawing the 

as-spun fibre 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 nanofibres 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 nanofibres, 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 fibres (typically10–100times bulk polymer). 

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 
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alternative routes worth pursuing are the use of nano-reinforcements such as carbon 

nanotubes or transforming polymer precursor fibres into carbon nanofibres, with 

especially the latter showing some great promise for future work. 
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Chapter 3 

Electrospinning of PPTA  

Fibres 

 

3.1 Introduction 

As discussed in the previous chapter, in order to create high strength and high 

modulus fibres, it is vital to achieve chain orientation and chain extension along the 

fibre axis [1, 2]. With respect to electrospun nanofibres, mechanical properties are 

often found to be poor compared to corresponding synthetic textile fibres made from 

the same polymers due to their low degree of chain orientation and chain extension. 

Orientation of macromolecules can be introduced when the product of polymer chain 

relaxation time and the extension rate in the electrospinning process is greater than 

0.5 [3]. Given the fact that the relaxation time of flexible chain polymers is typically 

very short, orientation induced in the initial spinning process can rapidly disappear 

due to relaxation before solidification [4]. It is for this reason that high performance 
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fibres based on flexible chain polymers are typically post-drawn in the solid state 

below the melting temperature, where relaxation times are nearly infinite. However, 

such an approach is usually not feasible in electrospinning due to technological 

difficulties with respect to the post-drawing of nano-sized fibres [5]. Only limited 

stretching or drawing has been attempted to oriented nanofibre mats in order to 

induce some levels of molecular orientation and crystallinity, which often remain 

rather low [6, 7]. 

An alternative approach to achieve high chain orientation and extension is through 

the use of rigid chain polymers. The main reason to use rigid rod polymers is that in 

these systems the chain extension is already built in whilst flow induced chain 

orientation can be realised during the spinning process. p-Aramid fibre is the prime 

example of a high performance synthetic fibres spun from rigid (or semi-rigid) 

polymer chains. When poly(p-phenylene terehthalamid) (PPTA) is dissolved in 

concentrated sulphuric acid at low concentration, the rigid rod molecules are 

randomly distributed. These rod-like molecules will tend to arrange themselves to 

form nematic domains above a certain concentration. Furthermore, they can be 

oriented in the fibre direction when they are subject to elongational flow during 

spinning [8]. Using such an approach, conventional high performance p-aramid 

fibres have been produced using dry-jet wet spinning technologies taking advantage 

of the anisotropic properties of PPTA solutions [9, 10].   

Great success has been achieved by developing through these routes high 

performance p-aramid fibres like Kevlar® and Twaron® with typical fibre diameters 
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of around 14 µm [11, 12]. However, until recently few efforts were devoted to the 

development of electrospun p-aramid nanofibres. Reneker and co-workers [13] 

attempted to electrospin 2-3 wt% of PPTA solution (isotropic phase). Although 

nano-scale fibres were obtained no mechanical properties were reported. Importantly, 

concentrations of these spinnable solutions used in their work were outside the 

regime (19-20 wt%) needed for high performance p-aramid fibres, which implies 

that mechanical properties of these fibres would have been rather poor. 

In this chapter, we aim to develop high performance PPTA nanofibres by 

electrospinning anisotropic solutions. First, the electro-spinnability of both isotropic 

and anisotropic PPTA solutions is investigated. Subsequently, the need for using 

relatively high voltages in the electrospinning of these materials is analysed followed 

with a discussion on the difficulties and challenges in creating a continuous and 

technologically feasible electrospinning process. Finally, the mechanical properties 

of the p-aramid fibres obtained from the above process is discussed and correlated 

with the size effect.  

3.2. Experimental 

3.2.1. Solution preparation and electrospinning  

98 wt% of concentrated sulphuric acid was prepared by diluting fuming sulphuric 

acid containing 20% sulphur trioxide (purchased from Sigma-Aldrich) with distilled 

water. For instance, in order to make 98 wt% of sulphuric acid, 100 g fuming 
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sulphuric containing 20g of sulphur trioxide needs to be added with 6.59g of distilled 

water.  

A 19.46 wt% PPTA in concentrated sulphuric acid solution (kindly provided by 

Teijin Aramid, The Netherlands) was diluted to produce three isotropic solutions of 

2 wt%, 5 wt%, 7 wt% and two anisotropic solutions of 15 wt% and 17 wt% by 

adding 98 wt% of sulphuric acid. All solutions were prepared using mild stirring in 

oil bath at 85 °С for 3 hrs. 

In the electrospinning process, voltages between 0 kV and 30 kV were employed, 

distances from 8 to 2 cm and flow rates between 0.2 ml/h to 2 ml/h were adjusted to 

obtain fibres. A water bath was used to coagulate and collect the fibres. Moreover, a 

heating band was used to maintain the temperature of the spinning solutions between 

80 °С and 90 °С. 

3.2.2. Tensile testing and fibre characterization 

The resulting electrospun fibres were tested using a micro-tensile tester (Agilent 

T150 UTM, load resolution of 50 nN) [14]. As shown in Figure 3.1, single fibres 

were mounted on a paper frame with a fixed internal dimension of 10 mm × 5 mm. 

Super glue and double-sided tapes were used to fix the single fibres to the frame and 

no clamp slippage was observed during testing. The strain rate during tensile testing 

was 0.1 mm/s. Samples that failed close to or inside the grip were discarded.  
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Figure 3.1. Schematic illustration of single fibre sample preparation for mechanical 

tests. 

Morphological studies of the fibres were performed using a scanning electron 

microscope (FEI, Inspect F). All of the samples were gold-coated before observation.  

3.3. Results and Discussion 

3.3.1. Electrospinning from isotropic and anisotropic PPTA solutions 

Figure 2.16 shows the relation of viscosity with concentration of moderate molecular 

weight PPTA in sulphuric acid above 80 °С [15]. An increase in solution 

concentration results in an increase in viscosity in the isotropic phase when PPTA 

molecules are randomly aligned. For this reason PPTA solutions are considered to be 

in their isotropic phase at low concentrations (typically less than 12 wt%). Viscosity 

reduces sharply at a critical concentration with a further increase in solution 

concentration due to the self-assembly of molecules into nematic liquid crystal 

domains and subsequently the viscosity reaches a minimum at a concentration of 

around 20 wt% when the solution becomes fully liquid crystalline. Above this 

Paper frame

Cutting line

Single Fibre 

Super glue
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concentration, the solution viscosity will increase again with the appearance of a 

PPTA solid phase caused by the super-saturation of solution. Conventional p-aramid 

fibres are spun from about 20 wt% concentrations (around the lowest viscosity) by 

taking advantage of the anisotropic properties of PPTA solutions [16].  

A typical electrospinning set-up is shown in Figure 3.2. It should be noted that these 

anisotropic PPTA solutions are biphasic with both nematic phase and solid phase 

below 80 °С while degradation of PPTA would be initiated above 90 °С. Hence, a 

heating band with a precise temperature control system to the syringe is necessary to 

ensure a spinning solution temperature of 85 °С.  

Electrospinning involves charging the spinning solution using high voltage and 

consequently a solution jet could eject from the pending droplet on the nozzle when 

its surface tension is overcome by the electrostatic repulsion forces. In this work, 

spinning parameters such as applied voltage, distance and flow rate of solution were 

adjusted to make the solution spinnable. It should be noted that a water bath is 

needed as a collector to extract solvents and coagulate the solution jets into fibres 

because of the non-volatile property of sulphuric acid. Subsequently, those fibres are 

transported for drying at 60 °С overnight. It is important to know that the spinning 

solution jet in this work is relatively straight and few whipping instabilities were 

observed due to the use of high voltages and short spinning distances. Branched 

solution jets were found close to the coagulation bath, which will be discussed in the 

next section. 
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The spinnability of the PPTA solutions is of primary importance for the 

technological feasibility of electrospun PPTA fibres. In the case of electrospinning of 

isotropic solutions, only small and large droplets were deposited in the coagulation 

bath for 3 wt% and 5 wt% solutions, respectively. After washing and drying, these 

droplet morphologies are shown in Figure 3.3a and b, respectively. With increasing 

solution concentration, short fibres (lengths < 100 μm) of varying diameters (2 μm-

20 μm) were collected from the 7 wt% solution at an applied voltage of 25 kV and a 

distance of 5 cm as shown in Figure 3.3c. Further increase of solution concentration 

would lead to rapid increase in viscosity of spinning solution but failed to lead to 

longer fibres.  

 

Figure 3.2. Schematic illustration of electrospinning set-up of PPTA in concentrated 

sulphuric acid solutions. 

Heating band

Water bath

High 

voltage

PPTA in sulphuric acid

Solution jet
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This phenomenon can be ascribed to the fact that the surface tension of solution 

dominates the electrospinning process at low concentrations, hence leading to the 

formation of droplets or stretched droplets (short fibres) [17]. Meanwhile, due to the 

non-volatility of sulphuric acid, no solid fibres were obtained before the coagulation 

bath. During the spinning process, the solution jet is prone to break when it is 

stretched due to the absence of chain entanglements in the low concentration 

solutions. Therefore, under these circumstances, the process can be considered to be 

electrospraying rather than electrospinning.  

 

 

(a) 

(b) 
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Figure 3.3. SEM micrographs of fibres ‘electrospun’ from PPTA solutions with 

concentrations of (a) 3 wt% (b) 5 wt% and (c) 7 wt% PPTA. 

 

 

(c) 

(a) 

(b) 
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Figure 3.4. SEM micrographs of fibres ‘electrospun’ from PPTA solutions with 

concentrations of (a) 15 wt% (b) 17 wt% and (c) 19.46 wt% PPTA. 

With respect to the electrospinning of anisotropic solutions, the solvent molecules 

have a tendency to interact with polymer molecules rather than congregate together, 

which is attributed to the high concentration of the solution. Consequently, the 

solution jet is stretched and fibres can be obtained without breakage of the jet owing 

to a sufficient level of chain entanglements in the solution. The p-aramid fibres 

electrospun from 15 wt%, 17 wt% and 19.46 wt% of anisotropic solutions are shown 

in Figure 3.4 (a, b, c). A broad range of fibre diameters from about 300 nm to 16 µm 

were found for all of the three anisotropic spinning solutions.  

3.3.2. Feasibility of electrospinning conditions for p-aramid fibres 

It should be noted that the electrospinning parameters (spinning voltage, distance, 

flowing rate, etc.) needed in this work to obtain fibres all varied within narrow 

ranges. Specifically, electric field strength (4 kV/cm) used was about threefold of 

that of normal electrospinning [3]. A low electric field strength leads to greater 

tendency of droplet formation while too high electric field strength is prone to give 

(c) 
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rise to corona discharge. In both situations, no fibres will be obtained. Here, the 

electrospinning of anisotropic PPTA solutions (15 wt%, 17 wt% and 19.46 wt%) 

gave similar fibre diameter distributions  as shown in Figure 3.4 (a, b, and c).   

Three key solution parameters are listed in Table 3.1 which can significantly 

influence the processing parameters, i.e. applied voltage or potential electrical field. 

Compared to other commonly used electrospinning solvents, the conductivity of 

solvent used in this study is significantly higher. Meanwhile, the essential difference 

of the anisotropic PPTA solution with other common electrospinning solutions is the 

relatively high solution viscosity as shown in Table 3.1. Although the surface tension 

of 98% sulphuric acid is of the same order as surface tensions measured for common 

electrospinning solutions, it is not directly comparable as the surface tension of the 

anisotropic PPTA solution are unknown, it can still be concluded that high voltages 

are needed to generate sufficient electrostatic forces to stretch the electrospinning jet 

into micro-scale or nano-scale fibres in the case of these anisotropic PPTA solutions. 

The necessity of high voltage is not due to the conductivity of the solution but 

mainly the result of the high viscosities of the PPTA solutions. In order to better 

understand the role of applied high voltage (or high electrical field) in the process, a 

similar set-up without applied voltage was used to produce fibres from the same 

lyotropic solutions. It was found that large fibres with diameters varying from 2 mm 

to 50 µm can be collected. Mechanical properties of these fibres were found to be 

inferior to the largest diameter electrospun fibres collected with applied voltage as 

will be shown in the next section. As such this reference experiment indicated that an 

applied voltage is essential to fabricate thin fibres and to induce alignment of the 
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PPTA molecules in the fibres.   

Table 3.1. Viscosity, conductivity and surface tension of anisotropic PPTA solutions 

compared with common polymer solutions employed in electrospinning. 

Solutions 

Viscosity 

(1×10
3
 cP) 

Conductivity 

of solvents 

(mS/m ) 

Surface 

tension 

(mN/m) 

Ref. 

Anisotropic 

PPTA 

solutions 

650-1000 

73.5-83.5 

(80°С-90°С) 

~55 

(98% H2SO4) 

[18, 19] 

Common 

electrospun 

polymer 

solutions 

0.02-300 

0.05-30 

(RT) 

20-75 [20] 

 

Nevertheless, two significant phenomena arise with the application of high electrical 

field strength. First of all, abundant branching was observed as shown in Figure 3.4. 

This is because the solution jet is easily disturbed by the high voltage and the high 

density charges tend to build up in the solution jet as a result of the high electric field. 

As a result, several secondary jets are formed from the primary jet during spinning in 



Chapter 3 Electrospinning of PPTA fibres 

98 

 

order to reduce the local charges per unit surface area [4], leading eventually to 

branched fibres. Fibres with diameters ranging from 16 µm to hundreds of 

nanometers can be found in the deposited fibre branches and it was impossible to 

control the fibre diameter within a certain range independent of spinning parameters. 

Also fibres with diameters less than 2 μm rarely had a length above 3 mm, which 

makes them difficult to test but also has implications for potential applications. 

Branched solution jets did however lead to nano-scaled electrospun PPTA fibres. 

Secondly, it is worth reminding that the electrospinning process in this work could 

not be operated in a controllable and continuous manner which is once again mainly 

attributed to the high voltage caused solution jets breakage. Therefore, strictly 

speaking, the spinning in this work is not electrospinning since continuous spinning 

is not realized and a large quantity of electrospun p-aramid fibre could not be 

collected. 

3.3.3. Mechanical properties of electrospun p-aramid fibres 

Conventional p-aramid fibre is regarded as one of the most important high 

performance fibres with high stiffness and tensile strength (Young‟s modulus > 60 

GPa and tensile strength > 2 GPa).  
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Figure 3.5. Electrospun p-aramid fibres from 19.46 wt% anisotropic solution under 

crossed polarizer (a) fibre 1 is positioned parallel with one piece of polarizer whilst 

fibre 2 is positioned at a 45° angle with the polarizer (b) after 45° clockwise rotation 

of sample stage. 

With respect to the electrospun p-aramid fibres reported here, an obvious 

birefringence can be observed under crossed polarizers as shown in Figure 3.5, 

which indicates that alignment of liquid crystals in induced in the p-aramid fibres 

during electrospinning. As mentioned above, the electrospinning of PPTA resulted in 

branched fibre with a wide distribution in fibre diameters. Mechanical properties of a 

wide range of fibre diameters were evaluated in order to study a possible size effect. 

Single electrospun p-aramid fibres were carefully separated from the coagulated and 
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dried fibre bundles and glued to the prepared paper frame as shown in Figure 3.1 for 

tensile testing. Figure 3.6 and Figure 3.7 show that the Young‟s modulus and tensile 

strength of tested single fibres increased with decreasing fibre diameter, clearly 

indicating a significant diameter effect. Size effects on the mechanical properties of 

electrospun fibres have been studied extensively for flexible chain polymers [21-27]. 

Many studies showed that decreasing the nanofibre diameter can effectively enhance 

the Young‟s modulus of these nanofibres and is often ascribed to confinement of 

polymer coils forcing them to align to some extent along the fibre axis, hence 

leading to improvement of molecular orientation and crystallinity [6, 7], as well as 

orientation of amorphous regions when their sizes are comparable or larger than the 

nanofibre diameter [28]. Compared to bulk polymers, the Young‟s moduli of 

electrospun nanofibres can show a several folds (typically 2-4) increase with 

decreasing fibre diameters but these improvements are relatively small compared to 

improvements (typically 10-100) observed in super-drawn high performance 

polymer fibres [29]. Full chain extension as observed in super-drawn high 

performance fibres is not achieved in these fibres mainly due to the absence of a 

subsequent solid-state drawing process in the of as-spun nanofibres based on flexible 

chain polymers. 

 



Chapter 3 Electrospinning of PPTA fibres 

101 

 

 

Figure 3.6. Tensile strength and Young’s modulus of electrospun PPTA fibres with 

varying fibre diameter. 

As discussed in Chapter 2, rigid chain polymers have a significant advantage over 

flexible chain polymers for the creation of high performance electrospun fibres as 

these systems can be oriented during the spinning process without the need of a post-

drawing process to induce high levels of chain extension as here chain extension is 

build in by the polymer chemist. In our electrospinning work, p-aramid fibres are 

fabricated from high elongation flows where PPTA molecules are forced to align 

along the fibre axis. As a result, high levels of chain orientation and extension is 

achieved in these as-spun fibres without the need of post-drawing. However, it is 

also expected that thinner fibres would experience higher levels of elongational flow 

and better molecular orientation, leading to higher mechanical properties. For the 

PPTA system a 20 fold increase in Young‟s modulus is seen with decreasing fibre 
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diameter. This diameter effect is far greater than values typically reported for 

electrospun nanofibres based on flexible chain polymers (typically 2-4) [2], and 

highlights the potential of rigid rod polymers to create high performance electrospun 

fibres. 

 

Figure 3.7. Stress-strain curves of electrospun PPTA fibres with different diameters. 

In comparison to commercial p-aramid fibres, the highest Young‟s modulus value of 

59 GPa measured for a fibre with diameter of 2.1 µm is relatively low but is similar 

or approaches values of Standard Twaron
®
 1000 or Kevlar

®
 29 fibres (60-80 

GPa [29]). It is also interesting to mention here that nanofibres of several hundred 

nanometres have been produced based on Teijin‟s proprietary Teijinconex m-aramid, 

which is a less rigid molecule than p-aramid. Although no further data is reported for 

these m-aramid nanofibres, their mechanical properties are expected to be at best 
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similar to conventional m-aramid fibres (modulus < 12 GPa; strength < 600 MPa) 

and well below those reported in our study. Meta-aramid fibres are mainly used for 

flame-resistant technical textile applications rather than for applications requiring 

high mechanical properties. 

Northold et al. developed a detailed mathematic model to describe the relation 

between the fibre compliance and the chain orientation distribution on the basis of 

single-phase crystalline model for the microstructure of PPTA fibres [30, 31] 

 2sin
1

A
e

S                                                                                            

(3.1)

 

where S is the fibre compliance, e represents the theoretical modulus when the 

molecular chains are parallel to the fibre axis and  2sin  represents the chain 

orientation distribution with the fibre axis and A is a factor representing the 

mechanical anisotropy of the crystallite. This equation has been verified 

experimentally by Northolt based on PPTA fibres and it was shown that the fibre 

compliance corresponds linearly with the chain orientation distribution [30]. 

On the basis of Equation 3.1, the Young‟s modulus of the as-spun fibre is therefore 

expected to scale as )cos1()/1( 2E  where 2cos  is derived from  2sin  as  

the chains mean orientation after spinning and E is the Young‟s modulus of fibre 

which can be ascribed as the reciprocal of the fibre compliance. During spinning the 

chains within the fibre become more aligned as a consequence of the geometrical 

diameter reduction. Assuming the spinning material as incompressible, we 
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geometrically find      RRrr 


tantan  . Note that for a constant volume under 

small elastic deformations, which is not the case for large plastic deformations as 

during spinning, the Poisson‟s ratio is ; while the other limiting case of  

denotes maximal compressibility and, for such a case, we find the same scaling but 

with the exponent . For our case we expect an intermediate value of ≤≤ 

The Young‟s modulus therefore should scale as:
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where e is considered to be 160 GPa which is the theoretical modulus of PPTA as 

listed in Chapter 2. 

If three sets of data (r = 2.1 µm, E = 58 GPa; R = 2.8 µm, E = 42 GPa; r = 6.2 µm, E 

= 20 GPa) were fitted in the equation (3.3), the values of A, w and tan could be 

found as 0.055, 0.126 and 0.718, respectively. 

Then one set of data (R = 2.8 µm, E = 42 GPa) was selected to fit in the Equation 

(3.2), it will be written as: 

)

)
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(72.01

1
1(055.0

156

11

526.22 rE




                                                         (3.3)

 



Chapter 3 Electrospinning of PPTA fibres 

105 

 

An „S‟ shape curve is predicted as shown in Figure 3.8 based on Equation (3.3). 

Most of the experimental data are clearly well fitted by the model with little 

derivation. More importantly, although fibres with diameter less than 2 μm are 

difficult to test due to their short lengths (< 3 mm), the Young‟s modulus of these 

fibres can now be estimated from the curve with an ultimate stiffness of 160 GPa 

when all PPTA molecules are perfectly aligned (tan). For example, in our 

branched electrospun fibres, PPTA filaments with diameters as low as 250 nm were 

observed but could not be tested. However, based on the above geometrical model 

such fibres are expected to have Young‟s moduli of around 150 GPa, approaching 

the theoretical modulus of PPTA, and exceeding moduli of commercial High 

Modulus Twaron
® 

or Kevlar
®
 49 fibres (125 GPa). 

 

Figure 3.8. Experimental Young’s modulus of electrospun PPTA fibres and 

prediction data based on Equation (3.2). 
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An obvious shortcoming of the electrospun fibres reported in this work is their 

relatively low tensile strengths compared to conventional p-aramid fibres. The 

maximum tensile strength achieved is about 1.1 GPa, which is only half that of 

conventional p-aramid fibres. Given the fact that tensile strength of fibres is sensitive 

to defects, any possible flaw (Figure 3.9) induced from the electrospinning process, 

coagulation, or handling of the fibres causing kinking can be detrimental to the final 

tensile strengths. Because of this it is not surprising that strengths of fibres produced 

under non-optimal conditions as in this work are well below those of fibres spun 

under fully optimized commercial spinning conditions. 

   

Figure 3.9. Comparison of a smooth PPTA fibre (left) and a PPTA fibre with defects 

(right). 

Despite the relatively low tensile strengths and difficult spinning conditions 

compared to conventional p-aramid fibre, this work for the first time reported high 

performance electrospun p-aramid fibres from anisotropic solutions. 

defects
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3.4. Conclusions 

In this chapter, the electro-spinnability of isotropic PPTA solutions and anisotropic 

PPTA solutions has been evaluated. Fibres could be fabricated from all anisotropic 

solutions by adjusting spinning parameters but only droplets and short fibres were 

obtained from isotropic solutions. Spinning of the anisotropic PPTA solutions gave 

numerous secondary solution jets and fibre branching and resulted in a broad 

diameter distribution in as-spun fibres. The smallest diameter fibres in these 

branched PPTA fibres showed significantly higher mechanical properties with peak 

values of tensile strength and Young‟s modulus of 1.1 GPa and 59 GPa for fibres 

with a diameter of 2.1 µm. A geometrical model based on a reduction for the size-

dependent Young‟s modulus was developed to predict the properties of fibres.  

It is however worth reminding that the electrospinning process in this research work 

could not be operated in a well controllable and continuous manner due to the fibre 

branching attributed to the high voltage applied. Moreover, only small quantities of 

electrospun p-aramid fibre could be collected. However, the work did report for the 

first time report the use of anisotropic solutions for the electrospinning of PPTA 

fibres, while at the same time showing the potential of achieving high levels of 

property improvement in electrospun fibres using rigid rod polymers. The maximum 

properties achieved in this work are among the highest reported for electrospun 

fibres [2] and approach those of commercial p-aramid fibres. 
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Chapter 4 

Electrospinning of Reactive 

Mesogens 

 

4.1 Introduction 

Reactive mesogens (RMs) are liquid crystalline monomers with polymerizable end 

groups which tend to orient parallel to each other in their liquid crystalline phases. 

UV-light exposure induced photo-polymerization of reactive mesogens with two or 

more end groups can be used to chemically fixate the ordered liquid crystalline 

structure leading to highly oriented polymer networks [1, 2].   

Aligned RMs giving polarized emissions have been explored for potential 

applications in amongst others full-colour organic light-emitting diodes (OLEDs) [3]. 

One example was a pixelated liquid crystal OLED which emitted red, green and blue 

light by the use of three different light-emitting RMs which was fabricated by Aldred 

et al. [4]. Besides, RMs can be used in organic field effect transistors (OFETs) [5], 
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viewing-angle compensation films for LCDs [6], fluidic applications as liquid crystal 

polymer spheres [7], etc.  

However, reactive mesogens haven‟t been used in fibre application. As discussed in 

Chapter 3, electrospinning has the potential to induce molecular alignment in 

systems based on rigid rod polymers such as PPTA, potentially leading to high 

performance p-aramid fibres. However, continuous spinning was not realized as a 

result of the necessary high voltage causing fibre breakage and branching with nano-

scale fibres being relatively short (< 3 mm). A potential alternative approach to 

produce high performance fibres through electrospinning is the use of reactive liquid 

crystal monomers as the high molecular orientation induced during spinning can be 

fixated in the fibre after photo-polymerization.  

Because of the rheological properties of RMs, it is impossible to directly electrospin 

the liquid crystal monomers into fibres as the absence of viscoelasticity in these 

liquids would lead to electrospraying rather than electrospinning. 

In order to create spinnable systems, in this chapter, the electrospinning of liquid 

crystal monomers respectively blended with PMMA and PA6 at different ratios is 

presented. Their corresponding nanofibre morphologies, thermal properties and 

mechanical properties were evaluated and discussed. This work potentially provides 

a new concept towards designed nanofibres with oriented morphologies, and could 

lead to high strength and high modulus electrospun nanofibres. It needs to be pointed 

out that this study mainly focuses on the investigation of the electrospinning of 
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RM/polymer composite nanofibres, their mechanical properties and the reinforcing 

efficiency of RM257 in composite nanofibres.  

4.2 Experimental 

4.2.1 Materials and solution preparation 

7 wt% of poly(methyl methacrylate) (Mw = 996,000g/mol, Sigma-Aldrich) in solvent 

mixture of DMF (Anhydrous, 99.8%, Sigma-Aldrich) and chloroform (Anhydrous, 

99%, Sigma-Aldrich) with a ratio of 7/3 (w/w) was prepared by overnight stirring at 

60 °C. Reactive diacrylate liquid crystal monomer RM257 (Merck) was blended 

with PMMA in different weight contents (20%, 33%, 50%, 66%) in the same solvent 

mixture as above to prepare spinning solutions. In addition, two solutions for spin-

coating were prepared using PMMA/RM257 blends and PMMA/RM82 (Merck) 

blends. In both cases, the PMMA concentration is 1 wt% and the weight ratio of 

PMMA to liquid crystal monomer is 1/1. 

14 wt% of polyamide 6 (PA6 or Nylon 6, Ultramid B33L, BASF) in formic acid 

(puriss. ≥ 98%, Sigma-Aldrich) and acetic acid (puriss. ≥ 99.7%, Sigma-Aldrich) 

mixture with a weight ratio of 1/1 was prepared by stirring at 70°C for 3 hrs. Similar 

to the PMMA/RM257 blends, a variety of RM257 contents (20%, 33%, 50%, and 

66%).were also blended to PA6.  
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Furthermore, 40 wt% of RM257 and RM82 in 1,2-Dichloroethane (Sigma-Aldrich) 

were also prepared to make aligned neat RM films by spin-coating the solutions on 

rubbed PI film substrates [8]. 

In all solutions, photo-initiator Irgacure184 (1-Hydroxy-cyclohexyl-phenyl-ketone, 

Ciba) was added at a 1/50 ratio (w/w) to RMs.  

4.2.2 Spin-coating, electrospinning and UV-induced photo-

polymerization 

In the spin-coating process, 20 mm × 20 mm square glass-slides were used as 

substrates and all samples were prepared at a speed of 1000 rpm/min for 30 sec. 

A flow rate of 0.5 ml/h, distance of about 20 cm, and voltage of around 20 kV was 

applied for the electrospinning of the PMMA solutions and PMMA/RM257 

solutions. Similar flow rates and distances but slightly lower voltage levels of about 

18 kV were used for the electrospinning of PA6 solutions and PA6/RM257 solutions.  

RMs or polymer/RM blends are capable of undergoing photo-initiated radical 

reaction under UV-light exposure (Omnicure S2000®, Lumen Dynamics) with the 

obtained fibres being subsequently heated to 90 °C at which the liquid crystal 

monomers are in their nematic phase as shown in Figure 4.1. The exposure time was 

20 min and the UV-light dosage is 1.5 J cm−2 at a distance of 20 cm. The sample cell 

was purged with nitrogen gas during the whole process to inhibit oxygen induced 

oxidization. 
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Figure 4.1. Chemical structure of (a) RM257 (b) RM82 and (c) Irgacure184 along 

with (d) UV-light exposure induced photo-polymerization of RMs in their nematic 

phase forming an anisotropic structure. 

4.2.3 Characterization 

The surface morphology of nanofibre samples was characterized using SEM (Jeol 

JSM-6300F) after Au coating. An optical microscope (OM) incorporated with a high 

resolution digital camera was used to check the morphology of spin-coated films and 

UV-light

Nitrogen gas 

Photo-polymerization 

RMs in their nematic phase Densely cross-linked network

(a) 

(b) 

(c) 

(d) 
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a polarized optical microscope (POM) was used to characterize the birefringence of 

electrospun fibres.   

Phase-transition temperatures of the nanofibres were determined using differential 

scanning calorimetry (DSC) (Q-1000, TA Instruments). Approximately 5-10 mg 

samples were sealed into aluminum DSC pans and measurements were carried out in 

the temperature range of 25 °C to 140 °C at a heating and cooling rate of 5 °C/min. 

All electrospun nanofibre samples and UV-cured RM257 and RM82 neat films were 

cut into rectangular strips along the alignment direction with a length of 40 mm and 

width of 5 mm for mechanical tests using an Instron 5566 universal testing machine 

with a load cell of 100 N. It should be noted that all nanofibre samples were directly 

clamped between two flat clamps whilst the pure liquid crystal films were first glued 

on a paper frame as ascribed in Chapter 3 and then kept in place between two flat 

clamps to avoid any clamping induced damage to the brittle films. The testing speed 

was 2 mm/min for all samples. 

4.3 Result and Discussion 

4.3.1 Spinning-coating, electrospinning and characterization of 

PMMA with RM257 

Thin films were prepared from the PMMA/RM257 and PMMA/RM82 solutions 

using a high speed spinning coater, respectively. As shown in Figure 4.2, compared 

to the PMMA/RM82 spin-coating film, the PMMA/RM257 film has a much finer 
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morphology with polymer dispersed in the liquid crystals, indicating less phase 

separation of PMMA with RM257.  

This phenomenon is confirmed by Figure 4.3, where the UV-cured electrospun 

PMMA/RM82 fibres show discontinuous birefringences whilst the UV-cured 

electrospun PMMA/RM257 fibres exhibit homogenous birefringences under crossed 

polarizers. Phase separation of polymer carrier with RM is vital for electrospinning 

as it can result in RM agglomeration and fibres with inhomogeneous RM dispersions 

could be found. This will be detrimental to the mechanical properties of such blend 

nanofibres as continuous and ordered liquid crystal networks after UV-curing are 

difficult to achieve. Similar phenomenon were observed in the case of PA6/RM82 

but pictures are not shown. 

        

Figure 4.2. Optical microscopy pictures of spin-coated films (scale bar 50 µm) of (a) 

PMMA/RM82 and (b) PMMA/RM257. 

In addition, neat RM films with preferred orientations were also fabricated. Pure 

RM257 film after photo-polymerization displayed better mechanical properties in 

(b) (a) 
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comparison with polymerized RM82 film as revealed by the stress-strain curves in 

Figure 4.4. Young‟s modulus of about 7.5 GPa and tensile strength up to 133 MPa 

were found (Table 4.1). As a result, only nanofibres electrospun from polymer and 

RM257 blends were investigated in this work.  

     

     

Figure 4.3. Polarized optical micrographs of electrospun PMMA/RM82 (1/1, weight 

ratio) fibres (scale bar 50 µm); (a) at 45° angle with crossed polarizers 

(corresponding optical micrograph, inset); (b) at 135° angle with crossed polarizers 

and electrospun PMMA/RM257 (1:1, weight ratio) fibres; (c) at 45° angle with 

(d) (c) 

(b) (a) 
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crossed polarizers (corresponding optical micrograph, inset); (d) at 135° angle with 

crossed polarizers. 

Electrospinning of PMMA/RM257 blends with different compositions were carried 

out. Before photo-polymerization, smooth and homogenous nanofibres  obtained are  

shown in the left-hand side of Figure 4.5. All nanofibres exhibited diameters ranging 

from 220 nm to 450 nm with average diameters at around 350 nm.  

 

Figure 4.4. The stress-strain curves of neat RM257 and RM82 films after UV-light 

exposure induced photo-polymerization. 

The phase transition of RMs in polymer blends and the glass transition temperature 

(Tg) of PMMA in these blends were investigated using DSC. DSC traces of 0, 20, 33, 

50, 66 wt% of RM257 in PMMA and pure RM257 were shown in Figure 4.6. 

The glass transition temperature of PMMA decreased with increasing RM257 

content (Figure 4.7). This depression in Tg was attributed to size of the monomer as 

http://www.sciencedirect.com/science/article/pii/S0169433212009166#fig0010
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well as the interaction between the monomer and the polymer [9]. The monomer size 

can be considered constant as only RM257 was used here. Hence, the depression of 

Tg can be mainly ascribed to the weak interactions between polymer and 

monomer [10]. This is supported by the fact that a phase transition temperature of 

RM257 was not detected until a monomer content of 66 wt%. 
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Figure 4.5. Electrospun PMMA/RM257 nanofibre with RM257 content of 20, 33, 50, 

66 wt% (from top to bottom) before and after UV-curing (from left to right). 

The depression of Tg is profound when the monomer content was increased from 0 

wt% to 20 wt% as a steep depression in Tg was found. A mild depression was found 

which is not surprising as increasing monomer content will not enhance the 

interaction with PMMA. However, when the RM257 content increased to 66 wt%, 

the crystalline to nematic phase transition of RM257 started to appear and the Tg of 

PMMA increased to 105 °C, suggesting phase separation of RM257 and PMMA.  

PMMA/RM257 blend nanofibres of various compositions were transported to a 

sample cell which was kept at 85 °C for UV-light exposure to induce photo-

polymerization. Here, ordered RM257 molecules in their nematic phase should be 

fixed into a densely cross-linked network. The SEM graphs of PMMA/RM257 after 

UV-curing were shown in the right-hand side of Figure 4.5. The morphologies of 

nanofibre with 20 wt% of RM257 were found to be similar before and after UV-

curing. Fibre fusion was found in the nanofibres with 66 wt% of RM257 after photo-

polymerization, which is consistent with the phase separation indicated in the DSC 

trace above.  
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However, slight fibre fusion and severe fusion were found in nanofibres with RM257 

contents of 33 wt% and 50 wt%, respectively. Here nanofibre fusion is attributed to 

the flowing of RM257 during UV irradiation in their nematic phase but results are 

not yet fully understood as the phase separation causing RM257 flow is 

contradictory with the DSC traces of PMMA/RM257 as here phase separation 

between PMMA and RM257was not detected at these two concentrations.  

 

Figure 4.6. DSC curves of 0, 20, 33, 50, and 66 wt% RM257 in PMMA nanofibre 

samples along with DSC curves of pure RM257 film (100 wt%). 

Moreover, the UV-cured PMMA/RM257 nanofibre samples were too brittle for 

tensile testing. Samples easily broke during handling or clamping, thus no reliable 

and repeatable data were found. 
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Figure 4.7. DSC traces of PMMA/RM257, showing the shifting of Tg for PMMA with 

the increasing content of RM257. 

4.3.2 Electrospinning and characterization of PA6 with RM257 

Electrospinning of different weight ratios of PA6/RM257 solutions were also 

performed. A high speed rotating disc with a velocity of about 2800 rpm was used to 

collect aligned nanofibres. Smooth and homogenous nanofibres with a preferred 

diameter distribution around 400 nm were obtained from the solutions containing 20 

wt% and 33 wt% RM257 as shown from the top two SEM graphs in the left-hand 

side of Figure 4.8. It is worth mentioning that RM257 has poor solubility in formic 

acid and acetic acid mixtures although they are good solvents for PA6. When the 

content of RM257 increased to 50 wt%, poor solubility of RM257 in formic acid and 

acetic acid mixtures caused inhomogeneous spinning solutions and potentially leads 

to nanofibre fusion after electrospinning. 
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.       

     

      

Figure 4.8. Electrospun PA6/RM257 nanofibre with 20, 33 and 50 w% RM257 in 

PA6 (from top to bottom) before and after UV-curing (from left to right). 
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Figure 4.9. DSC curves of 0, 20, 33 and 50 wt% RM257 in PA6 nanofibre samples 

along with DSC curves of pure RM257 film (100 wt%). 

The glass transition temperature of PA6 in the blends was also investigated using 

DSC. DSC traces of 0, 20, 33, 50 and 100 wt% of RM257 in PA6 are shown in 

Figure 4.9. A Tg shift with increasing RM257 content as shown for the PMMA 

blends (see Figure 4.6) was not observed for the PA6/RM257 blends. One possible 

explanation for this apparent absence is that the endothermic step which appears at 

the glass transition temperature is hidden behind the broad peak of the crystalline to 

liquid crystalline phase transition for RM257 in blends as the Tg of PA6 (55 °C) is 

within the temperature range of this phase transition (50 °C--72 °C). Hence, phase 

separation could exist in all PA6/RM257 blend nanofibres although this is hardly 

observed in the micrographs after UV curing at low RM257 content (20 wt% and 33 

http://www.sciencedirect.com/science/article/pii/S0169433212009166#fig0010
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wt%) but more profound at the higher concentration of 50 wt%. Figure 4.8 also 

indicated that liquid crystals are present on the surface of the nanofibres as the fibre 

fusion observed after curing could be due to a combination of RM flow during UV-

curing and/or inhomogeneous solutions causing fibre fusion during electrospinning. 

Table 4.1. Mechanical properties of pure RM films and PA6/RM257aligned 

composite nanofibres along with effective RM257 contributions to the modulus of 

composite nanofibres.   

Materials 

Young’s 

modulus    

(GPa) 

Tensile    

strength(MPa) 

Effective modulus 

contribution of RM257 

(GPa) 

RM82 7.5 134 - 

RM257 3.8 74 - 

PA6 nanofibres 1.15 101 - 

20 wt% RM257        

in PA6 

1.7 97 3.9 

33 wt% RM257        

in PA6 

2.8 121 6.1 

50 wt% RM257        

in PA6 

1.9 58 2.6 
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Figure 4.10. The stress-strain curves of aligned PA6 electrospun nanofibre mat and 

PA6/RM257 blend nanofibre mats with different RM257 content.  

The mechanical properties of aligned PA6/RM257 nanofibres mats with different 

RM257 content after UV-curing were evaluated. Stress-strain curves are shown in 

Figure 4.10 and their Young‟s moduli and tensile strengths are listed in Table 4.1. 

Aligned nanofibre mats with 33 wt% of RM257 content exhibit the highest Young‟s 

modulus and tensile strength. Since these blend fibres can be considered as 

composite fibres with RM257 as reinforcement and PA6 as a matrix, a simple back-

calculation to derive the effective RM257 contribution [11] to the Young‟s modulus 

of those composite nanofibres was made in Table 4.1 using the „Rule of Mixture‟: 

Ec = Er Vr + Em (1-Vr)                                                                  

where Ec, Em, and Er are the Young‟s modulus of the composite, matrix and the 
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reinforcement, respectively, and Vr is the volume fraction of the RM257. The 

effective modulus contribution of RM257 to the composite nanofibre was found to 

increase from 3.9 GPa (20 wt% of RM257) to 6.1 GPa (50 wt% of RM257) and then 

decrease sharply to 2.6 GPa at higher loadings (66 wt% of RM257). The results 

indicate that an RM257 network after UV-curing can effectively enhance the 

nanofibre stiffness at low concentrations but that the effective contribution of 

RM257 to the modulus of the composite nanofibres decreases significantly at high 

concentrations due to phase separation, which is in agreement with morphological 

and thermal analysis. Furthermore, it should be noted that the strength contribution 

of RM257 was not investigated in this chapter as the tensile strengths of RM257, 

PA6 and the composite nanofibres (20 wt% and 33 wt% of RM257) are all of a 

similar level. With respect to the composite nanofibre with 50 wt% of RM257, a 

tensile strength as low as 58 MPa was found which is hardly surprising because the 

excessive flow of the RM257 during UV-curing can significantly reduce their 

orientation induced during the electrospinning process. 

4.4 Conclusions 

In this chapter, the reactive mesogens RM257 rather than RM82 were selected to be 

blended with polymers in order to create an electrospinnable system. RM257 was 

selected and electrospun into nanofibres due to two reasons; (1) Significant phase 

separation occurred in the electrospun RM82/PMMA nanofibres and spin-coated 

films and (2) Pure aligned RM257 possessed better mechanical properties than 
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RM82. Electrospinning of different compositions of PMMA/RM257 and 

PA6/RM257 blends were carried out followed by UV radiation induced photo-

polymerization. DSC results showed that the Tg shifts towards lower temperatures 

with increasing RM257 content, indicating weak interactions between PMMA and 

RM257 whilst no Tg shift was found in the case of PA6/RM257 blends. The latter 

indicating phase separation, which was further confirmed by surface morphology 

studies of nanofibres after UV-curing. The mechanical properties of the composite 

fibres were enhanced with increasing RM 257 content from 20 wt% to 33 wt% 

followed with a drop when further increasing the RM257 content. Composite fibres 

containing 33 wt% of RM257 showed the best mechanical properties with Young‟s 

moduli up to 2.8 GPa and tensile strengths up to 121 MPa and an effective modulus 

contribution of the RM257 to the composite fibre of 6.1 GPa. However, although 

this study showed that reactive mesogens can induce some levels of reinforcement in 

electrospun polymer fibres the properties obtained were rather modest and well 

below those required for high performance fibres.  
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Chapter 5 

Electrospinning of  

Co-polyimide Nanofibres 

 

5.1 Introduction 

As discussed in Chapter 2, flexible chain polymers can be relatively easy electrospun 

from solution into nanofibres but only with poor mechanical properties due to 

insufficient levels of chain orientation and chain extension. In contrast, the 

electrospinning of a rigid-rod polymer like PPTA as reported in Chapter 3 can 

exhibit good mechanical properties, the main drawback being related to the actual 

electrospinning process with continuous spinning and uniform fibre diameters being 

difficult to realize. Conversely in Chapter 4 it was shown that when blended with 

thermoplastic polymers, rigid molecules like reactive mesogens could be readily 
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electrospun into fibres, albeit with inferior mechanical properties compared to 

typical high performance fibres.  

An alternative method to produce high performance nanofibres is by using soluble 

flexible chain polyimide precursors for electrospinning and subsequently converting 

these into chain extended polyimide nanofibres. Polyimides are normally not soluble 

in common organic solvent because of their high rigidity of molecular chains hence 

electrospinning the corresponding polyamic acid solution followed with imidizing 

the polyamic acid precursor nanofibres is the main route to produce polyimide 

nanofibres. Huang et al. electrospun well-aligned poly(p-phenylenebiphenyl 

tetracarboxamide (BP-PAA) nanofibres and then imidized these homopolymers into 

poly(p-phenylene biphenyltetracarboximide) (BPDA/PDA) nanofibres [1]. The 

Young‟s modulus, tensile strength and elongation at break of their well-aligned 

BPDA/PDA nanofibre mat were about 15 GPa, 660 MPa and 4.9%, respectively. 

Enhancement of mechanical properties compared to the BP-PAA precursor 

nanofibres (Young‟s modulus of 2.1 GPa, tensile strength of 187 MPa and 

elongation at break of 10.3%) is mainly ascribed to the imidization process where the 

flexible BP-PAA chains are transformed into rigid-rod molecular chains of 

BPDA/PDA which become oriented and extended along the fibre axis. Co-

polyimides are also suitable for producing nanofibres by using BPDA/BPA/ODA 

(composition mole ratio can be found in Table 5.1). Nanofibres with Young‟s 

moduli of 6 GPa, tensile strengths of 980 MPa and elongation at break of 22.2% 

were found and the resulting nanofibres had greater tougheness compared to the 

homo-polyimide nanofibres but at the expense of stiffness [2]. 
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The focus of this chapter is to develop an electrospun co-polyimide nanofibre with 

greater stiffness then reported BBO co-polyimide nanofibres and higher tensile 

strength than the reported BPDA/PDA nanofibres with the aim of using these fibres 

as reinforcements for high performance nanocomposites. For this, attempts were 

made to introduce the flexible moiety ODA the rigid homo-polyimide structure of 

BPDA/PDA. Its corresponding polyamic acid was synthesized and electrospun into 

aligned nanofibre mats and then imidized to BPO co-polyimide nanofibres. Both the 

PAA nanofibres and BPO nanofibres were characterized by means of SEM, FTIR, 

and XRD. Mechanical properties of both BPO nanofibre UD-mats (unidirectional 

mats) and UD-bundles were evaluated. Subsequently, the tensile strength of a single 

BPO nanofibre was estimated from the bundle data by applying Daniel‟s theory 

based on Weibull statistics. 

5.2 Experimental 

5.2.1 Materials 

3, 3', 4, 4'-Biphenyltetracarboxylic dianhydride (BPDA), 4, 4'-oxydianiline (ODA) 

and p-Phenylenediamine (PDA) were purchased from Sigma-Aldrich. N, N-

Dimethylformamide (DMF, 99.8%, anhydrous) was supplied by Sigma-Aldrich. All 

materials were used without further purification. 
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5.2.2 Synthesis of co-polyimide BPDA/PDA/ODA polyamic acid 

2.942 g (0.01 mol) BPDA, 0.545 g (0.005 mol) PDA and 1.001 g (0.005 mol) ODA 

were mixed together in 40.400 g of DMF within a three-neck flask which was 

ventilated with dry nitrogen gas. Intense stirring was applied in the polycondensation 

process at low temperature (0 °C) for 20 hrs. A 10 wt% solution of the polyamic acid 

product in DMF was obtained eventually. 

5.2.3 Electrospinning of BPDA/PDA/ODA polyamic acid 

The 10 wt% solution synthesized above was diluted to 4.5 wt% by adding anhydrous 

DMF to get a homogenous spinning solution. Then the spinning solution was placed 

inside a syringe and pumped through a metallic needle acting as one electrode at a 

controlled flow rate of 0.5 ml/h. A voltage of 25 kV was applied to the needle of 

which then a solution jet was ejected and collected on a rotating drum with a speed 

of 2200 rpm wrapped with aluminium foil acting as the ground electrode. 

Evaporation of solvent and stretching of solution jet occurred and solid nanofibres 

were collected on the surface of the drum. The nanofibre mat could be easily peeled 

off from the aluminium foil and was dried in a vacuum oven at 70 °C for 3 hrs to 

remove all residual solvent.  

5.2.4 Conversion from BPDA/PDA/ODA polyamic acid to polyimide 

To obtain BPDA/PDA/ODA polyimide from its precursor fibres, these as-spun 

nanofibres were heated in a nitrogen atmosphere using the following procedure:  
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(1) Heating up to 240 °C at a rate of 10°C/min and annealing for 2 hrs. (2) Heating 

up to 380 °C at a rate of 1.5 °C/min and annealing for 1 hr. (3) Cooling down to 

room temperature. 

5.2.5 Characterization  

The UD nanofibre mat was cut into rectangular strips with width of 4 mm and length 

of 50 mm. Mechanical tests of nanofibre mats were performed using an Instron 5566 

universal testing machine with a load cell of 100 N. Each sample was griped directly 

in the clamps with the gauge length being determined by the distance between the 

two clamps.  

The thickness of pure solid nanofibre strip (without consideration of voids between 

nanofibres) is determined using the Equation (5.1).  

Tf = Wf / D L ρf                                                                                         (5.1)    

where Wf, D and L represent the weight, width and length of PI nanofibre strip 

respectively. ρf  is the density of solid PI nanofibres without air which is measured to 

be 1.48g/cm
3 

using a gas pycnometer (AccuPyc 1330 He, U.S.A.). 

Nanofibre bundles containing ~30 filaments were prepared by carefully removing 

them from the UD-mat using a sharp tweezer and then glued on 1 mm × 1 mm paper 

frames. As a micro-tensile tester, an Agilent T150 with a maximum load of 500 mN 

and load resolution of 50 nN was applied to test the mechanical properties of the 

nanofibre bundles. Every series of samples was measured five times. Samples which 
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failed close to or inside the grips were discarded. The surface morphology of the 

nanofibres was investigated using a scanning electron microscope (Jeol JSM-6300F). 

All samples were gold-coated before observation. 2D wide-angle X-ray diffraction 

(WAXD) patterns were recorded using an APEX II detector in transmission mode 

with Cu Kα radiation from the Incoatec microfocus source. Diffraction patterns were 

collected with 30 sec exposure and calibrated with an Al2O3 filled capillary.  

5.3 Results and Discussion 

5.3.1 Synthesis of BPO polyamic acid 
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Figure 5.1. Low temperature polycondensation and imidization process. 

The polycondensation process (Figure 5.1) of monomers BPDA, PDA and ODA 

with a mole ratio of 2:1:1 in organic solvent is effective and rapid. Hence, the 

synthesis should be performed at low temperatures (0 °C) to inhibit side reactions. A 

10 wt% solution of polyamic acid in DMF was obtained after 20 hrs. 

5.3.2 Electrospinning of polyamic acid, imidization process and 

characterization 

In order to produce nanofibre reinforced composites with good mechanical 

properties it is vital to produce high performance electrospun nanofibre mats which 

are well aligned along one direction as nanofibre misalignment in a non-woven mat 

will significantly reduce the mechanical properties of such mats [1, 3]. In this study, 

a high speed rotating disc (diameter of 10 cm) with a speed of 2200 rpm was used to 

collect nanofibres. It should be also mentioned that the morphology of nanofibres 

plays an important role in their final mechanical properties. Beaded and non-uniform 

nanofibres should be avoided by optimizing the spinning solution (conductivity, 

concentration, etc.) and spinning parameters (applied voltages, spinning distance, 

temperature, rotating speed of collector, etc.). Figure 5.2a shows a representative 
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morphology of an aligned polyamic acid (PAA) nanofibre mat electrospun from 4.5 

wt% spinning solution, as prepared by diluting the 10 wt% polyamic acid solution 

with DMF. Electrospinning of lower concentrations would lead to beaded fibres 

whilst higher concentrations result in bigger fibres or a solution that is too viscous to 

spin. The electrospun polyamic acid nanofibres produced from the well-prepared 

PAA solution were reasonably well-aligned, uniform and smooth. They possess 

diameters ranging from 180 nm to 300 nm with the majority the nanofibres having a 

diameter of around 275 nm.        

                            

Figure 5.2. SEM micrographs of; (a) polyamic acid nanofibres before imidization; 

(b) polyimide nanofibres after imidization. 

Before imidization, the polyamic acid nanofibres needed to be dried in a vacuum 

oven to avoid fibre fusion during the following imidization step [4]. Next, the 

solvent-free PAA nanofibre mat was imidized at elevated temperatures (see 

experimental procedure). Figure 5.2b shows that there are no obvious differences in 

fibre orientation in the nanofibre mats before and after imidization.                                                          

(a) (b) 
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Figure 5.3. FTIR spectrum of nanofibres before and after imidization. 

             

Figure 5.4. WAXD patterns of (a) polyamic acid nanofibres before imidization (b) 

co-polyimide nanofibres after imidization. 

FTIR was used to study the imidization process. The most obvious difference in the 

FTIR spectrums as shown in Figure 5.3 is the disappearance of the broad absorption 

peak in the range of 2900 to 3600 cm
-1

 after imidization, which is attributed to 

(a) (b) 
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stretching vibration of carboxyl group and amide group of polyamic acid. This 

implies that the BPDA/PDA/ODA polyamic acid has been completely transferred to 

BPDA/PDA/ODA co-polyimide. Also, the absorption peak around 1340 cm
-1

 which 

is attributed to stretching of -C-O- confirms the existence of flexible ODA units in 

the molecular chain. In addition, the peak around 1750 cm
-1 

which results from the 

C=O in the five-membered imide cycle appears upon imidization [2].  

From the 2D WAXD patterns of aligned polyamic acid nanofibre mats (Figure 5.4a), 

a typical pattern for random chain orientation is observed. In contrast, distinct bright 

diffreaction arcs are clearly seen from the pattern of the aligned co-polyimide 

nanofibre mat in Figure 5.4b, revealing preferred crystal orientation along the fibre 

axis in these materials.  

 

Figure 5.5. X-ray intensity versus the azimuth angle for BPO nanofibre mats before 

(black) and after (red) imidization. 
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Herman‟s orientation factor, f, was introduced here to better quantify the orientation 

of crystals before and after imidization and was determined from the fully corrected 

azimuthal intensity distribution diffracted from the (110) reflection [5] at d = 3.03 Å. 
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where I() is the intensity distribution of the (110) reflection at that angle of which 

is the azimuthal angle between the axis of the crystal plane and of the fibre. For  a  

given  crystallographic axis, < cos
2
 >  assumes values of 1 for perfect alignment, 

1/3 for random orientations, and 0 for precise perpendicularity, which corresponds to 

a Herman‟s orientation factor with respective values of 1, 0 and -1/2 [6]. 

In this study, the X-ray intensity as a function of azimuthal angle was plotted in 

Figure 5.5 with a Herman‟s orientation factor of about 0 and 0.7 for BPO nanofibres 

before and after imidization, respectively. These results confirm that the PAA 

precursor nanofibre shows isotropic behaviour while the imidized BPO nanofibre 

possesses a high degree of chain orientation. 

5.3.3 Mechanical properties of co-polyimide nanofibres 

The imidization of polyamic acid is considered to be a molecular chain self-ordering 

process which is to transform a non-oriented structure into an extended and oriented 
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structure [1] by the formation of rigid five-membered imide cycles in the molecular 

structure upon imidization. This is usually accompanied with increasing mechanical 

properties of the nanofibre mats. It is clearly seen from Figure 5.6 that the 

mechanical properties of the UD nanofibre mat after imidization improved 

dramatically when compared to its precursor nanofibre mat. The average Young‟s 

modulus increased from 2.5 GPa to 10 GPa whilst the average tensile strength 

increased from 132 MPa to 1040 MPa.  

 

Figure 5.6. Stress-strain curves of UD nanofibre mats before and after imidization. 

Compared to the reported co-polyimide BPDA/BPA/ODA (BBO) electrospun 

nanofibres listed in Table 5.1, they have higher values for Young‟s modulus and 

tensile strength, which is important for application in high performance composites.  
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The mechanical properties also compare very favourable to those of homo-polyimide 

BPDA/PDA nanofibres. Particularly, the moderate strain-at-break (~13.5%) in 

combination with the higher tensile strength ensures that the BPO co-polyimide 

nanofibre has a greater toughness than homo-polyimide BPDA/PDA nanofibres as 

listed in Table 5.1 and Table 5.2. A reasonable explanation for this is that the mole 

ratio of rigid BPDA/PDA units to flexible BPDA/ODA units in the co-polyimide has 

a significant influence to the resulting nanofibres. It can be concluded from Chen et 

al. [2] that with increasing rigid unit content in co-polyimide, the Young‟s moduli 

and strain-at-break of the corresponding nanofibres will increase and decrease, 

respectively. Meanwhile, the co-polyimide fibres can have a higher tensile strength 

than homo-polyimide. In our work, the BPO co-polyimide fibres possess an 

excellent balance of tensile strength and Young‟s modulus with their tensile strength 

being much higher than that of homo-polyimide nanofibres [7]. Interestingly, the co-

polyimide nanofibres reported in this work also exhibit moderate strain-at-break, 

which in combination with high strength and stiffness, results in a good level of 

toughness. The toughness of spider silk and Kevlar
®

 49 are listed in Table 5.2 for 

comparison. The toughness of our high performance BPO nanofibres approaches 

Kevlar
®
 49 fibre, which is commonly used for anti-ballistic applications [8]. 

Although the BPO nanofibres have lower toughness than spider silk they have 

favourable levels of strength and stiffness for advanced composite applications. 
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Table 5.1. Mechanical properties of three different types of electrospun polyimide 

nanofibre unidirectional mats. [1, 2]. 

Material 

(mole ratio) 

Young’s 

modulus 

(GPa) 

Tensile 

strength 

(MPa) 

Strain 

(%) 

BPDA/PDA/ODA (2:1:1)   

(this work) 

 10  1040 13.5        

BPDA/BPA/ODA (2:1:1)  6.3 983  22.2 [2] 

BPDA/PDA (1:1)  15  660 4.97 [1] 

 

It is important to note that the toughness of UD mat is not the same as that of 

individual fibres. Provided the fact that the toughness of UD mat is calculated from 

the enclosed area under the stress-strain curve, strain-at-break significantly 

influences the resulting toughness. In the case of electrospun non-woven mats the 

random orientation of the nanofibres or fibre entanglements in these mats can lead to 

extensive nanofibre sliding and deformation during tensile testing. Hence, there is 

little correlation between the toughness of individual nanofibres and random non-

woven nanofibre mats, while the toughness of UD mats represents better the intrinsic 

toughness of single fibres. 
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Table 5.2. Toughness of the three different types of nanofibre from Table 5.1 

together with spider silk and Kevlar
®

 49. 

Materials  Toughness (MJ/m
3 

or MPa) 

BPDA/PDA/ODA  

co-polyimide 

(this work) 

Nonwoven UD 

nanofibre mat 
77± 3 

Multifilament bundle 39 ± 4 

BPDA/PDA polyimide 

Nonwoven UD 

nanofibre mat 
~ 20 [8] 

Single nanofibre ~ 22 [8] 

BPDA/BPA/ODA  

co-polyimide 

Nonwoven UD 

nanofibre mat 
~120 [2] 

Spider silk Single fibre 

160 (MA silk) [9] 

150 (Viscid silk) [9] 

221 (Nephila edulis silk) [10] 

Kevlar
®
 49 Single fibre 50 [9] 

 

It should also be noted that even in the case of electrospun aligned mats 

discrepancies exist between the mechanical properties of these UD mats and those of 

single nanofibres. In most aligned electrospun mats some level of misalignment exist 

in these mats and because of this aligned mats typically have inferior mechanical 

properties compared to single electrospun fibres. For the tensile testing of individual 

electrospun nanofibres two main techniques have been reported. The first one 
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involves in-situ tensile testing using atomic force microscopy (AFM) for force 

measurement and SEM for imaging. Typical stress-strain behaviour can be obtained 

by this method on single nanofibres [11]. Mechanical properties of electrospun 

poly(vinyl alcohol) (PVA), polyamide 6 and mineralized collagen fibrils have been 

successfully tested via this technique. A second method involved the use of a high 

resolution nano-tensile tester that allows for the testing of single nanofibres. This 

method has been used by Tan et al., Leong et al. and Chen et al. [5, 12, 13].  

        

                                                                                              

Figure 5.7. (a) Schematic illustration of bundle sample preparation for mechanical 

testing and SEM micrographs of a multifilament nanofibre bundle of 29 filaments (b) 

before testing and (c) after testing. 

For the testing of single nanofibres two main challenges have to be faced. The first 

one involves the separation of single nanofibres from aligned mats and the other one 

Paper frame

Cutting line

Fibre bundle

Super glue
(a) 

(b) (c) 
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is manipulating and transporting single nanofibres to the tensile tester. In both cases, 

the single nanofibre can easily be damaged. A relatively convenient alternative 

method to evaluate the mechanical property of nanofibres is to test aligned 

multifilament bundles. Compare to aligned nanofibre mats, such bundles have much 

less fibres and have nearly perfect fibre alignment so that they reflect better the 

intrinsic mechanical properties of corresponding single nanofibres.  

Before tensile testing, multifilament nanofibre bundles were mounted on a paper 

frame using double-sided sticky tapes and epoxy glue as shown in Figure 5.7a. 

Figure 5.7b shows a well aligned nanofibre bundle before tensile testing and Figure 

5.7c presents a nanofibre bundle including 29 filaments after testing. Once the 

specimen is prepared, it needs to be gripped between two clamps to ensure the gauge 

length is equal to the inner length (10 mm) of the paper frame. In this work, we used 

a high resolution (50 nN) universal micro-tensile testing machine (Agilent T150) 

[14]. The cross-section area of a multifilament bundle is determined by counting the 

number of filaments and then multiplying this by the cross-section area of the 

individual nanofibres. Here, 275 nm is considered as the average filament diameter 

as detected by SEM and taking into account the ~5 nm thickness of the gold coating. 

It is worth mentioning that the number of filaments in a bundle is determined from 

the number of broken fibre ends in a bundle (Figure 5.7c) rather than from the 

multifilament bundle before testing (Figure 5.7b) in case any broken fibre ends exists 

in the bundle before testing. The Young‟s modulus and tensile strength of the 

aligned co-polyimide nanofibre bundles are found to be 38 ± 2 GPa and 1550 ± 70 

MPa, respectively (Figure 5.8). The relatively high mechanical properties in 
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comparison to the UD mats are the result of a better alignment of individual 

nanofibres in the bundles compared to the mats. 

 

Figure 5.8. Stress-strain curves of UD nanofibre mats and bundles. 

In order to estimate the single nanofibre properties from the bundle data we applied 

Daniel‟s bundle theory based on Weibull statistics, which was recently extended for 

considering hierarchical [15], composite [16], and even self-healing materials [17]. 

Accordingly, describing the nanofibre strength statistics with the classical Weibull 

statistics, having unknown mean strength 
f  and Weibull modulus m, we deduce:
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where Nbb ,,  are respectively the bundle mean strength, standard deviation and 

number of nanofibres in the bundle (  is the gamma function).  

Since the tensile strength of the aligned co-polyimide nanofibre bundles composed 

with N=30 (average of 28, 29 and 33 from three bundles), individual nanofibre 

strength was found to be 1550 ± 70 MPa. From the Equation (5.4) we estimated 

m=16.8, whereas from Equation (5.5) 9.1f GPa. 

Note that although the experimental estimation of  b  could be not very accurate due 

to the relative small number of tests (n=3), the Weibull modulus of 16.8 is in 

agreement with Weibull moduli reported for polymeric fibres. Weibull moduli for 

polymeric fibres were found to be in the range of 8 to 18 [18], which in turn 

confirms the reliability of b  and thus the reliability of the single BPO nanofibre 

strength data. 

5.4 Conclusions 

In this chapter, BPO co-polyimide precursor polyamic acid was first synthesized and 

electrospun into nanofibres and then imidized to high strength and high modulus co-
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polyimide nanofibres. Aligned co-polyimide nanofibre mats possessed a mean 

Young‟s modulus, strength and strain-at-break of respective 10 GPa, 1.04 GPa, and 

13.5 %. In comparison with reported co-polyimide nanofibres (BBO) of similar 

chemical structure, these BPO co-polyimide nanofibres were both strong and stiff, 

while at the same time exhibiting high levels of toughness. Because of their 

relatively high strain-at-break these BPO co-polyimide nanofibres exhibit greater 

toughness than homo-polyimide (BPDA/PDA) nanofibres with comparable 

toughness to Kevlar
® 

49.  

Mechanical properties of multifilament nanofibre bundles (~30 filaments) were 

tested by virtue of a micro-tensile tester. Young‟s moduli of 38 ± 2 GPa and tensile 

strengths of 1550 ± 70 MPa were found. Further analysis of this bundle data using of 

Daniel‟s fibre bundle theory based on Weibull statistics lead to a predicted tensile 

strength for single co-polyimide nanofibres of about 1.9 GPa. 

The high performance co-polyimide electrospun fibres reported here are expected to 

make interesting nano-reinforcements for composites and this will be the focus of the 

following chapter. 
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Chapter 6 

Co-Polyimide Nanofibre 

Reinforced Composites 

 

6.1 Introduction 

Traditionally, fibres such as glass [1], carbon [2-4], cellulose [5-7] or synthetic [8, 9] 

have been used to reinforce softer polymer matrices such as epoxy and polyester 

resins or thermoplastic resins. Nowadays, fibre reinforced composites are available 

in a range of properties with applications varying from aircraft to military, from 

bridges to automotive and to sporting goods.  

In recent years, electrospun nanofibres have attracted interest as reinforcements for 

composite materials due to their small diameter (20 nm-1 µm) and high aspect ratio. 

Such nanocomposites have potentially great impact properties as a result of the high 

interfacial area, leading to high fibre debonding and pull-out energies during 
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composite fracture [10-12]. Fibre orientation, fibre aspect ratio as well as interfacial 

bonding between fibre and matrix can all greatly influence mechanical properties of 

fibre reinforced composites. In theory, the high aspect ratio of electrospun fibres can 

be of significant advantage as reinforcement efficiency increases with fibre aspect 

ratio. For example, for a nanofibre with a diameter of 100 nm, the critical fibre 

length is only 1/100 of that for a micro-fibre of the same strength and a diameter of 

10 µm [11]. As electrospun fibres are generally continuous their aspect ratios are 

extremely high and much greater than that of other nanoreinforcements such as 

nanoclays, whiskers, carbon nanotubes or graphene, making them great candidates 

for composite reinforcement.   

Electrospun nanofibres have been evaluated as reinforcements in polymer matrices 

such as styrene-butadiene rubber [13], epoxy resin [13, 14], melamine-formaldehyde 

resin [15], thermoplastic polyurethane [16], etc. Nevertheless, their potential 

research in the area of polymer nanofibre reinforced composites is still rather limited 

due to some key challenges. First, as mentioned previously, the mechanical 

properties of electrospun nanofibres are often very poor compared to traditional 

reinforcing fibres such as glass and carbon fibres or even corresponding synthetic 

micro-fibres made from the same polymer. So far very few studies have reported 

mechanical properties for electrospun nanofibres which are approaching those of e.g. 

glass fibres with moduli of 70 GPa and tensile strengths of 2 GPa [17, 18]. Secondly, 

electrospun nanofibres are almost exclusively available in non-woven form and 

textile fabrics (knitted, woven, etc.) have not yet been realized which restricts the 

development of nanofibres for composite applications. Finally, so far systematic 
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studies and analysis of polymer nanofibre reinforced composites using traditional 

composite theories are inadequate. 

In the previous chapter, co-polyimide polyamic acid based on BPO was synthesized 

and then electrospun to nanofibres. After imidization, the mechanical properties of 

the tested multifilament nanofibre bundles were as high as 40 GPa for the Young‟s 

modulus and a tensile strength of 1.55 GPa. The low density of these fibres 

compared to glass fibres leads to very interesting specific mechanical properties 

making them great candidates for composite reinforcement. However, whether these 

mechanical properties can be translated into effective composite reinforcement 

remains unclear. In the work reported here, a triblock Kraton G1643MS 

thermoplastic elastomer exhibiting low viscosity and easy processing in solutions 

was used as a soft matrix. The BPO co-polyimide nanofibre described in Chapter 5 

was used as reinforcement. As such a novel strong and flexible unidirectional 

composite was obtained, which was fully characterized. The off-axis mechanical 

properties of these nanofibre reinforced composites with two fibre volume fractions 

(45% and 25%) were investigated and compared with predicted data using classical 

composite theories. Meanwhile, the influence of nanofibre misalignment in a these 

unidirectional composites was studied and the Young‟s modulus of single nanofibres 

was predicted from composite data. 
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6.2. Experimental 

6.2.1. Materials 

Tetrahydrofuran (THF, ≥ 99.9%, anhydrous) was purchased from Sigma-Aldrich 

without further purification. Kraton G1643MS resin was kindly supplied by Kraton 

Performance Polymers, Inc.  

6.2.2. Fabrication of UD BPO co-polyimide nanofibre reinforced 

composites 

 

Figure 6.1. Schematic of the fabrication process of unidirectional BPO co-polyimide 

nanofibres reinforced composites. 
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All aligned nanofibre mat samples were cut into strips of rectangular shape with a 

width of 4 mm and length of 30 mm. The fabrication process of BPO co-polyimide 

nanofibre reinforced composite is illustrated in Figure 6.1. A well aligned PI 

nanofibre mat was dipped into a 10 wt% matrix in THF solution for 5 sec until voids 

between the nanofibres were eliminated. Then the wetted mat was pressed first 

between two flat glass slides followed by placing weights (5 kg) on top of them. 

Subsequently, the specimen was left in a vacuum oven for drying at 70 °C for 2 min. 

After that, the above steps were repeated until the required fibre volume fraction was 

reached. 

6.2.3. Characterization  

Mechanical tests of the composite laminates were performed by using an Instron 

5566 universal testing machine with a load cell of 100 N. Every series of samples 

were measured five times. Samples failing close to or inside the grips were discarded.  

The thickness of the neat aligned nanofibre mat (without consideration of voids 

between the nanofibres) is determined by:  

Tf = Wf / (D L ρf)                                                                                                       (6.1)    

where Wf, D and L represent the weight, width and length of the UD co-polyimide 

nanofibre sample, respectively. ρf is the density of solid BPO nanofibres without air 

and is measured to be 1.45 g/cm
3 

using a gas pycnometer (AccuPyc 1330 He, 

U.S.A.). It should be noted that the matrix between nanofibres is regarded as 

homogenously dispersed. Therefore, the matrix thickness can be considered to be the 
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thickness of a rectangular matrix strip which has the same width and length as the 

nanofibre strips, which is given by: 

Tm = Wm / (D L ρm)                                                                                                   (6.2)    

where Wm and ρm are the weight and density of the matrix, respectively. ρm equates to 

0.89 g/cm
3
 which is measured based on casting neat matrix films. Therefore, the 

thickness of the UD co-polyimide nanofibre reinforced composite Tc can be 

determined as: 

Tc = Tf + Tm                                                                                                              (6.3)    

The porosity of the UD nanofibre mat was determined from:  

Pf = 1- Vf / V                                                                                                             (6.4)    

where Vf is the volume of solid nanofibres without consideration of voids between 

nanofibres and V is the total volume of nanofibres plus voids. More specifically, the 

porosity can be written as:    

Pf = 1- (Wf / ρf) / (D L T) = 1- [(Wf / (ρf D L)]/ T= 1- Tf / T                                    (6.5) 

where T stands for the thickness of nanofibre strip which is measured using a 

micrometre without visible compression of the specimen. In the same way, the 

porosity of composites is given by: 

Pc = 1- (Tf + Tm) / Tmeasured                                                                                       (6.6)    

Where Tmeasured is also measured by using a micrometer without visible compression. 
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The average degree of orientation (AD) of the nanofibres in the aligned mats is 

calculated based on the misalignment angles of 500 randomly selected nanofibres, 

and is given by: 

AD = Sum of the product of individual fibre angles with its frequency / 500  

The surface and fracture surface morphology studies of the composites were 

investigated using a scanning electron microscope (Jeol JSM-6300F). All samples 

were gold-coated before observation. 

6.3. Results and Discussion 

6.3.1. Mechanical properties of UD BPO nanofibre reinforced 

composites 

Providing the respective Young‟s modulus and volume fractions of fibre and matrix 

are known, the stiffness of unidirectional  composite can be calculated from the 

„Rule of Mixtures‟. Furthermore, it can also be used to back-calculate the stiffness 

contribution of the reinforcement and as such be used to evaluate the efficiency of 

nanoreinforcements [19, 20]. The Young‟s modulus of the UD co-polyimide 

composites as a function of nanofibre volume fractions are shown in Figure 6.2, with 

experimental data in good agreement with predictions using the „Rule of Mixtures‟ 

(Ec = Ef Vf + Em Vm) assuming equal strain in fibre and matrix (Voigt model). 
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It should be noted that the composites reported here are not all free of voids. About 

25 vol% voids are present in the composite specimen. Void-free composites were 

difficult to achieve due to the numerous confined spaces caused by misalignment of 

nanofibres. In this situation, the ROM can be rewritten into Ec = Ef Vf + Em Vm + Ev 

Vv in where Ev is the modulus of voids which is considered to be zero and Vv is the 

volume fraction of voids (porosity) in the composites, with the sum of Vf, Vm, Vv 

being 100%. Because of this, although voids do not contribute to the stiffness, the 

approximate 25 vol% voids actually reduces the effective nanofibre volume fraction 

in the composites.  

     

Figure 6.2. Young’s modulus of unidirectional BPO co-polyimide nanofibre 

reinforced composites with different nanofibre volume fractions.  

Nevertheless, BPO nanofibre reinforced composites still have fibre volume fractions 

ranging from 21% up to 62%, which is far higher than of most other nanocomposites 
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based on clays or nanotubes with typical nanofiller loadings < 5%. Figure 6.2 shows 

good agreement between measurements and prediction (assuming equal strains of 

nanofibre and matrix), indicating a good stress transfer and limited interfacial sliding 

when the composite is loaded along the fibre axis.  

                                                             

                                        

                                        

Figure 6.3. SEM micrographs showing the surface of UD BPO nanofibre reinforced 

composite and fracture surface of (a), (b) neat polyimide UD nanofibre mat. (c), (d) 

25 vol% nanofibre composite. (e), (f) 45 vol% nanofibre composite. 

(c) 

(b) 

(e) (f) 

(d) 

(a) 
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Further morphological studies of the composite and fracture surface lead to more 

information of the composite failure modes. Figure 6.3a, c and e show the surfaces 

of pure BPO nanofibre UD-mat, UD composites with 25 vol% and 45 vol% of 

nanofibre, respectively. It can be seen that the nanofibre mat is reasonable well 

impregnated by the matrix. Intimate contact between nanofibres and matrix can be 

found by observing the corresponding fracture surfaces of Figure 6.3d and f. 

Meanwhile, ends of broken nanofibres are still covered with matrix, implying good 

interfacial bonding between nanofibres and matrix. Furthermore, numerous shallow 

holes resulting from fibre pull-out after fibre breakage manifest itself in the 

composite, indicating that nanofibre composites can absorb significant amounts of 

energy through pull-out and debonding during the failure process [21].  

6.3.2. Off-axis properties of UD BPO nanofibre reinforced composites  

The Young‟s modulus Eθ of unidirectional composites at different loading angles can 

be described by Equation (6.7) [22, 23]. 

                                                                                                              

                    (6.7)  

where G12 = shear modulus, ν12 = Poisson‟s ratio, θ = angle between loading 

direction and nanofibre direction and E11 = longitudinal tensile modulus, E22 = 

transverse tensile modulus. 

When θ =45°, the shear modulus can be calculated from Equation (6.8). 
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                                                                                                               (6.8) 

In the above two equations, both E11 and E22 are experimental data. Meanwhile, ν12 

is considered to be 0.4 which is usually applied for rubbery polymer materials. 

The tensile strength, σθ, of UD composites at different loading angles can be 

predicted using the Tsai-Hill criterion [18, 19] as below.                     

                         

         (6.9)  

where σ11 and σ22 are the longitudinal and transverse tensile strength. τ12 is the in-

plane shear strength which can be obtained from σθ = τ12 / (cosθ sinθ) by loading a 10° 

off-axis specimen. 

Table 6.1.  A list of values used for off-axis Young’s modulus and tensile strength 

predictions (Vf is the volume fraction of nanofibre). 

Vf 

(%) 

E11 

(GPa) 

E22 

(GPa) 

G12 

(GPa) 

ν12 

(-) 

σ11 

(MPa) 

σ22 

(MPa) 

τ12 

(MPa) 

45 5.10 0.16 0.37 0.40 385.40 9.10 23.12 

25 3.10 0.09 0.14 0.40 265.30 6.60 15.05 
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Figure 6.4. Young’s modulus vs. loading angles for unidirectional BPO co-

polyimide nanofibre reinforced composites based on two fibre volume fractions. 

Both the off-axis Young‟s modulus and tensile strength of unidirectional composites 

in this work are investigated based on two nanofibre loadings (45 vol% and 25 

vol%).  

Table 6.1 lists values used for Young‟s modulus calculations using Equation (6.7) 

based on two nanofibre volume fractions. Young‟s modulus against loading angle 

for composites with 45 vo% and 25 vol% nanofibre are plotted in Figure 6.4. Both 

prediction curves are in close agreement with the experimental modulus data. 

Meanwhile, the experimental strength data also shows a good fit with the Tsai-Hill 

model for both two volume fractions (Figure 6.5).  
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Figure 6.5. Tensile strength vs. loading angles of unidirectional BPO co-polyimide 

nanofibre reinforced composite based on two fibre volume fractions. 

6.3.3. Young’s modulus evaluation of single nanofibres 

The previous section clearly showed that fibre misalignment significantly reduces 

the mechanical performance of the composites. Figure 6.6 shows predicted Young‟s 

moduli of UD BPO nanofibre mat reinforced composites and aligned multifilament 

bundle reinforced composites based on ROM calculations. However, in practice 

nanofibres are not perfectly aligned in UD mats, leading to relatively low mechanical 

properties of the corresponding composite laminates. If a composite was to be made 

from better aligned nanofibre bundles, the composite Young‟s moduli can be 

predicted to be higher as shown in Figure 6.6b (where at Vf = 100% the Young‟s 

modulus of the composite is equal to that of the bundle at 38 GPa). Mechanical 

properties of the composites could be even more improved if nanofibres were 
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perfectly aligned. More importantly, the mechanical properties of a single nanofibre 

can be predicted or back-calculated from composite data if the longitudinal Young‟s 

modulus of a perfectly aligned nanofibre reinforced composite is known. 

 

Figure 6.6. Predicted Young’s modulus of unidirectional BPO co-polyimide 

nanofibre reinforced composites with different nanofibre volume fractions based on; 

(a) perfectly aligned nanofibres (b) aligned nanofibres in a bundle (c) aligned 

nanofibres in a UD mat with significant misalignment. 

Figure 6.7 shows an orientation distribution plot of 500 individual nanofibres in an 

aligned spun mat with an average fibre angle of 14°. Based on this observed off-axis 

angle the Young‟s modulus of a perfectly aligned BPO co-polyimide nanofibre 

reinforced composite (Vf = 45%) can now be predicted using Equation (6.7). Eθ is 

the Young‟s modulus at θ = 14° and the Young‟s modulus of the (non-perfectly) 

aligned UD mat reinforced composite with a nanofibre volume fraction of 45%. 
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Assuming the values of E22, G12, ν12 for perfectly aligned composites are the same as 

for non-perfectly aligned UD mat reinforced composites, the longitudinal Young‟s 

modulus of a perfectly aligned BPO co-polyimide nanofibre reinforced composite 

can be calculated at 26.5 GPa using Equation (6.7). 

Table 6.2.  A list of values used for predicting Young’s moduli as a function of 

various loading angles. 

Vf 

(%) 

Eθ  (θ = 14°) 

(GPa) 

E22 

(GPa) 

G12 

(GPa) 

ν12   

(-) 

45 5.1 0.16 0.37 0.4 

Using now the predicted Young‟s modulus data of perfectly aligned BPO co-

polyimide nanofibre composites (Figure 6.5(a)) in combination with the „Rule of 

Mixtures‟, gives us Young‟s modulus data for the single nanofibres. The intersection 

point of the prediction line (a) with Y-axis (Vf = 100%) provides a direct value of 

Young‟s modulus for perfectly aligned nanofibres of 59 GPa. In other words, the 

expected Young‟s modulus of single BPO co-polyimide nanofibres is approximately 

59 GPa. As such the proposed method, for the first time, presents an indirect method 

to determine the intrinsic Young‟s modulus of single nanofibres from composite data 

using composite theories.      
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Figure 6.7. Histogram representing the average orientation angles of 500 individual 

nanofibres along the nanofibre alignment direction in electrospun aligned mats. 

 

Figure 6.8. Young’s modulus vs. loading angles of unidirectional BPO nanofibre 

composites with perfect alignment (theory) (upper) and non-perfect alignment 

(experimental mat data) (lower). 
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6.4. Conclusions  

In this research, unidirectional BPO co-polyimide nanofibres reinforced composites 

were fabricated by impregnating aligned nanofibre mats with 10% of matrix 

solutions. Classical composite laminate and „Rule of Mixtures‟ theory were for the 

first time applied to nanofibre reinforced composites. It was found that the Young‟s 

modulus and tensile strength of off-axis loaded composites could be well described 

using classical laminate theory. Meanwhile, the mechanical behaviour of the 

composites was also in agreement with „Rule of Mixture‟ behaviour (Voigt model). 

More importantly, the study also provided a novel indirect method to evaluate the 

Young‟s modulus of single nanofibres using a combination of laminate analysis and 

„Rule of Mixtures‟. Aligned nanofibre mats produced in this study exhibited an 

average nanofibre orientation of 14° and from this the longitudinal Young‟s modulus 

of a perfectly aligned (0°) nanofibre composite was calculated. Using this data the 

Young‟s modulus of a single nanofibre was back-calculated at 59 GPa by applying 

the „Rule of Mixtures‟. 
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Chapter 7 

Conclusions and Future Work 

 

7.1 Conclusions 

Electrospinning has proven to be an efficient method to produce ultra-thin fibres 

with diameters down to the nano-scale. However, the mechanical properties of these 

nanofibres are often well below those of fibres made by conventional processes such 

melt- or solution spinning. The main reason for this is the competition between flow-

induced chain orientation and chain relaxation before fibre solidification, leading to 

low degrees of molecular orientation in as-spun flexible chain polymer fibres. In 

conventional polymer fibre processing, chain alignment and chain extension is 

induced by super-drawing or stretching the as-spun fibre in the solid-state below the 

melting temperature into a highly oriented structure as here relaxation times are 

infinite.  
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After a full review of mechanical properties of various electrospun nanofibres, it was 

concluded in Chapter 2 that, although some evidence exists of confinement induced 

molecular orientation in the case of ultra-fine nanofibres, the orientation and 

particularly chain extension achieved in electrospun fibres based on flexible chain 

polymers 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 fibres (typically 10–100 times bulk polymer). 

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 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 fibres into carbon nanofibres, which is 

not further discussed in this thesis.  

In this thesis, rigid (or semi-rigid) polymers showing liquid crystalline properties and 

reactive liquid crystal monomers have been selected for electrospinning in order to 

produce nanofibre with high mechanical properties.  

Rigid (semi-rigid) liquid crystalline polymer PPTA in its isotropic and anisotropic 

phase solutions were attempted for electrospinning in Chapter 3. Although after 

process optimization, fibres could be spun from anisotropic solutions, these fibres 

had a broad distribution of fibre diameters as a result of numerous secondary 

solution jets and branching. Thinner fibres in these mats exhibited higher mechanical 
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properties, with the smallest diameter fibres (2.1 µm) that could be measured 

reaching peak values of tensile strength and Young‟s modulus of 1.1 GPa and 58.6 

GPa, respectively. An equation linking geometry reduction to Young‟s modulus was 

developed to predict properties of fibres with diameters less than 2.1 µm. Despite the 

fact that the electrospinning of PPTA  could not be operated in a controllable and 

continuous manner, the work still showed that for the first time high performance p-

aramid fibres can be electrospun from anisotropic solutions. 

Since the uncontrollable manner of electrospinning PPTA solutions is mainly caused 

by the use of sulphuric acid as a solvent, liquid crystal monomers, which can be 

oriented in their nematic phase and subsequently „frozen-in‟ by UV-radiation 

induced photo-polymerization was investigated.. It was intended to electrospun this 

into nanofibres which was described in Chapter 4. A reactive mesogen RM257 was 

selected for blending with thermoplastic polymers as a carrier and electrospinning 

into nanofibres. Electrospinning of different weight ratios of PMMA/RM257 blends 

and PA6/RM257 blends was carried out followed with UV-radiation induced photo-

polymerization. DSC results showed that the glass transition temperature shifted 

with increasing RM 257 content, indicating a weak interaction between PMMA and 

RM257, whilst no such Tg shift was found in the case of PA6/RM257, indicating 

phase separation which was further confirmed by morphological studies of the 

resulting nanofibres after UV-curing. The mechanical properties of the composite 

fibres were enhanced with increasing content of RM257 from 20 wt% to 33 wt% 

followed with a subsequent drop upon further increasing RM257 content. The 

composite fibre containing 33 wt% of RM257 shows the best mechanical 
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performance with a Young‟s modulus up to 2.8 GPa and a tensile strength up to 121 

MPa and a highest effective modulus contribution of RM257 of 6.1 GPa. Although 

this chapter exhibits a controllable manner of electrospinning liquid crystalline 

materials into fibres the resulting mechanical properties achieved through this route 

are well below those of required for high performance fibres. This is mainly because 

pure electrospun reactive mesogens nanofibres could not be obtained because of the 

absence of viscoelasticity in these monomer liquids, leading to electrospraying rather 

than electrospinning. At the same time the mechanical properties of the pure RMs 

seem not sufficient to achieve properties comparable to high performance fibres. 

Despite that, this chapter still provides some insight into routes to creat oriented 

fibres via electrospinning incorporating RMs with potentially interesting functional 

and optical properties. 

Chapter 5 presents a high performance co-polyimide electrospun nanofibre which 

can be produced in a controllable and continuous manner. The BPO co-polyimide 

precursor polyamic acid was first synthesized and electrospun into nanofibres and 

then imidized to co-polyimide nanofibres. It was found that the aligned co-polyimide 

nanofibre mats possesses a mean modulus, strength and strain-at-break of respective 

10 GPa, 1.04 GPa, and 13.5 %. In comparison with previously reported co-polyimide 

nanofibres (BBO) with similar chemical structures, the BPO co-polyimide 

nanofibres can be as stiff and strong while at the same time exhibiting moderate 

ductility. On the other hand, the BPO co-polyimide nanofibres are tougher than 

homo-polyimide (BPDA/PDA) nanofibres due to their relatively high strain-at-break 

and exhibited similar levels of toughness as Kevlar fibres. This study also reported a 
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novel and efficient way to evaluate mechanical properties of aligned nanofibre 

bundles (~30 nanofibres in a bundle) by virtue of a micro-tensile tester. Young‟s 

modulus of 38 ± 2 GPa and tensile strength of 1550 ± 70 MPa were found. Further 

evaluation based on the bundle data by using of Daniel‟s theory based on Weibull 

statistics was used to predict the tensile strength of single fibres at about 1.9 GPa. 

In Chapter 6, BPO co-polyimide nanofibre reinforced composites were fabricated by 

impregnating aligned mats with a 10% of matrix solution. Laminate theory and „Rule 

of Mixtures‟ were used for the evaluation of the mechanical properties of these 

nanofibre reinforced laminates. It is found that the Young‟s modulus and tensile 

strength of off-axis loaded composites could be well described using classical 

composite theories. Meanwhile, the longitudinal mechanical behaviour of the UD 

composites with different nanofibre volume fractions corresponded well with the 

„Rule of Mixture‟ (Voigt model). More importantly, this study also introduced a 

novel method to evaluate the Young‟s modulus of single nanofibres from composite 

data. Aligned nanofibre mats produced in this study exhibited an average nanofibre 

orientation of 14° and from this the longitudinal Young‟s modulus of a perfectly 

aligned composite and that of a single nanofibre could be back-calculated at 59 GPa. 

A new mechanical property comparison graph can be made based on the one shown 

in Chapter 2 including the mechanical properties of the electrospun fibres reported in 

this thesis. It clearly shows that the electrospun BPO co-polyimide nanofibres and p-

aramid fibres possess among the highest mechanical properties reported for 

electrospun fibres so far.  
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Figure 7.1. Mechanical property comparison chart of traditional high performance 

fibres, reported electrospun nanofibres and the nanofibres investigated in this thesis 

with respect to Young’s modulus and tensile strength. Commercial high-performance 

fibres show typical tensile strengths of 2–4 GPa and moduli of around 100–300 GPa, 

while most electrospun fibres typically possess tensile strengths < 0.3 GPa and 

Young’s moduli < 3 GPa [1-10]. Some high performance electrospun nanofibres 

have been reported in literature based on polyimide [11], polyacrylonitrile [12] and 

carbon nanofibres from electrospun PAN precursors [13-16]. 
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7.2 Future Work 

Based on a full understanding of the production of traditional high performance 

fibres, the electrospinning process and recently reported mechanical properties of 

electrospun nanofibres, this thesis presents several routes to electrospun fibres with 

highly oriented molecular structures. Although the electrospun BPO nanofibre has 

been proven to be among the best nanofibres with regards to mechanical properties, 

there is still a big gap between the mechanical properties achieved here and those of 

conventional high performance polyimide fibres such as BPDA/PPD/PMR whose 

tensile strength can be as high as 5.1 GPa with Young‟s moduli up to 282 GPa [17, 

18]. The significantly lower mechanical properties of our electrospun co-polyimide 

fibres can again be mainly ascribed to the relatively poor molecular chain orientation 

in these fibres as reflected by a Herman‟s orientation factor of BPO nanofibres of 

about 0.8, compared to orientation factors in commercial PI fibres approaching 1. 

Thus, a potential way to further improve mechanical properties is through improved 

molecular orientation in these electrospun fibres.  

Although post-drawing of single nanofibres is hardly technologically feasible, a 

certain degree of stretching of nanofibre bundles or UD mats could be used to further 

improve molecular orientation or even increase crystallinity [19]. Some preliminary 

data is shown in Figure 7.2. Here, a certain degree of stretching (3%, 5%, 7%, 10%) 

on electrospun BPO polyamic acid nanofibre UD mats was applied in a universal 

testing machine enclosed in an oven at different temperatures ranging from room 

temperature to 120 °С (i.e. below the imidization temperature). Young‟s modulus of 
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all samples was significantly enhanced to about twice its initial value from 2.1 GPa 

to 3.9 GPa. It should be noted that PAA nanofibre can only be stretched to about 7% 

at 100 °С and 3% at 120 °С, respectively. Further stretching would lead to fibre 

breakage. However, the modulus of all stretched UD nanofibre mats only increased 

by about 10% to 20% as shown in Figure 7.3, which is well below our expectations. 

A possible reason for this could be that stretching barely improved the molecular 

orientation but only improved the nanofibre orientation in the mat. 

 

Figure 7.2. The Young’s modulus of electrospun BPO polyamic acid nanofibres 

after stretching at different extensions and temperatures. 

An alternative approach worthy of trying is to apply tension to the fibre during the 

imidization process. For this, PAA fibres were stretched at room temperature or 

50 °С to about 10% extension, with subsequently a certain degree of pre-tension 
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being applied to the stretched nanofibre mats during the imidization process. It is 

expected that this could further improve the orientation during the molecular self-

ordering process from flexible to rigid chain structure.    

 

Figure 7.3. The corresponding Young’s modulus of stretched electrospun BPO 

nanofibres after imidization. 

As described in Section 4.3.1, after UV-curing, the blend nanofibres tended to fuse 

together, as the liquid crystals were prone to leach out from the blend fibre. Bi-

component electrospinning has been successfully applied to produce core-shell fibres 

with a polymer [20] or liquid crystal [21-23] core. Hence, some preliminary bi-

component electrospinning studies were performed to evaluate to potential of this 

technique while at the same time solving the leaching problem as the RMs would be 

contained in a thermoplastic shell.  
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Figure 7.4. Schematic illustration of the experimental set up for bi-component 

electrospinning. The insets show the diameter of co-axial spinneret and a core-shell 

structure of nanofibres.  

7 wt% PMMA in formic acid and acetic acid (1/1, w/w) and 21 wt% of RM257 

dissolved in chloroform and p-xylene (1/1, w/w) were used as outer and inner 

solutions, respectively. Feeding rate was about 1 ml/h for both solutions, voltage 

around 20 kV and distance of 20 cm were adjusted to obtain good quality nanofibres.  

         

Figure 7.5. SEM micrograph of core-shell nanofibres with RM257 as core and 

PMMA as shell. 
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Figure 7.6. TEM micrographs of electrospun nanofibres showing clear contrast 

between core (RM257) and shell structures (PMMA); (a) before UV-curing and (b) 

after UV-curing. 

Core-shell nanofibres composed of a liquid crystal core (RM257) and a polymer 

shell (PMMA) were created using an electrospinning set-up incorporating a bi-

component spinneret as shown in Figure 7.4. Figure 7.5 clearly displays the core-

shell structures of these electrospun nanofibres after photo-polymerization by means 

of SEM and Figure 7.6 presents two TEM graphs with clear contrast of a core-shell 

morphology before and after UV-curing. No nanofibre fusion was observed because 

the polymer shell now inhibits flow of the liquid crystals. 

However, the numerous process parameters including solvent selection (miscible or 

non-miscible) [24] for both core and shell, evaporation rate mismatch between both 

solvent systems (which can result in re-dissolving of core or shell) and the flow rate 

adjustment of both solutions caused great complexity in the bi-component 

electrospinning process for RM257 and PMMA. Nevertheless, the capability of 

embedding liquid crystals inside a bi-component nanofibre could prove to be a 

(a) (b) 
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potential way to create neat liquid crystal fibres with interesting functional and 

optical properties after removal of the polymer sheath.    
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