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Electrospinning has been recognized as an efficient technique for the fabrication of 

polymer fibers. These electrospun fibers have many applications across a broad range of 

industries. In this research, optical transparent composites were successfully fabricated by 

embedding polyacrylonitrile (PAN) hollow nanofibers into poly (methyl methacrylate) (PMMA) 

matrix. The hollow PAN nanofibers were prepared by coaxial electrospinning. The PAN was 

used as the shell solution, and the mineral oil was used as the core solution. The resulting fibers 

were then etched with octane to remove the mineral oil from the core. The hollow PAN fibers 

were then homogeneously distributed in PMMA resins to fabricate the composite. The 

morphology, transmittance and mechanical properties of the PAN/PMMA composite were then 

characterized with an ESEM, TEM, tensile testing machine, UV-vis spectrometer and KD2 Pro 

Decagon device. The results indicated that the hollow nanofibers have relatively uniform size 

with one-dimensional texture at the walls.  The embedded PAN hollow nanofibers significantly 

enhanced the tensile stress and the Young's modulus of the composite (increased by 58.3% and 

50.4%, respectively), while having little influence on the light transmittance of the composite.  

The KD2 Pro device indicated that the thermal conductivity of the PMMA was marginally 

greater than the PAN/PMMA composite by 2%. This novel transparent composite could be used 

for transparent armor protection, window panes in vehicles and buildings, and airplane 

windshield etc.   
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CHAPTER 1  

LITERATURE REVIEW 

1.1 Electrospinning History 

The history of any technology has always proven to be a difficult task to track from the 

many years of its existence. Nonetheless, a brief summary on the history of the electrospinning 

process will be used to capture the onset of its most decisive moments. Literature reviews 

dating back to the early nineteenth century have provided the foundation for such summary.  

In 1914, John Zeleny, who earlier invented an electroscope to measure electric charge, 

closely studied the behavior of liquid droplets at the end of metal capillaries that were 

subjected to high voltages. This work began the attempt to model the behavior of fluids under 

electrostatic forces [1]. His diligence towards the theory of electrospinning was continued by 

Antonin Formhal who was able to patent a similar research topic commonly known as 

electrospraying.  Formhal went on to make many contributions to the development of 

electrospinning when he successfully made twenty two patents of the processes involved in 

electrospinning. These processes were taken out in countries such as America, France, the 

United Kingdom and Germany between 1931 and 1944 [1].  One of Formal’s most notable 

works was seeking to control fibers in flight by tweaking the electrical field.  In this research, 

the fiber strand between two parallel wire electrodes was connected to an alternating supply of 

current up to 100 kV. The variation in the electrostatic field resulting from this set up caused 

the fiber to be deposited in bundles [1].  

The first electrospinning process patent came from Antonin Formhals in 1934. Formhals 

successfully fabricated textile yarns at 57KV. With US Patent number 2116942, he used acetone 
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and monomethyl ether of ethylene glycol as solvents to electrospun the cellulose acetate (1). 

Another inspirational discovery in the electrospinning process came from Sir Geoffrey 

Ingram Taylor. Taylor was able to produce a significant advancement in the theoretical 

underpinning of electrospinning. He was able to mathematically model the shape of the liquid 

droplet formed at the tip of the nozzle which was under the influence of an electric field [1]; 

this characteristic droplet shape formed at the tip of the nozzle was later named the Taylor 

cone. 

With the advent of nanotechnology, the electrospinning process has garnered lots of 

interest since the 1980s. Many submicron and nanometer diameter fibrous or fibrous 

structures of various polymers can be easily fabricated by means of the electrospinning process 

[2]. Rightfully so, the popularity of the electrospinning process can be seen from the fact that 

over 300 universities and research institutions worldwide are studying various facets of the 

electrospinning process and the fiber it produces. The number of patents for applications based 

on electrospinning has grown in recent years, and many companies are competing to stay 

ahead on its advancements.  

In the early 1990s, many research groups went on to popularize the process as 

electrospinning. The research groups, which include the most notable Reneker [1], 

demonstrated that many organic polymers could be electrospun into nanofibres. This discovery 

attracted the attention of many industries and scientist which led to an exponential increase in 

the number of electrospinning publications.  
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1.2 Electrospinning Process 

Among the different methods of producing nanofibers, electrospinning has been 

described by many literature reviews as the simplest and most cost effective method of 

producing long continuous nanofibers. Electrospinning is a dry spinning process in which a 

polymer solution held by its surface tension at the end of a nozzle is subjected to an electric 

field.  

Figure 1.1. Schematic diagram of a simple electrospinning set-up [2]. 
This electric field generates an electrostatic force which draws fibers from the liquid 

polymer solution. A charge is formed on the liquid surface due to the presence of the electric 

field. The presence of repulsive mutual charges induces a force directly opposite to the surface 

tension. Whenever the intensity of the electric field is increased, the surface of the solution at 

the tip of the nozzle elongates to form a conical shape known as the Taylor cone [3]. This cone 

initiates the formation of a polymeric jet. The jet at the tip of the spinneret is considered to be 

stable. However, it soon becomes instable with the formation of a whipping cone under the 
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influence of the columbic forces. When the repulsive electric force overpowers the surface 

tension force, a charged jet is emitted from the tip of the Taylor cone. The Taylor Cone 

produced during the experiment can be seen in figure 3.2. The jet immediately stretches and 

coils with an increasing diameter, until most of the solvent has been evaporated. The solvent 

evaporates, as the jet travels its distance between the nozzle tip and the collector plate. The 

polymeric fiber randomly organizes itself on the collection plate as a non-woven fiber mesh. 

This process yields fibers with diameters at the submicron and nanometer scale [3]. It is 

important that the rate of evaporation is sufficient to enable the successful formation of fibers 

on the collector. It some cases, the rate of evaporation are so low that a thin film of polymer 

solution is deposited on the collector plate [4]. 

A typical electrospinnning set-up comprises of a solution or melt, Pump, Syringe, 

Spinneret, and voltage source.  The solution or melt is first poured into a syringe and placed on 

a pump. The pump forces the solution into the spinneret through a syringe tube. At the tip of 

the spinneret is the positive end of an electric source, while the negative end is attached to the 

collector. The collector is placed at a certain distance from the tip of the spinneret and can be 

an aluminum or metallic plate. 

The electrospinning process might be seen as a simple controllable process with its 

relatively inexpensive set-up. However, it is governed by a set of complex interaction between 

electrical and molecular forces as well as Rayleigh and Whipping instabilities which will be 

discussed later.   
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1.3 Effect of Various Parameters on Electrospinning 

In order to obtain the correct fiber morphology and diameter suitable to a specific 

application, a detailed understanding of the entire process, forces, instabilities, system 

parameters and ambient conditions is critical. The process parameters include the voltage 

applied, nozzle tip-to-collector distance and the solution rate of speed.  Examples of system 

parameters include molecular weight, viscosity, conductivity, surface tension and the solvent 

dielectric constant. The ambient conditions include environmental temperature, humidity and 

air velocity within the venting chamber. In the brief summary to follow, whenever there is a 

discussion on a parameter, we are going to assume that all the other parameters are held 

constant or fixed. 

 

1.3.1 Process Parameters 

One of the process parameters that can be used to control fiber morphology and 

diameter is applied voltage. An increase in the applied voltage decreases the flight time of the 

electrospinning fibers due to an increase in the jet acceleration.  This will also increase the 

stretching of the jet because of an increase in the Columbic force [4]. There is also a limit as to 

how much the voltage can be increase before observing changes in the diameter of the fibers 

produced. If the voltage is increased beyond this critical value more solution can be ejected 

from the nozzle with a given time frame which will result in an increase in the diameter of the 

fibers produced [6]. 

Another important process parameter used to control fiber morphology is the Tip-to- 

collector distance. The tip-to-collector distance is very important when there is a need to vary 
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the flight distance along with the electric field strength for a specific voltage. When the distance 

is increased the flight path will be increased and the field strength that accelerates the jet 

downwards will be decreased. This gives ample time for all the solvent to evaporate and results 

in fibers that are dry. It is also possible to reduce the fiber diameter by increasing the distance, 

but this depends on the solution system parameters being used [4]. Another important factor 

to take into consideration when reducing the distance is the formation of beads. The formation 

of beads can occur whenever the field strength is increased to a level where it is too high, and 

this can cause the jet to be unstable. And this instability induces the formation of the beads. 

The final process parameter that needs some form of introduction is the flow rate. This 

flow rate must be adjusted for the formation of a stable Taylor cone at the tip of the spinneret 

nozzle.  A flow rate that is too low will lead to the development of a vacuum in the needle 

which will enable the disappearance of the cone. Whereas a flow rate that is too high can lead 

to the buildup of solution at the tip of the spinneret nozzle. Depending on the specific 

application of the fibers, it is important to note that an increase in the flow rate can also result 

in an increase in the fiber diameters and beads sizes [2]. This characteristic holds when the feed 

rate is increase after there is a balance between the voltage, tip-to-collector distance, and feed 

rate. It is very important to investigate a range of different flow rates that will lead to a specific 

desired optimal fiber morphology and diameter. In general lower flow rates can yield fibers 

with smaller diameters [5], and higher flow rates can produce fibers that are not sufficient dried 

upon reaching the collector [2]. 
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1.3.2 System Parameters 

It should be known that in some instances an increase or decrease in a system 

parameter can have a ripple effect on other system parameters. Therefore, due diligence and in 

some cases additional research must be conducted when changing a system parameters; as is 

the case with the dielectric constant of a solvent. 

The conductivity of the solution plays a crucial role in an electrospinning process 

because the stretching of the fibers is caused by repulsion of the charges at the surface. When 

the conductivity of a solution is increased, the electrospinning jet would have more charges.  

This increase in the charges carried by the solution will increase the stretching of the jet.  This 

induces the formation of smooth fibers with smaller diameter. However, there exists a limit in 

the reduction of the fiber diameter. In 2004, Choi et. al. conducted a research and was able to 

prove that as the solution is being stretched, there is a greater viscoelastic force acting against 

the columbic forces of the charges [4]. On the other hand low solution conductivity will result in 

bead formation when the solution has not been fully stretched.  

An important system parameter apart from conductivity is surface tension. Surface 

tension can be defined by the attraction between the particles of two different surface layer; 

primarily involving a liquid and solid. The onset of an electrospinning process requires the 

fundamental principle of a charged solution overcoming its surface tension. When this happens, 

the jet begins its descent to the collection plate.  Interestingly, as the jet travels towards the 

collection plate, the surface tension may cause the formation of beads along the jet [4]. Hence 

surface tension plays an important role in the electrospinning process.  A reduction in the 

surface tension of a polymer solution can produce fibers without beads. On the other hand, an 
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increase in the surface tension can potentially inhibit the electrospinning process because it 

makes the jet unstable and can generate sprayed droplets [2]. An important phenomenon to 

consider is that the lower the surface tension of the solution, the lower the electric field 

required for electrospinning.  

An often neglected system parameter of the electrospinning process referred to as the 

dielectric constant of a solvent has its path to play on the resultant fiber morphology. The 

dielectric constant, also known as static relative permittivity of a material, is a measure of how 

well the material concentrates electrostatic lines of flux under the influence of an electric field. 

According to Son et. al., a solution with a greater dielectric property generally reduces the 

formation of beads and the final diameter of the electrospun fiber [4]. Solvents such as N, N-

Dimethylformamide (DMF), acetonitrile and water can be added to a solution to increase its 

dielectric property and improve the fiber morphology [4] 

When a solution concentration is reduced below the limit required for proper fiber 

formation, the results will be droplets rather than fibers. In some cases low concentrations/ 

viscosity has been reported to yield defective fibers in the form of beads and junctions. On the 

other hand, an increase in the solution concentration can lead to a higher viscosity which will 

resist jet elongation and thinning. And this will result in an increase in the fiber diameter 

produced. 

1.3.3 Ambient Parameters 

Presently, there are increasing awareness and research on the importance of ambient 

conditions for controlling fiber diameters and morphology. These conditions include 
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temperature, humidity and atmospheric pressure. These conditions are not as thoroughly 

investigated as the processes and system parameters. However, ambient parameters such as 

temperature have been directly linked to solution temperature. Hence, the ambient 

temperature affects the solvent evaporation rate and solution viscosity. Therefore, the higher 

the ambient temperature the faster will be the evaporation rate and the lower the viscosity 

resulting in smaller fibers. Another ambient condition that affects fiber morphology is humidity. 

Humidity has been found to cause the formation of circular pores on the surface or interior of 

fibers when it is above critical value. The pore sizes are directly related to humidity. An increase 

in humidly can lead to the formation of huge pore sizes with non-uniform structures. The pores 

formed can be attributed to water condensation on the surface of the fibers [7]. 

 

1.4 Electrospinning Application 

The Electrospinning Process has tremendous potential to produce continuous fibers for 

many different applications. This method of producing fibers has been highly versatile and 

favored by many researchers and industries. These applications include but are not limited to 

sensors, drug delivery, filtration, composite reinforcement and wound healing [2].  Some of 

these applications are briefly summarized in the upcoming paragraphs. 

 

1.4.1 Sensors 

The use of fiber membranes to aid is sensors are one of the applications that are gaining 

lots of interest around the world. Sensors are responsible for transmitting physical or chemical 

responses into an electrical signal. The sensors convert the result of these chemical or physical 
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phenomena to an electrical output, and then quantitative measure the detected materials for 

the observer. Over the past decades, electrospun nanofibers have been investigated as 

chemical sensors, gas sensors, optical sensors and biosensors [2]. Presently, electrospun fibers 

have been given lots of attention for their sensor applications because of their unique large 

surface area. 

  

1.4.2 Protective Clothing 

Electrospun fibers have also been recognized as a great candidate for protective 

clothing applications due to their large surface area, light weight, high porosity for breathing, 

great filtration efficiency, and resistant to penetration of harmful chemical agents. These 

properties of the electrospun fibers are currently in high demand in many industries across the 

globe.  The potential role that nanofibers play in national defense and security is inarguable 

beneficial to any country that are willing to invest the time and money for the cause. These 

beneficial features and potential impact to defense and national security includes: 

• Selective capture and disintegration of chemical warfare agents (mustard and nerve 
gases) into non-toxic biproducts 

•  Removal of biological warfare agents by size separation (bacterial agents such as  
Bacillus subtilis, Bacillus anthracis) 

•  Indication of contaminant levels; submicron particulate filtration capability, 

•  Extended service life of the material 

•  Environmentally friendly and easy disposal 

•  Cost effective 
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1.4.3 Drug Delivery 

 Nanofiber mats have been applied as drug carriers in the drug delivery system because 

of their high functional characteristics and because the drug delivery system relies on the 

principle that the dissolution rate of a particular drug increases with an increasing in the surface 

area of both the drug and its associated carrier.  Depending on the polymer carrier used, the 

release of pharmaceutical dosage can be designed as rapid, immediate, delayed, or modified 

dissolution. A number of researchers have successfully encapsulated drugs within electrospun 

fibers by mixing the drugs in the polymer solution to be electrospun [2].  

 

1.4.4 Wound Dressing 

When the skin is damaged during its rigorous life processes, wound dressing can be a 

great therapeutic option to repair the skin.  Presently, electrospun nanofibrous membrane is 

being studied as a great option in the wound dressing field. The protection theses fibers give to 

the wound from further infection and dehydration and the fact that they have a high gas 

permeation rate are two advantages of using electrospun fibers in wound healing processes [2]. 

Current efforts using polymer nanofibrous membranes as medical dressing are still in its infancy 

stage. However, electrospun fibrous mats presently meet most of the requirements that can be 

outlined for wound-healing.   

 

1.4.5 Tissue Engineering 

Tissue engineering is a multidisciplinary field that utilizes both the principles of 

engineering and life sciences for the creation of biological substitutes [2]. Tissue engineering 
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targets the restoration, maintenance and/or improvement of tissue functions. Many different 

types of research has been conducted on the human body, and the researchers discovered that 

the human tissues such as blood vessel, cartilage, nerve, bone, and skin consist of  nanofibrous 

arrangement from a biological viewpoint [4]. Therefore, there have been many research 

conducted on the possibility of utilizing electrospun polymer nanofibers to repair human 

tissues. When compared to other fiber forming processes such as self-assembly and phase 

separation techniques, electrospinning provides a simpler and more cost-effective means to 

produce fibrous scaffolds with inter-connected pore structures and fiber diameters in the sub-

micron range [2]. 

 

1.4.6 Filtration Media 

Filtration media has been in use to purify solid and liquid particles. The liquid particles 

will include pollutants such as smog, evaporated water and chemical solvents whereas the solid 

particles will include virus and particulate matter etc. To purify these solid and liquid particles 

electrospun nanofibers have been in use over the pass decades and continue to show 

tremendous potential. Notably applications for these fibers include hygienic surgical operations 

rooms, air purifications, working office and industrial factories.  

In order to maximize the efficiency of a filtration medium, the channels and structural 

elements of the filter must be matched to scale or smaller than the particles or droplets that 

are to be captured. The unique properties of an electrospun membrane provide an excellent 

advantage over its close rivals in the filtration industries. These membranes consist of very 

small diameters down to the nanoscale level [2]. These small fibers provides a very high surface 
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area to volume ratio and the resulting high surface cohesion makes it easy to trap tiny particles 

of the order of < 0.5 nm; improving the filtration efficiency. 

1.5 Modeling the Electrospinning Process 

1.5.1 The Taylor Cone 

Geoffrey Taylor closely performed a research on the cone and jet formation in 

December 1969. His research titled “Electrically Driven Jets” [7] received numerous accolades 

among various research communities because he was able to model the cone formed at the tip 

of a nozzle. As mentioned earlier, this mathematical model was named the Taylor cone. This 

basic model comes from the fact that if a solution is subjected to an electrical field, it will 

induce a solution jet. The mathematical model is: 

𝑉𝐶2 =    4 
𝐻2

𝐿2
�𝑙𝑛

2𝐿
𝑅
− 1.5� ∗ 0.117πγR                                                                                           (1.1) 

Where; 

• 𝑉𝐶: is the critical voltage for the jet formation

• H: the distance between the nozzle and the collection plate

• L: the length of the nozzle

• R: the radius of the nozzle

• γ: the surface tension of the solution

The equation clearly shows that the critical voltage needed to form the Taylor cone can 

be easily lowered by either reducing the distance between the nozzle and collection plate or 

by reducing the surface tension of the solution. The equation does not include the conductivity 

and viscosity of the solution.  Therefore, it is only useful when the solution are of medium to 
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low viscosity and slightly conductive. Although the equation is missing two essential 

parameters, it was able to provide the fundamentals and depth needed to understand the 

appearance of the Taylor cone during the early stages of electrospinning. 

 

1.5.2 Fiber Diameter Prediction 

Many researches have been conducted to enable a prediction on the final fiber 

diameter before the electrospinning process has taken place. These researches are of immense 

benefit to the research communities as it can save time and money. One of these researches 

was conducted in 2003 by Fridrikh et al. They developed a model which described the thinning 

of a solution jet and used it to predict the final diameter of an electrospun fiber. This model 

took into account several different parameters such as conductivity, dielectric properties, and 

dynamic viscosity of solution, surface tension and density [8]. The model is governed by 

  ℎ𝑡 = �𝛾𝜀
𝑄2

𝐼2
 

2
𝜋(2 𝑙𝑛𝑥 − 3)�

1
3

                                                                                                     (1.2)     

Where; 

• ℎ𝑡: the final jet diameter 

• 𝛾: the surface tension of the solution in N𝑚−1 

• ε: the dielectric permittivity in F𝑚−1  

• 𝑄
𝐼
: is the inverse of the net volume density of the charge induced in the fluid at the 

top electrode [𝑚3𝐶−1]. Here, Q represents the flow rate, and I represent the electric 

current  

• 𝑥: represents the displacement of the centerline of the jet  
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This equation (1.2) predicts that the terminal diameter of the whipping jet is controlled 

by the flow rate, electric current and the surface tension of the solution [8]. 

This model is limited by the assumption that the liquid is Newtonian and has neglected 

the elastic effect due to the evaporation of the solvent [9]. The model cannot predict the fiber 

diameters accurately for the polymers in a highly volatile solvent. However, theoretical fiber 

diameters of conductive polymers agree well with experimental values. This is due to the fact 

that the charges stay with the jet until it reaches the collector and drying occurs after the 

stretching of the jet [9]. Therefore, this model shows good agreement only on polyethylene 

oxide (PEO) and polyacrylonitrile (PAN) which has high boiling point of solvent but not with 

polymer solution in a volatile solvent. Another limit of this model is the assumption that no 

further thinning occurs after the terminal jet formed which need confirmation. Regardless of 

the limit, this model was appreciated in electrospinning community as it provides a simple 

analytical methodology which had convincing agreement with certain types of materials. 

 

1.5.3 The Theory of Instability 

The Bending of the polymer jet occurs due to the instability it encounters when 

subjected to an electric field, and this phenomenon plays one of the main roles in the 

electrospinning process.  In order to make a prediction on the electrospun fiber morphology, 

one needs a firm understanding of the electrohydrodynamic process that occurs in 

electrospinning.  

Many theoretical studies have been dedicated to understanding the instability 

phenomenon of a coaxial jet that is under the influence of an electric field [11, 42, 43, 44, and 
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45]  Researchers have discovered three instability modes that control the electrospinning 

process. Theses instability modes are the Raleigh, the Axisymmetric and the non-axisymmetric 

(whipping or bending) modes. These modes control the flow of the jet and the possibility of 

producing hollow or compound coaxial electrospraying or coaxial electrospinning. These modes 

are responsible for the continuity and morphology of the electrospun fiber. In the case of 

coaxial electrospinning, studying the behavior of two liquid jets is much more complicated than 

a single fluid because of the existence of the inner liquid – liquid interface and the outer gas-

liquid interface [43]. 

 
Figure 1.2. Schematic illustration of the deformed compound jet, 𝜌1 , 𝜌2 and 𝜌3 are mass 
densities of the core, shell and outer fluids respectively, η𝑎 and η𝑏 are the core and shell 
viscosities respectively, figure adapted from [10]. 
 

Theoretical modeling of a coaxial jet depends on the type of instability present during 

the electrospinning process. Here, an arbitrary infinitesimal disturbance will be used in 

modeling the instability at its inner and outer interface, and this will depend on the type of 

disturbance waves propagating downwards under the influence of the surface tension and 
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electric field [11, 43]. The figure above will be used to solve for the electrodynamics of the 

compound jet flowing through capillary tube.  

A dispersion relation can be used for the behavior of the capillary waves under the 

influence of gravity. This dispersion relation is governed by  

  𝜔2 = |𝑘| �
𝜌1 −  𝜌2
𝜌1 +  𝜌2

𝑔 +  
γ

𝜌1 + 𝜌2
𝑘2�                                                                                             (1.3)     

Where; 

• ω:  is the angular frequency in radians per second 

• 𝜌1𝑎𝑛𝑑 𝜌2: the mass density of the two fluids in kg 𝑚−3 , 𝜌1 > 𝜌2 ,  

• γ: is the surface tension in N m-1 or J𝑚−2 

• g: the acceleration due to gravity with units of m𝑠−2 

• k = 2π/λ: is the wavenumber (λ has units of meters) 

The first term in Equation 1.3 represents the force due to gravity (gravity wave), and the 

second term represents the force due to surface tension/ cohesion (capillary wave).   

When the wavelength diminishes from infinity to zero (i.e. k increases from zero to 

infinity) gravity becomes insignificant and the wave speed is governed mainly by the second 

term in the equation (surface tension), on the other hand as the wavelength increases (smaller 

K) the speed of the wavelength is governed mainly by the effects of gravity. 

 𝜔2 =
γ

𝜌1 + 𝜌2
 |𝑘3|                                                                                                                                (1.4)   

The amplitude a of these waves depend on the total energy 𝐸𝑡 

  𝑎 = �
𝐸𝑡
𝑘𝑄

≈ �
𝑘𝐵𝑇
𝑘𝑄

                                                                                                                                 (1.5) 
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In equation (1.5) above, T represents the temperature of the liquid. Thus, the surface 

tension controls both the frequency and the amplitude of the capillary waves between the two 

fluids. If the fluids are viscous then the waves will be damped with a time constant 

approximately given by: 

𝜏 ≈ 2𝑘2  
𝜌1 +  𝜌2
η𝑎 +  η𝑏

 |𝑘3|                                                                                                                           (1.6)  

i.e. the viscosity of the fluid can have a stabilizing effect on the capillary waves. 

The instability characteristics of co-axial jets have been studied under axial or radial 

fields by many authors, who have predominantly looked at the axisymmetric instability modes 

due to the complexity of modeling the non-axisymmetric modes [42, 43, and 44]. More recently 

Li et al. [11] have carried out a linear study on both the axisymmetric and non-axisymmetric 

instability modes of a viscous co-axial jet in a radial electric field. In this study, the outer liquid 

has been considered to be a leaky dielectric and the inner a perfect dielectric. Based on the 

findings of this study, there will be a short discussion on how the solution and process 

parameters affect these instability modes and hence the way in which the compound jet is 

formed. 

When a coaxial jet has been subjected to an arbitrary infinitesimal disturbance, both its 

inner and outer interface will undergo a slight modification based on the type of disturbance 

[11].  In an attempt to model this phenomenon, a cylindrical coordinate system was used. In 

this coordinate system, r represents the radial coordinate system while θ and z represents the 

azimuthal and axial coordinates [11]. 

Based on this coordinate system, the disturbance of the jet can be decomposed into 

Fourier exponential form  𝑒𝜔𝑡+𝑖(𝑘𝑧+𝑛𝜃)]   
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Where; 

• ω: represents the complex growth rate in temporal instability analysis 

• t:  the time 

• i :√−1 the imaginary unit 

• k:  the real axial wavenumber 

• n:  the azimuthal wavenumber (integer) 

The phase difference of the perturbations at the inner and outer interfaces can prove 

the existence of two unstable modes. These modes are the para-varicose and para-sinuous 

modes for the axisymmetric instability (n = 0).  

As can be seen in Figure 1.3, para-varicose mode is perturbed almost out of phase at the 

interfaces, while the para-sinuous mode is deformed in phase. For non-axisymmetric instability 

of a certain azimuthal wavenumber n, there exists only one unstable mode. The figure also 

shows several different non-axisymmetric interface configuration modes (figure 1.3(c)–(h)) with 

small azimuthal wavenumbers (n = 1, 2, 3, 4, 5) respectively [11].  When n=1, this mode is 

known as the helical mode, and the central line of the jet are displaced in phase with the area 

of cross-section unchanged as can be seen in figure 1.3(c) and 1.3(d). For the non-axisymmetric 

modes n = 2, 3, 4 and 5, the central line of the jet is unperturbed, but the periodical variation of 

the interfaces arises in the r–θ plane, the period of which is determined by the value of n. In 

one of their research in 2000, Hartman et al concluded that the non-axisymmetric modes may 

lead to the formation of irregular ramified shapes during the breakup process of the jet. 
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Figure 1.3. Sketch of the unstable modes. (a) The Para-varicose mode in the r-z plane, (b) the 
Para-sinuous mode in the r-z plane, (c) and (d) the helical mode (e) the non-axisymmetric mode 
n=2, (f ) the non-axisymmetric mode n=3, (g) the non-axisymmetric mode n=4 and (h) the non-
axisymmetric mode n=5. Solid curves: the interfaces after perturbation; dotted curves: the 
interfaces before perturbation [11]. 
 

The solution viscosity, as characterized by the Reynolds number, is found to control the 

growth of these instability modes; especially the para-sinuous and non-axisymmetric modes. 

Thus, with increased solution viscosity the helical instability predominates over axisymmetric 

instability, such that the Rayleigh instability is suppressed, leading to bending of the jet in space 

without breakup, i.e. coaxial electrospinning. Increasing the electric field has the effect of 

increasing the instability of all the modes, especially the helical mode, as well as increasing the 

number of possible wavenumbers of all modes [11]. Thus, the destabilizing effect of the field on 

the flowing jet can be controlled by varying the electric field accordingly.  

The interfacial tension between the core-shell interfaces is reported to have a 

particularly important effect on the jet instability growth. This is intuitively obvious since the 
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cohesion energy between the two liquids will increase as they become more miscible, such that 

the interfacial surface tension will tend to zero as their mutual interaction becomes as strong as 

their self-cohesion. Fang Li et al. [11], reported that the influence of the para-sinous mode is 

destabilized by interface tension in long wavelength region, whereas the helical mode and the 

non-axisymmetric modes are stabilized by interface tension.  

Most of the theoretical studies are carried out with some form of variation between the 

conditions set for each study (e.g. direction of the electric field, relative electrical properties of 

the solutions, viscosity etc.), such that it is difficult to make generalizations to describe the 

exact instability mechanisms in the jets and the factors influencing it. However, it is easier to 

generalize the mechanism that enables the switch from electrospraying to electrospinning. In 

general, it is found that a relatively small radial electric field, low liquid viscosity and high 

interface tension favor the predominance of the para-sinuous mode and hence electrospraying 

of the jet. Conversely, a relatively large radial electric field, high liquid viscosity and low 

interface tension enables the helical mode to dominate and cause electrospinning of the jet. 

1.6 Coaxial Electrospinning Control and Conditions 

The Advancement of the electrospinning process to meet the increased demands of 

many industries has led to the movement from the use of a single fluid to that of two fluids.  

This phenomenon is commonly referred to as coaxial electrospinning [12]. 

As can be seen in figures 1.4 and 3.1, this method uses two separate solutions. These 

solutions are commonly referred to as the core and shell solutions. Two separate syringe 

connected to two separate pumps are used to feed the solutions to the spinneret and both 
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solutions enter the spinneret at separate locations, and enter the nozzle concentric to each 

other. The coaxial nozzle tip consists of two concentric exits with the shell tip having the bigger 

diameter. The core solution enters the nozzle tip at the center of the nozzle and the shell enters 

at the outside surface of the core solution. The remaining process is the same as with a single 

solution electrospun fiber. There is an applied voltage at the tip of the spinneret nozzle and a 

collection plate located at a specified distance from the nozzle tip which collects the coaxial 

fibers. 

 
Figure 1.4. Schematic diagram of a coaxial elestrospinning set-up [2]. 

 
When a voltage is applied to the set-up, it leads to a charge accumulation on the surface 

of the sheath liquid which causes a coaxial jet to emerge from the compound Taylor cone 

formed at the tip of the nozzle.  Influenced by the bending instability theory, the jet eventually 

forms fibers with core shell morphology. This happens because most of the solvent would have 
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evaporated on the solution route to the collection plate. The shearing forces such as “viscous 

dragging” and “contact friction” exerted by the shell solution onto the core solution ensure that 

the core solution remains trapped inside the shell solution [14, 15, and 16].  

This method of producing fibers has led to well defined micro structure with novel 

morphologies. The coaxial electrospinning process made available many opportunities for 

researchers and industries to capitalize on; opportunities that were not available with a single 

solution electrospun fiber. Some of these opportunities are listed below and includes:  

• Better able to control fiber secondary structures / reinforcing a material to improve 
its mechanical properties 

•  Encapsulate drugs or biological agents into fibers, prepare nanofibers from 
materials that lack filament-forming properties, and enclose functional liquids within 
the fiber matrix 

• Enabling one material, usually the shell, to act as a scaffold for the other, such that 
fibers can be functionalized for a specific use, e.g. doping with metals for 
optoelectronics applications [14, 17, and 18] 

Because the electrospinning process requires two separate solutions, there are a few 

general guidelines that need to be followed to enable the successful production of coaxial 

fibers. As with the single solution electrospinning process, a stable liquid Taylor cone is desired 

to have a consistent and continuous core-shell structure.   

Another critical condition that must be met has to do with the conductivity of the two 

solutions. Since the driving force of the compound jet needs to overcome the electrostatic force 

impinged on the surface of the shell, it is required that the shell solution have a higher 

conductivity than that of the core. This is because stable spinning requires the outer shell 

solution drawing out the inner core solution through shearing and contact forces. Therefore, 
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this condition is responsible for keeping the inner solution confined to the core while the fibers 

are being stretched. 

It is also important for the shell solution to have a higher viscosity than that of the core 

solution. This condition is necessary for the viscous force which is imparted by the shell on the 

core to overcome the interfacial tension that exists between the two fluids. 

The flow rate has been considered to be a very important parameter in the coaxial 

electrospinning process, and not surprisingly the shell solution must have a higher flow rate 

that that of the core. This is required because of the need to confine the core solution within 

the cone.  The higher flow rate of the shell solution ensures that the viscous drag coming from 

the shell solution is high enough to keep the core solution within the cone [18]. 

The final two conditions are the vapor pressure and interfacial tension requirements. 

The vapor pressure of both solutions must be sufficiently low and comparable so both the core 

and shell dry at similar rates to stop fibers collapsing. Finally, the two solutions must possess 

low interfacial tension to prevent large stresses at the core-shell interface reducing fiber 

stability and producing a stable Taylor cone [17, 18].  
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CHAPTER 2  

MOTIVATION 

Transparent materials are widely used in manufacturing display screens, windows, and 

transparent shields [19-22]. A light-weight, optically transparent, and high performance material 

would have an appealing future. Poly (methyl methacrylate) (PMMA) is an important 

thermoplastic material with excellent transparency [23], and it has been widely used in industries. 

However, brittleness limits its applications [24]. Many studies have been extensively carried out in 

order to enhance the physical and mechanical properties of PMMA. Of which polymer-polymer 

composite is a promising approach, which incorporates polymer fibers into the PMMA polymer 

matrix to provide the toughening mechanisms for the composite. The fibers can redistribute the 

stress load on the composite and the small inter-fiber distance can stop crack propagation in the 

composite [25]. Electrospun fibrous mats are ideal candidates as reinforcement fillers. The fiber 

reinforced polymer composite materials have been used in many industries with tones of different 

applications. These composite have been used in aerospace, automobile, sports items and 

electrical products due to their superior structural properties. These superior structural properties 

include a high modulus of elasticity and high strength to weight ratios that cannot be obtained by 

sole materials. The electrospininnng technique can produce nanofiers from a variety of materials 

with fiber diameters ranging from several micrometers down to tens of nanometers [26]. 

In this research, hollow nanofibers were fabricated and integrated into the composite to 

both improve the mechanical strength and the thermal insulating performance. Some work had 

been performed on placing electrospun fiber mat in a polymer matrix to fabricate a transparent 

composite [35]; however, the embedding of hollow nanofibers in polymer composite has not been 
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reported. The transparent composite with proper internal tubular structure will be an efficient way 

to improve thermal performance [36, 37]. Electrospun Polyacrylonitrile (PAN) nanofibers were 

chosen in this work as reinforcing fibers due to the following two reasons: first, PAN fibers have 

good stability and mechanical properties, which has been used in dental composites [38], 

absorbent materials [39] and the precursor of carbon fibers [40]. The high crystalline melting point 

(317 °C) of PAN together with its limited solubility in certain solvents and its superior mechanical 

properties of its fibers are due to intermolecular forces between the polymer chains. Appreciable 

electrostatic forces occur between the dipoles of adjacent C N groups and this intermolecular 

interaction restricts the bond rotation, leading to a stiffer chain [46]. The second reason is that the 

reflective index (RI) values of PAN (1.49) and PMMA (1.52) are very close, which can help to reduce 

light reflection in the interface and increase light transmission.    

Many transparent panels also work as thermal insulation layer. Porous materials are 

desired in thermal insulating applications due to their low density, low thermal conductivity, and 

high temperature resistance. Different approaches such as hydrothermal synthesis, metal organic 

chemical vapor deposition, template method, and electrospinning have been applied to produce 

tubular nanomaterials [27-30]. Among them, co-electrospinning technique is a simple and 

convenient method to use on the fabrication of core-shell fibers including organic polymers and 

inorganic fibers [31-34].  

The goal of this research is to obtain a porous transparent composite with enhanced heat 

insulation and mechanical properties. Hollow PAN nanofibers were prepared by direct etching 

coaxial electrospun PAN/mineral oil composite nanofibers. The morphology, transparency, 

thermal conductivity as well as mechanical properties were then characterized. Based on literature 
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review, it is possible to obtain composite materials with controlled porosity and mechanical 

properties by controlling the hollow nanofiber content. 
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CHAPTER 3  

EXPERIMENTAL 

 
Figure 3.1. Coaxial electrospinning set-up in the laboratory during the production PAN/mineral 
oil. The picture has been labeled to show the main parts involved in the production of the 
fibrous membrane. 

 

 
Figure 3.2. The Taylor cone formed during the electrospinning process. 
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3.1 Materials  

Polyacrylonitrile (PAN, Mw=150,000), poly (methyl methacrylate) (PMMA, 

Mw=550,000), methylmethacrylate (MMA), N,N-dimethylformamide (DMF), Octane were 

purchased from Sigma-Aldrich chemical company, Inc. All materials were used as received. PAN 

solution of 8, 10, and 12 wt. % was prepared by dissolving PAN into DMF and subjecting the 

mixture to an ultrasonic device for approximately five hours until it became homogeneous. This 

three different solution concentration were used to observe which solution produce fibers with 

a uniform morphology and the smallest fiber diameter. The PAN solution that produces 

nanofibers with the best morphology and smallest fiber diameter were then used for PMMA 

matrix impregnation.  

The coaxial needle was fabricated by inserting a stainless steel needle with an inner 

diameter of 0.5mm and outer diameter of 0.8mm into another stainless steel needle whose 

inner diameter was 1.1 mm. The prepared PAN solution, used as the shell solution, was loaded 

into a syringe and connected to the outer needle via a syringe tube. Heavy mineral oil, used as 

the core solution, was loaded to another syringe and connected to the inner needle. Both the 

inner and outer needle diameters were aligned concentric to each other. The applied voltage 

was fixed at 20kV, and the feeding rates were adjusted to 1 ml/h and 0.1ml/h for the shell and 

core solution, respectively.  

The as-spun fibers were peeled from the aluminum foil and dried in a vacuum oven at 

room temperature for approximately twelve hours. They were then cut into rectangular width 

dimensions of 9 cm×10 cm. All the prepared nanofiber membranes had a thickness of about 

10μm and a mass per unit area of approximately 10 g/m2. The rectangular samples were 
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accurately weighed and then immerged in octane for approximately twelve hours to remove 

the mineral oil existing in the cores of the fibers. The samples were weighed again after they 

were removed from the octane and allowed to dry at room temperature. The mass loss of the 

electrospun membranes were calculated using the following equation: 

Mass loss (%) = (𝑚𝑏−𝑚𝑎)
(𝑚𝑏)  𝑥 100%                                                                                                      (3.1)                                                              

Where; 

 𝑚𝑏 𝑎𝑛𝑑 𝑚𝑎  are the masses of the membranes before and after etched in the 

octane, respectively 

The composite films were prepared through solution impregnation technique. The 

hollow fibrous mats were placed flatly in a quadrate trough. The PMMA matrix resin was 

prepared by mixing PMMA polymer in MMA with the concentration of 10%. A polymerization 

initiator, 2,2’-Azobisisobutyronitrile (AIBN), was added to the above solution at a concentration 

of 2.5mg/ml. PMMA was used to lower the volatility of the MMA. The composite films were 

cured in a vacuum oven at 50℃ for 10h. The final product was a transparent PMMA/PAN 

nanofiber composite. The thickness of such prepared composite films was 0.2 mm.    

 

Figure 3.3. The process of preparing PMMA/PAN nanofiber composite membrane. Note the 
change of color with the impregnation.  A) PAN hollow fibrous mat; B) PAN nanofiber mat 
soaking in PMMA-MMA resin; C) PMMA/PAN nanofiber composite composite membrane after 
10h curing; D) sketch of PAN hollow nanofibers embedded in PMMA resin. 
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3.2 Characterization 

The morphology and microstructure of the fibers and their fragments were 

characterized with an Environmental Scanning Electron Microscopy (ESEM, Quanta 200, Jeol) 

and High resolution analytical TEM (AHRTEM). In order to prepare a sample for characterization 

using the ESEM unit, completely dried PAN nanofiber membrane and PMMA-PAN composite 

with dimensions of 1cm x 1cm was cut by scissors and attached by means of carbon tape to a 

copper stub. The PAN fibers were coated with a Polaron Sputter coating unit. This sputter 

coating unit uses a gold conductive coating. Gold was selected as coating material due to its 

ease to vapor deposit and on bombardment with high energy electrons it gives a high 

secondary yield [4]. PAN  nanofibers and PMMA-PAN composites were observed at around 500-

15,000 magnification under high vacuum at 10 - 20kV. The diameter of the nanofibers was 

examined using image analyzer and average fiber diameter and fiber distribution were 

determined. 

The light transmittance of the composite films and PMMA was observed on a UV-vis 

spectrometer (1205 Vis spectrophotometer, UNICO) in visible light wavelength range of 550 nm 

at room temperature.  

The mechanical properties were tested on a Universal Testing Machine (AGS-X, 

SHIMADZU) with crosshead speed of 10 mm/min. A total of five replicates were conducted for 

each sample.  

The thermal property of the PMMA and PAN/PMMA nanofiber composite was 

measured by KD2 Pro Decagon device. In this device, heat is applied to a heated needle for a 
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predefined time, and the temperature is measured by a monitoring needle which is 6mm away 

from the heating needle. 
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CHAPTER 4  

RESULTS AND DISCUSSIONS 

4.1 Variation in Electrospinning Parameters and ESEM Images  

Fig. 4.1, 4.2., 4.3., and 4.4., shows a brief summary of ESEM images obtained for the 

elctrospun fibers while varying PAN concentration, feed rate and applied voltage. Observation 

of PAN fibers under the ESEM machine was used to obtain the best parameters suitable for the 

application outlined in the motivation chapter. In the production of the electrospun fibers, the 

needle tip-to-collection distance was kept constant at 15cm.  

Figure 4.1 shows the formation of beads on the electrospun fibers when 8% and 10% 

PAN solution concentration were used to make fibers. As an example from figure 4.1, an 

applied voltage of 20 kV to 8% PAN (Shell solution) with a feed rate of 0.5 ml/hr. and mineral oil 

(core solutions) with a feed rate of 0.05 ml/hr. showed the presence of beads.  According to 

Hajiali et al., the presence of beads on nanofibers reduces the Young’s modulus, tensile 

strength, and elongation at break. The reduction in mechanical properties can be attributed to 

the fact that the beads induce a stress concentration as the nanofibers are being stretched [49]. 

Therefore, the parameters listed in figure 4.1 was not considered for producing fibers since the 

presence of beads will lower the overall mechanical properties of the PMMA/ PAN composite 

material.   

When 10 % PAN solution with a feed rate of 1 ml/hr. and mineral oil at 0.01ml/hr. were 

subjected to 20 kv and coaxially electrospun, pores were observed on the surface of the fibers. 

The presence of pores on the surface of the fibers can be an access point for PMMA/MMA 

solution to enter the internal diameter of the fibers and replacing the trapped air.  
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Figure 4.1. ESEM image of four parameters eliminated due to the presence of beads. 

 

Since the trapped air is needed for lowering the overall thermal conductivity of the  

PAN/PMMA compostie material, the presece of pores on the fiber surfaces will not be 

consistent with the overall objected of this research. Based on literature review, the presence 

of pores on the surface of the fibers can be attributed to ambient parameter, humidity. As 

previously mentioned in the literature review, an increase in humidly can lead to the formation 

of huge pore sizes with non-uniform structures. The pores formed can be attributed to water 

condensation on the surface of the fibers [7]. Therefore, the omission of the parameter in 

figure 4.2 can be a tad harsh or debatable. 
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Figure 4.2. ESEM images of pores on the surface of the fiber. 

 

Wu et al. tested the mechanical strength of randomly organized fibers in a PANF/PMMA 

composite (r-PANF/PMMA) and aligned fibers in a PANF/PMMA composite. They discovered 

that the a-PANF/PPMA composite films with aligned fibers showed greater mechanical strength 

and Young’s modulus than the corresponding r-PANF/PMMA film with randomly oriented 

fibers. The tensile strength and Young’s modulus were 40% and 30% more than that of the r-

PANF/PMMA. The difference in the mechanical properties between the aligned and randomly 

organized fiber reinforced composite was associated with the failure behavior under tension. 

The break failure of the a-PANF bundle creates a stronger mechanical strength than the 

delamination and slipping failure of the r-PANF [41]. Due to the study conducted by Wu et al. 

and their discovery noted above, the parameter shown in figure 4.3 was omitted. 
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Figure 4.3. Example where one of the parameters was eliminated due to the alignment of fibers 
in the PAN/PMMA matrix. 

 
Figure 4.4 shows a sample image of 8% PAN coaxially electrospun with mineral oil in the 

core. An applied voltage of 20kv were used to electrospin the fibers. The PAN solution and 

mineral oil had a feed rate of 1ml/hr. and 0.1 ml/hr., respectively. The hollow fibers produced 

had a uniform thickness with smooth, featureless surfaces and well-rounded shape without the 

presence of any grains/beads and pores. This specific parameter was consistent with the 

intended application of this research. Therefore, a PAN concentration of 8 wt. % was 

considered to be the optimum concentration required to obtain uniform fibers and minimum 

surface roughness after a number of trial runs involving variation in electrospining Parameters. 

 
Figure 4.4. Uniformly aligned smooth fibers with small diameters suitable for the application 
defined in the motivation chapter. 
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4.2 Light Transmittance 

The reflection, transmission, refraction or absorption may occur when an incident light 

reaches an interface. Light reflection contributes to most of the light loss, and increases with 

interfacial areas. The amount of light reflection at the interface is highly related to the 

refractive index (RI) of the two materials forming the interface. This relationship is described by 

the formula:                        

𝑟 =  �
(𝑛1 − 𝑛2)
(𝑛1 + 𝑛2)�

2

                                                                                                              4.1 

Where, 

• r is the reflective coefficient 

• 𝑛1𝑎𝑛𝑑 𝑛2  are the RI of the two materials at the interface, respectively [41]  

The closer the RI values of these two materials, the lower the reflective coefficient. This 

means that more light will be transmitted and less light will be reflected. Theoretically, the 

reflective coefficient of PAN/PMMA composite was very low (r=9.947−5 ) based on formula 4.2 

provided above. This was due to the fact that the RI value of PMMA and PAN are 1.489 and 

1.519 at 250 Celsius, respectively; which is relatively close. Additionally, PAN nanofibers 

contributed large interfacial areas to the composite, due to their nano size effect. Both the 

close RI values and the nano size effects resulted in the production of optically transparent 

PMMA/PAN nanofiber composite membranes.     

Table 4.1. Light Transmittance of Composites with Different Loading of PAN Nanofibers 
 

Sample PMMA PANHF/ PMMA (5%) PANHF/ PMMA (10%) 

Transmittance (%) 92 85 80 
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As shown in Figure 4.5, PAN hollow fibrous mat is opaque and appears white in color. 

This is mainly due to the high difference in the RI formed at the air-PAN interface. The presence 

of air spaces in the fibrous mat forms an air-PAN interface. The RI value of air is 1.0. Inserting 

the RI value of air and PAN into formula 4.1, gives a reflective coefficient of 0.0425. This value is 

relatively high when compared to the reflective coefficient of the PMMA-PAN interface. 

Therefore, most of the light will be reflected which leads to poor transparency. In comparison 

both PMMA and PMMA/PAN nanofiber composite membranes are optically transparent. The 

PMMA membrane has a light transmittance of 92% in the visible light range at room 

temperature.  Table 4.1 shows the light transmittance of 5 % and 10% PAN/PMMA composites 

and neat PMMA membrane. After PAN hollow fibrous mats were impregnated in the MMA-

PMMA matrix, the composite that contained 5% PAN showed a light transmittance of 85%. The 

composite that contained 10% PAN hollow fibers showed a measured transmittance of 80%, 

indicating the thickness of embedded fibers imparted the light transmission.  

  
             Pure PMMA                                               PAN hollow fibrous membrane 
 

  
                 PANHF/ PMMA 5%                                PANHF/ PMMA 10% 

 
Figure 4.5. Images of pure PMMA membrane and PMMA/PAN Nanofiber composite 
membranes. 
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4.3 Pan Fiber Diameter and ESEM Images 

The mass loss of the electrospun PAN/ mineral oil fibers that produced hollow fibers is 

about 60.8% calculated from formula 3.1, which is almost the same as the theoretically 

accepted values (55.6%). Therefore, this confirms that there was no leakage of mineral oil 

during the preparation of the composite. Typical SEM images of as-prepared nanofibers and 

PAN/PMMA composite can be seen from Figure 4.6. The figure shows that pure PAN nanofibers 

have smooth surfaces with diameters ranging from 400 nm-1000 nm. Figure 4.6B shows coaxial 

electrospun nanofibers with mineral oil in the core and PAN on the surface. No obvious 

difference in the overall morphologies of PAN/oil composite nanofibers was found. The 

averaged diameter of fiber increased from 566 nm (PAN fibers) to 1.06 μm (PAN/oil fibers). 

Hollow nanofibers can be obtained by removing the mineral oil in the template. Figure 4.6C 

shows that the hollow fibers with uniform thickness have smooth, featureless surfaces with a 

well-rounded shape that does not contain any grains/beads. The inset figure shows the 

corresponding cross-sectional image. Figure 4.6C also shows the successful formation of hollow 

fibers in the as-prepared state. The SEM image shows (see Figure 4.6D) that hollow nanofibers 

were fully impregnated in PMMA matrix. This indicates that PMMA/MMA solution easily 

infiltrated and filled into the pores in the process of immersion. The broken fiber surfaces 

became rougher, and the average diameter of the broken fibers was 856 nm, which was 324 

nm lower than the pure hollow PAN fibers (1.18µm). This suggested that PAN hollow fibers 

were compressed in the process of embedding. A representative tubular structure with uniform 

walls can be seen in figure 4.6F. As can be seen in Figure 4.6F, the core appears to be somewhat 

concentric with the shell with a slight off-set which probably resulted from buckling during the 
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formation of the electrospun fibers. The wall thickness of the PAN is estimated to be at around 

300 nm, as marked in the figure. 

 
 

 
 

Figure 4.6. SEM images showing the morphologies of electrospun PAN nanofibers (A) PAN 
hollow fibers, (B) PAN/ mineral oil coaxial electrospun nanofibers and (C). Cross-sectional 
images of PMMA/PAN nanofiber composite membranes (D, E), and hollow PAN fibers 
embedded in PMMA. 
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4.4 Tensile Test 

Fig. 4.7 shows the typical tensile stress-strain curve of pure PMMA and PMMA/PAN 

nanofiber composite membranes. Comparison of the mechanical properties of PMMA and 

PMMA/PAN nanofiber composite with 5 wt% PAN (Table 4.2) reveals that the ultimate tensile 

stress and Young’s modulus of the composite increased by 58.3% and 50.4%, respectively,  

while the break strains were at around 4%.  

 
Figure 4.7. Tensile stress vs. strain curves of PMMA and PMMA/PAN nanofiber composite 
membranes. 
 
Table 4.2. Tensile Properties of the Membranes 
 

Sample Tensile Stress (MPa) Strain (%) Young’s Modulus 
(MPa) 

PMMA 22.02±4.49 3.97±0.96 8.07±1.16 
PMMA/PAN Nanofiber 
composite 34.85±3.93 4.00±1.43 12.14±1.37 

 

4.5 Thermal Properties 

Table 4.3 shows the thermal properties of PMMA and 5 wt. % PAN/ PMMA nanofiber 

composite. This table indicates that 5 wt. % PAN/ PMMA nanofiber composite has a higher 
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thermal conductivity than PMMA. The thermal conductivity increased by roughly 18 % from 

0.235 W/ (m·K) to 0.278 W/(m·K) after the PMMA has been reinforced with 5 wt. % PAN hollow 

nanofibers. This result contradicts my motivation that the porous PAN nanofiber composite 

should have a much lower thermal conductivity than PMMA.  One possible way for 5 wt. % 

PAN/PMMA nanofiber composite to encounter thermal performance insulation gain over 

PMMA is to increase the core diameter of the as spun fiber. However, any further increase in 

PAN internal diameter can lower the mechanical properties of the 5 wt. % PAN/PMMA 

composite. Based on literature review, the 5 wt. % PAN hollow fiber did help in lowering the 

thermal conductivity, but it was not significant enough to be used in PMMA for the sole 

purpose of insulation. Based on the results shown in Table 4.3, PMMA should be a better 

insulation material than 5 wt. % PAN/ PMMA nanofiber composite. 

Table 4.3. Thermal Properties of PMMA and 5 wt. % PAN/ PMMA Nanofiber Composite 

Sample Sensor 
Thermal 
Conductivity  
W/(m·K) 

Thermal 
Resistivity  
°C·cm/W 

Specific 
Heat  
MJ/(m³·K) 

Error Temperature 
(0) °C 

PMMA SH-1 0.235±0.014 425.6±15 1.321±0.10 0.01±0.001 300±2 

PAN/PMMA 
Nanofiber 
Composite 

SH-1 0.278±0.021 359.1±14 1.345±0.13 0.01±0.001 300±2 

The specific heat which has been defined as the amount of heat per unit mass required 

to raise the temperature of a material by one degree Celsius has been reported in the table. 

The influence of the PAN hollow fiber on the PAN/PMMA composite showed roughly an overall 

2 % increase in specific heat. Therefore, the 8% PAN/DMF solution with 5 wt. % PAN hollow 

fiber loading had no significant effect on the specific heat of the final composite material.  
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CHAPTER 5  

CONCULSIONS 

A novel transparent composite was successfully fabricated through coaxial 

electrospinning and fiber-polymer impregnation. The morphology, transmittance and 

mechanical properties of the PMMA-PAN composite were then characterized with an ESEM, 

TEM, tensile testing machine, and UV-Vis spectrometer. The electrospinning parameters 

described in the literature review was used to ensure that the resulting fibers had uniformly 

distributed tubular structure with averaged wall size diameter around the 350nm range. The 

resulting PMMA-PAN composite showed improved structural stability. The improvement in 

tensile stress and Young’s modulus can be seen in the stress vs. stain curve in figure 4.7 and 

table 4.2. The embedded fibers significantly increased the stiffness and strength of the PMMA. 

Both 5% and 10% PAN hollow fibers were impregnated in a PMMA matrix, and they were 

subjected to a visible light transmittance test.  

The composite that contained 5% PAN hollow fibers showed a light transmittance of 

85% while the composite that contained 10% PAN hollow fibers showed a measured 

transmittance of 80%. This result indicated that the thickness of embedded fibers imparted the 

light transmission. The nanometer scale fiber diameter had a great role in this mechanical 

property improvement. This microstructure can be controlled by varying fiber diameters and 

fiber content.   

The thermal properties of the 5 wt. % PAN/ PMMA nanofiber composite showed 

contrasting results to the motivation of this research. Based on literature review, the 5 wt. % 

PAN hollow nanofiber did help in lowering the thermal conductivity, but it was not significant to 
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be used in PMMA for the sole purpose of insulation. The results shown in Table 4.3 indicates 

that PMMA should be a better insulation material than 5 wt. % PAN/ PMMA nanofiber 

composite. 
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