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ABSTRACT 
Melt-electrospinning of Thermoplastic Polymers: 

An Experimental and Theoretical Analysis 
Jason Michael Lyons 
Frank. K. Ko, Ph.D. 

 
 
Over the past decade, there have been significant advancements in the area of 

electrospinning.  A variety of polymers are being electrospun to form fibers on the 

nanoscale believed to have mechanical properties superior to those commercially 

available.  Past research has focused on forming these fibers from a polymer solution but 

ever increasing demands for a cheaper, more environmentally friendly and safer 

alternative increases the demand to understand the feasibility of electrospinning from a 

polymer melt where very little research has been performed.   

The effects of various melt-electrospinning parameters, including electric field 

strength, flow rate, and processing temperature on the morphology and fiber diameter of 

polypropylene of different tacticities and molecular weights and poly(ethylene 

terephthalate) were experimentally studied.  It was shown that molecular weight was the 

predominant factor in determining the obtainable fiber diameter of the collected fibers.  

Observations prove that the tacticity also significantly influences the fiber diameter.  

Atactic polymers having molecular chains incapable of a high degree of orientation tend 

to produce larger diameter fibers than isotactic polymers capable of a high degree of 

orientation, despite the effect of molecular weights.   

In addition, a model based on experimental and polymeric parameters and 

observations has been developed in an attempt to predict the diameter of the fibers that 

are being produced through the melt-electrospinning process.  The model has been tested 

over all electric field strengths used in experimentation and has proven accurate for 
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atactic polypropylene at small electric field strengths.  By understanding the effects of 

each processing parameter on a specific response such as fiber diameter and being able to 

theoretically predict the fiber diameter being produced, the efficiency of the 

electrospinning process has been enhanced and it makes it a much more attractive 

alternative from many commercial applications were nonwoven materials are currently 

used.   
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CHAPTER 1: INTRODUCTION 
 
 
 Polymers have existed since the conception of life in the form of DNA, RNA, and 

proteins.  These polymers, in their natural form, are crucial to life as we know it on this 

planet.  The earliest form of man was quick to realize that these and other naturally 

occurring polymers could be used not only for food, but also for weapons, clothing, 

decoration, shelter, and tools to name a few.  Despite the use of polymers for many 

millennia, it was not until the 19th century that the polymer industry as we know it today 

was validated with many scientific breakthroughs.   

 Thomas Hancock was the first to discover in 1820 that when repeatedly subjected 

to high shearing forces natural rubber became less viscous thus increasing its 

processability [1].  In the following years, Charles Goodyear found that the ‘tackiness” of 

rubber could be eliminated and that the elastic properties could be improved when it was 

heated with sulphur.  Goodyear was rewarded with a patent for his discover in 1844 and 

Hancock was awarded one as well a few years earlier.  Following in his brothers 

footsteps, Nelson Goodyear patented the process of vulcanization using large amounts of 

sulphur to produce a hard material known as vulcanite in 1851 [2]. 

 In continuing years, further advances were made involving natural polymers.  

Although Christian Schönbein first prepared nitrocellulose in 1846 as an explosive 

material, it was later discovered that it was a hard elastic material which was soluble and 

could be molded into different shapes with the application of heat and pressure.  In 1870, 

John and Isaiah Hyatt patented a similar material named celluloid which was prepared 
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using camphor as a plasticizer.   This material evolved into a huge commercial success 

spawning more research into the area of polymer science [3].   

 With Staudinger’s revelation in the 1920’s that polymers were indeed composed 

of very large molecules containing long sequences of simple chemical units linked 

together by covalent bonds, a new revolution was born [4].  With the invention of Nylon 

in the 1930’s, synthetic fibers were created leading us to the continued desire to 

continually advance the world of polymers [5].   

 Electrospinning, the use of electrostatic forces to create fibers, is yet another 

extension of advanced polymers research.  The generated forces, due to the electric field, 

to which the polymer, either as a melt or solution, is exposed to, are in some instances 

capable of drawing the fiber diameter into the nano regime.  The potential of making 

fibers smaller than those previously made through conventional textile processes, allows 

for a more detailed understanding of polymers spanning a wide range of fiber diameters.  

It has been shown by Jäger [6] that as the fiber diameter is decreased, the mechanical 

properties of the fiber increase exponentially as a result of the decreased probability of 

surface flaws.  Utilization of this trend through electrospinning, allows for the potential 

for polymers to be made of a lighter weight and smaller diameter that are capable of 

mechanically outperforming those fibers that currently exist.   

Electrospinning has now been used for the better part of a century, however 

commercialization and a full understanding of the process is a goal yet unattained.  To 

date, the fundamental goal of electrospinning has been to produce fibers with diameters 

less than 100 nanometers.  As a result of the polymeric parameters that are needed to 

obtain such fibers, nearly all research has been focused on electrospinning of a polymer 
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solution.  Electrospinning from the melt, despite environmental, economical, and safety 

benefits, has been, for the most part, ignored.  The fibers that have been produced in 

previous research have been larger than those produced commercially and thus, the 

process has not been used.   
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CHAPTER 2: LITERATURE REVIEW 
 

2.1. Electrohydrodynamic Atomization 
 

Before electrospinning, as we know it today can be understood, it is important to 

know the origins of the underlying principles.  Evidence points to the theories of electro-

hydrodynamic atomization or spraying (EHD).  EHD is the physical process that results 

when an electric force is applied to a liquid droplet.  The electrical shear stresses created 

on the surface of a hemispherical droplet protruding from a capillary overcome the 

surface tension of the droplet and extend the droplet into a conical shape.  Subsequently, 

a resultant jet is released from the capillary that eventually breaks up into tiny droplets.  

These droplets can be smaller then one micrometer in size and are smaller then the 

droplets made from conventional mechanical atomizers.   

Over 400 years ago, Gilbert [7] was the first to show that a droplet of water on a 

smooth surface can be extended into a cone if a piece of rubbed amber is held at a 

suitable distance from it.   In 1745, Bose [8] was the first to describe the process of 

electro-hydrodynamic spraying of fluids.  Later, in 1882, Raleigh [9] furthered the study 

by examining thin liquid jets in electric fields and their stability criterion.  Since then, it 

has been the focus of many scientists to not only understand this process but to develop a 

method in which to utilize it to its fullest extent.  This past century’s first published work 

in this field was by Zeleny in 1914 [10-12].  His experiments focused on the causes 

leading to the eventual break-up of the jet once it has left the capillary in a high electric 

field.  In the subsequent years, more experimental work was performed on this topic [13, 

14] but nothing was offered in terms of the theoretical explanations.  Further research by 
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Vonnegut and Neubauer [15] in 1952 showed that a monodispersity of droplet sizes could 

be obtained within the range of 1.0-0.1  micrometer.  This work showed that 

electrohydrodynamic spraying was capable of being manipulated within an electric field 

and as a result, numerous authors ventured into the field.   

In 1969, Taylor [16] derived the condition for the critical electric potential needed 

to transform the droplet of liquid into a cone (commonly referred to as the Taylor Cone) 

and to exist in equilibrium under the presence of both electric and surface tension forces 

as: 

 

( )R
R
L

L
HV c πγ117.0

2
32ln4 2

2
2 ⎟

⎠
⎞

⎜
⎝
⎛ −=                              (1)                         

 

where Vc is the critical voltage, H is distance between the capillary exit and the ground, L 

is length of the capillary with radius R, and γ is the surface tension of the liquid.  Taylor 

began with the observation of a droplet in equilibrium at the end of the capillary and 

observed its deflection under applied fields.  He discovered that cones with a half angle 

of 49.3° were the only ones that met this criterion.  A similar relation was found by 

Hendricks et al [17] in 1964 and is defined as: 

 

rV πγ20300=                                                   (2) 

                                                                                             

where r is the radius of the pendent drop.   
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Although many researchers have confirmed this value, it only remains valid for 

slightly conductive, monomeric fluids displaying the cone jet mode of the 

electrohydrodynamic spraying process.  The other modes of EHD process will be 

discussed subsequently.  Authors [18-20] have continued to research the EHD process 

experimentally and have determined the physical properties such as onset potential, 

capillary radius, and liquid conductivity all affect the process, yet much remains to be 

understood.   

In 1986, Hayati and Tadros [21, 22] studied the effect of electric field and the 

environment of pendent drops and the ability to form stable jets.  It was concluded in 

these papers that the conductivity of the liquid was a major factor in determining the 

onset of the jet disruption.  Highly conductive fluids were found to drip from the capillary 

and when the voltage was increased, form very erratic jets that broke into many droplets.  

On the other hand, insulating materials were unable to hold a surface charge and 

therefore no electrostatic forces built up at the interface.  In the case of semi-conducting 

fluids (conductivity in the range of 10-6 – 10-8 Ω-1m-1), it was possible to form stable jets 

erupting from a conical base.  When the voltage was increased, the cone height decreased 

therefore increasing the angle of the cone from the axis.  Due to the semi-conducting 

nature of the liquid, an electrical potential exists between the base of the cone and its 

apex.  As a result, a tangential electric field is introduced in the direction of the flow and 

electric shear stresses exist on the surface of the cone that can decrease its diameter as the 

jet length increases while maintaining a stable jet [21]. 

 In more recent years, Hayati [22], Cloupeau and Prunet-Foch [23] and, after 1990, 

Grace and Marijnissen [24] have summarized what is known of the EHD process.  They 
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went into detail on the effects that flow rate, applied potential, capillary size, and fluid 

properties such as surface tension, fluid conductivity, and viscosity have on the modes of 

the EHD process.  In 1998, Jaworek [25] studied the combination of the above effects 

and described the particular modes that can be obtained from them.  His work shows the 

formation of eight different modes of electrohydrodynamic spraying.  Four of these 

modes result in droplets being discharged from the capillary and the other four, result in 

liquid jets being discharged that eventually break up into droplets.   

The first mode that can be identified is the dripping mode.  The dripping mode 

results when a small voltage is applied and spherical drops detach from the capillary and 

drop to the cathode.  With increases in voltage, the droplets become smaller in size.   

The next mode is the microdripping mode.  This mode is similar to the dripping 

mode except that the droplets that are discharged are much smaller in diameter as a result 

of being produced from a liquid meniscus that has protruded from the capillary.  Also, 

when the droplet is detached, the liquid meniscus does not retract into the capillary as is 

seen in the dripping mode.  It is reported that these particular modes of EHD were only 

observed at very limited flow rates and applied fields.   

A more common occurrence is the third mode: the spindle mode.  This mode 

takes its name from the shape of the ejected droplets.  When exposed to the applied field, 

the meniscus elongates and eventually breaks off into an ellipsoidal shape.  This 

“spindle” then breaks apart into droplets of varying size and the meniscus returns to the 

capillary to repeat the process.   

In the case of liquids of higher viscosities, it is possible to observe the fourth and final 

droplet forming mode, the multi-spindle mode.  It was noticed that when a higher 
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viscosity liquid was used in a higher field, ethylene glycol at 23kV, that several spindle 

forming jets could be established at the same time.   There was a higher likelihood of 

forming multiple jets at a higher applied field and the jets appeared to be equally 

distributed along the capillary orifice.  Similar to the regular spindle mode, the spindles 

were capable of breaking up into droplets of different sizes on the path towards the 

cathode.  

 

 

Figure 1: Various modes of droplet formation created during the electro-hydrodynamic 
process 

 

 

The first of the liquid jet modes is the cone-jet mode.  The cone-jet mode is 

identified by the formation of an axisymmetric cone at the capillary with a fine diameter 

jet extending from the cone’s apex.  Cloupeau and Prunet-Foch [23] determined that the 

cone could exist in three forms, linear sides, convex sides and concave sides.  From these 

cones produced, the jet extended and went through one of two instabilities, varicose or 

kink[26].  In varicose instabilities, perturbations are located on the surface of the jet that 
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may cause it to zigzag, but the jet remains on its initial path.  Droplets will be formed 

when the liquid contracts as a result of the nodes in the wave.  In the case of kink 

instabilities, the entire jet moves off the axial path of the capillary and the jet breaks up at 

strong enough amplitudes due to a combination of electrical and inertial forces.  The 

droplets formed in this mode can be on the order of 30 micrometers or less.   

The subsequent mode is the oscillating-jet mode.  This mode is similar to the 

cone-jet mode except it resides in a plane that is not the axial plane of the capillary.  Also, 

the plane in which the jet is elongating can change randomly and the kink instability 

region is very evident.   

The precession mode is the next mode in the series.  The mode was observed by 

Jaworek [25] and can be described as a cone-jet mode that rotates around the capillary 

axis.  With increasing voltage, the jet becomes longer with more regular revolutions 

around the axis.  The jet eventually breaks up into droplets as a result of repulsive 

electrostatic forces and the Coulombic fission associated with the increase in surface 

charge density and these droplets can possess quite a uniform spatial dispersion.   

The final liquid jet mode observed in EHD is the multi-jet mode.  This mode is 

observed with liquids possessing a low surface tension when subject to strong electric 

fields.  In this scenario, the meniscus becomes flat with jets being emitted from the 

circumference of the capillary and more jets are created as the applied field is increased.  

The jets eventually break up as a result of the kink instabilities and form uniform droplets 

in the range of a few micrometers with a fairly even distribution.    
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Figure 2: Various modes of liquid jet formation created during the electro-hydrodynamic 
process 

 

2.2. Electrospinning 
 

These modes represent what is known of the EHD spraying process.  It was only a 

matter of time before these principles were applied to materials with higher and higher 

viscosities.  In 1934, Anton Formhals was the first to patent a procedure that utilized 

electrostatic means to produce micrometer diameter fibers of cellulose acetate from 

solution [27].  Through use of a moving collection cathode, Formhals was capable of 

collecting the fibers that were made and then assembling them into more useful structures 

such as skeins and ropes.  This patent is the first of over sixty that currently exist on the 

technology known as electrospinning.  An example of a conventional electrospinning 

station can be seen in Figure 3.   
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Figure 3: A schematic of a solution based electrospinning station showing the various 
stages of the jets path to the collection plate 
 

 

In 1971, Baumgarten [28] was the first to produce fibers that were submicron in 

diameter through electrostatic means confirming Taylor’s discovery that liquids of higher 

viscosities, during the cone-jet mode, do not break into droplets but rather reach the 

cathode as a continuous stream.  In his experiments, solutions with viscosities ranging 

from 1.7-215 Poise were used.  Baumgarten found that as viscosity of the solution 

increased, the diameter of the resultant fibers increased with a power law of ~0.5.  It was 

also found that the stability region of the jet increased with increasing viscosity and this 

also directly affected the diameter of the collected fiber.   

In 1981 Larrondo and Manley [29-31] published work describing the production 

of fibers from a solution of polyethylene in paraffin and, perhaps more importantly, 

molten polypropylene.  It was the first time that anyone demonstrated fibers can be 

electrostatically spun from the melt.  Larrondo and Manley used polymers with a melt 

flow index ranging from 0.5-2 with a plate separation of 1-3 centimeters.  At this 

5-20 cm

Polymer filled syringe 
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distance, they were only capable of attaining potentials around 7kV before breakdown 

occurred in the air.  The fibers that were obtained were above 50 micrometers in diameter 

and the size was attributed to the higher viscosity.  It was noted that by increasing the 

temperature of the melt and the voltage used, the fiber diameter became smaller and a 

certain degree of control could be obtained.   

It was hoped by Larrondo and Manley that the fibers produced would be 

extremely crystalline as a result of the very high jet velocities reported by Baumgarten of 

275-380 meters per second.  However, after performing wide angle x-ray diffraction 

(WAXD), it was noticed that the amount of crystallinity was equivalent to that of an 

undrawn raw polymer.  Many other researchers have concurred with this assessment 

reporting little if any birefringence of the fibers they produced [32-34].   

Buchko was able to obtain moderate alignment in nylon nanofibers with a mis-

orientation angle of 17° [35].  The inability to crystallize was attributed to the 

development of a rotational component of the liquid flow field [30, 36].  Based on 

previous work by Mackley [37] and Larrondo [38], it was believed that strain rates 

ranging from 50-1000 (1/sec) would be needed to induce crystallinity of polymeric melts 

and it was believed that these rates could be achieved in strong enough fields.  It was later 

shown without using stronger electric fields that a degree of crystallinity could be 

obtained by utilizing post treatments after electrospinning a liquid crystal polymer,  

poly(p-phenylene terephthaiamide) [39].  Srinivisan and Reneker produced fibers as 

small as 40 nanometers using both positive and negative polarity.  Kaiser [40] explained 

that when a solution was capable of being electrospun using either negative or positive 
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polarity, dielectrophoretic forces were present as a result of a high non-uniform field 

acting on an uncharged fluid.   

In the mid 1990’s, the interest in nanofibers increased and electrospinning was 

seen as one of the primary ways of obtaining that goal.  Many researchers began to 

explore the field. Table 1 shows a small sampling of the polymers that were electrospun 

by their respective researchers and Figure 4 shows a representative photo micrograph of 

electrospun poly(ethylene terephthalate) produced during this study.  Since 1971, there 

have been over 200 papers published in the area of electrospinning, however, a great 

majority of them have been published in the past five years.   

 

Table 1: Examples of the variety of polymers that have been successfully electrospun 

 
Polymer Solvent Reference 
Rayon Acetone and alcohol [27] 
acrylic resin dimethyl formamide [28] 
PE, PPE Melted [29-31] 
PEO Water [41] 
PPTA (Kevlar) 98% sulfuric acid [39] 
polyester  Melted [42] 
DNA 70:30 water:ethanol [33] 
PAN dimethyl formamide [43] 
styrene-butadiene-styrene triblock 75:25 tetrahydrofuran/dimethylformamide [44] 
PVA n/a [45] 
PAN and Pitch dimethyl formamide [46] 
PANi/ PEO Chloroform [32] 
PEO Water [47] 
Silk HFA-hydrate [48] 
PS THF [49] 
CNT/PAN DMF [43] 
Polybenszimidazole n/a [50] 
Polyurathane DMF [51] 
Nylon-6 95:5 HFIP/DMF [52] 
Poly(ethylene-co-vinylacetate) 2-propanol/water [53] 
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Figure 4: Electro micrograph of melt electrospun poly(ethylene terephthalate) produced 
during this study 

 

 

In the early 1990’s, most papers published chose a polymer to electrospin and 

discussed the effects of one or two processing parameters on fiber diameter and 

morphology.  Reneker in affiliation with Doshi [54] and Chun [46] were some of the first 

to publish papers in the field of electrospinning.  Doshi experimented with polyethylene 

oxide in water with varying concentrations with viscosities ranging from 8-40 poise and 

was capable of obtaining fibers on the order of tens of nanometers.  The cross-sectional 

area of the produced fibers was also something of interest in early nanofiber work.  Most 

researchers [28-31, 34, 41] were forming fibers that were cylindrical in shape, however 

others were capable of forming fibers that were flat, beaded, or ribbon like  [33, 55-57].  

These non-circular fibers were formed because the solvent was initially trapped on the 

inside of the fiber and when it was able to diffuse out, a hole was left in the middle of the 



 
                                                                  15

fiber.  As a result of the surfaces gained when the tube collapses, in many instances 

ribbons are formed.   

 As seen in Table 1, many polymers have been electrospun from solution.  Most of 

these polymers have also been spun at different concentration levels.  It was known that 

the viscosity of the polymer plays a major role in the production of the fibers and their 

size and is one of the most studied parameters when electrospinning.  Sukigara, [58]has 

shown viscosity to be the most important parameter when producing silk nanofibers.  

Early on, Larrondo and Manley [29] showed that viscosity was important when they 

electrospun fibers from the melt.  The critical viscosities and applied electrical fields 

required for melt-electrospinning were much higher than those required when spinning 

from solution.  It was seen that as the viscosity of the solution or melt increased, the fiber 

diameter increased exponentially.  This trend would be experimentally verified by many 

future authors with varying exponents depending on the polymer being electrospun [34, 

51, 59, 60].  As Taylor reported earlier, the stability of the jet is increased with a higher 

viscosity material.  As a result of the increase in viscosity, the defect density has been 

shown to decrease and more uniform fibers in both cross section and morphology have 

been formed [45, 61].  Due to the varying molecular structures of the polymers being 

used from the melt or solution, the range of viscosities that are capable of being 

electrospun is different for every polymer.  Researchers have reported maximum spinning 

viscosities ranging from 1 to 215 poise [28, 34, 35, 54, 62, 63].   

Another parameter studied intensively is the spinning voltage.  Every polymer 

that is electrospun possesses a slightly varying formulation for success.  That is, the 

critical voltage for PET may not be the critical voltage for PE.  Despite this, there are 
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certain trends that have been found in all systems.  It has been reported that increasing the 

voltage will decrease the diameter of the fibers produced from solution [29, 34, 41, 45, 

64].  However, upon further increasing of the voltage, some researchers found that the 

Taylor cone decreases and the fiber diameter will begin to increase again.  The smallest 

diameter fibers have been found to form when a Taylor cone is present and the jet is 

being formed at the apex of the cone [22, 28, 29].  Increasing the voltage has the effect of 

pulling the polymer fluid away faster then the flow rate can replace it and therefore, the 

cone diminishes in size.  Another trend that has been observed with increasing voltage is 

the formation of multiple jets.  This is consistent with the multi-jet mode is EHD and is 

also a possible explanation for the reduction in fiber diameter.   

Many other parameters have been studied yet their exact effect on the 

electrospinning process is yet to be fully understood.  Researchers have had varying 

results when discussing aperture diameter, spinning distance, feed rate, and spinning 

angle to name a few.  In the published papers [28, 29, 34, 44, 49, 50, 56, 63], authors 

have argued that these parameters vary inversely with diameter and some have argued 

that they have no effect on the collected fiber diameter.  These, along with many other 

parameters must be fully understood before significant progress can be made in this field.   

It was obvious that there was a reduction in diameter of the fibers from the 

capillary with an inside diameter of less than a millimeter to the fibers collected that 

measured a few nanometers in diameter.  Firstly, Doshi [54] stated that evaporation of the 

solvent occurs, which leads to a dramatic reduction in diameter, considering that most 

solutions are around 90% solvent by weight.  Although, this has been reported, it has 

never been theoretically quantified and explored.  Another reason for the decrease in 
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diameter is proposed to be the instability region which has been attempted to be 

explained by several authors; their views will be discussed subsequently.   

 It is commonly agreed upon [16, 21, 26, 28, 30, 65] that there is a stable region of 

the electrospinning jet.  It was reported by Baumgarten [22] that the length of that stable 

region increased with an increased viscosity and with decreased distance between anode 

and cathode.  Reneker [65] attributed this phenomenon to the longitudinal stress acting on 

the charge.  After some distance, a second region is entered.  This region is typically 

called the varicose instability.  It must be noted that both Taylor [16] and Baumgarten 

[28] noted that this region may not exist in liquids of higher viscosities.  The varicose 

instability region is when waves are noticed in the plane of the jet, yet the jet remains 

directed along the capillary axis.   Reneker and Yarin propose that the bending instability 

occurs as a result of Coulombic forces following the Earnshaw’s Theorem that states that 

a collection of point charges cannot be maintained in an equilibrium configuration solely 

by the electrostatic interaction of the charges.  If it was desired to stabilize the jet, the 

ratio of surface tension to Coulombic forces would need to be increased.  Surface tension 

will always counteract the bending instability because of the increase in surface area.   

 Shin [26] acknowledged three instability regions, two axisymmetric and one non-

axisymmetric.  The first axisymmetric instability is the Rayleigh instability and is 

dominated by surface tension.  It is rare to observe this region at high electric fields.  The 

path is determined by the competition of the two remaining instabilities.  The dominant 

component is determined as a result of the surface charge density and jet radius 

throughout the path to the cathode.  Shin argues that the jet bends because of one of two 

ways: [26] 
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1) the lateral fluctuations cause the charge density to no longer be uniform 

around the circumference, but rather have a di-polar component that is 

perpendicular to the jet axis and internal charges adjust to screen the 

external field or  

2) the mutual repulsion of surface charges carried by the jet causes the 

centerline bend.  These dipoles set up a localized torque that bends the jet 

and these oscillations are what cause the whipping action seen in the 

electrospinning process.   

 

These researchers, in agreement with Reneker, state that the whipping action is needed in 

order to accelerate the jet in order to stretch it and significantly reduce its diameter. 

 For a considerable time, it was believed that the nanometer size fibers were 

obtained because the jet was “splaying” or splitting into several other jets; similar to the 

breaking up of droplets in EHD.  Doshi [54] was the first to observe splaying and he 

attributed it as a result of the higher charge density due to an increased surface area.  

Koombhongse and Liu [56] also observed splays in their experiments and attributed the 

action to a repulsion of forces and weak bonding in the lateral direction.  In later 

experiments, Deitzel [34, 61] also observed splaying to some degree in their samples 

leading to a theory on bi-modal distribution.  Reneker and Yarin later argued that 

splaying was not favored energetically and would only happen in rare instances [65].  

This argument was proven as high-speed photography advanced and Shin [26] was able 

to photograph the path of a single jet showing no signs of fiber splaying.  This showed 

that an instability region must occur, and possible secondary and tertiary, or it would be 

impossible to obtain the size fibers being produced in the typical electric field distance of 

a few centimeters [65].  
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 The final step in the electrospinning process is the collection process.    The most 

popular form of collected nanofibers is a nonwoven mat.  As described above, in most 

instances, the process enters an instability region and the fibers are distributed in a 

random formation [66]. This phenomenon is not yet fully understood and is currently 

being researched.  This results in nonwoven mats that can vary in size and thickness.  It 

has been shown that the jet retains its surface charge until it impacts with the collection 

device.  As a result, the jet will be attracted to areas on the collection screen in which no 

fibers have been collected.  The mats that are collected can be planar or three 

dimensional.  Ali [43] has shown, using a PAN solution, that yarns can be directly 

formed during the electrospinning process.  In this process, the electrospinning jet 

impacts on itself and forms linear structures that can easily be collected using a rotating 

drum.  Utilizing the jets charge throughout the process, Deitzel was able to control the 

deposition area of the electrospun jet using rings with similar polarity [47].  He arranged 

rings that were similarly charged as the spinnerette throughout the spinning line so that 

when the jet went through, it was repulsed and was enable to form the bending instability.  

This method was quite effective and it is hoped that using similar technology, future 

research will enable the formation of woven, knitted, and braided structures.    

 

2.3. Characterization  
 

Characterization of the fibers produced through the electrospinning process 

remains one of the most daunting tasks.  The entire process from polymer selection to 

mechanical testing needs to be accurately assessed in an attempt to understand 
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electrospinning.  Typically the polymers used are characterized in three distinct 

categories: physical and structural, mechanical, and chemical.   

 

2.3.1. Physical 
 

Physical characterization is related to the structure and morphology of the sample.  

To observe the morphology of the fibers produced, scanning electron microscopy (SEM) 

has been used by many authors [33, 34, 39, 41, 44, 51, 52, 54].  SEM is capable of 

detecting fiber diameters and morphologies on fibers as small several nanometers, but the 

resolution is lost at extremely high magnifications.  Also, SEM requires the samples to be 

electrically conductive, therefore, for most of the electrospun polymers produced, a gold 

or platinum coating must be applied that may alter the diameter readings at higher 

magnifications.  However, SEM remains a quick method for observing the fibers 

produced and it requires a very small sample size to operate.  For extremely small fibers 

(<300nm), transmission electron microscopy (TEM) is another alternative for measuring 

fiber diameters.  Srinvisian and Reneker [39] have used dark field TEM to gain 

information on crystallites and their orientation about the fiber axis.  Atomic force 

microscopy is yet another tool that has been used to determine fiber diameter but the 

process of obtaining an accurate measurement becomes more difficult due to tip 

convolution [50].  AFM however remains the best instrument to observe any type of 

surface morphology and precise descriptions of the fiber surface can be re-created [39].  

All of the techniques listed involve examination of the finished product.  Doshi and 

Reneker were able to use a laser light diffraction method [54] to observe the decrease in 
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diameter on the jet while in transit until the jet diameter became smaller than the 

wavelength of visible light.   

 It is desirable to obtain information regarding the crystallinity of the sample.  In 

order to do this, other forms of characterization must be used.  Polarized light microscopy 

[32-34, 39] is a convenient method and crystallinity is determined by the amount of 

birefringence produced.  It is a quick test that can be performed on the fibers collected of 

varying diameters depending on the machines resolution.  Alternative methods to obtain 

the crystallinity need a reference of known crystallinity to measure against.  Theses 

methods include x-ray diffraction, both wide angle and small angle (WAXS and SAXS) 

and differential scanning calorimetry (DSC).  Different authors [29, 32, 34, 35, 39, 44, 

52, 67-69] have used many of these techniques to determine the crystallinity of the 

produced nanofibers with varying levels of success.   

 

2.3.2. Mechanical  
 

The measurement of elastic properties of the electrospun fibers has been 

extremely limited due to the difficulty in isolating a fiber on the nanometer range.  In 

some instances, when the electrospun fibers are on the micrometer scale, a Kawabata 

Micro-tensile Tester (KMT) was used in a traditional manner to obtain a force versus 

elongation curve.  In a similar manner, Sukigara used the KMT to obtain strength in units 

of g/tex.  This method was originated by Hearle [70] and has long been used in the 

mechanical testing of nonwoven mats. 

 AFM is another instrument that has been used to determine the elastic properties 

of electrospun membranes.  AFM consists of a cantilever and tip assembly which is 
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scanned with respect to the surface.  Atomic resolution can be obtained with very slight 

contact and measuring the deflection of the cantilever due to the repulsion of contacting 

atomic shells of the tip and the sample [71]; AFM cantilevers exhibit force constants in 

the range of 0.1 N/m.  Using this information, there are two ways that can be used to 

attempt to measure the elastic constants.  The first is to lower the tip of the cantilever and 

have it touch the sample.  The attraction between the sample and the tip will be enough to 

lift the sample.  Ideally, the cantilever can be lifted until rupture however, it is unknown 

how many samples are being lifted and it is unknown whether the sample will fail due to 

slippage of rupture.  The alternative is to use compressive forces and back calculate the 

elastic properties that are desired.  This process was performed by Kracke and 

Damaschke [72] on thin films.  They based their calculations for modulus on the 

following relationships: 

 

5.0
5.0 *2 AE

hd
dF

⎟
⎠
⎞

⎜
⎝
⎛=

πδ
                                 (3) 

                                                          

 
where: 
 
 
 

( ) ( )
2

2
2

1

2
1

*
111

EEE
νν −

+
−

=                                                 (4) 

 

 
2rA π=                                                               (5) 

 



 
                                                                  23

 
 

hrEF δ*2=                                                          (6) 
 

 

and where: 

E1, E2, ν1, and ν2 are the elastic moduli and Poisson ratios of the sample and tip 

respectively, r is the tip radius and δh is the deformation between the tip and the sample.  

This process is effective in obtaining a modulus for the fibers but the data obtained is 

often questionable as it refers to a localized section of the fiber and does not necessarily 

reflect the sample as a whole.  Sundararajan used AFM to calculate the modulus of 

nanobeams through its bending strength.  The values that were obtained in this manner 

were comparable to those of the bulk material [73].   

 

2.3.3. Chemical 
 

Lastly, it is often important to be aware of changes that may be taking place on 

the molecular level.   For this, researchers have used Raman Spectroscopy and Fourier 

Transform Infrared Spectroscopy.  Depending on what polymer is used, Raman can be 

used to show the D and G peaks characteristic of disordered graphite and carbon.  From 

this an estimate of crystallite sizes can be obtained [68].  Raman can also determine if the 

polymer has been degraded during the electrospinning process by being capable of 

locating specific Raman shift associated with different bonds within the molecular 

component of the polymer.  Pedicini and Farris also used IR Spectra to obtain the level of 
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crystallinity in polyurethane by using the Herman orientation function [67].  This 

function is defined as: 
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where; 
 
f =1 implies perfectly aligned 

f = 0 is anisotropic mat, and  

f = 0.5 is perfectly orthogonal 

 

2.4. Theoretical Modeling 
 
 Many of the first models used to explain the phenomenon derive from the EHD 

models previous discussed.  Baumgarten [22] was the first to apply these techniques to 

electrospinning when he studied the droplet deformation under varying voltages of 

acrylic DMF solutions and attempted to predict fiber diameter.  Some years later, Spivak 

and Dzenis [59, 60] utilized an Oswald-de Waele model to describe the fluid that they 

were modeling.  With this, they modeled the motion of a weakly conductive viscose jet 

accelerated through an electric field using a non-linear power law rheological constitutive 

equation.  From this, they reported that fluids with a flow index from 0-2 were basically 

Newtonian liquids with an exponent of 0.25.  If the flow index was greater than 2, the 

exponent changed.  Reneker and Yarin [59] continued the study and through the use of 

Maxwellian simulations, were able to predict the path of the jet in three dimensions.  In 
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contradiction to Taylor, they reported that the instability was an electrically driven 

response.  Their path projections matched that observed experimentally and were 

believed to be caused due to the Earnshaw Theorem.  Hohman [74] is one of the last to 

have made significant contributions to the modeling efforts of electrospun polymers.  

They use asymptotic approximations of electrohydrodynamic equations to compare 

quantitatively with experiments. They report that the jet is forced along by electrical and 

surface stresses and therefore use equations of elasticity to find a dynamical equation for 

the fiber to recover its previous stability accounts.  The models used have no 

conservation of energy or momentum as a result of viscose dissipation and external 

forcings by gravity and the electric field.   

  

2.5. Trends in Electrospinning 
 

Since 1934, there have been significant advancements in the field of 

electrospinning yet many new ideas to fully quantify the process wait to be discovered.  

For the most part, researchers have focused on electrospinning from solution with only 

scattered efforts to produce fibers from the melt [29, 42].  Electrospinning from solution 

has been extensively studied because it offers quicker success in the race to develop 

fibers with diameters less than 100 nm as a result of the small viscosities that need to be 

overcome to produce a continuous jet.   Many authors have experimented with a variety 

of polymers from solutions.  However, for some extensively used polymers such as 

polyethylene and polypropylene, a solvent does not exist at room temperature, therefore 

alternative means must be discovered in order to electrospin nanofibers.  The few authors 

that have ventured into electrospinning from the melt have encountered problems such as 
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quenching, low crystallinity, and a mean fiber diameter that may be multiple orders of 

magnitude greater than those of solution electrospun fibers. Authors will continue to 

attempt to reduce the fiber diameter of the melt-electrospun fibers while simultaneously 

trying to establish a high degree of orientation in the structure to ultimately obtain the 

theoretically predicted strengths.  When fibers with these properties become continuous 

and reproducible, solution spun nanofibers will be a thing of the past.  However, while 

the primary goal seems to be creating smaller and smaller fibers, solution electrospinning 

will continue to take precedence.  Yet, as more and more fields demand a safer, more cost 

effective, higher yielding, and environmentally friendly alternative, melt electrospinning 

will become the primary area of interest of scientists experimenting with electrospinning 

throughout the world.   

 

2.6. Statement of Problem 
 

Over the past two decades, only a few studies have been conducted to understand 

the principles that define melt-electrospinning.  Previous research shows that melt-

electrospinning is incapable of producing fibers smaller than 50 µm as a result of the 

extremely high viscosity associated with a polymer melt [29-31].  One of the most 

influential experimental parameters that determine the collected fiber diameter of 

electrospun polymers is the viscosity of the medium being used.   

 The viscosity of a polymer melt is directly related to the molecular weight of that 

specific polymer.  As the molecular weight of the polymer increase, so to does the 

viscosity.  A well dispersed dilute solution will possess molecular chains that are isolated 

from one another, independent of their molecular weight; a polymer melt is significantly 
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different.  The molecular chains in a polymer melt may be highly entangled and melting 

can be associated with an increase in volume that the molecular chains occupy [75].  If 

individual or small groups of chains must be isolated to make sub-micrometer fibers, the 

high degree of entanglement associated with a polymer melt would significantly hinder 

this phenomenon from happening.   

 It has already been shown that fibers can successfully be produced through melt-

electrospinning [29].  However, this work simply tested the feasibility of actually 

producing fibers; a comprehensive study on the effect of processing parameters has yet to 

be fully realized.  The initial part of this work focuses on commercialization of the melt-

electrospinning process.  Previous work demonstrated work on a small scale heating 

device but it is hoped that the use of a commercial extruder may increase the productivity 

of the fiber produced through the electrospinning process.  Producing fibers on a 

commercial fiber extruder also presents the first step towards scaling up the process as a 

result of the constant polymer that can be supplied to the system.  

 The effect of a multitude of processing parameters has been greatly studied in 

regards to solution based electrospinning systems yet the fundamental parameters 

governing fiber formation from melt-electrospinning have yet to be fully understood.  

This work will first examine the effect of the electric field strength on fiber diameter.  

The electric field strength is the primary source for the forces that deform the polymer 

supply into a fibrous form.  It is known that increasing the electric field creates stronger 

forces that are capable of producing fibers but the reaction of the molecular chains in 

response to the electric field strength is yet to be understood.   
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 The mechanical response of the polymer melt exposed to the electric field will 

vary with the viscosity of the melt.  Hence, the molecular weight of the polymer will play 

a role in the polymers ability to form fibers of a specific diameter.  This relation is critical 

to reveal as it will determine what size fibers can be made from a particular molecular 

weight polymer.   

 Commercial thermoplastic fibers produced from conventional melt spinning 

techniques are subjected to a large degree of orientation through molecular shearing 

induced by drawing the fiber.  If melt-electrospun fibers are to compete with 

commercially available fibers, they too, must possess a high degree of orientation.  Past 

research has claimed that there is very little if any orientation of the molecular chains 

induced by the electrospinning process.  To obtain a high level of crystallinity and 

orientation in the fiber direction, the molecular confirmation of the polymer is quite 

significant.  Therefore, polymers of varying structural composition, some capable of 

crystallization and some unable to crystallize, will be examined to determined the role of 

structural characteristics in obtainable fiber diameter.   

 Being capable of electrospinning fibers is often not enough if producing a product 

with an end application is desired.  In order for electrospun fibers to be successfully 

marketed, they must be capable of meeting the needs of existing products or they must 

fulfill requirements determined by new and emerging markets.  Often mechanical 

properties determine the end use of a product.  Mechanical properties of the fibers 

produced from solution based systems can not be accurately measured because of the 

existing methods of collection and the inability to isolate single fibers.  As a result of the 

larger size of melt-electrospun fibers produced in the past, it is anticipated that the 
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mechanical properties of the fibers produced from melt-electrospinning will be obtained 

using a Kawabata single fiber tester.  The yield strength and initial moduli of the fibers 

will be calculated and compared to those that are currently produced commercially.   

 Many times, a process such as electrospinning is empirically driven.  

Optimization is often found by performing numerous experiments and recording the 

results.  Often, the fundamental parameters actual effect on the process itself is ignored.  

Theoretical simulations can be used to predict the fiber diameter that is going to be 

produced under certain experimental conditions.  By doing this, it is possible to 

understand exactly why the fibers being produced are of a specific diameter and it also 

determines, under which conditions, a specific fiber diameter may be produced.  To better 

understand the effects of specific manufacturing parameter on the melt-electrospinning 

process, a model incorporating various experimental and polymeric parameters will be 

developed and compared to the results obtained from actual experiments to verify the 

theoretical model. 

 In addition, response surface methodology (RSM) is an empirical mathematical 

model that utilizes experimental data to create surfaces showing the optimal conditions to 

produce a determined specific response, such as mechanical properties, fiber diameter, or 

throughput.  RSM will be performed not only on the experimental data obtained but also 

on the predictions set forth by the developed model.  This allows understanding for the 

potential of producing specific diameter fibers that may not have been performed 

experimentally.   

 After theoretical work has been verified experimentally, a better sense of what 

diameters can be possibly formed will be realized.  This realization will allow for a better 
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understanding of how specific electrospinning parameters affect certain aspects of the 

process.  Once the process becomes reproducible and fibers can be designed to meet a 

certain criteria, the commercialization of the process becomes a reality and existing 

industries, along with newly developed industries, can utilize the control over the system 

to develop specific fibers that meet specific needs.   
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CHAPTER 3: MATERIALS AND METHODS 
 
 

3.1. Introduction 
 

The experimental component of this thesis can be separated into four distinct 

objectives: 

1. Melt-electrospinning polypropylene and poly(ethylene terephthalate) 

2. Melt-electrospinning of polypropylene with carbon nanotubes 

3. Heat treatment through annealing 

4. Characterization 

Before discussing the processing parameters conducted in the experiments, it is necessary 

to describe the materials that compose the body of this work. 

 

3.2. Materials 
 

Polypropylene and poly(ethylene terephthalate) were the two thermoplastic 

polymers used in the completion of this work.  Polypropylene was used as it is an easily 

processible polymer and has a known and very well documented history of being 

processed from the melt.  In addition, polypropylene is a polymer that can structurally 

possess any of the three tacticities; isotactic, snydiotactic, or atactic.  Poly(ethylene 

terephthalate) is a polymer that is widely used in many biomedical applications and thus 

it was desirable to ascertain the ability of this polymer to be utilized in the 

electrospinning technique.   
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 The polypropylene samples incorporated in this thesis were all purchased from 

the Sigma Aldrich cooperation and used in all experiments as received.  The 

poly(ethylene terephthalate) polymer was obtained from Eastman Kodak and likewise, 

was processed as received.  Table 2 lists all of the polymers utilized throughout this work 

and their corresponding molecular weights.   

 

Table 2: List of polymers utilized throughout the melt-electrospinning experimentation 

 

Polymer Mw Mn 

Isotactic Polypropylene 580,000 165,700 

Isotactic Polypropylene 190,000 50,000 

Isotactic Polypropylene 106,000 21,000 

Isotactic Polypropylene 12,000 5,000 

Atactic Polypropylene 19,400 5,400 

Atactic Polypropylene 14,000 3,700 

Poly(ethylene terephthalate) 41,000 21,000 
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Figure 5: Structure of polymers utilized throughout the melt-electrospinning 
experimentation 

 

 

The molecular weights of the polymers listed cover a vast range.  The molecular 

weight of each sample is one of the main classification methods used throughout this 

work.  The weight average molecular weight (Mw) of each sample was measured by 

Fischer Scientific through dynamic light scattering (DLS).  In addition, the number 

average molecular weight (Mn) of each sample was measured through osmometry [69].   

 
 
 
 

Atactic 

Isotactic Polypropylene 

Poly(ethylene terephthalate) 

x 
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3.3. Melt-electrospinning of Polypropylene and Poly(ethylene terephthalate) 
 

3.3.1. Melt-electrospinning Systems 
 

Early experiments conducted on poly(ethylene terephthalate) were performed 

utilizing glass pipettes with a 1.7 mm diameter with a volume of 3cc.  The polymer was 

placed inside of the pipette and then raised to 50°C over the melting temperature by 

heating tape wrapped around the glass pipette.  A positive charge was applied to the melt 

via a copper wire placed within the glass pipette as seen in Figure 6.  The pipette was 

suspended vertically and the charged molten polymer flowed downward under gravity 

until exiting the pipette aperture and entering the electric field that was created between 

the pipette and the copper collection plate.  The current supplied by the system was 1 mA 

and was assumed to be constant throughout the process.   
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Figure 6: Schematic drawing of a pipette based melt-electrospinning station used when 
electrospinning poly(ethylene terephthalate) 

 

 

Later experiments performed while working with polypropylene used a conventional 

extruder used for commercial fiber production.  The extruder was a ¾’’ single screw 

Brabender table top extruder with a four zone heating system capable of processing 

polymers with melting temperature less than 230°C as seen in Figure 7.   
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Figure 7: Table top Brabender ¾’’ single screw extruder used when melt-electrospinning 
polypropylene 

 

 

In the glass pipette system, the metal electrode that charges the polymer is 

isolated from the heating tape so no electrical interference is present.  However, when 

working with the extruder, the heating chamber is metal and is directly connected to the 

motor driving the system which is, in turn, directly connected to the power source.  As a 

result, the extruder can not be positively or negatively charged and must be grounded to 

avoid short circuiting the machine.  However, if the spinnerette tip is grounded and the 

collection plate is positively charged, the same electric field strength is created.  A 

schematic drawing of the melt-electrospinning line is represented in Figure 8. 
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Figure 8: A schematic drawing of an extruder based melt-electrospinning system 

 

3.3.2. Experimental Parameters 
 

As described previously in Chapter 2, electrospinning uses the generated 

electrostatic forces from the electric field to overcome the polymers surface tension and 

viscoelastic forces to produce fibers.  Thus, changing the electric field strength changes 

the amount of forces pulling on the polymer suspended at the spinnerette and hence the 

collected fiber diameter.  As a result, it is desirable to examine a wide range of electric 

field strengths ranging from 1-30 kVcm-1. The electric field strength can be changed by 

changing either the distance from the spinnerette to the collection plate or by changing 

the supplied voltage.  In some instances, while using poly(ethylene terephthalate) from a 

vertical spinnerette,  it was feasible to electrospin at longer distances up to 15 cm.  

However, for the horizontal spinning experiments performed on the Brabender extruder, 

much shorter distances had to be maintained in order to successfully electrospin.   
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 Other experimental parameters that could be altered during processing include 

spinning temperature, and flow rate.  A relationship between temperature and viscosity 

exists for the two thermoplastic materials studied.  An increase in temperature lowers the 

viscosity of the polymer being processed.  It has been noted by other authors [58, 61] that 

viscosity plays a significant role in a polymers ability to be electrospun.  Therefore, it is 

ideal to have the viscosity as low as possible by increasing temperature just before 

reaching the degradation temperature for the specific polymer.   

 The flow rate of the extruder controls how much polymer exits the spinnerette.  

Flow rate has been rigorously studied in commercial melt spinning.  Depending on the 

size of the spinnerette aperture, a faster flow rate could result in a significant die swell 

upon exiting the spinnerette.  A die swell is represented by an increase in the diameter of 

the polymer stream upon exiting the aperture as a result of the high forces being applied.  

In commercial spinning, the effect of the die swell can be controlled because of the take 

up rollers that the jet stream passes through.  However, during electrospinning, no take up 

rollers are used and a die swell would result in a larger volume of polymer from which 

the fibers are drawn.  This phenomenon is undesirable when trying to produce sub-

micrometer diameter fibers.    Table 3 summarizes the experiments to be performed to 

obtain an understanding of the melt-electrospinning process and the trends that exist.   
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Table 3: List of processing variables altered for polypropylene and poly(ethylene 
terephthalate) during the melt-electrospinning experiments (* 12,000 Mw isotactic 
polypropylene) 

 

Material Molecular 
Weights (#) 

Processing 
Temperatures 

(°C) 

Field 
Strengths 
(kVcm-1) 

Distances 
(cm) 

Flow Rates 
(rev/min) 

Isotactic 
Polypropylene 

4 180, 200* 10-15 2 1-2 

Atactic 
Polypropylene 

2 180 10-15 2 1-2 

Poly(ethylene 
terephthalate) 

1 300 1-5 2, 5, 10 0 

 

 

3.3.3. Collection Devices 
 

For a majority of the experiments performed, the fibers were deposited onto a 4’’ 

by 4’’ copper plate covered with aluminum foil.  The collection plate was continually 

moved from side to side to prevent the build-up of molten polymer as a result of the jets 

lack of a bending instability.  If the temperature surrounding the electrospinning station 

was kept at ambient temperature, the deposited fibers were able to solidify sufficiently 

and it was possible to separate them for characterization.  However, if the ambient 

temperature was increased around the electrospinning station via heating lamps, the fibers 

tended to fuse to one another upon arriving at the collection plate.  An example of fibers 

collected from these methods can be seen in Figure 9.   
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Figure 9: A) Melt-electrospun poly(ethylene terephthalate) fibers spun into air heated to 
200°C  B) Melt-electrospun poly(ethylene terephthalate) fibers spun into air held at 
ambient temperature 

 
 
 

The final method of collecting fibers that was utilized was on a rotating drum seen 

in Figure 10.  The fibers that were collected were aligned in the direction of drum 

rotation.  In addition, it was hoped that the charged polymers would land on the 

collection device rotating at varying rotations per minute (RPM’s) and subsequently get 

drawn to finer diameters.  Since the rotating collection device was metallic and connected 

to a motor, it was necessary to ground the collector in these experiments.  Therefore, 

alignment experiments were only performed on poly(ethylene terephthalate).  An 

example of aligned fibers on the rotating collection plate can be seen in Figure 11. 

 
 
 
 
 
 
 

A) B) 



 
                                                                  41

 
 
 

Figure 10: Schematic drawing of a melt-electrospinning station attached to a rotating 
collection device 
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Figure 11: Melt-electrospun poly(ethylene terephthalate) fibers collected on a rotating 
drum spinning parallel to the axis of fiber spinning during the completion of this work 

 
 
 

3.4. Melt-electrospinning Polypropylene with Vapor Grown Carbon Nanofibers 
 

The earliest published account of vapor grown carbon nanofibers (VGNF) dates 

back to 1890 [76].  This short fiber product is produced from the gas phase by the 

decomposition of gaseous hydrocarbons on a heated substrate in the presence of an ultra-

fine metallic catalyst such as Fe, Ni, or Co that serve as a nucleating agent [77].  Once the 

filament has been nucleated, it normally grows away from the heated substrate, whether it 

is carbon, silicon, or quartz, and the catalyst particle will remain at the tip of the filament 

throughout the process.  The final product is a multi-layer carbon fiber with diameters 

ranging from several hundred nanometers to approximately 100 micrometers and a length 

ranging up to a few hundred millimeters.   

The processing conditions for producing vapor grown carbon nanofibers have not 

yet been fully optimized.  The obtainable structures are not determined by the gas that is 

employed.  They are, however, quite dependent on other factors such as growth 
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temperature, catalyst type, and substrate positioning.  Fiber diameters can be produced 

with a range of 3-130 micrometers, despite having the gas and temperature of growth 

held constant [78].   

Consistent with all carbon fiber produced, the mechanical properties are a 

function of the fiber diameter.  As the fiber diameter decreases, the strength of the 

material increases as shown by Jäger [6] in Figure 12 as a result of the decrease in 

probability of surface flaws existing on the fiber.  It is hoped that through 

electrospinning, fibers breaching the nano regime can be formed with a minimum amount 

of flaws leading to exceptionally strong fibers.   

 

 

 

Figure 12: Chart plotting tensile strength versus fiber diameter for three forms of carbon 
fiber 
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However, with the wide range of fiber diameter obtainable ( <1 to > 100 µm) 

from a given set of processing parameters, it is not surprising that the mechanical 

properties of VGNFs vary quite considerably [77, 78].   

 As a result of the enhancement in electrical, thermal, and mechanical properties 

that VGNFs can add to polymeric fibers, the formation of composite structures may be 

advantageous for a variety of applications.  Many researchers have experimented with the 

addition of carbon nanotubes (CNTs) or VGNFs to solution based electrospun fibers in 

the past with varying degrees of success [76].  In all cases, dispersion becomes the major 

area of focus.  If the nanofibers are not well dispersed within the material, they will act as 

inclusions and significantly reduce the fibers ability to perform mechanically.  Solution 

based systems typically use sonication to separate the CNTs or VGNFs before isolating 

them from one another by encasing them within a polymer wrapping prior to processing.   

 As a result of the many orders of magnitude increase in viscosity, methods used to 

disperse the nano materials in solution based systems can not be utilized.  Mechanical 

mixing becomes the only available means of dispersing the nano materials within the 

melt.  Certain types of extruding systems, such as twin screw extruders, are designed 

strictly for this purpose.  If a single screw extruder must be used, the only means to 

achieve dispersion is by processing the melt through the machine a number of times.  

Determination of the exact degree of dispersion is non-trivial and may be obtained 

through cross-sectional imaging or x-ray diffraction yet large scale dispersion may be 

indicted by a color change in the melt as the carbon nano materials are black and the 

polymer is transparent.   
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 Vapor grown carbon nanofibers were added to both 12,000 Mw isotactic 

polypropylene and 14,000 Mw atactic polypropylene at a weight ratio of .005:1.  The 

polymer was raised to 180°C and the VGNFs were added while being mechanical stirred 

into the melt.  The melt was then cooled and processed through the extruder five times 

until a uniform black color was obtained in the extruded fiber.   The polymer melt, with 

VGNFs, was then electrospun at a distance of 2 cm and an applied voltage of 30kV.   

 

3.5. Annealing of Poly(ethylene terephthalate) and Polypropylene 
 

During certain experimental parameters in the melt-electrospinning technique, the 

fibers are being formed in an ambient atmospheric temperature.  Within seconds, the 

fibers make a transition from the respective melt temperature to room temperature.  In the 

case of poly(ethylene terephthalate), which has a glass transition temperature (Tg) 

between 62-115°C, it is possible to form a glassy polymer because the Tg is above room 

temperature.  At room temperature, polypropylene is already above its Tg, therefore 

glassy polymers can not be made but it is quite possible to form fibers with insufficient 

chain alignment because of the extremely high cooling rate and lack of tension under 

which the polymers are being processed.  Whether glassy or non-aligned, the mechanical 

properties will greatly be hampered if crystalline regions are not formed within the fiber.   

Annealing is a process in which the polymer is raised somewhere above the Tg, 

yet below the melting temperature (Tm), and held for a period of time.  Above the Tc, 

molecular chains are free to move and form crystals within certain polymers.  The 

formation of crystals is energetically favorable because they increase interactions 
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between molecular chains, therefore lowering the Gibb’s free energy of the system.   The 

elastic modulus of the fibers will increase as the degree of crystallinity in increased.   

The Tc for poly(ethylene terephthalate) was determined using differential 

scanning calorimetry (DSC).  After the samples were electrospun, half of the collected 

fibers were held in an oven slightly above the crystallization temperature for 24 hours 

[79].  This time is well above the half time of crystallization as reported in literature [80].   

Only the three highest molecular weight isotactic polypropylene samples were 

annealed as a post processing treatment.  The goal of annealing the fibers was to increase 

the mechanical properties of the fibers and there polymers having molecular weights in 

the 10,000 range simply will not have acceptable mechanical properties and were 

therefore ignored.  The polypropylene samples that were annealed were annealed at 

120°C for 24 hours to obtain α crystals which are most desirable for mechanical testing 

[80, 81].   

 

3.6. Characterization Techniques 
 

3.6.1. Environmental Scanning Electron Microscope (ESEM)  
 

The diameter and surface morphology of the electrospun fibers were measured 

using a field emission environmental scanning electron microscope (Phillips XL-30 

ESEM).  The micrographs were taken using an accelerating voltage of 15 kV with a spot 

size of 3 at a working distance of 12 cm.  If a stronger accelerating voltage or smaller 

spot size were used, the fiber would melt within the chamber.  The ESEM, seen in Figure 

13, uses electrons to generate a picture instead of magnifying light through a series of 
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lenses.  Since, electrons are used to illuminate the sample, it must be made conductive.   

The fibers that were collected from the electrospinning process were coated with a 5-10 

nanometer thick 60/40 palladium and gold layer in a Denton Vacuum Desk II sputtering 

machine.   

 

 

Figure 13: Photograph of the Phillips XL-30 ESEM 

 

 

Five samples were taken from each electrospun experiment for ESEM 

characterization as shown in Figure 14; one from each corner and one from the center of 

the specimen.  Twenty measurements of fiber diameter were then taken from each 

photomicrograph.  Only the diameters of fibers that intersected an “X” superimposed on 

each micrograph, as shown in Figure 15, were recorded.    In addition, if a fiber 

intersected the “X” numerous times, its fiber diameter was only recorded once.   
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Figure 14: Example of positioning of cuts made for ESEM observation on each 16 in2 
sample. (Picture not to scale) 

 
 
 
 

 

Figure 15: Example of photo micrograph used in determining fiber diameters foe each 
sample using a superimposed “X” method 

 
 
 

500 µm 
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3.6.2 Raman Micro-spectrometer 
 
 When a beam of monochromatic light is incident on a sample some of the light is 

transmitted while the rest is either absorbed or scattered.  A large portion of the scattered 

light has the same wavelength as the incident light but a small amount of the light is 

shifted in wavelength as a result of the molecular vibrations and rotation of molecules in 

the sample [82].  The spectrum of these wavelengths is called the Raman Spectra.   

Raman is a useful tool in polymer science because it is a non destructive test 

method that requires no sample preparation.  From the spectra that are generated for each 

sample, useful information on composition, chemistry, and structure may be obtained.  

Advanced studies can also reveal information on crystallinity and the average chain 

orientation.   

A Renishaw 1000 Raman microspectrometer, as seen in Figure 16, with  diode 

laser excitation wavelengths of 633 or 780 nanometers consistent with literature [83, 84], 

was used to determine structural information of the electrospun fibers.  During the 

electrospinning process, the fibers are subjected not only to heat but substantial 

electrostatic forces.  Use of the Raman microspectrometer would indicate any significant 

damage done to the polymers structure.   
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Figure 16: Photograph of the Renishaw 1000 Raman microspectrometer used to 
determine structural information about the melt-electrospun polymers 

 

 

3.6.3 Differential Scanning Calorimetry (DSC) 
 
 Differential scanning calorimetry is a technique used to study the thermal 

transitions of a polymer.  In most DSC design, two pans sit on a pair of identically 

positioned platforms connected to a heating source by a common heat flow path.   One 

pan holds the sample of interest while the other pan is left empty as a reference.   A 

computer then turns on the heating source, and heats the two pans at a specific rate, 10oC 

per minute in all experiments performed. The computer makes certain that the heating 

rate remains exactly the same for the duration of the experiment. However, more 

importantly, it makes certain that the two separate pans heat at the same rate as each 

other.  Since one of the pans has more material in it, it will take more heat to keep the 
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temperature of the pan increasing at the same rate as the reference pan.  Exactly how 

much more heat is what is measured during DSC experiments.   

The resultant curves plot temperature on the abscissa versus heat flow on the 

ordinate and information such as Tg, Tm, and Tc can easily be recorded by specific 

changes in the graph.  The Tg of a sample can be observed if there is a change in slope in 

the endothermic direction.  This shows that heat is being absorbed by the sample. It also 

shows that there is an increase in the samples heat capacity. This happens because 

polymers have a higher heat capacity above the glass transition temperature than below it.   

The Tm of a non amorphous sample can be observed by a peak in the endothermic 

direction.  Melting is a first order transition and the temperature of the sample will not 

rise until all of the crystals have melted.  Thus, the heating source will have to add heat to 

the system to not only melt the crystals but also keep the pans heating at the same rate.   

The Tc of a sample can be seen with a sharp peak in the exothermic direction.  

When crystals form, heat is released as a result of the minimization of the Gibbs free 

energy [80].  This peak is useful because it tells the capability of a polymer to form 

crystals; an amorphous sample can not have a crystallization peak.  This information can 

be useful in identifying structural changes and to give an idea whether the sample was 

quenched from the melt as a result of the electrospinning process.  In addition, the 

enthalpy of melting can be calculated as the area under the melting curve on the DSC 

graph.  If this same information is available for a single crystal of the same material, a 

degree of crystallinity can be obtained.  A Perkin Elmer thermal analysis DSC 7, as seen 

in Figure 17, was used to obtain information from the bulk materials and the samples that 

were electrospun     
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Figure 17: Photograph of a Perkin Elmer thermal analysis DSC 7 used for crystallinity 
and structural observations of both bulk and electrospun materials 

 
 

3.6.4 Kawabata KES-G1E1 Single Fiber Tester 
 
 It is often burdensome to ascertain the mechanical properties of electrospun fibers 

because of their small size.  Fortunately, many fibers made from the melt-electrospinning 

process are larger in diameter and may be physically manipulated.  In order to obtain the 

mechanical properties associated with the fibers such as initial modulus and yield 

strength, a Kawabata KES-G1E1 single fiber tester, as seen in Figure 18, was used.  In 

every instance, single fibers ranging in diameter from 10-50 micrometers were tested.   
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Figure 18: A photograph of the Kawabata single fiber tester used to determine the 
mechanical properties of single fibers produced by the electrospinning process 

 

 

For the polypropylene samples, a one centimeter gage length was used while the 

poly(ethylene terephthalate) used a three centimeter gage length.  The gage length was 

determined by the length of samples that were easily removed from the collection device 

without inducing stress into the fiber.  The single fibers were cut from the electrospun 

sample and they were mounted for testing as shown in Figure 19.  The fibers were 

attached to a thick cardboard frame using a cyanoacrylate glue (QuickTite super glue gel, 

Loctite®) The Kawabata tensile tester was run at a crosshead speed of 0.2 mm/sec for 

each sample.  When testing the fibers, a minimum of 5 samples were tested for each 

spinning condition being examined.  Fibers were tested as spun and after a 24 hour 

annealing period to determine the benefits of post processing treatments to the strength of 
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the fibers.  In some instances, the Kawabata tester drew the fibers up to 10 times the 

initial length before failure.  In these instances, the drawn fiber was re-mounted and 

tested to determine the effectiveness of drawing the fibers prior to mechanical testing.   

 

 

Figure 19: Schematic of a mounting frame used when mechanically testing monofilament 
melt-electrospun polypropylene fibers (poly(ethylene terephthalate) fibers used a 30 mm 
gage length) 

 

3.6.5. Polarized Light Microscopy  
 

 The Olympus BX51 polarized microscope, as seen in Figure 20, is designed to 

observe and photograph samples that are visible primarily due to their optically 

anisotropic character. The microscope must be equipped with both a polarizer, positioned 

in the light path somewhere before the specimen, and an analyzer, placed in the optical 

pathway between the objective rear aperture and the observation tubes. Image contrast 

arises from the interaction of polarized light with a birefringent specimen to produce two 

individual wave components of different velocities that are each polarized in mutually 

perpendicular planes. After exiting the specimen, the light components become out of 
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phase, but are recombined with constructive and destructive interference when they pass 

through the analyzer.  This technique can be used to determine any degree molecular 

chain orientation that may exist within the polymer.   

 

 

Figure 20: Photograph of an Olympus BX51 polarized light microscope used to 
determine molecular orientation of the melt-electrospun fibers 
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CHAPTER 4: RESULTS & DISCUSSION 
 

4.1. Polypropylene Diameter 

4.1.1. Diameter Frequencies 
 
 Determining the capability of melt-electrospinning to produce smaller fibers than 

previously recorded [29] was listed as a primary objective of this study.  As stated in the 

previous chapter, all fiber diameter measurements were taken as the width of the fibers 

shown in Figure 15 taken by a scanning electron microscope.  When reporting the fiber 

diameters, it is useful to have information on the frequency of specific diameter fibers 

being produced from the performed experiments.  The frequency is often described by the 

physical number of fibers that fall within a statistical diameter range divided by the total 

number of fiber diameters measured.  However, this value does not give any information 

on the weight distribution of the fibers.  A frequency that represents the volume of the 

fibers can also be obtained.  This frequency can give information on the percentage of 

volume being consumed by larger fibers rather than smaller fibers.  The volume based 

frequency can be obtained using the following relation: 

 

∑
=

ii

ii
Volume nV

nV
Freq.                                               (8) 

  

In this equation, Vi represents the volume of the fibers of number frequency n.  The 

volume is obtained by using a constant length for all fibers.   

 Frequency charts are used as histograms to show a distribution of the fibers 

throughout the sample.  Histograms can show whether the sample is unimodal, bimodal, 



 
                                                                  57

or multimodal and can be confirmed by kurtosis values greater than 3.  An example of the 

width based and volume based histograms can be seen in Figure 21. 

 

 

Figure 21: Width and volume based histograms for a 19,400 Mw atactic polypropylene 
melt-electrospun at a spinning distance of 2cm with an applied voltage of 10kV 

 

 

Figure 21 shows that for this particular experiment, there is a bimodal fiber 

diameter distribution.  As expected the weight of the graph shifts to the right when the 

volume based frequency is considered.  For the width based diameter frequency, a very 

small peak is visible around 27 micrometers.  When the volume average is taken, this 

peak disappears as the volume that the small fibers occupy is insignificant to the volume 

of the larger fibers.  This shows that a majority of the polymer being melt-electrospun is 
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being used to form larger size diameter fibers.  Similar to the histogram in Figure 21, 

other melt-electrospinning experiments performed on polypropylene, seen in Appendix 

A, formed bimodal fiber distributions.   

 

4.1.2. Mean Fiber Diameter of Polypropylene 
 
 Melt-electrospinning experiments were performed on both isotactic and atactic 

polypropylene.  Four different molecular weights were used during the electrospinning of 

isotactic polypropylene and two different molecular weights for atactic polypropylene.  

All of the polymers were tested at three different electric field strengths; 10, 12.5, and 15 

kV/cm.  Figure 22 shows a visual representation with information about the collected 

fibers diameters and respective standard deviations of all polypropylene fiber diameters 

obtained at an electric field strength of 15kv/cm.  From this chart, it is evident that the 

molecular weight and tacticity of the polymer heavily influence the obtainable fiber 

diameters.   
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Isotactic Polypropylene 
580,000 Mw 
165,700 Mn 

Isotactic Polypropylene 
190,000 Mw 
50,000 Mn 

 
 

AVG: 466.15 
SDEV: 0 
MAX: N/A 
MIN: N/A 
 
 
 
Units: µm 

 
 
 
 
 
 
 
 

AVG: 10.58 
SDEV: 5.92 
MAX: 33.50 
MIN: 2.45 
 
 
 
Units: µm 

Isotactic Polypropylene 
106,000 Mw 
21,000 Mn 

Isotactic Polypropylene 
12,000 Mw 
5,000 Mn 

 
 
 
 
 
 
 
 

AVG: 6.92 
SDEV: 3.17 
MAX: 18.61 
MIN: 2.01 
 
 
 
Units: µm 

 AVG: 3.55 
SDEV: 2.01 
MAX: 9.54 
MIN: 0.75 
 
 
 
Units: µm 

Atactic Polypropylene 
19,400 Mw 
5,400 Mn 

Atactic Polypropylene 
14,000 Mw 
3,700 Mn 

 
 
 
 
 
 
 
 

AVG: 21.30 
SDEV: 4.65 
MAX: 39.70 
MIN: 8.33 
 
 
 
Units: µm 

 AVG: 12.70 
SDEV: 7.02 
MAX: 36.10 
MIN: 2.25 
 
 
 
Units: µm 

Figure 22: Chart showing the diameters of polypropylene fibers melt-electrospun at 
180°C using a spinning distance of 2 cm with an applied voltage of 30 kV 

 

 

The fiber diameters and standard deviations of all other polypropylene samples can be 

seen in Table 4.  After the fiber diameters are recorded, experimental trends can be 

observed.    

50 µm 50 µm 

50 µm 

50 µm 

50 µm 

200 µm200 µm
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Table 4:  Table showing the diameters and standard deviations of polypropylene samples 
that were melt-electrospun at 180°C using electric field strengths of 10 and 12.5 kV/cm at 
a 2 cm collection plate distance 

 

Isotactic Polypropylene 

580,000 Mw 

165,700 Mn 

Isotactic Polypropylene 

190,000 Mw 

50,000 Mn 

10 kV/cm 12.5 kV/cm 10 kV/cm 12.5 kV/cm 

DIA. No fiber DIA. No Fiber DIA. 133.25 µm DIA. 16.20 µm 

SDEV N/A SDEV N/A SDEV 22.20 SDEV 15.82 

Isotactic Polypropylene 

106,000 Mw 

21,000 Mn 

Isotactic Polypropylene 

12,000 Mw 

5,000 Mn 

10 kV/cm 12.5 kV/cm 10 kV/cm 12.5 kV/cm 

DIA. 42.05 µm DIA. 12.80 µm DIA. 12.42 µm DIA. 3.64 µm 

SDEV 13.21 SDEV 6.51 SDEV 9.36 SDEV 3.59 

Atactic Polypropylene 

19,400 Mw 

5,400 Mn 

Atactic Polypropylene 

14,000 Mw 

3,700 Mn 

10 kV/cm 12.5 kV/cm 10 kV/cm 12.5 kV/cm 

DIA. 53.44 µm DIA. 37.93 µm DIA. 27.43 µm DIA. 22.37 µm 

SDEV 6.79 SDEV 6.52 SDEV 7.76 SDEV 7.66 
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4.1.3. Effect of Electric Field Strength on Fiber Diameter 
 
 As seen in Figure 22 and Table 4, an increase in the electric field strength, 

reduces the fiber diameter.  Reneker defined the electrostatic forces acting on the polymer 

jet as: 

 

                (9) 

 

where e represents the polymers charge, Ψ is the applied voltage and z is the distance to 

the collection plate.  Therefore, increasing the applied voltage during melt-

electrospinning, while maintaining a constant spinning distance, will increase the 

electrostatic forces acting on the jet.  If greater forces are acting on the jet, there exists a 

greater potential for the electric field strength to overcome the chain entanglements of the 

polymer melt.  If a group of chains can be removed from the bulk of the polymer and 

attenuated in the electric field, it is possible for smaller diameter fibers to be produced.  

Figure 23 shows the effect of electric field strength on fiber diameter for the 

polypropylene samples that were melt electrospun.  The 590,000 Mw isotactic 

polypropylene samples were omitted because no fibers were formed at an electric field 

strength of 10 and 12.5 kV/cm.  A bar chart was utilized so the standard deviations of 

each sample could more clearly be seen as they overlap for certain samples.   
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Figure 23: Bar chart showing the effect of electric field strength on fiber diameter for 
melt-electrospun polypropylene samples 

 

 

Figure 24 shows the effect of electric field strength on fiber diameter for isotactic 

and atactic polypropylene respectfully in the form of a line graph.  Looking at these 

graphs, 12.5 kV/cm appears to be a critical value in the melt-electrospinning process.  

Before this value, the slopes of the graphs are proportional to the molecular weight of the 

polymer; the highest molecular polymer possessing the steepest slope.  After reaching the 

critical value, each slope, regardless of polymer molecular weight, becomes uniform in 

isotactic polypropylene.   
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Figure 24: A) effect of electric field strength on fiber diameter for isotactic 
polypropylene, B) effect of electric field strength on molecular weight for atactic 
polypropylene 
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 A polymer melt can be seen as a highly entangled group of molecular chains.  To 

produce fibers successfully, the melt must be attenuated.  In commercial fiber production, 

this action is performed by a series of drawing rollers moving at varying speed to induce 

a shearing action on the molecular chains that acts to reduce fiber diameter and increase 

chain orientation in the direction of the fiber.  The forces exerted by the drawing rollers 

are similar to the electrostatic force that is being applied during the electrospinning 

process.  All of the polymers shown in Figure 24 were attempted to be melt-electrospun 

at lower electric field strengths.  In each case, the result was no fiber being produced.  In 

those instances, the electric field strength was not capable of overcoming the molecular 

chain entanglement associated with polymer melts; the viscosity was simply too great.   

 There comes a point when the electric field strength becomes strong enough to 

pull chains from the melt and fibers are produced.  After this point, increasing the voltage 

has the same effect as increasing the speed of the drawing rollers.  A greater force is 

being exerted on the fibers and as a result, smaller fibers are produced.  In this initial 

region, the electrostatic forces are pulling chains out of the bulk material but a degree of 

chain entanglement still exists.  The variation in the initial slope of the curves can be 

attributed to the molecular weight of the polymers.  The polymer with the highest 

molecular weight will have the highest degree of chain entanglement and therefore if the 

same electric field strength is applied, smaller diameter fibers than that of a lower 

molecular weight chain with fewer entanglements can not occur.   

Around 12.5 kV/cm, a second critical voltage is seen in isotactic polypropylene.  

It is noted that the standard deviations of the 106,000 and 12,000 Mw polypropylenes 

decrease substantially after this critical field strength but the standard deviation remains 
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high for the 190,000 Mw sample.  It is possible that high standard deviation is a result of 

the critical field strength not yet being met at 12.5 kV/cm.  It also appears that the 

polymers of varying molecular weight may reach the critical point at a different voltage; 

the highest molecular weight reaching the critical value at the largest electric field 

strength.  After this voltage, the slope of the graphs becomes roughly equivalent.  At this 

point in time, it is possible that the electric field strength was large enough to remove a 

significant portion of the chain entanglements; after which, the fiber diameter is being 

reduced by a shearing action on some of the molecular chains.  In this region, the highest 

molecular weight would still possess the largest diameter fibers due to frictional forces 

along the length of the chain as well as any remaining chain entanglements as a result of 

the larger radius of gyration.   

It can be seen that none of the graphs in Figure 24 reach a point where the 

collected fiber diameter reaches a plateau.  It is possible that by using stronger electric 

fields, smaller diameter fibers can be obtained.  Stronger electric fields were not 

obtainable in air due to corona discharge or arcing between the cathode and anode.  

However, experiments performed in a vacuum may be capable of achieving stronger 

fields.   

 

4.1.4. Effect of Molecular Weight on Fiber Diameter 
 
 As seen in Figure 23 and 24 respectfully, a sample with a higher molecular weight 

produces larger fibers.  It has been argued that the reasoning behind this phenomenon is 

the effective chain entanglements associated with each polymer.  Observation of the 

number average molecular weights yields information on the number of repeating units, 
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and thus, length of the molecular chains.  The path that a polymer chain must traverse to 

become aligned in a higher number average molecular chain is more tortuous than that of 

a lower molecular weight chain.  As a result, it would require larger electric field 

strengths to produce fibers.  However, as shown in Figure 24, each molecular weight was 

capable of producing fibers at some critical voltage.  Although not shown in Figure 23 

and 24, the 580,000 Mw polymer was also capable of forming fibers at an electric field 

strength of 15 kV/cm.  Figure 25 shows a relation for fiber diameter as a function of 

molecular weight for isotactic polypropylene melt-electrospun at 15 kV/cm. 
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Figure 25: Effect of molecular weight on fiber diameter for melt-electrospun isotactic 
polypropylene at an electric field strength of 15 kV/cm 
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This chart shows that at an electric field strength of 15 kV/cm, the smallest 

diameter fibers are only obtainable using very low molecular weights for polyolefins.  

Therefore, at this particular level of electric field strength, polymers with significant 

molecular weights used in applications where strength is vital are incapable of producing 

nanoscale fibers.   

If only the first three data points are considered to compare against the electric 

field strengths of 10 and 12.5 kV/cm, Figure 25 then becomes linear with a R2 value of 

.997.  Figure 26 shows the relationship between molecular weight and fiber diameter for 

melt-electrospun polypropylene at an electric field strength of 10 kV/cm. 
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Figure 26: Effect of molecular weight on fiber diameter for melt-electrospun isotactic 
polypropylene at an electric field strength of 10 kV/cm 
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 In this graph, the three molecular weights fit to an exponential curve.  As the 

electric field strength is increased, the curve for the same three molecular weights 

becomes linear.  The linearity develops because at low electric field strengths, the 

generated electrostatic forces can barely overcome the polymer chain entanglements and 

the largest molecular weight polymer produces a larger diameter fiber because of a lesser 

degree of attenuation.  However, at stronger electric field strengths, the electrostatic 

forces are now capable to sufficiently attenuate the larger molecular weight polymers to 

significantly reduce the collected fiber diameter.  This correlation supports the theory of 

an applied electric field strength of 12.5 kV/cm being the approximate critical value to 

overcome molecular chain entanglements in the melt-electrospun polypropylene.   

 

4.1.5. Effect of Polymer Tacticity on Fiber Diameter  
 
 Although isotactic polypropylene is the most prominently used form of 

polypropylene, other tacticities are commercially available.  To better understand the 

ability of fibers to be formed through melt-electrospinning on the molecular level, 

isotactic polypropylene fiber diameters were compared to that of atactic polypropylene to 

encompass both ends of the spectrum.  Figure 27 compares the obtained fiber diameters 

of five varying polypropylenes, two atactic and three isotactic.  It is easily observed that 

the collected fiber diameters of the isotactic samples, regardless of molecular weight, are 

lower than that of the atactic samples.   
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Figure 27: Effect of tacticity on fiber diameter for melt-electrospun polypropylene 

 
 
 
 It can be seen on Figure 27 that the collected fiber diameters of the isotactic 

polypropylene samples are smaller than the collected fiber diameters of the atactic 

polypropylene samples regardless of molecular weight.  However, the 190,000 Mw 

isotactic sample only produces smaller fibers than both atactic samples after the critical 

voltage of approximately12.5 kV/cm is reached.  It is well known that it is impossible to 

obtain a high degree of crystallization from atactic polypropylene because of the random 

positioning of the methyl group off of the molecular backbone.  Figure 27 shows that 

there is polymer jet attenuation occurring regardless of the polymers tacticity.  The 

experimentally measured velocity of the polymeric jet was nearly 50 m/sec.  The velocity 

was calculated by recording the time that it took a specific volume of polymer to reach 
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the collection plate.  At a collection distance of only 2 cm, the polymer leaving the 

spinnerette would reach the collection plate in less than 500 µsec.  It has already been 

stated that 12.5 kV/cm is approximately the critical electric field strength where the 

molecular chains have been significantly untangled and diameter reduction continues as a 

result of a combination of further chain disentanglement as well as shearing of molecular 

chains.  As a result of atactic polypropylenes inability to crystallize, at the critical voltage 

of 12.5 kV/cm, it can only reduce its diameter as a result of further molecular chain 

disentanglement.  However, isotactic polypropylene can not only further disentangle, but 

concurrently orient the polymer chains as a result of the extremely high velocities at 

which the jet is being pulled therefore further reducing the fiber diameter.  It was also 

observed that the collected fiber diameter of fibers spun into a heated chamber was larger 

that those electrospun into air.  It is believed that molecular chain orientation occurs as a 

result of the high strains that the jet is subjected to while in transit to the collection plate.  

Once the fibers hit the collection plate, they are no longer subject to high strains as they 

are grounded with the collection plate.  At this time, the molecules may relax before the 

collected fiber crystallizes.  If the fibers are electro-spun into a heated atmosphere, the 

relaxation time is considerably longer leading to an increase in the fiber diameter from 

molecular relaxation.   

 Figure 27 also shows an interesting trend when observing the isotactic and atactic 

polymers of comparable molecular weights.  At every electric field, the isotactic polymer 

produces smaller fibers than the atactic counterpart despite having very similar 

viscosities.  This trend shows that the viscosity of the polymer melt is not the only 

parameter that affects the collected fiber diameter.  The difference in fiber diameters must 
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be attributed to the molecular conformation of the methyl group on the polymer chains. 

Although not measured experimentally, theoretical work shows that there is a 

temperature gradient from the spinnerette to the collection plate.  It is therefore possible 

that liquid crystals formed in the melt during transit to the collection plate in the isotactic 

polypropylene sample which enabled an increased reduction in diameter as a result of the 

lower viscosities associated with liquid crystals.   

 

4.1.6. Effect of Flow Rate on Fiber Diameter 
 
 A Brabender extruder was used to perform the melt-electrospinning experiments 

in an attempt to determine the feasibility of utilizing existing commercial equipment to 

melt-electrospin.  One of the major faults of electrospinning, in general, is the 

exceptionally low output associated with the process; solution electrospinning yields 

approximately 0.01 g/min [34].  Melt-electrospinning, as a result of zero loss to 

evaporation would be significantly higher.  To further increase productivity, it may be 

possible to simply increase the amount of polymer being fed into the system.  The flow 

rate of the polymer feed is therefore and important parameter that must be studied.  Using 

the Brabender extruder, all melt-electrospinning experiments were required to be 

electrospun at the lowest possible flow rate, determined by the rotation of the extruding 

screw.  The extruding screws lowest RPM was 0.5 revs/min.  At any higher flow rate, the 

polymer feed simply supplied polymer to the spinnerette faster than the electrostatic 

forces could remove it and therefore, no fibers were made.   

 Although information was obtained regarding the maximum flow rate from these 

experiments, they did not yield information about the diameter of the fibers produced 
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when a specific flow rate was applied.  Therefore, a polymer sample of known volume 

was melt-electrospun and the diameters of fibers were recorded as a function of 

collection time.  Figure 28 is a graph plotting the fiber diameters of the 14,000 Mw atactic 

polypropylene sample as a function of collection time.   
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Figure 28: Effect of spinning time on fiber diameter for a 14,000 Mw atactic 
polypropylene 

 

 

Figure 28 shows that the amount of volume at the tip of the spinnerette, and 

therefore, the size of the developed envelope cone, has a significant effect on fiber 

diameter. The smallest fibers as seen in Figure 29, were produced when the least amount 

of volume was present.  This phenomenon is not unexpected because the electrostatic 
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forces remain constant and are more capable of deforming a smaller volume because of 

the forces required.   

This realization is significant because it shows that supplying more polymer to the 

spinnerette will increase the productivity of melt-electrospinning to a point, but at the 

sacrifice of the collected fiber diameter.  In order to become competitive in productivity 

to meltblown nonwovens, a comparable technology with a production rate of 0.5 

g/min/nozzle [85], multi-spinnerette electrospinning must be considered.   
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Figure 29: Photo micrographs of 14,000 Mw atactic polypropylene taken after a spinning 
time of A) 10 seconds, B) 20 seconds, and C) 30 seconds 

 

 

4.1.7. Effect of Processing Temperature on Fiber Diameter 
 
 Polypropylene is a typical thermoplastic in its flow behavior above the melting 

point.  The apparent viscosity is quite sensitive to the shear rate, but only moderately 

sensitive to the temperature [86].  It has been widely reported that viscosity is the main 

factor in determining the fiber diameters produced through electrospinning [34, 41, 58].  
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There are limitations to reducing the viscosity of a polymer melt without sacrificing the 

properties of the fibers produced.  It is reported that increasing the temperature reduces 

the viscosity for polypropylene melts [87].  All of the melt-electrospinning experiments 

for polypropylene were performed at a processing temperature of 180°C.  To test the 

effect of processing temperature on collected fiber diameter, 12,000 Mw isotactic 

polypropylene was melt-electrospun at 200°C for comparison and is plotted in Figure 30.   

 It appears that the processing temperature is more influential at lower electric 

field strengths.  As the electric field strength was increased the fiber diameter differential 

between both temperatures was significantly less.  At lower electric field strengths before 

the critical point, the electrostatic forces are trying to untangle molecular chains and 

begin the formation of linear structures.  At this stage, the viscosity plays a very 

significant role as the ease of disentanglement will be directly related to the viscosity of 

the melt; a lower viscosity will be more easily untangled.  However, at an electric field 

strength of 15 kV/cm, a majority of the molecular chains are untangled and the 

electrostatic forces are being utilized to further attenuate the molecular chains; a majority 

of the chain entanglements have already been removed.  The average fiber diameter 

remains smaller for the higher processing temperature fibers but the variation is 

significantly reduced.   
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Figure 30: Effect of processing temperature on the collected fiber diameter of 12,000 Mw 
isotactic polypropylene 

 

 
 Figure 30 reveals that fibers with a diameter on the sub-micrometer scale are 

produced for that first time.  The 12,000 Mw isotactic polypropylene was the only 

polypropylene sample where fibers less than one micrometer were observed.  Figure 31 

shows two ESEM photo micrographs were sub-micrometer fibers have been formed. 
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Figure 31: ESEM photo micrograph showing sub-micrometer fibers produced from 
12,000 Mw isotactic polypropylene 

 

 
Examination of the sub-micrometer fibers revealed that each fiber was the result 

of branching during the electrospinning process.  Branching has been reported in solution 

electrospinning [41, 54, 61] but has never been seen in melt-electrospinning as a result of 

the exceptionally high viscosities.  It is believed that the increased processing 

temperature in combination with an incredibly low polyolefin molecular weight lead to 

the formation of sub-micrometer diameter fibers.  At a higher processing temperature, the 

jet will have lower viscosity during the traverse to the collection plate.  It is conceivable 

as a result of the high velocity of the jet, (~50 m/sec) that it remains viscous prior to 

hitting the collection plate.  If the viscosity is low enough and the jet is approaching the 
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collection plate at an angle, the electric field may be strong enough to create the 

formation of a second Taylor cone on the surface of the fiber from which the sub-

micrometer fibers are produced.   

 
 

4.2. Melt-electrospinning with Carbon Nanotubes 
 
 

 It is postulated that carbon nanotubes possess a modulus up to 1 TPa, and an 

ultimate strength of 37 GPa at 6% elongation to failure [77].  This combination of 

materials makes them an excellent candidate as reinforcement materials in composite 

research.  The addition of carbon nanotubes or nanofibers to polymeric materials as 

reinforcement materials is being widely researched with mixed results.  As with any 

composite reinforcement, the capability to distribute the nanomaterials evenly throughout 

the polymer determines the effectiveness of the composite.  If the nanomaterials are 

poorly distributed, they will act as inclusion in the polymer and actually make the fiber 

weaker.  However, if the nanomaterials are evenly distributed and successfully isolated 

and aligned in the direction of the fiber, they will be capable of accepting the stress that is 

applied to the composite, thus, dramatically increasing the mechanical properties.   

 Typical methodologies of distributing the nanomaterials in the polymer matrix are 

magnetic stirring and sonication [88-90].  These two methods utilize the low viscosity of 

the polymer in solution form where the nanotubes can be distributed through the material.  

However, as a result of a polymer melts extremely high viscosity, such methods are 

insufficient and do not distribute the nanomaterials throughout the material.  To 

overcome the viscosity issue, mechanical mixing [91] was used in an attempt to distribute 
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vapor grown nanofibers to the 12,000 Mw isotactic polypropylene.  Initially, the vapor 

grown carbon nanofibers were hand mixed into a cup of molten polypropylene. After the 

polymer solidified, it was chipped and processed through the Brabender extruder until a 

visual homogeneous distribution was seen.  It is evident that the human eye is not capable 

of determining the level of distribution of the vapor grown nanofibers and that the 

distribution was likely insufficient to enhance the fibers mechanical properties.  

However, the propylene with added nanofibers could be used to determine the feasibility 

of producing fibers by melt-electrospinning.   

 As the maximum spinning distance that could be achieved through melt 

electrospinning on the extruder was 2 cm, the nanofiber reinforced material was spun at 

the same distance.  However, the reinforced polymer was incapable of electrospinning 

due to the high electrical conductivity of the nanofibers.  At a spinning distance of 2 cm, 

experiments showed that 10 kV was the minimum voltage that could be applied to 

produce fiber.  Even at this electric field strength, the electrical conductivity of the 

nanofibers created arcing between the cathode and the anode thus making electrospinning 

impossible at such short distances.  

 

4.3. Degraded Poly(ethylene terephthalate) Diameter 

4.3.1. Diameter Frequencies  
 
 In a similar manner of that of polypropylene, the fiber diameter frequencies were 

obtained for all melt-electrospinning poly(ethylene terephthalate) fibers.  The 

distributions for these experiments ranged from unimodal to trimodal.  A representative 

histogram for degraded poly(ethylene terephthalate) is seen in Figure 32. 
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Figure 32: Width and volume based histograms for degraded poly(ethylene terephthalate) 
melt-electrospun at a spinning distance of 2cm with an applied voltage of 9kV 

 
 
 
 The histogram for the degraded poly(ethylene terephthalate) experiment shown in 

Figure 32 possesses a bimodal fiber diameter distribution.  Multi-modal distributions, as 

indicated by kurtosis values over 3, are not uncommon in melt-electrospinning as a result 

of the variation in collected diameter that may be obtained by an inconsistent amount of 

volume at the spinnerette.  The polypropylene samples found difficulty in supplying a 

constant volume as a result of extruding speed needed to successfully melt-electrospin 

from a commercial extruder.  Poly(ethylene terephthalate) had similar difficulties in 

supplying a constant volume to the spinnerette because the polymer was driven primarily 

by gravity through a pipette.  If the volume fluctuated at all, as demonstrated in section 
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4.1.1.6, the fiber diameters are capable of producing a multi-modal distribution.  The 

histograms for the degraded poly(ethylene terephthalate) melt-electrospinning 

experiments can be seen in Appendix A.   

  

4.3.2. Mean Fiber Diameter of Degraded Poly(ethylene terephthalate) 
 

In an effort to determine if similar trends, as seen in polypropylene, exist with 

other thermoplastic polymers, the collected fiber diameters from the performed 

experiments need to be recorded.  Table 5 shows the average fiber diameter and standard 

deviations recorded from 100 measurements for all melt-electrospinning experiments 

with degraded poly(ethylene terephthalate).   
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Table 5: Diameters and standard deviations for degraded poly(ethylene terephthalate) 
melt-electrospun fibers 

 
Dist. 
(cm) 

Volt. 
(kV) 

Diameter 
(µm) 

Stand. 
Dev. 

 Dist. 
(cm) 

Volt. 
(kV) 

Dia. 
(µm) 

Stand. 
Dev. 

2 5.0 No fiber n/a  5 17.5 26.96 3.60 

2 7.0 48.82 5.39  5 20.0 24.02 3.97 

2 9.0 36.11 3.89  5 22.5 18.95 3.87 

2 10.0 27.03 4.71  10 10.0 41.91 9.92 

5 5.0 No fiber n/a  10 15.0 26.47 9.86 

5 7.5 37.56 4.40  10 20.0 18.17 4.27 

5 12.5 31.95 3.69  10 25.0 17.23 5.60 

5 15.0 28.08 3.41      

 
 
 

4.3.3. Effect of Electric Field Strength on Fiber Diameter 
 

It can be seen in Table 5 that the fiber diameter is affected by a change in the 

electric field strength.  The electric field strength in these experiments was altered by 

changing either the spinning distance or the applied voltage.  Figure 33 shows the effect 

of electric field strength on fiber diameter at varying collection plate distance.  A clear 

trend is shown that for each collection plate distance, the fiber diameter decreases with 

increasing voltage.  It is worth noting that at a constant electric field strength, various 

fiber diameters can be obtained as a function of the spinning distance.  Theoretically, 

only small deviations would be present due to the increased time spent in the electric 
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field and the greater influence of gravity.  The variations seen may be explained through 

an occurrence called “action of points” which refers to the difference in electric fields 

when concentrated on a point as happened during the melt-electrospinning of 

poly(ethylene terephthalate) fibers.   
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Figure 33: Effect of electric field strength and collection plate distance on fiber diameter 
for melt-electrospun degraded poly(ethylene terephthalate) fibers (noting that for the 
same electric field strength, varying fiber diameters are obtained due to spinning 
distance) 

 
 
 

The experiments at collection plate distances of 2 and 5 centimeters respectfully, 

were run at electric field strengths from 1-5kV/cm.  There are no data points for the 2cm 

collection plate distance sample before 2.5kV/cm because the electric field strength was 

not sufficient to overcome the molecular entanglements of the polymer melt therefore 
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producing fibers at the processing temperature utilized.  The same reasoning exists for the 

5cm collection plate sample at 5kV/cm.  Figure 33 shows that it is possible to obtain the 

same fiber diameter using any of the collection plate distances under the proper electric 

field strengths.  Similar to the melt-electrospinning experiments with polypropylene, 

poly(ethylene terephthalate) fibers have a large standard deviation attributed to the non 

unimodal fiber distributions.   

 

4.4. Crystallinity and Chain Orientation 

4.4.1. Polypropylene 
 

Differential scanning calorimetry tests were done on each of the melt-

electrospinning experiments to determine any amount of crystallinity that may be added 

to the system as a result of the incredibly high strain to which the jet is being applied.  

DSC tests were also performed on the bulk sample to determine the appropriate Tm so a 

comparison could be made between the bulk and electrospun samples.   

The experimental speed of the jet was calculated at nearly 50 m/sec.  At this 

speed, the polymer leaving the spinnerette is reaching the collection plate in a few 

hundred microseconds.  This time period is simply not sufficient for crystals to form 

while in transit to the plate.  Therefore, crystallization must occur at the collection plate.  

It is theorized that the immense strains that are applied to the jet at such high speeds 

orients the chain while in transit to the collection plate.  Once the jet reaches the 

collection plate, its charge is neutralized and the jet is no longer subject to high strain.  At 

this point in time, the molecules are allowed to relax before crystallization occurs and as 

a result a degree of chain orientation is lost.   
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DSC uses information gained on the latent heat of melting for the sample to 

calculate the degree of crystallinity if the latent heat of melting (∆Hm) for a 100% 

crystalline sample is known.  If the software that is being utilized by the DSC 

automatically determines the value of ∆Hm, the crystallinity is defined through the 

relation: 

100

*100%
m

m

H
H

ityCrystallin
∆
∆

=                                         (10) 

 

 All samples were run at a heating and cooling rate of 10°C/min.  Figure 33 shows 

the DSC graph for the 190,000 Mw bulk isotactic polypropylene sample as received. 
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Figure 34: DSC graph of a 190,000 Mw bulk isotactic polypropylene sample as received 
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Figure 35: DSC graphs for A) Melt-electrospun 190,000 Mw isotactic polypropylene and 
B) annealed melt-electrospun 190,000 Mw isotactic polypropylene 
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The latent heat of melting for the bulk isotactic sample was 79.51 J/g with a 

melting temperature peak at 161.83°C.  When the sample was melt-electrospun, and 

melt-electrospun and annealed, the DSC graph varied slightly in regards to the latent heat 

of melting as seen in Figure 35.   

Using vales of 259.41 J/g for the latent heat of melting for polypropylene found in 

Crystallization of Polymers by Mandelkern [80], the following crystallinities were 

calculated. 
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Table 6: Table of polypropylene crystallinities determined from DSC 

 
Polymer ∆Hm 

(J/g) 
Mass 
(mg) 

Crystallinity 
(%) 

Melting 
Temp. (°C) 

12,000 Mw iPP  
Bulk 80.615 2.03  31.08 156.33 

12,000 Mw iPP 
Electrospun 84.699 3.54 32.65 159.00 

106,000 Mw iPP 
Bulk 62.03 2.39 23.91 160.17 

106,000 Mw iPP 
Electrospun 86.94 3.65 33.51 160.83 

190,000 Mw iPP 
Bulk 79.51 4.34 30.65 161.83 

190,000 Mw iPP 
Electrospun 81.80 1.63 31.53 159.33 

190,000 Mw iPP 
E-spun & Annealed 100.06 4.13 38.57 160.83 

580,000 Mw iPP 
Bulk 74.79 5.15 28.83 160.33 

580,000 Mw iPP 
Electrospun 74.34 4.59 28.66 161.67 

14,000 Mw aPP 
Bulk 8.32 4.05 3.21 89.67 

14,000 Mw aPP 
Electrospun 2.67 3.22 1.56 87.33 

19,400 Mw aPP 
Bulk 3.16 4.08 1.22 91.67 

19,400 Mw aPP 
Electrospun 4.33 2.04 1.67 93.17 

 

 

With the exception of the 580,000 Mw isotactic sample, there appears to be a 

slight increase in crystallinity due to electrospinning in the isotactic samples.  The 

electrospinning process imparts configurational order due to the attenuation of the fiber 
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throughout the jet line.  The 580,000 Mw sample does not experience this trend as there 

was very little attenuation of the fiber and the diameter was nearly that of the extruder 

aperture.  Furthermore, annealing the 190,000 Mw isotactic polypropylene at a 

temperature of 120°C for 24 hours significantly increased the crystallinity of the 

electrospun fibers.   

It has been reported by several authors that there is a lack of crystallinity in any 

electrospun fibers [28, 33, 34] being produced.  The DSC results clearly show that 

crystals do exist within the electrospun fibers.  Crystals within the polymer will increase 

selected mechanical properties but it is more important to have orientation in combination 

with crystallization.   

The orientation of the molecular chains within melt-electrospun fibers was 

performed by polarized light microscopy.  Through birefringence at different angles, it is 

possible to gather information on the molecular chains orientation with respect to the 

fiber direction.  As seen in Figure 36, the birefringence of the polymer at every angle is 

extremely weak for as spun fibers showing that there is very little orientation of the 

molecular chains.  
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Figure 36: Polarized light microscopy picture of melt-electrospun isotactic polypropylene 

 

 

Although marginally different, the light intensity in the direction of 45° is higher 

than any other direction showing that there is a small amount of orientation.  Also, in this 

photograph, banded textures can be seen as striations going against the fiber direction.    

The origin of banded textures is yet to be quantified but experimental studies have shown 

that banded structures are a by-product of shear induced relaxations [92-94].  Although 

mostly prevalent in liquid crystals, banded textures have been shown to exist in other 

polymers and as a result of elongation flow [95].  Peuvrel determined the bands to be 

seen at elongational rates of 0.08 s-1 or greater.  The observed bands show that it is 
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possible for the chains to be oriented in the jet stream while in the molten state.  The 

fibers will the land on the collection plate before they begin to crystallize.  During this 

time, the fibers are no longer being subjected to molecular shearing as a result of the high 

strains induced by the electric field strength.  Therefore, before crystallization, molecular 

relaxation occurs, leading to the development of banded textures seen in polarized light 

microscopy.   

Polypropylene is above its glass transition temperature at room temperature.  In 

an attempt to determine the amount of orientation of the chains while traversing to the 

collection plate, the fibers were melt-electrospun onto a copper plate being cooled by 

liquid nitrogen.  The temperature of the collection plate would effectively quench the 

fibers, not allowing a molecular relaxation to occur.  After being melt-electrospun, a 

single fiber was taped and glued to a microscope slide to prevent chain relaxation and 

allowed to slowly warm to room temperature.  Polarized light micrographs of this fiber 

are shown in Figure 37.  It is seen that there is a significant change in fiber orientation 

along the fiber direction.  The birefringence shown proves that there is indeed attenuation 

of the chains on a molecular level during the electrospinning process.  This attenuation is 

the reasoning that an isotactic polypropylene can form a smaller collected fiber diameter 

than an atactic polypropylene despite its molecular weight being as much as ten times 

larger as shown through experiments.  However, a small degree of banded structures are 

still observed at 15°.  This could be due to relaxation before the fibers were secured on 

the microscope slide or due to slippage of the fiber from the glue at extremely low 

temperatures.  These results confirm that keeping the electrospun fiber under tension until 

crystallization has time to occur is vital to making fibers with highly oriented molecular 
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chains.  If the Tg of the polymer is below room temperature, collecting the fibers at liquid 

nitrogen temperature may be a worthwhile endeavor.    

 

 

Figure 37: Polarized light photographs of isotactic polypropylene collected on a liquid 
nitrogen cooled collection plate before crystallization 

 
 
 Another means of eliminating the banded structures is through annealing under 

tension thereby drawing the fiber.  If the fiber is drawn while being annealed, the 

molecular orientation will assume a more linear pattern in the direction of the fiber and 

the relaxation banded structures will be significantly reduced.  Figure 38 shows a set of 

polarized light photographs for the same isotactic polypropylene that was seen in Figure 

36.  In this series of photographs, the striations have lessened and there is a dramatic 
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difference in the amount of orientation in the fiber direction which is to be expected as 

drawing of the fiber induced alignment through molecular chain shearing.   

 

 

 

Figure 38: Polarized light photographs of isotactic polypropylene that has been drawn 
and annealed 

 

4.4.2. Degraded Poly(ethylene terephthalate) 
 

Degraded poly(ethylene terephthalate) is unlike polypropylene in that its glass 

transition temperature is above room temperature.  As a result, it is possible to quench the 

fibers simply by collecting them at ambient temperature [96].  Similar to polypropylene, 
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DSC was conducted on degraded poly(ethylene terephthalate) to test if the sample was 

effectively being quenched when exiting the pipette.  The DSC graph of degraded 

poly(ethylene terephthalate) as spun is seen in Figure 39. 

 

 

Figure 39: DSC graph of collected melt-electrospun degraded poly(ethylene 
terephthalate) prior to any post-treatment  

 

 

Figure 39 shows that there is a crystallization peak for the degraded poly(ethylene 

terephthalate) during the first heating cycle.  The peak is associated with samples that 

have been quenched from the melt.  The degraded poly(ethylene terephthalate) fibers are 

rapidly solidifying preventing crystallization within the fibers.  In DSC, as the 

temperature is raised, an exothermic peak is observed as molecular chains are allowed to 
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move and form crystals in order to minimize the Gibb’s free energy of the system 

through minimizing surface area and maximizing interactions between chains.  As the 

crystals have been allowed to form, there is no crystallization peak observed in the 

second heating curve.  When calculating the crystallinity of the fibers as spun, the latent 

heat of crystallization must be recorded.   

Figure 40 is a representative DSC graph for an annealed fiber of degraded 

poly(ethylene terephthalate).  By annealing the fibers before testing, they were effectively 

brought above their Tc and allowed to form crystals.  As a result, no crystallization peak 

is observed for the annealed samples.   

 

 

Figure 40: DSC graph of collected melt-electrospun poly(ethylene terephthalate) after 
being annealed at 125°C for 24 hours 
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Again, using Mandelkern to obtain the latent heat of melting for poly(ethylene 

terephthalate) as 117.57 J/g, the crystallinities of the samples could be obtained.    When 

calculating the crystallinity of the as spun degraded poly(ethylene terephthalate) sample, 

equation 11 must be used to account for the latent heat of crystallization.  Using this 

equation, it is possible to determine the amount of crystallinity in the fibers before 

solidifying in the melt-electrospinning process. 

 

100

%
m

cm

H
HH

ityCrystallan
∆

∆−∆
=                                        (11) 

 

These crystallinities, as well as the melting temperatures of the samples are reported in 

Table 7. 

 

Table 7: Table of degraded poly(ethylene terephthalate) crystallinities determined from 
DSC 

 
Polymer ∆Hm 

(J/g) 
Mass 
(mg) 

Crystallinity 
(%) 

Melting 
Temp. (°C) 

PET as spun 9.964 4.72 8.47 245.67 

PET annealed 37.735 2.05 32.10 247.70 

 

 
 

Table 7 clearly shows that if the end usage of degraded poly(ethylene 

terephthalate) fibers is mechanically driven, annealing of the fibers or spinning into an 

heating atmosphere to prevent quenching becomes a necessity.   
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Unlike polypropylene, the degraded poly(ethylene terephthalate) fibers are 

quenching before a large degree of molecular orientation can be induced as a result of the 

extremely high jet speeds.  Similarly to polypropylene, there are banded structures within 

the fiber, due to shear induced relaxation, but their intensity in the degraded 

poly(ethylene terephthalate) fibers is much smaller.  Figure 41 shows a series of polarized 

light photographs of degraded poly(ethylene terephthalate) fibers as spun through the 

melt-electrospinning process.   

 

 

 

Figure 41: Polarized light microscopy photographs of melt-electrospun poly(ethylene 
terephthalate) fibers prior to post-treatment 
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After the polymer is allowed to crystallize at 125°C for 24 hours, polarized light 

microscopy shows a significant change in the birefringence of the fibers.  Figure 42 

shows fibers from the same experiments that have been annealed.  In this series of 

photographs, a large degree of birefringence is occurring regardless of the orientation 

angle showing that crystals have produced throughout the sample.   

 

 

 

Figure 42: Polarized light microscopy photographs of melt-electrospun poly(ethylene 
terephthalate) after being annealed for 24 hours at 125°C 
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This work shows that it is possible to obtain crystallinity in electrospun fibers 

under certain conditions contrary to the reports that it is not.  One fact commonly 

mistaken is that there is no difference between crystallinity and orientation.  The 

polypropylene fibers that were collected on a liquid nitrogen plate possessed both.  All 

commercial fibers produced in the textile industry undergo post-processing treatment.  

Fibers are simply not extruded from the spinnerette and collected, they pass through a 

series of heated rollers that induce order and allow crystals to form.  In this respect, melt-

electrospun fibers are no different.  It was shown that the extremely high electrostatic 

forces force the molecular chains to align in transit to the collection plate.  However, the 

exposure to these extremely high stresses last only a few hundred microseconds while 

commercial fibers obtain there strength through post-processing times in the seconds or 

minutes range.  The duration of time that the fibers need to crystallize is critical.  If 

orientation and crystallization is expected, the fibers must be held under tension by the 

electrostatic forces long enough for crystallization to occur.  If the fibers are allowed to 

relax before crystallization, the molecular chains will conform accordingly and lose their 

high level of orientation.  Electrospun fibers are capable of obtaining the same degree of 

crystallinity if subjected to the same post-processing treatments.   

 

4.5. Structure 

4.5.1. Polypropylene 
 
 Raman spectroscopy was used to examine the structural characteristics of the 

polymers being electrospun.  Raman can be used for polymer identification because of 

the unique scattering events specialized to specific bonds within the polymer.  In this 
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study, Raman spectroscopy was used to determine whether the chemical structure of the 

fibers was being destroyed at any time throughout the electrospinning process as a result 

of melt-electrospinning generating electrostatic forces that may exceed 15 kV/cm; nearly 

four times what is commonly used in solution electrospinning.  Raman spectroscopy was 

utilized as a precursor to identify structural discrepancies in fibers that were going to 

mechanically tested.  Therefore, only the isotactic polypropylene and poly(ethylene 

terephthalate) fibers were subjected to Raman spectroscopy.   

 Figure 43 shows the Raman spectra obtained, using a 633 nm laser, for both bulk 

and melt-electrospun isotactic polypropylene.   It can be seen that there are no major 

changes throughout the entire Raman shift.  This is indicative that the polymer did not 

change throughout the electrospinning process and that the combination of strong 

electrostatic forces and temperature was not significant enough that the polymer was 

destroyed.    
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Figure 43: Raman spectra for melt-electrospun isotactic polypropylene (blue) and bulk 
material from the same polymer (red) with regularity bands labeled taken at a 633 nm 
excitation 

 
 
 
The regularity bands observed in Figure 43 stem from the vibrational spectrum of 

isotactic polypropylene.  These bands, listed in Table 8 are dependent on the 

conformation of individual chains that arise from the sections of the chain that have the 

31 helical structure [97] showing that the electrospun fibers have maintained their 

structure. 
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Table 8: Details of regularity bands observed in isotactic polypropylene 

 

Raman Frequency (cm-1) Assignment 

1220 tCH2 + δCH + vC-C 

998 rCH3 + ωCH2 +δCH 

973 rCH3 + vC-C chain 

900 vCH3 + rCH2 + δCH 

841 rCH2 + vC-CH3 

809 vCH2 + vC-C + vC-CH 

 

 

4.5.2. Degraded Poly(ethylene terephthalate) 
 
 Raman spectroscopy was performed on the degraded poly(ethylene terephthalate) 

using a 780 nm wavelength laser at 1.59 eV excitation to record spectra that are in 

resonance at that wavelength.  Figure 44 shows the Raman spectra for melt-electrospun 

degraded poly(ethylene terephthalate) fibers and the bulk material that was used to 

produce the fibers.   
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Figure 44: Raman spectra for melt-electrospun poly(ethylene terephthalate) (blue) and 
bulk material from the same polymer (red) taken using a 780 nm excitation laser 

 
 

The spectra shows that for the melt-electrospun sample, that certain remnant peaks of the 

original polymer exist at Raman shifts of 631, 855, 1116, 1614, and 1724 cm-1.  These 

peaks are assigned in Table 9.  In addition, there is a very broad peak at approximately 

1400 cm-1.  This peak has been associated with carbonous deposits or amorphous 

polymer-like carbon (PLC) notably seen between 1300-1450 cm-1 [98].  The peaks 

labeled in Figure 44 show that small traces of the polymer is still seen but the 

overwhelming peak near the 1400 Raman shift shows that degradation is highly likely.  

In addition, florescence is seen at the lower end of the spectra.  Florescence can be seen 

as a result of defects or impurities but it can also be observed as a result of oxidation [82].  

The florescence observed in addition to the amorphous carbon peak at 1400 cm-1 shows 
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that the structure of the poly(ethylene terephthalate) has been compromised as a result of 

the inefficient heating of the sample.  Therefore, it is expected that the mechanical 

properties of the melt-electrospun fibers will be well below what is obtainable in 

commercial production.  

 

Table 9: Details of bands observed in poly(ethylene terephthalate) 

 

Raman Frequency (cm-1) Assignment 

1725 C=O 

1614 C=C 

1400 Amorphous carbon 

1116 C-O 

855 C-C ring 

631 O-C=O 

 

 

4.6. Mechanical Properties 

4.6.1. Polypropylene 
 
 For a specific application, the mechanical properties may have a varying degree 

of importance.  However, determining the mechanical properties for a sample can help in 

deciding which end applications are feasible.  Determining any mechanical properties 

from fibers produced from electrospinning has been troublesome in the past because their 
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small size makes it virtually impossible to handle individual fibers and the fibrous mats 

being produced possess fibers that can not be isolated.  Melt-electrospinning is capable of 

producing fibers on the micrometer scale that are possible to manipulate and test on an 

individual basis.   

 In polymer systems, mechanical properties are strongly dependant on the 

polymers molecular weight, chain orientation, and crystallinity.  As a result of the fibers 

that were produced, only the isotactic samples with molecular weights 106,000, 190,000, 

and 580,000 could be isolated from the mats produced to test for mechanical properties.   

 In the previous section, it was discussed that polypropylene that is allowed to 

gather on an ambient temperature collection plate formed samples with crystallinity but 

very little chain orientation in the fiber direction.  Knowing this, it can be anticipated that 

the strengths of these fibers will be quite low.  Figures 45-47 show the stress/strain 

graphs for melt-electrospun polypropylene of 106,000, 190,000 and 580,000 Mw 

respectfully, prior to any post-treatment. 
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Figure 45: Stress/strain graphs for melt-electrospun 106,000 Mw polypropylene prior to 
any post-treatment where 1g/den ~ 80 MPa  
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Figure 46: Stress/strain graphs for melt-electrospun 190,000 Mw polypropylene prior to 
any post-treatment where 1g/den ~ 80 MPa 
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Figure 47: Stress/strain graphs for melt-electrospun 580,000 Mw polypropylene prior to 
any post-treatment where 1g/den ~ 80 MPa 

 

 

It is difficult to gather information regarding the yield strength of the polymer as a 

whole from graphs of this nature because strength is varied with flaws in the material.  

Figures 45 and 46 were terminated at 20% strain to show the initial region but certain 

samples elongated to 700%.  This behavior is not unusual for undrawn polypropylene 

[99].  The exceptionally high strains that are obtainable are a result of the polymer 

orienting itself while being deformed.  The extension rate used in all experiments was 

.2mm/sec which is sufficiently slow for the polymer chains to re-orient themselves during 

deformation.   
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An important value taken from these figures is the initial modulus of the material 

determined by the slope of the stress/strain curve.  This value is useful because it is 

intrinsic material property.  The modulus, however, can vary for different degrees of 

orientation of the same polymer sample.  These variations observed in the graphs above 

are not unexpected as there was no way of assuring each fiber possesses the same degree 

of crystallinity and orientation throughout the melt-electrospinning process.   

The strengths shown by each material are an extrinsic property that depends only 

on the weakest part of the fiber.  The strengths reported within each sample vary 

dramatically in some instances because of non-uniform processing conditions.  Again, 

this result in not unexpected at there has been not post-treatment to eliminate major flaws 

that may exist on the surface of the polymer as a result of the electro-spinning process.  

The fluctuations in the graphs are a combination of noise from the load cell at such small 

loads and the constant necking of the fibers in multiple sections.  On a typical 

stress/strain curve for a synthetic fiber, the yield represents were necking has occurred.  

After this phenomenon, the stress may increase slightly as the molecular chains are now 

being sheared past one another creating a more crystalline structure before failure occurs.   

The strength for a commercial polypropylene fiber with molecular weights over 

500,000 is approximately 3.5-7g/den [5].  Only the 580,000 Mw fibers tested as spun even 

approached this value.  The fibers as spun possessed some crystallinity which results in 

the mediocre strengths that are reported but strengths created in industry use a 

combination of orientation and order.  Table 10 lists the average elongation to break, 

yield strength, modulus and ultimate strength for each of the melt-electrospun 

polypropylene samples.   
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Table 10: Chart showing selected mechanical properties for melt-electrospun 
polypropylene fiber prior to any post-treatment where 1g/den ~ 80 MPa 

 
Polymer Elongation 

(%) 
Yield Strength 

(g/den) 
Ultimate Strength 

(g/den) 
Modulus 
(g/den) 

106,000 Mw 256.24 .95 1.54 15.43 

190,000 Mw 338.43 .51 .76 28.94 

580,000 Mw 110.27 1.86 3.21 73.30 

 

 

As expected, the moduli of the materials increase as the molecular weight of the 

materials increase for fibers having approximately the same degree of crystallinity and 

orientation.  The other properties seen in Table 8 are determined by flaws that may exist 

on the fiber surface.  Microscopy showed that the fiber diameters of a single fiber are not 

perfectly uniform and there are discrepancies along the length of the fiber.  These flaws 

may have a significant impact of the polymers ability to elongate and resist loading as 

shown in Table 10.  Figure 48 shows the average curves for the three undrawn polymers 

up to 100% elongation. 
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Figure 48: Graph showing the average stress/strain relationships for melt-electrospun 
polypropylene prior to any post-treatment where 1g/den ~ 80 MPa 

 

 

The results from the mechanical testing of undrawn polypropylene are not 

surprising and are in agreement with those found in literature [99].  In an attempt to 

improve the mechanical properties of the fibers, the polymers underwent a 5:1 draw ratio.  

In addition, the 190,000 Mw polypropylene was annealed under tension for 24 hours at 

120°C.  Annealing the fibers under tension, as shown in the previous section, improved 

the crystallinity and orientation of each fiber, thus the mechanical properties should 

increase.   
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Figures 49 shows the effect of drawing on the mechanical properties of the 

106,000 Mw melt-electrospun polypropylenes.  It is obvious that the modulus, ultimate 

strength, and yield strength have all been improved from that of the undrawn counterpart.   
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Figure 49: Stress/strain relation for a 106,000 Mw isotactic polypropylene after being 
exposed to a draw ratio of 5:1 where 1g/den ~ 80 MPa 

 

 

 The ultimate strength value of approximately 2.75 g/den is still shy of the reported 

3.5-7 g/den of commercial fibers.  However, molecular weight of these olefin fibers is 

still much lower than those used throughout industry where molecular weights of 500,000 

are quite common and can approach that of one million.   
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 Figure 50 shows the same trend seen in Figure 49 for the 580,000 Mw 

polypropylene fibers.  In this graph, the ultimate strength has entered the low end of the 

spectrum and the initial modulus has approached 80 g/den which is commonly referred to 

in text.  The 580,000 molecular weight sample more closely resembles that of which 

fibers would be made commercially and through the proper post-treatment, a comparable 

fiber has been produced.  The strain to failure for a commercial polypropylene fiber is 

reported to be approximately 17%.  Figure 50 shows a strain to failure of nearly 30% for 

the drawn melt-electrospun fiber.  This leads to the belief that if drawing occurred while 

the polymer is at an elevated temperature, a higher degree of chain orientation could have 

been created in addition to enhanced crystallinity thereby approaching, or quite possibly 

exceeding those values reported in literature.   
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Figure 50: Stress/strain relationship for a 580,000 Mw isotactic polypropylene after being 
exposed to a draw ratio of 5:1 where 1g/den ~ 80 MPa 

  

 

Figure 51 shows the effect of annealing under tension as well as the effect of 

drawing on the mechanical properties of the 190,000 Mw polypropylene fibers.  The 

fibers were mounted in a frame in which they would not be able to contract when heated 

at the annealing temperature of 120°C.  A more efficient method would be to draw the 

fibers at the annealing temperature but was not done so due to equipment limitations.   
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Figure 51: Stress/strain relationship for a 190,000 Mw isotactic polypropylene after being 
annealed under tension for 24 hours at 120°C and also being drawn at a ratio of 5:1 where 
1g/den ~ 80 MPa 

 

 

Figure 51 shows that annealing the fibers, therefore enhancing crystal growth, 

enhances the modulus of the fibers.  Modulus is directly related to the crystallinity and 

bond orientation of the fibers and if those structural properties are increased, so thus must 

the modulus.  Drawing the fibers increased the initial modulus to over 25 g/den compared 

to the 20 g/den attributed to annealing.  At very low strain (1%), the modulus of the 

drawn fiber is nearly 60 g/den before some effect, possibly jaw slippage during the test, 

significantly lowered the modulus.  Similar to that of the 106,000 Mw, the tenacities of 

the fibers obtained through the melt-electrospinning process for a 190,000 Mw 
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polypropylene are lower than those obtained commercially.  However, through proper 

heat-treatment and drawing of the fibers, ultimate strengths can be obtained that rival 

fibers such as acrylic (4g/den), cotton (4g/den), wool (1.6g/den), and flax (2.5g/den).  IN 

order to produce strong fibers through melt-electrospinning, there is a need for post 

processing treatment.  They are no different than commercial fibers in that regard.  

However, contrary to belief, it is possible to establish crystallinity and induce orientation 

and therefore develop an alternative method of producing fibers with mechanical 

properties rivaling those that are currently being produced through traditional methods.   

 

4.6.2. Degraded Poly(ethylene terephthalate) 
 
 Raman spectroscopy showed that in some instances, the spectra of melt-

electrospun degraded poly(ethylene terephthalate) differed from that of the bulk sample.  

It is quite possible that the heating coils, which were adjusted through changes in applied 

voltage, responsible for melting the polymer created localized “hot spots” where the 

temperature raised well above 300°C.  In this instance, it is possible that the polymer 

degraded leading to the changes observed in the Raman spectra.   

It was shown that degraded poly(ethylene terephthalate) quenched before 

significant alignment was induced.  Therefore, the produced fibers were annealed to 

enhance the crystallinity and therefore the mechanical properties in the same way that 

was explained for polypropylene.  Figure 52 shows the stress/strain relationship for the 

melt-electrospun degraded poly(ethylene terephthalate) fibers.  It is evident from Figure 

52 that the structure of the fiber was indeed significantly altered during the 

electrospinning process through the inability to accurately control the temperature of the 
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melt.  The ultimate strength of the electrospun fibers produced was more than one order 

of magnitude lower than that reported in literature (6 g/den).  Also, Figure 52 shows that 

the fibers produced were extremely brittle, uncharacteristic of poly(ethylene 

terephthalate) fibers.  The elongation to failure for commercial poly(ethylene 

terephthalate) fibers is 20%; for fibers produced through the electrospinning process, it 

was less than 2%.   
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Figure 52: Stress/strain relationship for melt-electrospun poly(ethylene terephthalate) 
fibers run at an elongation rate of .2mm/sec where 1g/den ~ 80 MPa 
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4.7. Empirical Modeling Through Response Surface Methodology 

4.7.1 Polypropylene  
 Response surface methodology (RSM) is a technique used to study the effect of 

many variables on a feature or response of the system.  In order to carry out this process, 

the variables (ζ1, ζ2, ζ3...) being evaluated for response η must be stated.  The variables 

represented by ζ are indicated in real units such as °C or cm.  To perform the calculations 

that are needed, the real variables must be changed into coded values using the following 

relation: 
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where ζAi and ζBi represent the max and min values of the real variables.   

 From the coded variables, it is possible to determine the empirical model to 

generate theoretical responses through multiple regression analysis.  In RSM, a second 

order model is widely considered adequate.  The equation used for a second order 

response is defined as: 
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where k represents the number of factors and β represents coefficients.  RSM calculates 

the values of b that fit experimental data as close as possible to form a response surface 
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plot or contour plot to see the relative influence of each parameter, to find the optimum 

conditions for a specific response, or to predict experimental results for any condition 

described.   

 In this study, the two parameters evaluated were molecular weight and electric 

field strength.  When k=2, the empirical model, through multiple regression, becomes: 

εββββββ ++++++= 2112
2
222

2
11122110 xxxxxxy                         (14) 

 

where y is the response of the system (fiber diameter in this set of experiments), x1 is the 

coded variable molecular weight, x2 is the coded variable electric field strength, and ε is a 

random error term.  The RSM variables used to maximize the processing parameters are 

shown in Table 11. 

 

 

 

 

 

 

 

 

 

 

 

 



 
                                                                  121

Table 11: Design of experiments using RSM, variables and levels 

 
Coded Variables Natural Variables 

Experiment x1 x2 
Molecular 
Weight, ζ1 

(Mw) 

Electric Field 
Strength, ζ2 

(kV/cm) 

1 1 -1 580,000 10 

2 -.645 -1 190,000 10 

3 -1 -1 106,000 10 

4 1 0 580,000 12.5 

5 -.645 0 190,000 12.5 

6 -1 0 106,000 12.5 

7 1 1 580,000 15 

8 -.645 1 190,000 15 

9 -1 1 106,000 15 

 

 

 The last step that needs to be finished in order to get an equation that can be 

plotted as a response surface is to solve for the terms β.  To do so, the method of least 

squares is used as an estimate defined as: 

 

( ) yXXX '' 1−=β                                                       (15) 

 

where X is the matrix defined by equation 14 and y is the vector of responses.   
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 Using these values, Figure 53 shows the 3-D response surface of the effect of 

molecular weight and electric field strength on fiber diameter while Figure 54 shows the 

2-D contour plot of the same information.   

 

Figure 53: 3-D response surface plot of electric field strength and molecular weight on 
fiber diameter for isotactic polypropylene 
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Figure 54: 2-D contour surface plot of electric field strength and molecular weight on 
fiber diameter for isotactic polypropylene 

 
 

Use of these two charts can give an empirically based approximation on the fiber 

diameter that can be formed by varying the electric field strength and the molecular 

weight of the polymer being used.  These two figures represent only the contours for 

isotactic polypropylene, changing the polymer and thus the molecular structure may 

influence the variables to change the response in a different manner.  RSM is based on 

empirical results that are fitted to a 2nd order polynomial in these experiments, using a 

higher order polynomial may yield more accurate results if a closer approximation of the 

collected fiber diameter is needed.   
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It can be seen in Figure 54, that the smallest fibers are produced through a 

combination of the lowest molecular weights and the highest electric field strengths.  This 

result is not unexpected as the highest electric field strength generates the strongest forces 

pulling on the polymer melt and if the there is a low molecular weight, the degree of 

entanglement is weak and the forces are capable of attenuating a small diameter fiber.  

Figure 54 also shows that as the electric field is increased, smaller diameter fibers are 

produced for every tested molecular weight polymer.  This trend shows that it may be 

possible, given a strong enough electric field strength to produce fibers with diameters in 

the nano regime.   
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CHAPTER 5: THEORETICAL MODELING 

 

5.1. Introduction 
 

Since the discovery that electrospinning could be used as an effective mean to 

produce fibrous mats with individual fibers ranging in size from a few nanometers to a 

few microns [27], it has been desirable to predict the final diameter of the fibers in an 

attempt to make the process more efficient.  To date, the attempts at modeling the 

electrospinning process have focused on solution based systems [26, 28, 59, 60, 65, 74, 

100] for two reasons: nearly all researchers in electrospinning work from solutions, and 

solution based systems have been successful in obtaining nanometer diameter fibers.   

When electrospinning materials that possess a low viscosity, as is typical in 

solution electrospinning, it is common to observe an instability region in the jet and it 

some cases, secondary and tertiary instability regions [65].  These instability regions are 

paramount in determining the final diameter of the fibers produced and as a result, have 

been included in all modeling attempts.   

However, when electrospinning materials that possess a high viscosity, such as 

that in polymer melts, the instability regions have been seen to decrease in size and 

eventually disappear completely.  With a high enough viscosity, the jet simply becomes a 

straight line.  This phenomenon is consistent with the results first published by Taylor in 

1969 [16].  In the previous attempts made at modeling, this particular phenomenon has 

not been addressed but shall be done so in this work.   
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5.2. Theory 
 

Modeling the decrease in diameter as a function of distance becomes a much 

easier feat as a result of the direct path followed by the jet when electrospinning a molten 

polymer.  The problem can be reduced to the deformation of a viscoelastic material under 

the influence of several forces.  The forces considered that are acting on the droplet of 

fluid are:  surface tension, viscoelastic, gravity, and electrostatic.  Initially, the 

electrostatic force is orders of magnitude greater than the others being characterized but 

as the jet solidifies, the viscoelastic forces will dominate and jet attenuation can no longer 

occur.   

The proposed model assumes a perfect half-sphere droplet of polymer melt 

suspended from the aperture of the syringe.  The radius of the half-sphere is assumed to 

be that of the syringe in the initial position as seen in Figure 55.   

 

 

 

Figure 55: Initial position of polymer droplet for calculating fiber diameter 
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The model is developed by following the tip of the jet as a function of time.  

Throughout the process, it is important to observe the length of the jet by monitoring the 

axial endpoint.  Following this methodology, the first endpoint is defined as: 

 

s
s r

d
h ==

20           (16) 

 

where  h0 = initial jet length, ds = syringe  diameter, and rs = syringe radius 

and each successive endpoint can be determined using the integral: 
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where h(t) = jet length as a function of time, V(t) = jet velocity as a function of time, and 
t = time 
 
or in discretized form as: 
 
 

tVhh iii ∆+= −1                                (18)  
 
              

 
where hi = jet length at any time i, and Vi = jet velocity at any time i.   
 
 
 
 

 

 



 
                                                                  128

 

Figure 56: Subsequent position of polymer droplet during the electrospinning process 

 

 

The mass of the droplet is determined through the volume and density of the material.   

 

ρ00 Ω=m                                                        (19)  

 

where m0 = initial mass of the droplet, Ω0 = initial volume of the droplet, and ρ = density 
of the melt 
 
The mass can be monitored throughout the electrospinning line as: 

 

( )ρii Qtm +Ω= 0          (20) 

               

where mi = jet mass at time i, and Q  = flow rate of molten polymer 

h 

d 
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It can be seen in equation 17 that the velocity of the jet will affect the length of 

the jet and in turn, the final diameter.  Literature reports a wide array of values for the 

jet’s velocity; some researchers have suggested that the jet’s velocity approaches that of 

the speed of sound [28].  Although this value seems a bit high as sonic booms are not 

observed during the experiment, it is conceivable to obtain velocities on the order of 50-

100 m/s [65].  The initial velocity of the jet is derived from the flow rate as shown in 

equation 21.  It has been shown that flow rate, along with voltage; present the greatest 

affect on the final diameter.   
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where V0 = initial jet velocity 

After exiting the orifice, the jet becomes exposed to all of the forces acting on it 

and the velocity is no longer solely dependent on the initial flow rate.  To compensate for 

this affect, the velocity must now be determined as: 
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or as, 
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where ΣF = the sum of the forces and ΣFi-1 = the sum of the forces at time i-1 

As previously stated, the four forces acting on the jet that are included in the 

model are surface tension, viscoelastic, gravity, and electrostatic.  The surface tension on 

the droplet and the viscoelasticity within the droplet will be opposing the formation of an 

extended jet and will therefore result in a negative force.  Surface tension is simply 

defined as work per change in surface area which can be expressed as: 
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where γ = surface tension of the melt, dj = jet diameter, and as = surface area 

From this known property, the force from surface tension  (Fs) is needed when calculating 

all of the forces that must be summed that are acting on the electrospun jet.  This force 

can be written as a function of time as: 
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 where Fs = the force from surface tension, and as0 = initial surface area 

or, 



 
                                                                  131

( )
i

ii
s h

aaF
i

−−
= +1γ

         (26) 

            

where Fsi = force from surface tension at time i, and ai = surface area at time i, and hi = jet 
length at time i 
 
The negative sign in the equation signifies that the force is acting upward, against the 

flow of the jet.   

The introduction of surface area in the equation needs to be addressed.  The initial 

surface area is simply the surface area of the suspended droplet outside of the syringe’s 

orifice and is defined as: 
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However, after the introduction of the electric field, the shape of the jet abruptly changes 

shape.  In this model, the jet is geometrically defined as a frustum as shown is Figure 57: 

 

 

Figure 57: Geometry of a frustum 
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In addition to defining the actual surface area at all times (t>0), the diameter of 

the electrospun jet can be determined through the frustum’s cross-sectional area.  From 

this diagram, the surface area at time = t can be defined as: 

 

)()(())(()( 2121 thtrrtrrta s +−+= π                               (28) 

    

where r1 is the initial diameter of the syringe defined as: 
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and r2 is the diameter of the frustum tip at time  t  

The tip radius (r2) is used to determine the surface area of the frustum in order to 

calculate the forces due to surface tension it is obtained through the volume.   The 

volume of a frustum Ωf, is given as: 
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Through the rearrangement of terms, the following equations can be formulated: 
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Once, the equations have been arranged as seen above, it is possible to solve for r2(t) by 

using the quadratic equation: 

 

2
)(

34
)(

02
1

2
11

2

⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +Ω
−−+−

=
th

Qtrrr
tr

π
       (34) 

                   

or, 
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It is necessary to calculate the volume at any time (t) throughout the process.  This 

can easily be accomplished with information of the flow rate and syringe size.  As shown 

in Figure 55, it is assumed that a perfect half-sphere of polymer melt is resting on the 

outside of the syringe in equilibrium.  The diameter of this sphere was assumed to be that 

of the syringe.  As a result, the volume of the half-sphere resting outside of the orifice is 

defined as: 
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where Ω0 = initial volume of polymer droplet 

Once the electrospinning process begins, the forces acting on the polymer droplet 

require that more volume be added to the system in order to obtain a continuous stream 

over an average distance of 15cm.  In the melt electrospinning set-up, there is a ¾ inch 

single screw extruder that is continuously supplying polymer to the system.  The number 

of revolutions per minute of the screw can be monitored to estimate the flow rate of the 

polymer melt.  Using this flow rate, the volume of the system can be determined as: 

 

Qtt +Ω=Ω 0)(                (37) 
       

or,  

 
Qti +Ω=Ω 0              (38) 

        

Having defined the equations needed to characterize the force related to the 

surface tension of the polymer, the other force opposing the flow of the stream, the 

viscoelastic force (Fv), can be addressed.   

Polymers are known to be viscoelastic materials; which simply means that they 

possess both an elastic and viscous response to loading.  A truly elastic material has 

stress-time and strain-time curves that are completely in phase due to the complete return 

of stored energy of the sample when a load is removed.  Following Hooke’s law seen in 

equation 39, the stress is linearly proportional to the strain through the modulus. 
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εσ E=              (39) 

       

where σ = stress, E = modulus, and ε = strain 

In a viscous material, the stored energy is not returned when the load is removed 

but rather is dissipated due to damping or the conversion of mechanical energy into a 

thermal energy.  In these materials, the stress is proportional to the strain rate through the 

viscosity as seen in equation 40: 
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where η = viscosity and 
•

ε  = strain rate 

Polymeric materials possess both of these characteristics in that some of the 

energy is returned to the system when a load is removed and some of the energy is 

converted into heat.  The stress acting on such materials is defined as: 
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where ηd = dynamic viscosity 

 

or, 
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This stress can be converted to a force through the relationship: 
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where Fv = the viscoelastic force and aj = area of the jet tip 

or, 
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where Fvi = viscoelastic force at time i, and aji = jet tip area at time i 

The modulus of a melt is always changing as the viscosity is continually changing 

as the jet solidifies.  As a result, some relationship must be defined between the modulus 

and viscosity.  This is done through the relaxation time of the polymer.  Ziabicki [87] 

estimates the relaxation time as approximately the molecular weight of the polymer to the 

3.4 power.  The modulus E can therefore be obtained by the following relation: 
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where ηd is the dynamic viscosity of the polymer and tr is the relaxation time.   

 Strain, as defined traditional is simply the change in length by the original length.  

However, in the melt-electrospinning experiments, the original length is continually 

changing as a result of the flow rate.  The strain that needs to be calculated is the strain 
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induced by the electric field and not the increase in length as a result of the flow rate.  

Therefore the strain ε must be written as: 
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where ls is the stretch length and lf is the flow length of the material.   
 
 The flow length refers to the increase in length of the jet as a result of the flow 

rate.  This length can be calculated by the relation: 
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Once the flow length is calculated, the stretch length can be derived simply by 

subtracting the flow length from the actual length of the jet as defined by equation 18.   

The strain rate is typically defined as: 

 

dt
dεε =

•

          (48) 

 

  However, this model assumes that the initial polymer volume changes from that of a 

half sphere to a frustum in the initial step.  As a result, the initial strain rates that are 

calculated do not reflect those that are actually occurring on the system.  Larrondo [30] 

measured the strain rates of his melt-electrospinning lines to be on the order of .5-1 sec-1.  
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These values match with those that were derived theoretically after the effect of the 

geometrical change in step one was accounted for.  

 
 

The other term that is as of yet, unknown, is the dynamic viscosity.  The dynamic 

viscosity is simply the resistance of flow of a fluid under an applied force.  A unique 

situation in a polymer melt is that the melt will be continually solidifying on its path to 

the collection plate.  As a result, the dynamic viscosity will be continually changing as a 

function of time.  The dynamic viscosity is defined as: 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

RT
E

C ηη exp           (49) 

                     
 

where T = temperature,  Eη = activation energy (10.1 kcal/mole), R = gas constant, and  
C = experimental constant.    
 

This equation was described by Ziabicki [87] and it closely follows the trends that 

he observed experimentally.  The constant is simply the slope of the line when the log of 

the melt viscosity is plotted against the inverse of temperature.  For the case of atactic 

polypropylene with a molecular weight of 13,000, the constant is 0.434.  This can be seen 

in Figure 58.   
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Figure 58: Log viscosity vs. inverse temperature for atactic polypropylene with a 
molecular weight of 13,000 

 

 

In order to better follow the changing parameters of the fluid, it is convenient to 

track the kinematic viscosity of the polymer melt.  In this equation, the density is 

assumed to be constant throughout the process.   
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or, 
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It is also convenient to calculate the flow properties of the material. This can be 

done by introducing the concept of the Reynolds number (Re). The Reynolds number is a 

dimensionless parameter that is simply the ratio of inertial forces to viscous forces. If the 

Reynolds number is high (>2300), the inertial forces of the system will dominate and 

turbulent flow exists. However, if it is low, viscous forces will prevail, and laminar flow 

will be the result.  Nakajima developed equation 52 [101] for the Reynolds number with 

respect to conventional high-speed melt spinning of polymers to track the temperature of 

the melt as it flowed away from the spinnerette. 
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where Re = Reynolds number, Nu = Nusselt number, Va  = air velocity, and V = jet 
velocity 
 
or, 
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where Rei = Reynolds number at time i, Nui = Nusselt number at time i, and Vi = jet 

velocity at time i. 

Equation 52 introduces yet another dimensionless parameter termed the Nusselt 

number (Nu).  This number is a way of expressing the heat transfer coefficient which 

reflects how quickly heat can be transferred between a moving fluid and a surface with 

which it is in contact.  Ziabicki [87] shows that it is a good approximation to assume that 

convection is the leading form of heat transfer in the melt spinning line.  There is some 

degree of radiation when the polymer jet is exiting the spinnerette but it is relatively 

small compared to the rest of the fiber forming process.  Ziabicki goes on to define the 

Nusselt number as a function of the Grashof and Prandtl numbers when the heat transfer 

is free convection over thin wires as: 

 

07.0Pr)(65. ∗= GrNu             (54) 

                       

where Gr = Grashof number and Pr = Prandtl number 

or, 

 

( ) 07.0Pr65. iii GrNu ∗=          (55) 

           

where Gri = Grashof number at time i, and Pri = Prandtl number at time i. 

The Grashof and Prandtl numbers are both dimensionless terms used in the heat 

transfer through convection.  The former is used to match the dynamic similarity of two 
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convecting systems and the latter is used to characterize the regime of convection.  They 

can be defined by the following equations: 
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where α = thermal expansion coefficient and g = acceleration due to gravity 

or, 
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where Ta = ambient temperature 

and,  
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where Cp = specific heat and κ =  thermal conductivity 

or, 
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These equations can be used to gain a greater degree of certainty about the flow 

characteristics of the polymer jet at any time t throughout the electrospinning process.   

 At times, it may also be desirable to know the temperature of the polymer stream 

at any time (t) throughout the electrospinning process.  Nakajima [101] defined the 

following relationship when examining high speed (8000 m/min) melt spinning lines.   

 

p
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QC
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                         (60) 

      

This equation agreed well with Nakajima’s experiments in the initial region, yet deviated 

slightly as the jet increased in length.  This discrepancy is likely due to exothermic 

crystallization that may occur and is not accounted for in the equation.  However, as a 

result of the speed of the electrospinning jet, crystallization is not occurring while in 

transit and as a result, this equation may be accurate throughout the entire length of the 

electrospinning line.   

 This equation assumes that there is a uniform temperature gradient from the outer 

shell of the jet into the center of the jet.  This assumption can be validated through the 

Biot number defined as: 

 

κ
δ jd

Bi =           (61) 

                                   

 

where Bi = Biot number, and δ = the heat transfer coefficient  
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or,  

κ
δ

ij
i

d
Bi =                             (62) 

                        

In the case of a Biot number << 1, it is indicated that there is negligible resistance to 

internal heat conduction as is show in this process.   

To this point, surface tension and viscoelastic forces have been defined.  Both of 

these forces are in opposition to the flow of the electrospinning jet.  In addition to these 

forces, there are two additional forces, gravity and electrostatic, that act in the same 

direction of the flow of the jet.  The force due to gravity is defined as: 

 

mgF g =           (63) 

 

where Fg = gravitational force 

The mass is continually growing throughout the electrospinning process and can be 

monitored by a measure of the volume and flow rate as: 

 

gQttFg ρ)()( 0 +Ω=          (64) 

or, 
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 The final force acting in the same direction as the jet stream is the electrostatic 

force.  This force is far greater than all of the other forces and is the main contributor to 

the deformation of the polymer droplet.  Reneker [65] defined the force acting on a 

spherical droplet in an electric field as: 

 

)(
)()(
tz

tetFe
Ψ

=          (66) 

 

where e = charge on the jet, Ψ = applied voltage, and z = the collection plate distance 
from the tip of the jet 
 
or, 

i

i
e z

eF
i

Ψ
=           (67) 

 

In this equation, zi represents the distance from the bottom of the droplet, or jets end, to 

the collection plate.  This term is defined by: 

 

)()( 0 thztz −=          (68) 

 

or, 
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 The charge in this formula refers to the charge on an electrically charged droplets 

in an electric field as first discovered by Lord Rayleigh [9] is 1884.  The instability of 

charged droplets has been used in the electro-spraying process which utilizes successive 

instabilities to transfer large amounts of gas particles.  Rayleigh defined the charge on a 

particle as: 

 

Cre j 0
38 γεπ=          (70) 

 

where ε0 = permittivity of a vacuum   

or, 

 

Cre
iji 0

38 γεπ=          (71) 

 

The constant (C) in this formula represents the fissility factor.  Rayleigh showed that a 

charged droplet stays spherical if C<1. However, when C approaches 1, the quadrupole 

deformation of the droplet becomes unstable and the droplet will deform into an 

elongated ellipsoid.  Such deformations would eventually lead to fission of the droplet 

into two fragments of equal size and charge.  Rayleigh did not explore droplets at large 

deformations but noted that if a droplet is charged to a C that is larger than 1, "the liquid 

is thrown out in fine jets, whose fineness however has a limit".  These fine jets that 

Rayleigh speaks of are the foundation of the electrospinning process.   
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5.3. Theoretical Results 

After all of the forces have been defined, they can be summed to calculate the 

new velocity of the electrospinning line using equation 23.  Once the velocity at any time 

(t) is known, the length of the jet can be determined using equation 18 and in turn, the 

current diameter of the jet by using equation 35.  Electrospun fibers are being explored in 

many various areas of research, and it is therefore very useful to be capable of predicting 

the final diameter of the fibers that will be produced from a particular set of experiments.  

With this information, efficiency will be dramatically increased as current technology 

depends on ‘fine-tuning’ experimental variables until a satisfactory diameter is achieved.   

The model that was developed is capable or predicting many trends that exist in 

the electrospinning process that have been observed experimentally.  There are a large 

number of variables that influence the collected fiber diameter.  These variables will be 

described individually and the model will show what trends can be inspected by 

manipulation of the electrospinning parameters.   

Voltage will be the first parameter discussed as it controls the electrostatic forces 

that act on the jet.  These forces are many orders of magnitude greater than any other 

forces acting on the jet.  Figure 59 shows the effect of voltage on the fiber diameter at a 

constant collection plate distance of 0.15 meters and a .3 µm3/sec flow rate.  All of the 

graphs will assume as temperature equivalent to the polymers melting temperature plus 

25 degrees Celsius.   
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Figure 59: The effect of applied voltage on the collected fiber diameter of poly(ethylene 
terephthalate) melt-electrospun fibers 

 

It is clearly visible that increasing the voltage decreases the collected fiber 

diameter.  However, the rate of decrease drops as the voltage is increased.  A 20 kV 

increase from 10-30 kV results in a 45% decrease in fiber diameter but a 20 kV increase 

from 30-50 kV only results in a 35% decrease in fiber diameter.  This trend is expected 

because a greater voltage is directly proportional to greater electrostatic force.  A greater 

electrostatic force is capable of generating faster velocities and the fiber stream will get to 

the collection plate in a shorter time frame.  As a result of this, less volume will be 

pumped into the system and the jet stream will be elongated further resulting in a smaller 

fiber diameter.  There is however, a strong relation between the voltage and the flow rate.  

It is possible with a small enough flow rate to use a voltage that is too large.  In this 
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scenario, the voltage will pull the polymer melt away faster than the extruder can produce 

a droplet at the end of the capillary.  If this processing condition was met, the model 

would predict the fiber diameter going to zero before ever reaching the collection plate.  

This result signifies that jet stream was discontinuous and is in agreement with 

experimental results.   

The next parameter to be reviewed is the flow rate.  It was mentioned previously 

that the flow rate is one of the most important parameters in the electrospinning process 

[34, 61].  Without flow rate, this model would describe a constant volume deformation of 

a single polymer droplet.  This deformation would result in a minimum collected fiber 

diameter controlled simply by the initial volume at a given collection plate distance.   The 

inclusion of flow rate allows the model to apply forces to the droplet that are capable of 

decreasing the diameter further than constant volume deformation.  Figure 60 shows the 

effect of flow rate on collected fiber diameter at a constant collection plate distance of 

0.15 meters and constant applied voltage of 30 kV.   
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Figure 60: The effect of applied voltage on the collected fiber diameter of poly(ethylene 
terephthalate) melt-electrospun fibers 

 

This graph shows one of the major problems of the electrospinning process.  The 

flow rate is a major contributor to the diameter of the collected fiber.  It is seen that a 

miniscule fluctuation in the flow rate can have effect on the final diameter.  The 

extruding unit that controls the flow rate of the electrospinning process does not possess 

the accuracy that is demanded by the model.  A small deviation in the flow rate could 

lead to various diameters being produced in the same sample.  This indeed is the case as 

fibers produced from the melt- electrospinning process can possess double digit standard 

deviations.  The same trend seen above is the same at all collection plate distances.  The 

smaller diameter fibers obtained using a lower flow rate seems logical.  If there is a 

smaller amount of polymer at the tip of the spinnerette orifice, the forces are capable of 
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pulling the polymer away further before more polymer melt is supplied to the system.  In 

the same fashion, if the flow rate was decreased further, the forces would pull more 

polymer away than is being supplied and the result would be a discontinuous stream.   

Another experimental parameter that is easily changed is the collection plate 

distance.  The collection plate distance is what determines the size of the electric field 

acting on the polymer droplet.  The farther away the collection plate is placed from the 

tip of the spinnerette; the polymer droplet will be subject to a smaller electric field.  If the 

droplet is subject to a smaller electric field, the electrostatic forces acting on the droplet 

will be smaller and hence a smaller collected fiber diameter.  A variety of field strengths 

are shown in Figure 61. 
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Figure 61: The effect of electric field strength by changing collection plate distances on 
the collected fiber diameter of poly(ethylene terephthalate) melt-electrospun fibers 

 

Figure 61 also shows that it is possible to obtain the same collected fiber diameter 

from a variety of field strengths.  It becomes clearer that the greatest amount of diameter 

reduction occurs very quickly in the electrospinning process.  After the initial step when 

the droplet is first exposed to the forces acting on it, the step of diameter reduction 

becomes much lower.  It is important to note that the results in Figure 61 utilize a voltage 

of 30kV.  It is not solely the field strength that controls the fiber diameter produced.  

Samples run at the same field strength but different collection plate distances (i.e. 5 kV at 

0.05 m and 10 kV at 0.10 m) will produce a slightly different collected fiber diameter as 

shown in Figure 62. 
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Figure 62: The effect of collection plate distance with a constant electric field strength on 
the collected fiber diameter of poly(ethylene terephthalate) melt-electrospun fibers 

 

These results show that the distance that the object has to travel before hitting the 

collection plate has some minor effect on the final diameter.  The extra distance that the 

jet has to traverse before impacting the collection plate, under the same electric field 

strength, will allow for the gravitational and the other forces to have a more prominent 

role in the collected fiber diameter; despite their relatively small contribution to the sum 

of all of the forces.   

 In a constant volume deformation of a polymer droplet produced from a 1/32 inch 

syringe, the frustum tip would become a number so small that Microsoft Excel could not 

0.00E+00

2.00E-05

4.00E-05

6.00E-05

8.00E-05

1.00E-04

1.20E-04

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

Plate Distance (m)

Fi
be

r D
ia

m
et

er
 (m

)

15kV, 0.15m
10kV, 0.10m
5kV, 0.05m

 

 

Fiber Distance to Collection Plate (m) 

120.0 

100.0 

80.0 

60.0 

40.0 

20.0 

Fi
be

r D
ia

m
et

er
 (µ

m
) 



 
                                                                  154

recognize it within the first 50 time steps; still nearly at the syringe orifice as seen in 

Figure 63. 

 

Figure 63: Droplet deformation of a frustum with constant volume 

 

 As a result, the developed model is extremely dependent on the flow rate of the 

system.  This phenomenon is also seen in experimental studies.  If the flow rate is too 

small or if the electric field strength is too high, the electrospinning process will be 

discontinuous.   The proposed model interprets this discontinuity as the diameter going to 

zero.   

 If a smaller flow rate (2.0 µm3/sec) is used to solve the equations established in 
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obtained.  In this instance, using a smaller diameter syringe gives the results of creating a 

larger collected fiber diameter.  This error can be explained through the angle that the 

frustum must make to satisfy a given volume.  If a constant volume is assumed, a larger 

diameter syringe will possess a greater Taylor Cone angle than a smaller diameter syringe 

at any given length.  Therefore, the resultant fiber will be larger as seen in Figure 64. 

 

Figure 64: Effect of syringe diameter on fiber diameter at a low flow rate in the 
developed model 

 

 These results show that it is possible to design experiments around theoretical 

predictions to obtain a fiber diameter that is desired.  From this model, it is shown that 

the flow rate and electric field strength have the most affect on the final collected 
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diameter as is in agreement with experiments.  The model that was developed is capable 

of predicting trends that exist in the melt-electrospinning process using basic physics.   

 

5.4. Comparison to Experimental 
 

 The developed model uses experimental information regarding the relationship 

between molecular weight, temperature and viscosity to determine the viscoelastic 

stresses acting on the jet.  The only information that was obtained to test the accuracy of 

the model was for that of a 13,000 Mw atactic polypropylene as stated in the previous 

section.  The atactic polypropylene was tested at three varying electric field strengths and 

thus the model can be compared against all three of those data points.  Figure 65 shows 

the effect of electric field strength for an atactic polypropylene both experimentally and 

theoretically. 
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Figure 65: Effect of electric field strength on fiber diameter, experimental and theoretical 

 

 

 The theoretical and experimental curves match very well at the lower electric field 

strengths before the critical value is reached.  After the critical value of 12.5 kV/cm is 

reached, the model is less accurate yet still within the standard deviation of the 

experimental work.  There are a few factors that may lead to this discrepancy.  It was 

established that after 12.5 kV/cm, that chain disentanglement is no longer the only means 

of fiber attenuation, shearing of the chains begins to have an effect on the collected fiber 

diameter; the established model does not take this phenomenon into consideration.   Also, 

the information that was found was for an atactic polypropylene with a molecular weight 

of 13,000, different from that of the 14,000 that was used in the experimental work.  

However, this variation should be minor because the change in viscosity with respect to 
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temperature is not as pronounced in polyolefins as in other materials.  Despite the slight 

variation in predicted fiber diameters, the model is capable of predicting within several 

micrometers from experimental over all ranges that were tested.   

 Knowing that the model is verified for atactic polypropylene over the specified 

electric field strengths, it is interesting the theoretical predict the forces that are required 

to produce fibers smaller than one hundred nanometers.  Figure 66 shows the relation 

between electric field strength and predicted fiber diameter for a 14,000 Mw atactic 

polypropylene spun at 180ºC at 15 cm.   

y = 4E-21x4 - 4E-15x3 + 2E-09x2 - 0.0004x + 44.773
R2 = 1
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Figure 66: Theoretical diameter prediction as a function of applied voltage for 14,000 Mw 
atactic polypropylene melt-electrospun at 180ºC at a spinning distance of 15 cm 
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Figure 66 shows that for this particular polymer at specific processing conditions, 

that it is indeed feasible to obtain nano diameter fibers.  Utilizing electric field strengths 

of over 25,000 kV/cm generates enough electrostatically driven forces to attenuate the 

fiber diameter to the nanoscale; whether these electric field strengths are actually 

obtainable without arcing remains to be seen.  This chart shows that it is indeed 

theoretically possible to obtain fiber diameters ranging from several nanometers to 

several micrometers depending on the electrostatic forces that are capable of being 

generated.   
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CHAPTER 6: CLOSING DISCUSSION AND APPLICATIONS 
 
 
 This work has shown that it is possible to make melt-electrospun fibers on a 

commercial extruding machine.  This step is the first that must be made scale up melt-

electrospinning from a laboratory to a factory.  The underlining principles such as electric 

field strength, processing temperature, molecular structure, and molecular weight have 

been thoroughly explored and explained both theoretically and experimentally. 

 Melt-electrospinning is yet in its infancy with only 4 papers published to date in 

the field.  This work has shown that viscosity does play a significant role in the 

obtainable fiber diameter but molecular structure also contributes significantly.  The 

theoretical model that has been created does not take structural positioning into account 

when calculating the fiber diameter and this in conjunction with crystallization kinetics 

may well lead to a better understanding of the melt-electrospinning process once 

incorporated into the model.  Also, the model is not capable of distinguishing between 

different forms of electric fields that are created; there is no difference between that 

created between two plates and that created between a plate and a point.  However, 

experimental work shows that there is a significant difference as shown by action of 

points.  If the charge was focused on a point, the collection plate distance was capable of 

being extended to longer distances.  This phenomenon has not been fully addressed and 

presents many interesting questions.  Also, it would be quite desirable to measure the 

current throughout the electrospinning line.  The voltage supplies used during every melt-

electrospinning experiment yield 1 mA of current.  This value can not be altered from the 

machine but future work should take care in monitoring the current throughout the 
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spinning line.  As the area of the polymer jet is constantly changing, the current density is 

changing concurrently and may affect the obtainable fiber diameter for each polymer 

system.   

Potential does exist within the realm of electrospinning.  Researchers today are constantly 

driving for smaller, stronger, and lighter products.  Currently, solution electrospinning is 

capable of producing fibers that are smaller than 100 nanometers in diameter.  This work 

has showed that the same accomplishment is also possible under specific processing 

conditions.  In the companies of today and tomorrow, economical and environmental 

standards are becoming more prevalent and companies using electrospun technology are 

required to make every effort possible to abide by the ever changing rules that apply to 

their specific industry.   Companies that are currently interested in electrospun fibers 

include the filtration and biomedical industries.  The use of the end products made from 

these industries demand that they be safe and must comply with very stringent 

restrictions.   

 Biomedical applications may include tissue scaffolds, wound dressing, artificial 

skin, and drug deliveries systems to name a few.    It is obvious that such applications 

would require the production of electrospun fibers to be as clean and safe as possible.  

For this reason, many companies are shying away from solution based systems because a 

majority of the solvents used to dissolve polymers suitable for implantation, such as 

poly(ethylene terephthalate), which is the most widely implanted polymer, are extremely 

hazardous and detrimental to the health of the human body.  As a result, research is being 

driven to melt-electrospinning.  It has been shown that fibers can be successfully made 

from melt-electrospinning without the use of solvents that may potentially be a 
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biohazard.  Conveniently, nanoscale fibers are not the only fibers that can be used within 

the biomedical industry.  With regards to tissue scaffolds for cell culture, it is beneficial 

for proliferation that the pore size is roughly equivalent to that of the cell being used.  As 

some cells are on the order of the micrometer, nanofibers may produce pore sizes that are 

too small for the cell to proliferate into therefore potentially making melt-electrospinning 

a more compatible candidate.   

 Cost is another factor that makes melt-electrospinning an attractive alternative to 

solution electrospinning.  Solvents that are used to dissolve many polymers are often 

costly and are a majority of the cost factor associated with the process.  Elimination of 

the solvent not only reduces the cost of making the fibers, but it also reduces the cost of 

disposal.  In addition, elimination of the solvent increases the yield that is obtainable for a 

given spinnerette which also saves money by freeing the time spent making a product of 

specific dimensions.   

 Currently, electrospun fibers can potentially replace any product made from 

commercial nonwoven technology including, but not limited to aircraft brakes, linings for 

cars, diapers, envelopes, and insulation.  It is important to remember that nonwoven 

materials go through two processes before being utilized as commercial products; web 

formation and web bonding.  Electrospinning, for the most part, can only be considered 

web formation.  There are specific melt-electrospinning conditions that do exist that 

allow for web formation and bonding to happen concurrently as seen in Figures 4 and 9.  

Electrospinning fibers as spun, do not possess a high degree of orientation of strength but 

failure of mats made from these materials may happen as a result of fiber translation 

similar to nonwovens that have not been bonded.  As a result, it may be beneficial to 
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expose melt-electrospun fibers to specific nonwoven bonding technologies to further 

increase their mechanical properties and possible applications in industry.   

 The ability of electrospinning to produce yarns directly through the 

electrospinning process has been shown through solution based electrospinning.  

Although not observed in the experiments performed for this work, the phenomenon is 

believed to be a result of electrospinning, not the polymer being used.  If this is the case, 

further work may be able to produce yarns from melt-electrospun fibers therefore further 

expanding the applications where they can be utilized including composites 

reinforcements. 

 The beauty of electrospinning is that is it capable of producing a small amount of 

fiber for a relatively small cost.  For a major corporation to produce small quantities on 

their equipment becomes extremely costly and as a result, the price the customer must 

pay elevates.  Electrospinning stations can potentially be made into something as small as 

a gun.  Polymer can be stored in a chamber that is heated by an electrical source.  Upon 

melting, the polymer is pushed through a spinnerette that is isolated and electrically 

charged.  Potentially the human body can act as a ground and electrospun fibers can be 

directly applied to the body at a certain distance to allow for cooling.  This makes it 

suitable for a portable emergency room device that is capable of covering a burn victim 

with electrospun fibers carrying a drug delivery agent in a relatively short period of time.   

 Advancements have been made in the area of melt-electrospinning and a better 

understanding of dynamics of fiber formation has been obtained.  With this, it is possible 

to produce a fiber with a specific fiber diameter for a specific end use.  In doing so, the 

mechanical properties of the polymer may be sacrificed but it is important to note that 
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strength is not a necessity in every industry.  Whether or not is has been discovered yet, 

there is an application for everything, melt-electrospun fibers are no exception. 
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CHAPTER 7: CONCLUSIONS 
 

 
• It has been shown that melt-electrospun fibers can be made from a heated pipette or 

directly from a commercial extruding unit.   

• It has been shown that multiple polymers are capable of being electrospun, including 

multiple molecular weight isotactic and atactic polypropylenes and poly(ethylene 

terephthalate) 

• It has been shown that fiber diameters can be obtained ranging from 200 nanometers 

to nearly 500 micrometers with the average values falling between 2-20 micrometers 

• It has been shown that there is not a unimodal fiber distribution in every melt-

electrospinning experiment that is related to the consistency of volume supplied to the 

spinnerette tip as shown by kurtosis values higher than 3.   

• It has been shown that contrary to belief, crystallinity does exist within the fibers 

being melt-electrospun.  The degree of crystallinity is related to the glass transition 

temperature of the polymer and the structural characteristics of the polymer.  Polymer 

with a glass transition temperature above ambient temperature quenched upon leaving 

the spinnerette and formed glassy polymers having low crystallinity.  Polymers with 

glass transition temperatures below ambient temperature were capable of obtaining 

crystallinities above 30% 

• It has been shown that there is a high degree of molecular chain orientation during the 

electrospinning process.  The fibers are exposed to an electric field strength that is 

responsible for chain disentanglement up to a critical value.  Once this critical value 

is exceeded, the electric forces continue to attenuate the fiber through molecular 
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shear.  At this point, isotactic polymer continued to decrease in diameter at a 

substantial rate while atactic sample, unable to confine molecularly, decreased at a 

much lower rate.   

• It has been shown that the molecular weight plays a significant role in the diameter of 

the fibers that are obtainable.  Higher molecular weight polymers have a higher 

viscosity and thus need stronger electric field strengths to produce fibers.   

• It has been shown that decreasing the flow rate produces smaller diameter fibers 

because of the amount of volume at the spinnerette.  However, the production rate is 

much slower.   

• It has been shown that increasing the flow rate increases the amount of polymer 

pushed through the spinnerette per unit time but that the electrostatic forces are 

incapable of pulling the fiber away as fast as the extruder can supply it to the 

spinnerette and as a result, the polymer ceases to electrospin and drops to the ground 

because of the amount of material at the spinnerette.  Thus, increasing the production 

speed will only increase the productivity of fiber production to a certain extent. 

• It has been shown by Raman spectroscopy that if the degradation temperature is not 

reached in the melt-electrospinning experiments, that there is no structural damage 

done to the polymer 

• It has been shown that post-processing such as annealing and drawing of the fiber 

increase its mechanical properties to those fibers made commercially 

• Response surface methodology has been completed on experimental results to 

ascertain the effect of simultaneous parameters on the melt-electrospinning process. 
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• It has been shown that a model has been developed that is capable of predicting the 

fiber diameter of melt-electrospun fibers provided that the relationships between 

molecular weight, temperature and viscosity are known.  The model has shown better 

results when used at lower electric field strengths where fiber attenuation is not yet 

occurring as a result of molecular chain shearing.   

• It has been shown that the model is also capable of predicting jet temperature, 

viscosity, and information about the type of flow at any point from the spinnerette to 

the collection plate over the same range as stated above.   
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APPENDIX A 
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Figure A.1: Fiber distribution of degraded poly(ethylene terephthalate) electrospun at a 
spinning distance of 2 cm using an applied voltage of 7 kV 
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Figure A.2: Fiber distribution of degraded poly(ethylene terephthalate) electrospun at a 
spinning distance of 2 cm using an applied voltage of 10 kV 
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Figure A.3: Fiber distribution of degraded poly(ethylene terephthalate) electrospun at a 
spinning distance of 2 cm using an applied voltage of 7.5 kV 
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Figure A.4: Fiber distribution of degraded poly(ethylene terephthalate) electrospun at a 
spinning distance of 5 cm using an applied voltage of 12.5 kV 
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Figure A.5: Fiber distribution of degraded poly(ethylene terephthalate) electrospun at a 
spinning distance of 5 cm using an applied voltage of 15 kV 
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Figure A.6: Fiber distribution of degraded poly(ethylene terephthalate) electrospun at a 
spinning distance of 5 cm using an applied voltage of 17.5 kV 
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Figure A.7: Fiber distribution of degraded poly(ethylene terephthalate) electrospun at a 
spinning distance of 5 cm using an applied voltage of 20 kV 
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Figure A.8: Fiber distribution of degraded poly(ethylene terephthalate) electrospun at a 
spinning distance of 5 cm using an applied voltage of 22.5 kV 
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Figure A.9: Fiber distribution of degraded poly(ethylene terephthalate) electrospun at a 
spinning distance of 10 cm using an applied voltage of 10 kV 
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Figure A.10: Fiber distribution of degraded poly(ethylene terephthalate) electrospun at a 
spinning distance of 10 cm using an applied voltage of 15 kV 
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Figure A.11: Fiber distribution of degraded poly(ethylene terephthalate) electrospun at a 
spinning distance of 10 cm using an applied voltage of 20 kV 
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Figure A.12: Fiber distribution of degraded poly(ethylene terephthalate) electrospun at a 
spinning distance of 10 cm using an applied voltage of 25 kV 
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Figure A.13: Fiber distribution of 14,000 Mw atactic polypropylene electrospun at a 
spinning distance of 2 cm using an applied voltage of 10 kV 
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Figure A.14: Fiber distribution of 14,000 Mw atactic polypropylene electrospun at a 
spinning distance of 2 cm using an applied voltage of 12.5 kV 
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Figure A.15: Fiber distribution of 14,000 Mw atactic polypropylene electrospun at a 
spinning distance of 2 cm using an applied voltage of 15 kV 
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Figure A.16: Fiber distribution of 19,400 Mw atactic polypropylene electrospun at a 
spinning distance of 2 cm using an applied voltage of 12.5 kV 
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Figure A.17: Fiber distribution of 19,400 Mw atactic polypropylene electrospun at a 
spinning distance of 2 cm using an applied voltage of 15 kV 
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Figure A.18: Fiber distribution of 12,000 Mw isotactic polypropylene electrospun at a 
spinning distance of 2 cm using an applied voltage of 10 kV 
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Figure A.19: Fiber distribution of 12,000 Mw isotactic polypropylene electrospun at a 
spinning distance of 2 cm using an applied voltage of 12.5 kV 
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Figure A.20: Fiber distribution of 12,000 Mw isotactic polypropylene electrospun at a 
spinning distance of 2 cm using an applied voltage of 15 kV 
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Figure A.21: Fiber distribution of 106,000 Mw isotactic polypropylene electrospun at a 
spinning distance of 2 cm using an applied voltage of 10 kV 
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Figure A.22: Fiber distribution of 106,000 Mw isotactic polypropylene electrospun at a 
spinning distance of 2 cm using an applied voltage of 12.5 kV 
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Figure A.23: Fiber distribution of 106,000 Mw isotactic polypropylene electrospun at a 
spinning distance of 2 cm using an applied voltage of 15 kV 
 



 
                                                                  188

0.00%

5.00%

10.00%

15.00%

20.00%

25.00%

30.00%

35.00%

40.00%

45.00%

50.00%

20.00 40.00 60.00 80.00 100.00 120.00 140.00 160.00 180.00 200.00

Fiber Diameter (micrometers)

Fr
eq

ue
nc

y 
(%

)

Nf/Nt
Vf/Vt

 
 
Figure A.24: Fiber distribution of 190,000 Mw isotactic polypropylene electrospun at a 
spinning distance of 2 cm using an applied voltage of 10 kV 
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Figure A.25: Fiber distribution of 190,000 Mw isotactic polypropylene electrospun at a 
spinning distance of 2 cm using an applied voltage of 12.5 kV 
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Figure A.26: Fiber distribution of 190,000 Mw isotactic polypropylene electrospun at a 
spinning distance of 2 cm using an applied voltage of 15 kV 
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Figure A.27: Fiber distribution of 12,000 Mw isotactic polypropylene electrospun at a 
spinning distance of 2 cm using an applied voltage of 10 kV at 250°C 
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Figure A.28: Fiber distribution of 12,000 Mw isotactic polypropylene electrospun at a 
spinning distance of 2 cm using an applied voltage of 12.5 kV at 250°C 
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Figure A.29: Fiber distribution of 12,000 Mw isotactic polypropylene electrospun at a 
spinning distance of 2 cm using an applied voltage of 15 kV at 250°C 
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Figure A.30: Fiber distribution of 14,000 Mw atactic polypropylene electrospun at a 
spinning distance of 2 cm using an applied voltage of 15 kV after 10 seconds 
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Figure A.31: Fiber distribution of 14,000 Mw atactic polypropylene electrospun at a 
spinning distance of 2 cm using an applied voltage of 15 kV after 20 seconds 
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Figure A.32: Fiber distribution of 14,000 Mw atactic polypropylene electrospun at a 
spinning distance of 2 cm using an applied voltage of 15 kV after 30 seconds 
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APPENDIX B 
 

 

The array must be defined as the number of experiments that are being defined through 
RSM. 
> A:=array(1..9,1..4): 
 
The y vector is written as the list of responses that are generated experimentally. 
> Y := <1000, 133.25, 42.05, 1000, 16.20, 12.80, 466.15, 
10.58, 6.92>: 
The experimental conditions utilized to obtain vector y are issued a spot in a matrix 
> A[1,1]:=580: A[1,2]:=10.: A[2,1]:=190.: A[2,2]:=10: 
A[3,1]:=106: A[3,2]:=10: A[4,1]:=580: A[4,2]:=12.5: 
A[5,1]:=190: A[5,2]:=12.5: A[6,1]:=106: A[6,2]:=12.5: 
A[7,1]:=580: A[7,2]:=15: A[8,1]:=190: A[8,2]:=15: 
A[9,1]:=106: A[9,2]:=15: 
 
 
The max and min of the real variables must be determined to obtain the x1 and x2 values 
> 
max1:=max(A[1,1],A[2,1],A[3,1],A[4,1],A[5,1],A[6,1],A[7,1],
A[8,1],A[9,1]): 
min1:=min(A[1,1],A[2,1],A[3,1],A[4,1],A[5,1],A[6,1],A[7,1],
A[8,1],A[9,1]): 
max2:=max(A[1,2],A[2,2],A[3,2],A[4,2],A[5,2],A[6,2],A[7,2],
A[8,2],A[9,2]): 
min2:=min(A[1,2],A[2,2],A[3,2],A[4,2],A[5,2],A[6,2],A[7,2],
A[8,2],A[9,2]): 
 
A do loop is used to determine the x values that will fill up the matrix defined earlier with 
the real variables 
> for i from 1 to 9 do 
A[i,3]:=(A[i,1]-((max1+min1)*0.5))/((max1-min1)*0.5): 
A[i,4]:=(A[i,2]-((max2+min2)*0.5))/((max2-min2)*0.5): 
od: 
  
If desired, the matrix can be printed to assure that the real variables entered match up 
properly 
> print(A): 

 

An array must be created that can be filled with data that will be used to solve the 
response at a later time.  The size of the array is determined by the amount of 
experiments performed and the order of the polynomial used.   
> B := array(1..9,1..6): 
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A do loop is preformed to fill the array with the data obtained from the polynomial, in 
this case, 2nd order.   
> for i from 1 to 9 do 
B[i,1]:= 1: 
B[i,2]:= A[i,3]: 
B[i,3]:= A[i,4]: 
B[i,4]:= A[i,3]*A[i,3]: 
B[i,5]:= A[i,4]*A[i,4]: 
B[i,6]:= A[i,3]*A[i,4]: 
od: 
print(B): 
 

To perform linear algebra, the array must in the form of a matrix, a conversion is 
necessary 
> convert(B, array): 
 
> X := convert(B, Matrix): 
 
To solve for the coefficients that are needed through the method of least squares, the 
transpose of the X matrix is needed.  
> with(LinearAlgebra): 
 
Z := Transpose(X): 
 
Q represents the X matrix multiplied by the X' or Z matrix.   
> Q := Z . X: 
 
W represents the Z matrix (X transposed) times the vector Y 
> W := Z . Y: 
 
The Q matrix (X times Z) must be inverted to satisfy the method of least squares. 
 >  with(LinearAlgebra): 
U := MatrixInverse(Q): 
 
Definition of the beta coefficients through the method of least squares 
> b := U . W: 
 
Calculation of the x1 and x2 values so that the real variables can be derived and plotted 
against 
> for i from 1 to 9 do 
x[i] := (A[i,1] -((max1+min1)*0.5))/((max1-min1)*0.5); 
z[i] := (A[i,2] -((max2+min2)*0.5))/((max2-min2)*0.5); 
od: 
 
Solution of y using the coded variables 
> with(LinearAlgebra): 
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for i from 1 to 9 do 
y[i] := b[1]+ b[2]*x[i] + b[3]*z[i] + b[4]*(x[i])^2 + 
b[5]*(z[i])^2 + b[6]*(x[i]*z[i]); 
od: 
 
Using information on the relationship between coded variables and the real variables to 
obtain y as a function of the real variables for plotting convenience 
> f := (x,z) -> b[1]+ b[2]*x + b[3]*z + b[4]*(x)^2 + 
b[5]*(z)^2 + b[6]*(x*z):f(x,y): 
> g:=(a) -> (a-(max1+min1)/2)/((max1-min1)/2): 
> h:=(a) -> (a-(max2+min2)/2)/((max2-min2)/2): 
f1:=(u,v) ->f(g(u),h(v)): 
> expand(f(g(u),h(v))):g(u): 
> g(u):h(u): 
 
Plotting the response surface curve in 3-D 
> with(plots): 
plot3d(f1(x,z), x=100..600, z=10..15, axes=BOX, 
shading=ZHUE): 
 
Plotting the contour plot of the response surface 
> contourplot(f1(x,z), x=100..600, z=10..15, 
contours=[10,50,100,150,200,250]): 
> contourplot3d(f1(x,z), x=100..600, z=10..15, axes=BOX, 
filled=true, coloring=[red,blue]): 
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