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ABSTRACT

PRODUCTION OF ULTRA HIGH MOLECULAR WEIGHT
POLYETHYLENE (UHMWPE) / BUTYL RUBBER FIBERS VIA
ELECTROSPINNING

This research covers the electrospinning of Ultra High Molecular Weight Polyethylene
(UHMWPE) mixed with Butyl Rubber polymers. The optimum process parameters to
electrospin the blend of these polymers in certain ratios have been found out and the SEM
images of the resultant fibers were taken to comprehend the morphology. The polymers mixed
in different ratios were subjected to electrospinning under controlled parameters and the effect
of these parameters on the morphology was studied. The experiments were performed in a
manner that only one instance of the parameters was altered each time, to see the influence of
it on characterization of the fibers. The fibers obtained were of microfibers, instead of
nanofibers, due to the fact that the fiber diameter must stay lower than 100 nanometers (0.1
micrometer) and the finest resultant fibers had an average diameter of 2.20 + 0.50 pm.
Average fiber diameters have been measured by 10 arbitrary diameters and were denoted with

a deviation.
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OZET

ELECTROSPINNING YONTEMI iLE ULTRA YUKSEK MOLEKULER
AGIRLIKLI POLIETILEN (UHMWPE) / BUTIL KAUCUK
KARISIMINDAN LIiF ELDESI

Bu arastirma, Ultra Yiiksek Molekiiler Agirlikli Poletilen (UHMWPE) ile Biitil
Kauguk polimerlerinin karigiminin electrospinning islemini kapsamaktadir. Bu polimerlerin
belli oranlarda karisimlariin electrospin islemindeki optimum parametreleri ¢ikarilmis ve
sonugta ortaya ¢ikan liflerin SEM resimleri, lif morfolojisini anlamak igin ¢ekilmistir. Farkli
oranlarda karistirilan polimerler electrospinnning islemine kontrollii parametreler altinda tabii
tutulmus ve bu parametrelerin morfolojiye etkisi ¢alisilmistir. Deneyler, liflerin olusumundaki
etkilerinin goriilmesi 1icin her seferde sadece bir parametre degistirilecek sekilde
gerceklestirilmigtir. Elde edilen lifler, en incesinin ¢ap1 100 nm (0.1 mikrometre) degerinden
fazla olmasi sebebiyle nanolif degil, mikrolif olmustur. En ince ¢apli fiberlerin ortalama capz,
2.20 = 0.50 um olarak oOl¢iilmiistiir. Ortalama ¢ap Olgtimii, 10 farkli fiber ¢apindan 6lglim

alinip ortalama ve sapma olarak belirtilmistir.
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1. INTRODUCTION

Nanotechnology utilizes materials that inhere dimensions on the scale of 1/10° meter,
which is approximately 10,000 times tinier than one single average human hair. Making nano-
based materials take scientists much closer to controlling materials on the atomic scale, which
requires much more focusing than it does in molecular scale. A common unit used in
electrospinning, 1 Angstrom (A), is a frequent term used to clarify atomic scale dimensions

and is equivalent to 1 nm.

The thought of controlling materials on the non-eye visible level, especially on the
nano-level has become more than an interest in the past decades. Such materials have a useful
potential in various applications, like bio-sciences, engineering, and even avionic applications.
Even such numerous fields of interests have developed; nanotechnology still has many
questions to understand.

Nanofibers have many distinct methods used to produce (all shall be explained in the
future pages), yet, electrospinning is the the most popular amongst others. It is based on

producing nanofibers by applying an excessively high electric field between two base points.

Electrospinning was initially patented by Formhals in a series of patents taken between
1934 and 1944. This allowed him to introduce a very consistent method to produce nanofibers

[1], since it allows working on the nano scale.

Since electrospinning is a topic that still awaits many discoveries in, researches on it
have raised remarkably recently, since nanotechnology is gaining importance day by day. A
prominent amount of studies performed on electrospinning was on the production of polymer

based nanofibers under controlled parameters.



Another important specialty of electrospinning operation is that it can be taught in a
university course even in application laboratories. This aspect can make a great advantage
because it contains many interdisciplinary topics like chemistry, physics, electronics etc. for it
involves polymer-mixed solutions and chemical bondings. All these aspects and challenges
give learners an opportunity to apply their theoretical and practical engineering formations
during calculations. As a synopsis, it can be clearly stated that, teaching or studying

electrospinning is a perfect way to improve the knowledge on numerous fields.

1.1. Structure and Types of Polymers

A polymer is a molecular structure consisting of a high number of (poly-) pieces (—mer)
connected with a strong bond, the covalent bond. The single parts that form the total polymer
are called monomers and can be either same or various. This similarity or diversity names the
polymer structure either as a homopolymer (uniform monomers) or copolymer (various

monomers), as shown in Figure 1.1 [2].

Monomer Homopolymer
A A-A-A-A-A-A-A-A-A

Monomers Copolymer

A, B A-B-A-B-A-B-A-B-A

Figure 1.1. Homopolymer and copolymer [2].

The geometry of the polymeric bonds can also vary, and result with the diversity in the
chemical and mechanical properties of it such as solubility, boiling and melting point, chemical

inertia.



Apart from the mers, an important aspect for polymers is the structure of them, which

can be linear or branched type, as shown in Figure 1.2.

<
<
A-A-A-A-A-A-A-A-A A-A-A-A-A-A-A-A-A
<
Linear Branched <F

Figure 1.2. Linear and branched polymers [2].

The obtained molecules can be longer, straighter-chained, or even branched with
smaller chains protruding from the endpoint of the molecule. These branches can also expand
till they are connected with other branches to make a three-dimensional matrice. Molecular
morphology can be counted as the most important parameter in identifying the characteristics
of the polymer [3].

The size is also important and is commonly defined by molecular weight. A polymer
material has monotonic repeating mers, but if it contains various chain lengths, nominal
molecular weight should be taken into account. Usually, the more the molecular weight, the
more the strength, yet, if polymer chains go bulker, they become less workable and more

viscous [3].

Synthetic polymers are superior to natural ones and come with more options as they can
be given shape and weight in the favoured way for the propose of usage. Many of synthetic
polymers inhere the potency to dissolve or melt, which allows them to be shaped in long and

fine filaments and used in textile industry.

Fibers made from synthetic polymers built in organized structures which permits

packing and squeezing which bring better mechanical properties to the filaments. Therefore,



filaments can be produced from variable synthetic polymers that provide lightness and the

ultimate strength a polymer material can have, even more than steel [3].

Polymers have always been widely used materials since 18th century. Their unique -yet
cheap- properties keep them irreplaceable with various usage fields in engineering. Besides,
other fields where non-polymeric materials are utilized still experience clashes between

polymers.

1.2. Nanofibers and Production Methods

Nanofibers are reckoned as fibers inhering a diameter of about one micron, or less than
it. It is professionally described as structures possessing a size less than 10 nanometers.
Nanofibers were named after the dimension scale, nanometer, which is equal to 10”° of a meter.
It is approximately as large as three atoms in row [4].

Why nanofibers have attracted this much attention lately is because they can be utilized
in a very wide range like fluid filtration, biomedical applications (drug delivery, tissue
scaffold), composite reinforcements and even energy supplement. Splendid mechanical and
electronical characteristics of nanofibers ensure their compliance with aerospace, maritime and

even electronic circuit applications, like over-capable rheostats [2,3].

So far, synthetic fibers of polymers have been produced by some processes, such as

drawing, template synthesis, self-assembly, phase separation and finally, electrospinning.

1.2.1. Drawing

Drawing operation is based on the fibers that are produced by means of establishing a
contiguity with a pre-solidified polymer solution using a pointed nozzle and tracking it as a
viscous fiber. The composition is left to solidification by dehydration ensured by the large

quantities of surface/volume ratio.



The resultant fiber can be linked with another one to form a continouos fiber structure.
The process is cheap and easy, can be quickly performed. Nonetheless, allowing the drying of
the solution in such an uncontrolled environment prohibits any promotes or upgrades of the
process abstaining production of fine 3D fibers. Besides, the solid polymer gradually rises as
time elapses because of the solvent disposition. On the other hand, rapidly increasing viscosity
of the solution triggers a devastating narrowing that is the main reason of coarse fibers, which

are not favorable in polymer fiber processes [5]. Figure 1.3 illustrates the operation.

Figure 1.3. Drawing operation [5].

1.2.2. Template Synthesis

Template synthesis (or molten intercalation) is a polymer fiber production method in
which inorganic product is manufactured under a polymer media. This method allows the
production of hydroxide with dual coats. The resultant structures were nanocomposites. The
polymer component ensures the grain growth and is blockaded beneath the coates, thus forming

the polymer composite [6].

This method is not quite common although it gives the opportunity to produce treaded
nanofibers. Main cons of the process are, it is held under high temperatures and the high trend

of the extracellular matrix to consolidate, thus forming an undesired superstructure [6].

During the extracellular addition of the polymer, away from the solution the solved (and
natural) silicate gains solubility in the same solution as the one in which the polymer is soluble,



too. This causes the polymer to adhere to the surface in mixed form. Once the solvent is
discarded, the layers holdig the silica-polymer composition reunite forming fibers. This method
is mainly utilized on the production of polymers that are well-soluble in water. Recently, the

method was started to be used in polymers that are not highly-soluble in water [6].

1.2.3. Self-Assembly

Another common method used in production of polymer fibers is self-assembly, which
is based on the intercontact of the initially dispersed structures resulting with the formation of a
pattern, or singularities, in the polymer matrix in the absence of an external intervention. If the

base structures are molecules, then the process is named inter-molecular assembly [7].

1.2.4. Phase Separation

Phase separation is the process in which simply the polymer and the solvent can be
separated by means of energy-comprising methods like cooling, heating. Gibbs phase rule is

utilized in calculation of the manner through which the separation is triggered [8].

1.2.5. Electrospinning

Electrospinning is the method of aligning polymer fibers in a polymer solution applied
through an electric field in the nano-scale. The equipment used in the process is pretty simple
to install and start. The main components of the setup are; an area with an electric field
passing through, created with a high voltage source, a tank containing a solution of a polymer
and an appropriate solvent, and a nozzle from which the solvent is ejaculated in a controlled

manner.

1.2. Usage Fields of Electrospun Nanofibers

Usage fields of electrospun nanofibers are wide and diverse. In the bio-medical area,

they are applicable in tissue engineering, drug delivery and wound covering [10-14]. In tissue



engineering, which is another field, electrospun polymers can imitate the properties of the
intercellular media in the body. They also allow users to perform researches on cell
consolidation, differentiation on the small scale [10]. In wound dressing applications, polymer
nanofibers prevent unwanted contaminations due to their high surface-to-volume ratio and

pores small enough to avoid osmosis [10].

Recently, electrospun nanofibers have lured manufacturers quite a lot for they have

splendid properties and applicability in a wide range. Usage fields can be expressed as:
1.3.1. Osmosis Filtration

Due to the alignment and regular structure of the nanofibers, they remarkably
increase the filtering efficiency providing a low negative air resistance that prevents
0SMOSIs.
1.3.2. Bioengineering

Electrospun nanofibers are highly biocompatible, which means they can be permitted
by the tissue matrix, and they can be used as covers that surround the pill, drug etc. to set the
dissolution of them in a desired rate. They can also be utilized in scaffolds, tissue imitating
structures, tumor curing and wound dressing.
1.3.3. Defence and Security Industry

Electrospun nanofibers make a suitable material for both strong ad light fighting
equipment and operative military uniforms. They let air ventilation through the matrix and
can prohibit penetration of harmful chemical gas threats.

1.3.4. Other Potential Fields of Use

Conductive electrospun polymers can be utilized in decharging, dissipation and even



photoelectrical devices. Besides, they can be used in textile industry, sensors and composite
reinforce medium [2, 13, 29 and 61]. A chart explaining the usage fields of polymer

nanofibers is given in Figure 1.4.

Figure 1.4. Usage fields of electrospun polymer nanofibers.

Current and Potential Applications of Polymer

Nanofibers
Cosmetics Life Sciences Filtration Sensors Other fields
-Skin cleansing -Drug Delivery -Liquid -Thermal -Micro/nano electronic
N Filtration devies
-Skin healing _Tissue -Piezoelectric ‘
Scaffolds -Gas Filtration -LCD Devices
-Skin therapy -Biochemical )
with medicine “Wound Molecule -Functional catalysts
Dressing Filtration -F.luorescen.ce -Lightweight
optical chemical spacecraft materials

Other applications that electrospinning is useful for, are the manufacturing of
reinforced matrix-fibers for composites, and non-soakable surfaced materials in textile

engineering branch [15].



2. LITERATURE REVIEW

Since the first patent taken by Formhals [1] in 1934, roughly 60 patents were also
submitted and recorded in various sub-topics and methods of electrospinning. Just before the
recent revival of research performed on electrospinning, due to the rise in nanotechnology,
most of the earlier researches which are now reconciled with electrospinning were done in
other areas of research. Sir Geoffrey Ingram Taylor discovered that, when a polymer solution
is subjected to an electric field, where it will be exposed to high electrical forces, the droplets
form a conical shape and later becomes an electrically ejaculated jet [16]. This jet which is
taken as a geometrical characteristic in electrospinning of a constant polymer solution is
referred as Taylor Cone and is used in numerous experiments as a display of the ongoing
process. As researches concentrated more on producing nanomaterials, electrospinning

gained more importance due to its consistence in nano dial.

As scientists began to utilize electrospinning method to produce nanoscale fibers,
they marked the presence of bead-like structures along the fibers once they are removed
from the collector, where they are ejaculated upon. This fact is attributed to a capillary flow
mechanism as the solution is forced through the nozzle [17, 18].

So far, the reasons of this phenomenon were not intensively investigated, and are
supposed to occur since the system tends to reduce its free surface energy by forming these
beads. This mechanism heavily relies on the distance between the nozzle and the collector
because, if it is insufficient for these beads to distinguish from each other, beads start
forming. These beads are mainly unwanted due to their deterioration of the singular
geometry of the fiber. Besides, the beads are where viscous forces accumulate and form
notch like imperfections through the fiber. Overcoming the bead issue requires optimization
in electrospinning for bead formation is the congestion between viscous forces and the
electrical forces. In order to attain this goal, the solution must be picked carefully. Such a

nanofiber image taken under SEM media can be seen in Figure 2.1.
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Figure 2.1. Beaded nanofibers formed during the electrospinning process [19].

Fong et al. stated that these beads are a consequence of excessive surface tension in
the solution [18]. Excessive amount of surface tension intensifies the capillary effect
aforementioned. In his research, it was proven that, reducing the surface tension will

conclude with fewer beads in the fibers and increasing the radius of the fibers likewise.

Tripatanasuwan et al. ascribes the formation of these bead structures to the same
capillary effect, yet, added that the moisture in the ambient where the process takes place
may trigger a raise in the evaporation of the solution thus leading the formation of beads
[17]. In the same ambience, if moisture is increased, the density of the beads was observed to
increase, too. The same study also indicated that, surface tension is not the unique parameter
in the formation of beads.

Tripatanasuwan et al. also showed the effect of moisture on the formation of the
beads if other parameters like voltage, ejaculation rate, distance between the nozzle and the
collector, and viscosity are held under control.

Nevertheless, by raising the space between the collector and the nozzle, altering the

speed of the jet and keeping the mass rate of the flow, all can highly influence the
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evaporation of the solver liquid in the polymer solution during electrospinning.

Another important discovery on electrospinning is the fact named whipping. As the
solution is forced onto the collector, the liquid component evaporates thus leaving the sole
polymer behind. During this evaporation process, the jet experiences a spiring. Up to now,
many researches were performed to understand why whipping occurs and model it to predict

the parameters causing [20, 21].

In Yarin et al. tried to foresee the quantity of whipping due to the distortion effects of
the electric field and the air in the ambiance. This research stated that, the whipping
geometry is heavily based on the evaporation of the liquid solvent and the solidification of

the polymer on the collector screen.

A figurative study was made by Hohmann et al. and new parameters like Rayleigh
instability, electrical disturbances, on occurring of whipping were introduced [23]. Figure

2.2 displays the whipping phenomenon during a spinning operation

10 mm

Figure 2.2. Whipping in a polymer being electrospun [11].
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After bead formation and whipping phenomena were discovered, studies on
electrospinning proceeded with utilization of different polymers solved in different solvents.
In 2003, Huang published an article containing the list of more than 45 polymers with
miscible solvents that had been electrospun including the testing variables and
implementations of the products up to then [24].

Scardino et al. have made a research on electrospinning in 2000 and acquired a patent
containing a newly introduced process type that allows producing hybrid/composite thread.
The fibers produced had radii changing from 0.2 to 1 nanometer were exposed to air suction
operation and afterwards joint with a carrier fiber to form linearly assembled threads [26].

Another prominent contribution to electrospinning literature was made by
Baumgarten in 1971. He researched the correlations between fiber geometries, polymer
solution viscosity, capillary effects, mass flow rate and Taylor cone degree. He worked on
the electrospin processing of acrylo-nano based fibers. The research stated to produce

nanofibers with less than 1 micron in radius [27].

A cooperative research by Larrondo and Manley in 1981 applied the parameters that
were calculated their unique effect on the process, on polyethylene and polypropylene based

solutions. Later, the specimens produced were exposed to a mechanical test [28, 29]

In 1995, Doshi and Reneker studied the impacts of various parameters on the fiber
geometry of PO (Polyethylene Oxide) based solution [30].
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3. EXPERIMENTAL

3.1. Experimental Setup

Illustration of a common electrospinning device is given in Figure 6. This basic setup

consists of three parts.

3.1.1. AC/DC High Voltage Supplier

Generates high rates of electrical potentials needed to spin the fibers. Carries two
distinct electrodes of one is positive and one is negative loaded. The positive electrode is
attached to the nozzle and the negative one is attached to the collector surface. This enables
electric forces to be applied upon the jet.

3.1.2. Nozzle

Consists of a capillary tube from which the solution is ejaculated with a desired
speed, onto the collector surface. The speed —and thus, the rate- can be adjusted simply from
the pump supplying the solution to the nozzle. The nozzle can be oriented either vertically or
horizontally, depending on the structure of the fibers desired [31]. Also, additional nozzles

are possible to utilize. This allows obtaining composite fibers, which is a distinct topic.

3.1.3. Collector Surface

The surface where electrospinning ends. On the collector is a cover that facilitates
removal of the electrospun polymer from the surface. The cover is commonly an aluminum
foil, which is used in the experiments of this thesis, too. The collector can also be variable. It
can be deployed either horizontal, or vertical. Horizontal deployment results with randomly
distributed fibers whereas vertical deployment allows directional-oriented, aligned and fine

fibers, which exhibits much more different properties than the previous one. Dynamic
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collectors are also applicable in this process, like rotating drums, cylinders and discs. Figure
3.1 illustrates an electrospinning device.

Polymer
. solution
\
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Syringe Pipette
Metering
Pump Taylor cone
High Voltage & tCttilllet'torS:ctx;een :
otating or Stationa
¢—— Supply g ry

Figure 3.1. lllustration of an electrospinning device [32].
3.2. Performance of the Process

The process occurs in four phases. In the first phase, the polymer solution emerges
the nozzle with a pre-set speed. Secondly, the aforementioned phenomenon, whipping
occurs. In the third phase, splaying occurs on the solution due to the charging in the
polymer. Finally, in the fourth phase, the sole polymer, where solvent has evaporated from,
adheres to the collector [26].

If an electrostatical force is implemented via a high voltage source, upon the system,
an electrical field occurs at the edge of the nozzle on which the polymer solution is kept by
means of surface tension. The collection of charges in the edge triggers a repelling which is
in the opposite direction of the surface tension. The more the voltage is, the more the force
that repels the polymer outwards. This repelling brings a repulsion ending with formation of
a conical structure at the tip of the polymer drop. This phenomenon is called Taylor cone and
is illustrated in Figure 3.2 [20].
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Figure 3.2. Taylor cone formed during electrospinning [68].

Taylor pointed that, a conductive liquid drop exposed to an electric field remains in
statical equilibrium with an angle of about 49.3 degrees. Many recent researches state that
Taylor Cone is valid under specified circumstances. Another cone angle of 33.4 degrees
have been measured and calculated via both applied and theoretical methods, under
threshold electric field [29]. When the repulsion force overcomes the surface tension, the
drop of the solution leaves the nozzle, just at the value of Taylor Angle which forms the

Taylor Cone.

The jet undergoes a short stabilization interval, but then, obtains a complex, spire-
like displacement (whipping) and finally starts the unstable portion of the movement. During
this unstable portion of the movement, the liquid co-forming the solution evaporates, leaving
the polymer fibers behind. The process ends with the collection of the fibers on the collector

surface on which the negative alligator clip is attached.

As stated before, the polymer jet forms right after it overcomes the adherent stress,
the surface tension. In fact, a smooth jet form is formed on the sub-surface on the Taylor

Cone.

The stable liquid jet keeps this stability till a distance [34]. This straight route is

tracked by an area which is alike a liquid flowing from a laminar to a turbulent type,
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meaning the flow is complicated an unstable. This unstability is modeled in three ways [27].

The well-known Rayleigh instability happens at a low charging flux, giving the flow
an axially symmetrical shape. The latter axially symmetric instability that is admitted as a
transmission mode takes place at certain high electrical fluxes.

One other instability occurs during whipping, because of the ruffling in the field
charge distributions. These instabilities align the polymer jet and cause a strain resulting
with elongation of the fibers in cross-sectional area. The solution jet then follows a
contoured space [34]. Once the contour is shaped, the jet keeps on twisting as much as
possible; before it reaches the collector. Jet expansion occurs in this portion of the
ejaculation [28, 33]. Then, the individual jet seperates into numerous other sub-jets before
they arrive on the collector screen. In this portion of the movement, the flux carried by per
jet is the same, and dispersed equally thus leading a uniform radius in each fiber section.
This induces the fibers to be fine and subtle. As stated before, the fibers accumulate on the

screen and are mainly aggregated as nonwoven filaments [35].

Wannatong et al. stated in their article that, there are six major types of forces
influencing the formation of nanofibers, during electrospinning [37]. They concurred that

these forces are:

o Gravitational (or body) force

o Electrostatic forces affecting from atop the nozzle and to the collector screen

o Columbic force which is the main reason of the bending in the charged jet

o Visco-elastic forces, which acts in the opposite direction and attempts to minimize

the effects of the Coulombic forces
. Surface tension induced forces

. Friction forces

In electrospinning, these parameters are grouped and examined in different topics.
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The actual sub-classes of parameters are to be checked in the later sections of the research.

As stated before, this research paces within the change of these parameters.

3.3. Parameters of Electrospinning

There are numerous parameters that and affect the fibers during the process. They can

be classified in 3 arch-reasons:

o Polymer solution related parameters
. Process parameters
o Ambience related parameters

Conductivity of the solution, surface tension, dielectric effect, concentration of the
solution and polymer chaining structure, volatility of the solvent —which means how easily
the solvent evaporates), are the parameters based on the solution. Voltaic difference (applied
voltage or the electrical potential), solution velocity (directly related to the mass rate),
diameter of the nozzle, distance between the nozzle and the collector surface, and the

geometry (or dynamicity) of the collector surface are the processing parameters.

Ambience related parameters can be expressed as the ambient temperature where
process occurs, humidity, air velocity in the ambience, pressure, and atmosphere around [2,
13, 29, 33].

3.3.1. Polymer Solution Related Parameters

These parameters are the major parameters effecting on the morphology of the fibers
produced. All sub-parameters shall be elaborately examined.

3.3.1.1. Conductivity of the Solution. Common solvents utilized in electrospinning process

mainly inhere a very limited amount of free electrons roaming, thus their conductivity is
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very limited. In electrospinning, the process can only be launched if the solution possesses
sufficient charge to overcome the surface tension that holds the polymer solution still.
Reciprocal repellent forces cause the polymer solvent jet to be tightened and this reciprocal

repelling rises as the amount of charges on the jet surface rises.

Adding ions improves the conductivity. This improvement may help production of
fibers without beads (as shown before) since tightening has increased and to some extent, a
decrease in fiber diameter can be monitored. For example, electrospinning of a well-known
polymer, Polystyrene (PS) has been researched in eighteen different types of solvents [38].
Finally, it has been found out that, type and conductivity of the solvent are major parameters
in identifying the fiber morphology.

Solvents with reasonable conductivity values have been observed to be more eager to
be electrospun, than those with zero conductivity. Chemically, it has been found out that,
adding inorganic salts (i.e. NaCl, LiCl and MgCl,) improves the conductivity of a polymer
solution [39]. Once these additives are in the solvent, conductivity exhibits a monotonous
rise, yet, the diameter of the resulting fibers is observed to be higher after addition. The
major cause of this rise is the increase of the visco-elastic force in the solution. In contrast
with inorganic salt additives, organic ones contributed to the shrinkage in the fiber diameter.
Conductivity of the polymer solution was observed to increase swiftly with the addition of a
small amount of salt, but the viscosity and the surface tension remained constant whereas

viscosity and surface tension remained constant [40].

PAA (Polyacrylic acid sodium salt) and PAH (Polyallylamine hydrochloride) were
combined to study the effect of electrolyte additive to poly (ethylene oxide) (PEO) based
solutions [41]. Adding PAH and PAA triggered a rapid rise in the solution conductivity
bringing an improvement in the fibers, which had become finer and straighter. Meanwhile,
the effect of the solution conductivity upon morphology was not so influential. The diameter
of the fibers underwent a limited shrinkage from 0.35 to 0.2 nanometers and this decrease
kept under a threshold value since the nominal diameter of the fibers was not straight-related

to the conductivity. Beaded fibers can be eliminated by addition of a small portion of
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cationic surface active compounds (surfactants). Additive of these substances also increases
the conductivity of the solution. This change can be observed from the increase in the
nominal charge of the jet. This strengthens the bending of the jet during electrospinning of
PS and UHMWPE [42].

As a conclusion, improvement of conductivity of the solution can be achieved by
adding highly conductive liquid substances (i.e. solvents) or surface active compounds and

also setting the Ph value of the solution.

3.3.1.2. Surface Tension. Complying with the definition of tension, surface tension is

expressed as the force exerted upon the plane of the surface per length.

In electrospinning, the polymer solution must satisfy a threshold amount of charge to
overcome the surface tension which restricts the spinning operation by forcing the droplet to
adhere the nozzle. During the process, beaded fibers can be observed to form through the
diameter due to the effect of the surface tension. As a remedy, there are many methods to
reduce the surface tension value. The first method is to balance it using solvents with low
surface tension characteristics. Beads were observed to grow in water/PEO solution [25].
Adding ethanol (C,HsOH) in the water/PEO solution greatlydecreased the surface tension of

the polymer solution and unbeaded, uniform PEO fibers were spinned.

The same effect was also studied by Fong et al. [43]. Fong and his team determined
that, bead formation is highly effected by the wvalue of surface tension. PVP
(Polyvinylpyrrolidone) dissolved in N - DMF (normal - Dimethylformamide) triggered bead
formation as they have high values of surface tension. Moreover, fine and smooth fibers
without beads were spotted in PVVP/Ethanol solutions, with less surface tension value.

Another effective method is to add surface active compounds which are highly likely
to decrease the surface tension. Zeng et al. utilized indissoluble surface active compounds in
their study [44]. On the other hand, adding miscible (thus, soluble) surfactants improved the

rate of fiber formation, by minimizing the fiber diameter. However, indissoluble surfactants
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were much more efficient at shrinking the diameter [42].

3.3.1.3. Dielectric Effect. Dielectric materials are materials that do not or very slightly

conduct (insulation) electricity, yet, they promote electrostatic field effectively. In
electrospinning, polymer solutions with higher dielectricity are favorable due to the
reduction in bead occurrence and amendment in fiber morphology (i.e. finer fibers). The
correlation betweenthe diameter of the produced fiber and dielectricity of the solution were
examined at the end of this research and it has been concurred that, fibers produced using

solvents with higher dielectricity were finer in diameter [41].

The higher the dielectricity of the solution, the higher charge density is. This triggers
an increase within the charges through the jet. The jet bends more easily if the charge flux is
increased, beyond the electrical potential. This helps explain obtaining fibers with less beads
and less diameter. Besides, utilizing a solvent with higher dielecricity boosts bending
instability. Dielectricity has a prominent effect on fiber formation. The relation between

fiber formability of the resultant fibers and dielectricity is exponential [37].

3.3.1.4. Viscosity, Concentration and Chain Entanglement. Viscosity is the reluctance to

flow of a fluid. Many parameters influence the viscosity value of a fluid. The mains factors

are, molecular weight, chain entanglement, temperature of the liquid and concentration.

Molecular weight directly affects the viscosity. The same polymer having different
molecular weight has different viscosities, the higher it is, the higher the other. Molecular
weight has to have a suitable value to regulate the viscosity of the solution otherwise, fiber

formation may not occur due to the lack of formation of continuous jets.

Continuous jets can only form under suitable chain entanglement conditions, which
are directly related with the length of the polymer that is determined by the molecular weight
of it. A secondary affect of entanglement is the formation of beads along the fiber. Shortly,
the more the molecular weight, the more the chain entanglement and thus, the more viscosity

and fiber formation.
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Temperature of a fluid is also another major parameter on viscosity. Considering a
honey, (a highly viscous and well known fluid) if it is kept in a fridge, it becomes less eager
to flow, meaning more viscous. Otherwise —if kept in a warmer ambience- it is more easily

to pour it into the bowl. Summarizing, the more the temperature, the less the viscosity.

Increasing the concentration of a solution is another way to increase the solution
viscosity for it means the presence of polymer molecules increase in a volume. Increasing
the concentration exhibits nearly the same way with increasing the molecular weight of the
polymer. Concentration also influences entanglement. At higher levels of solution
concentrations, viscosity increases, refraining bending instabilities. This results with

accumulation around a smaller area with fibers having higher diameters.

At low levels of viscosity, chain entanglement diminishes and surface forces become
more effective during spinning, and resultant fibers are more eager to have beads. On the
other hand, at high viscosity levels, jets can bend totally and finer, un-beaded fibers form.

This phenomenon can be seen in Figure 1.4.

High viscosity also causes the jet to separate into sub-jets that form finer fibers.
Besides, feeding the polymer solution to the system becomes harder and dehydrating may be
observed at the edge of the nozzle. Figure 3.3 illustrates resultant electrospun fibers with

distinct viscosities.
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Figure 3.3. Change of bead formation with respect to viscosity [23].

In their research, Jarusuwannapoom et al. detected beads at low concentration
intervals [38]. They figured out that, the more the concentration of the solution, the more the
diameter of the resultant fibers and the less the bead formation along the fibers. It was also
stated that, the nominal diameter of the resultant fibers has an exponential relation with

respect to the viscosity [39]. This exponential equation is termed as:

d=88.7 + 0.804 exp (0.00137p) (3.3)

Where, d is the nominal fiber diameter in nanometer (nm) and w is the dynamic

viscosity in centipascal (cP), belonging the polymer solution utilized in the experiments.

It is specified that, if the viscosity of the solution is raised, so does the size of the
beads, but the bead formation in the resultant fibers reduces. In the end, the morphology of
the beads invert to needle-like shape from spherical shape [25]. During the research, it was
also monitored that the bead density falls at high amounts of viscosity [45].

In another research, Koski et al. researched the effect of chain entanglement on fiber
and bead formation [46]. It was fount out that, more than 2.5 entanglements for each chain is

suitable to form stable fibers. They also used six PVAs (Polyvinylalanine) having different
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molecular weights between 9 x 10° and 186 x 10° during the process and saw that, in per
sample; a threshold concentration was needed to obtain stable fibers [47]. On the other hand,
another result was concurred, which stated that, increasing the solution concentration ends

with decrease in fiber density and resultant fiber morphology alters to flat from distorted.

3.3.1.5. Volatility of the Solvent. Another prominent aspect in electrospinning process is the

volatility of the solvent. Because electrospinning is based on rapid evaporation of the solvent
and adhering of the polymer onto the collector screen, volatility of the solvent affects the
rate of evaporation of the solvent. Volatility contains sub-parameters that play role on it.

They can be expressed as:

o Boiling point of the solvent

o Specific heat capacity

o Thermodynamic properties (i.e. enthalpy)
o Rate of the heat radiated from the supply
o Interaction of molecules in the solvent

o Surface tension

o Air aspiration above the liquid boundary [13]

Volatility of the solvent also plays an important role in determining the
characteristics of resultant fibril forms produced via electrospinning. During the process, the
solvent starts to evaporate just when it leaves the nozzle, until reaches the collector. To
ensure fibrous structure, the solvent must evaporate before it reaches the collector. Beyond
this, if the solvent retains on the collector, the resultant structure becomes wet fibers or thin
rod-like films [13, 29]. It is also alleged that, volatility affects the formation of gaps, pores
through the fibers [48, 49]. A reduce in volatility ended with finer fibre surfaces, yet,
solvents having low boiling point are favourable due to the their improved evaporation. In
their research, Matthews et al. preferred a volatile solvent with low points of boiling [50].
They concluded that, volatility of the solvent plays an important role on fibre morphology.

Swift evaporation can trigger spiral, well routed fiber formation [31].
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3.3.2. Process Parameters
Process parameters also play role in the electrospinning process, yet, they are not as
effective as polymer related ones. They can be admitted as exterior forces exerted upon the

system.

3.3.2.1 Applied Voltage. Applied voltage is the main parameter which defines the rate of

charge that flows through the system thus, it is taken as important. In the electrospinning,
there is a threshold voltage after which electrostatic forces overcome the surface tension,
resulting with the spinning mechanism to activate [50]. Threshold (or criticial) voltage is
directly related with the surface tension of the solution and are correlated in a linear manner
[51]. The shape of the drop at the edge of the nozzle can be altered by raising the amount of
the applied voltage. The more the applied voltage is, the more the charges passing through
the jet are. Raising the charge triggers a speed-up in the jet and more solution can be spun.
Raising the voltage also allows to obtain finer fibers, shrank in diameter. By supporting a
high amount of charge with a highly-volatile solvent, even dry fibers can be produced.
Under some conditions, with solutions lacking high amounts of viscosity, compensation with

high voltage can cause multi-jet occurrence. By this way, finer fibers can be produced.

Bead formation is also highly dependant on the applied voltage. Mainly, the higher
the voltage, the more beads through the fibers, yet, icreased bending of jet results with fewer
beads through the fibers [38]. At low voltage intervals, because of the poor electrostatic
force, it may take longer for the fibres to travel from nozzle to the collector. This ensures
obtainment of finer fibers. Wang et al. studied the correlation between the jet cone diameter
and the fibre diameter and interpreted the influence of potential difference [52]. They found
out that both the jet and the fibre diameter reduced slightly. On the other hand, an improved
chain sequence was observed as voltage was increased. In another research, a relation
between the voltage and diameter was obtained and it was stated that, fibers got coarser

when the voltage is altered from 5 kilovolts to 25 kilovolts [53].
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3.3.2.2. Feed Rate. Feed rate (or flowrate) is the parameter that expresses the amount of the

solution ejaculated onto the collector per unit time. Fiber formation can be kept under
control by altering the feedrate. It determines the shape and occurrence of the Taylor cone.
Furthermore, it also plays role on bead formation and fiber shape. A raise in the flowrate
may end with an increase in fiber radius and bead dimension. Simply; the more the feed rate,
the more the amount of the polymer electrospun. This results with the need of more time for
removing the excessively wet polymer on the collector as the solvent will not have sufficient
time to evaporate and leave the sole polymer behind. Residue solvent can distort the fibrile
structure and the result may be and undesired complex polymer structures, which make of no

use.

3.3.2.3. Distance Between the Nozzle and the Collector. Another prominent parameter in

electrospinning process is the distance for it determines how long and far the solution shall
travel from the nozzle to the collector. If it is set too low, then the solution will lack enough
time to evaporate from the polymer and wet solution accumulates on the collector. The result
may be consolidated non-fibril polymers with distorted interface due to the residual solvent
in the media whereas, short distances may trigger an increase in the magnitude of the electric
field.

In the adverse case, when the fistance is kept longer, the solvent can find enough time
to leave the solution and jet bending can occur before it arrives across yet, too much

increasing also causes a drastic formation of beads and the value of the density [38].
In his research, Wang et al. studied the correlation between the distance and the
diameter of the jet on Polystyrene (PS) and concurred that the distance and the jet diameter

has an inverse relation [52].

3.3.2.4. Type of the Collector. The regular material used in electrospinning to collect the

spun fibers on the collector is an insulator and is mainly a piece of aluminium foil for it is a
highly qualitative conductor material. The reason why conductive materials are used on the

collector is that they help maintain the voltaic stability between the nozzle and the collector.
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Otherwise, the fiber formation may be disrupted and the process can fail. Conductive
materials also lure more jets, which mean an increase of the fiber deployment on the
collector. Porous or non-conductive materials can be used as on-collector gatherer but the

result may be non-aligned fibers, like combs heavy intersections.

On the other hand, rotating disks or moving surfaces can be utilized, too. This
triggers the aligned fiber formation mechanism and resultant fibers become finer. Although
it sounds more favourable, it is not applicable to all types of solutions for it requires higher

surface tension to adhere the rotating media.

3.3.2.5. Nozzle Diameter. Another important aspect to interfere the fiber parameters in

electrospinning is the nozzle diameter for it plays a prominent role in ejaculation speed and
feed rate. As expected, a reduction in the nozzle diameter ends with higher speed. This

causes a significant decrease in:

o Coagulation
o Formability and Density of the Beads
o Fiber Diameter

A reduction in the nozzle means an increase in the surface tension that holds the
polymer on the nozzle, preventing ejaculation and thus, spinning. In accordance with this,
more electric charge is required to force the droplet to leave the nozzle. In case the charge is
not tuned to a higher value, the polymer will be able to find more time to release its solvent
(evaporation) and accumulate on the collector. However, too much decrease in the nozzle
diameter is not a desired change as it prevents the formation of droplets more and more [13].
Zeng et al. researched three distinct capillary effect of the changing of the diameter and
concluded that, increasing the nozzle diameter triggered a rise in the voltage to overcome the
threshold value and expansion of the fibers along the diameter, ending with coarser fibers
[56].
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3.3.3. Ambience Related Parameters
Ambience related parameters still remain unclear for there have not been too much
studies made on it. The process is heavily related to the ambient parameters like the air

pressure, moisture and temperature.

3.3.3.1. Ambient Temperature. Since temperature is a dominant parameter on viscosity and

evaporation time of the solvent, it also affects the process quite a lot. In warmer ambiences,
the solvent can be disposed off the polymer much easily than cooler ones. On the other hand,
less viscous polymers -due to the warmer environment- can be spun quicklier and formation
of finer fibers is assured. High temperature levels also triggers chain formation in the

polymer [56].

3.3.3.2. Moisture. Higher humidity comes along with more water droplets in the air and can

cause osmosys and drill pores along the polymers, especially when more volatile charactered
solvents are used. The higher the humidity, the higher the amounts of damp and so are the
rate of pore formation. According to the research made by Casper et al. the data are given in
the Table 2 [57].

Table 3.1 Changing of pore diameters with respect to the moisture rate [57].

Moisture range Range of the Pore Diameters Nominal Pore Diameter
(percentage) (nm) (nm)
31-38 60-190 85
40-45 90-230 11
50-59 50-270 115
66-72 50-280 135

Moisture where electrospinning is performed has a significant effect on fiber
morphology for it directly triggers pore formation, especially if highly volatile solvents are

used. Another important parameter that moistuire is directly related to is evaporation rate. In
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higher moisture levels, evaporation of the polymer solution gets harder. This eventually

leads to wet-fiber disposal upon the collector, causing a distortion in the resultant structure.

3.3.3.3. Ambient Pressure. The influence of the pressure to the process can be expressed in

two sub topics of which first is the case when the pressure is lower than the atmospheric
pressure values. Under these circumstances, the polymer solution in the feeder is more prone
to expansion in blister forms and may not be suitable for the operation because of the
prevention of the charge from meeting the polymer [13, 58, 59]. To overcome this effect, if

the solution feedrate is tuned to a higher value, the operation may result with wet fibers [56].

3.3.3.4. Ambient Gas and Air Circulation. Altering the air conditions and surrounding gas

may have influential effect in the electrospinning operation. Like in gas filled bulbs,
different atmospheric gases exhibit different behaviors under an electric field. For example,
if the process is held under helium atmosphere, a total fail occurs because of the breakup of
Helium. Use of another fluid, CFC Fr - 12, causes the fiber diameter to be twice than it is
electrospun in the air. Also, CFC Fr - 12 causes the fibers to sub-branch from the master
fibers [13, 60].

Another atmospheric gas, SFs (Sulphur Hexaphloride) was studied by, Greiner and
Wendorff during electrospinning of PA (Polyamide). Resultant fibers of 900 nm were
obtained, which can be counted as very fine fibers [61]. Air circulation is another prominent

parameter pending further data [62].
3.4. Materials Used in the Process
3.4.1. UHMWPE
Ultrahigh-molecular-weight polyethylene (UHMWRPE) is a linearly branched very
high density polyethylene (PE) having a molecular weight (M,,) between 2.3 x 106 and 16.3

x 106 Daltons (1 Da = 1.660538921x10"%" kg). It has a unique compound of both physical
and chemical properties and inheres the highest abrasive resistance of any thermoplastic
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material, unusually high impact strength even at very low temperatures, a very low friction
coefficient and high lubricative properties. Besides, it has unique dielectricity and stability
for electrospinning [69]. Chemical structure, properties and mechanical properties of
UHMWPE are shown in Figure 3.4 and Table 3.2.
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Figure 3.4. Structure of a UHMWPE mer

Table 3.2. Chemical and mechanical properties of UHMWPE [70].

Property UHMWPE
Molecular Weight (10° g/mole) 3.5-75
Density (g/cm®) 0.945
Melting Temperature (°C) 132-138
Poisson’s Ratio 0.46
Specific Gravity 0.925-0.945
Tensile Modulus of Elasticity (GPa) 0.5-0.8
Tensile Yield Strength (MPa) 21-28
Tensile Ultimate Strength (MPa) 39-48
Tensile Ultimate Elongation (%) 350-525
Impact Strength, 1zod (J/m of notch; 3.175 mm thick specimen) | >1070 (No Break)
Degree of Crystallinity (%) 39-75

UHMWPE can be produced with various ways like melt solution spinning, sol-gel
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process, melt deformation and electrospinning [71, 72]. The most palpable data has been
acquired via spinning of gel particulates of UHMWPE [73]. UHMWPE can be processed
through three steps, beginning from a UHMWPE ased solvent, resulting with fine and tough
fibres. The first step comprises crystallization of the polymer to form single crystals as much
as possible. After this, the second step which is based on formation of patterns in fibrile
crystallic manner (shish kebabs) is applied [UHMWPE]. The final and the most important
step is the drawing of the resultant fibres to obtain evenly-distributed and ultra strong
crystals [74].

Today, super-strong and ultra-tough UHMWRPE fibres are manufactured by a method
inaugurated in 1984 [75]. In this method, a well-agitated solution of UHMWPE (ratio varies
2-10 wt %, solubility of the solvent and UHMWPE must comply or be close) is drawn in
high temperatures like 150-160 °C such that the polymer can form intermediate-products,
which are fibrile scaffolds. These intermediate-products must be drawn in a ratio varying
from 4-30 [UHMWRPE]. The final approximate mechanical properties of these fibrile
strucutres are mainly: a tensile strength of 1.5 GPa, a Young Modulus of 140 Gpa, and a
tensile strain of 0.2% [75].

So far, the most palpable research on electrospinning of UHMWPE was performed
by Rein et al. in Israel Institute of Technology by 2006. Before this research, electrospinning
of a highly-dense Polyethylene (PE) was declared [76]. The mechanical properties of the
resultant scaffold fibres came close to medium-patterned polyethylene were o; = 1 MPa and
E = 60 Mpa [76].

This research was performed to manufacture fine UHMWPE nanofibers, but as a
difference from previous (and scarce) studies, it has utilized a new co-polymer, Butyl
Rubber, to mix with UHMWPE.

3.4.2. Butyl Rubber

Butyl rubber is a sort of inorganic, artificial rubber. It is expressed as an elastomer,
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which inhere very high elastic/plastic strains. Butyl rubber is synthesized by polymerizing
approximately 97 wt% isobutylene and 3 wt% of isoprene. The resultant polymer is PIB
(polyisobutylene), which is highly leakproof [78]. The density of butyl rubber is 0.863
glcm®. The chemical bonds and structure of butyl rubber polymer, where n is the
polymerization coefficient, is provided in Figure 3.5.

Figure 3.5. Chemical structure of a butyl rubber mer.

Butyl rubber has been electrospun only few times. One wide research on
electrospinning of butyl rubber was performed by Goktas [79]. Due to its compatibility in
chemical wear coating applications and favourable mechanical properties, it suggests itself
as a good option for electrospinning. A prominent research on butyl rubber was performed
by Viriyabanthorn et al. They studied the importance of carbon addition parameters on the
shape of the resultant fibers [80]. In their research, four distinct sorts of carbonic loading
were applied on the polymer which was solved in THF (tetrahydrofuran). In the research,
well-distributed fibers were rarely acquired in the absence of carbon addition in the solution.
The team concurred that, the more the amount of carbon in the solution, the less beads and
more formability of the fibers. Another study on effects of carbon addition during the
electrospinning of butyl rubber was performed [81]. In the research, butyl rubber toughened
with sulphur was mixed with different weight percentages of carbonic components, solved in
THF. The solution was ejaculated at a rate of 1 mililiter per minute and fibers were collected
on the drum screen. Finally, it was found out that, further addition of carbonic matters
triggered a decrease in the fibre diameter, by reducing the viscousity and the electrical

conductivity of the solution.
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Butyl rubber was preferred to be mixed with UHMWPE due to its close chemical

properties with it and was presumed to form a good reinforcement for the resultant fibers.

3.4.3. Tetrahydrofuran (THF)

The solvent is tetrahydrofuran, which is highly soluble with UHMWPE and butyl

rubber. The chemical structure and properties are provided in Figure 3.6 and Table 3.3.

O

Figure 3.6. Chemical structure of Tetrahydrofuran [THF].

Table 3.3. Chemical properties of Tetrahydrofuran [THF] [81].

Chemical Property Value
Density (at ambient temp, g/cm®) 0.882
Molecular Weight (g/mol ) 72.43
Melting Point (at sea side, °C) -108.5
Boiling Point (at sea side, °C) 65.5

Viscosity (at ambient temp, (Pa.s) | 0.48 x 107

3.5. Experimental Procedure

3.5.1. Preparations of the Solutions

UHMWPE was bought from Sigma Aldrich, with serial number 429015-250G in 2
items. When it came, UHMWPE was stocked in two 250 g polyethylene bottles and was in

powder state and weighed approximately 224 grams when weighed in each bottle which was

later weighed to be 26 grams.
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On the other hand, Butyl Rubber was bought from Pro’s Chemical Inc. with serial
number J3300-Polyisobutylene. The product came in two 500 ml glass bottles in liquid state,
as colorless as water. Because Butyl Rubber must contain 97 wt% Polyisobutylene solved in
3 wt% Isoprene as described in Experimental section, some Isoprene was required to solve it
therein so, the Isoprene needed was bought from Sigma Aldrich with serial number 119551 -

500 ml. It was bottled in a 500 ml red sure seal bottle and was in powder state.

Finally, the solvent THF was bought from ESP Chemicals with serial number T5113

and arrived in a sure seal container and colorless as water.

As the polymers and the solvent were ultimately obtained, deciding how to evacuate
them from their bottles and mixing were the challenges that were met. Initially, due to the
scarcity of these valuable polymers, some preliminary experiments were decided to be made
with very limited amounts to determine the electrospinning parameters between which they
give good results. At this point, it was decided to electrospin each polymer in THF with
surfactant NaCl, with different parameters when one single syringe was connected to the
system at one experiment, to avoid unnecessary wasting of them. In consistence with this,
the amount in a syringe that was exposed to electrospinning was decided to be 20 gr for each
experiment. The weight ratios for each substance in per experiment were decided to be the
following, in consistence with the weight ratios stated in the sources 26, 27, 28, 29, 30, 79,
80, and 81.

o UHMWPE : 12%, 15%, 20%
o BR: 6%, 12%, 18%, 22%, 25%
o NaCl: 1% (in all solutions)
At this point, the preparation of the first polymer, Butyl Rubber started. In order to

achieve this, a total reserve of 20 gr of Butyl Rubber was decided for preaparation, referring

to the weight ratios above, for the initial experiments because a 20 gr of solution with the
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Butyl Rubber weight percentages given above would total:

20 gr * (6% + 12% + 18% + 22% + 25%) = 18.6 gr (3.5a)

For Butyl Rubber inheres 97 wt% Polyisobutylene and 3 wt% Isoprene, 19.4 grams
of Polyisobutylene and 0.6 grams of Isoprene were needed. For it was in liquid state,
Polyisobutylene was poured from one of the bottles in which it was purchased, into 100 ml
glass sample container in the desired weight which came 19.4 grams after slowly addition by
a vacuum pipette. During this, the container was positioned on a digital weighing machine
after the tare weight of it was entered. The sensitivity of the weighing machine was 0.001

gram.

Just then, Isoprene was prepared to mix with Polyisobutylene to form the ultimate
Butyl Rubber that would be electrospun. To achieve this, the initial Isoprene bottle was
opened and a little amount of the content was sucked into another vacuum pipette. After this,
the Isoprene droplets were started to be poured into the glass sample container that was filled
with 19.4 grams of Polyisobutylene in the previous step. The final weight displayed in the
weighing machine was 20.00 grams with sensitivity 0.001 gram. Finally, this solution was
positioned on a stirrer and was stirred for 2 hours on a digital flywheel magnetic stirrer that
was set to 700 rev/min, to guarantee the mixing. The vacuum pipettes were cleaned using
ethanol, by sucking it into them and waiting for 1 hour. During the experiments, as any of
the stirring operation was over, the stirrer bar in the solution was removed with a pair of

stainless steel tweezers.

By the time the stirring of Butyl Rubber started, the preparation of UHMWPE had
begun. UHMWPE and THF had to be mixed as homogeneous as possible before they were
sucked into the syringes. Apart from Polyisobutylene, Isoprene and THF, UHMWPE had
come in powder state. Although it could have been dissolved in THF easily with the size of
the powders in the bottle it arrived, and with the same calculation manner as that of Butyl
Rubber’s, 10 grams of UHMWPE were decided to be smashed manually in plastic garlic

muller for 5 minutes to ensure a more effective mixing, after it was weighed in a plastic
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sample container. After the operation, the smashed powder was kept in the same sample

container of which lid was closed. UHMWPE was now ready.

As the stirring operation of reseve Butyl Rubber continued, the reserve UHMWPE
was decided to be mixed with THF to initiate the experiments, so it was now the time to add
THF in the prepared UHMWPE powders. Because THF arrived in its sure seal package in
liquid form, it would have easily been added using the same vacuum pipettes that were

cleaned with ethanol after usage.

The reserve NaCl was easily prepared by using a pack of commercial salt and
smashing optically enough amount of it in the same garlic muller for another 5 minutes. The

smashed NaCl powder was put in a plastic sample container.

3.5.2. Preliminary Electrospinning Experiments

The first preliminary experiment with UHMWPE was picked to be performed with
12 wt% of 20 gr, which meant 2.4 grams of UHMWPE was needed. From the reserve
powder of UHMWPE, 2.4 grams of powder was put in a glass container and 0.2 gram of
smashed NaCl was added on it afterwards. Finally, this mixture of the two powders was
poured into the THF solution that weighed 17.4 grams. During weighing, the tare weight of

the container was added into account.

Before this raw solution could be electrospun, it had to be exposed to a stirring
operation to ensure a homogeneous solution as much as possible. To achieve it, the container
that had the solution was stirred in the same stirrer for another 2 hours at 700 rev/min. When
it finished, the solution in the container was totally sucked into a 25 ml syringe and was
positioned on the electrospinning pump unit after it was connected to a polyethylene cable of
which end was attached to the nozzle. The syringes were purchased from a pharmacy and
were of single-use. The filled injectors are ensured to be safe by closing the safety clip on

the pump.
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The flat collector surface was also covered with a commercial aluminum foil to

facilitate the removal of the collected fibers thereon.

At this crucial point, the other parameters —distance, rate and voltage- had to be
adjusted. It was decided to alter the parameters manually during the process and detect the
most stable flow of the solution optically. So the test started with 100 mm distance, 10 kV

voltage and 1.5 mm®/s, the optimal process parameters.

Under these circumstances, the polymer drops were seen to be very eager to drop
down the nozzle because of both low rate and voltage because of a great accumulation of

polymer solution down the nozzle. This had two causes:
. The voltage was too low

. The viscosity was too high due to high weight percentage of THF

To overcome the first problem, as the experiment continued, the rate of the pump was
altered to 1.0 mm?®/s and a limited recovery at dropping was seen, yet with very wide, unstable
and shattered ejaculation geometry onto the surface even without forming a Taylor Cone, due
to the reasons mentioned above. That is why, firstly the voltage was gradually increased to 15
kV during spinning and the ejaculation geometry was seen to have recovered to a more, yet not
totally, stable cylinder. After 7 minutes, having nearly half of the syringe consumed, the
mechanism was shut down safely and the aluminum foil on which the spun fibers were
ejaculated was removed by hand and disposed. Then a new aluminum layer was put onto the
surface to repeat the experiment with the following data: 12 wt% UHMWPE in a distance of
100 mm, voltage of 15 kV and rate of 1.5 mm®s. To overcome the viscosity problem, this
preliminary experiment was repeated for 15 wt% and 20 wt% UHMWPE, word for word, and
step by step with the same process parameters (100 mm, 15 kV, 1.5 mm?/s) as it was made for
12 wt%. As a difference, 15 and 20 wt% UHMWAPE exhibited the following geometry and

structure of the flowing behavior. These were the main criteria how the parameters were
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determined.
o 15 wt% : A tangling and unstable Taylor Cone, more stable flow geometry
. 20 wt% : Stable Taylor cone

3.5.3. Results of the Preliminary Electrospinning Experiments

All these preliminary experiments were performed to see the morphology of
UHMWPE fibers under the same conditions and determine the suitable interval of parameters.
When each experiment was over, the aluminium foils on which the spun polymer layed was
removed in a circular pattern via a stainless steel kitchen knife and was put in a plastic sample

container, to be photographed under SEM.

The SEM utilized was ZEISS EVO MA 10- Tungsten filamented and had 500 — 30
kV voltage supported with SE, BSE, EDX and VPSE.

80 pm EHT =8.00 kV Signal A = SE2 Date 11 06¢ 2013 ZEISS
WD =5.00 mm Photo No = Oztan1 Time : 11:18:27

Figure 3.7. SEM image of 12 wt% UHMWPE.
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80 um EHT =8.00 kV Signal A = SE2 Date : 11 Dec 2013
WD =5.00 mm Photo No = Oztan1 Time :10:08:26

Figure 3.8. SEM image of 15 wt% UHMWPE.

20 pm EHT =8.00 kV Signal A = SE2 Date : 11 Dec 2013
WD =5.00 mm Photo No = Oztan1 Time : 09:42:58

Figure 3.9. SEM image of 20 wt% UHMWPE.
According to these images, it can be inferred that:

Under constant process parameters, the diameters of UHMWPE fibers tend to shrink
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when weight ratio is increased.

o The less the weight percentage of UHMWPE, the more the viscosity forces that cause

the beading which can be seen from the images.

Having learned about the initial information about the optimum parameters of
electrospinning for only UHMWPE, it was now time to determine the same parameters and
compare the morphology of Butyl Rubber samples with those of UHMWPE, with different
weight percentages. Because the components of Butyl Rubber, Polyisobutylene and Isoprene
were more in the stock, than UHMWPE, the weight ratio parameter was expanded to a bottom
limit of 6 and upper limit of 25 to determine the optimum weight ratio with respect to the
morphology of the samples. On the other hand, the process parameters were also kept the same
(100 mm, 15 kV, 1.5 mm®s, 20 grams of solution in single syringe) as the preliminary
experiments done with UHMWPE in order to make a second comparison between these

polymers.

For this, the recently-stirred Butyl Rubber sample was mixed with 1 wt% NaCl as 6,
12, 18, 22 and 25 wt%. A second 2-hour stirring with 700 rev/min was also performed when
THF was added to each sample.

As soon as the stirring operations were over, the mixtures were sucked into the 60 ml
syringes in all experiments, to avoid any unexpected coagulation or precipitation. So, the Butyl
Rubber mixtures were subjected to electrospinning just as they were sucked in the syinges,
too. The first Butyl Rubber sample with 6 wt% was prepared as follows:

. The amount of Butyl Rubber in the syringe = 1.2 gr

. The amount of NaCl in the syringe = 0.2 gr

. The amount of THF in the syringe = 18.6 gr
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All these weighing operations were performed the same way as UHMWPE, and the
setup was prepared with the same process parameters as UHMWPE, which are a distance of
100 mm, voltage of 15 kV and rate of 1.5 mm®/s. This was decided because of the proximity of
the viscosities of these two polymers which will play the main role once the process
parameters are fixed [70, 78]. During the experiments made for each of the Butyl Rubber

solution, the conditions of Taylor Cone and ejaculation are as follows:

6 wt% Butyl Rubber: Highly unstable Taylor Cone formation due to the crossings in

flow geometry and rapid dropping down the nozzle.

o 12 wt% Butyl Rubber: More stable Taylor Cone formation yet, unstable flowing

dropping which is less than 6 wt%.

o 18 wt% Butyl Rubber: Almost stable Taylor Cone formation and stable flow. Taylor
Cone shooke for a few degrees during spinning.

. 22 and 25 wt% Butyl Rubber: Clearly stable Taylor Cone formation and stable flow.
All seemed quite fair.

In conclusion with all these experiments, it was inferred that Butyl Rubber exhibits the
same behavior as UHMWAPE: The more the weight percentage, the more stable flowing
conditions. Once the preliminary Butyl Rubber experiments were over, it was not taken as
crucial to get the SEM images of the samples because the process parameters and the spinning

behavior were exactly the same as each other.

After these operations, it was now time to launch the main experiments in which the
polymers shall be ultimately mixed and the electrospinning behavior was to be inspected
along with the morphology of the spun fibers. Mixing of the two polymers can be performed
by two ways.
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Conventional mixing, like in preliminary experiments, the polymers and the solvent
can be blended ina container and then sucked into one single syringe that shall be
connected to the pump and perform the spinning. This method was not preferred mainly
because the volume of the polymer mixture would exceed a maximum of 25 ml by twice and
would require a much bigger syringe, which would complicate the connection to the pump.
On the other hand, obtaining such a big sized syringe would be difficult compared to the
little ones utilized in the preliminary experiments. Also, if the operation might have delayed
somehow, this method might cause material wasting due to congelation in the syringe

because of long time elapsed.

Dual syringe mixing that involves the mixing of the polymers that were fed through
two distinct syringes connected to the same pump. The mixing occurs in the multi-inlet
nozzle to which the syringes are connected via polyethylene cable. This method was suitable
because it eliminates the disadvantages of the conventional method. As a drawback, it
requires two syringes so, is more expensive. During these main experiments, the preparation
operations are performed exactly, step by step the same way as the preliminary experiments.
The minor differences are the connection of both syringes onto the pump at the same time
and the synchronization of the ending of the stirring times to spin them when are as
homogeneous as possible. On the other hand, the major difference is that the weight
percentage of UHMWPE was fixed to 20% in all experiments to determine the behavior of
the altering Butyl Rubber weight percentage with respect to the constant one of UHMWPE.
This was decided because the electrospinning behavior of Butyl Rubber was more
predictable referring to the results of the preliminary parameters. As stated there, Butyl
Rubber exhibited similar behavior even under distinct weight percentages like 18, 22, and
25. On the other hand, UHMWPE exhibited a less predictable behavior for weight
percentages of 12, 15, and 20, of which 20 wt% was the suitable one. All these reasons

compel to fix the weight percentage of UHMWPE to 20.

3.5.4. Experimental Setup

The setup utilized in the process is as illustrated in Figure 3.10.
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Feeder Pump
Dual Inlet Mozzle

Al foil

BR Syringe Parallel Syringes

T

. Taylor Cone
UHNWPE Syringe

Fibers

+
J: High Voltage Device Collector Screen

Figure 3.10. Illustration of the test equipment used in the experiments.

The device utilized has two syringes which are connected to a nozzle with dual inlets.
The screen is covered with an Aluminum foil to facilitate the removal of the fibers. The
positive edge of the alligator - clipped high voltage cable is attached to the tip of the nozzle
whereas the negative side is attached to the collector screen to form the electrical field needed
to spin the solution. Finally, the high voltage device is grounded to the soil with a copper stick.

Finally, the illustration of the dual - inlet nozzle is provided in Figure 3.11.

Figure 3.11. Illustration of the dual — inlet nozzle used in the experiments
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Three of the aforementioned parameters were studied in the experiments. The

process was performed under constant ambient conditions (1019 hPa ambient pressure, 22

°C temperature).

The solvent and the polymer were mixed also in the ambient temperature, to keep the

viscosity forces high and the voltage requirement low. Table 3.4 given below summarizes

the values and the types of the parameters altered during each experiment. The results of a

total of 18 experiments are reported in the results section.

Table 3.4. Summary of the parameters altered in each experiment.

Applied Voltage (kV) | wt% (BRIUHMWPE) | Feed Rate (mm?®s) Distance (mm)
25/20
10 22/20
25/20
15 22120 1.65 100
25/20
20 22/20
Distance (mm) Wt% (BRIUHMWPE) | Feed Rate (mm®s) | Applied Voltage (kV)
15/20
80 18/20
15/20
100 18/20 1.3 15 kV
15/20
150 18/20
Feed Rate (mm®/s) wt% (BR/JUHMWPE) Distance (mm) Applied Voltage (kV)
15/20
083 18/20
15/20
1.3 100 15 kv
18/20
15/20
1.65

18/20
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4. RESULTS AND DISCUSSIONS

This chapter contains the images of the electrospun fibers taken under SEM, and the

correlation of the parameters varied during the experiment process.
4.1. Applied Voltage

The first process parameter that was examined is the influence of the voltage applied
on the system. For this, the other two parameters — distance and feed rate — were kept
constant at, by turn, 100 mm and 1.65 mm?®/s. Afterwards, the applied voltage was set to
three values; 10, 15 and 20 kV; and finally, the operation was performed. After receiving the
SEM images, it could be stated that the fiber dimensions decreased by increasing voltage.

Figure 4.1 and 4.2 provide the SEM images of the resultant fibers.

~ ,.,-- )

10 pm EHT =8.00 kV Signal A = SE2 Dats 12 Dec 2013 ZEISS
F WD = 5.00 mm Photo No = Oztan2 Time :10:16:29

Figure 4.1. SEM image of 25/20 wt% (BR/UHMWRPE) electrospun under 10 kV.
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=
EHT =8.00 kV Signal A = SE2 Date : 12 Dec 2013 ZEISS
WD =5.00 mm Photo No = Oztan2 Time : 10:18:04

Figure 4.2. SEM image of 22/20 wt% (BR/UHMWRPE) electrospun under 10 kV.

Summarizing the images provided above, Table 4.1 gives the correlation between the

solution types and fiber diameters.

Table 4.1. Correlation of concentration and fiber diameter electrospun under 10 kV

Solution Type Nominal Fiber Diameter (pum)
Wt% 25/20 (BR/UHMWPE) 10.30 = 2.00
wt% 22/20 (BR/UHMWPE) 12.20+2.10

As for the operations performed under 15 kV with two different solutions, the SEM

images are provided in Figures 4.3 and 4.4.



‘-‘wm EHT =8.00 kV Signal A = SE2 Date : 12 Dec 2013 ZEISS
— WD = 5.00 mm Photo No = Oztan3 Time :10:36:55

Figure 4.3. SEM image of 25/20 wt% (BR/UHMWRPE) electrospun under 15 kV.

Spm EHT =8.00 kV Signal A = SE2 Date : 12 Dec 2013
I WD = 5.00 mm Photo No = Oztan3 Time : 10:31:24

Figure 4.4. SEM image of 22/20 wt% (BR/UHMWRPE) electrospun under 15 kV.
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In the same manner, summarizing the two images provided above, Table 4.2 gives the

correlation between the solution types and fiber diameters.
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Table 4.2: Correlation of concentration and fiber diameter electrospun under 15 kV.

Solution Type Nominal Fiber Diameter (um)
25/20 430=+1.30
22/20 7.20+2.10

The final solutions exposed to electrospinning under 10 kV exhibit the following

morphology, they are given in Figure 4.5 and 4.6.

EHT =8.00 kV Signal A = SE2 Date : 13 Dec 2013
WD =5.00 mm Photo No = Oztan3 Time : 16:01:22

Figure 4.5. SEM image of 25/20 wt% (BR/UHMWPE) electrospun under 20 kV.
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5pm EHT =8.00 kV Signal A = SE2 Date : 13 Dec 2013
WD =5.00 mm Photo No = Oztan3 Time : 15:56:37

Figure 4.6: SEM image of 22/20 wt% (BR/UHMWPE) electrospun under 20 kV.

These results are summarized in Table 4.3.

Table 4.3. Correlation of concentration and fiber diameter, spun under 20 kV

Solution Type wt% (BR/JUHMWPE) Nominal Fiber Diameter (um)
25120 2.40 £+ 0.60
22/20 3.20+0.80

4.2. Distance between Nozzle and Collector

The second parametric analysis was performed to see the results of altering the
distance between the nozzle and the collector. To see the effects, the other two parameters,
applied voltage and feed rate were kept constant at, namingly, 15 kV and 1.3 mm?®/s. The
varying parameter, distance was adjusted to 80, 100 and 150 mm. The polymer solutions
used in the processes are 18/20 (BR/UHMWPE) and 15/20 (BR/UHMWPE). Figures 4.7 to

4.12 illustrate the morphologies.



20 pm EHT =8.00 kV Signal A = SE2 Date : 17 Dec 2013
— WD =5.00 mm Photo No = Oztan6 Time :13:21:45

20pm EHT =8.00 kV Signal A = SE2 Date : 17 Dec 2013 ZEISS|
[ WD =5.00 mm Photo No = Oztan Time : 13:38:52

Figure 4.8. SEM image of 18/20 wt% (BR/UHMWPE) electrospun at 100 mm.
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EHT =8.00 kV Signal A = SE2 Date : 17 Dec 2013
i WD =5.00 mm Photo No = Oztan8 Time : 14:02:37

Figure 4.9. SEM image of 18/20 wt% (BR/UHMWPE) electrospun at 150 mm.

20 pm EHT =8.00 kV Signal A = SE2 Date : 17 Dec 2013 ZEISS
f WD =5.00 mm Photo No = Oztané Time :10:08:22

Figure 4.10. SEM image of 15/20 wt% (BR/UHMWPE) electrospun at 80 mm.
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2 - S
. .
20 4m EHT =8.00 kV Signal A = SE2 Date : 17 Dec 2013
WD =500 mm Photo No = Oztan6 Time : 10:18:46

Figure 4.11. SEM image of 15/20 wt% (BR/UHMWPE) electrospun at 100 mm.

20 um EHT =8.00 kV Signal A = SE2 Date : 17 Dec 2013
I WD =5.00 mm Photo No = Oztan Time : 10:33:29

Figure 4.12. SEM image of 15/20 wt% (BR/UHMWPE) electrospun at 150 mm.

o1

In accordance with the SEM images provided above, the nominal fiber and the nominal

bead diameters are provided along with the processin Table 4.4.
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Table 4.4. Correlation of Concentration, Distance, Fiber and Bead Diameters, electrospun
under 15 kV and 1.3 mm?/s.

Solution Distance | Nominal Fiber Diameter | Nominal Bead Diameter
Type(BRIUHMWPE)|  (mm) (um) (pm)
15/20 80 2.20+£0.50 60 + 40
15/20 100 3.10£1.00 40 + 30
15/20 150 5.10+2.00 25+15
18/20 80 2.80+£1.20 80 + 60
18/20 100 2.40 +£0.90 45+ 25
18/20 150 5.60 +3.50 20+ 10

4.3. Feed Rate

The final process parameter examined is the feed rate, and was accomplished by
fixing the subsidiary conditions at 15 kV and 100 mm. The reason why these values were
picked is due to the smooth formation of the cone and the regular flow geometry that occurs
between the nozzle and the collector plate. On the other hand, the feed rate values must be
selected carefully so that no excessive solvent drops flow down to the ground from the tip of
the nozzle. Otherwise, the flow geometry is deteriorated and the viscous forces start
approaching the electrical forces, endangering the spinning operation. Another danger that
must be avoided is the possibility of the electrical arc formation between the nozzle and the

collector.

Taking these measures into acoount, the feed rate values were altered in three steps,
0.83 mm%s, 1.3 mm®s and 1.65 mm®s for two different polymer blends, 15/20
(BR/JUHMWPE) and 18/20 (BR/UHMWPE) due to the decent flowing geometry between the
nozzle and the collector. The SEM images of the resultant fibers are provided in Figures 4.13

to 4.18, and are summarized in Table 4.5.
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EHT =8.00 kV Signal A = SE2 Date : 23 Dec 2013
""" WD =5.00 mm Photo No = Oztan18 Time :10:08:44

Figure 4.13. SEM image of 18/20 wt% (BR/UHMWPE) electrospun with 0,83 mm?s.

108m  EHT=800kV Signal A=SE2 Date:23Dec 2013
I WD =5.00 mm Photo No = Oztan18 Time : 10:02:55

Figure 4.14. SEM image of 18/20 wt% (BR/UHMWPE) electrospun with 1,30 mm?®/s.
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Y %
EHT =8.00 kV Signal A = SE2 Date : 23 Dec 2013
WD =5.00 mm Photo No = Oztan18 Time : 10:25:01

Figure 4.15. SEM images of 18/20 wt% (BR/UHMWPE) electrospun with 1, 65 mm?®/s.

EHT =8.00 kV Signal A = SE2 Date : 25 Dec 2013
WD =5.00 mm Photo No = Oztan23 Time : 11:32:09

Figure 4.16. SEM images of 15/20 wt% (BR/UHMWPE) electrospun with 0,83 mm?®/s.
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EHT =8.00 kV Signal A = SE2 Date : 25 Dec 2013 ZEISS
WD =5.00 mm Photo No = Oztan23 Time ; 11:24:13

Figure 4.17. SEM images of 15/20 wt% (BR/UHMWPE) electrospun with 1,30 mm?/s.

EHT =8.00 kV Signal A = SE2 Date : 25 Dec 2013
WD =5.00 mm Photo No = Oztan23 Time :14:18:22

Figure 4.18. SEM images of 15/20 wt% (BR/UHMWPE) electrospun with 1,65 mm®/s.
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Table 4.5. Correlation of concentration, feed rate and fiber diameters, electrospun under 15 kV

and 100 mm.
Solution Type wt% Feed Rate (mm®/s) Nominal Fiber Diameter (um)
(BRIUHMWPE)
15/20 0.83 8.50 + 3.70
15/20 1.30 7.60 +3.40
15/20 1.65 16.10 +7.20
18/20 0.83 5.00 +0.50
18/20 1.30 6.20 +2.20
18/20 1.65 8.10+5.70
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5. CONCLUSIONS

Ultra High Molecular Weight Polyethylene / Butyl Rubber fibers that were produced
in the experiments yielded with diameters between 2.40 and 16.10 pm. In compliance with
as it was stated in the introduction chapter, the fiber diameters exceeded 100 nm, which is
the limit condition to be counted as nanofiber so the resultant fibers cannot be counted as

nanofibers. Instead, they are taken as microfibers.

Because the majority of the materials were like the ones in Goktas’s studies, apart
from the usage of UHMWPE in this study, the evaluation can be performed as a comparison
among the two studies. Due to the great affinity of the densities of UHMWPE and
Polystyrene, which Goktas used in his experiments, the resultant fiber morphologies seen

under SEM were close, too.

On the other hand, the results of the other significant study on electrospinning of
UHMWPE fibers, which was performed by Rein and his team, showed great differences
from this study. The main reason why such a difference occurred is that Rein utilized two
different and very volatile (and surface tension reducing) solvents to regulate the viscosity
(thus the surface tension) in the solution, which are Cyclohexanone and P-Xylene.
Utilization of these solvents allowed Rein’s team to keep the UHMWPE weight percentages
in much less ratios than the ones in this study. Another reason why such huge difference in
weight percentage values is the alteration of temperature in Reins’s study, where the
UHMWPE mixtures were heated up to 130 °C, causing a significant reduce in viscosity,
whereas this study utilized solvents in ambient temperature. Al at all, the SEM images taken

in Rein’s studies stayed well above the nano limit, 100 nm.

The effects of the three major process parameters on the morphology of the resultant
fibers were also studied. For each parameter, the change of fiber morphology is provided in
the figures 5.1 to 5.5.
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According to the figure, nominal fiber diameter values decreased, meaning the fibers

got finer, as applied voltage was increased. Secondly, as the concentration was increased, the

resultant fibers got coarser. The results totally comply with the theory.
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Figure 5.2. Change of nominal fiber diameter with distance.
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Taking the results for both solutions into account, the fibers got coarser and the beads
got finer as the distance was increased. The results partially comply with the theory for finer
fibers were expected. The main reason why such a congested result was obtained is the
proximity of viscous forces to electrical forces required for formation of the Taylor cone.
Thanks to this proximity, the fibers could not get finer in diameter but yielded with finer
beads that have a less threshold value for formation. On the other hand, due to the activation
of bead formation mechanism because of the higher surface tension forces, beads formed and
complied with the theory. The secondary reason why this occurred is the conductivity of the
solution. It might have been increased by either adding more NaCl, or more qualitative salts,
like LiCl. As a result, the fibers could have been exposed to more electrical forces, thus

overcome the viscous forces more easily.

Goktas’s studies yielded with finer fibers, which had a minimum fiber diameter of
about 0, 76 um. Apart from the results in this thesis; he did not observe significant diameter
changes when the distance was altered. Utilization of CuCl; as surfactant also caused minor
differences in Goktas’s thesis. Since no other surfactants were added in this study,
alternative surfactant mixtures still remain an undiscovered issue for Butyl Rubber and
UHMWPE.
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As for the results of the feed rate parameter, 18/20 solutions exhibited an expected
behavior; meaning as the rate was increased, the fibers got coarser for they were travelled
from the nozzle to the screen in a less time, which caused them to be exposed to electrical
forces for shorter times, so the results are expected. Meanwhile, the 15/20 solution exhibited
a partially expected behavior, meaning it yielded with finer fibers for 10%, as the rate was
increased thus belying the theory at first sight, but then gradually got coarser for twice and
complied with the theory. With the informational background introduced in this thesis, this

result cannot be explained, giving the weak link of the study.

The experiments in this thesis were performed only with single pump on which two
parallel syringes were mounted, meaning both polymers were ejaculated with the same feed
rate. Connecting one more pump with a distinct rate could give more theory — complying
results, due to the different Taylor Cone thresholds required for different polymers, thanks to
their distinct viscosities. Such a modification in the experimental setup is sure to improve the

spinning performance, giving more decent spinning geometries.
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