ABSTRACT

BOLAND, BRENTON DAVID. ManipulatingFlow Rate andonic Conductivity inUnconfined

Melt Electrospinning and thEffect onFiber andSpinningMorphology(Under the directiomf

Dr. Laura Clarke and Dr. Jason Bochirski
This dissertation explores experimental techniques for manipulating the spinning
parameters in melt electrospinning from an unconfpagethylendilm and characterizes
the morphology of the spinning process and the resultant fibleissis a desirablareaof
research because of the usefulnessnadll thermoplastidibersin applications such as
filtration. It was observed that decreasing the film thickness decreased the fiber size and
increased the fraction of subicron fibers. A theoretical powendeof 1/3 was confirmed
between the flow rate per jet and fiber diamdtétewise,a theoretical power law 61./6
was confirmed for the electric field dependence of the fiber diameter. An anisotropic
treatment of the jet wavenumber was established and showed good agreement with
observed valueA nanosecond pulsed dielectric barrier discharge in humid air was also
used insitu as away to manipulate ionic conductivity without use of additives. The
discharge utilized a cylinder to plane geometry with thigrper film and spinning plate
serving as the ground electrode. A decrease in fiber diameter was observed with increasing
pulse repetition rate and a model connecting pulse rate to ionic conductivity of the polymer
melt wasproposed.Using the relationships established in this wbetween the fiber
diameter and the flow rate and electric field as well as the relationship to conductivity
established by previous work it was concluded that a change in conductivity was the most
plausible explanation for the dease in diameter with pulse rate. Limitations of the work

are discussed and future directions for research proposed.
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Chapter 1

My work for this dissertation focused on optimizing a form of polymer preltessing,
unconfined melt electrospinning, used in the production of thermoplasticfinesn We seek to
understand the relationship of the resultant fiber diameter with the spinning parameters of flow
rate, applied electric field, and ionic condudiviunderstanding these relationships and how to
manipulate these parameters will help facilitate the production efngcion mesefibers.

There are many applications for polymer mébers ranging from filtration to drug
delivery due to their exceptional surface area to volume tatidghese fibers can be produced
through a variety of processes such as melt blowing, fiber drawing, and electrospinrihg.
application of filtration is of particular interest because of looming clean water shortages, air

pollution, and air borne pathogens suclsARS CoV-2*+°8

1.1 Meso fibers in filtration applications
Filters are typically formed by nonwoven overlapping fibers forming a matrix. If viewed

as a twedimensional object one can imagine this matrix as a plane with pores of a characteristic
size. A fluid is forced through the matrix with large solid parti¢lasyer than the characteristic
size) being unable to pass ($égure 1-1). The smaller the pore the smaller the solid particles it

can remove.



Figure 1-1 A two-dimensional representation of a filter. The filter material (e.g. Aibsos) is in blue and the pores are white.

The fiber diameter has been marked on all three diagrams. A black spherical particle has been included to demonstrate how it
would beunable to pass through the pore. It is clear that less fluid can pass through the filter if the pore size decreased (going
from a) to b)). However, if the fiber diameter is decreased then the fraction of usablgectitss increases significantly (going

from b) to c)).

While a small pore is often desirable, the flow for a given pressure differential across the
filter is limited by the fraction of the filter surface area devoted to pores. As the size of the pore
decreases relative to the matrix cross section the fraafithre total crossectional area available
for flow also decreases (Figurella)b)). If instead of keeping the fiber diameter fixed, a smaller
fiber diameter is used this results in a smaller fraction of the-sext®nal area devoted to the
matrix (Agure x1.b)c)).) thus allowing higher flowrates while maintaining small pores. In
practical terms a higher pressure is needed for filtering smaller particles (because of the need to
push fluid through the smaller pores), but when reducing pore sizergy smaller fibers, this
effect is mitigated. In applications where pressure is the limiting factor, such as masks, faucet
filters, and personal water filters, smaller fibers allow for smaller pore filters without dramatic
pressure increase’.

While physically blocking contaminants can be an effective way to purify a fluid, other
contaminants can be removed through adsorptigxdsorption is the process by which a molecule

within a fluid adheres to the surface of a solid and is an important process for removing



contaminants (e.g. carbon dioxide, metal ions, etc.) from a fluid. For a given volume of filtration
medium the amount of contaminant it can remove will be proportional to the surface area of that
medium. If we consider fibrous filters a smaller fiber ditanavill provide a higher fiber surface

area to fiber volume ratio as fiber surface area scalesvhge fiber volume scales as and thus

the ratio will scale by . Adsorption by mesdibers can utilize norspecific effects, use of a
charged polymer such akitosad or the incorporation of active additives such as metal organic

frameworks®. In all cases, the high surface area to volume of the fiber is the key property.

1.2 Melt processes for mesdibers
As mentioned above, one limitation for filtration applications is the pressure required for

achieving a desired flow rate. The minimal pressure can be lowered by decreasing the matrix cross
sectional area, but pressure is also commonly raised to ach&weddéow rate. Thus a durable
matrix with good mechanical properties is needed for any filtration application. Fibers will be
subjected to stress both by the fluid pressure differential and by internal and external forces from
handling, shipping, etc. Ts, it is desirable to construct filter fibers from highly entangled
polymers because thégve robust physical properttésA consequence of being highly entangled

is insolubility or poor solubility in common solvents. This makes melt processing desirable for
producing mesdibers.

Some common examples of industrial forms of melt processing for the production of fibers
are fiber drawing and melt blowing. Fiber drawing involves extruding polymer though a spinneret
(typically a needle like orifice through which the polymer melt isueded) to form an initial fiber
thickness and then elongating it through mechanically applied tension from a spool or through a
centripetal force. Fibers produced through this method are typically on the opd&ris &',

Melt blowing on the other had can produce fibers on the order of U &making it a common

choice for producing nonwovens such as fiterds the name suggests the fibers in this process

3



are elongated by viscous, compressive and inertial forces caused by rapidly moving hot air
Abl owno along the path of extruded polymer. T
the polymer forming a fiber that is collected downstream. Whilensigibon fibers have been

reported, the production of submicron fibers is still and open problem particularly for high

viscosity polymers such as polyethylene where fibers are typically on the ofderdf ot2.
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Figure 1-2 A diagram of traditional electrospinning. Fluid is pushed through the spinneret at a controlled rate. As it exits the
spinneret it is subjected to an electric field due to the voltage difference between the spinneret and the collectemsttiod dr

fluid into a conget before being deposited on the collector as a fiber. A close up of the cone region has been included to show the
dramatic thinning due to the cone profile.

A third melt process for the formation of meflwers is melt electrospinning represented
in Figure 1-2. Traditionally melt electrospinning involves extruding molten polymer from a
spinneret and using a strong electric field to thin and elongate the fiber. This thinning happens in
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a twostep process. A nerero, but relatively low number of ionic charge carriers result in the
polymer melt acting as a poor conductor. This conductivity allows the melt to partially screen an
applied electric field by moving charges to its surface. Assalt an electrostatic pressure normal

to the surface forms, which is ultimately balanced by surface tension. This balance and the
breakdown of screening far from the melt bulk, lead to a fluid shape referred to asjetéohe

15The cone results in rapid thinning of the polymer until it is ejected from the tip of the cone

in the form of a jet. After transitioning to a jet the charged polymer continues to elongate

from the electric stress before solidifying and being deposited on@llector.

Melt electrospinning is particularly of interest as a way to produce mestibers
because the success of its solution phase analog, solution electrospinning, in the consistent
production of nanofibers'416.17 and because of the accessibility due to the low capital load
relative to melt blowing 6. The particular form of melt electrospinning explored in this
dissertation, unconfined melt electrospinning (which consists of two metal plates, a heat
source, and a single high voltage source), is particularly accessible by removing the need for
an extruder and also benefits from other advantages over traditional melt spinning such as
a lack of spinneret clogginép.

Unconfined melt electrospinning uses a similar process to traditional melt
electrospinning in that fibers are formed through congets, however it differs in how these
cone jets arise. Instead of extruding a polymer out of a spinneret the polymer melt itaped
on a stationary spinning plate in an unconfined film. The process of drawing a conductive
fluid with an electric field has been well studied%23. In the case of Unconfined melt
electrospinning, an electric field formed from high voltage draws the film towards a collector

elongating the melt as a sheet. The increase in surface area of the film is resisted by surface



tension leading to the formation of regularly spaced protrusions in a process analogous to
gravity driven Rayleigh instabilities (e.g. fingering in paint)?4 These protrusions then serve

as sites for the formation of congets which produce the fibers.

N
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Figure 1-3 A diagram of unconfined melt electrospinnitfduid ispulled from the plate by electrostatic forces that form from the
voltage difference between the heated spinning plate and the collector. As the fluid leaves the plate, the surfacsisentien re
thinning and protrusions form as the electric field andace tension compete. These protrusions serve as sites for the formation
of conejets which thin and cool as they are drawn towards the collector where they are deposited dsdibsesup oftie cone
region has been included to show ttemsition from protrusion to cone jet



1.3Unconfined melt electrospinning and fiber diameter
Because most of the cofet thinning happens in the cone region, understanding the

transition from cone to jet is necessary for the production of smaller fibers. This transition can be
understood through the leaky dielectric model of Taylor and Mefthed that was later extended

by Saville who tackled the problem using electrokinétida this framework we treat the polymer

as an ohmic conductor with a charge relaxation timé of -- j II wherell is the conductivity

and- the dielectric constant. As long as the polymer at the surface is moving slowly this timescale
is much faster than that of the fluid and thus the electric field is screened, however as the fluid
approaches the tip of the cone it accelerates and theifnedcale approaches that of the charge
relaxatiort®>1>2>26 When this occurs, the polymer can no longer fully screen the field and thus the
field is no longer perpendicular to the surface of the cone. This results in the cone experiencing
increasing tangential stresses due to the electric field causing a tratsiéi jet emitted from the

tip of the cone. After this transition the charged jet continues to experience a force from the electric

field as it is drawn towards the collector and elongated before being deposited on the &biféctor

N\

Figure 1-4 A diagram of an idealized cone jet transition. The total electric field of the cone and applied electjicsfigrdwn
in red and the fluid velocity in blue The radius , at which the fluid timescale becomes faster than the charge relaxation time
scale and the cone transitions to a jet, has been labeled.



Various parameters have been observed to affect the fiber diameters produced through
electrospinning. Through experiment it has been established that the electric field, fluid flow rate,
conductivity, and viscosity affect the final fiber diameter melt tedspinning!*272® In the
relatively common case where the fiber diameter is related to the jet diameter by a constant drawing
ratio, the resultant fiber diameter can be predicted from the diameter of the polymgtairibe
cone to jet transition, . To understand this transition, it is informative to look at the theory on
the electrospraying of low conductivity viscous fluids. Electrospraying differs from
electrospinning in that the fluid is not entangled and thus the fluid easily breaks up pitisdro
due to Rayleigh instabilities in the jet region. However, the cone to jet transitions in the two
processes are described by similar dynamics and the focus on low conductivity viscous fluids is

pertinent to melt electrospinning of thermoplastic maltark by Hguerapredicted thai
depended on the flowrafe , conductivity[, electric fieldO, and viscositys:
s7T 5 7x7 (1-1)
i T
{70
In a system with many jets, we distinguish the total flow rate through all jetsl0 |, the flow

rate per jet which depends on beétfand the number of jets. Equatiph-1) motivates the main
goals of this dissertation: manipulation of the flow rate, electric field, and the conductivity as ways

to decrease jet and thus ultimately fiber diameter.

1.4Flow rate and fiber diameter
The effect of flow rate on fiber production has been extensively studied in traditional

electrospinning (both melt and solution phase) via control of the flow through a spinneret by
adjusting the pressure of the metering pump. For examm@gelgkiexperimentally observed for
a variety of solvent polymer mixtures that fibers produced from solution electrospinning increase

in size and diameter spread with flowrates above the minimum flow rate required for



electrospinning. A relationship betweelower total flow rate and smaller fiber diameter was also
observed in melt electrospinning using a linear slot spirffievgtich is similar to an unconfined
configuration because multiple jets form and organize spontaneously but different because the
flow is still controlled by a pump. Fiber diameter decreased when total flow decreased (while the
number of jets was held egively constant) and when the number of jets was increased (while the
total flow rate was held constant). This serves as compelling evidence for manipulating flow rate
per jet as a way to decrease fiber diameter in unconfined melt electrospinning.

Unlike spinning using a spinneret, in unconfined electrospinning the polymer film is in
equilibrium with the atmosphere thus pressure cannot be explicitly controlled, limiting the ability
to manipulate the flow rate. As we discovered through my resdatilowrate in particular
unconfined configurations can depend on the thickness. AkmeWn solution to the viscosiy

limited flowrate of a thin film with a volumetric force (such a gravity) is

5o 2
Here"Qis the thickness of the film arithe volumetric force. Decreasing the film thickness will
decrease the total flow rabeand thus decrease for a given number of jets. In principal the
flow rate could also be decreased by decrea$idpich in electrospinning is a force due to the
electric field. Howeved is not just dependent on the total flow ratebut also on the number

of jets which is itself dependent on the electric field.

1.5Conductivity and fiber diameter
The second strongest powspendence of the jet radius is on the ionic conductivity. The

chemistry of ionic conductivity can be quite complicated depending on the number of different
ionic species, the relative density, and how they interact with each other and the fluid, but in

general the ionic conductivity of a fluid is enhanced by the introduction of more ions. This

10



relationship between ions and conductivity can be described simply witNethmest Einstein

equationfor individual ions

Il Q)_Y 0O

where R} is the ion chargelQ the Boltzmann constantythe temperaturéQ the diffusion
coefficient, and the ion number densifit.The diffusion coefficient is typically similar for small
ion species such as metal ions and the charge q also will be of the ofdehusd for a given
temperature an effective approach for enhancing conductivity of insulating melts is the
introduction of more ions.

Polymer melts can either be engineered to be conducting (such as those with weakly bound
metal ions) through the addition of functional groups such as metal ligdhdisthrough doping
with additives. Examples of additives used in electrospinning to enhance conductivity include
ionic liquids', salt$* used in solution spinning, or in the case of polymer melts, ste&r&dhe
relationship between conductivity and fiber diameter has been studied in both solution phase and
melt phase.

Angammana and Jayardor example used a NaCl salt to modify the conductivity of a 5
wt% PEO/water solution and saw around a ~60% drop in fiber size with a ~240% increase in ionic
conductivity** reported by Sheoran to betal6 power dependant®A decrease in fiber diameter
has been observed in melt electrospinning with the addition of stearates and stearate based
commercial additive packag€$®47°C, In a traditional melt electrospinning configuration with
spinneretMalakhovfound that the addition of 10 wt% sodium stearate increased the conductivity
of polyamide6 melt by an order of magnitude and resulted in a decrease in the average fiber
diameter from¢ @ to p&zp® ‘ «°. Similarly, Sheoran observed that in an unconfined melt

electrospinning configuration, the addition of 5 wt% of a calcium stearate based commercial
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additive package, FA38, resulted in increased conductivity of ca. two orders of magnitude in two
(different viscosity) linear lowdensity polyethylene (LLDPE) melts and a decrease in fiber
diameter front go¢* dfor the lower viscosity melt and frogd@o x ©  afor the higher viscosity
polymef”’. In later investigations they used various other additives including calcium stearate and
found similar trends in a third LLDPE concluding that the fiber diameter appeared to scale with
the conductivity via a power law 60.29. These works demonstrate tiffectiveness of using
additives to manipulate the conductivity and how this strategy can be used for reducing fiber size.
It also may be desirable to temporarily enhance the conductivity of a polymer melt without the use

of additives, perhaps throughet use of discharge processes to deposit ions.

1.6 Uniform atmospheric discharge and ion deposition
Additives are widely used ipolymer processing because of their beneficial effects on

processing parameters (primarily rheology) and final properties (such as static reduction,
plasticizing, and brightening), however, they can be detrimental for particular applications. In
filtration for example an additive may leach into the water and have unintended consequences.
There is a growing body of research documenting the negative health consequences of some
additives as carcinogenic, cytotoxic, genotoxiemiocrinologially active®'>2 These effects are
of even greater concern in biomedical applications where additives can leach directly into the
body’?, interfere with drug delivefy, or affect the functionality of biomedical deviéts

On top of the potential health concerns, an additional component required for polymer
processing can complicate the supply chain. The need for a robust domestic supply chain for the
production of critical goods such as masks became apparent during shagaged by supply
chain disruption during the 2020 pandefnfeor these reasons it is desirable to explore alternative

paths of enhancing ionic conductivity in melts that do not rely on specialty additives.
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The incorporation of any ion into the polymer melt should in principle enhance its
conductivity. With additives this limits us to the use of compatible ionic compounds that will
readily disassociate into anion cation pairs. Compatibility is required keagbsrwise the
additive will quickly phase separate from the melt and the beneficial effect will be lost. However,
if enhanced conductivity is only necessary for processing, we can make use of out of equilibrium
physics and force ions temporarily into thelt. A good candidate for forcing ions into a polymer
melt is an electric discharge.

For this application, it is desirable to have a high degree of ionization thus maximizing the
charges deposited into the melt. Discharge uniformity is also desirable to minimize charge
variation throughout the melt surface, and a low temperature is ndedadoid thermal
degradation. Axanosecond pulsed dielectric barrier discharge (DB&¥) chosen for this purpose.
Relative to other discharge types, DBDs have a high degree of iont2atiohcan be operated at
atmospheric pressure with a uniform glow mode thanks to the fast rise time and the short pulse
duration which prevents the formation of instabiltf®e$. Because it generates a rbermal
plasma with molecular temperature typically # above the background temperature we expect
it would not significantly increase thermal degredatioAdditionally, unlike their nospulsed
counterparts they can be operated at a low duty cycle while still retaining a fast rise time, allowing
for the minimization of interference with the driving electric field of the electrospinning process.
Furthermore,it has been observed that dielectric barrier discharges deposit charge onto the
dielectric barrier. Work by Huang and others has demonstrated the ability of such discharges to
deposit charge onto a substrate and have measured the resultant charge #énimugbhontactless

technique®” ©2.
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The parameters and gas mixtures most favorable for a uniform discharge and ion
production is still an active area of research but workAmbrico found that humid air (75%
relative humidity at, @ ) was more favorable vs dry air. Through intensified CCD imaging with
a 3 ns gating (exposure timitey determined that the humid air producaghdorm discharge
(i.e. spatially uniform distribution of plasma within the discharge gap) without any localized
plasma filaments, which were apparent in dry air. The ion production was not investigated directly
but they observed an electric field in tischarge gap througlpectroscopieneasurementsf N
that persisted much longer in humid air (after theahhigh voltage pulse) and attributed this to
persistent ions within the gap. They proposed that this effect arises fromfalieating the
attachment of electrons to molecules and thus converting fast moving electrons to heavy negative
ions’’. When applied to the problem of injecting ions into a polymer this suggests that humid air
will provide longer lived negative ions for deposition on the polymer film without the need for
specialty gases.

While it is unclear if charges deposited by DBD will be compatible with the polymer and how long
they will persist in a polymer melt before decaying through recombination or phase separation, the
use of a repeated pulsed discharge pattern could be utdikegp the polymer out of equilibrium

during processing (creating additional charges). This can be done without the need for a supply
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chain of specialty materials, with the additional benefit that,-pastessing, the polymer will

return to equilibrium free of additives.

b) 1 »E

»
i
o D
» zZ
Oy N
| B3N =
b 2 O
3 1 N
o —
= y—
m = — Y
-9 bt B ol — o~
< |b dZ: R O
~ o4
>
<<
=
_l W
(0] ;'

Figure 1-5 A diagram of aielectricbarrier discharge setup. a) Seen from the side. b) Seen from above. As can be seen in a) the
dielectric coated discharge electrode serves as the high voltage electrode and is connected to the Nanosecond Pulse Generator
(NPG). The spinning plate servesths ground electrode with the melt serving as its dielectric barrier. We expect the nanosecond
pulse to result in a nonthermal plasma in the gap generating ions that will be deposited on the fluid. From abovesthiersiatup i

to the previously pictured unconfined melt electrospinm@ipparatusvith the addition ofa discharge electrode and glass spacers

(used to isolate the electrode from the spinning plate ywalls
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Chapter 2

2.1 Apparatus and procedure ovewiew for additive basedelectrospinning
An enclosure made of insulating materials was used to control environmental parameters

and minimizeuncontrolleddischarge from the high voltage electrospinning components. The
enclosurgseeFigure2-1) dimensions allowed space above and around the high voltage collector,

to avoid shorting the high voltageut was small enough thegmperature and humidity could be
easily controlledA flat metal collector was connected to a high voltage supply and faced a
grounded spinning plate. The spinning plate was held in place and heated by a hotplate so polymer
powder could be melted and spun. This experiment aseuhvection heater below the spinning

region to control the ambient air temperature of spin(segFigure 2-2).

Figure 2-1 A picture of the enclosure. The collector, spinning plate and convection heater have been labeled.
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Figure 2-2 A closeup dctureof thespinning apparatus.he collector, spinning plate, hotplate and convective heater have all
been labeled
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The collector was placed a2.5cm from the edge of the spinning plateowing room for
the convection heaterThe humidity controller was set tb3% (based ontrial and error
optimizatior), and the hotplatesetting (unchanged throughout this dissertation) resulted in a
polymer temperaturef 185 without additional heaters presgrfEor each experimenthe
convection heater watby adjusting the voltage through/ariac(varied based on experiment),
the enclosureds front was seal ed, and the set
equilibrium for60 minutes

Once equilibrium was reache:10 g of polyethylene PNDA 1088 powderwith 0-10
wt% conductive additive (FA38as measured out and its mass recorded. The powd@tacasl
onto the spinning platdlattened, and uniformly distributeshd the spinning plate was placed onto
the hotplateTheenclosure was resealed to allow the system to return to equilibkiutms time
a temperature sensing probe was plandte airl cm in front of the spinning plate edge.

7-17min after sealingg ™ Q&) € & & Qifp M2 o & "Qg the polymer was molten,
and the system was close to equilibridrhe air temperature 1 cm from the spinning plate edge
was recorded and the temperature probe was subseguenty andised to measure the polymer
temperaturdby immersingthe probe tipinto the melt)and then retracted.he imaging camera
( Sony U7 RI5%mm SkR ltets Cah@)was focused on the spinning plate edge.

10-20 min after sealindg ™ Q&) ¢ a wa Qifp 72, thepolymer surface had relaxed
from the disturbanceaused by temperature measuremienaging wasnitiated, followed by the
collector high voltage. The polymer film was drawn by the resulting electric field from the spinning
plate towards the collector and formed jets of polymer which cooled into fibers before being
deposited on the collectotJnder some conditions fibers deposited on the collector became

electrostatically charged and repelled back towards the spinning plate. Iimtaseesa glass
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rod device was used to remove the fibers from the spinning area to prevent interference with the
spinning processWhen needed, removal of fibers occurred only for t-= Gninutes; o fibers

were removed from the spinning area after 7 minutegnsure sufficient fiber collection for
subsequent electron microscopy imagifigeexperiment continuefbr 10 minutes totakat which

point the collector high voltage supphas turned off

To determine the amount of polymer deposited on the collettterfinal mass of the
polymer (now a solid film) was measur&iber samples were collectéodm theleft, middle and
right of thefiber mat that was deposited on the collector and prepared for scanning electron
microscopy.

The number of jets on the spinning plagach minuteduring the experimentvas
determined from imaging from above using the previously mentioned camera and lens. The
position of each jet was measured usingge analysis software (Imafje

The polymer ds i ntr i ns, visosity araseface temsion were ¢ 0 n ¢
measured tadetermine how they affected the spinning process and were affected by the discharge
treatmentin previous work’, conductivity was measurdry Neelam Sheeransidea temperature
controlled vacuum prober system (Lakeshore) uedbervacuumor atmospheric pressutsing
anLCR meter (Hikoi IM3532301) andinterdigitated electrodgIDE). The measured conductivity
wasalsoverified in-situ using a custom impedance analysis fixtigeefigure 2-3). Viscosity
was measured using a rotational rheometer (Anton Paar MCR 302 WESP) in a parallel plate
geometry in combination within a controlled environment (Anton Pa&TB200).Surface
tension measurements were taken using a tensiometer (DataPhysics DC#iTh25 DuNouy
ring test body inside a temperature controlled enclosure (DataPhysics TEG\@&fi@nnal

experimental details can be found in subsequent subsection
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Figure 2-3 a) Side iaging of theustom impedance analy$ising usedn situto measure the conductivity of a polymer film. b)
Fron image of the fixturéBoth images were provided courtesy of Neelam She&egthe conductivity section for further
details.

2.2 Additive electrospinning enclosure construction
The enclosure consisted of a frame attached to a base with panels mounted on, the back

left, and right side and viewing windows on the top and frohhages of the enabsure can be

found inFigure 2-4 to aid in visualizing the components.

Figure 2-4 pictures of a) the left panel of the enclosure b) the front of the enclosure and c) the right panel of the enclosure. The
top panels, glass window, and back panel can also be skgn in
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The enclosure had front and top viewing windows to enable imaging of the electrospinning
process. I n addition to high voltage, the top
and solvents. It was made of tempered glass, chosen for its balancerbétesmal/chemical
resistance, insulating properties, and relative safety. This window was permanently sealed in place
using a silicone adhesive.

The front viewing window was exposed to lower temperaturesl (800 ) but W &
removed and replaced frequently. Polycarbonate was chosen because of its suitably high glass
transition temperature ~ 1 5 Oelafivelylight weightfor each ohanding, and flexibility which
improved safety and allowed for compression sealing. The front window is held in pldoedy
brackets and a latch forming a reasonable seal with the wood frame

The frame of the enclosure was constructed of wood beams, which retain their mechanical
strength over a range of temperatures, are easily modified, and are electrically inStiatitagp,
left, right, and baclpanels were constructed @ment board chosen for its thermal resistance and
insulating propertiesThe right panel was modifiesvith through holes forthe telescopic
temperatur@robeand the humidifier hose while theft panelwas modified with a singldrough
holefor the high voltage conneoti. The side and baghanels were mounted to the frame using
wood screws andll panels wersealed to the frame with silicone adhesiee benchiop (inside
a chemical fume hoodprmed the bottom of the enclosure. A wooden base board was placed
within the enclosure to provide mounting points for the collector and hotplate to ensure consistent
collectorspinning platelistance.

In addition to collector distanceonsistent humidity was necessarynager vapor helps
suppress parasitic discharffeand was observed to stabilize the spinning process during dry

weatherTo control the humidity, a humidifier (Betazooer Reptile Humidifier) was used alongside

21



a set point % humidity controller (Inkbird IH200). The humidifier was connected to the
enclosure using corrugatedexpandabllastictubinghoseattached to PVC pipe passing through
the right panel. The controll erds senbmakr was
right corner.

Maintaining a stable temperature inside the enclosurealgasmportant because it (i)
directly affects the water vapor content of air for a given % humidity, (ii) affects the formation of
parasitic dischargé% and (iii) alters the size of the melt electrospun fitfésIn this setup, the
enclosure ambient temperature was actively controlled using a custom convection heater
constructed of a hollow aluminum rectangular frame with 4 fans which forced air into the frame
and up through the two heating elemesiseFigure 2-2). The voltage of the heating elements
was controlled using ®ariac and each element was equipped with a thermoelectric switch to
prevent overheating. The temperature of the enclosure was measured in the far corner using the
humidity controller and the air temperature 1 cm from the spinning e@dgeneasured using a

telescopic probe with an attached thermocouple.

2.3 Additive electrospinning mllector construction
The collector assembliFigure 2-5) consisted of an aluminug ¢ 6p ¢ @ate (collector)

mounted onto &igh density polyethylene bgsehoserfor electrically insulatingproperties and

ease of fabricationlhe plate was bolted in place and the exposed bolts were covered in silicone
putty (GC electronics28 8 80) t o prevent unintenti oshapd di sc
with two holes on the bottom section to aid in alignmé&hts collectorassemblywvas placed on a
polyamide insulation (McMasteZarr) envelopedshelf constructed from a wooglank with

ceramic spacers for consistent collector placement and cement brick stédndkexisolate it

from ground This designof a stationary shelllowed the relative placement of the collector to be
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mobile, but heavy enough to prevextcidental movement and for the collector assembly to be
removed and replacashto the shelfvithout the loss of positioriThe exposednetal was then
covered in golyamide tap€CCHUIXI 1 mil) to prevent corona dischargen additional layer of
standard electrical tape was used to insulate the edges of the metanpldield a sheet of
aluminum foil overits collecting siddo provide a clean disposable surface for the deposition of
fibers The collector voltage was wwolled by a DC high voltage power supply (XP Power

FJ60R02.D

Figure 2-5 Images of the collector apparatus. a) shows the white HDPE base of the collector clearly with high voltage connection
and circular alignment holes. b) clearly shows the foil covered front of the collector assembly and table like georeetry of th
insulated &tionary shelf.

2.4 Additive electrospinning inning plate
The spinning plate wadesigned to hold molten polymer and electrospin polymer from its

open facelt was modular with the base fabricated from alumini@mthermal and electrical
conductivity, while the spinning edge was a modified tungsten carbide tipped planar blade

(Magnate PK0618T). This modularity allowed for a sharp durable blade to be periodically replaced
23



to produce a consistent and uniform electric field. The spinning plate was groundeaeptier
rod inserted into the nespinning side and attached to a copper ground bFaidire 2-6 is an

image of the plate inside the spinning setup.

| ground connectic

spinningedge

Figure 2-6 Closeup imaging of the spinning plate from the side, a), and from above, b).

The spinning plate was placed at the edge of the hotplate for spinning where it was aligned
usinga metal bamounted ontdhe hotplates surface Thisensuredhe platewould be placedo
thatitsl i p protruded past tahseenhrgurep2l6at eds heating
The consistency of heating between experiments was monitored using a telescopic
thermocouple probe. The probe was designed to be placed directly into the polymer melt and could
be placed, removed, and manipulated externally. The thermocouple (0B8eg&-K-36-36-
ROHS was read using an Arduino device with replaceable thermocouple reading boards (Adafruit

MAX31856).

2.5Additive electrospinning convection heater
The convection heater consisted of an aluminum enclosure with two fans on the front and

back sides (4 total) driving air into the enclosure and up through two ceramic heaters. The

enclosure was a modifiepy v eV& T ¢¢& v auminumbox with two evenly spackthrough
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holes on each of theg T ¢¢& v faces A 5V brushless fan was placed externaljereach of
these holes. On the ta@x v cu& T face a large rectangular opening was milled out and two
1000W ceramic PT@Geaters (Walfront) were mountéskeFigure 2-7). Each of these heaters was

connected to &ariacthroughap w3t thermoelectric switchot prevent overheating.
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Figure 2-7 a) A picture of the convection heater from above clearly showing the ceramic PTC heaters. b) image of the right side
showing two of the four fans that drive convective air currents through the heaters.

2.6 Apparatus and procedure overview for discharge assisted electrospinning
An enclosure made of insulating materials was used to control environmental parameters

and minimizeunintentionaldischarge from the high voltage electrospinning components. The

enclosuregeeFigure2-8) dimensions allowed space above and around the high voltage collector,

while minimizing total volume, so temperature and humidity could be easily contrallédt

metal collector was connected to a high voltage supply and faced a grounded spinning plate. The
spinning plate was held in place and heated by a hotplate so polymer powder could be melted and
spun. This experiment used a novekitu discharge treatemt to actively modify the polymer
properties while spinning. This treatment was accomplished by utilizimgnasecond pulsed
dielectric barrier discharge (DBMith a cylindrical high voltage electro@dadthe spinning plate

serving as the counter etemde (see Figure 2-9). A nanosecond pulse generator (NPG)

(Megaimpulse NPE&.8/3500N) was used to drive the discharge.
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Figure 2-8 Diagram of the enclosure showing the shape and dimensions in inches.

Figure 2-9 Pictured above is the spinning apparatus. The following have been highligitednltage collectqr
¢hotplate andcylindrical discharge electrode.



The collector was placed 10 cm from the edge of the spinning plate and the discharge
electrode was positioned0 mm (xdirection) from the spinning edg&he hotplate and spinning
plate vertical position was controlled externally using a precision ataset such that th@wvest
part of thedischarge electrodeas 2.5 mm(37.5 mm stage positio@bovethes pi nni ng pl at
surface(y-direction)during experimerst The humidity controller was set to 42% (optimized by
trial and error and then left fixgcand the hotplate was set so that the polymer temperature would
reach 1% ( opt i malane drrobapd then leftfixgd. The encl osureds fr
and the setup was allowed to reach thermal and humidity equilibriub2@ominutes

Once equilibrium was reached, 6g7 of polyethylene (ASPUN 6850A) powder was
measured out and its mass recorded. The powder wagléoeaonto the spinning platdlattened,
and uniformly distributednd the spinninglate was placed onto the hotplate in the down position
(0 mm stage position). The enclosure was resealed to allow the system to return to equilibrium.

25 min after resealing, the polymer was molten, and the spinning plate was raised to the up
position (2.5 mm electrode distancsimSLRhe i ma
Lens Cannon)or 180 mm macro lens (Canowps focused on the spinning plate edge. At this
time, the polymer temperature was aiseasured using a telescopic thermocouple pratmving
the polymer surface time to recofesm the disturbance caused by the thermocouple

30 minafter resealingthe system was near thermal and humidity equilibriumaging
wasinitiated followed by the discharge treatment and then the collector high voltage. The treated
polymer film was drawn by the resulting electric field from the spinning plate towards the collector
and formed jets of polymer which cooled into fibers before beingsikeploon the collectomitial
experimeng continued until the number of jets decayed to 0, at which point the collector high

voltage supply and thdischage treatment were turned off.
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To determine the amount of polymer deposited on the collector, three mass measurements
were taken. The mass of the remaining polymer film after spinning was measusaslas the
mass of any polymer that had adhered to the discharge eledtvbeéea present, thmassof the
polymer which overflowednto the underside of the spinning platas also measuredFiber
samples were collectdtbm the fiber mat that was deposited on the collector and prepared for
scanning electron microscopy.

The number of jetérom the polymemelt during the experiment was recorded every 1
min. From thisinformationthe timeat whichthe system reached the maximum number of jets
(6 ) was determined. Onge was known, the experiment was then repettizk using the same
collector voltage and pulse frequency conditiandwas terminated at to ensure fiber samples
takenwere from the time of maximuget density once using 48-55mm SLR LensCannon)for
imagingand once using a 180 mm macro |¢aannon)

The polymero6s intrinsic properties of con
measured tadetermine how they affected the spinning process and were affected by the discharge
treatmentConductivity was measured inside the enclosure before the discharge treatment and 10
min after the treatment using an LCR meter (Hikoi IM3®33 connected to an interdigitated
electrode(IDE) by a custom in situ impedance analysis fixtigeefigure 2-10). The viscosity
was measured using a rotational rheometer (Anton Paar MCR 302 WESP) in a parallel plate
geometry in combination within a controlled environment (Anton Pa&TB200).Surface
tension measurements were taken using a tensiometer (DataHD@#ids25) with a DuNouly
ring test body inside a temperature controlled enclosure (DataPhysics TEGA@fiGnnal

experimental details can be found in subsequent subsction
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Figure 2-10 Diagram of thecustom in sitimpedance analysis fixtuand inning plate when conductivity is being measured.
The | DEb6s sensing face is held on the surface of the pol ymer

2.7 Discharge assisted electrospinningnelosure construction
The enclosure consisted of a frame attached to a base with panels mounted on the back left

and right side and viewing windows on the top and front. An exploded diagram can be found in

Figure 2-11to aid in visualizing the components.
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Back panel
Left
panel

Front viewing
window

Figure 2-11 An exploded diagram showing the components that form the enclosure.

The enclosure had front and top viewing windows to enable imaging of the electrospinning
process. I n addition to high voltage, the top
free radicals, and solvents. It was made of tempered glass, chosda balance between
thermal/chemical resistance, insulating properties, and relative safety. This window was
permanently sealed in place using a silicone adhesive.

The front viewing window was exposed to | o
and replaced frequently. Polycarbonate was chosen because of its suitably high glass transition
temperaturg( ~ 1 5 Orela}ive light weight making it easier to handle, and flexibility which
improved safety and allowed for compression sealing. The front window is held in place against a
rubber sealing ring by four draw latch keepers (McMaster Carr Style G Draw Latch) secured to

ead corner.
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The frame of thereclosure was constructed of wood beams, which retain their mechanical
strength over a range of temperatures, are easily modified, and are electrically insulating. To
prevent warp and loss of insulating properties through water absorption, it was tréaged us
commer ci al seal ant . A shallow (1/80) rectangu
rubber seal (McMaster Carr Style F Surfddeunt Foam Rubber Seafif{y ¢ x7o ¢) ewas
installed into itto form a compression seal with theoifit window. Four draw latch hinges
(McMaster Carr Style G Draw Latch) were mounted on the front face to engage the keepers on the

front window (schematic ikigure 2-12).

| |
23.00 3.50—-1
| I

Figure 2-12 A schematic of the front of the frame with dimensions given in inches. The grove for the rubber seal is highlighted
in blue.
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Similarly, the left and right panels were constructed of wood sheets treated with a sealant.
The right panel was modified to allow cables, probes, pipes, and shafts to pass through it
(schematic inFigure 2-13) . A ball bearing (Bones Reds) wa:
diameter indentation and a shaft passed through it to allow external control of the precision stage.
It was sealed with silicone lubricant to prevent moisture loss. The temperature pliabd ati
pressfit and tight tolerance for a seal, while tR€G output cabland hotplatgoower cableslots
were sealed with wooden inserts combined with silicone adhesive. The remaining slot and through
hol es were sealed with paraben wax. The | eft
wax. Both panels were mounted to the frame using wood scaed sealed to the frame with
silicone adhesiveThe back panel was fashioned from cement board chosen for its thermal
resistance and insulating propestiét was treated with a sealant and secured to the frame using

wood screws. Silicone adhesive formed a seal with the frame.
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Figure 2-13 A schematic of the right panel with dimensions given in inches. The holes have been labeled as follows: (A)
Humidifier controller sensor (B) NPG output cable (C) polymer melt temperature probe (D) humidifier PVC inlet (E) high
voltage probe cable (F) piison stage control shaft (G) hotplate power cable (H) ground braid.
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The base of the enclosure was made of a sheet of wood treated with sealant to exclude
water . It was modi fied to have four hol-es for
20 holes for mountingj ¢ coptical posts (Thorlabs) of the NP cable and electrode fixtures and an
additional hole for affixing the high voltage probe. The base was attached to the frame using
woodscrews and was sealed to the frame and right, left, and back panels using siliesive.adh

Water vapor suppress parasitic dischargé$ and affects the DBD process by both
scavenging residual charge on the electrode between pulses (reducing hystere$m sfteut
repetition ratesand changing the plasma chemidigyfacilitatingattachmenof free electrons to
molecules formindess mobile longer lived negative iGhsTo control the humidity, a humidifier
(BetazooeReptile Humidifier) was used alongside a set point % humidity controller (Inkbire IHC
200). The humidifier was connected to the enclosure using corrugated axXpamdstictubing
attached to PVC pipe passing through the righ
the box to the frame in the tdgackright corner.

Maintaining a stable temperature inside the enclosure was important bie¢gudiecctly
affects the water vapor content of air for a given % humidity, (ii) affects the formation of parasitic
discharge®, and (iii) alters the size of the melt electrospun fitférsin this setup, the temperature
was controlled passively through the encl osur

(Thermo Scientific HPA1910MQwas in the range df73to 1773 after a stabilization period.

2.8 Collector construction
The high voltage applied to the collector requires particular design considerations to

prevent arcing and other unintentional discharges. The collector assembly consisted of an
aluminump 1 6p T 6pfT @late (collector) mounted ontohégh density polyethylengHDPE)
base. HDPE was chosen because of its high dielectric breakdown, excellent resistance to water

absorption, and better machinability relative to similar plastics. The resistance to water absorption
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and high dielectric breakdown prevent discharge through the base which would create
experimentalproblems such as damage to the bagermittent reduction of appliedollector

voltage andrisk of fire. Nuts and bolts were used to hold the individual pieces together. The
exposed metal was then coveseith silicone putty (GC electronics 1€880) to prevent corona
discharge. The plate was mounted onto the base with three threaded rods and nuts. An insulating
slip-on cover was 3D printed from thermoplagtclyurethang TPU) filament to prevent corona
discharge from the collector and to secure aluminumdd# face. Two washers and an additional

nut were placed on one of the threaded rods to be used as a screw terminal for attaching the high

voltage cable. Seeigure 2-14 below for a basic diagram of the collector apparatus.

/

Figure 2-14 A diagram of the collector apparatus. The high voltage collector plate (gray) is mounted to a HDPE base (off white)
and insulated with a TPU shgn cover (orange).
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2.9Discharge assisted electrospinningotlector voltage control
The collector voltage was controlled by a DC high voltage power supply (Glassman

FC60R2). This supply was chosen because of its lack of arc quenching features. This feature
typically disables and grounds t heddepuooltegeg supp
drop to prevent arcing, however the electric field from the discharge treatment also triggers the
feature resulting in a loss of collector voltage and spinning. For this reasauenching features

should be disabled or avoided.

2.10Discharge assiste@lectrospinning $inning plate
The spinning plate wadesigned to hold molten polymer and electrospin polymer from its

open face while withstanding the effects of repeated glow discharges. It was modular with the base
fabricated from aluminum while the spinning edge was a modified tungsten carbide tiped plan
blade (Magnate PK0618T). This modularity allowed for a sharp durable blade to be periodically
replaced to produce a consistent and uniform electric field.

The active spinning area of the spinning plate was reduced by excluding the polymer melt
from the left and right sides using glass inserts. This ensured the spinning area was limited to the
discharge treatment area.

The spinning plate was grounded with an aluminum rod inserted into thepimoring side
and attached to a copper ground braid. Intelo@hed washers were used to maximize the oxide

free contact at the connectidfigure 2-15shows the individual components of the spinning plate
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Glass inserts

Spinning plate side
Modified blade

Hexagon Socket Head
4-20 UNC - 0.75

Ground connection
Spinning plate base

Figure 2-15 An exploded view of the spinning plate components.

The rodds secondary purpose was to align tF
was mounted onto the spinning plateds heat so

spinning plate protruded cohansticinFkigire2-18lot pl at ed s

Figure 2-16A di agram of the spinning platebds position on the hotpl
Spinning platgground rod, spinning plate guidéhotplate heating surface
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The consistency of heating between experiments was monitored using a telescopic
thermocouple probe. The probe was designed to be placed directly into the polymer melt and could
be placed, removed, and manipulated externally. The thermoc(piegaTC-GG-K-36-36-

ROHS was read using an Arduino device with replaceable thermocouple reading boards (Adafruit
MAX31856).

In-situ discharge treatment was accomplished by utilizing a custom built cylindrical
dielectric barrier electrode placed above the melt, parallel to the electrospinning edge with the
spinning plate serving as the ground electrode (schemakgure 2-17). The electrode was
mounted using optomechanical posts holders and clamps (Thorlabs) and glass tubing for posts to
prevent electrical conduction. This way of mounting the electrode allowed its position and

orientation to be completely adjustable.
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Figure 2-17 A diagram of the discharge electrode setup. The dielectric barrier electrode is highlighted in green and the grounded
spinning plate in orang&he electrode is held in place by optical clamps (black), glass tubing (transparent), and secured to the
base by optical post holders (black).

The distance between the cylindrical electrode and the ground was controlled precisely by
adjusting the height of the spinning plate. The height was controlled using a precision stage on
which the hotplate and thus the spinning plate were mounted. Amaixkerob, attached to the

stage through a shaft, allowed the stage to be controlled.

2.11Discharge electrode
For the discharge treatmentanosecond pulsed dielectric barrier dischgR®@D) was

employed and driven by manosecond pulse generatbiPG). The high voltage electrode was
cylindrical with a 1/80 (0.1250) diameter al
dielectric barrier (schematic iRigure 2-18). A conductive epoxy (G6 epoxy GEGETSG) was

used to fill the gap between the inner di amet
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The neck of the barrier served as entry point for the connection to the NPG output cable and for
mounting. It was pressed into a cylindricalyether ether keton@®EEK) sleeve which allowed
for a tighter fit into the optomechanical clamp and reduced the risk of fracturing. The open end of

the barrier was sealed with a PEEK insert and dielectric putty (GC electrors&3Qj

NPG outpute wire

— Dielectric barrier
Aluminum electrode — !

4

@.125 \ 16 9:25

. / 1
T — s
B It

| 4.25

PEEK insert

Figure 2-18 A schematic of the discharge electradéh dimensions givein inches.

2.12Nanosecond pulse generator control
The NPG (MegaimpulsBlPG-18/3500N) was used in burst mode. The amplitude of the

nanosecond pulses within the burst was set to the maximum setting with the voltage varying
depending on the load. The repetition frequency of the nanosecond pulses within the burst was
controlledinternally and set to 1 kHz.e. 1 ms between pulses withing a bur$t)e burst length

and burstepetitionfrequency was controlled using an external triggering in the form of a pulsed
square wave. The burst length was set to 1 ms using a 1 ms squeafermafrom a triggering

pulse generator (Datapulse 100A) and the burst frequency corresponded to the repetition frequency
on the square waveforms which was controlled by a function generator (Tektronix CFG253). This

resulted in bursts consisting of twonesecond pulses spaced 1 ms agaguie 2-19a). The
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triggering pulses and nanosecond pulse bursts were monitored with an oscilloSe&penix
TDS 1002) the latter through a high voltage probe (Tektronix P6015A).bulitet repetition
frequency was varied from 0.25 HZ Hz. The two pulse burst was used to ensure discharge
initiation when operating at low frequenci€som here on out burst repetition frequency and pulse
repetition frequency will be used interchangeably to refer to the burst repetitioA rigjacal

nanosecond pulse waveform can be seéfigure 2-19(b.
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Figure 2-19a) A timing diagram of nanosecond burst (ré) triggering pulse (bladoted. The nanosecond pulse is not to
scale. b) A typicahanosecond pulse with rise time of 13 ns and minimum voltagRSdfV.

2.13Conductivity measurement
The AC conductivity was measured to avoid effects from electiodble layer charge

transfer and isolate the bulk conductiifyMeasurements were performed within the humidity

and temperatureontrolled enclosure using an IDEI¢treohm dreg-ideaulO)connected to an

LCR meter (Hikoi IM353301) through a custonmisitu impedance analysis fixtur€his fixture

held the | DE6s sensing face onFigure2l0sBReforeace of
making measurements, each IDE was inspected for damage and tested at 1 kHz. If necessary, IDEs
were cleaned in an ultrasonic toluene bath. Impedance values were measured for frequencies from

1 kHz to 100 kHz and the datawas fittda 2 0 model, thatis aresist@ , representing
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the circuit resistance of the measuring apparatus, in series with a parallel circuit consisting of the
fi 1l mds bulR kandacenstant paaseetemento account for the spread of relaxation
times around a central ion relaxation time. The conductivity was determinedfraomd t he | DE®
cell constant. The validity of this single element model was determined by performing a
distribution of relaxation timeanalysis to verify the existence of a single central relaxation time.

For in situ impedance measurements a custom fixture rigielty dn IDE sensingide
down onto the surface of the melt film. It consisted of an aluminum and copper chassis which
shielded two PTFETeflon) insulated cables until they connected directly tol through a

compression fi{seeFigure 2-10).

2.14Viscosity measurement
The complex viscosity was measured usingtational rheometer (Anton Paar MCR 302

WESP) in a parallel plate configuration (Anton Paar PP25) in combination within a controlled
environment (Anton Paar-ARTD200) at 13 . Polymer powder was prepared and placed on the
plate. The polymer melted and was allowed to reach thermal equilibrium with the controlled
environment before measurements were taken. Once equilibrium was rg¢heheB25 spindle,

with parallel plate geometry and a diameter of 25 mm, wasrémvio have a plat-plate
distance of 82 mm and zero normal force. Excess polymer was removed before making
viscosity measurements. The viscoelastic plateau was identified by performing an amplitude
sweep. The complex viscosity was then measured within this range using an oscillating shear strain
of 0.1% and frequency of 1 Hz with zero normal force. In this regim€tixeMerz ruleapplies

so that the real part of the complex viscosity can be taken to be the shear #§€®sity.

Additionally, in this regime the measured viscosity will be approximately the zero shear viscosity.
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2.15Surface tension measurement
The surface tension was measured using a tensiometer (DataPhysics DCAT 25) with a

9.535 mm radius platinusmidium ring (DataPhysics RG 11 Du Noduy ring) utilizingiag pull

lamella method inside a temperatwantrolled enclosure (DataPhysics TEC 3@d)75 . . Both

polymer powder and pospinning film samples were measured to quantify any changes in the
pol ymerd6s surface tension due to heating or
nitrogen to prevent oxidation from affecting the measurémesults. Once the melt reached
thermal equilibrium (~30 min) the ring was lowered to the surface and the measurement was taken.
Surface tension was determined from the average of three successive measurements with a ring
movement speed of 0.005 mm/s. §How speed was necessary to prevent the viscoelastic

properties of the polymer from affecting the measured gravitational force. The surface tension was

then calculated using Zuidema and Watersorrection factor withm Tt mp e and

T o—.

2.16Fourier Transformed Infrared Spectroscopy
The surfaces of polyethylene films were characterized after electrospinning using an FTIR

spectrometer (Cary 630 FTIR) with a diamond attenuated reflectance attachment (Cary FTIR
DiamondATR) and compared to a powdered polyethylene control. Speete taken form 650

G to 4000c#  with resolution of Z& . The obtained speawere inspected for evidence

of degradation in the form of-@ and C-O bonds as well agng lactons, ester and carbonyl
groups. The extent of the degradation is quantified by comparing the relative intensity of these
peaks to that of the-8 stretch peaks. A typical spectrum with and without degradation can be

seen inFigure 2-20.
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Figure 2-20 Example FTIR spectrum of ASPUN 6850A with and without a 1 hr heat treatment to demonstrate the change in
spectrum due thermal degradation. The absorbance has been normalized usiHgsthet€h peak. The heat treated spectrum in
green shows evidence dégradation in the form @-H bonds,C-O bondsring lactones, ester, and carbonyl graups

2.17Fiber sampling and SEM characterization
After the completion of electrospinninfiber samples were taken using SEM pin stubs

(Ted Pella 12.7 mm) with a carbon adhesive (Ted Pella PELCO 12 mm). Three stubs were pressed
onto the fiber mat, one which was centered on the mat and two which were placed 50.8 mm (2 in)
to the right and leftespectively. A wooden guide was used to ensure proper spacing of the stubs

when taking samples.
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Fiber samples were imaged using a desktop scanning electron microscope (SEM) (Hitachi
TM4000). Samples were prepared by sputter coating (Quorum Technologies SC7620) with gold
palladium for 45 seconds. Once coated, images were taken at a magnificgtionrofising a 15
kV accelerating voltage and mode 3 spot size. The fiber diameters were measured manually using

ImageJ software.

2.18Melt electrospinning process imaging
Imaging of the electrospinning process was taken using a combination ofZ=nmsh

SLR Lens Cannon) and a 180 mm macro le@ainon) attached to a 45 Megapixel mirrorless
camera (Sony U7RIV). This was positioned abov

stand.

2.19Polymer preparation and loading
The polymer powder was prepared using a freezer mill (SPEX SamplePrep 6870) to grind

20 g of pellets with no additive (ASPUN 6850A or DNDA 1088) at a rate of 15 cycles per second
for 10 min total grinding time. To prepare a 5 wt% additive (FA38) doped Isattng precise

weight of the pellets ms measured (~19 g) and then the required grams of additive (~1g) was
measured and added to the grinding vial with the polymer pellets and ground using the previously
mentioned settings. To load the spinning plate withprepared powder; B grams of powder

was placed on the spinning plate depending on the experiment and then pressed into a rectangular
shape using two tools. The first tool was placed on the front of the spinning plate which formed a
compression segreventing powder from falling over the edge and a second tool compacted and
leveled the polymer powder after it was placed onto the spinning plate for a consistent film

thickness.
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2.20Electric field simulation
The electric field produced by the high voltage collector, grounded spinning plate, and

discharge electrode (when present) was simulated using a commercial modelling program
(ANSYS electromagnetic desktop 2020). The software was used to create-ditieasional

finite element mesh of @AD model using an adaptive meshing and calculate the electric field by
electrostatic simulation. The initial mesh was generated using the TAU method with moderate
mesh resolution and curvilinear meshing enabléw® modelesolution was set to 1 micron and

mesh density was enhanced at the curved surfaces of the spinningpiagespinning edgand

top surfaces of the spinning plate sides. An example of a surface meshing of the spinning plate can
be seen irrigure2-21. Areas and volumes used for calculation of the electric field had additional
resolution imposed by restricting the maximum element lengths in these Hneatetrahedral

mesh was refined each pass by adapting the 20% highest error tetrahedrons until the desired
percent energy error of 1% or less was reached. The simulations typicallyhatetrahedrons

upon convergence with an estimated energy error less than 0.2%.
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Figure 2-21 An example of a surface mesh (blue}hé spinning plate (gray) upon convergence of the simulation. Note the areas
of higher density mesh at the spinning edge and sharp surfaces of the spinning plate sides.
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Chapter 3

3.1Introduction and Summary
The two most common ways to process a polymaaterial are to dissolve it in solvent

or heat it to make a melt. High molecular weight commodity polymers, such as polyethylene,
polypropylene, and polyethylene terephthalate, have excellent mechanical properties and well
known stability, processing, andegradation properties. These are materials symbiotically
developed with industrial processing strategies. Melt processing works well for large scale
industrial production because there is no secondary material (solvent) to purchase, collect, and
disposeof and largevolume factory lines can easily be kept at constant temperatures. In addition,
increase in molecular weight and branching improves mechanical properties and decreases
solubility. Optimized mechanical properties are a primary goal in alexesty commercial
application.

In contrast, most fundamental research on new fabrication strategies processes polymer
with solvent. Melt phase production is more challenging at small scale and solvents are commonly
used for other fundamental materials research (such as synthesigjvafathere are detriments
to this approach, including concerns with scaling and environmental if3&2t° alongside the
limited ability to process the higher molecular weight materials. When considering new fabrication
strategies, a fundamental understanding of how novel techniques can be utilized with industry
standard materials (that is, with melt) is nesd

As an example, solution phase electrospinning (which generally utilizes a long thin needle
placed at high voltage through which a relatively low viscosity polymer solution is pumped)

consistently produces polymeric nanofibers, a highly desirable georoetipglications ranging
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from tissue engineering to filtratib®’*"2 However, there are multiple challenges to melt
electrospinning: Melts are much more viscous than solutions, leading to needle clogging and
inability to pump at a controlled rate. Electrospinning relies on ionic conductivity (with ions often
provided by he solvent) whereas commodity polymers are highly insulating in puré.fols
previously showtf the first challenge can be addressed by using a different physical configuration:
in such unconfined arrangements, melt is placed on, for instance, spiftaing plate and
spontaneously fingers to form many nozitke structures (congets). Rather than a pump, the
electric field is solely used to propel the melt forward. As previously shown in work | have co
authored, the second challenge can be addressedibynaitpolymer additive®#7 (likely to be

present for other goals, such as static reduction, in commercial formulations). However, with or
without modifications that enable facile use of melts, melt electrospinning does not generally
produce nanofibers but rather larger structutéee 11 1 0 e m r ange. These fi
do not have the large surface to volume ratios needed for applications where high porosity is crucial
such as tissue scaffolding or air or water filtratithr:

The goal of thischapteris to describe stepy-step fundamental understanding of how
nanofibers can be produced from high viscosity melts with electrospinning. As previously shown
in publications | ceauthored, conget properties depend on ionic conductivitgw rate and other
factors. The maximum fiber size is set by the radius of the jet at thgetamansition which
previous work& "“have parameterized as:

o sT TN (3-1)
i -

~ 7T
{70
with — viscosity,0  the flow rate per jet; the permittivity of free spacd, the ionic

conductivity, andO the pertinent electric fief§4” "3’ Forming nanofibers requires a decrease of

i by 1) ensuring o is adequat®)2ymanhipuatmg@ (di scu
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(discussed here), and 3) enabling additional thinning betiveeand the ultimate fiber (discussed

at the end of thishapter). Examining eq3-1), the strongest dependence ision , the flow rate

per jet, which in unconfined configurations suitable for viscous melts is controlled by the electric
field and fluid properties. In this chapter, we discuss fow can be altered by external
parameters and track the resultant change in fiber diameter. We discuss co@Qtritieototal
volume per time leaving the plate (s€&gure 3-1, which summarizes the experimental

configuration), which is most strongly affected by the thickness of the melfy anthe volume

per jet which can be altered by increasing the number of jets (for instance, via increase in E) for a
given Q. Finally, the correlation betweeln and the fraction of nanofibers is discussed.
Previously®4*” our group discussed the role of o (th
melt with additives is utilized to ensure adequate ionic conductiitythe end of thichapter,
we discuss the transition from the jet diameter to the resultant fiber, which depends on the
background conditions.

The basic unconfined mediectrospinning process occurs as described below and shown
in Figure 3-2. Molten polymer forms a thin film on a horizontal, electrically grounded, heated
spinningplate (sed-igure 3-1). A collector, held at a high voltage, creates an electric field which
moves ions to the melt surface. As showRigure 3-2 (optical images of the plate edge, oriented
with the collector at top of page), the charged polymer is then drawn as a sheet towards the collector
(15 s image), thins, and ultimately spontaneously fingers (30 s image) into many protiusions
to interactions between surface tension, the electric prégstifeheweaklyconducting nature of
the polymer allows it to screen the electric field resulting in the formation of cones as the electric
field normal forceand Laplace pressure balafit®’’ Fluid on the surface of these cones

acceleratetoward the apex until the transfer of charge through ionic conduction is insufficient to

49



screen the electric field leading to a sheer sidishi br eaks o t he surface t

jet'>7374 The radius of the jet as it exits the cgagi , sets the maximum fiber size as this jet

of molten polymethenthins,and at some point solidifieand arrives at the collector as a fiber.

TCRUGTEE 1
HYGOUHQY

a) L

Figure 3-1 a) Topdown view of electrospinning scheme. Fluid sits on a horizontal, electrgraliynded metalpgnning plate
(left) heated from below (not shown). High voltage is applied to the vertical metal collector (shown etlgg)orQ is the

total volume per time leaving the plate through all jgtsi€the volume per time per jet. b) lllustrations of fluid shape through
various stages from initial spontaneous fingering (top) to protrusion (middle) to steaelyongets (lower). ¢) Sketch showing
a typical cone jet profilavith the approximate location of 7>
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Figure 3-2 Top-down images of the corjet formation process for a 1.8 mm thick fluid film (DNBX88 at 174 °C), collector
applied voltage of59 kV, and no intentional background heating. Voltage is applied att = 0. Here the x axis is up the page
(collector above) and the terminal edge (closest to the collector) gitirérsyplate is shown. Fluid appears white/silver.

Wires and heaters below thgirmningplate are out of focus and thus blurred. See the text for description of features versus time.

3.2Total flow rate Q
Following the logical reasoning of e3-1, the maximum fiber size is set by the jet size

riet. Formation of nanofibers may be aided by smallThe strongest dependence on an external
parameter in eq.3-1 is onQjet, Wwhich can be controlled in part by tuniQgthe total volume lost

per time, from the whole plate (through all jet@)measurements are summarized in Figure 3 for

32 cases where initial mass on the plate (and thus the fluid film thickness), applied voltage,
background temperature, and/or amount of additive doping have been altered (see legend at top).
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Filled (open) symbols are for 10 g (5) g placed on the plate, resulting in an estimated melt thickness
of ca. 18 (0.9) mm (given a density of 860 kgfmt the average melt temperature of ca. 185°C).
There are two cases with 1.3 mm thickness and one with 0.7 mm (lowditlealor right half

filled, respectively).For most casethe DNDA-1088polymer was dopedith 5 wt% FA38 (see
experimental section for additional details). Diamond (triangle) shapes have doubled (zero)
additive doping. In one casiae working distance was reduced to 11.25 cm (star symbol). The
background was either warmed only by thesingplate (black squares, ca. 80 °C) or to higher
temperature via additional heat elements (red circles, cal2@0C). Examining the data, the

total flow rate Q is most influenced by the thickness of the polymer film, controlled by the amount

of mass plaed on the ginningplate.
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Figure 3-3 Summary of the total volume flowing from the plate (through all jets) per time (cubic
centimeters per second). This quantity is most influenced by the thickness of the fluid film, indicated in
the graph with filled symbols for the thickest film (1.8 miad lower filled symbols (1.35 mm), open
symbols (0.9 mm) and right filled symbols (0.72 mm) tracking decreasing film thickness. The other
experimental quantities (see legend at top), reflected in symbol color (presence of background heating),
and shapédifference in doping or working distance) do not have a strong influen@e @ voltage (x

axis) increases, flow rate increases as discussed in theMexffit lines are derived from eg3-5)

below.
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The motion of viscous liquids in a thin film configuration is a classic profSlexiscosity
is associated with the inability of fluid velocity to change rapidly with position, and thus a suitably
thin film and high viscosity leads to thickness controlling velodityunderstandhis, we can start
with the weltknownequation for the flow rate of a thin film

. Q 3-2
o 2 (32)

WhereD is thetotal flow rate "Qis thefilm thickness — the viscosity, anda volumetric
force along the direction of flowFor a conductor the foe per unit area on the surfackan
external electric fields proportionalto - ‘O so we would expectXo be proportional td . In
this unconfined schemthe electric field arises from a collect{athighvoltagg and the grounded
spinning platgthus the electric fielbetween them is proportional to the voltage difference. In this
case.e @ and thus we might expect that the flow rate follows a power law

0 6w
WhereB is a constant inversely proportional to the viscosity. If we take the log of both sides we
find a linear relationship betweén® , & £Q andd &
a &0 W EQ W& G

This was fitwith amultilinear regressiofor the data presented kigure 3-3 finding &

p&o W('Qdependancadnd® ¢§ Uyfco dependanceBecause these values are both near 2 and we
would expect an integer power we will treat them asgswthat
0 6w

Recall thato ® ‘O so that without loss of generality we can rewrite this as

~ , Q-0 (33
U o

54



| will note that we expect h to vasfowly with time (much slower than the fluid relaxation time)
as volume leaves the plate. If we treat the film a an approximate rectangular solid with constant

base area A and a spatially uniform thickness, then conservation of volume gives

T \ ” 'Qb € 74 ”, p T Ny \ T 'O
vo o——T O o Q 5 V0o0QoO —
This has a solution of the form
. 0 X
0O 0
with 6 andd —.Here0 p v ¢T @ & isthe area ahe spinning plateBecause

the experiment measures the time averaged Q, fit lines are derived from:

boqo 6 (39)

The B value used in C was tispatiallyaveragd value at y = 1.8 mngver the area dhe
spinning plat§f® 1O € T @ d anda TO P v @ & and we found thad & @ worked
well where Z is the length of the spinning plate in the z directibhe experimentalhymeasured
viscosity () for DNDA 1088 with 5wt% FA38 at the pertinent melt temperature for each case was
used (namely, 182, 177 , 185, and 183 °C for melt thicknesses of 0.72, 0.9, 1.35 and 1.8 mm
respectively). Z=152.4 mm and A= 6374.7 fam

Examining eq 3-3 we note that, in principle, an alternative pathway to decrease the flow
rate is to decrease the drivifyce by decreasing the electric field. As a practical consideration,

decreasing the electric field mitigates the entire electrospinning process; in particular, decreasing
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the number of congets as discussed below and increasing jet diameter (s€8-&). Thus, we
find control of the film thickness is a more productive approach to alter Q. To determine the flow

per jet, Qtwe need to understand the factors that influence the number of jets.

3.3Jet density model
Yarin et al has previously shown that the growth rate of protrusions in unconfined

electrospinning of a thin viscous filmhich can be related to the fluid density fluid viscosity,
—, surface tension,, electric field at the surfac®, and the film thicknes& by

0'Q . ‘ (3.6)

where, is the growth rate an@ Q "Q is the Pythagorean sum of the y and z wavenumbers

of the sinusoidal perturbatiofis Yarin et alutilized an infinite planegeometrywith electric field
normal to the planbutprevious work has shown it can be usedéscribeperturbatiorformation
on the edge of a film with the eleic field parallelfilm plane®234647|n this configuratiory and
z span the fluid surface perpendicular to the applied electric\ikidh is parallel to the film
surface (x directiondnd theconventiorthatz is parallel tahe plate edge/hiley isin the direction

of the fluid thickness (sefeigure 3-1, x ~ 0 plane

The observable k, corresponding to the experimentally measured protrusion/jet spacing
steady statas that which maximizes sigma, namely:

_ -0 3.7

q S (3.7)
a

While originally derived for an electric field applied perpendicular to a-{#twerednfinite plane

surface, this relationship has been used successfully in a variety of configdf&fiéhy

includingthin film geometries such as used here. Most works made use of the assumption that k
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is isotropici.e’@ Q"0 W which works well in the absence of confinement (that is, y and z
having similar ranges). Under these conditions k can be taken as proportitreahsximumjet
density, , Q ¢ pl _ where_ is the observable jet spacing along the plate edge. This
allows the electric field to be related to theaximum jet spacing by_ © 1j- O. This
assumption of isotropic k relies on the confinementbfrom the film thickness being negligible.
This occurs when the electric field and thus k is sufficiently large relative to the film thickness h.
In this work we explorexperimental parametenghere this condition does not hold and thus k is

no longer isotropic.

!r¢ | .

o T— L.

Figure 3-4 a) Atop-downview of spinning with thespacing between cone jet$,Q , indicated. b) A side view of spinning with
the wave profile ofQ  Q  marked in black on the fluid film (light gray) and then in blue to demonstrate a full period.

The simplest approach to incorporate confinement is to give a lower limit to the value of

Q,(Q ) or equi val enytrelated ® the filmathickness In this cBQea-"Q
QUC holds for'Qric Q@ .For'Qmc Q@ ,Q 0 andQ 0 Q. Recall

thatk, is the wavenumber of a growing sinusoidal perturbation with spacing¢®j Q. This
means that the stationary points (where the surface position remains unperturbed) joc¢ar

either side of the protrusion apex. In the case of a protrusion growing from the edge of a thin film
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(seeFigure 3-4) the films top and bottom surfaces are stationary and thus we would expect the

stationary points to occur at or between these li@tEQ Q mandOEQ m ), i.e., the

protrusion cannot be larger than h. This gives the minimum vall@ ofj ¢* Pl _
pl ¢ Qhus:
¢- O o Ng'Q QU “jQ (3.8
a “in Q Qg “jQ
Or rewritten to express terms of maximunpet density:
. GO B (3-9)
II,I;’ AT Q I/lc J Q
¢" Ul
- I:P - (o) p o .
(Y — ‘DU “ "Q
v o1 ot M

Figure 3-5 summarizes experimentally observedximum jet densites(— , filled symbols) as

a function of the experimental values of applied voltage and film thickness. As indicated by eq.
3.7), the dominant effect on k is due to the electric field which scales linearly with applied voltage
but more slowly with distance from the plate edge. Thus, the applied voltage has the strongest
impact. There is also a significant confinement effect foméi melt films. To check the validity

of eq.( 3.7) and( 3.8), simulation results fo® averaged along the spinning edgelijzction)at

W w Qj¢ forthe stated voltagelong with eq( 3.8) to predict jet density (open symbols).
practice Ifound that the cofactor afj o“ was too smalfor the simulated electric fields usadd

a value of 0.22 fit datéhe datanore closely Thiswas likely due to a combination ofd#ference

in geometryfrom the original theory andifferences between the simulated agerimental

electric fields, however with this correctioto the cofactothe results are in good agreement.
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Figure 3-5 Maximum experimental jet density (filled symbols) determined from analysis of images of the spinning plate with
time for different applied voltages and film thicknesses. As discussed in Sedtiahe number of jets grows early in the

process and then stabilizes at a value close to the theoretical maximum for that electric field, film thickness, siofeandens
density. Theoretical values, calculated from(e2y8) utilizing | ¢ va Gj &, ” @ ¢'Q & &, known film heightand

voltage and &0 from simulation ato & "Qj ¢ averagedverq, are shown as open symbols. In most casegl¢ltric field

is the dominant effect and voltage has the strongest influence on electric field. Changes in the position of the sirfdoe due
thickness (thinner films are closer to the plate edge and thus experience a larger electric field)jraemdemréffects are also
important in altering jet density.

3.4 Controlling Q jet B
Becausad s difficult to measure directly it was calculated by assuming thatis

constant in time and the same for each jet. Under these cond#iist 0 ad® w

0 3] O Qadvheredis the length of the plate edggd 0 is the number of jetsOur

>v

jet density was measured once every minute SO we can approxiged Q& 0 0 Qi

aQ 0 'Q aith a Reiman sum and solve for

>v

. 3IWE AOAGQ (3-10)
V' Qe 00 Qi

This relationship illustrates that fgiven film thickness where Q is constant, an increase
in jet density decreasesefproviding an approach to contrgd:as shown in ed.3-1). There are
three predominant lines, associated with the three largest thicknesses (1.8 mm, 1.4 mm, and 0.9

mm). The thinnest film (0.7 mm) flow rate per jet appears below these lines. Within each Q
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manifold, as the jet density increases, the mass per jet decreases, with the highest values and
sharpest decrease for the largest Q group (thickest film). We observe a minimum flow rate of
approximately 1 x 18 g/min. However, above this limit flow rate can be decreases by an order

of magnitude by first decreasing film thickness and then increasing jet ddrigitye 3-6

summarizes the relationship between Q @ndas a function of the jet density.

[ ° = = o o m A v 1 d
h; 1.8mm (1.8 mm [1.35mm |1.35mm |[0.9 mm [0.9 mm |0.72mm |1.8 mm [1.8 mm |0.9 mm |0.9 mm
heating unheated|heated |unheated |heated |unheated| heated |unheated unheated| heated |unheated|unheated
FA38 doping| 5% 5% 5% 5% 5% 5% 5% 0% 0% 10% 5%
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Figure 3-6 Observed G determined from the total fiber mass collected divided by the total number of jet minutes present. For a
given film thickness, Q is constant, sp:@ecreases with average jet dendiiy. fit lines have been provided for the 1.8, 1.35
and 0.9 mm cases to guide the eye.

It is important to note thaQ'Q oa Q¢ 6 6 Q4] 6 Qddepends not only on the

asymptotic behavior of the jet density described by equaBe® but by the rate of jet formation
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and the total spinning time. We found that it hddrgerpower dependence on voltatpan—

for our conditions leading to anegative powedependence ad  on V, however for longer
experiment &Q 0 Q0 — 0 thus the power dependence@D 0a Q¢ 6 onQdltage goes
to tox ¢ (depending on confinement from h). In this cAse would be nearly independent of V
for QMc “j Qand have a positive relationship with V feki¢  “ | 'Q further highlighting

the advantage of using the film thickness to control.

3.5Fiber diameter and fraction of nanofibers
Observed fiber diameter histogranksgure 3-7) are best fit by a log normal distributigiven by

—M_'Q . Here' and, are the mean and standard deviation of the natural logs of

the fiber diametera £€Q . A log normal distributions consistent with the effect of the product

of multiple "random" variables (see €®-1)).
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Figure 3-7 Histograms of fiber diameters for two different flow rates with-fimgmal distribution fits. Thed®t 1T aix 7Ti

(Mm@ 7i) flow rateds distribution is pictured in (light) red \
the lognormal fit represented by a black (dotted) line. Evident from the data is that the fiber diameter distribution is not

symmetrichas would be expected for a normal distribution.

Eq. ( 3-1) predicts that decrease in flow rager jetshould reduce jet diameter and thus
fiber diameter.Figure 3-8 showst he fracti on of nanofi bers (di a
flow rate. As flow rate decreases, the fraction increases. This reflects the shifting of the fiber
diameter distribution to lower values, which populates the submicron region. By approgimatin
the fiber distribution as a legormal distribution the expectddaction of fibers under 1 micron

can be described by:

N A -

EA S /EJ Ip‘u_ t (3-11)
C NcA
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whereA and{ are the standard deviation and mean of the natural logarithm of the fiber diameter,

respectively. If we assume that the mean fiber diameter depernids pfor constanf = 64 and

equal tod & , the fraction of nanofibers can then be expressed as:

L 110 3-12
ProEA *\_ (312

C NcA
with & 1 Tp* &¥&. The assumption of sigma constant is consistent with the data (~10%

variation between experiments). Fitting we find ™ p 8t o @vhich matches well with the
theoretical value of 1/3 (see é®-1)). We alsofindo v o p @‘ & a& Ti  which sets the

error on the predicted mean fiber diameter.
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Figure38The fraction of fibers with di aHeehsgmbol ieprabentsabiervedm pl ot t ed
value for a given voltage with the initial starting mass, additive doping (FA38), heating condition, and spinning pligtetdo co

distance indicated by the above table. The red fit line tseform of equatio ( 1-1) with|  7@& p&d v gandk 7@ T
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While Figure 3-8 tracks the fraction of nanofibers as a functiol of , enabling a fit for th@

dependence and confirming the models, the results of that fit can be utilized to ipesthiéiber

diameter fromd , ' ‘Q ~ . When this predicted mean was compared to the measured

average diameters (sEgure 3-9) we see that most experimental mean fiber diameters lie within

the error on the theoretical predictions.
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Figure 3-9 Theaverage fiber diameter vs flow rate for various conditions of voltage, initial mass, additive doping, heating

conditions, and collector distanche meariiber diametemith error bars (green line) predicted @y A - using

the values taken from the fraction of nanofibersffits, ™ p 8tognd® v o p &' & a& Fi . The data points for
mean diameter largely fall withirror.

Once we have the relation for the experimentally obsebvedscaling we can also find
the power law dependence on the electric field. Sincehas a hidden functionality on Eee

equationg 1-1) and(3-10)) we need to first account for the strang dependencefi in order
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to determine the E scaling. For thisasonwe will use* & & 8 O so that again b is

independent of our variable of interest,\&hile the electric field was not observdulectly, we
cancalculateit from equation( 3.8). Substitutinginto equation(3-11) we get that the fraction of

nanofibers can be modeled as

0 M 10 i To 3.13
EAO/E/—\ - — [ (313
S NcA

Fitting equation( 1-1) using calculated electric fielahd measured fraction of nanofibers find
I ™ ¢ 1 w pvhich is in close agreement with the theoretical value qif@. Error!

Reference source not foundshows the measured nanofiber fractiorbv€ 'O 8 and the fit
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showing good agreement.
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Figure 3-10The fraction of fibers with dﬁam&j'OmbinemaJ)%‘?d‘pmﬁ‘!JEacm pl otted

symbol represents abserved valuéor a given voltage with the initial starting mass, additive doping (FA38), heating condition,
and spinning plate to collector distance indicated by the above table. The red fit litkadain ofequation(3-11) with |

™ pf ™ YO & gandk T T

3.6 Transition from jet to fiber and effect of heating
Most of my dissertation work has focused on decreasing average fiber diameter and increasing the

fraction submicron fibers via manipulatinget(equation( 3-1)) through either ¢ or E.
However, there is a second opportunity for thinning downstream fgams the jet transitions into

a fiber. Work byShabaninvestigated the effect of background temperature on solidification point
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and the resultant fiber diameter in unconfined melt electrospinning of lineaddosity
polyethylene (ASPUN 6850A) and found that the average fiber diameter decreased from 43 to 11
‘“dqafter adjusting the spinning apparatuseds s
(region between the source plate and collector) temperature. While they noted that some of these
changes did modify the electric field they adjusted the voltagertpensate and concluded that
the spinline temperature played a role in decreasing the diameter by decreasing the viscosity of
the jet. In particular they observed that the point of solidification occurred a longer distance from
the cone for higherpin-line temperatur€:’® Work by other authors found a similar tréfgft
although there are examples in the literature of the opposite trend being offserved

Previous work®’* has proposed a model for predicting the fiber diameter at the
solidification point. It was arguetthat diameter will decrease as 1/x in the region between jet and
collector if the electric field is constant and the protofiber is still fluid (sufficiently low viscosity
and modulus) so it can be elongated. In our configuration, both temperaturectmcifedéd drop
with distance from the plate edge, indicating that solidification and decreased pulling force will
result in less thinning than theoreticatiyedicted. Previously, wotkfrom our group has argued

that due to heat loss effects, a constant ratio (the draw factor, d.r.) bgtvaehsher is expected:

H8 i ji (3.14)

with previous data showing that the d.r. was approximately 4. In this argument, the heat loss
through the surface of the fiber (which depends on its surface area and the difference between
internal temperature and the surroundings) occurs with time gsdtgget moves forward, thins

as ~1/x, and cools. Thinning increases velocity (because mass is conserved) and decreases heat
loss (as surface area decreases). At some point (a particular time, which can be converted to a

radius), sufficient energy is lbgthe protofiber's temperature falls sufficiently) and the fiber
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solidifies. This process is limited by heat loss from the fiber: thus increasing the background
temperature in the region between the source plate and collector should in principle maintain the
thermal energy of the fiber and allow for additional elongmatido test this hypothesis, we altered

the background temperature framws to a range fromt @ top & with this data shown in
FiguresFigure 3-3, Figure 3-5, Figure 3-6, and Figure 3-8 Error! Reference source not

found..

Draw ratio analysis involves firginding riet, typically throughexperimentabbservation,
and themmeasuring the fiber radius and finding the rééq.(3.14). In this work, because of the
success in decreasing: combined with the small cone size resulting from decreasing the jet
spacing and the movement of the jelisect imaging of jet radius is not possiblith the available
optics (i.e.There isno combination of magnification and depth of field to sufficiently resolve
feature lengths anfdr the variouglistances from the camerallowever, for larger jets in previous
works, independent calculation from egl &nd direct imaging were consistent and estimates in
this work are in line with visual observaitis. The mean fiber radius vs calculated jet radius is
plotted inError! Reference source not found.andis roughly linearas expected fronf 1-1).

Fitting the data results in a d.r. 8B+ 0.2when including all datarhe d.r.5.2 £ 0.3 wagor the
case without additional heating (black points) &+ 0.2 for the case with additional heating
(red points), although neither fit has afivRlue above 0.95.

These results are generally consistent with previous work but interestingly do not show an
increase in draw ratio due to the heating. Using the heat loss argument summarized above,
previous works proposed an order of magnitude analytical form for theratiaff:

w D4

B8 P g
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whereri s mass densi t ythe ddferenge batwednithe mdit eemperaturepdn the
source plate and the effective solidification temperature, H the convective heat coefficient for the
protofiber, T the difference between the me
coefficientfrom r = A/X. Increasing the second term (towards 1) increases the draw ratio. For
instance, increasing density means there is more mass to cool in the fiber and thus a longer time to
draw. Similarly, a highrespecific heat will require more heat transfer to cool. A larger difference
between the starting fiber temperature and the solidification point elongates the drawing process.
Increase in the convective heat coefficient and a larger difference betveelipetntemperature

and surroundings increases the heat loss rate and thus decreases the draw time. Higher flow rate
(with similar ret) increases velocity, providing a larger x distance per time and thus more drawing.

A determines how the radius changesh x or how increases in x translate to decreases in r.
Mani pul ating the background temperature direc:
T (due to a slight increase in the source plate melt temperature). The experimental results
indicate that these changes (which would increase draw ratio) are likely counteracted by other
coupled effects. Of particular interest is an unintentional increas€ the convective heat
coefficient, due to fans utilized to distribute the backgroundgatn experimental issue which

can be further explored.

Heating usefully served as a mechanism to access a larger range of Q and E values to test
the assertions of how fiber diameter and fraction of-reudyon fibers changed with these
guantities. Examining Figure-@ which summarizes j@and electric field (through jet density)
for various experiments, we notice a larger range of these quantities for the red (heated) data than

for equivalent experiments without additional heating (black points). This proved advantageous
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in broadening the range of parameter space explored in this work and thus increasing confidence

in our results.
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Figure 3-11rjet as estimated from eq-Busing measured values of the conductivity and viscosigya$shown in Figure-8,

and the electric field from the observed jet density (FigeBe Slving eq( 3-9 for field for additive doped polymeEach
estimated ;g is plotted versus thexperimentally observemieanfiber diameterThe insert shows these values for the urdbp

polymer.Performing a linear fit of the dater§o, B 8.7 @ives a draw ratio 3.8,

3.7Conclusions
In this chapter we examined how various experimental factors directly translate into

changes in fiber diameter. Film thickness can be utilized to choke total flow Q. Increase in electric

field through either voltage increase or film thinning results anenjets, which uniformly divide
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Q to decrease thg& The predicted 1/3 power law dependence of jet radiuseowad confirmed.

In addition, a separate decreaseididue directly to the electric field {8 was also confirmed.
These results indicate that utilizing the thinnest film that will support jets and the highest electric
field possible without parasitic discharge wilsultin the largest fraction of nanofibers. The
nanofiber diameter distribution is well described by a log normal distribution. The connection
between gquation( 3-1 which parameterizesetand observed diameter distribution of the fiber
resulting from thisjg indicates a linear dependence between the This draw ratio remained a
relatively constant value found to Be8under a variety ofoltagesfilm thicknessesand heating
conditions. Tle value of3.8wassimilar tothe draw ratio of ~4 that was experimentally observed
previously by ourgroup butis in contrast with the expected relationship between temperature
based off observations by others. We attribute itihrariance of the draw ratio under heating
conditionsto a change in the convective heat coefficient due to forced aidltwugh further

investigation of the effect of heating on the draw ratio is needed.
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Chapter 4

4.1 Introduction

In Chapter 3ve considered the effect of changes in electric field and flow rate on the fiber
and spinning morphology of a polymer containing an additive to enhance conductivity. We
established how the flow , having the strongest dependance, can be used to reduce jet and
thus fiber diameter and the role of the electric fi€ldin both determining  in the unconfined
spinning configuration through the jet density and in setting the fiber diameter directly. As the
majority of thinning of the conget occurs in the cone region, this investigation was motivated by
the relationship determining the craager radius where the cofet switched from the cone to jet
mode.
sT 0 37 (4-1)

In this chapter we will now turn to th@%trongest dependance conductivityThis dependance
has been verified previously by work from or grouprnipulating the ionic conductivity through
the use of additivé&*’.

While beneficial for processing, additives can be detrimental to a final product. For
example in filtration an additive may leach into the filtered water causing negative health
conseqguences such as carcinogenic effects, cytotoxicity, genotoxi@tydacrinologigroblems
5152 In biomedical applications these effects can be more pronounced by allowing additives to
leach directly into the body, interfere with drug delivefy, or affect the functionality of
biomedical deviced. For these reasons it is desirable to temporarily enhance the ionic

conductivity of the polymer melt for electrospinning rather than use additives.
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Conductivity enhancing additives work on a simple principle. They add weakly bound
charges to the polymer melt that can diffuse in response to an electric field resulting in ionic
conduction. Typically this is achieved by either modifying the polymerfarithtional groups that
loosely bind to ions such as metal ligatiddor to use a compatible molecule to contribute ions
such as ionic liquid$ or stearate based additives like the FA38 additive use@ and 4.
Compatibility is required because otherwise the additive will quickly phase separate from the melt
and the beneficial effect will be lost. However, if enhanced conductivity is only necessary for
processing we can make use of out of equilibrium jgkyand force ions temporarily into the melt.

A good candidate for forcing ions into a polymer melt is an electric discharge. There are various
types of discharges. Desirable characteristics for this application are a high degree of ionization to
maximizethe number of charges deposited into the melt, discharge uniformity so the charge is
evenly distributed throughout the melt surface, and low temperature to avoid thermal polymer
degradation. For these reasons:anosecond pulsed dielectric barrier discka(@BD) was
chosen. DBDs have a high degree of ionization relative to other discharg® typede operated

in relatively uniform glow mode at atmospheric pressure due to the fast rise time and short pulse
duration preventing the formation of instabilifi®®, and create what is classified as a-tioermal

plasma due to having a low molecular temperature, typically only ~10 C above the background
temperatur®. Additionally, they can be operated at a low duty cycle to minimize interference with
the driving electric field of the electrospinning process. Work by Huang and others has
demonstrated the ability of such discharges to deposit charge onto a substleigeameasured

the resultant charge through various contactless techiAfdidesvhile it is unclear if deposited
charges will be compatible with the polymer and ultimately they will decay through recombination

or phase separation, use of a repeated AC discharge pattern allows us to keep the polymer out of
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equilibrium during processing (creating additional charges) with the benefit thaprposssing,

the polymer will return to equilibrium free of additives.

4.2 Setup and procedure

Figure 4-1 Scalediagram from above of the electrospinning configuration with a discharge electrode present. The high voltage
collector, polymer fluid, spinning plate, Nassecond Pulse Generator (NPG), and glass spacers are labeled.
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