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Abstract
Electrospinning or electrostatic fiber spinning employs electrostatic force to draw
a fiber from a spinneret. This fiber solidifies and lies down on a collector in the form of a
non-woven fiber mat. Electrospinning has attracted much attention recently due to the
ease with which fine fibers about 10 nanometers to 10 microns in diameter can be
produced from both natural and synthetic polymers.
publications on this technology, few publications

Despite the large volume of
discuss the mechanics

of

electrospinning. Most publications deal with the exploratory works on what material can
be electrospun and the potential applications of the electrospun fibers.

This work

examined the electrohydrodynamics of the electrospinning process and developed this
technology for making functional materials.
The first part of this dissertation deals with the electrohydrodynamics of the
process. The effects of processing parameters and material properties on the size and
structure of electrospun fibers were studied. The experimental findings validated the
analytical scaling model developed by Fridrikh and co-workers to predict how the final
radius or "the terminal jet radius" of the electrospun fiber depends on the processing
parameters. The scaling formula is derived from the force balance between surface
tension and surface charge repulsion. The scaling model provides a powerful tool for
controlling the fiber diameter just by adjusting the surface tension, the flow rate, and the
electric current on the jet.

The next part of this dissertation describes the role of fluid elasticity in the
formation of fibers from polymer solution by electrospinning. Obtaining a uniform
electrospun fiber can become problematic when the polymer solution is too dilute. In this
case, experience suggests that the lack of elasticity prevents the formation of uniform
fibers; instead, droplets or necklace-like structures know as "beads-on-string" are formed.
Model fluids were prepared by blending small amounts of high molecular weight
polyethylene oxide (PEO) with concentrated aqueous solutions of low molecular weight
polyethylene glycol (PEG).

The formations of beads-on-string and uniform fiber

morphologies were observed in a series of solutions having the same polymer
concentration, surface tension, shear viscosity, and conductivity but with different
degrees of extensional viscosity. A high degree of extensional stress was observed to
arrest the breakup of the jet, which was due to the Rayleigh instability. In some cases,
the extensional stress was able to suppress the Rayleigh instability altogether. The
susceptibility of the jet to the Rayleigh instability was examined in two ways. First, a
Deborah number was defined as the ratio of the fluid relaxation time to the instability
growth time and was shown to correlate with the arrest of droplet breakup, giving rise to
electrospinning rather than electrospraying. Second, the critical extensional stress on the
jet was shown to be large enough in some cases to completely suppress the Rayleigh
instability.
The next part of this dissertation describes ways to produce functional electrospun
fibers for potential applications. It presents a method to electrospin into fibers materials
that would otherwise be difficult or impossible to process using conventional extrusion or
electrospinning.

This method involves electrospinning two materials into fibers with

core-and-shell morphology. The "electrospinnable" shell fluid serves as a processing aid
to electrospin the core fluid. The shell of the fiber can be removed during post
processing, while the core of the fiber remains intact. Several types of core/shell fibers
were produced for the first time to illustrate the versatility of this technique.
Finally, the dissertation presents a process to make transparent, electrospun-fiber
reinforced-composite that has the ability to change reversibly, its color and transparency
in response to stimuli, such as irradiation. Matching the refractive indexes of the fiber
and the matrix is important in order to reduce haze and poor visibility. Any large

mismatch will contribute to haze and poor visibility.

Electrospinning is chosen to

produce the reinforcing fiber for the following reasons. Electrospinning produces very
fine fibers (average diameter ranging from 100 nm to 500 nm) that can minimize the
scattering of light in case there is a slight mismatch in refractive indexes.
Electrospinning can produce a non-woven mat that has a large ratio of surface area to
mass for better bonding to the matrix material. It also allows the dye to disperse in the
spin solution without compromising the chemical stability of the dye during
electrospinning. The result is a mechanically tough, highly transparent composite that
has low haze, the ability to change color, and selective transmittance.
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Chapter 1
Introduction

1.1 Opening Remarks
A nanometer is one billionth of a meter. As an example to get a comparative size
of the nanometer dimension, a human hair has a diameter about 100,000 nanometers.
Nanotechnology is a general term used to describe the scientific methods that exploit
material properties at the nanometer dimensions, roughly one to hundreds of nanometers,
to achieve a commercial objective. Some nanotechnology enabled products have already
found theirs way to the daily lives of consumers.

For example, the state-of-the-art

computer chips have feature sizes that are below a hundred nanometers; they outclass
their micrometer predecessors significantly in terms of performance and capability.
Nanotechnology video displays have already made cathode ray tubes obsolete. There is a
great anticipation that nanotechnology is the next wave of socioeconomic changes in
annals of human civilization since the Industrialization Revolution of the Eighteen
Century. The President of the United States has established a multi-billion dollars federal
program called the "The National Nanotechnology Initiative". Established in 2001, this
ambitious program calls for search and development in nanotechnology products for
national defense purpose, economic growth, jobs, and other related benefits. Other states
follow suits, launching their own respective initiatives in nanotechnology.
As a result of the National Nanotechnology Initiative, the U.S. Army and the
Massachusetts

Institute

of Technology

established

the

Institute

for

Soldier

Nanotechnologies in 2002. Its mission is "to discover, develop, and exploit nano-enabled
materials, devices and systems to dramatically enhance soldier survivability."

The

ultimate goal is to deliver a single lightweight combat platform for chemical and
biological warfare protection as well as ballistic protection for the individual soldier.

1.2 Thesis Overview
The Institute for Soldier Nanotechnologies has established many concurrent
projects in its efforts to develop nanotechnology for the creation of future combat
survival gears for soldiers. The author of this dissertation has worked on Project Number
5.1: Processing of fibers and fibrous materials. This project is responsible for developing
the processing technologies to fabricate and integrate fibrous nanomaterials.

The

author's works has resulted in a step closer to develop a complete fundamental
understanding of how fibers and nanofibers are formed during electrospinning, and to
incorporate these fibers into new, high performance nanomaterials.
This dissertation describes the author's works in two major areas of research in
electrospinning: the first deals with the fundamental science of electrospinning; the latter
focuses on electrospinning-enabled nanomaterials. Chapter 2 presents the motivation and
object of the thesis. Chapter 3 provides a short review on the state-of-the-art in the
electrospinning technology. Chapter 4 is the material and method section. It provides a
detail description of the experimental setup. Chapter 5 introduces the concept of the
"Terminal Jet Radius" and its validation. Chapter 6 takes a closer look at how fluid
elasticity affects the formation of electrospun fibers. Chapter 7 introduces the concept
and design of two-fluid electrospinning. Examples of two-fluid electrospun nanofibers
are provided. Chapter 8 describes a transparent polymer-polymer nanocomposite that is
made from electrospun fibers. This thesis concludes in Chapter 9. It is followed by the
Reference.
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Chapter 2
Motivations and Objectives
2.1 Motivations
The average diameter of an electrospun fiber can range from 10 microns down to
50 nanometers. Electrospinning also produces fibers from materials that are not usually
spun by mechanical means, such as naturally occurring fibers like silk. The Donaldson
Company, Inc. and the Freudenberg Nonwovens Group are using the electrospinning
technology to manufacture high-quality filtering media.

Much research is aimed at

developing this technology, electrospinning, to produce more novel products for
applications such as bioengineering, high-performance fabrics, and multi-functional
fibers.
Since the 1990's, over five hundreds of peer-reviewed publications have been
published on the subject of electrospinning. However, most of these publications have
emphasized on the potential applications of electrospinning but not so much on the
process itself.
The behavior of the steady jet has been addressed both theoretically [Taylor,
1965; 1969; Cloupeau and Prunet-Foch, 1996; Hohman et al., 2001, Feng, 2002] and
experimentally [Kirichenko et al. 1986; Shin et al., 2001; Carroll and Joo, 2006]. The
major challenge is the understanding of the physics that governs the whipping instability
region. Fridrikh et al. presented a simple model for the stretching of a charged fluid jet in
the whipping region. This model suggests that there is a scaling equation that governs the
jet radius. The jet reaches its terminal radius when the surface tension balances out the
electrostatic charge repulsion.

This scaling equation needs to be validated with

experimental works.
The dynamics of the electrospinning process are extremely complex. Figure 2.1
is a flow chart describing the effects of material properties, processing parameter, and
processing conditions on the fiber diameter. The flow chart shows the complexity of how
a change in one parameter or one property can affect the thinning of the jet. For example,

C)

CD

Charge Density

Flow Rate

P

Preter

Processing Parameter

C)
En

adding a surfactant to a fluid changes several aspects of the electrospinning jet, such as
the conductivity, the surface tension, and the solute-solvent interaction.
The quantitative analysis on the effects of processing parameters and material
properties in electrospinning is inadequate and insufficient.

To make matter more

confusing, there were conflicting reports on how parameters and material properties
affect of the formation of the electrospun fiber. The influences of numerous solution
properties, including shear viscosity, polymer concentration, solution conductivity, and
surface tension, on fiber morphology have been investigated experimentally [Fong et al.,
1999; Lee et al., 2003; Gupta et al., 2005, Mckee et al., 2005, Shenoy et al., 2005].
Although researchers have recognized the important role of elasticity in electrospinning,
its effect on the fiber morphology has not been studied systematically due to the difficulty
of maintaining other solution properties constant while changing the elasticity.
2.2 Objectives
The objectives of this work encompass two areas of research in electrospinning. One
is in the scientific interest, developing a processing model and theory for electrospinning.
The other is in the potential applications of electrospun fibers. The objectives of this
work are:
1) Assessment on the effects of processing parameters like the flow rate and the
current on the structure and the morphology of the electrospun fibers
2) Assessment on the effects of material properties like the extensional properties on
the structure and the morphology of the electrospun fibers
3) Validation of the 2/3 scaling equation for resulting fiber radius of the
electrospinning jet
4) Development of new methods to electrospinning functional fibers
5) Development of electrospun-enabled material

Chapter 3
State of the Art
3.1. Electrospinning
The electrospinning technology has been known for a long time. In 1902, Morton
received the first US patent for the electrospinning of artificial fibers [Morton, 1902]. In
the 1930s and 1940s, Formhals claimed a series of patents on the processing and
apparatus to produce electrospun fibers [Formhals, 1934; 1939; 1943; 1944]. In 1914,
Zeleny presented one of the earliest studies of the electrified jetting phenomenon [Zeleny,
1914]. However, the practice of electrospinning technology remained largely dormant
until the 1970s. Similarly, in electrospinning research, only a few publications appeared
in the 1970s and 1980s, notably by Baumgarten and and by Larrondo and St. John
Manley [Baumgarten, 1971; Larrondo and St. John Manley 1981].
In Baumgarten's experiment, a glass capillary was filled with an acrylic polymer
solution. A charged wire was inserted into the capillary. There was no flow rate control;
once a critical voltage was applied, a fluid jet ejected out from the capillary tip. The
effect of humidity on the electrospinning process was studied. High humidity caused the
fluid jet to dry improperly. Baumgarten also estimated the jet speed to be around 280m/s
(near the speed of sound) by using energy balance. He had over estimated the total
charge on the jet. The actual speed is about 10 m/s.
Larrondo and Manley demonstrated the feasibility of electrospinning a polymer
melt instead of a solution. A melt extruder was used to deliver a polyethylene melt to a
charged capillary. The electrospun fibers were about 10 microns in diameter.
In the 1990s, a great interest in electrospinning research was generated when
Doshi and Reneker reintroduced this technique as a facile way to make submicron fibers
[Doshi and Renerker, 1995], and since then it has been shown that almost all materials
that can be spun from melt or solution by conventional methods can be electrospun into
fibers.

Researchers also experimented with novel electrospinning devices. Recently, a
miniaturized version of the electrospinning device, no larger than a dime, was made using
microfabrication technique [Kameoka et al., 2003]. The micro-electrospinning device
acts like a scanning tip, depositing the fiber in a well-aligned way. In another device, a
series of large capillaries is placed inline to electrospinning multiple fibers at the same
time to increase productivity [Fang et al., 2006]. Additionally, some electrospinning
devices do not have the capillary tube at all; they are nozzle-less. Charges are injected
directly into the fluid using needle-shaped electrodes [Yarin and Zussman, 2004]. A
commercial electrospinning device prototype is available for scale-up production as well.
This prototype device is called NanoSpider TM , which is being developed by Elmarco
(Liberec, Czech Republic).
3.2 General Equipment Description
Electrospinning devices come in different sizes and shapes. The simplest form of
an electrospinning device (Figure 3.1) consists of a capillary with an inserted wire. The
capillary can be either metallic or glass, and it is about 1 millimeter in diameter. The
electrostatic force ejects the charged fluid from the tip of the capillary, forming a jet that
travels to a grounded collector.
Often in laboratory practice, the applied voltage and the flow rate of the fluid are
closely regulated. In a more elaborate electrospinning device, a pumping device is used
to deliver the fluid to the capillary. Usually, the fluid is fed through a non-conducting
tube to the capillary to prevent unwanted electrical discharge to the pump. A typical
voltage generator delivers 10 to 40 kilovolts at around 100 microamperes of direct
current (DC) to the capillary during electrospinning. As a safety feature, an amperage
cut-off is installed in the voltage generator to prevent electrocution.

Although an

alternating current (AC) generator also works well in electrospinning [Kessick et al.,
2004], it is rarely chosen in laboratory practice because of its potential lethality to the
user.
Although the high-voltage power supply can be connected to the capillary
directly, some researchers prefer to place a disk or plate around the capillary to prevent
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Figure 3.1. A simple electrospinning device
corona discharge, which can cause explosion if the fluid is volatile and flammable. The
disk also helps to direct the deposition of the fiber onto the collector.
A typical distance between the nozzle and the collector is 10 centimeters or more.
The fiber collector comes in myriad designs. The most basic one is just another metallic
disk or plate that is connected to a grounded wire. The more complicated designs may
include a coagulating solvent bath or a conveyor belt. There are several ways to control
the alignment of the depositing fiber. One way is to use a rotating wheel blade to collect
well-aligned segments of the fiber [Theron et al., 2001]. One other way is to deposit the
fiber across a small air gap between a two collectors. Another way is to use a series of
charged rings to direct the electrospinning jet onto the collector [Deitzel et al., 2001].

3.3 Process Description
The electrospinning process is characterized by three major regions (Figure 3.2):
(1) The cone region, (2) the steady jet region, and (3) the instability region. During the
initial stage of electrospinning, a pendent drop of a fluid is charged at the tip of the
nozzle.

Then charges repel each other on the surface of the pendent drop, working

against the surface tension and deforming the droplet into a conical shape, just before
jetting occurs. The conical shape is called the Taylor Cone, named after G.I. Taylor who

has studied this electrified fluid phenomenon [Taylor, 1965; 1969]. At a critical electrical
stress, a fluid jet is ejected from the apex of the cone (Figure 3.2a). The diameter of the
jet at the apex is about 100 micrometers. In the steady jet region, the jet can travel in a
straight path anywhere from I to 20 centimeters. For a fluid that is a solution, real-time
spectroscopic data shows that the lost of solvent due to evaporation in this portion of the
jet is negligible [Stephens et al., 2001].
In the final region, the jet deviates from its straight path and undergoes an
instability called bending or whipping instability [Magarvey and Outhouse, 1962; Taylor,
1969; Reneker et al., 2000, Hohman, 2001]. Initially, it was thought that the jet splits
into multiple jets (Figure 3.2b). In fact, the "splitting" is an optical illusion caused by the
rapid movement of the whipping jet. Only a photograph taken with a microsecond
exposure reveals that the outline of the jet is like a spiraling path (Figure 3.2c). It is
important to point out that each fluid element does not travel along the spiraling path but
rather travels radially outward from the center and downward to the collector, like water
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Figure 3.2: The evolution of an electrospinning jet: (a). the cone and the steady jet; (b). a long time
exposurephotographof the bending or whipping instability;c). a short time exposure photographof
the same region
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streaming away from a water sprinkler. The skirt shape that is traced out by the fluid
elements is sometime called the "whipping envelope". In rare cases, there is a secondary
whipping instability that develops after the first instability sets in [Reneker et al., 2006].
The jet dries rapidly in the whipping region, producing a fiber that forms a non-woven
mat at the collector (Figure 3.3).

Figure 3.3. a) A typical electrospun non-woven mat (centimeter scale) b) a SEM micrograph of
the same mat

3.4 Potential Applications
3.4.1 Tissue scaffoldings
One of the most promising potential applications is tissue scaffolding. The nonwoven electrospun mat has a high surface area and a high porosity. It contains empty
space between the fibers that is about the size of cells. The non-woven mat has the
approximated architectures that can mimic the in vivo condition for cells.

The

mechanical property, the topographical layout, and the surface chemistry in the nonwoven mat may have a direct effect on cellular proliferation and migration [Flemming et
al., 1999]. The electrospun mat may provide a mechanically stable scaffolding, in which
cells can proliferate. Then, the cells synthesize their own extracellular matrix to form a
functional tissue while the electrospun mat degrades away.

One of the earliest works was a study on the proliferation of smooth muscle cells
in an electrospun collagen mat [Matthews et al., 2002]. Type I and type II collagens were
chosen due to their relative non-immunogenic nature and mechanical stability.

The

collagens were first dissolved in hexafluoropropanol. Then the solution was electrospun
into a fibrous collagen mat. The electrospun collagen fiber mimics the molecular and
structural properties of native collagen. The electrospinning process induced the collagen
molecules to form a-helical domains, forming a periodic banding pattern in the fiber.
The researchers claimed that these banding patterns promote structural integrity and
biological activity, which can provide an in vivo-like environment for cells to grow. The
size of the electrospun collagen fiber is about 100 nm in diameter, very comparable to the
size of collagen fibrils found in native tissue. Aortic smooth muscle cells were seeded
into these electrospun collagen mats. When the cellular growth was examined, it was
found that the cells were able to infiltrate and to proliferate in the mat.
In addition to naturally occurring materials, researchers also have tried synthetic
materials. Li et al. presented one of the first works on the feasibility of using a synthetic
electrospun mat for cell culture [Li et al., 2001]. They selected a synthetic polymer
called poly(DL-lactide-co-glycolide), which is biodegradable and has been used in
clinical applications. The mechanical properties of the electrospun mat are comparable to
those of human tissue. The cells were able to proliferate to confluency in 7 days.
Since 2000, researchers have tried to electrospin different materials into viable
tissue scaffoldings. In the same period, researchers have tried to seed different types of
cells in trying to develop functioning tissues, such as skin, heart valves, nerves, blood
vessels, and cartilages [Jin et al, 2004; Min et al, 2004; Xu et al, 2004; Shin et al., 2004;
Riboldi et al, 2005; Li et al., 2005; Telemeco et al., 2005]. A fully functioning human
tissue generated from an elelectrospun mat has yet to be developed.

It has been

demonstrated, however, that the electrospun fiber mat is a promising avenue for tissue
regeneration in humans.

3.4.2 Templates for Inorganic Fiber
Another potential application of electrospinning is to make inorganic nanofibers.
Spinning inorganic materials into nano-sized fibers is difficult. Electrospun polymeric
nanofiber mats can provide sturdy templates to create these hard-to-spin inorganic fibers.
One method is to coat the electrospun mat with inorganic materials by chemical
disposition. Caruso et al. demonstrated the feasibility of this method by producing a mat
of titanium dioxide nanofibers that are hollow [Caruso et al., 2001]. A solution of
poly(L-lactide) was electrospun into a fibrous mat. Then the mat was dipped into a solgel of a titanium salt. Once the mat was coated, thermal treatment burned off the poly(Llactide), leaving behind a non-woven mat of a hollow titanium dioxide fibers. The
hollow fiber was about 1 micron in diameter with a wall thickness of 100 nm. The
hollow structure creates a large surface area per volume that can enhance the process
efficiency in applications such as catalysis and diffusion.

Several other types of

inorganic fibers, such as rare-earth compounds and metallic oxides, have been produced
using this coating method [Kataphinan et al., 2003; Drew et al., 2003].
Instead of coating the fiber mat after electrospinning, blending inorganic materials
into a polymer before electrospinning is also possible. Shao et al. blended silica gel with
poly(vinyl alcohol) and electrospun this mixture into a fiber mat [Shao et al., 2003].
Thermal treatment burned off the polymer, forming a silica fiber mat. The silica fiber is
not hollow in this case. However, it is quite porous, which generates a large surface area.
Other researchers have also used this method to obtain other inorganic fibers [Li and Xia,
2003; Guan et al., 2003; Dai et al., 2002; Choi et al 2003].
Fine carbon fiber can also be obtained by pyrolysis of an electrospun polymer
fiber [Wang et al., 2002; Gu et al., 2005]. First, polyacrylonitrile was electrospun into a
fine fiber about 100 to 200 nm in diameter. Then heat treatment and pyrolsis followed.
The polyacrylonitrile fiber does not burn off, but does pyrolyze into carbon fiber.

3.4.3 Functional Fibers
Another application is to make composite nanofibers.

It is easy to dope the

polymer solutions with various fine particles before electrospinning. Different kinds of
particles have been used to produce fibers with desirable characteristics. Fong et al. premixed exfoliated montmorillonite clay particles with a nylon solution before
electrospinning [Fong et al, 2002]. The resulting clay-nylon composite fiber had wellaligned clay particles along its axis.

Wang et al. doped the spin solution with

superparamagnetic iron particles [Wang et al., 2004]. This electrospun fiber mat can
actuate in the presence of a magnetic field. Hou et al. doped a polyacrylonitrile solution
with carbon nanotubes [Hou et al, 2005]. It was observed that the carbon nanotube were
parallel and oriented along the fiber axis. The mechanical properties of the fiber mat
improved significantly with the inclusion of carbon nanotubes.
In one application, Ma et al. exploited the surface feature of the electrospun mat
to create a superhydrophobic non-woven fabric [Ma et al., 2005].

A solution of

poly(caprolactone) was electrospun into a fibrous mat. Then the mat was coated with a
thin layer of a hydrophobic chemical using initiated chemical vapor deposition process.
The combination of mat's high surface roughness and the chemical treatment creates a
superhydrophobic surface that has a contact angle of 1750*.

In another application, Wang et al. produced a highly sensitive optical sensor
using electrospinning [Wang et al., 2002].

The electrospun mat was doped with a

fluorescent senor to detect heavy metal ions. This electrospun mat sensor has a higher
sensitivity than a film senor due to the high surface area-to-volume ratio of the mat.
Kenawy et al. demonstrated the feasibility of using electrospun mats as drug
release agents [Kenawy et al., 2002]. A drug was blended into a solution of polymers
before electrospinning.

They manipulated the chemical composition of the mat to

generate different release profiles.

Chapter 4
Experimental Methods
4.1 Electrospinning Devices
4.1.1 Single-fluid Electrospinning Device
The device for single-fluid electrospinning is based on Shin's design [Shin et al.,
2001]. It consists of two aluminum disks 12 cm in diameter at an adjustable separation
up to 50 cm (Figure 4.1). A rigid plastic lab-stand suspends the upper disk above the
lower disk. The parallel-disk arrangement provides a uniform external electric field that
simplifies much of the physic analysis of the electrospinning jet. Placing a disk around
the capillary also reduces the likelihood of corona discharge, which can cause explosion
if the fluid is volatile and flammable. The disk helps to direct the deposition of the fiber
onto the collector. The aluminum disks were fabricated at the MIT Central Machine
Shop. The disks have a thickness of 1 cm. A 1/16" hole was drilled through the upper
disk at the center.
The upper disk has a stainless steel capillary (Upchurch@ # U-138) that protrudes
7 mm out from the center hole of the disk. The capillary is 10 cm in length and has an
inner diameter of 0.04 inch (1.016 mm) and an outer diameter of 1/16 inch (1.5875 mm).
A syringe pump (Harvard Apparatus PHD 2000) delivers the fluid from the syringe to the
capillary via a Teflon* tube, which serves as an electrical insulting device. A 1/8"-to1/16" stainless steel reducing union (Ohio Valley # SS-200-6-1) connects the Teflon*
tube to the capillary. The Teflon® tube (Upchurch@ # 1640) has an inner diameter of
0.062 inch (1.55 mm) and an outer diameter of 1/8 inch (3.175 mm). Its length is about
20 cm. A Luer-lock type quick-connector assembly (Upchurch@ # P-628; P-345X)
attaches to the other end of the Teflon* tube. The assembly provides a tie fitting to the
Luer-lock syringe at the syringe pump.

fz
Figure 4.1. A schematic representation of the electrospinning
device: (a) fluid reservoir and pump; (b) high-voltage power
supply; c) stainlesssteel capillarytube (nozzle); d) upper disk; e)
lower disk (collector);]) groundingwire to multi-meter
A power supply (Gamma High Voltage Research ES-40P) provides up to 40 kV
of direct current to the upper disk. As a safety feature, an amperage cut-off is installed in
the voltage generator to prevent electrocution. The strength of the electric field (voltage)
was adjusted to obtain steady state jetting, such that the pulling rate was not too fast or
too slow to cause interruption of the jetting, and the whipping instability persisted.
The lower disk is positioned at a sufficient distance (35-50 cm) from upper disk,
during operation, such that the fiber dries out by the time it hits the collector. The
collector is covered by an aluminum foil (Reynolds Wrap@ Release"T

Non-Stick Foil).

A digital multimeter (Fluke 85 III) measures the voltage drop across a 1.0 Mfl resistor
between the lower disk and ground. From the measured voltage drop, the current on the
jet is obtained.
A plastic enclosure houses the entire electrospinning device (Figure 4.2). The
dimensions of the enclosure are 1 m by 0.75 m by 0.75 m.

The four panels are

removable. The front panel is transparent. The two sides are painted black. The back
panel has an optional light diffuser window for back illumination. A ventilation tube
attaches to the top panel of box. The tube takes all the solvent vapors in the enclosure to
a solvent scrubber.
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Figure 4.2. The electrospinning device and its enclosure
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Figure 4.3. Left: single-fluid electrospinning assembly; Right: two-fluid electrospinning assembly

4.1.2 Two-fluid electrospinning device
The two-fluid electrospinning device is very similar to the single-fluid device.
The comparison between the two designs is illustrated in Figure 4.3. The only difference
is the capillary arrangement at the upper disk. Instead of having just one capillary, the
two-fluid electrospinning device has two capillaries, one inside of the other, forming an
annulus.
The inner capillary (Upchurch@ # 1145) has an inner diameter of 0.45 mm and an
outer diameter of 1/32 inch (0.79375 mm), whereas the outer capillary (Upchurch@ # U825) has an inner diameter of 0.08 inch (2.032 mm) and an outer diameter of 1/8 inch
(3.175 mm).
A stainless steel 1/8" Tee union (Ohio Valley # SS-200-3) connects two separate
Teflon* tubes to the capillaries, one to the inner capillary and one to the outer capillary.
Two syringe pumps deliver two separate fluids to the capillaries simultaneously. Figure
4.4 illustrates the detail construction of the two-fluid electrospinning device

Figure 4.4. Two-fluid electrospinning device; Upper left: the assembled device; Lower
right: the assembled device with the upper disk attached

4.2 Standard Operating Procedure for Electrospinning
1. Make sure the voltage generator is off
2. Fill up the syringe with a fluid
3. Attach the syringe to the Teflon* tube
4. Wait for all air bubble to dissipate out from the fluid, or use a vacuum to
egress the air bubble
5. Place the syringe in the syringe pump
6. Set the initial flow rate to 0.05 ml/min*
7. Insert the capillary into the upper disk
8. Make sure the voltage supply wire is connect to the upper disk
9. Set up the collector and connect it to the grounding wire
10. Turn on the voltage generator
11. Adjust the voltage and the distance of the collector for steady electrospinning
12. Change the flow rate to the desire flow rate
13. Re-adjust the voltage and the collector distance if it is necessary
14. If the pendant drop dries out at the capillary, turn off the voltage generator and
ground the upper disk before cleaning the capillary tip
15. Post an electrical hazard sign when the device is running unsupervised
16. Use a respirator if the solvent is toxic
17. After collecting enough fibers, zero the voltage indicator, then turn off the
voltage generator
18. Clean the Teflon® tube and capillary thoroughly
* for two-fluid electrospinning: set the initial inner flow rate at 0.01 ml/min and
the outer flow rate at 0.05 ml/min

4.3 Imaging Techniques
4.3.1 Macro-photography
The analysis of the steady jet requires high resolution, high contrast, and high
magnification images.

There are several difficulties in obtaining these high-quality

images: 1) The jet is too small to be photographed by a regular zoom lens.

A

modification on the lens is required. 2) A highly intensive and uniform illumination is
required to bring out the contrast between the edges of the jet and the background. 3)
There is a limitation on the working distance between the lens and the electrified jet. The
lens can interrupt the electrospinning process if the lens is too close to the jet. The
electrified jet likes to ground itself to the nearest conducting object. So, a microscope
would not work in this case. 4) The depth of field is very narrow. The slightest lateral
movement by the jet can cause it to go out of focus.
Two types of lenses were used in this thesis work. The first was a modified
standard 70 - 300 mm lens (Figure 4.5). A bellows system (NOVOFLEX, Universal
Bellows BALPRO 1) was inserted between the lens and the SLR camera (Nikon D70).
The bellows lengthened the focal length of the lens to the film or the CCD detector while
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Figure 4.5. Bellows assembly
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the distance of the lens to the object was drastically reduced. The focal length can be
lengthened to about 30 cm. The bellows system provides a primary magnification at least
3 X. At an ISO setting of 200, a large poster print can resolve the jet image at 2000 X
without losing much of the contrast and sharpness.
The second macro-photography lens was a long distance lens (Infinity K2). The
K2 lens has a primary magnification of 6 X. A sharp 4000 X image print is obtainable
using the K2. The only draw back for the K2, however, is its short working distance.
K2 CF3objective
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Figure 4.6. K2 long distance macro-lens

Back illumination was used in macro-photography.

The light source was

positioned behind the jet, whereas the camera was position in front of the jet. The image
of the jet appeared black in the photo print. The light source was provided from a
projector lamp (Eiko ENH 120V 250W). The light was projected thought an Opal
diffuser (Edmund Optics #NT43-042). The Opal diffuser allows the light to scattered
evenly such that the apparent brightness of the surface to an observer is the same
regardless of the observer's angle of view. The even brightness brings out a sharp
contrast between the white background and the dark edges of the jet (Figure 4.7).

Figure 4.7 Photograph of the jet near the nozzle. (The nozzle diameter is 1.6 mm) a) Actual
photographic image b) Subsequent image after processing to reveal the profile of the jet

The profile of the straight jet during electrospinning before the onset of instability
was captured with a digital camera (Nikon D70) that was mounted on an adjustable tripod
with a laser-positioning device. The lens' working distance was from 10 to 20 cm,
depending on how close the lens can get to the jet without interfering it. The exposure
time was adjusted to obtain a proper brightness, usually between 1/200 and 1 second.
Additional images of the jet, taken at successively greater distances from the nozzle, were
combined to form a composite image of the jet, from the nozzle to the position near the
onset of the whipping instability. The jet diameter as a function of position was obtained
using image processing software (Scion Image, National Institutes of Health,
http://www.nih.gov/).

4.3.2 High-speed photography and filming
In the downstream region, the jet deviates from its straight path and undergoes an
instability called bending or whipping instability. Initially, it was thought that the jet
splits into multiple jets when a long exposure photo was examined.

In fact, the

"splitting" is an optical illusion caused by the rapid movement of the whipping jet. The
jet usually travels at about 10 to 20 m/s. A minimum of 1/8000 second exposure setting
is needed to photography the whipping jet.
There are two other issues involve in imaging the jet. The first issue is due to the
short time exposure requirement. Short time exposure photograph needs a high intensity
light source. The second issue is due to the whipping motion of the jet. The depth of
field must be set at least as large as the whipping amplitude (about 5 cm at the onset of
whipping).
Back illumination was used. A projector lens (Kodak Carousel) was used to focus
the light onto the jet. A sandblast glass diffuser was used instead of the Opal diffuser.
This allows the maximum light intensity to reach the jet. The Nikon D70 with an 18-70
mm lens was used to photograph the whipping jet. The exposure time was set at 1/5000
or less. The focal length was set at 35 mm. The f-stop (focal stop) was set at f/22. The
depth of field increases with f-number. This means that photos taken with a high fnumber will tend to have the image in focus at various depths. The work distance was a
not issue here.
High-speed filming was done in a similar way. The illumination setup was the
same as the one used in high-speed photography. The only difference was the camera. A
Phantom high-speed imaging system (Vision Research) was used. A Nikon AF 18-70
mm lens was attached to the Phantom camera. The focal length and focal stop were set at
35 mm and f/22, respectively. Each frame was exposed at 72 microseconds. The interframe time was set at 928 microseconds, which was the time between the end of the
exposure time on the previous frame to the beginning of the exposure time of the next
frame. A total of 1000 frames were taken for each experimental run. The motions of the
jet were analyzed using Phantom Cine Viewer.

4.4 Fluid Characterization
All measurements were performed at ambient temperature.
4.4.1 Extensional Rheology
A capillary breakup extensional rheometer (Thermo Haake CaBER 1)was used to
characterize the extensional properties of the solution.

The CaBER is a filament-

stretching device that monitors the diameter at the mid-point of a fluid filament as it thins
under action of the capillary force. The Hencky strain, s, and the apparent extensional
viscosity, next, are defined as follows [Anna and McKinley, 2001]:
s = 2In(
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where Do is the initial diameter of the unstretched fluid filament,

Dmid(t)

is the time-

dependent diameter of the stretched fluid filament at the mid-point, and a is the surface
tension. The CaBER 1 can measure Hencky strains up to 12.7. The time evolution of
Dmid(t) data can be modeled by the following equation [Rodd et al., 2005]:
Dmid(t) = D1 ( DaG)1 e

4a

-t/3X,)

(Equation 4.3)

where G is the elastic modulus, D, the initial midpoint diameter just after stretching, and
kP is the characteristic time scale of viscoelastic stress growth in uniaxial elongational
flow, henceforth called the fluid relaxation time. The above equation stems from the
balance between the capillary forces, which create extra pressure on the surface of the
uniform cylindrical jet and cause it to extend uniaxially, and viscoelasticity, which resists
the deformation caused by the capillary forces.

6 mm plates (D,) were used in all

measurements. The initial un-stretched distance was 3 mm. The stretching distance was
set to 10 mm. The initial stretching time was set to 20ms. Data were collected at 1000

Hz.

The CaBER software control came with a data-analysis software package that

performed all the rheological calculations.
4.4.2 Other Fluid properties
Shear viscosity measurements were performed in a cone-plate viscometer (TA
Instruments AR2000). The shear-rate range was set between 1 and 3000 s-1. Surface
tension measurements were performed using a tensiometer (Kruss-10). The electrical
conductivity of the fluids was measured using a conductivity meter (Cole-Parmer-19820).

4.5 Fiber Characterization
The fiber micrographs were taken using scanning and transmission electron
microscopy. A small piece sample of the fiber mat was taped onto a double-sized copper
tape. Then the sample was coated with a 10 nm layer of gold for Scanning Electron
Microscopy (SEM) imaging. A SEM (JEOL SEM 6320) instrument was used to observe
the general surface features of the fibers. For each samples, at least 30 measurements on
the fiber diameters were taken.
The internal feature of the fiber was investigated using TEM (JEOL 200CX).
Contrast in each case was provided by the intrinsic difference in electron density of the
two materials or by staining with Osmium tetraoxides. For the TEM lateral view, fibers
were deposited directly onto a copper TEM grid. For the TEM axial view of fibers, the
fibers were first fixed in epoxy and then an ultramicrotome machine was used to cut 100
nm slices.
4.6 Chemicals
Most

chemicals

were

purchased

from

the

Aldrich

Chemical

Co.

Poly(methylmethacrylate) and Poly(vinyl butyral) were purchased from Scientific
Polymer Inc. Professor Kaplan at Tuft University provided the silk solutions. Molecular
weights were determined by gel permeation chromatography (Waters Gel Permeation

Chromatography). All chemicals were used as received without further purification. All
solutions were disposed after two weeks.

Chapter 5
Validation of the 2/3 Scaling Equation for the Terminal Jet Radius
5.1 A Short Review on the Physics of Electrospinning
5.1.1 The Steady Jet
The electrospinning jet is best described in two regions: the steady jet region and
the whipping jet region. The general mathematic description of the steady jet is within
the realm of electrohydrodynamics. Numerous publications have addressed the behavior
of the jet before the onset of the whipping instability [Taylor, 1965; 1969; Cloupeau and
Prunet-Foch, 1994; Ganan-Calvo, 1997; Hohman et al., 2001, Feng, 2002; Carroll and
Jo0 , 2006].
The behavior of the electrified jets is governed by fluid properties and processing
parameters.

The fluid properties are conductivity (K), density (p), permittivity (s),

surface tension (y), and viscosity (,q). The possible processing parameters are the current
on the jet (I), which is not usually controllable; the flow rate (Q); and the applied electric
field (E.), which is related to the applied voltage (V) and the distance (d) between the
collector and nozzle (E,=V/d).
The common starting point of the analysis is by writing down the
electrohydrodynamics equations. The following equations are adapted from papers by
Hohman et al.

They are equations of mass conservation, charge conservation,

momentum balance, and effective electric field on jet, respectively:
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where h is the jet radius; t is the time; v is the velocity; z is the z-coordinate.
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is the viscosity, which can be a function of the deformation

rate; a is the surface charge density; x is the local aspect ratio of the jet (or the slope of
the jet surface); 6 and E are permittivities of the fluid and vacuum, respectively.

E = EM -ln(X)[(61)
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(Equation 5.4)

where E is the effective electric field on the jet, not to be confused with the external
applied field, E.. The radial component of these equations is assumed to be negligible.
Hohman and co-workers presented an instability analysis on an electrified
Newtonian jet.

Their instability analysis predicts the existence of three competing

instability modes: two axisymmetric modes and one non-axisymmetric mode. One of the
axisymmetric modes is the classical Rayleigh mode. The other is the axial conducting
mode caused by electrostatic repulsion. The non-axisymmetric conducting mode is the
whipping instability, which can take place in both Newtonian fluid and non-Newtonian
fluid. Figure 5.1 illustrates the difference between the two conducting modes.

The

classical Rayleigh mode (not illustrated here) is similar to the axisymmetric conducting
mode. The Rayleigh mode, however, is caused by capillary action by surface tension,
whereas the axisymeteric conducting mode is caused by charge repulsion. It should be
noted that the Rayleigh mode could exist in the absence of electrostatic forces.
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Figure 5.1 Schematics of the two conducting modes of instabilities driven by electrostatic
charge repulsion: axissymmetric and non-axissymmetric (left and right respectively). F's are
the tangential and normal components of the electrostatic forces.
5.1.2 The Whipping Jet

Although the model of the steady jet is well established, a model for the whipping
jet is still needed to describe the whipping envelope and the evolution of the jet radius.
Yarin and co-workers proposed a model in which the whipping instability is driven only
by charge repulsion and fluid elasticity, capturing some of the characteristics of the
whipping elastic jet [Yarin et al., 2001]. The jet was represented by beads that are
connected by viscoelastic elements.

They used the Maxwell model to describe the

viscoelastic forces acting on the elements. In their numerical simulation, the jet was

perturbed with a frequency of 104 S1 , which the researchers claimed is the typical noise
frequency. The simulated jet path agreed reasonably with to experimental observations.
Fridrikh and co-workers proposed another model that includes all three competing
factors: extensional stress, surface tension, and electrostatics [Fridrikh et al., 2003; 2006].
It describes the whipping instability in both Newtonian and non-Newtonian fluids.

5.1.2 The Motion of the Whipping Jet

The high-speed photographs suggest that each fluid element does not travel along
the spiraling path but rather travels radially outward from the center and downward to the
collector, like water streaming away from a water sprinkler. Figure 5.2 shows 10
successive images of an electrospinning jet at the onset of the whipping instability. The
images are 2-D projections of the jet. The interval time between each frame is 0.001856
second. This particular jet is a Boger fluid jet (see Chapter 5). The whipping instability
of this jet has a well defined period, wavelength, and amplitude. These 10 images show
approximately 1 period of the whipping jet. The period is estimated to be 0.0 19 second.
The vertical speed of the jet is about 7.7 m/s. The amplitude is growing exponentially.
The whipping motion of this particular jet appears to be very periodic during the 1second filming interval. For other types of fluids, however, the whipping motion is not as
periodic as the Boger fluid.

25 cm

Figure 5.2 High-speed images of a whipping Boger fluid jet

5.2 The 2/3 Scaling Equation for the Terminal Jet Radius

To a first approximation, the force balance in final stage of the whipping jet can a
balance between the surface tension and the surface charge repulsion. At the point where
the surface tension force balances out the surface charge repulsion force, the stretching of
the jet ceases and the terminal diameter of the jet is reached.

In the final stage of

whipping, almost all of the terms in Equation 5.3 are eliminated. At steady state, the time
derive terms are zero. The jet is not accelerating; so terms with derivate of the speed with
respect to z are zero. In the whipping region, the jet is no longer normal to the external
electric field; so terms with E. are zero as well. The only two surviving terms are surface
tension and charge repulsion:
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0
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(Equation5.5)

Using the asymptotic result for the surface charge density [Fridrikh et al., 2003],
a = (hI)/(2Q) = hZ/2, Equation 5.5 becomes:
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where ht is the terminal jet radius and I is the volume charge density (I/Q). Equation 5.9
shows that the terminal jet radius is a function of surface tension and the volume charge
density on the jet.
Fridrikh presented a more rigorous analysis on the terminal jet radius.

The

whipping jet was treated as a slender elastic rod that whipped in a sinusoidal fashion
(Figure 5.3). The complete derivation is in the published works by Fridrikh et al. Only
the important derivation results are presented here.
The equation for the normal component forces acting on the jet can be written
down as:
N, + TO, +KI =pAR

(Equation 5. 10)

where s is the arc length along the centerline of the jet; Q,= 00/Os (0 ~ Ox/Os); N, =
ON/as is the partial derivative of the normal shear stress respect to s (equals to zero for
the whipping jet); T is the tangential stress; K± is the external body force acting on the
cross-section of the jet; A = th2 is the cross-sectional area of the jet. The double dot is
the second derivative respect to time, t.

x
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z

Figure 5.3 Coordinates used to describe the motion of the whipping jet. H is the whipping
amplitude. k is the whipping wave number (2n/X).

The tangential stress and the external forces on the jet are:
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(Equation 5.12)

where

X = X/h

is the local aspect ratio of the jet.. After substituting Equation 5.11 and

Equation 5.12 into Equation 5.10, the x-component of the dynamic equation for the
whipping jet is:
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where the h has rewritten in terms of area, A; the asymptotic result, o-o= (hI)/(2Q) = hz/2,
substitutes for the surface charge density. Ignoring the higher order harmonics by setting
x(z, t)= H(t) sin(k z), the equation for the evolution of the amplitude for the whipping
instability H is obtained:

Hk 2 -3

a

2A_1 (2In(X) -3) + y72/2A1/2

=pA

(Equation 5.14)

On the left-hand side of Equation 5.14, it shows the three competing terms that are due to
extensional viscosity, surface charge repulsion and surface tension correspondingly.
At the late stage of the whipping instability, the extensional viscosity term can be
dropped from Equation 5.14 when the stretching slows down. The whipping amplitude is
not growing any further. At this point, the stretching of the jet due to the whipping
instability ceases and the terminal diameter of the jet is reached. The terminal jet radius
is controlled by the competition between surface tension and surface charge repulsion:
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Comparing Equation 5.9 and Equation 5.15, the only dissimilarity is in the prefactor term with the parameter x.

5.3 Tests for the 2/3 Scaling for the Terminal Jet Radius
5.3.1 Assumptions
The assumptions at the late stage of whipping are: 1) there is no further strain on
the jet; the jet radius is not changing and the stress has relaxed away; 2) Solvent
evaporation and solidification take place after the terminal jet radius is reached. Then the
fiber dries and lies down onto the collector. It is reasonable to assume that during drying
the wet fiber shrinks only in radial dimension. Thus the fiber diameter, D, can be
calculated from D = c

2 ht,

where c is the polymer concentration in the solution.

The values for X are between 10 to 1000. This is a reasonable range for the value
of X. Since the value of InX varies very slowly, the term (21nX - 3)-13 is equal to about
0.5. X = 100 (based on

=

1I cm and h = 100 tm) was used for all calculations.

5.3.2 Test Cases: PCL
The 2/3 scaling equation for the terminal jet radius has been tested experimentally
using poly(caprolactone) (PCL) solutions. While other polymers have been used, but
none has the wide enough ranges of Q/I to test the 2/3 scaling.
PCL (Mw = 80,000) was dissolved in a mixture of chloroform and methanol (3 to
1 by volume). Six solutions with different concentrations of PCL were made: 8 %wt, 8.5
%wt, 9 %wt 10 %wt, 11 %wt, and 12%wt (Table 5.1). The voltage and the collector
distance were fixed for each solution during electrospinning, whereas the flow rate was
adjusted. For each trial run, fibers were collected over a time period of one minute.

Table 5.1 Processing parameters and fluid properties of PCL solutions

Concentration
of PCL (%w)

Applied
Voltage
(kV)

8
8.5
9
10
11
12

30
30
27
28
30
30

Collector
Distance
(cm)
27
27
25
27
27
27

Flow rate
range
(mI/mi)
0.02-0.20
0.01-0.20
.005-0.16
0.005-0.10
0.005-0.20
0.01-0.30

Conductivity
(pS/cm)
0.6
0.4
0.8
0.3
0.4
0.5

Surface
tension
(mN/m)
26.7
26.0
28.1
27.0
25.5
25.0

The following figures are SEM micrographs of PCL fibers that were electrospun
from different concentrations and flow rates. As the flow rate was increased, the current
on the jet was increased as well. Meanwhile, the volume charge density had decreased
(Figure 5.10). At high flow rates, larger fibers were produced due to the decrease in the
volume charge density (Figure 5.11).

Figure 5.4a Q = 0.02 ml/min; I= 42 nA
D = 1.77 pm

Figure 5.4b Q = 0.05 ml/min; I= 73 nA

Figure 5.4c Q = 0.08 ml/min; I= 93 nA
D = 3.08 pm

Figure 5.4d Q = 0.10 ml/min; I
D = 3.34 pm

D

=

1.99 p.m

=

100 nA

L-I'i111W

Figure 5.4e Q = 0.20 ml/min; I= 125 nA
D = 4.04 gm

Figure 5.4a-e Electrospun PCL fibers from 8 %wt solutions (Magnification

7,OOOX)

-m 1 1; OP
-

Figure 5.5a Q = 0.01 ml/min; I= 21 nA
D = 1.35 pm

-

Figure 5.5b Q = 0.015 ml/min; I= 22 nA
D = 1.84 pm

Figure 5.5c Q = 0.02 ml/min; I= 23 nA
D = 2.00 im

Figure 5.5d Q = 0.035 m/min; I= 36 nA
D = 2.49 pm

Figure 5.5e Q = 0.05 ml/min; I= 40 nA
D = 3.27 pm

Figure 5.5f Q = 0.10 ml/min; I= 60 nA
D = 3.72 pm

Figure 5.5g Q = 0.20 ml/min; I = 80 nA

D = 3.57 pm
Figure 5.5a-g Electrospun PCL fibers from 8.5 %wt solutions (Magnification = 2,OOOX)

Figure 5.6a
D = 1.29 ptm

Q = 0.005

mI/min; I = 14 nA

Figure 5.6b

Q = 0.01

ml/min; I = 18 nA

D = 1.99 pim

Figure 5.6c Q = 0.02 ml/min; I= 23 nA
D = 2.31 ptm

Figure 5.6d Q = 0.04 ml/min; I= 31 nA
D= 3.11 pm

Figure5.6e Q = 0.08 ml/min; I= 45 nA
D = 3.57 pm

Figure 5.6f Q = 0.16 ml/min; I= 70 nA
D = 4.47 pm

Figure 5.6a-f Electrospun PCL fibers frJA 9 %wt solutions (Magnification = 2,OOOX)

Figure 5.7a Q = 0.005 ml/min; I = 16 nA
D = 1.44 pim

Figure 5.7c

Q = 0.01

Figure 5.7b Q = 0.0075 ml/min; I = 17 nA

D = 1.96 pm

Figure 5.7d Q = 0.02 ml/min; I= 25 nA
D = 2.71 pim

ml/min; I = 18 nA

D = 2.30 pm

Figure 5.7e Q = 0.04 ml/min; I= 42 nA
D = 3.14 pm
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Figure 5.7f Q = 0.08 ml/min; I= 70 nA
D = 3.58 pm

Figure 5.7g

Q = 0.10

ml/min; I = 81 nA

D = 3.87 im
Figure 5.7a-g Electrospun PCL fibers from 10 %wt solutions (Magnification = 1,400X)

Q = 0.007

Figure 5.8a Q = 0.005 mi/min; I= 25 nA
D = 1.15 pim

D = 1.24 pm

Figure 5.8c Q = 0.01 ml/min; I= 39 nA
D = 1.41 pim

Figure 5.8d Q = 0.012 ml/min; I = 37 nA
D = 1.60 pm

Figure 5.8e Q = 0.015 mlmin; I= 43 nA
D = 1.96 pim

Figure 5.8b

ml/min; I = 32 nA

Figure 5.8f Q = 0.02m1/min; I= 47A

D = 2.10 pm

Figure 5.8g Q = 0.03 ml/min; I= 53A
D = 2.52 pm

Figure 5.8h Q = 0.05 ml/min; I= 66 nA
D = 2.87 pm

Figure 5.81 Q = 0.07 ml/min; I = 79 nA
D = 3.29 pm

Figure 5.8j Q = 0.10 ml/min; I= 105 nA
D = 3.53 pm

Figure 5.8k Q = 0.15 ml/min; I = 130 nA
Figure 5.81 Q = 0.20 ml/min; I = 150 nA
D = 4.02 pm
D = 4.40 pm
Figure 5.8a- Electrospun PCL fibers from 140/owt solutions (Magnification = 2,OOOX)

Figure 5.9a Q = 0.01 ml/min; I= 28 nA
D = 1.50 ptm

Figure 5.9b Q = 0.012 ml/min; 1= 32 nA
D = 1.60 pm

Figure 5.9c Q = 0.015 ml/min; I= 36 nA
D = 1.86 pm

Figure 5.9d Q = 0.02 ml/min; I= 40 nA
D = 2.32 pm

Figure 5.9e Q = 0.03 ml/min; I= 46 nA
D = 2.41 tm

Figure 5.9f Q = 0.04 ml/min; I = 50 A
D = 2.84 tm

Lm

lqppp

Figure 5.9g Q = 0.05 ml/min; 1= 56 nA
D = 3.16 tm

Figure 5.9h Q = 0.075 ml/min; 1= 63 nA
D = 3.65 pLm

Figure 5.9i Q = 0.10 ml/min; I= 70 nA
D = 4.24 pm

Figure 5.9j Q = 0.15 ml/min; 1= 83 nA
D = 5.01 pm

Figure 5.9k Q:
D = 5.60 im

I= 90 nA

Figure 5.91 Q = 0.30 ml/min; I = 109A
D = 6.85 pim

Figure 5.9a-1 Electrospun PCL fibers frons2 2 %wt solutions (Magnification = 2,OOOX, expect for
5.91, which is at 1OOOX)
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Figure 5.10 Relation between the volume charge density (I/Q) and the flow rate
PCL solutions
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Figure 5.11 Relation between the fiber diameter and the flow rate Q for PCL solutions
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Assuming that the solvent evaporation is insignificant before the jet reaches its
terminal radius and the evaporation changes the fiber radius but not length of the fiber,
then the terminal jet radius is estimated from diameter of the solid fiber by correcting for
D
the polymer concentration, c: h, = 2 /2
2c'

The data from all solution concentrations

collapse into a single line with a slope of 0.620, which is close to the value of 2/3
predicted by Equations 5.9 and 5.15 (Figure 5.12). The error bars are the standard
deviations of the measured fiber radius distribution. The fibers were very uniform for the
flow rate ranges give in Table 5.1; the standard deviation is less than 0.1.

-4.8
Master fitting line:
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8%wt < 8.5 %wt A 9 %wt E 10 %wt + 11 %wt A 12 %wt
Figure 5.12 The terminal jet radius, ht as a function of the inverse volume charge density. A
master fitting line shows a slope of 0.620, comparing to the 2/3 theoretical line.

Comparing to the 2/3 scaling equation (Equation 5.15), the level of agreement for
the exponent on the inverse volume charge density term was very good.

However,

scaling equation predicts a fiber that is at least two times thinner. This discrepancy
suggests that in reality some fraction of the solvent has evaporated before the terminal jet
diameter is reached.

In the PCL solutions, the charges are carried by methanol and

chloroform, which are very volatile. The evaporation of the solvents can carry away the
charges from the jet. The evaporated charged solvent molecules can still reach the
collector and contribute to the measured current, I. So, the surface charge on the jet is
overestimated and the terminal jet radius is underestimated.

5.4 The 2/3 Scaling Predictions

A few other polymer (other than PCL in methanol/chloroform) solutions were
also investigated for the 2/3 scaling.

The processing parameters and the solution

properties are shown in Table 5.2. These solutions, however, have a relatively narrow
operating window in terms of flow rates at a fixed applied electric field (fixed voltage
and collector distance). Although solutions can be electrospun at higher flow rates, the
electrospun fibers are not uniform in diameter. Despite that the flow rate range is not
wide enough to test the 2/3 scaling, the scaling equation is still able to predict the fiber
diameter at a particular flow rate, current density, and surface tension in which the
electrospun fiber are uniform in diameter. Figure 5.13 is a parity plot on the comparison
between the predicted fiber diameter and the actual fiber diameter from experiments. The
closer the distance between the 450 line and the data points on the plot means better
prediction by the scaling equation (Equation 5.15).
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Figure 5.13 Parity plot of the experimental and predicted fiber diameters for various nolvmer

Table 5.2 Processing parameters and fluid properties of polymer solutions
Fiber

Concentration
Concntrtio

Solvent
S

Applied

Conductivity
(D
pS/cm)

Surface
tension

Current

Voltage (kV)

Collector
Distance
ane

Flow rate

Po1lme

(ml/min)

(nA)

diameter
te
di

PEO
PEO
PEO

2
2
2

water
water
water

6.5
6.5
6.5

25
25
25

81.3
81.3
81.3

61.8
61.8
61.8

0.005
0.006
0.007

34
40
43

0.176
0.191
0.22

PAN

8

NN-dimethylformamide

23

15

42.5

37.1

0.02

298

0.19

PAN

10

23

26

38.5

37.1

0.03

208

0.328

PAMPS*
Boger fluids**

6
various

Nformamide
N-dimethylwater/ethanol
water

17
various

15
various

149.3
various

45.0
53.5

0.01
0.025

0.8
various

PMMA

15

N,N-dimethylformamide

29.5

48

2.5

37.1

0.02

700
various
19.5

PMMA

15

NN-dimethylforNmamide

33.5

48

2.5

37.1

0.03

36

1.70

PMMA

15

NN-dimethylformamide

34

48

2.5

37.1

0.04

53

2.57

PMMA

15

35

48

2.5

37.1

0.05

69

2.65

PMMA

15

NN-dimethylformamide
NN-dimethylformamide

36.5

48

2.5

37.1

0.06

84

2.86

values are from Kim et al., 2004
** values are found in Chapter 6: Table 6.1, Table 6.2, and Table 6.3
*

1.93

The scaling prediction was tested for solutions of PEO, PAN, Boger fluids, and
PMMA, including one solution from a published paper [Kim et al., 204]. The scaling
equation predicts the fiber diameter of PEO, PAN, PAMPS, and PMMA with a
remarkable accuracy of about 10% to 20%. For PCL solutions and the Boger fluids, the
actual fiber diameters are about 60% larger than the predicted diameters. The fact that
the scaling equation underestimates the diameters for PCL solution and Boger fluids, but
shows such good agreement for PEO, PAN, PAMPS, and PMMA may be due to the
difference in solvents and fluid properties. In the cases of PEO, PAN, PAMPS, and
PMMA, the solvents (water, water-ethanol solution, and N,N-dimethyl formamide) are
less volatile than chloroform and the conductivities of these solutions are much higher
than PCL solutions. For non-volatile solvent, the whipping jet does not dry as fast as
volatile solvent; the jet is allowed to stretch farther before solidification. Less solvent
evaporation also means a lesser chance for charges to dissipate with the solvent
molecules from the jet. Thus most of the charges stay with the jet until it reaches the
collector, and the drying takes place after the stretching.
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Figure 5.14 Apparent extensional viscosities of some test fluids

A 15%wt PMMA

In the case of Boger fluids, the solvent is water, which is non-volatile. The
scaling equation predicts much thinner, at least 2 to 3 times thinner fibers than the actual
fibers.

Boger fluids are the most strain-hardening fluid tested (Figure 5.14).

The

extensional viscosity of the Boger fluids can increase at least four orders of magnitude
when they undergo extensional deformation. Fluid jets with high extensional viscosity
thin down at a slower rate than jets that are not strain hardening. More times (or flight
distances) are needed for the jet to attain the terminal jet radius. However, the jet can
begin to dry out prematurely before the jet is fully stretched. The resulting diameter is
larger than the predicted size.

5.5 2/3 Scaling Validation Summary
Fridrikh's 2/3 scaling equation is derived from a model of a charged fluid jet in an
electric field under conditions applicable to the whipping instability.

The scaling

equation predicts that there is minimum radius that the jet can attain-the terminal jet
radius, which is set by the balance between the surface tension and volume charge
density.

The 2/3 scaling equation was validated experimentally using several

concentrations of PCL solutions. The predictability of the 2/3 scaling equation was also
evaluated experimentally using different type of polymer solutions that have different
properties such as volatility, conductivity, and extensional viscosity.

Experimental

values agree with the 2/3 scaling predictions for fluids that contain non-volatile solvent
and for fluids that do not strain harden to a high degree. For fluids that are volatile or
strain harden, the prediction provides a lower bound for the fiber diameter.

Chapter 6
The Effects of Fluids Elasticity on the Electrospinning

6.1 Fiber Morphologies and Electrospinnability
Although the process of electrospinning is relatively easy to implement, many
polymer solutions are not readily electrospun into the uniform fibers. Electrospinning of
uniform fibers can become problematic when the polymer solution is lacking elasticity.
Instead of forming uniform fibers, droplets or necklace-like structures know as "beadson-string" are formed (Figure 6.1). The ability for a fluid to electrospin into a uniform
fiber is called electrospinnability.

Figure 6.1. Left to right: Droplets, "Beads-on-String", and Uniform fiber

The formation of droplets and "beads-on-string" is due to the Rayleigh instability
driven by the surface tension forces in low conducting fluids. It can also be due to the
conductive mode in highly conductive fluids [Hohman et al., 2001]. When the Rayleigh
instability is the dominant instability in the steady jet region, the jet breaks up into
droplets rather than electrospinning. The Rayleigh instability can also take place late in
the whipping region (Figure 6.2).

I

a

0

Figure 6.2. Jet breakup: a) before the onset of the whipping instability; b) after the
onset ofthe whipping instability

The formation

of droplets

and

the "beads-on-string"

morphology

in

electrospinning has a lot in common with the phenomenon of laminar jet breakup due to
the Rayleigh instability. A Newtonian liquid jet would break into droplets, whereas a
viscoelastic jet tends to take longer time to break up or does not break up at all, forming a
"beads-on-string" structure or preserving its uniformity. The build up of the extensional
stress stabilizes the jet and retards or arrests the Rayleigh instability [Goldin et al., 1969;
Bousfield et al., 1986; Chang et al., 1999]. Regardless whether the electrified jet is a
Newtonian fluid or a viscoelastic fluid, if the Rayleigh break-up instability is not
suppressed, the jet can result in a "beads-on-string" structure and ultimately breaks up
into droplets.

6.2 PEO/PEG Boger Fluids
The strategy to observe the effects of elasticity is to formulate a series of fluids
that have different degrees of elasticity but all other fluid properties, such as surface
tension, conductivity, and shear viscosity, are remained the same. Fluids with constant
shear viscosity and different degrees of elasticity are known as Boger fluids [Boger,
1977]. In this study, the test fluids are aqueous analogs of Boger fluids developed by
Dontula et al. [1998].
Poly(ethylene oxide) (PEO) of various molecular weights and poly(ethylene
glycol) (PEG) were dissolved in water. The weight average molecular weights (g/mol) of
the PEO samples used were: 672k, 772k, 920k, 954k and 1030k. For PEG, the molecular
weight was 10k. Appropriate amounts of PEO were first dissolved in de-ionized water to
make a very dilute solution, and then PEG was added to the solution. Several series of
solutions with the same PEO and PEG concentrations but with PEO of different
molecular weights were made.

6.3 Properties of PEO/PEG Boger Fluids
6.3.1 Surface Tension, Conductivity, Shear Viscosity
Eight series of PEO/PEG solutions with concentrations ranging from 8 to 42 wt%
PEG and 0.1 to 0.2 wt% PEO were prepared. These solutions were characterized (as
reported in Table 6.1). The surface tensions of all solutions are in the narrow range of 52
to 61 mN/m; the surface tension declines slightly at higher concentrations of PEG. The
conductivities all fall within the relatively narrow range of 49 to 56 pS/cm as well.
Porter and Johnson reported an entanglement transition for molten PEG at an
average molecular weight Mc

=

10k g/mol (determined by viscosity-shear correlation).

Simply correcting for dilution the critical concentration for chain entanglement in
solution, c* = Mp /M (where p is the density of PEO), lies above 1 wt% for all of the
molecular

weights

used

here.

Alternatively,

c*

can

be

estimated

using

Table 6.1 Properties of PEO/PEG Boger fluids

Saple eris PEO Mw
(g/mol)
contains

Average
SunsioaConductivity shear
viscosity
(AS/cm)
(mN/m)
(Pa.s)

Sample
series and
weight
contains

PEO Mw
(g/mol)

672,000
772,000
CI:
42wt % PEG 920,000
3.1wt %PEO 954,000

672,000

57.2

54.3

0.096

772,000
920,000
954,000

58.6
57.3
55.5

53.6
55.4
54.9

0.093
0.099
0.097

1,030,000

56.3

55.2

0.100

672,000

58.5

53.4

0.090

772,000
920,000
954,000

55.7
57.6
57.1

56.3
53.3
52.8

0.102
0.100
0.116

1,030,000

58.0

54.2

0.123

672,000

56.7

53.9

0.134

1:
37wt % PEG

772,000
920,000

56.2
54.6

56.2
54.3

0.141
0.141

0.1wt % PEO

954,000

55.0

53.2

0.146

1,030,000

53.9

55.6

0.133

1,030,000

672,000

55.3

53.4

0.161

672,000

55.9
54.1
53.1

53.5
56.7
51.2

0.150
0.159
0.167

772,000
D2:
8wt % PEG
920,000
0.1wt %PEO 954,000

54.2

55.6

0.176

1:
32wt % PEG
0.1wt %PEO

A2:
32wt % PEG
0.2wt % PEO

B2:
37wt % PEG
0.2wt %PEO

772,000
920,000
954,000
1 1,030,000

c= 3M /(4nNAR3),

1,030,000

Surface
tension
(mN/rm)

Conductivity

Average
shear
viscosity
(Pa.s)

52.3
52.9
54.2
53.2

53.5
54.5
52.1
53.8

0.242
0.230
0.216
0.236

51.0

54.8

0.230

52.6
55.7
53.1
53.2

53.1
53.6
54
52.9

1,030,000

52.7

54.3

0.259
0.270
0.273
0.295
0.252

672,000
772,000
920,000

61.4
61.6
61.1

51.1
51.5
50.1

0.02
0.02
0.02

.1wt % PEO 954,000

60.0

51.2-

0.02

60.5

52.8

0.03

62.6

49.2

63.1
62.9
61.8

50.3
50.1
50.2

0.01
0.01
0.01
0.01

62.1

52.1

0.01

672,000
772,000
C2:
42wt % PEG 920,000
0.2wt % PEO 954,000

D1:
20wt % PEG

_

_

1,030,000

where NA is the Avogadro number, and knowledge of the

dependence of the radius of gyration Rg on molecular weight M for PEO in a solution of
PEG and water. For dilute solutions of PEO in water, R9 =.215M.583 (A) [Devanand
and Selser, 1991]. For the PEO molecular weights used here, c* determined by this
method lies between 0.12 and 0.17 wt%, and around 4 wt% for PEG. However, the
solvent quality of the PEG/water solutions used here is not as good as that of pure water,
so these critical concentrations would all be shifted significantly upwards towards higher
concentrations in the current work. Most importantly, however, all of the solutions used
here were devoid of any entanglement transition and completely Newtonian when tested
in shear. Figure 6.3a-c shows plots of shear viscosity versus shear rate for all the tested
fluids. These plots confirm that all of the solutions behave like Newtonian fluids, with

Figure 6.3a-c Shear viscosity plots of all tested PEO/PEG Boger fluids
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shear viscosities being independent of the shear rate. Within each series of solutions, the
average shear viscosity does not vary by more than 0.05 Pa.s.
6.3.2 Extensional Properties
The extensional properties were obtained from the time evolution of the
fluid filament diameter in the capillary breakup extensional rheometer (CaBER). Figures
6.4a to 6.1 lb show the results of the filament diameter evolution for all PEO/PEG
solutions. The relaxation times and elastic moduli of the fluids were determined from
numerical fits to the filament diameter in the range of exponential thinning using
Equation 4.3. The plots of apparent extensional viscosity as a function of Hencky strain
indicate that the strain hardening effect is more pronounced for solutions containing
higher molecular weight PEO. Figures 6.4b to 6.12b show the dramatic increase in the
apparent extensional viscosity with Hencky strain. An increase in the molecular weight
of PEO does not change the shear viscosity significantly. Meanwhile, the relaxation time
and the extensional viscosity can increase by two to three orders of magnitude,
respectively. For some 8 wt% and 20 wt% PEG+PEO solutions and PEG solutions
without added PEO, the relaxation times were too short to determine by CaBER
(X,<<O.Ols). A summery of the extensional properties is shown in Table 6.2.
Table 6.2 Extensional properties of PEO/PEG Boger fluids
Sample series
and weight

PEOMw
(g/mol)

A2:
32wt % PEG
0.2wt % PEO

B1:
37wt % PEG
0.1wt % PEO

B2:
37wt % PEG
0.2wt % PEO

Sample series
and weight
contains

PEOMw
(g/mol)

Relaxation
time, X
(s)

Elastic
Modulus, G
(Pa)

672,000

0.034

4.23

772,000
920,000
954,000

0.080
0.103
0.159

2.86

(s)

(Pa)

672,000

0.016

6.16

772,000
920,000
954,000

0.044
0.072
0.100

1.79

1,030,000

0.260

1.04

1,030,000

0.280

2.39

672,000

0.025

3.58

672,000

0.049

5.33

772,000
920,000
954,000

0.054
0.108
0.155

2.51

772,000
920,000
954,000

0.154
0.177
0.207

1.78

1,030,000

0.290

1.39

1,030,000

0.559

2.28

672,000

NA

NA

772,000
920,000
954,000

0.017
0.029
0.067

3.00
1.62

contains

A1:
32wt % PEG
0.1wt % PEO

Elastic
Relaxation
time, X Modulus, G

2.09
2.92

3.66
2.78

C1:
42wt % PEG
0.1wt % PEO

C2:
42wt % PEG
0.2wt % PEO

1.61
2.70

2.20
2.80

672,000

0.023

5.40

772,000
920,000
954,000

0.046
0.077
0.130

2.14

1,030,000

0.270

1.80

1,030,000

0.101

1.60

672,000

0.037

3.39

672,000

NA

NA

772,000
920,000
954,000

0.110
0.135
0.209

1.78

772,000
920,000
954,000

NA
<0.01
0.031

NA
2.46

0.290

2.64

0.068

1.35

11,030,000

2.46
2.68

1.65
1.62

D1:
20wt % PEG
0.1wt % PEO

D2:
Swt % PEG
.1wt % PEO
t_

_

11,030,000

1.37

NA
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Figure 6.4 Extensional Properties of PEO/PEG solution (Series Al): a) Filament diameter
evolution for the five different molecular weights of PEO. Solid lines are the best fits to
Equation 4.3. b) Extensional viscosity. (o: 672k, o: 772k, 0: 920k, A: 954k, *: 1030k)
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Figure 6.5 Extensional Properties of PEO/PEG solution (Series B1): a) Filament diameter
evolution for the five different molecular weights of PEO. Solid lines are the best fits to
Equation 4.3. b) Extensional viscosity. (o: 672k, o: 772k, 0: 920k, A: 954k, *: 1030k)
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Figure 6.6 Extensional Properties of PEO/PEG solution (Series C1): a) Filament diameter
evolution for the five different molecular weights of PEO. Solid lines are the best fits to
Equation 4.3. b) Extensional viscosity. (a: 672k, 0: 772k, 0: 920k, A: 954k, *: 1030k)
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Figure 6.7 Extensional Properties of PEO/PEG solution (Series A2): a) Filament diameter
evolution for the five different molecular weights of PEO. Solid lines are the best fits to
Equation 4.3. b) Extensional viscosity. (o: 672k, a: 772k, 0: 920k, A: 954k, *: 1030k)
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Figure 6.9 Extensional Properties of PEO/PEG solution (Series C2): a) Filament diameter
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evolution for the five different molecular weights of PEO. Solid lines are the best fits to
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Figure 6.11 Extensional Properties of PEO/PEG solution (Series D2): a) Filament diameter
evolution for the five different molecular weights of PEO. Solid lines are the best fits to
Equation 4.3. b) Extensional viscosity. (A: 954k, *: 1030k)

6.4 Formations of Beads-on-Strings and Uniform Fibers

During electrospinning, an electrically charged jet is emitted from the tip of the
spinneret. Under appropriate operating conditions, as it accelerates in the external electric
field, the jet experiences an instability that leads to whipping and stretching of the jet.
The strength of the electric field was adjusted to obtain steady state jetting, such that the
pulling rate was not too fast or too slow to cause interruption of the jetting, and the
whipping instability persisted. Some PEO/PEG solutions can be electrospun over a wide
range of flow rates (0.01 ml/min - 2 ml/min), but others have a relatively narrow
operating window. In this study, we fixed the flow rate at 0.025 ml/min, which was the
minimum workable flow rate for all the solutions. Table 6.3 presents the processing
conditions for all series and the resulting fiber morphologies.

Table 6.3 Processing conditions for PEO/PEG Boger fluids
Sample
Electri
series and PEO MW
wih
mo)
field
weight
(g/mol)
(kVIm)
contains

Al:
32wt %PEG
0.1wt %PEO

672.000
772,000
920,000
954.000

45
28
21
22

Flight
Electric
Distance
Fiber
Sample
Before the
morphology
series
and
Current
on
fOrset
th
ie
r
imorphlog
seist
and
Jet (10-9A) Onset of
(fiber diameter,
weight
Whipping :
pm)
contains
(mm)
48
beads-on-string
216
122
64
beads-on-string C1:
108
71
beads-on-string 42wt %PEG
96
155
uniform (2.7) 0.1wt %PEO

1,030.000

17

72

160

672,000
772,000
920.000
954.000
1,030,000
672.000
772.000
920,000
954.000

37
25
20
20

134
98
101
77

51
64
84
200

18

50

250

42
36
21
25

175
110
124
77

50
64
82
150

1,030,000

20

48

210

672,000
B2:
772.000
37wt %PEG 920.000
0.2wt %PEO 954,000
L,__
1.030,000

38
29
22
18

149
127
94
46

51
90
100
280

16

48

300

A2:
32wt %PEG
0.2wt %PEO
B1:
37wt %PEG
0.1wt %PEO

uniform (3.4)

beads-on-string
beads-on-string C2:
fiber, few beads 42wt %PEG
uniform (5.1)
0.2wt %PEO
uniform (6.6)

beads-on-string
beads-on-string D1:
beads-on-string 20wt %PEG
uniform (3.1)
0.1wt%PEO
uniform (2.7)

beads-on-string
uniform (2.6) D2:
uniform (4.4) 8wt %PEG
uniform (8.9) 0.1wt %PEO
uniform (8.9)

PEO
PO Mw
(gmol)
672,000
772.000
920,000
954,000
1,030,000
672,000
772,000
920,000
954,000
1,030,000
672,000
772,000
920.000
954,000

Flight
Electric
Electric
stanc
Before the
field
Current onOnseo
(kV/m) Jet (10-' A) Onset of
Whipping
(mm)
45
156
68
28
144
70
28
117
73
20
91
168

Fiber morphology
(fiber diameter,
pn)
beads-on-string
beads-on-string
fiber, few beads
uniform (2.7)

19

86

250

uniform (3.1)

40
24
22
17

125
98
91
89

52
83
109
290

beads-on-string
uniform (3.6)
uniform (4.1)
uniform (4.3)

5

48

310

uniform (9.5)

60
38
29
18

210
174
100
80

34
55
67
97

beads-on-string
beads-on-string
beads-on-string
beads-on-string

1,030,000

18

80

117

uniform (3.2)

672,000
772,000
920,000
954,000

67
45
40
25

252
160
192
100

27
50
58
75

beads-on-string
beads-on-string
beads-on-string
beads-on-string

1,030,000

21

86

110

beads-on-string

In general, lower electric field strengths are required to maintain steady spinning
for more elastic solutions. The distance from the nozzle to the onset of whipping is also
longer for more elastic solutions. When the jet dries and reaches the collector, it forms a
solid fiber mat. However, for some spin solutions, only fibers exhibiting the "beads-onstring" morphology were obtained. Figures 6.12 to 6.19 show the morphologies of the
electrospun fibers from all Boger fluids. They illustrate the effect of increasing elasticity
on the fiber morphology with increasing molecular weight of PEO. For fluids with low
relaxation time or low extensional viscosity, the formation of "beads-on-string" takes
place.
The Rayleigh instability driven by the surface tension is the cause for the
formation of "beads-on-string" structure in these cases. This instability can be slowed
down or suppressed by the viscoelastic behavior of the fluid jet. One way to quantify this
competition between the instability growth and the viscoelastic response is to compare
the respective time scales. The viscoelastic response of a polymer fluid can be described
by its relaxation time, XP. The relevant time scale for the instability growth is the inverse
of the instability growth rate. According to Chang, the maximum dimensionless growth
rate of a viscoelastic jet Omax corresponding to the fastest growing Rayleigh instability is
given by the following expression [Chang et al., 1999]:

0

Omax =

where S=I/(1+G

242a(I + 3SVCa 2)

Equation 6.1

g4p)is the retardation number, p, is the solvent viscosity,

Ca=(pv 2)/(ar0 ) is the capillary number, ro is the characteristic length, v=ps/(Sp) is the
characteristic viscosity, p is the density, a is the surface tension, and G is the elastic
modulus of the fluid. We introduce the ratio of the fluid relaxation time and instability
growth time,

De

=

P

t

,m"

Equation 6.2
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Figure 6.12 Deborah number and electrospun fiber morphologies for Series Al:
a) 672k, De = 1.0, "Beads-on-string"
b) 772k, De = 2.8, "Beads-on-string"
c) 920k, De = 4.3, "Beads-on-string"
d) 954k, De = 5.9, uniform fibers
e) 1030k, De = 15.2, uniform fibers
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Figure 6.13 Deborah number and electrospun fiber morphologies for Series Bl1:
a) 672k, De = 1.2, "Beads-on-string"
b) 772k, De = 2.3., "Beads-on-string"
d) 920k, De = 3.7, "Beads-on-string"
d) 954k, De = 6.1, uniform fibers
e) 1030k, De = 13. 1, uniform fibers
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Figure 6.14 Deborah number and electrospun fiber morphologies for Series Cl:
a) 672k, De 1.1, "Beads-on-string"
b) 772k, De 2.7, "Beads-on-string"
c) 920k, De 3.7, "Beads-on-string"
d) 954k, De 5.3, uniform fibers
e) 1030k, De = 9.1, uniform fibers
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Figure 6.15 Deborah number and electrospun fiber morphologies for Series A2:
a) 672k, De = 1.6, "Beads-on-string"
b) 772k, De = 3.1, "Beads-on-string"
c) 920k, De = 6.4, uniform fibers
d) 954k, De = 8.5, uniform fibers
e) 1030k, De = 15.6, uniform fibers
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Figure 6.16 Deborah number and electrospun fiber morphologies for Series B2:
a) 672k, De = 1.6, "Beads-on-string"
b) 772k, De = 5.1, uniform fibers
c) 920k, De = 5.9, uniform fibers
d) 954k, De = 8.8, uniform fibers
e) 1030k, De = 11.9, uniform fibers
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Figure 6.17 Deborah number and electrospun fiber morphologies for Series C2:
a) 672k, De = 1.5, "Beads-on-string"
b) 772k, De = 4.8, uniform fibers
c) 920k, De = 5.3, uniform fibers
d) 954k, De = 5.8, uniform fibers
e) 1030k, De = 17.6, uniform fibers
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Figure 6.18 Deborah number and electrospun fiber morphologies for Series D1:
a) 672k, relaxation time too short, "Beads-on-string"
b) 772k, De = 1.8, "Beads-on-string"
c) 920k, De = 3.0, "Beads-on-string"
d) 954k, De = 6.7, "Beads-on-string"
e) 1030k, De = 9.5, fibers and "Beads-on-string"
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Figure 6.19 Deborah number and electrospun fiber morphologies for Series D2:
a) 672k, relaxation time too short, "Beads-on-string"
b) 772k, relaxation time too short, "Beads-on-string"
c) 920k, relaxation time too short, "Beads-on-string"
d) 954k, De = 3.5, "Beads-on-string"
e) 1030k, De = 7.6, "Beads-on-string"

also known as the Deborah number, De. Here t*=ro2/v is the characteristic time, by which
(Omax

was rendered dimensionless in Equation 6.1.

We take the initial radius of the

electrified jet (ro=0.8 mm) as the characteristic length. If the fluid relaxation time is
much greater than the instability growth time (De>>1), the capillary forces responsible
for the Rayleigh instability activate the elastic response, which in turn delays the jet
break-up. In this case capillary forces do not break the jet into the drops like in the case
of Newtonian fluids, but gradually squeeze the fluid into the "beads" connected by highly
elastic "strings".

Only if the instability is completely suppressed by elastic forces

(conditions for which will discuss in the following section) or arrested at a very early
stage of instability growth (very high De) will the resulting fibers have the appearance of
being uniform. The Deborah numbers for all our PEO/PEG test fluids are well above
unity. None of the PEO/PEG fluid jets broke up into droplets during electrospinning;
only beads-on-strings or uniform fibers were formed. Without added PEO, the PEG
solutions formed only droplets; their Deborah numbers are estimated to be less than 0.2.
The fluids that have large Deborah numbers favor formation of uniform fibers
over the "beads-on-string" morphology. The results are summarized in Figure 6.20 for
all solution series as functions of De and the dimensionless viscous number (or the
Ohnesorge number, Oh=pi/(par o)/ 2 )). The Ohnesorge number demonstrates no visible
correlation with bead-on-string or uniform fibers, thus demonstrating that the Newtonian
shear viscosity does not determine the fiber morphology. On the other hand, there is a
strong dependence of fiber morphology on the elastic effect; for De above 6, uniform
fibers are generally observed.

As the fluid relaxation time is the major parameter

characterizing the fluid elasticity, we see a strong indication of the elasticity as the
material property controlling the fiber morphology. These PEO/PEG Boger fluids have
the lowest shear viscosities of any solutions reported (to date) to form uniform
electrospun fibers.
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Figure 6.20 Dependence of fiber morphology on the Deborah number and the
Ohnesorge number for all solutions: solid symbols are uniform fibers; open symbols are
"beads -on-strings". The dot-dashed line correspond to De = 6.

6.5 Suppression of the Rayleigh Instability and Formation of Uniform Fiber

6.5.1 The Profiles of the Jet Diameter
The build up of the elastic stress on the jet, which is caused by the extensional
deformation, can suppress the Rayleigh instability. The charged fluid jet exiting the
spinneret travels in a straight path for a short distance (the "steady jet") before it
undergoes whipping instability. In this steady jet regime, it undergoes almost pure
extensional deformation that can trigger the elastic response of the fluid and cause a build
up of the elastic stresses in the jet. In principle, such elastic response can completely

suppress the Rayleigh instability. The critical stress in the jet necessary for a complete
suppression of the Rayleigh instability can be calculated theoretically. The actual elastic
stress in the jet can be estimated from our knowledge of the jet profile. Below is the
analysis of the correlation between these stresses. It demonstrates the role of elasticity in
suppression of the Rayleigh mode and in formation of the uniform fibers.
Macro-photography was use to image the jet radius as a function of position, h(z),
from the nozzle to a point close to the onset of instability, where the jet was too small to
be captured by the camera. Initially, the jet contracts rapidly near the exit of the nozzle.
Then it thins down slowly. The jet radius at the onset of whipping, hi, is then obtained by
extrapolation (of a power law fitting) from the nozzle to the distance where the whipping
instability was observed to begin (Table 6.4). Figures 6.21-6.27 are the jet diameter
profiles for all solutions (except for some solutions in which the jets were too small to be
captured on film). The actual photos of the jets are much larger (1500X-3000X, see
Figure 4.7). The pictures were shrunken to fit into the pages and only the nozzle portions
were shown. The nozzle diameter is 1.6 mm.

Table 6.4 Power law fitting parameters and the jet radius at the onset of whipping

Sample
series and
weight
contains

Steady Jet Jet Radius
Thinning
on the
(Power
Onset of
law),
Whipping,
Exponent,
(m)

PEO Mw
(g/mol)

Power law
Pre-factor
a (mm)

672,000
772.000
920,000
954,000

0.0338
0.0463
0.0593
0.0988

-0.223
-0.276
-0.250
-0.336

1,030,000

0.298

-0A69

1.34E-05

1,030,000

0.164

672,000
772,000
920,000
954,000
1,030,000
672,000
772,000
920,000
954,000
1,030,000
672,000
772,000

0.0564
0.0863
0.0978
0.156
0.374
0.0337
0.0538
0.0638
0.121
0.223
0.0535
0.0815

-0.284
-0.341
-0.271
-0.383
-0.481
-0.269
-0.287
-0.328
-0.356
-0.478
-0.262
-0.289

9.26E-06
1.04E-05
1.47E-05
1.02E-05
1.31E-05
5.88E-06
8.20E-06
7.70E-06
9.91E-06
9.38E-06
9.60E-06
1.10E-05

672,000
772,000
920,000
954,000
1,030,000
672,000
772,000
920,000
954,000
1,030,000
672,000
772,000

0.0587
0.0978
0.0984
0.130
0.132

Sample
series and
weight
contains

PEO Mw
(g/mol)

Power law
Pre-factor
(mm)

672.000
772,000
920,000
954,000

0.0506
0.0518
0.0469
0.131

Sb

Al:
32wt %PEG
0.1wt %PEO
A2:
32wt % PEG
0.2wt %PEO
B1:
37wt % PEG
0.1wt % PEO
82:

37wt %PEG

920,000

0.0956

0.2wt %PEO

954,000

0.270

1,030,000

0.187

-0.277

7.03E-06
7.34E-06
1.02E-05
9.08E-06

Cl:
42wt %PEG
0.1wt %PEO
C2:
42wt %PEG
0.2wt %PEO
D1:
20wt %PEG
0.1wt %PEO
D2:

Steady Jet Jet Radius
Thinning
on the
(power
Onset of
law),
Whipping
Exponent,
h,(m)
b
h(m
-0.280
7.76E-06
-0.277
9.86E-06
0.281
7.02E-06
-0.346
9.80E-06
-0.392

9.44E-06

-0.232
-0.266
-0.259
-0.493
-0.445
jet is too small
jet is too small
0.056
-0.210
0.105
-0.300
0.117
-0.240
jet is too small
jet is too small

5.33E-06
1.51E-05
1.46E-05
3.59E-06
5.16E-06
1.14E-05
1.65E-05
1.87E-05

1.37E-05

8wt %PEG

920,000

-0.373

1.35E-05

0.1wt % PEO

954,000

0.105

-0.301

9.58E-06

-0.335

1.20E-05

11,030,000

0.123

-0.285

1.15E-05

jet istoo small
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Figure 6.21 Jet diameters as functions of position along the steady jet, for Series Al.
(o: 672k, o: 772k, 0: 920k, A: 954k, *: 1030k). Jet images: left to right increasing
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10.00

1.00-

S0.10-

.01
0.01 -

0.01

II

0.10

1.00
10.00
Position z, (mm)

100.00

1000.00

Figure 6.22 Jet diameters as functions of position along the steady jet, for Series B 1.
(o: 672k, o: 772k, 0: 920k, A: 954k, *: 1030k). Jet images: left to right increasing
PEO molecular weight
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Figure 6.23 Jet diameters as functions of position along the steady jet, for Series C1.
(o: 672k, o: 772k, 0: 920k, A: 954k, *: 1030k). Jet images: left to right increasing
PEO molecular weight
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Figure 6.24 Jet diameters as functions of position along the steady jet, for Series A2.
(o: 672k, o: 772k, 0: 920k, A: 954k, *: 1030k). Jet images: left to right increasing
PEO molecular weight
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Figure 6.25 Jet diameters as functions of position along the steady jet, for Series B2.
(o: 672k, o: 772k, 0: 920k, A: 954k, *: 1030k). Jet images: left to right increasing
PEO molecular weight
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Figure 6.26 Jet diameters as functions of position along the steady jet, for Series C2.
(o: 672k, o: 772k, 0: 920k, A: 954k, *: 1030k). Jet images: left to right increasing
PEO molecular weight
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Figure 6.27 Jet diameters as functions of position along the steady jet, for Series DI
and D2. (note: some jets from series Dl and D2 were too small to be captured on film)
102

A power law, D = az~b, can be fitted to describe the thinning jet as a function of z,
with a negative exponent, ranging from -0.210 for the least elastic fluids to -0.493 for the
most elastic fluids (Table 6.4). According to Kirichenko and co-workers, an electrified
Newtonian fluid jet thins down asymptotically with a power exponent of -0.25.

For

Boger fluids that behave like a Newtonian fluid, they thin down with a power exponent
close to -0.25. On the contrary, for Boger fluids that can undergo high strain hardening,
the power exponents are close to -0.50. It was not observed that the power exponent
went beyond -.50.
The -0.25 to -0.50 scaling for the electrified jet can be derived. According to a
paper by Williams and Williams, it has been shown that Boger fluids can undergo strainrate thickening. Here, we treat our Boger fluids as instantaneous-rate thickening fluids:

S= c( & )"-1

Equation 6.3

az

The strain dependence of the fluid is neglected here.

Assume the surface charge

repulsion is the dominant stretching force that responsible for much of the extensional
stress build up:
_n a 2 =

C

Equation 6.4

where xz is the extensional stress:
u

= c(-)"-

az

Equation 6.5

= c(-)"

&Z az

The surface charge density, a, can be estimated by the asymptotic result:
Equation 6.6

a = -2R

Q

where R is the radius of the jet; I is the measured current on the jet; and Q is the flow
rate. The speed, v, is related to the flow rate by:
v= Q

Equation 6.7

cR2

Combining the above equations, the equation for the surface stress, in terms of
measurable parameters, is:
8

-( I)2(R2)= c(

s Q

2 QR-3

7

R)n

Z
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Equation 6.8

With the ansatz, R-z~', Equation 6.8 would have the form:
z

'

(z

3

Equation 6.9

mZ-)"

By comparing terms, the exponents must be equal:
- 2m = (3m - m -

Equation 6.10

1)n

Rearrange the above equation and solve for m in term of n:
I n
m = -(
)
2 n+1

Equation 6.11

For a highly rate thickening fluid, that is n > >1, m approaches 0.5. For a Newtonian
fluid, in which n = 1, m is equal to 0.25. Our experimental data support this scaling
argument.

6.5.2 The Strain and Stress Profiles
From the data on jet diameter, the Hencky strain and its rate at any point along the
steady jet are calculated as follows, respectively:
6=2ln(

h
0)
h(z)

Equation 6.12

2Q Bh(z)
zTh(z) 3 az

where

Q

Equation 6.13

is the volumetric flow rate. The Hencky strain in the steady jet is then

determined by integration of eq 6. The extensional stress in the jet is estimated to be:

~Z

where

nlext

Equation 6.14

t

is the corresponding extensional viscosity at the same Hencky strain as

observed in the CaBER experiment. Here we have assumed that the strain responds by
104

the Boger fluids are the same during electrospinning and CaBER testing. The maximum
Hencky strain in the CaBER testing is about 12. During electrospinning, the Hencky
strain is about 7. The average strain rate in the CaBER testing is 50 s-1. The average
strain rates of the electrospinning jets are between 10 to 100 s~1.
Figure 6.28-6.35 plot out the strain and stress on the jets. There is a large stress in
the jet immediately near the exit of the nozzle that stretches the jet significantly and can
trigger the viscoelastic response. For the less elastic fluids, his initial stress relaxes
downstream, away from the nozzle. This relaxation is slower for more elastic fluids, and
in some cases, the stress even continues growing along the jet.
Assuming the asymptotic thinning scaling holds, from Equation 6.13, an
asymptotic strain rate can be derived:
~z

3

Z rn

Equation 6.16

2m-1

For the highly strain hardening Boger fluids, m equals to 0.5. Then the strain rate is
constant; the jet undergoes constant force thinning. Indeed, the strain rate versus z plots
show this behavior in many cases.
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Figure 6.28 The strain and stress as functions of position along the steady jet, for
Series Al (o: 672k, o: 772k, 0: 920k, A: 954k, *: 1030k).
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Figure 6.29 The strain and stress as functions of position along the steady jet, for
Series B1 (o: 672k, o: 772k, 0: 920k, A: 954k, *: 1030k).
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Figure 6.30 The strain and stress as functions of position along the steady jet, for
Series CI (o: 672k, o: 772k, 0: 920k, A: 954k, *: 1030k).
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Figure 6.31 The strain and stress as functions of position along the steady jet, for
Series A2 (o: 672k, o: 772k, 0: 920k, A: 954k, *: 1030k).
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Figure 6.32 The strain and stress as functions of position along the steady jet, for
Series B2 (o: 672k, o: 772k, 0: 920k, A: 954k, *: 1030k).
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Figure 6.33 The strain and stress as functions of position along the steady jet, for
Series C2 (o: 672k, o: 772k, 0: 920k, A: 954k, *: 1030k).
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Figure 6.34 The strain and stress as functions of position along the steady jet, for
Series D1 (0: 920k, A: 954k, *: 1030k). and D2 (o: 954k, x: 1030k)
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6.5.3 The Critical Stress for the Suppression of the Rayleigh Instability
To quantify the competition between the instability growth and the viscoelastic
response, we use the dimensionless dispersion relation derived by Chang et al for
axisymmetric instability in a cylindrical jet of a viscoelastic fluid:

o

=

x2

-

9S2a4 - a

2

4

2

+ --- a2(1h -

2)

Ca

2

Equation 6.17

where o is the instability growth rate, a is the instability wavelength, h is the jet radius,
and i.

is the dimensionless stress along the jet axis.

If o is positive, the above

expression for the growth rate positive and real, corresponding to unstable modes. This
condition is satisfied if the extensional stress is not too large. For, o, the instability
growth rate to be negative, the following must hold:
-

a24r

+---a2 (1-

)

0

Ca
Ignoring the 4 h power term, the equation becomes:

ha2 a24^
i
Ca

Equation 6.18

Equation 6.19

For the jet to be unstable with respect to Rayleigh instability, the extensional stress due to
elastic response must be less than the critical value given by the following expression:
Equation 6.20

2C=
zcrtcl2Ca

Typical spectra of the Rayleigh instability growth rate and the Rayleigh instability
wavelength at several different values of extensional stress are shown in Figure 6.35.
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Figure 6.35 Plots of w vs. a at several different stresses for one of the PEG+PEO
solutions at onset of whipping (37 wt% PEG + 0.1 wt% PEO Mw = 1,030k, S = 0.215,
Ca=758, h= 1)
From the absence of any "beads-on-string" observations in photographs of the
straight jets, we know that the Rayleigh instability, if it occurs, does so just before or
after the onset of whipping. Furthermore, given the extension of the jet that occurs in the
whipping instability, it is reasonable to conclude that the extensional stress in the jet is
lowest immediately prior to the onset of whipping. Therefore, an elastic jet in which the
Rayleigh instability is suppressed at the onset of whipping will likely remain uniform
throughout the subsequent stretching and drying processes; the "beads-on-string"
formation must take place in the whipping region under the condition that the extensional
stress remains below the critical value even as the jet whips. To determine whether the
stress near the onset of whipping is at or above the critical value to suppress the Rayleigh
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instability, we evaluate the stress at the axial location where the whipping instability is
observed to begin, and plot this versus the theoretical critical stress evaluated using
Equation 6.14 and the radius of the steady jet at the onset of whipping, hi. Figure 6.36
shows the actual stress on the jet at the onset of whipping versus the critical stress needed
to arrest the growth of the Rayleigh instability, for all the PEG+PEO solutions. For the
jets that have stress values comparable to or greater than the critical value, the formation
of uniform fibers is indeed observed.

On the other hand, the "beads-on-string"

morphology is prevalent for those jets whose axial stress estimated at the onset of
whipping is lower than the critical value.

This result confirms the importance of

elasticity for generating the critical stress required to suppress the Rayleigh instability
and thereby generate uniform fibers, rather than beads-on-string morphologies. It also
suggests that the inequality 2i,,Ca / h >!1 offers a suitable criterion for the formation of
uniform fibers.
The data points, shown in Figure 6.36, can be shifted to the left on the x-axis,
delineating the boundary between uniform fibers and beaded fibers better than the current
plot of Figure 6.36. The surface tension of the fluid may be actually lower due to surface
charge interaction. A lower surface tension leads to a lower critical 'zz
a

= ao -

h

28,

2?

Equation

'

6.21

where aeff is the effective surface tension; ao0 is the surface tension of the fluid; and Xvi is
the surface charge density at the onset of whipping instability. Although the total current
carried by the jet can be measured, the values of the conducted current and the advected
current are not easily solved:
I = nhKE(xi)+ 2nhivyi

Equation

6.22

The surface charge density and the local electric field are coupled together and can not be
solved independently. The distance, which the data points shift to left, depends on the
value of the conducted current term.

The smaller the conducted current, the larger the

shift is.
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Figure 6.36 Plot of the extensional stress on the jet at the onset of the
whipping instability versus the critical stress for all PEG+PEO solutions.
(Stress is in Spv 2/h? units.) Solid symbols are uniform fibers; open symbols
are "beads-on-strings".

6.6 The Role of Fluid Elasticity in the Suppression of the Rayleigh Instability
Summary

The role of fluid elasticity in electrospinning is investigated experimentally and
theoretically. The use of Boger fluids for this investigation allowed us to evaluate the
role of fluid elasticity independently of the other fluid material properties. Boger fluids
exhibit Newtonian behavior under shear and thus their elasticity is purely extensional.
Experimental solutions covering a broad range of elastic responses and relaxation times
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were obtained by adding small amounts of high molecular weight PEO to aqueous
solutions of PEG.
All the PEO/PEG fluids used in this work led to the formation of bead-on-string
structures or uniform fibers. Only the inelastic PEG solutions formed droplets. This
observation correlates with the fact that the Deborah number, defined here as a ratio of
fluid relaxation time to the capillary time, was always greater than one for the PEO/PEG
solutions used in the experiments, and less than one for the PEG solutions. In such cases,
the initial growth of the capillary-driven Rayleigh instability, when it occurs, is always
fast enough to trigger the elastic response of the fluid. As the beads grow, they remain
connected by highly elastic "strings" and do not experience the final breakup into
individual droplets. Such behavior is also typical of uncharged jets of viscoelastic fluids.
As these jets dry, they too exhibit the beads-on-string morphology. Notably, all of our
0.1 wt% PEO solutions exhibit values of c[i] less than 1.0.
In addition to capillary stresses, electrospun jets also exhibit axial stresses due to
action of the external electric field on the charged jet and to repulsion between charges on
the jet. If extensional deformation due to either of these electrical stresses is fast
compared to the inverse of the fluid relaxation time, it will cause a buildup of the elastic
stress in the fluid jet. As was shown theoretically, if this stress reaches a critical value, it
can suppress the Rayleigh instability completely and lead to formation of uniform fibers
in electrospinning. In this work the elastic stress along the jet was estimated based on the
information about the jet profile and CaBER data. Comparison of the experimentally
determined elastic stresses with theoretically derived critical stresses supports the idea
that uniform fibers can be formed during electrospinning as a result of the complete
suppression of the Rayleigh instability, made possible by the build-up of elastic stress due
to electrical forces.
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Chapter 7
Two-fluid Electrospinning

7.1 Design Features
Two-fluid electrospinning is a method to electrospin into nanofibers from
materials that would otherwise be difficult or impossible to process using conventional
techniques or electrospinning. In numerous cases, a polymer that would be of interest as
a material for the production of nanofibers cannot be electrospun to form fibers at all.
Fluids that readily form uniform, continuous fibers are called "electrospinnable" fluids.
Common problems limiting the "electrospinnability" of a polymer include poor
solubility, limitations on available molecular weights, and unusually rigid or compact
("globular") molecular conformations.
The two-fluid electrospinning method involves electrospinning two materials into
fibers with core/shell morphology. The process is based on a spinneret that allows for coaxial extrusion of two fluids and for two-fluid electrospraying. Two-fluid electrospraying
has been used previously for micro encapsulation of immiscible liquids [Loscertales et
al., 2002]. The housing of the electrospinneret consists of concentric inner and outer
tubes by which two fluids are introduced to the spinneret, one in the core of the inner tube
(hereafter denoted the "core fluid") and the other in the space between the inner tube and
the outer tube (hereafter denoted the "shell fluid"). The electrospinneret is designed to
keep the fluids separate as they are charged and emitted from the nozzle. The materials
of construction are chosen such that either one or both of the fluids may be charged by
contact with a high voltage as the fluids pass through the spinneret.

The

"electrospinnable" shell fluid serves as a process aid to electrospin the core fluid.
In order to function as a processing aid, the shell fluid is chosen from the
The core fluid may then be either an

compositions of electrospinnable fluids.

electrospinnable fluid or a fluid that is, on its own, not readily fiber-forming by
electrospinning or that is hard to process into fiber by conventional means.
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During

electrospinning, the shell fluid forms a sheath around the core fluid, which entrains the
latter and stabilizes it against break-up into droplets by a process such as the Rayleigh
instability. Stabilization based on the introduction of a shell fluid operates through two
mechanisms: (1) By replacing the exterior fluid (typically air or vacuum in single-fluid
electrospinning) with a viscoelastic medium, the Rayleigh instability in the core fluid can
be delayed or suppressed completely; when the exterior fluid is furthermore spun as a
shell fluid, as described here, stretching of the shell component imparts greater elasticity
to the interface due to strain hardening, further stabilizing the core fluid. (2) The shell
fluid also reduces the surface forces at the boundary of the core fluid which drive the
break-up of the core fluid into droplets by replacing the relatively high fluid-vapor
surface tension typically present in single-fluid electrospinning by a lower fluid-fluid
interfacial tension. During electrospinning, fluids can travel at a speed of tens of meters
per second upon exiting the nozzle.

The two fluids may or may not be miscible.

However, the short time duration of the process prevents the two fluids from mixing
significantly. The use of a common solvent for the two fluids favors a particularly low
interfacial tension. In the case of polymer solutions, the polymers must not precipitate at
the fluid interface near the nozzle.
The shell of the fiber can be removed during post processing, while the core of the
fiber remains intact. The two-fluid electrospinning capabilities are demonstrated with
four examples that illustrate the potential advantages of the technique: production of
fibers with diameters less than 100 nm, electrospun biocompatible silk fibers obtained
without blending, insulated nanowires from low molecular weight polyaniline, and the
production of hollow fibers.
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7.2 Two-fluid Electrospun Fibers from Difficult-to-Process Materials
7.2.1 Fibers from Dilute Polyacrylonitrile Solutions
Nanofiber polyacrylonitrile (PAN, Mw=150,000) is of interest as a precursor to
carbon nanofibers. Although the formation of PAN fibers with diameters of 50 nm has
been reported in the literature, the fiber morphology was that of "beads-on-string" or the
overall size distribution in that case was bimodal, with average diameters around 100 nm
and 200 nm. The fiber size distribution can be made narrower and made the fibers more
uniform by increasing the PAN concentration. With the increase in the concentration,
however, it causes the fiber size to increase too. In less concentrated solutions, the
Rayleigh instability dominates, which prevents the formation of fibers.
Three different concentrations of PAN in N,N-dimethyl formamide (DMF) were
prepared for use as the core fluid. The shell fluid is a Poly(styrene-co-acrylonitrile)
solution in DMF (PS-co-PAN, Mw=165,000)
For the 8 wt% PAN and 20 wt% PAN-co-PS combination, the core fluid and shell
fluid flow rates were 0.008 ml/min and 0.07 ml/min respectively. The applied voltage
was 26 kV and the distance between the disks was at 40 cm. An 8 wt% PAN solution can
be electrospun to form uniform fibers in single-fluid electrospinning, without the
assistance of the shell fluid. With the use of the shell fluid in two-fluid electrospinning
and the subsequent removal of the shell, the 8 wt% PAN solution formed fibers with an
average diameter of 250 nm, comparable to fibers electrospun from 8 wt% PAN solution
in a single-fluid electrospinning.
For the 5 wt% PAN in DMF and 25 wt% PAN-co-PS in DMF combination, the
core fluid and shell fluid flow rates were 0.008 ml/min and 0.07 ml/min respectively.
The applied voltage was 26 kV and the distance between the disks was at 40 cm.
For the 3 wt% PAN in DMF and 28 wt% PAN-co-PS in DMF combination, the
core fluid and shell fluid flow rates were 0.002 ml/min and 0.04 ml/min respectively. The
applied voltage was 30 kV and the distance between the disks was 35 cm.
The core-shell PAN/PAN-co-PS fibers appeared to have the beads-on-strings
morphology with diameter fluctuating from 2 pm down to 500 nm, as shown in Figure
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7.1, regardless of the concentration (from 20 wt% to 28 wt/o) of PAN-co-PS in the shell
fluid. An axial view of the fiber was observed using TEM (Figure 7.2). Although the
contrast between the epoxy and the PAN-co-PS is not perfect, one can clearly see the
concentric structure of the fibers.

Figure 7.1 SEM of PAN/PAN-co-PS fibers.

Figure 7.2 Axial TEM view of same fibers as in Figure 7.1; the arrows indicate the outer
edge of the shell (a) and core (b), respectively.
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After the removal of the shell material (PAN-co-PS) by dissolving it in
chloroform, the residual PAN fibers were found to be more uniform than the composite
(core+shell) fibers. The 5 wt% PAN solution in DMF, when electrospun in single-fluid
electrospinning, forms heavily beaded fibers, while the 3 wt/o PAN solution could not be
electrospun into fibers at all, due to break-up of the jet into droplets. Uniform fibers were
obtainable from the latter two concentrations only by two-fluid electrospinning, with the
presence of the shell fluid. An increase in the mass concentration of the shell fluid was
useful to suppress further the Rayleigh instability in the 3 wt% PAN core fluid. Fibers
recovered after the removal of the shell had average diameters of 105 nm (standard
deviation = 25) and 65 nm (standard deviation = 15) from the 5%wt and 3%wt PAN
solutions, respectively, and were unimodal in distribution (Figure 7.3a-b).

(a)

(b)

Figure 7.3 a) SEM image of fibers formed from 5 wt/o solution of PAN after removal of PAN-co-PS
shell b) SEM image of fibers formed from 3 wt/o solution of PAN after removal of PAN-co-PS shell
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7.2.2 Silk Fibers from a Benign Process
Silk solutions are one of the difficult-to-spin materials. Wet-spinning and singlefluid electrospinning have been used to produce silk fibers [Lock, 1993; Sukigara, 2003].
In these two techniques, caustic solvents, such as formic acid and hexafluoroisopropanol
were used to ensure adequate concentration of the silk fibroin in solution to achieve
spinnability.
The two-fluid electrospinning technique is able to produce crystallized silk fibers
with diameters that are much smaller than natural silk fibers, in which the spinning
process is environmentally benign. A schematic of the process is provided in Figure 7.4.
An annealing technique using high humidity was used to crystallize silk fibers after
electrospinning. This annealing technique was developed by Dr. Mao Wang.

Two-fluid
ele ctrospinnin g

PEO

Silk

Water
Extractio n

Treatent

Core/Shell
Fiber

Crystallized silk
component

Small diameter
Crystallized silk
fiber

Figure 7.4 Schematic illustration of the process of producing silk fibers

An 8 wt/o B. mori silk solution was the core fluid and a 2 wt/o PEO (MW

=

920,000) was used as the processing-aid shell fluid. There is a narrow operating window
to produce fiber with a continuous silk core. The best flow rates combination was 0.003
ml/min and 0.03 ml/min for the core fluid and the shell fluid, respectively. The applied
voltage was 20 kV and the distance between disks was at 25 cm. The electrospun
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silk/PEO fibers were held under high humidity (overnight at RH 90% at 25*C) to induce
the crystallization of the silk. Then the PEO shell was dissolved away with water,

(a)

(b)

Figure 7.5 a) SEM images of B. mori silk/PEO fibers as-electrospun fibers b) electrospun fibers after
annealing and water extraction of PEO
leaving behind the silk core (Figure 7.5).
An UV fluorescence dye was added to the silk solution to facilitate visual
observation during electrospinning. Figure 7.6 shows a concentric jets of silk and PEO
solutions as the two fluids exit the spinneret under fluorescent light and images of the
electrospun fibers. A well-formed silk cone is clearly visible within the PEO cone as the
fluids exit the nozzle. The sharp boundary between the two fluids indicates that no
significant phase mixing takes place near the nozzle. During the electrospinning process,
after ejecting from the apex of the cone, the charged liquid jet experiences a whipping
instability in air before hitting the grounded collecting device. The short travel time of
the jet in the air, typically on the order of milliseconds, is far shorter than the time needed
for significant diffusion. 7.5 nm diameter Fe304 particles were added to enhance the
contrast of silk fibers in TEM imaging.
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(a)

(b)

(c)

Figure 7.6 (a) coaxial PEO and silk fluid jets formed during two-fluid
electrospinning in the fluorescent light (b) Fluorescent image of as-electrospun
B. mori silk/PEO fiber (c) TEM image of B. mori silk/PEO fibers (the silk core
has been doped with iron particles.)
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The benign nature of the process was demonstrated with biocompatibility of the
extracted silk fibers. Chondrocyte cells were seeded into the silk fibers. They were able
to grow and proliferate (Figure 7.7). Cell culture and photo were courtesies of Joseph
Lowery.

Figure 7.7. Chondrocyte cells seeded after 48 hours in silk fiber mat (5,000 X)
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7.2.3 Other Types of Fibers from Two-fluid Electrospinning
To make fibers with an electric-conducting core (nanowire), aqueous solutions of
5 wt% polyaniline (PAni, Mw = 10,000) and 8 wt% polyvinylalcohol (PVA,
Mw=146,000-186,000) were prepared. The core fluid and shell fluid flow rates were
0.005 ml/min and 0.01 ml/min respectively. The applied voltage was 20 kV and the
distance between disks was at 25 cm. It was found that about a third of the fibers did not
exhibit the core/shell structure. PAni is significantly more conductive than PVA or any
of the other fluids electrospun here. We speculate that it has a higher charge density than
PVA solution and that it is pulled by the electric field at a higher rate than the feed line
can supply, resulting in a discontinuous stream of PAni solution. Once a sufficient
amount of PAni solution is accumulated at the nozzle, the core/shell structure forms
again. The two-fluid electrospinning process was too unstable to produce a fiber with a
perfect continuous Pani core. Electrical measurement of the fibers was not possible.
To make hollow PMMA fibers, aqueous solutions of 15 wt% PMMA in
DMF/Chloroform (10:1)

and polydimethylsiloxane (silicon oil from Gelest, Inc,

unknown molecular weight, viscosity = 2,000) were prepared. The core fluid and shell
fluid flow rates were 0.01 ml/min and 0.05 ml/min respectively. The applied voltage was
30 kV and the distance between disks was at 40 cm. The PDMS was extracted with
hexane (Figure 7.8)

Figure 7.8 PMMA hollow fibers
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7.3 Operating Diagram for Two-fluid Electrospinning

In some combinations of flow rates, the two-fluid electrospinning process is
unable to produce core/shell fibers.

Although the electrospinning jet appears to be

steady, the jetting of the shell fluid from the tip of the fluid cone does not necessary
ensure the entrainment of the core fluid continuously. Instead of guessing at which flow
rate combinations would the resulting fiber be core/shell, an operating diagram was
generated.
To generate the operating diagram, 30 wt% PS-co-PAN, 3 wt% PAN, and 5 wt%
PAN in DMF were prepared. The PS-co-PAN solution was the shell fluid. The PAN
solutions were the core fluids. Various combinations of inner and outer fluid flow rates
were tested. The strength of the electric field was adjusted to obtain steady state jetting,
such that the pulling rate was not too fast or too slow to cause interruption of the jetting,
and the whipping instability persisted. The collector was set at 45 cm.
Figures 7.9 and 7.10 are the operating diagrams for the 5 wt% and 3 wt% PAN
solutions, respectively. The entrainment of the core fluid becomes problematic when the
flow rate of the shell fluid is too fast or too slow. At high shell fluid flow rates, the shell
fluid flows at a higher rate than the core fluid can supply, resulting in a discontinuous
stream of the core fluid. A further increase in the flow rates leads to the formation of wet
fibers. The flight time is insufficient for the jet to dry. At low shell fluid flow rates, the
shell fluid is unable to encapsulate the core fluid. Consequently, the core fluid undergoes
electrospraying rather than electrospinning.

Uniform core/shell fibers can only be

produced at a narrow window of operation, where the core fluid is entrained into the shell
fluid.
The operating diagrams provide a rule-of-thumb to set the flow rates for obtaining
uniform core/shell fibers. From previous experiences, the best combination of the flow
rates is to set the shell fluid flow rate at 0.05 ml/min and the core fluid flow rate at 6 to 10
times slower that the shell flow rate for this particular spinneret, which has an inner to
outer cross sectional area ratio of 16.
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Figure 7.9 Operating diagram for the 5 %wt PAN in DMF (core fluid), 30 wt%
PS-co-PAN in DMF(shell fluid)
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0.1

Comparing the 5 wt% PAN and the 3 wt% PAN solution, the 3 wt% PAN
solution has a more narrower window of operating than the 5 wt%. Although there is no
quantitative analysis in terms of the extensional viscosity mismatch (between the shell
fluid and the core fluid) and the entrainment ability, qualitatively, the entrainment is
better for fluids to have a smaller different in the extensional viscosity. Figure 7.11 is a
plot of the extensional viscosities of the shell fluid and the two core fluids.
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Figure 7.11 The apparent extensional viscosities of the shell fluid (PS-co-PAN)
and the two core fluids (PAN, 3 wt% and 5 wt%)
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7.4 Two-fluid Electrospinning Summary
The two-fluid electrospinning method has successfully produced fibers from
fluids which are either not electrospinnable or hard to process using conventional method
of spinning. A two-fluid electrospinneret was used to make fibers with shell/core
structure. The shell fluid serves as a process aid for the core fluid. The core of the fibers
can optionally be exposed by the removal of the shell material in post treatment. The
fibers produced by two-fluid electrospinning have a broad range of potential applications.
By extending the range of concentrations and molecular weights of polymers that can be
electrospun into fibers, finer fibers are possible than heretofore and new materials such as
PAni solution can now be processed.

The core or shell fluids can be doped with

additives. For example, the core fluid can carry drugs while the shell serves as a thin
barrier for controlled, long-term release. Alternatively, the shell fluid may carry surfaceactive agents such as biocides, chemical agent neutralizers, or coagulants, while the core
provides structural support and longevity. The capability of the two-fluid electrospinning
method is demonstrated with four examples of applications: production of fibers with
diameters less than 100 nm, acrylic hollow fibers, insulated nanowires, and
biocompatible silk fibers.
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Chapter 8

Electrospun Fiber Reinforced Transparent Composite

8.1 Transparent Composites
8.1.1 Transparency
Transparent materials are widely used in display screens, windows, eyewears, and
transparent shields.

Here, this chapter presents a method to product light-weight,

optically transparent, and high performance polymer fiber-polymer matrix composites.
The idea of placing an electrospun fiber mat in a polymer matrix to make a
transparent composite is not new.

Two previous works on this subject have been

reported [Bergshoef and Vansco, 1999; Kruthauser et al., 2006]. Although the authors
have titled their papers with the words "Transparent Composites", however, the
composites from these two above-mentioned works are not transparent; they are
translucent.

To characterize the transparency of a material, the percentage of light

transmittance and the percentage of haze must be measured. Researchers usually omit
the latter, more import measurement of the two. A translucent (or a hazy transparent)
material may look transparent if it is directly held against an image; however, if it is held
(maybe 1 cm) just above the image, the visibility is quite poor. Figure 8.1 illustrates this
effect.
A material may have great a transmittance, but may or may not be low in haze
percentage.

Transmittance is a measure of the percentage of the incident light

transmitted, regardless of the scattered beam angle. Haze is a measure of the percentage
of the forward scattered light to total transmitted light. According to ASTM D1003
standards, any light scattered more than 2.50 from the incident beam is contributing to the
haze. The key to minimize haze is to match the refractive index of the additive to that of
the matrix material.
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Figure 8.1 Two composites with similar transmittance (90 %), however, the composite on
the left has 3.5% haze, whereas the composite on the right has 20% haze. Top picture
shows the composites held directly against the background image; Bottom picture shows the
composites held at one centimeter above the image.

8.1.2 Light Scattering Model
Krauthauser et al. have derived a simple mode describing the transmittance of
light through an electrospun fiber composite. This section presents a similar approach
that calculates the transmittance and the haze percentages. The following assumptions
are taken during the derivation: 1) The fibers are uniform cylinders with infinite length
and randomly dispersed in the matrix; 2) the scattering events are single-scatting event
and elastic; 3) the inter-fiber distance is much greater than the wavelength of light; 4)
there is no absorption by the composite; 5) the incident light is perpendicular to the fiber
axis.
The optical transmittance of an object can be described by the Lambert-Beer law:
T=

-'

= exp(-acxtzm)

(Equation 8.1)
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where Ot and Di are the fluxes of the transmitted light and the incident light, respectively;
Gext is the extinction efficiency; zm is the total light path length. The transmitted flux is
equal to sum of un-scattered and forward scattered flux (cD, and t, respectively) [Wind
and Szymanski, 2002]:
O, = (D + (D,

(Equation 8.2)

The haze is then:
H-

"-

Dt

"D

(Equation 8.3)

(D exp(-axtzm)

where F, is the flux of the forward scattered light at angles greater than 2.50.

The

extinction efficiency for randomly oriented non-interacting cylinders is [Krauthauser et
al., 2006]:
aext =

2

VfQsca

(Equation 8.4)

cr

where Vf is the total volume fraction of cylinders; Qca is the scattering efficiency of one
cylinder; r is the radius of the cylinder. The scattering efficiency for an infinite cylinder
is [Bohren and Huffman, 1983]:
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(Equation 8.10)
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(Equation 8.5)

N, and N2 are the refractive indexes of the matrix (medium) and the fiber (cylinders),
respectively; Xis the wavelength; J. (x) is a Bessel function of the first kind; Ha1 is a
Hankel function of the first kind.
According to Wind and Szymanski, the scattered flux can be expressed as:
z=zm, 9->90"z

J

J2
p(0)sin(0)exp(-a
'm )exp(--aex z(1 ))d0dz
cos(O)
cos(0)
z=O 0=2.50
(note: the factor 2 in front of the second integral accounts for the integration from 0 = -2.5" to
0->-90")
D,=aext

'

(Equation 8.11)

where p(O) is the phase function. For randomly oriented particles that are small compare
to the wavelength, the phase function is [Kokhanovsky, 2004]:
2

0
p(O) = y +cos
y+1/3

(Equation 8.12)

where ye [1,13]. For spherical scatters, y is unity (y=1). For cylinders, y is assumed to
be 13, which leads to the most isotropic phase function.
Table 8.1 presents examples for the calculation of the transmittance and the haze
for poly(acrylonitrile) (PAN) fibers in poly(methyl methacrylate) (PMMA) composites
by the model. The hazy composite, which is shown in Figure 8.1, is an electrospun PAN
Table 8.1 Calculated transmittance and
haze for two PAN-PMMA composites with
different fiber radius
PAN fiber radius, r

100 nm

50 nm

Refractive Index of
PAN fiber, N2

1.52

1.52

Refractive Index of
PMMA matrix, N1

1.49

1.49

Wavelength, X

633 nm

633 nm

QSm

0.00257

0.000507

Volume fraction of the
fiber, Vf

0.01

0.01

Composite thickness
or the light path, zm

0.508 mm

aext

163 m-'

64.6 m-'

q,,/(Di
Transmittance
Haze

0.0670
92.1%
7.28%

0.0295
96.8%
3.05%

fiber mat in a PMMA matrix.

The

volume fraction of the PAN fibers is
about 1 %. The average fiber radius is
100 nm. The thickness of the composite
is 0.02 inch (or 0.508 mm).
calculated

results

for

the

The
above

composite are comparable to the actual
measurements.

For the composite that

contained 1 wt% of the 100 nm PAN
fibers, the measured transmittance and

0.508 mm

haze were 85 % and 20%, respectively.
The model provides an upper bound
value for the transmittance percentage
and a lower bound value the haze
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percentage.

The actual transmittance is lower and the actual haze is higher.

The

measured values accounted for multiple scattering, absorption by the fibers and the
matrix, and scattering due to surface roughness.
The mismatch in the refractive indexes between the PAN fibers and the PMMA
matrix can generate a significant amount of haze that can reduce visibility. In order to
reduce the haze percentage, the calculations show that the PAN fiber radius must be
reduced to 50 nm or lower.
8.1.3 Fiber Reinforcement
A typical polymer-polymer composite is comprised of polymer fibers that are
embedded in a polymer matrix.

The size and the inter-fiber distance of the fiber

component provide the toughening mechanisms for the composite.

The fibers can

redistribute the stress load on the composite and the small inter-fiber distance can stop
crack propagation in the composite [McCrum et al., 1999].
Electrospun fibrous mat is an ideal candidate as reinforcement filler. A typical
electrospun fiber has a radius of 200 nm.

The fiber mat would have a surface area to

mass ratio of 10 m2 /g and an inter-fiber distance on the order of 1 mrn.
Poly(vinyl butyral) has been used in a wide array of commercial applications,
such as glass laminates, structural adhesives, and coatings.

It has an attractive

combination of chemical, mechanical, and optical properties. The hydroxyl groups on
Table 8.2 Properties of PVB, PMMA, and PC
(Reference: CRC Polymer Database online)
PVB

PMMA

PC

Young's Modulus

2.6

3.2

2.3

Flexural Strength at

8.9

0.13

2.9

54

72

65

Elongation at Break

70

4

100

Notched Izod Impact

58

40

160

1.49

1.49

1.58

(GPa)

Yield (GPa)
Yield/Fracture Stress

(MPa)

(%)

Strength (J/m)
Refractive Index

the poly(vinyl butryal) are quite
reactive. They can chemically bond
to most surfaces or chemically crosslink to form a network. PVB has the

of PVB are much better than acrylic

PMMA
(Notice the matching refractive indexes of PVB and PMMA).
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and polycarbonate

(PC)

PVB is not conventionally spun into fibrous forms. In most applications, PVB is
either mixed into a resin or coated into a laminate. Electrospinning offers a simple and
robust method to make PVB fibers. 12 wt/o PVB was first dissolved in DMF/THF (10:1
by volume). The PVB solution was then electrospun into a fibrous mat. The flow rate
was set at 0.03 ml/min. The voltage was 35 kV. The collector distance was at 45 cm.
The electrospinning process was very steady; the process could persist for more than 24
hours without interruption. Figure 8.2 is a photograph of the electrospun mat.

Figure 8.2 A 4 inches by 4 inches piece of electrospun PVB mat (Insert: SEM micrograph of the
mat)

8.1.4 PVB-PMMA Composite
The PMMA matrix resin was prepared by mixing PMMA polymer (Mw

=

540,000) in methylmethacrylate. The resulting solution was 10% PMMA by weight. A
polymerization initiator, 2,2'-Azobisisobutyronitrile (AIBN), was added to the solution at
a concentration of 2.5 mg/cc. MMA can be also used without the addition of PMMA.
The PMMA helps to lower the volatility of the MMA.
The electrospun PVB mat was cut into pieces 4 inches by 4 inches. Then several
layers of PVB pieces, weighting total about 1 gram, were compacted in a hydraulic press.
Then the PVB mat was soaked in the PMMA-MMA-AIBN solution for three hours.
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Finally, a vacuum was used to egress the trapped air bubbles. Figure 8.3 illustrates the
PVB mat before and after matrix infusion. Then the PVB mat was transferred to an
aluminum mold. The interior dimensions of the mold are 4 inches by 4 inches by 0.02
inch. The inner surfaces of the aluminum mold have a mirror-like finished (Alloy 5052
Aluminum, #8 polished, McMaster-Carr Part # 8202K1 8).

The mold surfaces were

sprayed with a release agent (LPS, Dry Film Silicon Lubricant). The PVB mat was
sandwiched into the mold. A rubber gasket was placed around the mold to prevent the
resin from leaking out from the mold. Extra PMMA-MMA-AIBN solution was poured
into the mold. The mold was placed in a hot press for curing. The pressure was set at
1000 kPa and the temperature was set to 550 C. The curing process took about 12 hours.
The resulting composite is a transparent PVB-PMMA composite. The PVB mass fraction
is 20%. The refractive indexes of the two materials have matched perfectly. There is no
visible haze in the composite (Figure 8.4).

Figure 8.3 a) PVB mat soaking in PMMA-MMA-AIBN solution; b) PVB after 5
hours of soaking and vacuum egression

Figure 8.4 PVB-PMMA
transparent composite
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8.1.5 Optical and Mechanical properties of the PVB-PMMA Composite
The measurement of the optical properties was done according to the ASTM
D1003 standard (Table 8.3).

The transmittance of the PVB-PMMA composite is

comparable to the PMMA. The haze of the PVB-PMMA composite is about twice that of
the polycarbonate film at the same thickness; the haze is still significantly low that
visibility is not hindered.
Table 8.3 Optical properties of PVB-PMMA composite, PMMA, and PC
PVB-PMMA

composite

PMMA

PC

% Transmittance

89.4

93.9

88.9

% Haze

3.47

0.58

1.15

The two kinds of mechanical testing were performed on the composite: one of the
tests was the tensile test (ASTM D882-02); the other was the impact test (ASTM D376306). Table 8.4 reports the average values for five tests.

Table 8.4 Mechanical properties of PVB-PMMA composite and PMMA
PMMA matrix m
PVB-PMMA
PMMA
Tensile Properties PVB-PMMA
composite
only
Impact Properties composite matrix only
Tensile strength
at yield (MPa)
Elongation % at
yield
Tensile
Toughness
(MJ/m 3)

51.7

(Fractured)

Impact speed
(m/s)

3.23

3.23

5.6

(Fractured)

72.28

40.93

5.73

2.92

Maximum impact
load (N)
Energy at
maximum impact
load (J)

0.11

0.07

Elongation %at
break

11

6.6

Impact energy per
thickness (J/m)

343

234

Tensile Modulus
(GPa)

1.6

1.8
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The PVB-PMMA composite undergoes a different mode of tensile failure than
PMMA, as shown in Figure 8.5. The PVB-PMMA composite yields rather than fractures
like the PMMA. The PVB-PMMA composite is able to elongate to a higher strain
percentage than the PMMA.

The impact results show that the PVB-PMMA composite

can withstand higher impact energy than PMMA before breaking (Figure 8.6).
Tensile Test (ASTM D882)
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Figure 8.5 Tensile stress versus tensile strain curves for PVB-PMMA
composite and PMMA

Multiaxal Impact (ASTM D3763)
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Figure 8.6 Impact test curves for PVB-PMMA composite and PMMA
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8.2 TransparentComposites with Chromatic Functionalities

Here I describe a process to make a transparent fiber composite that has the ability
to changes its color and/or transparency reversibly by stimulation, such as heat,
irradiation, mechanical stress, or electrical current. The key is to match the refractive
indexes of the fiber and the matrix closely. Any large mismatch would result in poor
visibility due to haze.
The process involves dispersing a chromatic dye into fibers. Then embeds these
fibers into a matrix resin and cures it. Electrospinning has the following advantages: 1)
Electrospinning can produces very fine fibers (average diameter ranging from 100 nm to
500 nm) that can minimize the scattering of light if there is a slight mismatch in the
refractive indexes. As calculations shown in Table 8.1, a reduction in the fiber diameter
(100 nm) would counter the scattering effect by the mismatch in the refractive indexes.
2) A fibrous mat has a large surface area to mass ratio for better bonding to the matrix
material. 3) Dyes can disperse in the spin solution readily; the electrospinning process
does not compromise the chemical stability of the dye.
To demonstrate the feasibility of this process, an UV dye (Fluoroscent 28, SigmaAldrich) was dissolved to the PVB solution. The concentration of the UV dye was 1
mg/cc. Then the PVB-dye solution was electrospun into a mat that has a pattern. The
pattern was generated by depositing the fibers onto a metallic grid that was fashioned
with the pattern. Then, embed the mat in PMMA matrix and cured it.
PVB-dye-PMMA composite remains transparent with the added dye; the haze
percentage remains the same. Figure 8.7 shows the transparent composite before and
after UV-light excitation. The composite fluoresces at locations where there are PVB
fibers. Evidently, the UV dyes were not leached out from the fiber during curing.

141

b)

Figure 8.7 A patterned PVB-dye-PMMA composite: a) before UV excitation; b) after
UV excitation

142

8.3 Transparent Composites Summary
In order to produce a transparent composite, the ratio of the refractive indexes
between the filler and the matrix must be very close to unity. A PVB-PMMA transparent
composite was made. First, a PVB solution was electrospun into a fibrous mat. Then the
PVB mat was embedded into a PMMA matrix.

At 20 wt% PVB mat loading, the

mechanical properties of the composite is improved significantly.

The PVB-PMMA

composite can withstand almost twice the impact energy than the PMMA matrix without
fibers. It was also demonstrated that it is possible to dope the fiber with photo-active
dyes without compromising the transparency of the composite.
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Chapter 9

Conclusion and Recommendation
9.1 Conclusions
Electrospinning is a useful process to make very small fibers. Electrospun fibers
are smaller than fibers that are produce by conventional extrusion method. These
electrospun fibers are potentially being used in innovative applications, such as in 3dimensional tissue scaffolds, fuel-cell membranes, sensors, and lightweight composites.
It is important to understand the science of electrospinning. This thesis has illuminated
some of the fundamental physics behind electrospinning and developed this process to
produce functional fibrous materials.
The 2/3 scaling equation was validated experimentally using several solutions.
The 2/3 scaling equation provides a useful guide to control the fiber diameter by
adjusting the flow rate, electric current and the surface tension of the fluid. It can
calculate the minimum obtainable fiber diameter for a given charge density and surface
tension.
The role of fluid elasticity in electrospinning is investigated experimentally and
theoretically.

The results clearly indicate that the presence of entanglements is not

required for the formation of uniform fibers. It was observed that there is no direct
correlation between the Newtonian viscosity of the fluid and the fiber morphology.
These observations point to the fact that fluid elasticity, as measured by relaxation time,
is the essential property controlling the morphology of the fibers produced by
electrospinning. The ability to build up the extensional stress on the electrospinning jet is
essential for the suppression of bead formation. There are two ways to increase the
elasticity of the fluid without adding additive: increase the concentration or increase the
molecular weight of the polymer.
The two-fluid electrospinning method can produce fibers from fluids which are
either not electrospinnable or hard to process using conventional method of spinning.
This process provides an avenue to produce non-polymeric fiber.
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The two-fluid

electrospinning method has broadened the range of potential applications in using
electrospun fibers, such as optical guides, conducting nanowires, and drug delivery. The
core or shell fluids can be doped with additives. For example, the core fluid can carry
drugs while the shell serves as a thin barrier for controlled, long-term release.
Alternatively, the shell fluid may carry surface-active agents such as biocides, chemical
agent neutralizers, or coagulants, while the core provides structural support.
A PVB-PMMA transparent composite was made. A PVB mat was embedded into
a PMMA matrix. The mechanical properties of the composite are significantly better
than the PMMA matrix. With the knowledge of the matching refractive indexes, photochromatic dyes were doped into the PVB fibers, while maintaining the transparency.
This process demonstrates the feasibility of making a mechanically tough composite with
unique optical property. The composite can potentially use in applications, such as
passive displays, light-tunable sun screens, and transparent shields.

9.5 Recommendations for Future Work
Based on the author's experience in working with electrospinning, the author
proposed the following recommendations for future research:
1)

A better imaging technique is needed to film the whipping jet. It is desirable
to have a spin solution that contains tracers. A laser can be used to provide a
better illumination for filming the tracers. The movement of fluid elements in
the whipping jet can be tracked.

Then, it is possible to calculate the

deformation rate of the whipping jet. Knowing the deformation rate and the
fluid's rheological properties, the physics of electrospinning will be further
illuminated. Using two high-speed cameras may able to track the jet as well.
The two cameras will place orthogonally to each other. From the 2-D pictures
that are captured by the cameras, a 3-D path of the jet can be reconstructed.
The coordinates of each fluid element as function of time are obtainable.
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2)

The 2/3 scaling equation has ignored the solvent evaporation from the jet
during flight. The determination of the rate of solvent evaporation will greatly
improve the accuracy in predicating the final fiber diameter.

The

electrospinning apparatus can be enclosed in a huge air bag. By sampling the
concentration of solvent in the air bag as a function of time, the evaporation
rate is obtainable.
3)

The 2/3 scaling equation does not address the distribution of fiber diameters.
Is the periodicity of the whipping instability related to the spread of
distribution? One way to address this question is to measure the periodicity of
the whipping jet and the size of fibers that the jet produces.

4)

For the two-fluid electrospinning work, the effects of the processing
parameters such as voltage and current and fluid properties (conductivity,
viscosity, etc.) on the final morphology of the fibers remain to be illuminated.

5)

The refractive index matching is critical in selecting fillers and matrix
materials for making transparent composite. The matching not limited to the
PVB and PMMA combination. The refractive indexes of the fiber and the
matrix can be tuned independent for matching by adding additives, such as
dyes and nanoclays.

6)

The failure mechanism for nanofiber composite remains to be illuminated. Do
composites with smaller fibers fail differently comparing to the composites
with larger fibers? Is the failure mode of a single nanofiber differed from that
of a microfiber?
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Abbreviations

AIBN

2,2'-Azobisisobutyronitrile

cm

centimeter

kV

kilovolt

MMA

Methyl methacrylate

m

meter

m/s

meter per second

mi/min

milliliter per minute

mm

millimeter

mN/m

milli-Newton per meter

Pa

Pascal

PAN

Polyacrylonitrile

Pani

Polyaniline

PC

Polycarbonate

PCL

Poly(caprolactone)

PDMS

Polydimethyl siloxane

PEG

Poly(ethylene glycol)

PEO

Poly(ethylene oxide)

PMMA

Polymethyl methacrylate

PS-co-PAN

Polystyrene-co-Polyacrylonitrile

PVB

Poly(vinyl butyral)

s

second

UV

ultraviolet

wt %

percentage by weight

tm

micron

gS/cm

microsimen per centimeter
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Notations
c

concentration

c

critical concentration for chain entanglement

Ca

capillary number

D

fiber diameter (dried)

Di

the initial midpoint diameter just after stretching

De

Deborah number

d

distance between the collector and nozzle

E

effective electric field on the jet

E.

applied electric field

G

elastic modulus

g
H

gravity constant

h

jet radius (dimensionless in Chapter 6)

hi

jet radius at the onset of whipping instability

ht

terminal jet radius

I

current on the jet

K

conductivity

k

whipping wave number (2n/X)

L

length of the steady jet

Oh

Ohnesorge number

NA

Avogadro number

Q

flow rate

R

fiber radius (dried)

Rg

radius of gyration

R&

nozzle radius or initial jet radius

r0

characteristic length

S

retardation number

s

arc length of the jet

t

time

whipping amplitude
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applied voltage
velocity (speed)
z-coordinate or position z

a

Rayleigh instability wavelength

x

local aspect ratio of the jet (or the slope of the jet surface)
Hencky strain
permittivity of the fluid
permittivity of vacuum

XP

surface tension

i

extensional viscosity
wavelength
characteristic time scale of viscoelastic stress growth in uniaxial

elongational
solvent viscosity
density

p,

volume charge density (I/Q)
a

surface charge density
zz

dimensionless stress along the jet axis
characteristic viscosity
Rayleigh instability growth rate
"single dot" first time derivative
"double dot" second time derivative
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