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ABSTRACT

PRODUCTION OF ALUMINA BOROSILICATE CERAMIC
NANOFIBERS USING ELECTROSPINNING TECHNIQUE AND
ITS CHARACTERIZATION

Tanriverdi, Senem
M.S., Department of Chemical Engineering
Supervisor: Gungor Gunduz, Prof. Dr.

Co-Supervisor: Uner Colak, Prof. Dr.

June 2006, 71 pages

Today, ceramic, polymer, and composite nanofibers are among
the most charming materials for nanotechnology. Because of their
small characteristic dimension, high surface area, and microstructural
features, they provide unique mechanical, optical, electronic, magnetic,
and chemical properties for an extensive variety of materials
applications.

Electrospinning provides an effective way of the nanofiber
production in a nanometer scale. This technique utilizes a high voltage
DC to create a strong electric field and a certain charge density in a

viscous solution contained in a pipette. As a result, fibers with



diameters ranging from the micrometer to nanometer are formed from
this charged solution.

This study deals with, the fabrication of alumina borosilicate
ceramic nanofibers using electrospinning technique. Alumina
borosilicates contain important components having intriguing
characteristics for many applications and have been widely studied
with different compositions.

In this study, alumina borosilicate/PVA solution was prepared
using the conventional sol-gel method. Polyvinyl alcohol (PVA) was
added into this solution to increase the viscosity for electrospinning.
After the alumina borosilicate/PVA solution was electrospun into fibers,
high temperature sintering was carried to obtain ceramic alumina
borosilicate fibers. The products were characterized by scanning
electron microscopy (SEM), X-ray diffractometry (XRD), Fourier
transform-infrared spectroscopy (FT-IR), and

thermogravimetric/differential thermal analysis (TG-DTA) techniques.

Keywords: alumina borosilicate, ceramic nanofibers, sol-gel,

electrospinning, nanotechnology.



Oz

ELEKTROSPINLEME YONTEMIYLE ALUMINA BOROSILIKAT
SERAMIK NANOELYAFLARIN URETIMI VE OZELLIKLERININ
BELIRLENMESI

Tanriverdi, Senem
Yuksek Lisans, Kimya Muhendisligi Bolumu
Danisman: Glngoér Gunduz, Prof. Dr.

Yardimci Danisman: Uner Colak, Prof. Dr.

Haziran 2006, 71 sayfa

Gunumuzde seramik, polimer ve kompozit nanoelyaflar
nanoteknolojinin en cazip UrUnleri arasindadir. Boyutlarinin kuguk,
yuzey alaninin buyuk olmasindan dolayi, ¢esitli uygulamalar igin essiz
mekanik, optik, elektronik, manyetik ve kimyasal ozellikler saglarlar.

Elektrospinleme teknigi, son zamanlarda nano boyutta elyaf
uretimi icin sikga kullaniimaktadir. Elektrospinleme isleminde, icinde
¢ozelti bulunan kapiler uca sahip bir hazne ile metalik malzemeden
yapilmis ve fiberlerin toplanmasinda kullanilan toplama yuzeyi
arasinda yuksek bir elektrik alan olusturulur. Voltaj kritik bir seviyeye

ulaginca, kapiler ucunda askida duran damlacik yuzeyinde olusan yuk,
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yuzey gerilimini yenerek bir jet olusumuna neden olur. Elektriksel
olarak yuklu jet, yarilarak ya da esneme hareketleriyle incelerek
toplama yuzeyinde daginik olarak toplanir.

Bu calismada, elektrospinleme yontemiyle alumina borosilikat
seramik nanoelyaf Uretimi gercektestiriimigtir. Alumina borosilikatlar,
yapisinda bircok uygulama igin ilgi ¢ekici ozelliklere sahip bilesenler
icerir ve su ana kadar, farkl bilesimlerde yapilmis ¢alismalari yaygin
olarak bilimsel kaynaklarda bulunmaktadir.

Elektrospinleme teknigi ile alumina borosilikat elyaf Gretimi igin
gereken c¢ozeltinin  hazirlanmasinda ¢6z-pel (sol-gel) yontemi
kullanilmigtir. Hazirlanan ¢ozeltinin viskozitesini ayarlayabilmek igin
polivinil alkol (PVA) katilmis ve ardindan ¢ozelti spinlenmistir.

Olusan alumina borosilikat/PVA igerikli elyaflar yUksek
sicaklarda sinterlendikten sonra alumina borosilikat elyaflar elde
edilmigtir. Taramali elektron mikroskopu (SEM), X-1sini kirinimi (XRD),
Fourier dontisumli kizilétesi spektrumu (FT-IR), termogravimetrik ve
diferansiyel termal analiz (TG-DTA) teknikleri kulanilarak Grandn

ozellikleri belirlenmisgtir..

Anahtar Sozcukler: alimina borosilikat, seramik nanoelyaflar, ¢c6z-pel

elektrospinleme, nanoteknoloji.
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CHAPTER 1

INTRODUCTION

Nanotechnology is nowadays a popular interdisciplinary field
including many areas such as mechanics, electronics, optics, biology,
medicine, and material science. “Nanotechnology” is the application of
science to build the new materials or devices by manipulating and
working with atoms and molecules down on the scale. The “nano” in
nanotechnology means one billionth that is about 10,000 times smaller
than the diameter of a human hair.

American physicist and Nobel Prize winner, Richard Feynman is
accounted as the inspirational father of nanotechnology for introducing
the idea of molecular manufacturing, in a lecture, “There is Plenty of
Room at the Bottom” [1] in 1959. However, the origins of
nanotechnology did not occur until then. He attracted his audience’s
attention suggesting that what if one could build materials and devices
with manipulating and controlling them at the molecular level.

In 1974, Norio Taniguchi introduced the term “nanotechnology”
to represent extra-high precision and ultra-fine dimensions, and also
predicted improvements in integrated circuits, optoelectronic devices,
mechanical devices, and computer memory devices. This is the so-

called ‘top-down approach’ of carving small things from large



structures. In 1986, K. Eric Drexler in his book “Engines of Creation”
discussed the future of nanotechnology, particularly the creation of
larger objects from their atomic and molecular components, the so-
called “bottom-up approach”. He proposed ideas for “molecular
nanotechnology”, which is to produce any kind of object from elemental
particles. [2]

Today, ceramic, polymer, and composite nanofibers and
nanotubes are the most charming materials for nanotechnology.
Because of their small characteristic dimension, high surface area, and
microstructural features, they provide unique mechanical, optical,
electronic, magnetic, and chemical properties for a wide variety of
materials and applications. They are mostly produced by synthetic
bottom-up methods resulting as discontinuous fibers. However, this
method leads to difficulties with their alignment, assembly, and
processing into applications. It is seen that continuous fibers provide
easy alignment, assembly and processing because of superior
mechanical properties (e.g., strength, stiffness etc.) and continuity of
fibers. That's why; there is a considerable interest in producing
continuous fibers at nanoscale. “Electrospinning” as a top-down
method makes possible the production of continuous and very narrow
diameter range (10-1000nm) fibers efficiently. In the electrospinning
process, there are two major components: a high voltage DC power
supplier, a capillary tube with a small diameter, and a metal collection
system. High voltage power supplier produces a high voltage electric
field between an oppositely charged solution contained in a pipette and
metallic collection screen. When the voltage attains a critical value, the
suspended solution with hemi-spherical surface formed on the tip of

the pipette ejects a charged jet. As the charged jets are spun, the



fibers are collected as a randomly oriented, nonwoven mat on the
surface of the metal collector.

A number of polymer nanofibers have been electrospun directly
from polymer solutions or melt [3-10]. Recent studies demonstrate that
ceramic and ceramic/ polymer composite nanofibers are also prepared
with electrospinning using conventional sol-gel method, followed by a
high-temperature pyrolysis [11-32]. The outcome of ceramic nanofiber
studies will be utilized in many areas in the future, for example,
nanostructured membranes for filtration and separation, reinforcement
materials for nanocomposites, supports for nanostructured catalysts,
and electrode materials for energy conversion or storage.

In this study alumina borosilicate/PVA composite nanofibers in
composition of 0.8 SiO,. 0.1 Al,O3 .0.1B,O3 were prepared using sol-
gel method and electrospinning technique and characterized using
SEM, XRD, FT-IR and DTA/TG techniques.



CHAPTER 2

LITERATURE SURVEY

In this part, the principles of electrospinning are presented with reviews
of some polymeric and ceramic nanofiber materials published in
literature. Also, conventional sol-gel method, which is used for the

preparation of ceramic nanofibers via electrospinning, is explained.
2.1 Electrospinning
2.1.1 Fundamental Principles

English physicist Lord Rayleigh introduced the foundations of
electrospinning, at the end of the 19th century. He studied theoretical
behavior of isolated charged water droplets in thunderstorm cloud.
There are two forces that influence a droplet: the Coulombic repulsion
force (F¢) and the surface tension (») that give the droplet a spherical
shape. Lord Rayleigh suggested that, at “Rayleigh limit” [33] these
forces are equal and the system is stable.

Rayleigh Limit:
x= Q9 (1)
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Where Q is the droplet charge, R is the droplet radius, y is bulk liquid
surface tension, &, is the dielectric permeability of free space, and X'is

“fissility”. As shown in Figure 2.1, when the solvent evaporates, the
net charge density on the surface will increase and finally the
electrostatic Coulomb repulsion forces become sufficient to overcome
the stabilizing effect of the surface tension that holds the droplet
together, the droplet becomes unstable and explodes into smaller
droplets of equal charge. In other words when X>>1, an instability
occurs and "the liquid is thrown out in fine jets, whose fineness,
however, has a limit" [33]. Rayleigh’s explosion study illuminated
evolution of “electrospraying phenomenon (or electrostatic
atomization)” which is the origin of fundamental principle of
“electrospinning phenomenon”.

Zeleny [34] studied the surface behavior of a charged droplet and
demonstrated the effect of strong electrical potential applied to a small
capillary tube, which induces the eventual break-up of jet from the
droplet. Vonnegut and Neubauer [35] proved that it was possible to
produce monodisperse particles below 1 micrometer from a pending
droplet by the electrospraying technique. In the 1960s, Sir Geoffrey
Taylor [36] obtained the critical electrical potential needed for the
formation of a jet transformed from the droplet at the tip of a capillary
tube and for the first time, he explained the cone shape of the pendant
droplet which is attached to the capillary. He determined the cone
angle, as 49.3° when the critical electrical potential was acquired and a
jet of liquid was ejected from the tip. He derived an expression for the
critical electrical potential needed to transform the droplet into the cone

as:

2
H (In %— %)(0.117 zyR)



where Vc is the critical voltage, H is distance between the capillary exit
and the ground, L is length of the capillary with radius R, and y is the
surface tension of the liquid. This cone is commonly known as “Taylor
cone” and has an important role to the jet formation in both fiber and
droplet formation processes. Hendricks et al. [37] found a similar

relation for the electrospraying as:

V =300 /20 7y T (3)

where r is the radius of pendant droplet. Even though they aren'’t
demonstrated in these two equations, both conductivity and viscosity
have an important role in this process [38]. In 1986, Hayati et al. [39]
made studies about mechanism of the stable jet formation. They
concluded that conductive liquids, such as water caused to produce
unstable jets moving to different direction, with further increase of the
voltage. Semi-conducting and insulating liquids such as paraffinic oil
produced the desired stable jet from a conical base. Since they cannot
hold the surface charges, electrostatic forces cannot build up.
Therefore, when the voltage is increased, the electrical potential
difference between the cone base and its apex increases. In
conclusion a tangential electric field is presented on the cone surface
in the direction of the flow and the jet formed comes apart from the

pendant droplet.



Figure 2.1 The mechanism of the droplet explosion

In electrospraying studies, many parameters like applied potential,
capillary diameter; liquid properties like surface tension, conductivity,
and viscosity have been investigated untili now and they have
facilitated in understanding the principles of the electrospinning

process.

2.1.2 Electrospinning Process

Electrospinning is a novel approach for fiber production by
employing electrostatic forces to drive the fiber formation process.
Although electrospinning was developed in 1934 by Anton Formhals
[40] who received the patent of the process, up to 1990s there had not
been many publications. In 1971, Baumgarten [41] accomplished
electrospinning of acrylic fibers ranging from diameters of 0.05 microns

to 1.1 microns. Larrondo and Manley [42-44] studied the



electrospinning of polyethylene and polypropylene fibers from polymer
melts. They determined that the fiber diameter decreased with
increasing the temperature of melt and electrical voltage applied. In
1995, Reneker et al [45-46] investigated electrospinning process
parameters in detail for production of polyethylene oxide (PEO)
solution fibers with diameters ranging form 0.05 microns to 5 microns
and observed that stable fibers were obtained at high viscosity of
solutions. And then, this technique became fetching due to the likely
application areas including nanocomposites, optics, electronics, tissue

engineering, medical, and other industrial and functional products.

2.1.2.1 Schematic Setup of Electrospinning

A typical experimental setup of the electrospinning process is
shown in Figure 2.2. A capillary pipette contains a solution, which is
connected to a high voltage power source through a copper wire
serving as a positive electrode. A metal collector serving as a counter
electrode is placed against the pipette. When a high voltage applied
between the capillary and the collector reaches a critical value, an
electrically charged jet of solution pulled out of the tip of the pipette and
fibers are collected on the metal collector [45]. Just before the critical
value, the electrical force almost overcomes the surface tension of
liquid, the surface of the drop suspended at the tip of pipette forms a
Taylor cone [36], as cited previously. The jet emerges from the tip of
this cone and then is elongated into thin filaments with splaying [45] or
bending [47] process. Finally, at the distance between the tip and the
collector, the solvent evaporates and the solidified fibers’ diameters are
extremely reduced.

Many parameters including solution characteristics (e.g.,

viscosity, elasticity, concentration, surface tension, net charge density,



solvent, molecular weight) and process variables (e.g., electrical
potential, distance between capillary tip and collector, diameter of the
capillary tip, temperature, humidity, air flow in the electrospinning

chamber) affect fiber size and morphology.

Metal

Capillary tube Collector plate

electrode

High voltage
power source

Figure 2.2 A typical experimental setup of the
electrospinning process

2.1.2.2 Electrospinning Stages

The electrospinning process consists of three stages [48]:
1) Jet initiation/the cone formation
2) Jet thinning

3) Solidification of the jet following nanofiber formation.

2.1.2.2.1 Jet Initiation
Jet initiation from the droplet is the first stage of the electrospinning

process. One of the electrodes is placed into the solution and the other



is attached to the metal collector. When the high voltage is subjected
to the solution, charges are induced on the surface of the droplet and
they create radial electrical forces directly opposite of the surface
tension due to the mutual charge repulsion. Overall there is a force
balance on the droplet where gravity and electric polarization stress
tend to elongate the droplet with tangential electric stress, viscosity of
the fluid try to resist the formation of the cone, the surface tension try
to minimize the surface area pulling the droplet surface and oppositely,
the normal electric stress try to maximize the surface area (Figure 2.3).
When the electric field is large enough, these forces distort the shape
of the drop into a conical configuration known as the Taylor cone [36].
Further increasing the electric field, at some critical value, surface
tension can no longer endure the electrostatic repulsive forces and the
charged thin jet of the fluid is ejected from the surface of the Taylor
cone. This jet is observed in a stable region and the length of the
region is increased with increasing viscosity [41]. Taylor [36] found that
the jet is formed when the cone angle attains 49.3° as mentioned
previously, but recently Yarin et al. [49] determined that the cone angle
just before the jet ejection should be 33.5° and Fong and Reneker
found the cone angle as 22.5°, not 49.3° [48]. Doshi and Reneker
measured the jet diameter as a function of distance from the apex of
the cone [48]. They electrospan 4 wt% of poly (ethylene oxide) (PEO)
at 10kV and demonstrated that the jet diameter decreased as a factor
of 5 at a distance of 1cm from the cone apex, with increasing distance

between the capillary tip and the metal collector.
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Surface tension

Normal electrical stres.
Viscosity

Tangential electric stressx T Gravity

Electric polarization stress

Figure 2.3 Schematic of the forces on a droplet at the
tip of the pipette

2.1.2.2.2 Jet Thinning

Fluid instabilities occur in this stage. After some distance, the jet
ejected from the tip of the cone continues rapidly towards the collector
with some bending instability due to the repulsive electrostatic forces
constituted by the charged ions in the jet [49]. It was believed that the
stable jet splitting or “splaying” into multiple other jets due to the
charge repulsion caused the bending instability [50]. They indicated
that fiber diameters decreased due to the simultaneous stretching of
the jet and the evaporation of the solvent resulting to the increase of
the surface area, that is, the charge density. Similar to electrospraying
process, the increase of the charge density split the jet into smaller jets
then resulting in the formation of fibers with very smaller diameter [50].
Recent studies have suggested that the non-axisymmetric or whipping

instability primarily causes the reduction of the jet diameter [6, 47, 51-
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53]. Reneker et al. investigated the instability of electrospinning
polyethylene oxide (of 6 wt%) and observed the path of the electrified
jet [47]. After the jet traveled from a pendant droplet in a lateral position
with bending, winding, and spiraling loops, these loops became longer
and thinner due to the electrical forces. Shin et al. [51-53] also studied
with PEO solution and confirmed that the jet observed to be splaying
into multiple filaments is a single, rapidly whipping jet virtually. They,
besides, identified the possibility for three different types of instabilities:
(1) the classical Rayleigh mode instability which is axisymmetric (2) the
axisymmetric conducting mode instability involves a purely electrical
competition between free charge and the electric fields and (3) the
nonaxisymmetric “whipping” mode instability. These instabilities vary
depending on the fluid parameters and operating conditions.

When the electrical field is small, Rayleigh instability occurs. At further
fields, the electrical instabilities are enhanced depending on the
increase of the surface charge density and the decrease of the radius
of the jet. First, the Rayleigh instability is suppressed and axisymmetric
conducting mode occurs, then at high electrical fields the whipping
instability dominates. The whipping instability accounts for the small
diameters of fibers which can be produced via electrospinning. Both
research groups (Shin et. al and Reneker et al.) observed the whipping
or bending motion of electrospinning PEO jet without the splitting.
However, some research groups observed the splaying or splitting
phenomenon using more advanced experimental set-up. Deitzel et al.
[54] observed a splaying event during the electrospinning of 10 wt%
PEO solution. Also, some polymer solutions such as 16 wt% HEMA
[poly(2-hydroxethyl methacrylate)], 30 wt% polystyrene, and 20 wt%
poly(vinylidene fluoride) were electrospun into nanofibers and during

the spinning process, the splitting phenomenon occurred. [55]
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2.1.2.2.3 Solidification of the jet following nanofiber formation

The final stage is the solidification of the jet into nanofibers. The
jet continues to expand the rapid bending and/or splaying forming
thinner jets and finally arrives to the metal collector. Many parameters
such as tip-to-collector distance, the collector, applied field,
concentration etc. influence the fiber diameter, distribution, and
morphology but in solidification process the effects of these have not

been understandably investigated.

2.1.3 Nanofiber Materials

Throughout history, in the mid 1990’s, many functional polymers
have been electrospun into nanofibers. Table 2.1 shows some of the
examples of the polymers, which have been successfully spun into

nanofibers.

Table 2.1 Examples of electrospun polymers.

Polymer Solvent Reference
Polyvinyl alcohol Distilled water [3]
Polystyrene Tetrahydrofuran [4]
Cellulose Acetate Acetone, Acetic acid, Dimethylacetamide [5]
Polyethylene oxide Water [6]
Polyurethane Dimethyl formamide [71
DNA Water, ethanol [8]
Collagen Hezafluoro-2-propanol [9]
Polyethylene terephthalate Melted at 270 °C [10]

Despite electrospinning has been applied to many organic

polymers due to their favorable viscoelastic behavior, recent studies
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have demonstrated that continuous ceramic and composites materials
can also be fabricated by electrospinning. Continuous ceramic fibers
demonstrate appealing properties such as high strength, elastic
modulus with high-temperature capability and a general freedom from
environmental attack. Ceramic nanofibers can be produced by various
techniques including chemical vapor deposition, polymer pyrolysis, co-
precipitation (PPT), sol-gel etc. But among these techniques, PPT and
sol-gel routes, which also described as wet-chemical synthesis
techniques, are preferred for electrospinning applications, because of
their several advantages such as control of crystallinity, grain/crystal
size, shape, morphology, and stoichiometry. Both techniques use
metal-organic precursors, but there are distinct difference between
these two techniques in the type of precursors and the reaction
mechanism. PPT utilizes salts of nitrates, carbonates, halogens, or
oxalates, and sol-gel utilizes metal alkoxides. Basically, precursors are
mixed with a solvent and polymer and are then electrospun into fibers.
After electrospinning, nanofibers are introduced into a high
temperature heat treatment process to remove the organic phase and
finally to obtain pure ceramic nanofibers. The function of the polymer is
to increase the viscosity, thus to affect electrospinnability of the
solution.

Shao and his coworkers first prepared silica nanofibers by sol-gel
processing and electrospinning technique using TEOS and PVA [11].
After calcination of thin fibers, organic phase were removed and
amorphous silica nanofibers with diameters of 200-300 nm were
obtained. These fibers were characterized by the (SEM), (FT-IR), and
(XRD). The results showed that silica nanofibers in the amorphous
state formed at 550°C. Dai et al. prepared alumina-borate nanofibers

using aluminum stabilized with boric acid and PVA solution. After
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calcination, alumina-borate oxide ultra-fine fibers were obtained [12].
The characteristic results demonstrated that at 1000-1200°C, Al4B,0q
and Al4gB40O33 formed and decomposed above 1400°C because of the
instability of alumina-borate. At 1400°C the stable crystalline phase of
a-Al,O3 were seen. The SEM results showed that the grain size of the
fibers were small at 1000°C and increased at 1200°C, due to the
coalescence of the grains. The grains disappeared and the surface of
the fibers at 1400°C became smoother due to the formation of a
homogeneous «o-Al,O3 crystalline phase. The characteristics of the
microstructure suggested that liquid phase sintering occurred in the
product because of the firing treatment.

Choi et. al. [13] prepared nanofibers of titania-doped silica fibers
by electrospinning of tetraethyl orthosilicate/titanium(lV) isopropoxide
sol without a gelling agent (or binder). After characterizing the
nanofibers, the results indicated that titania-doped silica fibers did not
have crystalline structure even after the temperature of 1000°C.

Viswanatheemuntie et. al. [14] prepared niobium oxide fibers using
niobium ethoxide and poly vinyl acetate (PVAc); germanium oxide
nanofibers [15] using germanium isopropoxide PVAc; and, vanadium
oxide nanofibers [16] using vanadium oxide isopropoxide and again
PVAc followed by thermal treatments. It was observed that both the
morphologies and the crystallinities of the fibers depended on the
calcination temperature.

Yang et. al. [17] electrospan thin PVA/cerium nitrate composite
fibers using the solutions of cerium nitrate and PVA, for the first time.
After calcination CeO, nanofibers with a diameter of 50-150 nm were
successfully obtained.

Yu et. al. [18] prepared extra thin fibers of PVA/lithium

chloride/manganese acetate composite fibers through sol-gel and
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electrospinning. After calcination of the precursor at 600°C, the spinel
lithium manganese oxide (LiMn,O,4) nanofibers, with a diameter of 100-
200 nm, were successfully obtained.

Wang et. al. [19] synthesized micro/nanoscopic Pb(Zrgs5,Tip48)O3
fibers from zirconium propoxide, titanium isopropoxide, and lead (II)
ethylnexaonate. After sintering of electrospun fibers, the fibers
diameter was observed varying from several hundreds of nanometers
to about 10 um.

Park [20] fabricated lanthanum copper oxide nanofibers for using in
toxic gas sensor applications. It was seen that the sensitivity and the
response time of lanthanum copper oxide electrospun sensors was
appreciably good compared to the same sensors produced with
different process.

Recently, the first electrospun biomaterial ceramic fibers were
produced. Wu et. al. have electrospun hydroxyapatite Cao(PO4)s(OH)
using a precursors of Ca(NO;),.4H,O and (C,Hs0);PO. After
calcination at 600°C pure hydroxyapatite fibers with a diameter of
25um were obtained. However, further investigation needs to be done
to reduce the diameter [21]. In Table 2.1, some of the other ceramic

fiber systems produced by electrospinning are presented.
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Table 2.2: Ceramics that have been electrospun.

Ceramic

Precursor electrospun
fibers

Comments

Reference

TiO,

1. Titanium butoxide
2. P-123 (EO20-PO70-
EO20)

HCI

i

Sol-gel

[22]

MgTiO;

Magnesium ethoxide
Titanium isopropoxide
2-Methoxyethanol in N,
Polyvinylacetate in DMF

rob-~

Sol-gel

(23]

NiTiOg

1. Nickel acetate
2. Ethanol
3. HNOs;

Sol-gel

[24]

Sn02

1. C22H44O4Sn
2. PEO
3. CHCl;

Sol-gel

(25]

BaTiO;

1. Barium acetate
2. Titanium
isopropoxide

PVP

Ethanol

Acetic acid

abkw

Sol-gel

[26]

C0304

—_

Cobalt acetate
2. PVA

Sol-gel

[27]

NiO/ZnO

1. Nickel acetate
2. Zinc acetate
3. PVA

Sol-gel

(28]

ZI’Og

1. Zirconium
oxychloride
2. PVA

Sol-gel

[29]

NiFezo4>

1. Iron (1
ethylhexano
isopropoxide

2. Nickel ethylhexano
isopropoxide

3. Acetic acid

4, PVP

Sol-gel

[30]

Fe304

1. Iron (Il) chloride +
iron (lll) chloride +
graft copolymer

2. PEOor PVA

Co-precipitation

[31]

MngOg-Mn304

6. Manganese acetate
7. PVA

Sol-gel

(32]
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2.2 The Sol-Gel Chemistry

The sol-gel process involves the transition of a system from a
liquid "sol" (mostly colloidal suspension) into a 3-dimensional solid
network "gel" phase. By applying this process, ceramic or glass
materials are fabricated in many forms such powders, coatings, thin
films, fibers, membranes, or monoliths as presented in Figure 2.4 This
process uses inorganic metal salts or organo-metallic precursors such
as metal alkoxides. The most commonly preferred precursors are
metal alkoxides (M(OR)n), where M is a metal, R is alkyl group such as
methyl (CHs), ethyl (C,Hs), propyl (CsH7), or butyl (C4Hg), and n = the
valence of the metal atom. The transition from sol to gel requires two
reaction steps: hydrolysis and condensation of metal alkoxides.
Hydrolysis reaction occurs with addition of water into the alkoxide
system using an acid or a base as a catalyst. During hydrolysis, the
alkoxy ligands (OR) are replaced by hydroxyl ligands (OH) of the water

as seen below:

H\ H \ 6' 8+
/o: + M(OR), —> O:> M(OR),.y —>» M(OH)(OR),.; + ROH
H
Leaving
group

The whole process follows the mechanism of nucleophilic substitution
in which a water molecule attacks the positively charged metal atom.
Once partially or totally hydrolyzed, the metal hydroxides undergo a
stepwise condensation with possible 3 competitive mechanism:
alkoxolation, olation, and oxolation.

Alkoxolation with elimination of alcohol: MOH species coming from

hydrolysis reacts with an alkoxide forming an oxo (-O-) bridge
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M M

N AN
O+ M—OR —> 0> MOR—>» M-0O—M + ROH
H/ H/

Oxolation with elimination of water: Two MOH species react to form

an oxo bridge

M M

N N
O:+ M—OH —> O>M-OH —>» M-0-M + H,O
H/ H/

Olation with elimination of either alcohol or water: Either an alcohol

molecule coming from a protonated alkoxy ligand or a water molecule
coming from a protonated solvated alkoxide reacts with an MOH group

resulting the formation of a hydroxo (-OH-) bridge.

_H H
M—OH + M<--0 —> M-—-O—M + ROH
R
_H H
M—OH +M<——:O\ —>» M—-0O—M + H)O
H

Hydrolysis and condensation reactions both gradually build up
M-O-M linkages that, in turn, yield a viscoelastic, three-dimensional
network (called gel) at the end [56]. It should be noted that, hydrolysis
and condensation reactions occur concurrently, but one reaction can
be favored over the other depending on the reaction conditions. That’s
why a wide variety of reaction parameters are important in determining
the physical properties and structures of these networks, e.g., catalyst,
type of alkoxide, solvent, stoichiometry of water, stearic effects, and

inductive effects [57].
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Figure 2.4 Sol-Gel Process
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2.2.1 Catalyst Effects

In general, it has been shown that the catalyst provides control
of the hydrolysis and condensation kinetics and therefore control of the
gel morphology. In acid catalysis, hydrolysis rate is fasted up and
condensation rate is considerably slowed down so, more linear-like
chains with little branching are produced. In base catalyzed medium,
both hydrolysis rate and condensation rate increase, therefore at early
stages in the process where unhydrolysed alkyl groups are still

present, branched chains or colloidal particle formation occurs [56].

2.2.2 Reactivity of various metal alkoxides

Except for Si(OR),, all alkoxides hydrolyse and condense
extremely fast. This difference is explained by the nucleophilicity of the
attacking group (6(0O)<<0) and the electrophilicity of the metal atom
(6(M)>>0). The partial charge of Si in Si(OR), is smaller than that of the
other metals in their corresponding alkoxides. It is consequently much
harder to hydrolyse the silicon alkoxides compared to others [58].
Another well-accepted explanation for the reactivity of the tetravalent
metal alkoxides M(OR), is; if z is the oxidation state of the metal atom
in the alkoxide, then one can define the degree of unsaturation of the
metal atom as n-z, where n is the coordination number usually found in
the oxide. Hence increasing the quantity n-z denotes increasing the
rate of hydrolysis reaction. For example, the tetra-coordinated alkoxide
zirconium (IV) propoxide forms a network of ZrO, in which the
zirconium is hepta-coordinated. This yields that n-z=3. Another tetra-
coordinated alkoxide silicon (IV) propoxide also forms a network of
SiO,, in which the Si is tetra-coordinated. Thus, the degree of

unsaturation n-z=0. Hence, hydrolysis reactivity for similar OR groups:
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Zr(OR)4 >> Si(OR),. Therefore, the hydrolysis rate of Si(OR), must be
catalyzed either by a strong electrophile such as H* or by a strong

nucleophile such as OH" [58].

2.2.3 Influence of water

Since water is a reactant in the sol-gel process, its presence
plays an important role in the reaction kinetics and final morphology of
the material. Actually, the main parameter that influences the
hydrolysis reaction is the stoichiometric ratio of water per metal
alkoxide ([H>O]:[M(OR),]). Adding insufficient amounts of water for the
reaction inclines to form a linear structure. Further increasing the
amount of water leads the formation of more dense spherical particles
[58].

2.2.4 Influence of solvent

The nature of the solvent used has a great influence on the
overall reaction rate and the gel morphology. The solvents used in the
sol-gel process may be categorized as polar-protic (i.e., methanol,
water, and formamide), polar-aprotic (i.e., dimethylformamide,
acetonitrile, and acetone) and non-polar-aprotic (i.e., dioxane,

benzene, and hexane).

The aprotic solvents dissolve ionic compounds and they solvate
cations very strongly but do not solvate anions to any appreciable
extent so the left anions become highly reactive both as base and
nucleophile. In addition, non-polarity does not tend to stabilize the
reactants with respect to the activated complex. Therefore, non-polar-
aprotic solvents enhance the condensation rate leading to the

formation of large, dense spherical particles with long gelation time.
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The polar aprotic solvents also do not hydrogen bond to the anions
because of the aproticity, but the polarity stabilizes the anionic
reactants with respect to the activated complex so the reaction rate is
slowed down, gelation time decreased to some extent, and nominally
condensed particles are formed.

The polar protic solvents decelerate the condensation rate.
Protic solvents have hydroxyl groups and they dissolve ionic
compounds because of electrostatic interactions between their partially
negatively charged oxygens and cations, and between their partially
positively charged hydrogen and anions. Hydrogen bonding to the
anion of the reagent prevents an efficient condensation and as a result
highly branched polymeric structure rather than dense particles are

formed in a very short gelation time [57].

2.2.5 Advantages of Sol-Gel Processing

There are many significant advantages of the sol-gel processing:

1- This process occurs at low temperatures, frequently close to
room temperature. Thus, thermal degradation of material is
minimized, and high purity products are obtained.

2- By comparison with the classical high temperature synthesis of
conventional ceramics, this low temperature process minimizes
considerably the chemical interactions between the material and
the container.

3- Very pure products are obtained by simply purifying the
precursors such as metal alkoxides and mixed alkyl/alkoxides
either by distillation, crystallisation, and electrolysis.

4- Highly porous materials and nanocrystalline materials can be

prepared in this way.
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5- Size, shape, and size distribution of colloidal particles can be
easily controlled.

6- The low temperature of sol-gel is generally below the
crystallization temperature for oxide materials, and this allows
the production of unusual amorphous materials.

7- The optical quality of the materials is often good, leading to
applications for optical components.

8- Since liquid precursors are used it is possible to cast ceramic
materials in a range of complex shapes and to produce thin films
or fibers as well as monoliths, without the need for machining or
melting. [58]

9- Sol-gel processing offers the most outstanding advantages for
mixed oxide systems in which the chemical homogeneity of the
various elements can be controlled down to the atomic level.
This is the case of the Lead Lanthanum Zirconium Titanates
(PLZT) [59]. This condition is, however, virtually impossible to
achieve when solid powders are mechanically mixed such as in
the conventional processes; and hence the optical
transparencies obtained are, in this case, not as high as those

obtained by sol-gel processing [56].

2.2.6 Limitations Of Sol-Gel Processing

Despite all these advantages, there are some limitations of the sol-

gel processing:

1- The precursors are often expensive and sensitive to moisture,
limiting large scale productions plants
2- The process is time-consuming, particularly where careful

ageing and drying are required.
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3- The problems of dimensional change on densification, and of
shrinkage and stress cracking on drying, although not

insuperable, do require careful attention [56].
2.3 Formation Of Multicomponent Oxides

It is proposed that formation of soluble polymerazing species
from alkoxides requires the presense of both “OR” and “OH” groups in
the structure. On the other hand, the most of the alkoxides hydrolyze
quite fast when contact with water by elimination of “OR” groups
forming insoluble oxides and hydroxides which precipitate out of the
solution. For example, aluminum alkoxides, AI(OR),, initially form the

monohydroxide which tends to later convert to the trihydroxide [60].
AI(OR); +2H,0 — AIO(OH) + 3R(OH)  (4)
AIO(OH) + H,0 — AI(OH); (5)

Boron alkoxides react with water resulting the formation of boron oxide.
2B(OR)3 + 3H,0 — B,03 + 6R(OH) (6)

These two types of hydrolysis reactions cannot make further
condensation reactions due to the high hydrolysation rate of these
alkoxides. Yoldas found that reactions 1, 2, and 3 can be manipulated
by diluting the alkoxide and the water with alcohol before mixing; in this
manner condensation reactions can occur [60]. Another type of
hydrolysis reaction, exhibited by silicon alkoxides, forms neither oxide
nor hydroxide upon completion, even in excess water. Unlike the other
reactions, a soluble complex where “OH” or “OR” groups coexist in

significant numbers is formed due to the slow hydrolysation of silicon
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alkoxides[60]. The partially hydrolysed complex is suitable for
condensation reactions.

For formation of multicomponent oxide system, the preferred way is to
start from an alkoxide, which hydrolyses and condensates slowly. After
the slow hydrolyzing alkoxide is partially hydrolyzed, the faster
hydrolyzing alkoxide is introduced to the solution by direct contact with
partially hydrolyzed bonds of other alkoxides and finally homogeneous

oxide system is attained, e.qg.:

=Si-(OH) + (OR)-Al= —» =Si-O-Al= + ROH (7)

2.4 Alumina Borosilicate Ceramic Systems

Alumina, silica and boron oxide based fiber systems have been
studied by many authors [61-66] due to they represent a group of
interesting properties which may be used in various applications
including overheating protection, reinforcing medium for composite
materials, and adsorbents in diesel engine filters. Alumina fibers, which
have poor mechanical properties at high temperatures but have good
durability and mechanical properties in oxidizing environments, have
previously been successfully prepared using melt cooling, sol-gel
[61,62]. Alumina borate fibers have attracted more attention due to
their stability at high temperature. Readey [66] produced AlgB4O3;3
whisker-like grains and found that aluminum borate phase was stable
up to 1700°C. Dai et. al. [12] have electrospun alumina-borate oxide
system into ultra-fine nanofibers which may have the potential for use
as ceramic filters and ceramic-metal composite performs. Silica
nanofiber, which have good unique properties and promise for

applications such as mesoscopic research and optoelectronic devices
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can also be electrospun successfully [11]. So far, to our knowledge,
there has been no study about alumina borosilicate ceramic fibers. In
this work, alumina borosilicate ceramic nanofibers were prepared using
both sol-gel and electrospinning techniques. Finally, heat treatment
was applied on fibers to obtain pure, fine, dense alumina borosilicate
ceramic fibers and characterization was carried out by SEM, XRD, FT-
IR, and DTA-TG analyses.
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CHAPTER 3

EXPERIMENTAL

3.1 Introduction

Aluminum borosilicate ceramic nanofibers with compositions of
0.8Si0,.0.1A1,05.0.1B,03 were prepared by using the sol-gel method
and the electrospinning technique. The preparation procedure consists

of three steps, sol preparation, electrospinning, and heat treatment.
3.2 Raw Materials

Raw materials used to prepare the electrospinning solution are;
tetraethyl orthosilicate Si(C,Hs0), with a purity of greater than 98%,
and triethyl borate B(C,Hs0); with a purity of greater than 99% from
MERCK, aluminum isopropoxide Al(C3H;O); with a purity of 97%,
hydrochloric acid from Aldrich Chemical Co., and absolute ethanol with
a purity of 99.5% from Gurup Deltalar as a solvent. Physical properties
of these materials are listed in Table 3.1. Double distilled water was

used for hydrolysis reaction.
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Table 3.1 Properties of the raw materials.

Formula Molecular Density Appearance
Weight (g/ml)

Tetraethyl Si(C2H50)4 208.33 0.94 Liquid
orthosilicate
Aluminum Al(C3H70); 204.25 - Powder
isopropoxide
Triethyl borate | B(C2H50)3 145.99 0.858 Liquid
Hydrocloric HCI 36.46 1.2 Liquid
acid
Absolute C2Hs0OH 46.07 0.798 Liquid
Ethanol
Isopropy! CsH;OH 60.09 1.78 Liquid
alcohol

3.3 Sol Preparation

In this study, Alumina borosilicate/PVA composite solution was
prepared by using sol-gel method.
In the first stage of this study, aluminum ethoxide as aluminum source
and toluene as solvent were used. However, aluminum ethoxide is a
fast precipitating material and toluene is a non-polar and aprotic
solvent hence, fast gelation prevented to occur the electrospinning
process to slow down the reaction kinetics and to prevent fast gelation,
aluminum isopropoxide precursor, which has larger alkoxy groups, was
used instead of aluminum ethoxide and isopropyl alcohol (i-PrOH),
which is polar and protic solvent was used instead of toluene.

Briefly, aqueous PVA solution was prepared by dissolving PVA
powder in distilled water and heating at 80°C by stirring for 1 h, then
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cooling to room temperature and stirring for 24 h. TEOS was partially
hydrolyzed before the addition of aluminum isopropoxide and triethyl
borate. In this partial reaction, TEOS was mixed in absolute ethanol in
a beaker. Then, HCI/H,O solution was dropped slowly to the
TEOS/ethanol solution under vigorous stirring (Solution A). TEOS and
water are immiscible at all proportions. This is done because EtOH
makes TEOS and water miscible and thus facilitates hydrolysis, which

takes place as follows,

Si(OC,Hs)s + H,0 — HO-Si(OC,Hs)s + C,Hs-OH

Ethanol is the byproduct of this reaction and partially hydrolyzed
silanol complexes are obtained. After one hour, the solutions including
triethyl borate and aluminum isopropoxide were prepared. For the
preparation of aluminum isopropoxide solution, first PVA is placed into
a beaker, and then some amount of HCI was added into the polymeric
solution. Finally, aluminum isopropoxide was added into the solution
with its parent alcohol (isopropyl alcohol) and it was mixed until the
transparent solution (Solution B) formed. The triethyl borate solution
(Solution C) was prepared in the same manner: PVA was placed in a
baker, and then some amount of HCI| was added into the PVA solution.
Finally boron ethoxide was added into the solution with its parent
alcohol (ethanol), and was mixed until the transparent solution formed.
These three solutions were stirred all together and the final mixture
was electrospun into nanofiber. In Figure 3.1, the entire experimental
procedure from preparing the electrospinning solution to obtaining

ceramic nanofibers is summarized.
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TEOS/EtOH/H,O/HCI (Solution A)

Vigorous stirring at
room temperature
for 1h

4—| AI(OC3H;)4/i-PrOH/HCI/PVA (Solution B)

49— B(OC,Hs)s/EtOH/HCI/PVA (Solution C)

\ 4

Alumina borosilicate/PVA composite

________________________________ Electrospinning

Alumina borosilicate/PVA nanofibers

-------------------------------- Heat treatment

Alumina borosilicate ceramic nanofibers

Figure 3.1 Flow chart of the synthesis of the Alumina

borosilicate ceramic nanofibers

Alumina borosilicate fibers were prepared from tetraethyl orthosilicate
(TEOS), aluminum isopropoxide (Al(OC3H7)3), and triethyl borate
(B(OC,Hs)3). They were mixed at the appropriate molar ratios to obtain
a final compound of 0.8Si0,.0.1Al,03.0.1B,03. Table 3.2 to 3.4 gives
the recipe of three solutions for electrospinning. All these solutions yield
the same final product, i.e. ‘0.8Si0,.0.1Al,05.0.1B,03’, but, they have

different viscosities.

31



Table 3.2 Compositions of electrospinning solution #1

Solution A | TEOS:EtOH:H,O:HCI 1:10:2:0.01 (molar ratio)

Solution B | B(C2H50)3:EtOH:HCI 1:10:8 (molar ratio)
(B(C2Hs50)3:EtOH:HCI): PVA 1:1 (weight ratio)

Solution C | Al(C3H70)s:i-PrOH:HCI 1:20:8 (molar ratio)
(Al(C3H70)3:i-PrOH:HCI):PVA | 1:1 (weight ratio)

Table 3.3 Compositions of electrospinning solution #2

Solution A | TEOS:EtOH:H,O:HCI 1:10:2:0.01 (molar ratio)

Solution B | B(C2H50)3:EtOH:HCI 1:10:8 (molar ratio)
(B(C2Hs50)3:EtOH:HCI): PVA 1:3 (weight ratio)

Solution C | Al(C3H70)3:i-PrOH:HCI 1:20:8 (molar ratio)
(Al(C3H70)3:i-PrOH:HCI):PVA | 1:3 (weight ratio)

Table 3.4 Compositions of electrospinning solution #3

Solution A | TEOS:EtOH:H,0O:HCI 1:15:2:0.01 (molar ratio)

Solution B | B(C2H50)3:EtOH:HCI 1:15:8 (molar ratio)
(B(C2H50)3:EtOH:HCI): PVA 1:4 (weight ratio)

Solution C | Al(C3H70)s:i-PrOH:HCI 1:20:8 (molar ratio)
(Al(C3H70)3:i-PrOH:HCI):PVA | 1:4 (weight ratio)
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Our preliminary studies showed that slow gelation time is
essential to produce uniformly spun fibers. A set of preliminary
experiments showed that the pH value should be kept below 2 to
produce fibers without beads. The uniformity of the fibers heavily
depends on the surface properties of the droplet at the tip. The
viscosity and/or the surface tension of the droplet depends on the
mechanism of gelation. The pH value was adjusted by hydrochloric
acid which catalyzes hydrolysis. In turn, it also controls the gelation
mechanism. Since one of the electron donating alkoxy group ((OC2H5)
of TEOS) was removed during hyrolysis, protonation of HO-Si(OC,Hs)3
species were not favorable and therefore, the other hydrolysis and
condensation reaction rates become relatively slower resulting in long
gelation time and weakly branched structure, which has advantageous
to spinning process. In order to obtain sufficiently linear backbone the
branchings must be minimized. This can be achieved by partial
hydrolysis of TEOS. Therefore, H,O/TEOS molar ratio was taken as 2
in our researh.

It was not easy to prepare Solution B and C, because aluminum
isopropoxide and triethyl borate were extremely reactive and their fast
gelation prevented the formation of alumina borosilicate mixture.
Therefore, in order to obtain the transparent solutions of B and C, PVA
first was mixed with excess amount of HCI, and then with the parent
alcohol of each alkoxide, and finally the proper alkoxide was added to
this solution. The three solutions of alkoxides thus prepared were then
mixed to make the final solution for electrospinning. The PVA
separately added at the beginning delayed the diffusion of molecules

and thus retarded immature gelation.
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3.4 Electrospinning

The setup consisting of a DC voltage power supply (Gamma
High Voltage Research Inc., Model ES30-20W), a plastic capillary
tube, and a metal collector was typically operated in air. The alumina
borosilicate/PVA composite solution was contained in a plastic
capillary. A copper pin connected to a high-voltage generator was
placed in the solution and it was kept in the capillary by adjusting the
angle between capillary and the fixing bar. A grounded iron drum,
covered with an aluminum foil served as the counter electrode. The
distance between the capillary tip and the collector was measured. A
high voltage was applied to the solution and a dense web of alumina

borosilicate/PVA composite fibers were collected on the aluminum foil.

Figure 3.2 Electrospinning System
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3.5 Heat Treatment

Alumina borosilicate/PVA nanofibers were dried for 6 hours at
70°C under vacuum, then sintered in a tubular high-temperature
furnace for about 2 hours at 800, 1000, and 1200°C under atmospheric
conditions. After heat treatment volatile and organic groups were

removed and pure alumina borosilicate nanofibers remained.

3.6 Parameters Examined

During electrospinning, some problems such as high fiber
diameter, discontinuity of the spinning process, bead formation on the
fibers, and surface defects were encountered. To solve these
problems, some parametric studies, which are (i) applied electric

voltage, (ii) tip-to-collector distance, and (iii) viscosity were performed.

3.7 Chemical Characterization
3.7.1 Fourier Transform Infrared (FTIR) Spectroscopy

The FTIR spectra of alumina borosilicate nanofibers were
recorded at room temperature with a Bruker IFS 66/S instrument in the
wavenumber range from 400 to 4000 cm™. The samples were

prepared in the form of thin pellets using KBr.

3.7.2 Scanning Electron Microscopy (SEM)

For the scanning electron microscopy (SEM), JSM-6400
Electron Microscope (JEOL), equipped with NORAN System 6 X-ray
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Microanalysis System & Semafore Digitizer (Metallurgical Engineering
Department, METU) was used. For the SEM characterization the
samples were coated with a very thin layer of a gold-palladium (Au-Pd)

alloy in order to have SEM images.

3.7.3 X-Ray Diffraction (XRD)

The crystallographic orientation of alumina borosilicate
nanofibers was examined by means of a Philips PW1140/00
diffractometer by using CuKa radiation (A = 1.542A°) witha Ni filter

(Physics Engineering Department, Hacettepe University).

3.7.4 Differential Thermal and Thermogravimetric Analysis

(DTA/TG)

Combined Differential Thermal Analysis (DTA) and
Thermogravimetric Analysis (TG) were carried out between 25 and
1300°C using a Rigaku 2.22E2 type instrument (Mining Engineering
Department, Hacettepe University) for determining the mass and
thermal changes accompanying solvent/volatile removal,
decomposition and crystallization processes. The DTA/TG curves were
obtained simultaneously for each sample in the temperature range of
20-1300 °C, at a heating rate of 10K/min.
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CHAPTER 4

RESULTS AND DISCUSSION

The results of the performed experiments will be discussed in this
chapter. This part includes results from preliminary experiments, SEM,
FT-IR, DTA/TGA, and XRD analyses carried out throughout the study.

4.1 Preliminary Experimental Results

As mentioned in the previous chapter, aluminum ethoxide as
aluminum source and toluene as solvent were used instead of
aluminum isopropoxide and its parent alcohol isopropyl alcohol at the
initial stages of this study. Figure 4.1 shows SEM micrographs of these
electrospun alumina borosilicate/PVA composites prepared at different
electric voltages, with different tip-to-target distances. As it is seen
from the images, fibers could not be formed efficiently. Moreover,
beaded thick fibers, and some interesting branched structures were

observed.
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Figure 4.1 SEM micrographs of aluminum
borosilicate/PVA electrospun fibers prepared by using
aluminum ethoxide as a metal precursor and toluene
as a solvent.
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Figure 4.1 (contd’) SEM micrographs of aluminum
borosilicate/PVA electrospun fibers prepared by using
aluminum ethoxide as a metal precursor and toluene
as a solvent.

Due to the poor fiber quality in the initial experiments, aluminum
isopropoxide and isopropyl alcohol were used instead of aluminum
ethoxide and toluene. Aluminum isopropoxide was preferred because it
had bigger alkyl group than aluminum ethoxide providing steric
hindrance which delays and controls gelation. As solvent isopropyl
alcohol was used because it was a polar protic solvent. Hence it
stabilized the reactants due to its polarity, and also solvated and
deactivated the nucleophile through hydrogen bonding interactions,

which decreased the reaction rate and increased the gelation time.
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Oppositely toluene was a non-polar aprotic solvent. It could not
stabilize the reactants and could not solvate the nucleophile, and
therefore the reactants remain highly reactive. So when toluene was
used the gelation time came out to be much faster than that of
isopropyl alcohol [57].

Thus, by using aluminum isopropoxide and isopropyl alcohol, a
reduction in the reaction time was observed and more homogeneous
alumina borosilicate/PVA solution was obtained. This solution could be
electrospun easier than the materials used in the first case. Therefore,
the rest of the study is based on these materials. However, there were
still some problems in the fiber and process characteristics such as
fiber diameter, discontinuity of the spinning process, bead formation,
surface defects (ribbon-like and pretzel-like structures). The typical
micrographs of these fibers are shown in Figure 4.2. To solve these
problems, some parametric studies have been performed. They will be

explained in section 4.2.
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Figure 4.2 SEM micrographs of aluminum
borosilicate/PVA fibers prepared by using aluminum
isopropoxide as a metal precursor and isopropyl
alcohol as a solvent.
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Figure 4.2 (contd’) SEM micrographs of aluminum
borosilicate/PVA fibers prepared by using aluminum
isopropoxide as a metal precursor and isopropyl
alcohol as a solvent.
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4.2 Parametric Studies

During the experimental studies, it was difficult to maintain stable
solution properties and electrospinning conditions. Thus, some
parametric considerations were applied to obtain favorable nanofibers.
These were (i) viscosity by using different fractions of solvents and
PVA, (ii) changing applied electric voltage, and (ii) tip-to-collector

distance

4.2.1 Effects of Viscosity and Solvent

Solution viscosity was a very important parameter in successful
electrospinning. As it was mention before, in this study, three different
solutions were tried to get fine nanofibers. Their viscosity values are

shown in Table 4.1.

Table 4.1 Viscosities of three different electrospinning solutions

Electrospinning
_ Viscosity (poise)
Solution #
1 2.42
2 6.5
3 4.6

Presence of beads in electrospun fibers was a crucial problem.
As shown in Figure 4.3, beaded and defective nanofibers formed when
the viscosity was 2.42 poise (Solution 1). When the viscosity of the

same solution increased to 6.5 poise (Solution 2) by the addition of
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PVA, bead formation decreased dramatically as seen from Figure 4.4.
However, this time, the physical gelation at the tip of the capillary
clearly obstructed the continuity of the process. That’s why; the alcohol
concentration was increased to delay the gelation time of the solution,
but by keeping the viscosity sufficiently high. The viscosity was about
4.6 poise (Solution 3). Finally bead-free and thin alumina-
borosilicate/PVA nanofibers were obtained as seen from Figure 4.5.

From this, all studies were done with using Solution 3.

- -
TAMELU  2dKU

Figure 4.3 SEM micrographs of PVA/alumina
borosilicate fibers electrospun from solution with
viscosity of 2.42 poise (Electrospinning solution #1)
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Figure 4.4 SEM micrographs of PVA/alumina
borosilicate fibers electrospun from solution with
viscosity of 6.5 poise (Electrospinning solution #2)
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Figure 4.5 SEM micrographs of PVA/alumina
borosilicate fibers electrospun from solution with
viscosity of 4.6 poise (Electrospinning solution #3)
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4.2.2 Effect of Applied Electric Voltage

The electrospun specimens were analyzed to see the effect of
electrical voltage on the diameter of the fibers formed. Figure 4.6(a-b)
shows the average fiber diameters for electric voltages of 8 kV, 10 kV,
12 kV, and 15 kV respectively at a distance of 15 cm. By changing the
electric voltage the surface charges that affected the stability and
production of nanofibers increased, thus smaller fiber diameters were

obtained as shown in Table 4.2.

=— l0rn
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Figure 4.6 SEM micrographs of PVA/alumina
borosilicate fibers electrospun at 15cm tip-to-collector
distance and various electric voltages: (a) 8 kV; (b) 10
kV; (c) 12 kV; (d) 15 kV.
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The standard deviation of diameters was also determined from 10-20

samples depending on the number of availability from SEM picture.

Table 4.2 Fibers diameters of various sample electrospun at 8, 10,
12, and 15kV applied electric voltage.

Applied Average Standard Maximum Minimum

electric fiber deviation Fiber Fiber

voltage diameter (nm) diameter diameter
(nm) (hm) (hm)

8 kV 2226 407 3170 1854
10 kV 2012 676 3073 1170
12 kV 1290 368 2087 854
15 kV 871 183 1204 656

4.2.3 Effect of Tip-to-Collector Distance

The effect of tip-to-collector distance on the fiber diameter

was examined. In Figure 4.7(a-c), alumina borosilicate/PVA fibers
electrospun distances ranging from 7cm to 15 cm at a constant electric

voltage of 10kV are shown.

Table 4.3 Fibers diameters of various sample electrospun at 7, 10,
and 15cm tip-to-collector distance.

Tip-to- Average Standard Maximum Minimum
collector fiber deviation Fiber Fiber
distance diameter (nm) diameter diameter

(nm) (nm) (nm)
7 cm 1270 631 2620 750
10 cm 1233 426 2100 700
15 cm 871 183 1204 656

It was observed that the fiber diameters decreased with

increasing tip-to-collector distance as shown in Table 4.3.
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Figure 4.7 SEM micrographs of PVA/alumina
borosilicate fibers electrospun at 10kV electric voltage
and various tip-to-collector distances: (a) 7cm; (b) 10
cm; (c) 15cm.
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4.3 Sintering Effects

SEM micrographs showing alumina borosilicate/PVA fibers
electrospun at 15kV and 15 cm are given in Figure 4.8 The diameter
distribution of the alumina borosilicate/PVA fibers dried at 70°C (Figure
4.9a) ranges from 650 nm to 1200 nm and the majority are in the range
of 750-950 nm. The average diameter is 871 nm with a standard
deviation of 183 nm. In order to obtain pure and dense alumina
borosilicate fibers, the electrospun fibers were sintered at temperature
of 800°C. Due to the removal of organic contents from the fiber
surface, the diameter distribution of the alumina borosilicate fibers
(Figure 4.9b) ranges from 150 nm to 650 nm and the majority are in
the range of 250-550 nm. The average diameter is 404 nm with a
standard deviation of 129 nm. These alumina borosilicate fibers are
shown in Figure 4.10. Besides, these fibers were sintered at 1000°C
and 1200°C. At 1000°C, the fiber structure has disappeared and
smooth surface is observed by the linkage of fibers as shown in Figure
411, the fiber structure is still absent and structure can be
characterized by short discontinuous entities with sharp edges. Such
structures may be originated from the agglomeration and sintering of
fibers at high temperatures. In some cases upon high temperature
sintering (at 1200°C), large sized and rough surfaced fibers are
observed. Some morphological changes are also expected upon the
formation of new compounds in crystalline form at even higher
temperatures as shown in Figure 4.12. This idea is also supported by

the XRD analyses.
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Figure 4.8 SEM micrographs of alumina
borosilicate/PVA composite fibers.
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Figure 4.9 Frequency distribution for fibers: (a) dried
at 70°C (b) sintered at 800°C.
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Figure 4.10 SEM micrographs of alumina borosilicate
fibers sintered at 800°C
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Figure 4.11 SEM micrographs of alumina-borosilicate
fibers sintered at 1000°C
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Figure 4.12 SEM micrographs of alumina borosilicate
fibers sintered at 1200°C

54



4.4 Fourier Transform Infrared (FT-IR)

Figure 4.13 shows the FT-IR spectra the PVA/alumina
borosilicate fibers at room temperature, and for those sintered at
temperatures of 800°C and 1000°C. In Figure 4.13(a), the alumina
borosilicate/PVA fibers show a broad peak at 3429 cm-1
corresponding to H-OH stretch; and the characteristic absorption
peaks at about 2929, 1650, 1557, 1084, 945, 792 and 578
corresponding to vibration bands of C-H, C-C, C-0O, O-H,
respectively [67]. After sintering, between 800°C and 1000°C, all these
peaks coming from water and organic species disappeared. In
addition, at these temperatures, a group of clear new peaks, which
may be attributed to the formation of crystalline inorganic phase,
appears at 400-1600 cm™. The absorption peaks in Figure 4.13(b) are
found at 1406cm™ (B-O-Si band)[68], 1094cm™ (Si-O-Si band) [69],
912cm™ (B-O-Si band) [70], 800cm™ (Si-O-Si bending band) [70],
675cm™ (B-O-Si band) [68], 455cm™ (Si-O-Si or Al-O-Si bending band)
[72]. The absorption bands around 1050cm™ attributed to Al-O-Si
bonds [73] cannot be observed. Thus, it may be admitted that these
peaks overlapped each other. When the fiber was sintered at 1000°C a
new peak appeared at 606 cm™, which may be assigned to Al-O
stretch band of AlOg (Figure 4.13(c)) [74].
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4.5 X-Ray Diffraction (XRD)

The XRD patterns of the various fiber samples, the PVA/alumina
borosilicate fibers and for those sintered at temperatures of 800°C and
1000°C were analyzed. It was observed that the position of these
diffraction peaks didn’t change at 800°C and 1000°C. As shown in
Figure 4.14(a), a broad peak appeared around 26 = 20°, corresponding
to the (101) plane of semicrystalline PVA [75] in the XRD curve of
alumina borosilicate/PVA composite fiber. This peak showed that the
crystallinity of PVA is largely influenced by the presence of alumina
borosilicate inorganic species. After sintering at 800°C (Figure 4.14(b)),
it was observed that the crystalline peak disappeared due to the
decomposition PVA and also new shaped peaks appeared. These
peaks belong to mainly mullite (AlgSi,O43) crystals, and also to Al;B,0Oq
crystals [76]. Also, there is a broad band around 26=22° which is
characteristic of vitreous SiO, [77]. At 1000°C, the crystallization of
vitreous SiO, phase occurred. The XRD peak around 22° (Figure
4.14(c)) was assigned to a type of crystalline SiO,, cristobalite [78]. In
addition, some new diffraction peaks appeared indicating the formation
of Al;B,Og and Al4gB4O33 crystals in which AlgB4O33 was predominant
[76].
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4.6 Differential Thermal and Thermogravimetric
Analysis (DTA/TG)

The results of simultaneous TG and DTA analyses of fibers are
shown in the Figure 4.15. As observed in the DTA curve, there were
three endothermic peaks around 130, 192 and 205°C corresponding to
the loss of absorbed water, decomposition of remaining alkyl groups,
and the pyrolysis of PVA by a dehydration on the polymer side chain
[79]. Moreover, the weight loss of the sample was observed with the
TG curve as about 80%. The exothermic peaks at about 420, 440, 462
and 550°C in the DTA curve were thought to be due to the continue
decomposition of the main chain of PVA [80]. There was only a weight
loss of 7.3% from 400°C up to a temperature of 700°C. There is no
further weight loss above the temperature of 700°C, which indicates

the formation of pure inorganic oxide in crystalline form.
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CHAPTER 5

CONCLUSIONS

. Alumina borosilicate/PVA fibers were prepared by the sol-gel
method and electrospinning technique for the first time in this

study.

. Alumina borosilicate nanofibers, with diameters down to
150nm, were prepared through high temperature sintering

treatment.

. The increase in the applied electric voltage decreased fiber

diameter as also observed in the literature [42].

. A dependence of fiber diameter to tip-to-collector distance
was also observed. An increase of the tip-to-collector

distance reduced the diameter of the fibers.
. Increasing the viscosity of the solution decreased bead
formation in electrospinning. The high viscosity eliminated the

bead formation as also noted in literature.

. Aluminum isopropoxide was used as aluminum source

instead of aluminum ethoxide due to it has bigger alkyl group.
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It leads to a decrease in the reaction rate and thus to an

increase in gelation time.

. Aluminum isopropy! alcohol, which is a polar protic solvent,
was used instead of toluene, which is non-polar aprotic
solvent. In this manner, it was observed that the gelation time

increased, and more uniform fibers were obtained.
. The alcohol concentration in the electrospinning solution was
also important to prevent fast gelation problem. Alcohol

retards gelation.

. The XRD spectra showed that AlgSi>O43 and Al4B,Og crystals,

and vitreous silica formed around 800°C.

When the sintering temperature was increased to 1000°C

cristobalite and new AlgB4O3;3 crystals were observed.
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RECOMMENDATIONS

By making further modifications on the parameters of sol-
gel and electrospinning processes, uniform alumina
borosilicate nanofibers with smaller diameter could be

formed.

Different metal alkoxides, which hydrolyse slowly, should

be tried in order to avoid fast gelation.
Mechanical, electrical or chemical characterization should

be carried out for this ceramic material to explore its

potential industrial applications.
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