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ABSTRACT

PRODUCTION AND CHARACTERIZATION OF NANOFIBERS FROM
POLYCAPROLACTAM AND ETHYLENE-BUTYL ACRYLATE-MALEIC
ANHYDRIDE TERPOLYMER MIXTURE

Biber, Erkan
PhD, Department of Polymer Science and Technology
Supervisor: Prof. Dr. Glingo6r Gundiz
Co-Supervisor: Prof. Dr. Uner Colak
April 2010, 91 pages

The impact strength of Nylon 6 was improved by adding Ethylene- n-
Butyl acrylate- maleic anhydride (E-nBA-MAH) terpolymer with various
concentrations from 0% (w/w) to 15% (w/w). The bare interaction energy
between two polymers was investigated by using melting point depression
approach utilizing both the Flory-Huggins (FH) theory and the Sanchez-
Lacombe Equation of State (SL EOS).

The solution of the mixture was electrospun, and the effects of
process parameters on the expected radii of nanofibers were investigated.
The effects of process parameters such as polymer concentration in solution,
electrical field, diameter of syringe needle, feed rate, and collector geometry
on nanofibers were studied. The statistical analysis to relate these
parameters on the diameter of nanofibers was carried out by using Johnson

Sg distribution.



The ratio of elastic modulus to viscosity coefficient of nanofibers was
worked out by using AFM and combined viscoelastic models. The
experiments were carried out on single fiber. The ratio came out to be a
function of nanofiber diameter and terpolymer concentration.

Isothermal crystallization kinetics and WAXS diffraction patterns of
blends revealed and also SEM images supported that after 5% addition of
elastomeric terpolymer, the interaction between the components of the blend
gets weaker. The elastic modulus of the blend with 5% of terpoymer was
greater than that of the neat Nylon 6, but the elastic modulus decreased for

the blends containing more than 5% terpolymer.

Keywords: Nylon 6, polymer blend, impact, Flory-Huggins, Sanchez-

Lacombe, electrospinning, scaling, viscoelasticity.
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POLIKAPROLAKTAM VE ETILEN-BUTIL AKRILAT-MALEIK ANHIDRIT
TERPOLIMERI KARISIMINDAN ELDE EDILEN NANOFIBERLERIN
URETIMI VE OZELLIKLERININ BELIRLENMESI

Biber, Erkan
Doktora, Polimer Bilmi ve Teknolojisi
Tez Yodneticisi: Prof. Dr. Glingér Gundiz
Ortak Tez Yoneticisi: Prof. Dr. Uner Colak

Nisan 2010, 91 sayfa

Naylon 6 nin garpma dayanimi, etilen-n-butil akrilat-maleik anhidrit
terpolimerini (E-nBA-MAH) agirhk¢ca %0'dan %15'e degisen oranlarda
katarak arttirlmistir. iki polimer arasindaki tam etkilesim enerjisi, ergime
noktasi kaymasi yaklasimi ile Flory-Huggins (FH) kurami ve Sanchez-
Lacombe Durum denklemi (SL EOS) kullanilarak arastiriimistir.

Surec¢ degiskenlerinin elektro egirme yolu ile elde edilen nanofiberlerin
caplari Uzerine olan etkileri incelenmistir. Bu kapsamda ¢ozeltideki polimer
derisimi, elektiriksel alan, siringa ¢api, besleme hizi ve toplag geometrisi gibi
sure¢ degdiskenlerinin nanofiberler Uzerine olan etkileri arastiriimistir.
Johnson SB dagilimi kullanarak istatistiksel analiz yapilmisg ve ¢ap boyunun

sure¢ degdiskenlerine bagimhligi matematiksel olarak ifade edilmistir.

Vi



Nanofiberlerin elastik moduline viskozite katsayisi orani Atomik
Kuvvet Mikroskobu ve birlesik viskoelastik modeller kullanarak, bulunmustur.
Bu oran, nanofiber ¢api ve terpolimer derisimine bagli oldugu bulunmustur.

Karisimlarin esisil kristallenme kinetigi ve WAXS kirinim deseninin
goOsterdigi ve ayrica SEM gorintilerinin de desteklemis oldugu deneysel
sonuglardan anlagildigr Uzere % 5 den daha fazla terpolimerin katilmasi
durumunda karisimin bilesenlerinin arasindaki etkilesim zayiflamaktadir. %5
terpolimerli karisimin elastik modull, saf Naylon 6 ninkinden daha fazladir,
fakat 5%’den daha fazla terpolimer igceren karisimlarin elastik modulu

dusmektedir.

Anahtar soézcukler: Nylon 6, polimer karisimi, ¢arpma, Flory-Huggins,

Sanchez-Lacombe, elektro egirme, dlgeklenme, viskoelastisite.
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CHAPTER1

INTRODUCTION

Nanotechnology can be defined as development of systems in course
of the nanometer (1 to 100 nm) length scale. It has been a new technological
field in the intersection of basic scientific fields, i.e. chemistry, biology, and
physics. The main objective in this novel area has been to exploit new
properties and phenomena at this scale since Richard Feynman, Nobel Prize
winner and the pioneer of nanometer scale systems defined nanotechnology
in 60s.

Nanometer (from Greek vavog, nanos, dwarf, yetpw, metrd, count)
is one billionth of a meter (10° m). For comparison, Van der Walls radius of
C atom is 0.17 nm and C-C bond length is 0.146 nm. A cube that has the
side of 10 nm would contain about 244,000 carbon atoms. The diameter of a
human hair is 1000 times greater than 10 nm. Catalyzing proteins in cells are
about 1 to 20 nm in size.

There are five reasons why nanometer scale is important. Firstly,
electronic wavelike properties are affected by manipulations within matter, so
fundamental physical properties can be adjusted. Secondly, wavelength
interactions between materials gain importance at this level so that various
opto-electronic applications could be achieved. Thirdly, near molecular size
surface tension and electromagnetic effects enable harder and less brittle
material tailoring. Fourthly, systematic organization at nano scale is a key
factor of biological area, such as realistic artificial components and

assemblies inside cells. Lastly, high surface to volume ratio makes nano



devices ideal for use in reacting mechanisms, drug delivery, energy storage,
nanosensors, filtration, and composite materials.

Nanofibers are important structures in nanotechnology. High surface
area (10° times greater than microfiber) allows the use of functional flexibility
and superior mechanical properties in many applications. Nanofibers can be
produced by drawing, template synthesis, phase separation, self assembly,
and electrospinning. Electrospinning process is widely used for its ease of
controllability.

Electrospinning is a process that converts polymeric melt or solution
into nano or submicron fibers. Basic components of the process are (i) a high
voltage DC power supply, (ii) a conductive collector, and (iii) a capillary tube
that contains polymeric melt or solution. High voltage DC power supply
generates high electrical field between collector and needle of container.
Electrically charged jet that is held by its surface tension, purges out of the
needle. The mutual repulsion forces that are generated by electrical forces
and the contraction forces that are generated by surface tension try to hold
the droplet at equilibrium in hemispherical shape. However, as the intensity
of electrical field increases, the hemispherical shape elongates and becomes
a cone that is called “Taylor Cone”. As charged jet travels further, it takes the
form of a straight line that is named as stable region. Then, it goes under
unstable regime which is of conical shape. Fibers with various diameters
(from submicron to nanometers) deposit at the collector surface with non-
woven mat morphology.

Electrospinning has many parameters that interact with each other
and affect the resultant nanofibers. They can be classified into three main
groups: (i) processing parameters, (ii) solution parameters, and (iii) ambient
parameters. Processing parameters are applied voltage, tip-to-collector
distance, shape and design of collector, feed rate of material that is a
function of capillary pressure inside tube. Solution parameters are
concentration, viscosity, surface tension, dielectric properties, solubility,

interaction energies, and the volatility of solvent. Ambient parameters are



humidity, pressure, temperature, type of atmosphere, and velocity of
atmosphere presents around [1].

Parameters of electrospinning process affect morphology of produced
nanofibers as well as each other. Such characteristics make it intricate to
investigate the effect of parameters individually. Tip-to-collector distance has
an effect on electrical field as well as travel distance where the jet finds
enough time to solidify. Concentration and viscosity affect the physical
entanglement of polymer chain, but also they are affected by volatility of the
solvent and ambient parameters. Surface tension is influenced by
temperature, but solubility and volatility are both affected by temperature and
pressure.

Various materials including polymers, ceramics, and composites can
be used to produce nanofibers by electrospinning. One of the polymeric
materials that can be used is Nylon 6 (or polyamide 6 or poly(e-
Caprolactam)). Nylon 6 is an engineering thermoplastic and has high tear
and abrasion resistance, low friction coefficient, high strength, and elasticity.
On the other hand, it has relatively poor notched impact strength, high
moisture sensitivity, and relatively high price. The derivatives of low density
polyethylene (LDPE) is the one of the best materials to blend with Nylon 6 to
enhance its mechanical properties due to low cost, low coefficient of friction,
lightweight, high strength, high barrier properties to moisture, good optical
properties, and ease of processing. Compatible blend of the toughening
engineering plastics is usually achieved by modifying the chemically inert
polyolefin with maleic anhydride, acrylic acid, or glycidyl methacrylate to
interact with polyamide [2, 3].

Mechanical characterization of nanofibers can be performed as non-
woven mats or single fiber. Due to very small diameters, single nanofiber
characterization is a challenge with existing test techniques. Impact modified
nanofibers can be mechanically characterized in order to investigate the
impact properties or viscoelastic behavior. Viscous property helps the

polymeric system to absorb the excess impact energy in a short time. Impact



modification means, in other words, to enhance the viscous property of
polymer [4].

Spring-dashpot models give brief information about polymeric material
viscoelastic characteristics. Spring element is responsible for energy storage
as in solid material deformation and dashpot element is responsible for
energy dissipation as in viscous material deformation. Under impact
coonditions, that is sudden loading, spring element is not able to store in
such a short time. Dashpot element should absorb the excess energy before
the failure. In other words, one should enhance the “dashpot characteristics”
of polymeric material to bear the sudden loads.

The aim and originality of the study were to obtain impact modified
Nylon 6 nanofibers by electrospinning. The study involved the compatibility
study of Nylon 6 and ethylene-butyl acrylate-maleic anhydrite terpolymer.
Theoretical analysis based on the data obtained from melting point
depression was developed to explore the compatibility of the components.
The aim in the experimental part was to investigate the effect of processing
parameters on the diameter of the fibers and also on the viscoelastic

properties of fibers.



CHAPTER 2

LITERATURE SURVEY AND THEORY

Review of the literature for electrospinning, blending, statistical
distribution analysis, and mechanical characterization for electrospun
nanofibers is done in this section. Furthermore, theoretical information is
given for blending, crystallization kinetics and viscoelastic mechanical

properties.

2.1 Electrospinning

Electrospinning is a process that converts polymeric solution or melt
into nanofibers under high DC voltage as seen in Fig. 2.01.

The figure shows main components of electrospinning process, the
container with a pipette or needle of small diameter, the metal collector, and
the high voltage DC power supply. The electrified polymeric jet elongates at
the beginning of the stability region to form Taylor cone in the z-direction,
and then travels at the region of instability onto collector inside the instability

cone envelope It further undergoes elongation under gravitational field (g )

and electrical field (E‘w) while solidifying due to evaporation of solvent.

Nanofibers collected can be usually examined by using SEM micrographs

[5].



The parameters which affect electrospinning and the resulting fibers
are mainly polymer solution parameters, processing conditions, and ambient
conditions as mentioned earlier. Solution parameters affect the chain
entanglement of polymer, which is actually affected by the concentration and

the viscosity of the solution, and surface tension.

Taylor cone

+\/+
++ 1Z
| stable | P —
—  region
| E.

le

I

instable

. cone
region

Figure 2.01 Scheme of electrospinning process.

Surface tension changes with temperature, the dielectric properties of
solvent, solubility, and the volatility of the solvent which is also a function of
temperature and pressure. Processing conditions are voltage, distance
between tip-to- collector and its geometry, and the feed rate of solution stock.
Ambient parameters are humidity, pressure, temperature, and type of
atmosphere. Since these parameters mutually depend on each other the
investigation of their effect on nanofibers is of real challenge [1].

There have been some parametric studies of electrospinning in the

past [6]. The effect of average molecular weight (Mw) of poly(vinylalcohol)



(PVA) [7], solution properties of the egg albumen (EA) and of poly(ethylene
oxide) such as viscosity, surface tension, and electrical conductivity have
been studied [8]. Cui et al. studied the morphology and the diameter of
electrospun poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)
nanofibers by varying processing parameters [9]. The effect of electrical
current on nanofiber [10, 11], and the varying needle diameter on the
diameter of poly(methyl methacrylate) (PMMA) nanofibers were also
investigated [12].

The collector design results in oriented nanofibers [13, 14]. The
wheel-like collector design [15] is reported to produce oriented nanofibers.
The extent of the orientation gets higher at the direction of stretching by
accelerating the rotating wheel using polarized Fourier transform infrared
spectroscopy (FT-IR) [16]. It is also possible to produce oriented single fiber
by using microfludic device [17].

Electrospun nanofibers can be used in drug delivery [18], tissue
engineering [19, 20], and composite materials [21, 22]. Nanofiber composites
find large applications such as conductive composites [23], mechanically

reinforced composites [24], and the ceramic-polymer hybrid composites [25].

2.2 Blending

Blends are made to make materials with new properties which utilize
the physical properties of the components. Usually reinforced materials are
obtained from blends. The homogenous polymer blends should be
compatible with each other to be used in applications. Incompatible mixture
blends have inhomogeneous characteristics and their material properties
change locally. There are several ways to investigate compatibility of
polymers. Melting point depression evaluation has been widely used to
examine polymer/polymer interactions to eradicate the effects of morphology
and crystal thickness of polymers [26-37]. Interaction energy between

polymers can be calculated using either the Flory-Huggins theory (FH) or the



lattice-fluid theory of Sanchez-Lacombe (SL-EOS) which are both based on
the melting point depression method [38-41].

Equation of state approach to determine the compatible blend
condition has some advantages [27]. Effects of crystalline structures on non-
equilibrium melting or experimental melting conditions can be excluded by
taking the concept of the equilibrium melting temperature into account.
Equilibrium melting temperature can be defined as the temperature to
complete the melting of the large polymeric crystals with high molecular
weight where end group effects are neglected. Blending technique also
affects the crystal structures of mixture [42].

The effect of crystalline structure on blending can be investigated by
isothermal crystallization kinetics [43-45] or nonisothermal crystallization
kinetics [46, 47] or both [48, 49]. In isothermal crystallization, Avrami, Tobin,
Malkin models [50] are used, Avrami model gives markedly consistent results
[43]. It is reported that Avrami parameters give information on the rate of
crystallization, the activation energy of crystallization, and crystallization
structure depending on blending [47].

It is obvious that Nylon 6 preserves the commercial importance in
polymer industry [51] and application areas can be further increased by
modification of properties of Nylon 6.

Nylon 6 has polymorphous structure [52, 53], the phases a and y. The
a-phase is monoclinic and the hydrogen-bonded sheets are shared
alternatively antiparallel to the chain. The y-phase is a metastable phase with
a variable degree of disorder or stacking faults. It includes stacking of parallel
and antiparallel chains, the paracrystalline disorder, faults in the hydrogen
bonded sheet-like setting, and hydrogen-bonded layers perpendicular
instead of parallel to the chain axis. Furthermore, the a- phase is suggested

to have folded chains [54] and it is more stable than the y-phase.



2.3 Blending Theories

2.2.1 Flory-Huggins Theory (FH Theory)

In terms of the classical FH theory, the free energy of mixing per

volume (Ag ) can be expressed as follows,

Ag=>.> B4 +RTZ % In¢ (2.01)

i<j

where B; is interaction energy density. Chemical potentials of polydisperse

systems are defined in the following form at constant temperature and

pressure,

Au, = U[Ag+[a¢ J J >4, LZA;J (2.02)

After some algebra for binary mixture, it yields

1)
Hy = RT('”@ +1_;1j 1¢1 B, +¢1 (2.03)

d¢1

Au, can be found by interchanging the indices 1 and 2. The chemical

potential of the crystalline phase can be written as [55],

Ap; =—Ah,, (1 - 77-_m: jvi (2.04)

m



where Ah,, is the enthalpy of fusion per volume and T, and T, are the

equilibrium melting temperature for the mixture and for the pure state,
respectively. At equilibrium, the chemical potential of the crystalline and
liquid phases should be identical. The following result is obtained by equating

Ap, from Eq. 2.03 and Eq. 2.04 by assuming that B; is not a function of ¢,

and also the combinatorial entropy contribution, RT(In¢1+1—ﬁj, is
1%

negligible [41],

B.T? 2
TS, =T +—12-m (1~ 2.05
mb m Ahzu ( ¢2) ( )

where component 2, ¢,, represents the crystalline component in binary

mixture.

2.2.2 Sanchez-Lacombe Equation of State Theory (SL EOS Theory)

The Sanchez-Lacombe equation of state (SL EOS) has the following

close form,
P2 +P+ T{In(1 - ,5)+(1 ——jﬁ} =0 (2.06)

where, P=P/P", T=T/T", and, 5=1/0=p/p are thermodynamic
variables. Here, asterisks denote characteristic variables, while bars denote
reduced variables. P’ is characteristic pressure, v" is characteristic volume,

T is characteristic temperature, and p  is characteristic density defined as

p =P'M/RT’r where r is polymer chain length, M is molecular weight
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which must be replaced by the weight average molecular weight (M,,) for
polydisperse components.

The characteristic thermodynamic variables are applicable to linear

mixing rule for both random copolymers and homogenous blends.

P=S 4P - YT agaPs  ap=(PTP
i<j

1 w,
p - z o
i* B ﬂ (2.07)
v Vi
= Py

R

1 ;

rp

where AP,.].* is bare interaction energy for the blend, w;is weight fraction of it

component, and ¢ is volume fraction of i™ component. In this theory, B; can
be replaced by AP,./.*.

At equilibrium, the chemical potential should be equal to that of the
crystalline component, and details can be found elsewhere [41],

Ah T? 5 .
o |1 | = L AP (14, Y
RT,., T, RT.,

+[ 01*— 1*J+ :*In(p_?zj (2.08)
rv, Iv r, v, P2
4_1[0—5WM—5)_0—5Jm@—5Jj

L, P Po
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2.2.3 Isothermal Crystallization Kinetics

The Avrami equation is applied to evaluate the isothermal

crystallization of the polymer blends [56],

X(t) =1-exp(—Kt)" (2.09)
or,

log{In[1- X(t)]} = nlogt +log K (2.10)

where X(t) is weight fraction of crystallized material in crystallization time t, K
is Avrami crystallization rate constant, and n is Avrami exponent. X(t) is
calculated by the ratio of the area of melting peak at time t to total measured
area. K and n values can be found from the intercept, and slope of
log{In[1- X(t)]}vs. log t plot, respectively.

The percent crystallinity (Xc) can be calculated from

(2.11)

where Hs is heat of fusion. For Nylon 6, the value of heat of fusion of perfectly

0

crystalline material (i.e.j(dHf/dt)dt), is about 188.1J/g. The maximum

0
crystallization time tnax corresponds to the time when derivative of the heat

flow rate with respect to time is equal to zero i.e.dQ(t)/dt =0,

t .. =[(n=1/nK]" (2.12)

12



Another important parameter is the half-time of crystallization (i.e. t1,2)
which is defined as the duration of the time from onset of the crystallization

until the completion of 50% of the crystallization process, that is,

t,, =In(2/K)"" (2.13)
The rate of crystallization G is defined as the reciprocal of t,,

G=t,, " (2.14)

Since crystallization process is thermally activated, crystallization rate

parameter K can be approximately described by [57],
K"" = k_ exp(-AE | RT)) (2.15)

or

(1/n)InK =Ink, — (AE/RT,) (2.16)

where k, is temperature independent preexponential coefficient, R is the gas
constant, and AEis activation energy for crystallization. The activation

energy AE can be obtained from the slope of (1/n)InK vs. 1/ RT, plot.

The dependence of growth rate G on crystallization temperature T, is

given by the Turbull-Fisher equation given below [58],

nG=InGg, ~AE"_AF7
KT, KT,

c

(2.17)
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where G is the spherulite growth rate, T. is the crystallization temperature,
AE *is the activation energy for transporting a chain segment from the
super-cooled state into crystalline phase, and AF* is the free energy of
formation of a nucleus at the critical size. Here k, is Boltzmann constant and
G, is preexponential constant. At high temperature, the nucleation term

AF* /KT, will be dominant. At high temperatures, when crystallization

temperature T, approaches the melting temperature T, the expression

becomes,
INnG=InG, - AF
KT, (2.18)
or [59],
ING=InG, - ZZTm (2.19)
Tc Tc _Tn:)

where, y is a parameter concerning heat of fusion and interfacial free
energy, T. is equilibrium melting temperature given by Hoffmann [92]. Lin

obtains the following expression from Eq.2.10, 2.14 and 2.19 [59],

B

A 2.303T.%(T, -T2) (2.20)

logt

max

where, A and B are constants.
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2.4 Statistical Distribution Analysis

The distribution of nanofibers gives information about the effects of
process parameters on product [60]. The concentration of the solution of
poly(ethylene oxide) (PEO) and voltage on the morphology and the
distribution of fiber diameters were studied by Dogheri et. al. [61]. The needle
also has influence on nanofibers [61].

Various distribution functions can be used to analyze diameter
distribution of fibers [60]. It is demonstrated that 4 parameter log-normal or
Johnson SB distribution function proposed by Johnson is superior to many
two-parameter function in terms of curve fitting capacity including bimodal
characterized distributions [63]. It uses standardized values of the

parameters.

2.5 Mechanical Characterization

Electrospun nanofibers can mechanically be characterized by many
methods [64-66], and Atomic Force Microscopy (AFM) is a very powerful
technique in finding out the mechanical properties including viscoelastic
behavior of nanofibers. AFM analysis gives information about the impact
strength of polymers [4] as compared with traditional Dynamic Mechanical
Analysis (DMA) [67] together with tensile testing [68].

AFM is capable to measure the properties under static loading at
constant rate if vibrational force is excluded [69]. One can measure the
dynamic mechanical properties of polymer accurately by applying oscillation
on the substrate [70, 71]. The Hertz model was introduced to measure the
frequency-dependent storage and loss moduli of polymeric material [72].
Contact models Sneddon’s and JKR were tested for various indentation
depths besides Hertzian model by Chizhik et. al [73].
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Mechanical properties of nanofibers electrospun from many polymer
blends such as Bombyx mori silk/Poly(ethylene oxide) (PEO) nanofibers [74],
Poly(butylene terephthalate) polymer reinforced by multi-walled carbon
nanotubes [75], and polypropylene/ethylene—propylene copolymer blends
(PP/EP) were also investigated [76].

Viscoelastic properties using the Maxwell and the Kelvin-Voigt models
were evaluated by AFM with good correlation by using the measurements of
conical intender loading [77] and creep response of polymer [73]. In this
study, aligned electrospun Nylon 6 nanofibers and its blends with impact
modifier polymer Poly (ethylene- n-butyl acrylate-maleic anhydride) (E-nBA-
MAH) terpolymer at various concentrations from 0 to 15 wt% were tested by
using AFM. Then the data were used in combined viscoelastic models (i.e.
Maxwell and Kelvin-Voigt) to determine the relaxation time of a single

nanofiber.
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CHAPTER 3

MATERIALS AND PROCEDURES

This chapter deals with the polymers used in the study, mixture

preparation and experimental procedures, and data analysis techniques.

3.1 Polymers

Polymers used in this study are Nylon 6 (trade name Teklamid 6) from
Polyone (Mw=13600 g/mol, p=1.13 g/cm3), Poly (ethylene- n-butyl acrylate-
maleic anhydride) (E-nBA-MAH ) terpolymer (trade name Lotader 2210) from
Arkema Chemicals (M,=33900 g/mol, p=0.94 g/cm®). The terpolymer
contains 91 weight (wt) % ethylene, 6 wt % acrylate, and 3 wt % maleic
anhydride. Chemical formula of E-nBA-MAH terpolymer is given in Fig. 3.01.
The E-nBA-MAH terpolymer has mainly the structure of low density
polyethylene (LDPE). n-Butyl acrylate reduces the crystallinity of the system,
and maleic anhydride can react with the amine group of Nylon 6 to provide
stability [78].
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3.2 Sample Preparation

Blends were prepared in solution phase. Nylon 6 was dissolved in
formic acid (MERCK A.G.), E-nBA-MAH was dissolved in hot xylene
(MERCK A.G.), and 2-propanol (MERCK A.G.) was used as co-solvent to
provide miscibility of formic acid and xylene. The solution was then
electrospun at 20 kV with a tip-to-collector distance of 10 cm. The
electrospun nanofiber mats were dried at 40 °C under vacuum (400 Torr) to

let the traces of the solvents evaporate.

o)

7N

I I o 1 A ]
il O ,

O H
2
C CH
/\C/ 3
Ho

H,C

Figure 3.01 Chemical formula of E-nBA-MAH.

3.2.1 Solution Preparation

E-nBA-MAH was blended with Nylon 6 of concentration % (w/w) 0, 5,
10, and 15. Nylon 6 solution (40 % w/v) was prepared by using formic acid.

The solutions of terpolymer were prepared at concentrations of 5% (w/v) and
10% (w/v) in hot xylene at 60 °C.
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Nylon 6 + Formic Acid Terpolymer + Hot Xylene

At 60°C wait for 30 min.
Wait Overniaht cool at room temp.
ait Overnig 40% (i) <2001 at roe
10 % (W)
40 % (W/V) 5% (W/V)
40 % (wiv) '
o] 5% (WiV)
2-propanol

Mixture A Mixture B Mixture C ||Vlixture D

Figure 3.02 The flow chart and contents of the mixtures.

Table 3.01 Mixture contents.

Content Mixture A Mixture B Mixture C Mixture D
E-nBA-MAH (g) 0 5 10 15
Nylon 6 (9) 100 95 90 85
Formic Acid (ml) 100 62 47 52
Xylene (ml) 0 26 41 37
2-Propanol (ml) 0 14 10 11
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Figure 3.03 Miscibility map of solvent system.

Blends were prepared by 5 % (w/w), 10 %( w/w) and 15 (w/w)
terpolymer in Nylon 6. In order to prepare homogenous blends, 2-propanol
was added in 1:9 volume ratio into formic acid. One set of solution contained
only Nylon 6 without terpolymer. The set of mixtures was labeled as Mixture
A, Mixture B, Mixture C, and Mixture D. They have 0%, 5%, 10%, and 15%
terpolymer content, respectively. The flow chart of mixture preparation is
given in Fig. 3.02. Table 3.01 gives the content of mixtures.

The solubility range of the solvents based on volume percent and
solvents in mixtures are seen in Fig.3.03. The curve in the figure was
obtained from solubility data. Each point on the curve corresponds to the
point where clarity is lost and the mixture becomes turbid as seen by human
eye by the points. The prepared polymeric mixtures A, B, C, and D with
compositions of 0, 5, 10, and 15 %, respectively are in miscible zone.

The miscibility map was obtained to acquire the homogenous solvent
mixture which helps the polymers to get the vicinity of each other. Nylon 6
has polar nature and E-nBA-MAH terpolymer has non-polar nature. This

leads the melt blend not to be mixed properly. But, the solvent system
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proposed here overcomes the shortcoming of immiscibility of the polymeric

blends and blending in solution phase was achieved.

3.3 The Setup for Electrospinning

The high voltage source of electrospinning setup is Gamma ES30
(Gamma High Voltage Research Company). The process was carried out at
room conditions inside a protective guard made of Poly (methyl
methacrylate) (PMMA). The positive pole of high voltage was attached either
to the needle of syringe or dipped into the solution cell. The negative pole
was attached to the metal collector covered by aluminum foil. The high

voltage source was grounded. The setup is given in Fig. 3.04.

PMMA Guard

) i [

|

1

/ Syringe Collector

High Voltage Supplier
Syringe Pump

Figure 3.04 Experimental setup of electrospinning.

The solution cell is either a micropipette which has 0.5 mm of
diameter, or syringe with a needle, the cell part of the syringe is 0.3 mm in
diameter and 8 mm in length. Solution in micropipette comes down due to
gravity at vertical position, but when syringe is used in horizontal position a
pump is needed (New Era NE-1600) for better control of fluid flow.
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3.4 Wide Angle X-Ray Scattering (WAXS)

Nanofibers obtained from neat Nylon 6, and 5% and 10% E-nBA-MAH
terpolymer containing blends were kept at 40°C in a drier. Another 10% E-
nBA-MAH terpolymer was dried under vacuum (400 Torr) at room
temperature in order to detect the effect of heat on WAXS peaks. WAXS
tracks were taken by using (Rigaku D/MAX 2200) X-ray diffractometer, which
has monochromic Cu resource (A4 1L-Cu / 60 kV, 2.0 kW).

3.5 Differential Scanning Calorimetry (DSC)

The changes in the melting point were determined by using
Differential Scanning Calorimetry (DSC) (TA Q200 Differential Scanning
Calorimeter). Nanofiber samples that were heated to 250 °C at 100 °C/min
were kept at this temperature for 5 minutes to eliminate any previous thermal
history, and then they were cooled down to the four predetermined
crystallization temperatures (T,) of 186, 188, 190, 192 °C at a cooling rate of
150 °C/min. The samples were kept at T, for 20 minutes, which is necessary
for the DSC signals to return to the baseline. The samples were then
quenched to 50 °C with a cooling rate of 150 °C/min. After 5 minutes of
infusion at 50 °C, the samples were heated back up to 250 °C at a rate of 10

°C/min to obtain the signals.

3.6 Scanning Electron Microscopy (SEM)

QUANTA 400F Field Emission Scanning Electron Microscope (SEM)
operated at 30 000 kV was used for SEM images. It has 1.2 nm resolution.
The specimens were prepared as follows; solution of each mixture (0%, 10%

and 15%) were poured onto glass slides, and kept for one day to evaporate
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the solvents at room conditions. The samples were then immersed in hot
xylene for 10 min. Then they were taken out and put into iodine/acetone
solution for 2 min. Finally they were washed out with acetone, and dried in
vacuum (400 Torr) at room temperature. They were then coated with carbon.

Magnification for all samples was set to 5000.

3.7 Calculation of the Characteristic Values, and the PVT Data of

Polymers Using Group Contribution

While calculating the characteristic values, P ,T ,p", for polymers,

one needs PVT data for each polymer and the empirical Tait equation is
used for this purpose. This equation is capable for extrapolating data beyond
the range of actual experiment within 0.001 cm®/g which is better than the

experimental error [79]. Tait equation is given as,

o(P,T)=0v(0,T) {1—0.0894 In [1+ D’(DT)}} (3.01)

where v is specific volume (cm®g) at pressure P (MPa) and temperature T

(K), whereas v (0,T )is specific volume at zero pressure, and it is given by,
v(0,T)=V, exp(aT) (3.02)
or,

0(0,T)=V, +V,T +V,T? (3.03)
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where, o is thermal expansion coefficient, V,,V,,V,, and V,, are the

coefficients. The parameter D (T) is usually given by an exponential function

that describes the behavior of polymer under pressure. It is defined as,

D(T)=D, exp(mT) (3.04)

where m is a coefficient. To predict the PVT behavior of polymers by means
of the Tait equation, group contribution modified cell model equation of state
(GCMCM EOS) proposed by Sato et. al was utilized [80]. Their model using
group contribution approach can predict the specific volume as a function of
pressure and temperature with an average deviation as low as 10.25%.
Experimental observed values of specific volumes as a function of
temperature and pressure are given in literature [81]. The standard
deviations of percent difference between calculated from GCMCM EOS and
experimental values (taken from [82]) of specific volume for Nylon 6 between
294.75-397.65 K are shown in Table 3.05. It is obvious that experimental and
calculated values are consistent with each other with high correlation. At

higher pressures, accuracy gets better.

Table 3.02 Standard percent deviations (SD%) between calculated and
experimental values (taken from [[82]]) of specific volume for
Nylon 6 between 294.75-397.65 K.

Pressure (MPa) SD%
0 1.1
40 0.6
80 0.4
120 0.4
Average 0.6
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As mentioned earlier, E-nBA-MAH terpolymer contains ethylene, n-
butyl acrylate, and maleic anhydrite groups with mole fractions 97.67%,
1.41% and 0.92%, respectively. The procedure used by Sato et. al. was
applied to find out the PVT data of the E-nBA-MAH terpolymer. The results
are shown in Fig. 3.05. Table 3.03 shows the Tait equation parameters for
both polymers; it gives the specific volume as a function of pressure and
temperature.

1.35
130 } -0 MPa
5125 | -&-40 MPa
E 120 F -4 80 MPa
[4}] -
g 115 | 120 MPa A
S 110 b
O
= 405
2
v 1.00 F
095
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280 300 320 340 360 380 400 420
Temperature (K)

Figure 3.05 PVT data of the E-nBA-MAH terpolymer.

Table 3.03 Tait equation values for polymers.

Polymer V(0,T)(cm*/g) B(T) (MPa)
Nylon 6 0.72 exp(6.80x10™T) 165.57 exp(-4.2x107°T)
E-nBA-MAH 1.43-3.19x10°T +6.62x10°T? 844 exp(-9.8x107°T)
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The characteristic values used in SL EOS were found by fitting
specific volume as a function of pressure and temperature for both polymers
given by Eq. 2.06. The polymer used in the study was assumed to be a
random terpolymer, and Eq. 2.07 was used to obtain the characteristic

values for terpolymer. The results are listed in Table 3.04.

Table 3.04 Characteristic values for used polymers.

Polymer P (MPa) T (K) p (g/em®) o (cm’g) r(x10%

Nylon 6 468 567 1.226 10.073 0.110
E-nBA-MAH 38 627 0.996 134.331 0.025

3.8 Image Analysis of Nanofibers

Image analysis was performed by Imaged software by measuring the
diameters of nanofibers randomly from SEM images. Only one measurement
was taken from each fiber. The scale of the image analyzer program was set
to the scale of micrograph before the start of every measurement on the

micrograph to make proper calibration.
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3.9 Data Analysis of Nanofiber Distribution

The Johnson Sg probability density function y can be expressed as
[63, 83, 84],

2
o (d —d) 52 d-d_. d _dmin
— max min v | min _| 9 305
Y \/Z (d - dmin )(dmax - d) =P [ 2 J{ n( dmax - dj n( dmax - dg J} ( )

where, d ., >d>d_., and dma, dmn, and d are maximum observed,

minimum observed, and observed diameters, respectively.s is a parameter
of distribution function giving the order of scattering, and dy is geometric
mean diameter of nanofibers. When the minimum, maximum, and geometric

mean values are known a priori, maximum likelihood estimates the

parameter § =1/s, [85] where,

2
—-d_. d, —-d_
In d = Aoy —In| -2—"2 (3.06)
dmax -d dmax _dg

where N is observation number.

Letting,

—-d_. d, —d_
7=0In d = Ay —In| =—"% (3.07)
dmax -d dmax - dg

The cumulative distribution function becomes,

¢ 2
Fe)= Jexp(— %}n (3.08)
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This is a normal cumulative distribution function, where,

_slin 9% || Do =G
&= 5{In[dmax—_dJ In[dmax “d, H (3.09)

As a result, the distribution can be represented by the parameters
dmax, dmin, dg, @and &. Then, the first and the second moments of the

normalized diameter w can be estimated; w is given by,

= 9= dnin (3.10)
dmax - dmin

-
'

2
w
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Figure 3.06 Cumulative frequency and calculated
Johnson Sg distribution function of
nanofibers obtained from 15% Nylon 6
/formic acid solution.

Johnson Sg distribution function gives consistent results with the

observed values as seen in Fig. 3.06. The figure gives both observed
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cumulative frequency of the diameters of nanofibers and calculated one from
Johnson Sg function.

Electrical field energy is proved to be responsible for the deformation
mechanism of the droplet at the tip, and distribution of the nanofiber
diameters in electrospinning process [86]. The electrical field energy (U) at

total volume of nanofiber can be described as [87],
1 =2
U=£§g\5\ av (3.11)

where, ¢ is permittivity of nanofiber solution system. If one assumes the
nanofiber to be in cylindrical shape (d the diameter of nanofiber and | the
length of fiber) and system consists of homogenous nanofiber material, then

the volume of the system (V) is simply,

2
vz”‘%/ (3.12)

Then one can write,

v _pdd dl (3.13)
v “d T

The substitution Eq 3.13 in Eq 3.11 and its evaluation yields,

U :vg\ér(mdf “Ind, +%In;—fJ (3.14)
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where, d; and d, are initial and final diameters of nanofiber, respectively.
I, /1. is the ratio of final length of the nanofiber to its initial length. The value
of In(lf/l,) is greater then zero and becomes a large value (¢) for a

produced fiber. Also, the volume can be expressed as,
V =Qt (3.15)

where Q is constant feed rate of the system, and ¢ is processing time. Eq

3.14 turns out to be,
2
U =QtefE| (ind, ~Ind, +¢) (3.16)
The electrical field, E, can be taken to be approximately equal to the

external electrical field E'w, and given as a function of distance along z-

direction [88],

E(z)=E.(z)= ¢ (3.17)

d, z? 8L
—L+z——|In[1+—
4 2L d,

where, ¢ is electrical potential, L is distance between tip and collector.

Substituting Eq. 3.17 in Eq 3.16 yields,

2
U=Qte ¢ (ind, —Ind, + ) (3.18)

d. 2 ) 8L
—tt+z—— | In" |1+ —
4 2L d,

1

The power of the deformation energy (P) can be defined as the

energy of deformation per unit time. It reads as follows,
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2
P(t) = Q(t)e(t) 2¢ i (ind,(t)=Ind, + o))  (3.19)
iy g(t)- 20| 2[4, 8F
4 2L d,
The parameters are function of time due to evaporation of solvent, time of

travel of polymeric jet, and thinning of the jet.

The Ind, term can be Taylor expanded,

nd, = (_1,7)%1 (d, —1 (3.20)

Taking the first two elements makes Eq. 3.19 as,
Ind, =-0.5d,” +2d, -1.5 (3.21)

The expected value <df>for the final diameter of fibers can be given

as [87],

In(d;) =-0.5(d,") +2(d;)-15 (3.22)

where, <d,> is the first moment, and <d,2> is the second moment of the

distribution of diameters of observed nanofibers. Substituting Eq 3.22 into

Eq. 3.19, and letting z =L yields,
¢2
P(t)=Q(t)s(t)—(n<d, > -Ind, + o(t)) (3.23)
X

where,
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d. L\ 8L
T T 3.24

The power required for deformation depends on electrospinning
process parameters as given by Eq. 3.23. However, it was demonstrated and
verified by many researchers that allometric scaling approximation gives also
good correlation between normalized process parameters and final diameter

of the electrospun nanofibers as done in this study [89].
3.10 Atomic Force Microscopy (AFM)

Force-deflection data are acquired from Atomic Force Microscopy
(Park System, XE-100, probe, ContDLC). Force and distance limits are set to
2.5 nN, and £1.25 pm, respectively. The probe is spherical monolithic silicon
and has symmetric tip shape with chip size 3.4 x 1.6 x 0.3 mm. The tip side
of the cantilever is coated with diamond-like carbon with 15nm thickness,
and the detector side of the cantilever is coated with aluminum 30 nm thick.

AFM tip properties are given in Table 3.05.

Table 3.05 Properties of AFM tip.

Property

Resonance Frequency 13 kHz
Force Constant 0.2 N/m
Length 450 pm
Mean Width 50 um
Thickness 2 um
Tip Height 17 pym
Tip Radius <15 nm
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3.10.1 Data Acquisition of AFM

A typical AFM image is shown in Fig. 3.07. The detection procedure of
acquiring of force-deflection data is as follows; the AFM tip touches at
nanofiber and moves along the axial direction at a rate of 1 ym /s The fiber is
stationed on glass substrate. However, Z-scan detector signal develops non-
linearity and noise (Fig. 3.08); and therefore Z-fit detector data are filtered
according to the calibration of laser detector (Fig. 3.09). Z-fit detector data
give more accurate information then that of Z-detector raw data [90]. Fig.
3.07 shows the force-height of AFM probe laser deflection coming from Z-
scan detector, while Fig. 3.09 shows maximum and minimum force and

height values for neat Nylon 6.

nm
120

Figure 3.07 AFM image of nanofibers.
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Figure 3.08 Z- detector signal for Force (nN) and height
of cantilever (nm).
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Figure 3.09 Z- fit signal for max. and min. Forces (nN)
and max and min heights of cantilever (nm)
and corresponding deformation of the
nanofiber.
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3.10.2 Data Analysis of AFM

Force is defined as,

F=k,(h,—h (3.24)

cmin)

wherein, K. is the spring constant of cantilever given in Table 3.05 and h¢ is
cantilever height and h¢min is the minimum height of cantilever. The Hertz
theory gives the relation of force (F) for the in