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Abstract
This thesis focuses on new insights into the characterization of the confinement that
exists in semicrystalline polymers, polymer nanocomposites and electrospun fibers using
the combination of thermal analysis techniques and other experimental approaches.
The concept of rigid amorphous fraction, RAF, was introduced to explain the
confinement exerted by crystals over four decades ago.

It can be quantified using two

modes of differential scanning calorimetry (DSC), standard DSC and temperature
modulated DSC (TMDSC). In this thesis, another advanced thermal analysis technique
quasi-isothermal (QI) TMDSC is adopted to obtain the temperature dependent RAF and
further investigate its vitrification and devitrification behaviors. For Polytrimethylene
terephthalate, PTT, most of the RAF vitrifies between 451 K and Tg step by step during
QI cooling after the crystals have formed. The constraints imposed by the crystal
surfaces reduce the mobility of the highly entangled polymer chains. It is suggested that
the vitrification of RAF proceeds outward away from the lamellar surfaces in a step by
step manner during QI cooling. Upon reheating, devitrification of RAF occurs at a
temperature above its previous vitrification temperature, due to the effects of
densification brought by physical aging during the long period of quasi-isothermal
treatment.
Then, the concept of RAF was broadened and we investigated the RAF in polymer
nanocomposites and electrospun nanofibers.
In Polyethylene terephthalate (PET)/silica nanocomposite fiber, we found evidence
of the existence of RAF in the absence of crystals. The RAF induced by the interaction
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between the nanofillers and the polymeric matrix, was analyzed based on changes in the
heat capacity step in the glass transition region. The effect of the silica particles on the
phase structure (fraction of crystals, mobile amorphous phase, and rigid amorphous phase)
of electrospun PET fibers as a function of the amount of silica was also investigated. We
found with the increase of silica fillers, a large increase in RAF was observed and RAF
reaches a value of 0.22 for untreated, as-spun PET fibers with 2.0% silane-modified silica.
Using quasi-isothermal TMDSC, it is found that no matter what the origin of the RAF,
whether formed by interaction with silica particles or with lamellar crystals, the RAF in
the ES PET fibers devitrifies during heating before the temperature reaches the start of
the crystal melting endotherm.
The existence of another origin of RAF was confirmed in highly-aligned
poly(d-lactide) PLA nanofibers by means of thermal analysis and wide angle X-ray
scattering WAXS. This RAF is present as a result of molecular orientation induced by the
electrical and mechanical force during the electrospinning. The extension of polymer
chains initiates a level of orientation in the as-spun fiber, and these portions of polymer
chains acts as an intermediate state (mesophase) between the crystalline and amorphous
phases, and cannot undergo the glass transition of the bulk due to the constrained
mobility of polymer chains. Like RAF, the mesophase does not contribute to the heat of
fusion either. A new phase structure model was proposed to interpret the unique
confinement in highly-aligned ES PLA nanofibers.
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Chapter I Introduction
This chapter is a general introduction to this thesis. In this chapter, the basic aspects
of polymer physics such as structure, morphology, phase transitions of semicrystalline
polymers are reviewed. After that, the confinement in semicrystalline and polymer
nanocomposite are introduced. The basic knowledge of electrospinning is discussed in
the following section. Then several topics and issues concerning the phase structure in
semicrystalline polymer and polymer nanocomposite fibers are briefly discussed. Finally,
an outline of the following chapters is listed.

1.1 Polymer
1.1.1 Concept
Polymer is a particular class of macromolecules consisting, at least to a first
approximation, of a set of regularly repeated chemical units of the same type (called
monomers), or possibly of a very limited number of different types (usually only two),
joined together in the form of a long chain [1, 2]. If there is only one type of chemical
unit, the corresponding polymer is a homopolymer. The number of the monomers within
a single polymer chain could range from a few hundred to ten thousand or more.
Polymers have been widely used as adhesives, coatings, foams, and packaging materials,
textile and industrial fibers, composites, electronic devices, biomedical devices, optical
devices, membranes and energy storage. The research on polymer physics involves the
mechanical, optical, thermal, and transport properties of polymers with respect to the
underlying physics and physical chemistry of polymers in melt, solution, and solid state.
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The structure of polyethylene PE, a particularly simple polymer is shown in Figure
1.1. The repeat unit building up the chain is the CH2 – (methylene) group, and the
number of units determines the degree of polymerization, x, which is defined as

=

(1.1)

where M is the total molecular weight of the polymer , and M0 is the molecular weight
of monomer unit.

Figure 1. 1 Ethylene and polyethylene.

In a polymer, there are a large number of polymer chains with different x and
therefore molar mass, so there can be a distribution of molar mass in the polymer material,
in other words, the conformation of polymer chains is controlled by the molecular
distribution, or polydispersity coefficient, U, which is defined as:

=

− 1 = PDI − 1

≥0

(1.2)

where Mn and Mw are the number average and weight average molecular weight of the
polymer chain respectively. These two terms are defined as:

2

=∑

=∑

where x is degree of polymerization,

×

×

∑

=

=

×

∑

∑
∑

×
×

(1.3)

(1.4)

is mole fraction of molecules with length x,

is molecular weight of molecules with length x,

is molecular weight of monomer, and

is moles of molecules with length x.
Polymer molecules possess the ability to crystallize. If polymer chains can undergo
suitable rotations around single bonds to take up an arrangement with translational
symmetry, a polymer is to be potentially capable of crystallizing, either when cooling
from molten state (melt crystallization) or when heating from the glassy state (cold
crystallization). However, if the molecules crystallize, they do so only partially due to
the polymer chain defects, and the rest of the molecules remaining in a disordered state,
which is usually called amorphous.
1.1.2 Crystal Structure
An ideal crystal is three-dimensional periodic array of identical building blocks
which constitute atoms or groups of atoms. Some imperfections and impurities might be
accidentally be included or built into the structure. The identical group of atoms is called
basis, and the set of mathematical points to which the basis is attached is called the lattice.
Figure 1.2 shows how a crystal is made by adding a basis to every lattice point. The
lattice in three dimensions can be defined by three translation vectors. A set of primitive
translation vectors ⃗ are determined that no cell of smaller volume than

⃗∙ ⃗× ⃗

that can serve as a building block for the crystal structure. Usually the primitive
3

translation vectors are used to define the crystal axes, which form three adjacent edges of
the primitive cell. A crystal plane is determined by three points with each lying on a
different crystal axis, which could be specified by giving the coordinates of the potions in
terms of the lattice constants

,

,

. The Miller indices (hkl) denote a single plane

or a set of parallel planes. , β, and γ are defined as the angles between primitive cell
axes. A typical crystal structure of two and three dimensional lattice is show in Figure
1.3.

Figure 1.2 The crystal structure (c) is formed by the addition of the basis (b) to every
lattice point of the space lattice (a).
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Figure 1.3

Schematic representation of 2D hexagonal lattice and 3D simple cubic

crystal structure.

A simple crystal structure of sodium chloride is shown in Figure 1.4, the lattice of
which is cubic. The basis consists of one Na

ion and one Cl

one-half the body diagonal of a unit cube. The cube edge a=0.563 nm.
5

ion separated by

Figure 1.4 Crystal structure of sodium chloride constructed by arranging Na
one Cl

ion and

ion alternately at the lattice points of a simple cubic lattice taken from

Reference [3].

For polymers, the basis is taken by molecular chains. Taking polyethylene
terephthalate PET for example, the crystal structure is triclinic, i.e. none of the cell angles
is a right angle, none of the lattice parameters are equal, and there is only one chain per
unit cell. The cell parameters are a1=0.456 nm, a2=0.594 nm, a3=1.075 nm, =98.5,
β=118, and γ=112 [1]. The structure is shown in Figure 1.5.
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Figure 1.5 The crystal structure of poly(ethylene terephthalate) (PET): (a) views of the
chain conformation taken up in the crystal and (b) the arrangement of the chains in the
crystal, with one chain passing through the triclinic unit cell. This figure is taken from
Reference [1].

Research on crystal morphology shows that in most polymers the length of the
polymer molecule is much larger compared to the crystallite dimensions. The former
could be of order 3000 nm, and the latter are only of the order of tens of nanometers [1].
The question how long molecules could give rise to a crystallite so small is principally
interpreted using three models, the fringed-micelle model, the chain-folded model, and
the chain-extended model, among which the chain-folded model and chain-extended
7

model are mostly involved and will be considered in the following sections. Schematic
representation of extended chain and folded chain is shown in Figure 1.6. The formation
of crystallization by chain folding with adjacent re-entry in which chain folds to regularly
connect adjacent stems was first brought up by Andrew Keller in the 1950’s [1]. The
switchboard model with irregular re-entry was later proposed by Flory [1]. The
illustration of the two models is shown in Figure 1.7. The growth conditions, such as the
crystallization time and temperature, and whether the crystallization is performed from
the molten state or in a solvent, determine the perfection of the crystal fold surface where
the addition of chain segments to a growing crystallite occurs. The nature of the chain
folding could be verified by selective degradation of the crystal using nitric acid, infrared
absorption and neutron scattering measurements [1]. For selective degradation of the
crystalline polymer with nitric acid, the acid first dissolves the amorphous material at the
surface and then the surface itself, so the chains are cut at the crystal surface. However
the acid cannot readily penetrate the bulk of the crystallites. The resultant distribution of
chain lengths could be verified by gel-permeation chromatography [1].

Figure 1.6 Schematic representation of extended chain and folded chain
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Figure 1.7 Schematic diagrams of (a) regular chain folding with adjacent re-entry and (b)
the switchboard model. This figure is taken from Reference [4].

The folded chains stack together to form a lamellar stack as shown in Figure 1.8a.
The crystalline phase of lamellae is separated by mobile amorphous region. The period of
this assembly system, which is called the Bragg long period, LB, could range from 5 nm
to 100 nm. A multi-crystalline aggregate made of radiating lamellar ribbon crystals is
called spherulite. Polymer spherulites, are made up of lamellae and un-crystalline regions,
called amorphous regions, which are normally found between adjacent lamellar stacks. A
small nucleus forms first into fibrous bundles, then to an immature spherulite with
strongly splaying lamellae. Finally the “eyes” fill up and the spherulite takes the outline
of a sphere [5]. The illustration of the spherulite is shown in Figure 1.8b. The simplest
way to observe the spherulite morphology is the optical or electron microscope. TEM
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images of the spherulite in PTT samples crystallized at different crystallization
temperatures from the melt are shown in Figure 1.9.

Figure 1.8 Schematic representations of lamellae and spherulite. The organization of
the polymer lamellae within the spherulites is interpreted using the Homogeneous Stack
Model, in which the mobile amorphous region is inside the lamella stack and the rigid
amorphous material comprises an interfacial layer between the lamellae and the
MAF.The Bragg long period, LB, comprises one lamellar crystal LC and all the
intervening amorphous phase.
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Figure 1.9 TEM micrographs of PTT samples crystallized at different crystallization
temperatures from the melt: (a) 195 °C; (b) 205 °C; (c) 215 °C, from Reference [6].

An intermediate phase exists between crystal lamellae and the amorphous regions, as
shown in the inset of Figure 1.8, which is widely recognized as the rigid amorphous
fraction (RAF).
1.1.3 Rigid Amorphous Phase (RAF)
Semicrystalline polymers constitute the largest group of commercially useful
polymers. These polymers exist as viscous liquids at temperatures above the melting
point of the crystals. Upon cooling, crystals nucleate and grow to fill the available
volume. The reason these materials are called "semicrystalline" is that some fraction of
the polymer remains un-crystallized, or amorphous, when the polymer is cooled to the
solid state.

The amorphous polymer chains become trapped between the growing
11

crystals, inside or outside lamella stacks. As a result of the highly entangled nature of
the polymer chains, the movement of the amorphous polymer chains becomes restricted.
The conception of a third phase, termed the "rigid amorphous fraction" (RAF), was
introduced to explain the constraints exerted by the crystals upon the mobility of the
amorphous phase [7-11].

RAF is characterized as a nanoscale interfacial region

between crystalline and mobile amorphous phases induced by tie molecules [7-11], as
shown in Figure 1.10. RAF represents the fraction of the amorphous phase that does
not contribute to the heat capacity increment at the glass transition, Tg. RAF also has no
contribution to the heat of fusion of the crystals.

It was suggested that RAF contains

molecules whose mobility is inhibited in the presence of crystallites.

Figure 1.10 A schematic representation of the location of the rigid amorphous phase as a
layer separating the crystal lamellae from the mobile amorphous chains in semicrystalline
polymer.
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The weight fractions of the three phases, i (for i = RA, MA or C) can be determined
using differential scanning calorimetry. The degree of crystallinity of semicrystalline
polymer is determined from the endothermic area of the heat flow vs. temperature curve:
C = ΔHmeas/ΔHf

(1.5)

where ΔHmeas is the measured heat of fusion of the semicrystalline polymer while ΔHf is
the heat fusion of 100% crystalline sample obtained from the difference between the
enthalpy of the crystal and liquid states at equilibrium melting temperature [12]. Since
only the mobile amorphous phase participates in the glass transition, the mobile
amorphous fraction MA is obtained from change of ΔC P at T g:
MA =ΔCP/ΔCP0

(1.6)

where ΔCP and ΔCP0 are the heat capacity increments at the glass transition for
semicrystalline polymer and the 100% amorphous polymer, respectively.
It was found that for most polymers, the sum of amorphous fraction calculated from
heat capacity step at Tg and crystallinity from heat of fusion is far less than 1. Therefore,
a third phase, rigid amorphous phase was introduced [8], and the weight fraction RA
finally is written as:
RA=1-C -MA

(1.7)

1.1.5 Phase Transition
The previous sections of this chapter have concentrated on the conformation and
structure in the semicrystalline polymer, in particular, the crystalline phase. The present
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section deals with the phase transitions in semicrystalline polymers. This involves a
discussion of the crystallization, glass transition, and melting.
The geometrical requirement for a polymer to crystallize is that its chains must be
able to take up an arrangement with translational symmetry by undergoing suitable
rotations around single bonds. The occurrence of crystallization requires a certain
minimum critical length of the chain which must be made up of identical chemical repeat
units in terms of chemical regularity. The physical requirement is that the crystal
structure in an equilibrium thermodynamic state must possess a lower Gibbs free energy
than that of the non-crystalline structure at the same temperature [1].
The presence of crystal is of enormous importance to polymer properties. The rate
and the extent to which it occurs can be influenced by many factors such as the rate of
cooling, the presence of orientation in the melt, the melt temperature, and molar mass of
the polymer, the amount of chain branching, and the additives [1].
The general condition determining the melting point of a crystal is that on melting
the change in the Gibbs free energy G per unit mass is zero. G is given by:
G = H - TS

(1.8)

where H and S are the changes in enthalpy and entropy per unit mass on melting,
respectively. The melting temperature Tm is thus given by
Tm =H/S

(1.9)

Therefore, polymers with high H and low S possess higher melting points than
those with low H and high S [1]. The melting point Tm is the equilibrium melting
point,

. It is the melting temperature of an infinite stack of extended chain crystals,
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large in directions perpendicular to the chain axis and where the chain ends have
established an equilibrium state of pairing[13]. For any crystallite, the total Gibbs free
energy has two contributions, one part is proportional to its volume, and the other is
proportional to the extra energy involved in forming its surfaces. For a crystal with
thickness , and side width

, we assume the increase in enthalpy per unit mass on

melting for an infinitely thick crystal is ∆ℎ, the fold surface free energy per unit area is
,

and the lateral surface energy per unit area is

, where

≫

. The difference in

Gibbs free energy∆ between a crystal with defined size and the same mass of melt, is
[14-16]
∆ =
where ∆

∆

+2

+4

(1.10)

is the difference of free energy per unit volume between the unbounded

crystal and unbounded melt. According to the Gibbs-Duhem equation [14-16]:
∆

= −∆ℎ

(1.11)

We assume in a finite crystal, a local equilibrium can be reached that ∆ = 0. So
inserting Eqn(1.10) into Eqn(1.11) [14-16] will give
0=−

∆ℎ

+2

+4

(1.12)

For lamellar polymer crystals, the fold surfaces are much larger in area than the other
surfaces, and the surface energy density is much higher, so they contribute a larger part to
the surface energy. So having

≫

and

≫ , the last term on the right side could

be eliminated, and Eqn(1.12) can be reduced and reorganized as
=

[1 −
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∆

]

(1.13)

Eqn(1.13) is the Thompson–Gibbs equation. A plot of
1/

can be used to obtain

and

vs. reciprocal of thickness

from the slope and intercept, respectively.

When a polymer is cooled from melt, usually it will become rubbery as the
temperature is reduced. If the temperature is reduced further, the polymer will become a
relatively hard and elastic polymer glass. The temperature at which the polymer
undergoes such transformation from a rubber to a glass is called the glass transition
temperature, Tg. One of the most widely used methods of defining the glass transition is
by measuring the specific volume vs. temperature, and the intersection of the curves of
glass and liquid phases is Tg, as shown in Figure 1.11. Tg could be significantly
influenced by physical, mechanical and compositional variables, such as stress, molar
mass, crosslinking, fillers and liquid diluents, copolymers and blends, and crystallinity.
Figure 1.12 shows an example of the change in glass transition under stress for
polystyrene. Crosslinking reduces molecular mobility, which could be regained only by
appropriate thermal activation at higher temperatures, indicating an increase in Tg.
Crystalline regions act just as physical crosslinks, which limits the molecular mobility.
The influence of filler on the glass transition behavior of homopolymer will be given in
the following sections.
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Figure 1.11 Schematic specific volume-temperature curves showing how Tg is defined
for (1) fast quenched and (2) well annealed glass. Lines 1 and 2 are the specific volume in
the solid state, and line 3 is that of liquid phases. The dashed lines are the corresponding
extrapolations.
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Figure 1.12 The heat capacity of a freeze-dried polystyrene during heating at 20 K/min
before (solid curve) and after (dashed curve) densification at room temperature: the
reference curve (dotted) is for the material after cooling at 20 K/min and rerunning [12] .

The vitrification (formation of solid state) and devitrification behavior (relaxation to
a liquid state) of RAF have also been widely investigated.

The vitrification and

devitrification of RAF depends upon the polymer studied and conditions of
crystallization and cooling. For poly(3-hydroxybutyrate), P3HB, poly(carbonate), PC
[17, 18], and isotactic polystyrene, iPS [19], the RAF vitrified at the crystallization
temperature. On the other hand, for nylon 6 [20] and syndiotactic polypropylene[21], a
portion of the RAF vitrified at a lower temperature below the crystallization temperature
during subsequent cooling.

In some polymers, including poly(ether ether ketone),
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PEEK [22], poly(phenylene sulfide), iPS [23], nylon 6 [20] and nylon 6,6 [24], RAF
devitrifies at a temperature above the conventional glass transition temperature, but
below the completion of melting. Several other researchers suggest that RAF cannot
devitrify until the crystals have begun to melt [17, 18].

In PHB and PC, the RAF was

observed to become devitrified simultaneously with melting, while in the case of
poly(oxy-2,6-dimethyl-1,4-phenylene) PPO [9]

RAF devitrified above the crystal

melting endotherm. In Chapter 6, we will present a model for the vitrification of RAF
during the quasi-isothermal treatment.
1.1.6 Physical Aging
When the polymer in molten state is cooled through Tg it will fall out of equilibrium
state into a metastable state, which has an effectively infinite life at low temperatures. At
temperatures not too far below Tg (a few tens of degrees K), this metastable glass could
continually approach to a more stable state, along with a decrease in specific volume,
enthalpy and internal energy. The slow and gradual process to reach equilibrium is called
physical aging. The illustration of the corresponding changes in enthalpy as the aging
history is applied to the sample is shown in Figure 1.13. The thermal history is: (a)
Anneal the sample at T=T2, where

=

sample down to the aging temperature

, aged for

to the scan starting temperature

+ 60 K for 10-15 min. (b) Quench the
min. (c) Quench the sample down

. (d) Perform a heating scan up to

are the temperatures corresponding to the thermal history.

. A, B, C, D and E

Physical aging takes place

during B and C.
Physical aging also gives rise to changes in mechanical properties such as an
apparent shift of the creep response to longer times, i.e. the shape gradually changes with
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time under constant load. These effects are manifestations of the process of physical
aging. The reason why it is so called is that those effects are totally reversible on thermal
cycling which is different from the irreversible chemical aging such as photochemical
processes and oxidation, although for the latter, the bond scission and / or chemical
modification also causes changes in physical properties.
In principle, the physical aging phenomenon occurs for all glasses including
molecular, ionic, metallic, colloidal and polymeric materials if quenched rapidly enough
from the liquid state to avoid complete crystallization [25-28]. It has been widely
observed in a broad range of polymeric materials including thermoplastic, thermoset
matrix composites, blend and liquid crystalline polymers. Physical aging of polymer
glasses is of particular importance because polymers become more brittle as they age at
temperatures below their glass transition temperature region and this could be vital in the
long-term application. The most common situation in which physical aging occurs is
when an amorphous polymer is cooled from above to below its glass transition
temperature. The interesting aspect is that physical aging is also reported to occur at
temperatures above the glass transition temperature for PP and other semicrystalline
polymer, which shed light on the investigation of molecular reorganization and structure
change of semicrystalline polymer [27]. The relevant observation was interpreted as an
“extended glass transition” by Struik, and considering the constraints exerted by
crystalline lamellae on the amorphous regions which are close to the crystal, it was
further developed through introducing four different regions of relaxation behavior
[29-32].
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Figure 1.13 Illustration of thermal history used in enthalpy relaxation experiments via an
enthalpy versus temperature plot taken from Reference [25]. A, B, C, D and E mark the
temperatures corresponding to the thermal history. Physical aging takes place during B
and C.

The extended glass transition behavior in physical aging could be used to
characterize the order and chain mobility under constraints of any origin in
semicrystalline polymer with information of the corresponding kinetics and particular
aged state.

1.2 Electrospinning
If a polymer molecule is in a theta solvent or in a melt of like molecules, its most
likely state is a so-called random coil. Electrospinning is an experimental approach to
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take the random coil configuration of molecules into an extended configuration, as a new
method for controlling the crystal morphology and molecular orientation of the
nanofibers.
1.2.1 Background
Electrospinning is a highly versatile process that produces continuous polymer fibers
with diameters ranging from a few micrometers to a few nanometers, through the action
of an external electric field imposed on a polymer solution or melt. Electrospinning is not
only a focus of intense academic investigation; the technique is already being applied in
many technological areas. It has been used to create drug delivery vehicles, protective
clothing, and artificial blood vessels, and in tissue engineering scaffolds, filtration,
optoelectronics, and sensor technology [33-37].
The history of electrospinning can be traced back to the 18th century when Bose
generated aerosols through applying high electric potentials to drops of fluids in 1745.
The first patent which described the electrospinning of polymer by using electrostatic
repulsions between surface charges for the first time, appeared in 1934 by Anton
Formhals [38]. However electrospinning was not commercialized until it was utilized in
filter applications as part of the nonwovens industry [9]. The increased interest in
electrospinning in 1990s was initiated by the scientific need in nanotechnology that the
reduction of the dimensions of a material from micronscale to nanoscale leads to new
properties, such as new optoelectronic functions (quantum effects) in semiconductor film
and superparamagnetism in magnetic materials [39], very large surface area to volume
ratio (103 times of that of a microfiber) [36], flexibility in surface functionalities [36], and
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superior mechanical performance (e.g. stiffness and tensile strength) [36] compared with
any other known form of the material.
A typical setup is presented in Figure 1.14 to interpret electrospinning of polymer
nanofibers. Three basic components are needed to fulfill this process: a needle-tipped
syringe loaded with polymer solution, a grounded metal collector, and a high voltage
power supply providing a high electric field between the syringe and collector. During
electrospinning the high voltage power supply is used to create an electrically charged jet
of polymer solution which comes out of syringe in a Taylor cone-shape, and then most of
the solution jet evaporates after leaving the needle and before reaching the collector, and
an interconnected web of solid fibers is collected on the collector to form a fiber mat.

A

high electric field of 100–500 kVm-1 is usually applied, and the distance to the counter
electrode is 10–25 cm in laboratory systems. The current that flow during electrospinning
ranges from a few hundred nanoamperes to microamperes, and the velocity of the
solution jet could be as high as 40 ms-1.

Figure 1.14 Typical setup of electrospinning and SEM image of non-woven fiber
morphology, taken by the author.
23

The morphology and diameter of electrospun fibers can be controlled by several
processing parameters including the intrinsic properties of polymer (molecular weight,
molecular-weight distribution, glass-transition temperature, and solubility), polymer
solution (the viscosity, elasticity, electrical conductivity, the polarity and surface tension),
the operation condition (applied voltage, working distance, collector type, flow rate of
solution, geometry of the electrodes) as well as the environment (vapor pressure of the
solvent, temperature and humidity of the surroundings) [35, 36].

In this respect,

empirical knowledge is crucial. The processing parameters and their effects on fiber
morphology and dimensions are widely discussed in literature.
Sometimes beads, rather than fibers, are formed during electrospinning, as shown in
Figure 1.15. The formation of beads is related to the instability of the jet of polymer
solution with solution viscosity, net charge density carried by the electrospinning jet, and
surface tension of the solution as the main factors contributing to beads. It is believed that
higher viscosity and higher net charge density, and reduced surface tension favor the
formation of fibers without beads [40].
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Figure 1.15 SEM image of polymer beads produced by electrospinning. Image is taken
from Reference [40].

1.2.2 Modeling
During electrospinning, the viscous solution jet is broken down into fine threads due
to the maximum instability of the liquid surface induced by the electrical forces. An
appropriate balance exists between liquid surface tension forces which hold it together
and electrical forces which try to break it apart. As the potential of the conducting tube
rises, the originally planar fluid meniscus becomes nearly conical and fine jets are drawn
from the vertices as shown in Figure 1.16. Taylor shows that a viscous fluid exists in
equilibrium in an electric field when it has the form of a cone with a semi-vertical angle,
=49.3, which is now well known as the Taylor’s cone [41].
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Figure 1.16 Illustration of the major process in electrospinning. Applied potential causes
charging that in turn causes the meniscus to move downfield, producing the Taylor cone,
which destabilizes to produce fine jets.

For the strength of the electrostatic field required to initiate the jet, Taylor showed a
critical voltage,

, at which the maximum jet fluid instability would develop and the

breakdown would occur:

=4

ln

− 1.5 (0.117

)

where H is the distance between the capillary and the ground,

(1.14)

is the length of the

capillary, R is the radius of the capillary, and γ is the surface tension of the solution [41].
Hendricks, et al. [42] developed a similar relation for the minimum potential require
for an electrostatic spray from a suspended, hemispherical, conducting drop in air as
= 300 20
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1.15)

where is the radius of the pendant drop. Through Eqn(1.14) and (1.15), the basic
parameters required such as voltage and working distance

for successful

electrospinning can be preliminarily determined.
1.2.3 Fiber Alignment and Molecular Orientation
The non-woven form of electrospun fiber limits its application in filtration, tissue
scaffolds, implant coating film, and wound dressing, therefore a focus of intense
academic investigation of uniaxial fiber bundles has been carried out. The production of
uniaxially aligned nanofibers with the anisotropic properties electrical, optical,
mechanical, and biomedical applications has also been considered.
A highly oriented fiber consists of a very large amount of crystallites, the particular
crystallographic direction of which is oriented almost parallel to the fiber axis (usually
the chain axis, the c-axis) and the remaining directions are oriented randomly around this
direction. Five techniques have been reported as possible means to align electrospun
nanofibers[36] as shown in Figure 1.17-1.21.
(1) A cylinder collector with high rotating speed.

Figure 1. 17 A schematic cylinder collector with high rotating speed from Reference
[36].
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(2) An auxiliary electrode/electrical field.

Figure 1.18 Aligning electrospun fibers with an auxiliary electrical field [36].
(3) A thin wheel with sharp edge.

Figure 1.19 (a) ES setup with a thin wheel with sharp edge (b) PEO fibers thus obtained
[43].
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(4) A frame collector.

Figure 1.20 Aligned as-spun PEO nanofibers by a frame method [36].
(5) A multiple field technique.

Figure 1.21 (a) ES setup using multiple field technique, and (b) obtained aligned PEO
fiber yarn [44].
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For the electrospinning setup using a rotating collector, a polymer solution is
believed to experience three kinds of force during electrospinning: a shear force when it
flows through the needle at a very high rate; a Coulomb force acting on the jet by the
applied high electric field; and a mechanical force during the disk rotation. Recently
literature discussion of the molecular orientation in electrospun nanofibers introduced a
new concept of electrospinning method for controlling the crystal morphology and
molecular orientation of the nanofibers. Both the shear force and the Coulomb force are
believed to initiate synergistically the orientation of the polymer chain, and it is expected
that the mechanical force will enhance molecular orientation of the polymer chain. In
the previous work of Fennessey et al .[45], the molecular orientation to a small extent
along a polyacrylonitrile (PAN) fiber axis using a rotating mandrel operating at high rpm
(2500) was reported; it has been reported that the mechanical drawing force that acted on
the fibers during the electrospinning could cause the molecular orientation. Kongkhlang
et al. further illustrated this concept through a case study of polyoxymethylene (POM).
They showed that in nanofibers the molecular orientation is parallel to the fiber axis in
both isotropic and anisotropic POM nanofibers [46]. However Kakade and coworkers
reported that the molecular orientation in PEO nanofibers cannot be achieved by
electrospinning alone; it can occur due to the effect of electric charge (Hall Effect) on the
polymer chains via the use of stationary counter-electrode plates [47].
The ability to produce nanoscale fibers by electrospinning has generated significant
interest in both academic research and industry in the last two decades. The
electrospinning setup has been modifying to produce fibers of particular morphology and
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internal structure. It is expected that the research on electrospinning will be further
extended with the broadest range of functionalities and applications.

1.3 Polymer Nanocomposite
1.3.1 Background
The idea of incorporating nanoscale fillers into polymer solution to electrospin
composite nanofibers has been widely studied recently, as one effective way to deliver
the unique properties of nanoparticles to polymer as fillers of composites. With these
reinforcements such as silica, carbon nanotubes, graphene, clay, ZnO, the composite
nanofibers can provide superior structural properties such as high modulus and
strength-to-weight ratios, which generally cannot be achieved by the polymer alone.
Among various techniques of fabricating nanoparticle-reinforced polymer nanocomposite
systems, fabricating fibrous structure by previously described electrospinning technique
shows advantages over the conventional composite systems of particles embedded in
films or coatings, due to fine fibrous structure. For example, by incorporating CNTs into
polymer solution, the spinning process can align CNTs and their bundles along the fiber
direction due to combination of dielectrophoretic forces caused by dielectric or
conductivity mismatch between CNTs and the polymer solution and high shear forces
induced by the spinning, and it is found an order of magnitude increase in mechanical
properties compared to the state of the art carbon fiber reinforced composites [36].
Generally, in semicrystalline polymers, the addition of nanofillers not only interacts
with amorphous fraction, but also interacts with the crystallizable segments, therefore
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significantly influencing the crystallization behavior. The addition of nanofillers can act
as a heterogeneous nucleating agent, inducing smaller crystallites, or resulting in the melt
crystallization temperature of the nanocomposites to shift higher. Certain amount of
polymer chains can get restricted in the proximity of the nanofillers due to the
polymer-nanofiller interaction, which will be given in the next section.
1.3.2 Confinement in Polymer Nanocomposites.
In polymer systems, various confining environments exist including thin polymer
surface films on substrates, amorphous polymers confined between crystalline lamellae,
crosslinking polymer networks, molecular liquids impregnated in porous materials and
nanocomposites [1]. The constrained exerted by crystal upon the amorphous polymers,
has been given, and in this section, the other two confinements will be discussed in detail.
The confinement induced by nano-reinforcements in nanocomposites also has
generated much research interest. Nanocomposites consist of a polymeric matrix,
reinforced with a dispersed phase with at least one dimension in the range of 1-100nm.
Polymer nanocomposites at lower nanofiller loading amount compared to traditional
micro-sized fillers can be superior to the homopolymer matrix and polymer with
micron-sized reinforcement in mechanical, thermal, and barrier properties due to the very
high specific surface area to volume ratio of nanoparticles [48-51]. Those effects are
usually related to the amorphous nature of the polymer matrix as well as the interaction
between the filler and matrix. The original mobile polymer chains could be immobilized
on the surface of the particles due to the strong interfacial interactions (physically or
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chemically) and confined between nanoparticles for certain polymer nanocomposite
systems [7].

Figure 1.22 Scheme of confinement in a) polymer-silica nanocomposite; b) polymer-clay
nanocomposite. The blue spheres in (a) and the solid rectangles in (b) represent silica
particles and clays, respectively.

Figure 1.22a shows the confinement that occurs in polymer-silica nanocomposite.
The silica particles are regarded as rigid balls; the mobile polymer chains might be
restricted when they are close to the surface of the particles. Another sample that shows
in Figure 1.22b is the amorphous polymer chains which are confined between two clay
platelets.
The existence of constrained regions of different origin has been reported based on
the thermal analysis result with the combination of other techniques such as X-ray
scattering and dynamic mechanical analysis: e.g. an immobilized polymer shell on the
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surface of silica [52-54], an immobilized layer around carbon nanotube [55, 56] and clay
[48], constrained region between the clay sheets [48, 57, 58]. The thickness of the
immobilized shell calculated by Li [57], Ruggerone [52] and Schick [54] is within the
range of 1-2 nm, which are consistent with the result of NMR experiments [52].
The confinement in the polymer nanocomposites is controlled by several parameters
including the intrinsic properties of polymer and filler type (organic treatment, filler
modification, dispersion quality). The nature of polymer-filler interaction is the key
factor that dominates the confinement in polymer nanocomposite [48, 53, 57]. It includes
the filler type, filler modification and functionalization. The filler type and surface
treatment determine the type and strength of the polymer-filler interaction; the dispersion
quality could reflect the amount of the matrix-filler interface available for interaction [50].
The filler type usually plays a crucial role in the polymer-filler interaction. For example
in EVA matrix, the multi-walled carbon nanotube has negligible effect on polymer
segmental mobility while the interaction between organoclay and EVA strongly reduced
the mobility of the amorphous fraction of the matrix [50].
A series of theoretical works has been reported to interpret the confinement
phenomena in the field of polymer adsorption. One of the earliest works is the study of
an isolated polymer chain at an interface by Frisch et al. using statistical mechanics [59].
de Gennes discussed the conformations and concentrations profile for long, flexible
polymer chains grafted at one end on a solid surface, and located domains of existence of
four regimes for the zone occupied by grafted chains based on the scaling theory [60, 61].
Binder investigated the interface in phase-separated binary blends using the gradient term
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theory [62]. Theories for interfacial properties of polymer systems have been developed
into two limiting conditions [63]:

the self-consistent-field theory by Helfand is mostly

applied in the strong segregation limits [64], and the density functional methods by
Joanny and Leibler are generally applied in the weak segregation limits [65] (In the
vicinity of the order-disorder transition, the interface between the microdomains is
diffused. This segregation regime is called weak segregation limit. By contrast, when the
interfaces between microdomains are sharp and highly localized, the system is in strong
segregation limit [66]). However, the analysis and quantification of the thickness of such
a constrained region still remains challenging. The restricted region (immobilized layer)
induced by nanoscale reinforcement has been verified and characterized through various
efficient experimental techniques such as dynamic mechanical analysis [67, 68], atomic
force microscope [69], pressure-volume-temperature [70], and nuclear magnetic
resonance [71]. The consequences of such immobilization and confinement phenomena
are in the first place in terms of rheological properties. For example, in single wall carbon
nanotube (SWNT)/poly(methyl methacrylate) (PMMA) nanocomposite fibers,

an

increase of 100% in elastic modulus for 8 wt % loading of SWNT is achieved compared
to neat PMMA [72]. Meanwhile, the thermal properties have also been analyzed by
thermal analysis as a precise probe to study the confinement effect of nanoparticles on the
mobility and relaxation mechanism of polymer segments [48, 49, 52-56, 73, 74].

1.4 Issues To Be Solved
1.4.1. Confinement in electrospun nanocomposite fiber
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Previous studies on the reinforcement of fillers in polymer nanocomposites focused
mainly on rheological or mechanical properties, such as the change in elastic modulus
induced by enhanced hydrodynamic effect [75], the influence of the presence of chemical
bonds between the polymer matrix and the silica fillers on the structure of the composites
and their rheological response [76]. Although the reinforcement on microscopic scales
has been theoretically discussed in terms of physical and chemical bonding, the effect of
reinforcement brought by fillers was usually clarified experimentally at macroscopic
length scales rather than on scales of the filler itself (e.g. silica nanoparticles). Despite
the fact that the existence of the interphase in semicrystalline polymers seems thoroughly
demonstrated, serious discrepancies among authors remain with respect to the
quantitative characterization of this interphase. Furthermore, very few studies have
been carried out to measure the mobility of this immobilized layer at the molecular scale
through thermal analysis. Nor has there been further discussion on how the addition of
fillers influences the phase behavior of the polymeric matrix.
Thermal analysis is a powerful tool to investigate the structural changes in
semicrystalline polymer, by measuring changes in heat capacity and/or exo- and
endothermic heat flows occurring during transitions. Recently, based on the glass
transition behavior from DSC results, the confinement in polymer nanocomposites was
successfully conceptualized in terms of rigid amorphous fraction. Schick [54] brought up
a similar three-phase structure in non-crystallizable polymer nanocomposite, which
consists of nanoparticles, mobile amorphous polymer phase, and rigid amorphous phase
as the interface between MAF and the nanoparticles. For the first time, Schick’s group
suggested an immobilized layer occurring due to a polymer-nanoparticle interaction in
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poly(methyl methacrylate), PMMA, nanocomposite with silica, which could be
interpreted in the same manner as the rigid amorphous phase. It was quantified as

 RA=1 –ΔCP/ΔC P0

(1.16)

where ΔCP and ΔCP0 are the heat capacity increments at the glass transition for polymer
in nanocomposite and the 100% amorphous polymer, respectively. The specific heat
capacity CP, could be obtained by normalization as:
CP= (CP total mtotal-CPfillermfiller)/mpolymer

(1.17)

Here CP total and CPfiller are the heat capacity of nanocomposite and fillers, respectively,
and mtotal , mfiller and mpolymer are the total mass, the filler mass, and the corresponding
polymer mass, respectively.
Figure 1.23 shows a schematic representation of confinement induced by silica
particles in PMMA/silica nanocomposite characterized by the change of ΔC P at Tg from
Reference [54].
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Figure 1.23 Confinement induced by silica particles in PMMA/silica nanocomposite
characterized by the change of ΔCP at T g. This plot is taken from Reference [54]. The
decrease in ΔCP at Tg compared to neat PMMA confirmed the existence of a rigid
amorphous phase around particles.

Different from the traditional RAF, this form of RAF contains molecules whose
mobility is inhibited in the presence of fillers, rather than by interconnection with tie
molecules of the crystalline lamellae. The mobility is restrained by the silica particles, to
such an extent that this fraction will not undergo relaxation at the glass transition
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temperature. Previous studies prove the existence of the rigid amorphous phase around
inorganic fillers induced by the polymer-filler interaction in nanocomposite fibers [55,
56]. However this phase fraction was not further quantitatively characterized and the
evolution of this interphase with temperature during heating is unknown. In this thesis, it
is anticipated that rigid amorphous phase present in nanofibers containing additives as a
reinforcing element in the absence of crystallinity could be quantified. It is addressed
here whether the devitrification of the immobilized layer could be clarified by means of
quantitative heat capacity analysis. The details will be given in Chapter IV.
1.4.2. Vitrification and devitrification of RAF
The vitrification and devitrification behavior of RAF have been widely investigated
but interpreted controversially. The vitrification and devitrification of RAF depends
upon the polymer studied and conditions of crystallization and cooling.

In prior

research of our group, the formation and relaxation behavior of the crystalline, mobile
amorphous, and rigid amorphous fractions of poly(ethylene terephthalate) and the
temperature-dependent phase fraction during step-wise cooling and reheating were
investigated [77]. It is found that the vitrification of most of the RAF occurred during
quasi-isothermal cooling after secondary crystallization was completed, and most of the
RAF devitrified before the start of observable melting in PET during step-wise heating.
At certain temperatures, a greater amount of RAF was found during QI-reheating than
during QI-cooling as shown in Figure 1.24.

From heat capacity analysis during

stepwise QI cooling and reheating of PET, a significant rigid amorphous fraction was
formed at temperatures above Tg. In this thesis, several questions attempted to answer are:
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Are some of the unusual aspects of the vitrification and devitrification of RAF, reported
for PET, more general phenomena? What is the reason that this large fraction of the
liquid amorphous polymer becomes rigid at a temperature higher than T g and at
correspondingly higher specific volume, i.e., lower density?

Figure 1.24 Heat capacity of PET during (a) QI cooling (open circles) and (b) subsequent
QI reheating (filled circles). This figure is taken from Reference [77].

In this thesis, the vitrification and devitrification of RAF in poly(trimethylene
terephthalate) is investigated using a combination of standard and quasi-isothermal (QI)
DSC techniques to explain the puzzle proposed by Chen about why there is an apparently
larger amount of solid fraction seen during heating compared to cooling. We are
proposing here a model of the formation of RAF based on the constraint exerted by
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crystals upon amorphous phase. Finally, we consider recent concepts related to jamming,
which have been suggested to apply to filled polymer systems, and may also be
applicable in describing this constraint. The details will be discussed in chapter VI.
1.4.3. Phase structure and phase transition in highly-aligned electrospun fiber
Macroscopically aligned nanofibers could be successfully electrospun through the
appropriate choice of processing conditions and solution concentration and modifying the
fiber collecting system by incorporating a rotating collector. The electrical properties of
the uniaxially aligned nanofibers have also been considered.
Although electrospinning is widely employed in both university laboratories and
industry, a lot of technical issues need to be solved through theoretical and experimental
practice before its application is fully achieved as discussed above. The properties of the
“frozen” state induced by rapid stretching of an electrical jet and rapid evaporation of the
solvent such as chain conformation, phase structure, crystallization mechanism, and
phase transition which are significantly different from the equilibrium state of the
supercooled melt or states frozen-in by slower glass formation, need to be carefully
examined in terms of thermal analysis.
When a rotating drum is adopted as a collector, a unique confinement in electrospun
fibers is the geometrical constraint which is induced by the electrical and mechanical
force during the electrospinning process. These two forces are believed to dramatically
influence the segmental mobility of polymer chains, making the mobility and relaxation
behavior of the corresponding chain segments significantly different from the bulk
material [46, 47, 78]. Due to the highly entangled nature of polymer chains, polymer
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chains might tend to extend along the force direction when subjected to a tensile
deformation. Other portions of amorphous polymer chains which are not entangled with
other polymer chains might not be affected by stretching and will maintain their mobility.
Quite a few researchers have reported the existence of the oriented phase fraction in
both deformed polymer film and fiber when studying the phase structure by birefringence,
wide angle X-ray, dielectric spectroscopy, and infrared spectroscopy [79-85].

The

2D-WAXS pattern of PLA samples recorded at various strains during the drawing at
temperatures Td = 45 °C in Figure 1.25 confirms an intermediate phase with preferential
orientation developed from the strain-oriented amorphous chains. The physical nature of
this domain has been interpreted controversially. In some researches, the term mesophase
has been used to describe such a transition layer, or interface with a medium order
between crystalline ad amorphous regions, or an intermediate state between crystalline
and amorphous state. It has been proposed that the mesophase could be type of
paracrystalline which possesses short and medium range ordering in the lattice but
lacking long-range ordering [86-88], a short-range 3D structure [89], microcrystals of 
structure which is thermodynamically stable [90], conformationally disordered crystal
[91], disordered bundles of chains [92], or oriented bundles of helical chains [80].
Although a series of work has been done on the thermal properties of electrospun
fiber, the influence of macroscopic fiber alignment and microscopic molecular
orientation on the phase structure and phase transition of polymer is still unknown. The
phase structure in highly-aligned fiber might have high similarity with that in
semicrystalline film or fiber under drawing. In this thesis, the combination of 2D wide
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angle X-ray scattering and DSC is adopted to characterize the particular phase structure
in

highly-aligned

Poly(d-lactide)

fiber

and

obtain

the

corresponding

temperature-dependent changes. A new model is proposed for the phase structure of fiber
based on the previous studies on polymer fibers. The details will be discussed in Chapter
VII.
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Figure 1.25 In situ WAXS patterns of PLA recorded at various strains during the
drawing at temperatures Td = 45 °C and Td = 75 °C (the draw axis is vertical). The
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mesomorphic form is developed from the strain-oriented amorphous chains. This figure is
taken from Reference [82, 93].

1.5 Outline of the Following Chapters
Chapter II describes the theoretical studies and the background supporting the
experimental approaches. Chapter III concentrates on the material systems, experimental
approaches and data analysis. Chapters IV-VI are based on my publications [53, 56, 94].
Chapter IV is about the immobilized amorphous fraction around silica particles and
crystallization kinetics in PET/silica ES fiber [53, 95]; Chapter V is about RAF in
semicrystalline PTT [94]; Chapter VI is based on highly-aligned PLA fibers (draft).
The sequence of remaining chapters is as follows:
Chapter II: The theories of two principal experimental approaches, wide angle X-ray
scattering and differential scanning calorimetry are presented.
Chapter III: Background of the material systems and the preparation are presented.
Experimental setup and data analysis used in this thesis are described.
Chapter IV: The rigid amorphous fraction in PET/silica electrospun nanocomposite
fiber and its devitrification mechanism are investigated. We investigate the interaction of
the polymer matrix and filler in electrospun nanofibers using advanced thermal analysis
methods.

In particular, the ability of silicon dioxide nanoparticles to affect the phase

structure of poly(ethylene terephthalate), PET is studied. SiO2 nanoparticles (either
unmodified or modified with silane) ranging from 0 to 2.0wt% in PET were electrospun
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from hexafluoro-2-propanol solutions. The morphologies of both the electrospun (ES)
nanofibers and the SiO2 powders were observed by scanning and transmission electron
microscopy, while the amorphous or crystalline nature of the fibers was determined by
real-time wide-angle X-ray scattering. The fractions of the crystal, mobile amorphous,
and rigid amorphous phases of the non-woven, nanofibrous composite mats were
quantifed by using heat capacity measurements.

The amount of the immobilized

polymer layer, the rigid amorphous fraction, was obtained from the specific reversing
heat capacity for both as-spun amorphous fibers and isothermally crystallized fibers.
Existence of the rigid amorphous phase in the absence of crystallinity was verified in
nanocomposite fibers, and two origins for confinement of the rigid amorphous fraction
were proposed.

Thermal analysis of electrospun fibers, including quasi-isothermal

methods, provides new insights to quantitatively characterize the polymer matrix phase
structure and thermal transitions, such as devitrification of the rigid amorphous fraction.
Chapter V: PTT is investigated using quasi-isothermal analysis on the mechanisms of
formation and loss of the rigid amorphous fraction. The nanoscale phase behavior of a
semicrystalline polymer is important for mechanical, thermal, optical and other
macroscopic properties and can be analyzed well by thermal methods.

Using

quasi-isothermal (QI) heat capacity measurements, we investigate the formation behavior
of the crystalline, mobile amorphous, and rigid amorphous fractions in poly(trimethylene
terephthalate), PTT. The crystal and rigid amorphous phases comprise the total solid
fraction in PTT at temperatures above Tg, the glass transition temperature of the mobile
amorphous fraction. PTT was quasi-isothermally cooled step-wise from the melt which
caused its crystalline fraction to be fixed below 451K. Between the high temperature
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fulfillment of the Tg step and 451 K, the temperature dependent rigid amorphous fraction
(RAF) is completely determined. For PTT, most of the RAF vitrifies between 451K and
Tg step by step during QI cooling after the crystals have formed.

The constraints

imposed by the crystal surfaces reduce the mobility of the highly entangled polymer
chains. We suggest the vitrification of RAF proceeds outward away from the lamellar
surfaces in a step by step manner during QI cooling. Upon reheating, devitrification of
RAF occurs at a temperature above its previous vitrification temperature, due to the
effects of densification brought by physical aging during the long period of
quasi-isothermal treatment. Finally, we consider recent concepts related to jamming,
which have been suggested to apply to filled polymer systems, and may also be
applicable in describing constraints exerted by crystal lamellae upon the RAF.
Chapter VI: Highly-aligned poly(d-lactic acid) (PLA) fibers were successfully
electrospun by adopting a high-speed rotating wheel. The molecular orientation,
crystallization mechanism and phase structure and transition of the deformed PLA fibers
were investigated through a combination of thermal analysis and wide angle X-ray
scattering to evaluate the confinement that exists in as-spun amorphous and
semicrystalline polymer fibers. A series of calorimetric studies combined with real-time
wide angle X-ray scattering were performed to identify the molecular origin of a post-Tg
exothermic peak. It is found that the shrinkage of the deformed amorphous region with
a degree of orientation acts as a precursor for the polymer crystallization, accelerating the
crystallization to occur at a lower temperature than its cold crystallization temperature.
For the first time, the mesophase fraction consisting of oriented amorphous polymer
chains in electrospun nanofibers was characterized and quantified, and the formation of
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oriented crystal during subsequent heating and evolution of the phase fraction with
temperature were further investigated. The mesophase itself in ES nanofiber cannot
transit into crystal phase of higher packing order directly considering the fact that the
frozen-tension formed in electrospinning has been released upon heating. It will devitrify
from a confined rigid state to a mobile state when the temperature approaches to Tg, by
inducing glassy behavior at temperatures above the bulk Tg.

The mesophase with

preferential orientation that possesses some degree of medium-range order has high
similarity with the concept of rigid amorphous phase which has been widely studied in
thermal analysis area, and for the first time, the correlation between the two was
established. A new phase structure model was proposed for highly-aligned ES PLA
nanofibers.
Chapter VII: Conclusion and future work are given.
Appendix A: The first attempt to characterize the total RAF in polymer
nanocomposite fiber is given in Appendix A. Nanofibrous composite mats were prepared
by electrospinning of poly(trimethylene terephthalate), PTT, with multiwalled carbon
nanotubes (PTT/MWCNT). Trifluoroacetic acid (TFA) and methylene chloride (MC)
with volume ratio of 50/50 is a good solvent for PTT and was used as the electrospining
solution. Scanning electron microscopy was used to investigate the morphology of
electrospun (ES) nanofibers with 0, 0.2, 1.0, or 2.0 wt% of MWCNTs. Crystal structure
of the ES mats was determined from wide angle X-ray diffraction. Thermal properties
were investigated using heat capacity measurements from differential scanning
calorimetry (DSC) using the three-runs method for baseline correction (details will be
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given in Chapters II and III), heat flow amplitude calibration, and sample heat capacity
determination. A model comprising three phases, a mobile amorphous fraction (MAF),
rigid amorphous fraction (RAF), and crystalline fraction (C), is appropriate for ES
PTT/MWCNT fibers.

The phase fractions, Wi (for i = RAF, MAF or C) were

determined by the reversing heat capacity just above glass transition in DSC.
Crystallinity decreases very slightly with the amount of MWCNT.

At the same time, a

large increase in RAF was observed: WRAF of PTT fiber with 2% MWCNT is twice that
of neat PTT fiber.

The addition of MWCNTs enhanced the PTT chain alignment and

increased RAF as a result. Changes of vibrational band absorbance at 1358cm-1 and
1385cm-1, corresponding to gauch and trans groups, were obtained with infrared
spectroscopy.

The increased absorbance at 1358 cm-1 increased and decreased

absorbance at 1385 cm-1, with the addition of MWCNTs, strongly supports the
three-phase model for ES PTT/MWCNT nanocomposites.
Appendix B: Heat capacity of sapphire from literature is provided [96].
Appendix C: Matlab program for heat capacity calculation using three-run method is
given.
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Chapter II Theory of Principal Experimental Approaches

This chapter will introduce two principal material characterization instruments used
in this thesis, which are Wide Angle X-Ray Scattering WAXS and Differential Scanning
Calorimetry DSC. WAXS is a versatile and informative technique to characterize the
structure of materials at the nanoscale. DSC is a thermoanalytical technique which
measures temperatures and heat flows associated with thermal transitions and provides
quantitative information about physical and chemical changes in materials. Both
experimental approaches have been used frequently in this thesis and the relevant theories
will be presented in detail in this chapter.

2.1 X-ray Scattering
2.1.1 Physics of Scattering
The phenomena Scattering refers to the interaction of these waves with atoms in
which the wave is redirected without any change in its wavelength [1]. The wave could
be electromagnetic radiation or come from particles like neutrons or electrons. These
re-emitted wave fields interfere with each other either constructively or destructively
(overlapping waves either add together to produce stronger peaks or subtract from each
other to some degree), producing a diffraction pattern on an electronic detector or film.
The resulting wave interference pattern is the basis of diffraction analysis. In the
electromagnetic spectrum X-rays are to be found between ultraviolet light and high
energy gamma rays, with the wavelength ranging from 0.01 to 10 nm, which is of the
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order of the distances between molecules and hence can provide information about
crystal lattice constants [2, 3].
In the classical description of the scattering process, for the scattering by a single
electron the ratio of magnitude between radiated and incident field of a single electron
could be written as [3]:
( , )

= −[

]

cos 

(2.1)

where, the prefactor in brackets on the right hand side is called Thomson scattering
length, the angle ψ is the angle between incident and scattered beam, R is the distance
between the detector and the electron, k is the absolute value of the wave vector, e is the
elementary charge, c the speed of light, m the mass of the electron, λ the wavelength and

0 the dielectric permittivity of free space, 0=8.85 × 10−12 F/m.
The phase difference, ∆, between a wave that is scattered by a volume element at
the origin and at one scattered point is:
∆( ⃗) = ⃗ − ⃗′ ∙ ⃗ = ⃗ ∙ ⃗

(2.2)

⃗ and ⃗′ are the wave vectors of the incident and the scattered wave, respectively. ⃗ is
called the wave vector transfer as shown in Figure 2.1.
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Figure 2. 1 Illustration of wave vector transfer ⃗ during scattering, showing incident, ⃗,
and scattered, ⃗′, wave vectors.

For elastic scattering, considering the energy conservation,
⃗ = ⃗′

(2.3)

⃗ = 2 ⃗ sin 

(2.4)

2.1.2 Scattering from Crystal Lattice
Based on the Thomson scattering described above, kinematical approximation is
further carried out to obtain the scattering from molecules or crystals.
Recall the knowledge of crystal lattice. A 3D crystal lattice could be specified by a set of
vectors of the form:
⃗=
where

⃗,

⃗+

⃗+

⃗, and ⃗ are the lattice vectors, and
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⃗
,

(2.5)
and

are integers.

When x-rays are scattered from a crystal lattice, the interference is constructive only
in cases where the phase shift is a multiple of 2 , which means the path length difference
between scattered waves by the two adjacent lattice planes is equal to an integer number,
, of the wavelength λ, as shown in Figure 2.2. This formula is known as the Bragg
equation:
=2
Here

=

sin

(2.6)

, and hkl are Miller Indices denoting a family of lattice planes, which is

defined in Chapter 1.

Figure 2.2 Illustration of Bragg’s Law in real space, showing X-ray incident on a set of
atomic planes.

For all values of  that do not satisfy this equation the scattered waves are out of
phase with each other to some degree and no reflection could be observed.
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Conventionally, families of planes within a crystal could be specified using Miller
Indices (h, k, l), which are defined as below. For a given family of planes, the plane
closest to the origin (but not including the origin) has intercepts (a 1/h, a2/k, a 3/l) with
respect to the axes

⃗,

⃗,

⃗ and h, k, l all have integer values. So the d-spacing

between planes could be written as dhkl [2]. For a cubic lattice,
=

(2.7)

√

The scattering amplitude for a crystalline material comprised of atoms could be
written as [3]
⃗ =∑
where

( ⃗)

⃗∙ ⃗

(2.8)

⃗ is the atomic form factor of the atom situated at position ⃗. For any atom,

it can be located by the sum of a vector

⃗, specifying the lattice vector of the unit cell,

and a vector ⃗ labeling its position within the unit cell:
⃗+ ⃗

⃗=

(2.9)

So the scattering amplitude for a crystal could be decomposed into the product of
two terms as:
⃗ =∑

⃗

⃗

⃗

⃗∙

⃗

⃗

=∑

⃗∙ ⃗

∑

⃗

⃗∙ ⃗

(2.10)

The first term is the lattice sum and the second term is the so-called lattice structure
factor from the basis of the molecules. The first term is of enormous importance. Each
of the terms is a complex number, located somewhere on the unit circle.

The

summation of phase factors is of order unity. However if all phases are 2π or a multiple
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thereof, the sum will be equal to the huge number of terms.

Therefore the problem is to

solve:
⃗ ⃗ = 2 ∙ integer
Using the basis vectors ⃗,

⃗,

(2.11)

⃗, all points on the reciprocal lattice could be

described as
⃗ =ℎ ⃗+

⃗+

⃗,

(2.12)

where h, k, l are the Miller indices. Therefore, Eqn(2.12) could be written as
⃗ ⃗ = 2 (ℎ

+

+

)

(2.13)

Only if ⃗ is equal to a reciprocal lattice vector will the non-vanishing scattered
amplitude from a crystallite be measured, and this is the Laue condition for the
observation of X-ray diffraction:
⃗= ⃗

(2.14)

The Laue condition is exactly equivalent to the Bragg’s law for reflection from
atomic planes with the spacing

=2 / ⃗ .

2.1.3 Effect of Orientation on Scattering
If crystallites are randomly oriented, the normals to all possible sets of crystal planes
will be randomly distributed around the direction of the incident X-ray beam, so the
scattering at 2 will form a series of cones of scattered rays and intersect a plane placed
normal to the incident X-ray beam in a circle [2], as shown in Figure 2.3a. If all
crystallites all have one particular crystallographic direction ( for example, the orientation
is parallel to the c-axis), a pair of diffraction spots will be seen which lies at the circle
where Bragg’s Law can only be satisfied as shown in Figure 2.3b.
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Figure 2.3 Schematic of effect of orientation on X-ray scattering pattern. The X-ray
incident beam is directed into the page.

2.1.4 Wide Angle X-ray Scattering
Wide angle X-ray scattering WAXS and small angle X-ray scattering SAXS are two
basic scattering techniques that are widely used in polymer science. In general, WAXS
is used to characterize material with inhomogeneities with size of inter-atomic distances
of 0.04-1 nm which shows diffraction spots at angles greater than 1º; SAXS is used for
materials containing inhomogeneities from 1 to 100 nm which scatters waves into angles
0-2º. The difference of the two in measurements is shown in Figure 2.4. The illustration
of WAXS has been given in Figure 2.2, and that of SAXS is given in Figure 2.5.
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Figure 2.4 Schematic of X-ray scattering experimental transmission geometry.

Figure 2.5 Illustration of SAXS experiment, showing X-ray incident on a stack of three
crystalline lamellae.
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In this thesis, WAXS will be employed as a major experimental approach to
characterizing the phase structure and phase transitions in semicrystalline polymers. In
polymers, WAXS is used in distinguishing between ordered and disordered structures,
identification of crystalline phases and crystal structure (single crystals, fibers), deciding
lattice parameters and size of crystallites.
If polymers are in the non-crystalline glassy or rubbery state, the corresponding 2D
WAXS will give diffuse halos like that shown in Figure 2.6a; if crystallites are present in
isotropic polymers, the diffraction pattern will show sharp rings as shown in Figure 2.6b.

Figure 2.6 2D WAXS pattern for (a) unoriented amorphous polystyrene, and (b)
unoriented well crystallized polyethylene. This figure is taken from Reference [2].

Two-dimensional isotropic pattern could be converted to a one-dimensional pattern
by integrating over 360 (or a smaller azimuth range) as a function of diffraction angle.
Then the crystallinity can be calculated by separating intensity contributions due to
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amorphous and crystalline phases on the diffraction pattern. The weight fraction
crystallinity is given by [3]

 =
where
intensity.

∫
∫

∝

∝

( )
( )

(2.15)

( ) is the coherent scattering intensity from crystals, and ( ) is the total
Usually, it is difficult to obtain

 directly from Eqn(2.15). In practice,

computer aided curve resolving technique is used to separate crystalline and amorphous
phases from the diffraction pattern as shown in Figure 2.7. After the curve fitting,

 could be calculated from the ratio of peak area of the crystalline phase to the total area
of the crystalline and amorphous phases:

 =

(2.16)

This is usually the case for a simple two-phase polymer system comprising
amorphous and crystal phases. If any mesophase exists, the area of the mesophase should
be included within the total area.
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Figure 2.7 Profile analysis of WAXS scan from polyethylene. This figure is taken from
Reference [2].

If crystalline regions inside are preferentially aligned along the fiber axis, but never
perfectly, the diffraction pattern of dots shown in Figure 2.3b will smear out into arcs as
shown in Figure 2.8, which allow computation of the orientation.
The degree of uniaxial orientation of a polymer's chain axis could be described using
Herman-Stein orientation function [2]:
 ,

=
where 

,

(2.17)

is the azimuthal angle between the polymer molecular chain axis (c-axis) and

the fiber axis (Z-axis).

The function takes a value of 1 for a crystalline system with

perfect orientation parallel to the stretch direction, -0.5 for the chain oriented
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perpendicular to the draw direction and 0 for non-oriented isotropic polymer. Note that
this approach works just fine for crystalline planes rotated around the axis of the incident
beam while maintaining the Bragg condition – but any planes that rotate towards or away
from the incident beam and fail to maintain the Bragg condition will not be able to be
detected this way.

Figure 2.8 Examples of effect of orientation on scattering pattern. This figure is taken
from [4]. The brightest ring represents the (110, 200) diffraction.

It is difficult to get the orientation degree directly from 
treatment is used to obtain< cos 

,

,

, so usually Wilchinsky's

> [5, 6]. The unit cell axis a, b and c are

superimposed on orthogonal co-ordinates, X,Y,Z with Z as the draw direction, as shown
in Figure 2.9. e, f, g (cosines of the angles between the vector N(hkl) and the unit cell
axis a, b and c, respectively) and cos 

,

, cos 
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,

, cos  , are the respective set of

direction cosines. < cos 

,

> therefore can be written as the dot product of the two

unit vectors in the Z and in the direction of the normal, N(hkl) to the (hkl) plane:
< cos 
cos 

,

,

>=

cos 

,

< cos 
> +2

,

>+

< cos 

,

< cos 
cos 

,

,

>+

> +2

< cos 

< cos 

,

,

cos 

> +2
,

<

>
(2.18)

Figure 2.9 Wilchinsky's generalized coordinate system for crystal orientation. This figure
is taken from Reference [6]. The dotted triangle represents the plane (h, k, l).

For polymers with low symmetry such as a triclinic crystal structure, up to six
WAXD reflections might be needed to obtain < cos 

,

> according to Eqn(2.18). If

too many reflections are needed, this method is usually discouraged; however, the
number can be reduced by applying appropriate symmetry conditions or using a suitable
strong 00l reflection. For example, considering the pseudo-orthorhombic conformation of
-form crystal of PLLA, the angle between the crystal c-axis and the fiber axis, 
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,

, can

be correlated with those of the angles between the normal vectors of the (200)/(110)
planes (Figure 2.8) and the Z-axis, φ, by:
< cos 

,

>= 1 − 2 < cos

>

(2.19)

and

< cos

>=

∫

( )
∫

(2.20)

( )

where I( ) is the intensity along the Debye–Scherrer ring of (200)/(110) [4].
In polymer fibers, the orientation is more complicated. In general, three angles are
defined to describe the orientation of the fibers and the crystals within the fibers as shown
in Figure 2.10: β is the angle between single fiber axis and rotation direction (or applied
mechanical force direction during electrospinning), describing the macroscopic fiber axis
orientation distribution; γ is the 

in Eqn (2.17), the azimuthal angle between the

,

polymer molecular chain axis (c-axis) and the fiber axis (Z-axis); χ is angle between the
molecular c-axis and rotation direction. The result from Wilchinsky's treatment is the
orientation of crystals with respect to the force direction
the fiber axis orientation distribution
with respect to the axis of the fiber

, which is the convolution of

and the orientation distribution of the crystals

.
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Figure 2.10 Definition of the orientation of the fibers and the crystals within the fibers.
This figure is taken from Reference [7]. Vertical arrow indicates the direction of the
applied mechanical force during electrospinning. Upper left shows two lamellar crystals
inside the fiber.

2.2 Differential Scanning Calorimetry
Thermal analysis is a group of analytical techniques that establish the experimental
data for the variables of state including the total energy, U (J), temperature, T (K),
volume, V (m3), pressure, p(Pa), number of moles, n (mol), and mass, M (kg). The six
most basic thermal analysis techniques are (1) thermometry, (2) differential thermal
analysis, DSC, (3) calorimetry, (4) thermomechanical analysis, TMA, (5) dilatometry,
and (6) thermogravimetry, TGA. Thermometry is the simplest technique of thermal
analysis by which the temperature of bodies is registered. Calorimetry is the most basic
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thermal analysis technique which measures the heat. A dilatometer is an instrument that
measures the length or volume of a substance at constant pressure or stress as a function
of temperature. Thermomechanical analysis, TMA, is the measurement of a specimen’s
dimensions (length or volume) as a function of temperature when it is subjected to a
constant mechanical stress. Thermogravimetry, TGA, measures the mass of a substance
as a function of temperature and time while subjected to a controlled temperature
program [8]. Among these, DSC has been widely used in academic research and
industrial development in the last decades [8]. DSC measures the temperatures and heat
flows associated with transitions in materials as a function of time and temperature to
allow users to obtain quantitative and qualitative information about physical and
chemical changes that involve endothermic (e.g., crystal melting) or exothermic (e.g.,
crystallization) events, or changes in heat capacity.
There are two principal types of DSC: the heat flux DSC and the power
compensation DSC. Sometimes Hyper DSC which is an apparatus for rapid solidification
based on power compensation DSC is distinguished from and the two and listed as a third
type.
In power compensation DSC, the temperatures of the sample and reference are
controlled independently using separate, identical furnaces. The temperature difference
between the sample and reference is maintained to zero by varying the power input to the
two furnaces. This energy is a measure of the enthalpy or heat capacity changes in the
sample relative to the reference [8] .
In heat flux DSC, the sample and reference R (usually an empty sample pan+lid) are
connected by a metal block with high thermal conductivity that ensure a good heat-flow
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path. The sample and reference are enclosed in a single furnace. Enthalpy or heat
capacity changes in the sample cause a difference in its temperature relative to the
reference; the resulting heat flow is small because the sample and reference are in good
thermal contact. The temperature difference is recorded and related to enthalpy change in
the sample using calibration experiments [8].

2.2.1 Physics of DSC

Figure 2.11 Schematic representation of differential scanning calorimeter cell. S stands
for sample, R for reference, and F for furnace. T represents temperature,
conduction path length and F is heat flow across the area A.
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is heat

Figure 2.11 shows a schematic representation of the differential scanning
calorimeter cell. The DSC cell holder contains two identical disk-type calorimeters for
sample (left side, L) and reference (right side, R) containers respectively. The sample and
reference containers are kept at the same temperature. If the steady-state equilibrium is
disturbed by a sample transition, a differential signal in temperature is then generated and
detected which is proportional to the difference between the heat-flow rates flowing to
the sample 

and to the reference  :
∆ = 

−

=− ∆

(2.21)

K is decided by the properties of the heat conduction path between the furnace and
sample. Since a temperature difference ∆

between the sample and the reference is the

primary effect due to a thermal event  , the analytical description of the relation
between the real flow-rate  and the signal ∆ is the principal problem when dealing
with the modeling of DSC.
Zeroth approximation is utilized to simplify the model [9]:
(1) The heat flow is constant;
(2) Only the thermal conductivity between furnace (marked as F in Figure 2.10) and
sample is considered without other thermal interactions;
(3) Only the heat capacity of the sample and reference is taken into account;
(4) No temperature difference exists between sample and probe;
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(5) No heat exchange occurs with the surroundings except the conduction through the
support.
Considering Biot-Fourier’s Law of heat conduction, the magnitude of the heat flux

/ through a certain cross-section A (as shown in Figure 2.11) could be obtained by:


where

= − grad

(2.22)

is the thermal conductivity. Under these assumptions discussed above, heat

flow rate of the sample and reference system could be written as:




where

= (

−

)/

(2.23a)

= (

−

)/

(2.23b)

is heat conduction path length. When a constant (exothermic) heat flow rate
will increase by ∆ . Consequently, the

 is generated, the sample temperature

temperature difference between the furnace and sample
correspondingly, and then 
∆

−

will decrease

decreases. When the system reaches another steady state,

should be equal to  :


=  =− ∆ /

(2.24)

Nothing has changed on the reference side, so the reference will stay the same as
before. Therefore:
∆

=∆

=
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−

(2.25a)

 = ∆

=

−

(2.25b)

Eqn(2.23) thus could be written as:
(

 =−
Notice that ∆

)

=−

∆

=− ∆

(2.26)

and  have opposite signs. K is decided by the properties of the

heat conduction path between the furnace and sample. The method to obtain K will be
given in the following sections.
In the case of steady-state heat flux,

where

 =

(2.27)

 =

(2.28)

is the heating rate, and

and

are the heat capacity of sample and

reference, respectively. Therefore:
∆

=

(

−

)=− 

(2.29)

Eqn(2.29) actually represents the baseline of a steady-state heat-flow. It is used as the
basic equation for determining the heat capacity of the sample

using the three-run

method which will be discussed in detail in Chapter 3. A pair of empty reference pans
will give the heat capacity of the empty pan baseline,
of a known sample, e.g., sapphire,
=(
where 

, and from the heat capacity

K is now determined:

,
−

) /(

is the temperature difference in Eqn(2.29).
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− )

(2.30)

So the unknown heat capacity of the sample is finally written as:
=

−(

−

)( −  )/(

− )

(2.31)

2.2.2 Modeling of Standard DSC Mode
In this section, the conventional operating mode of DSC is introduced, which is
known as standard DSC.

The basic analytical description of this mode could be

obtained based on the first approximation.

In this mode, DSC is operated at a constant

heating rate, and the temperature gradient within the sample and reference calorimeter is
negligible [8, 10]. So Eqn(2.27a) now is:

 =

(2.32a)

 =

(2.32b)

Considering

 =
 =

= (

−

)

(2.33a)

=

−

)

(2.33a)

(

we will have:
−

=( )

(2.34a)

−

=( )

(2.34a)

Therefore,
77

 =

−

=

Here we used

d
−
d

=

−

≈

Remember that

1+

and

d
≈
d

d∆ + d
d

−

∆

=

(2.35)

1+

∆

.

here has two contributions: one is from the sample Cp, the other

is from the cell (usually pan plus lid) from sample encapsulation. If the cells used for
sample and reference are equal with the same heat capacity of

,

Eqn(2.35) could be

]

(2.36)

written as:
C =−

∆

− −

∆

+

[

∆
(

∆

)

The term in the brackets is usually very small in practical measurement, and is usually
omitted [8, 10]. So Eqn(2.36) could be approximated as:

C =−

where

∆

=−



(2.37)

′ is the appropriately changed calibration obtained from running a standard

material such as sapphire, and  is the differential heat flow into or out of the sample
and reference.
2.2.3 Modeling of Temperature-Modulated DSC Mode
The essential idea of TMDSC is to apply a sinusoidal variation of temperature
superimposed on the linear temperature ramp (see Figure 2.12), which can be used to
separate the total heat flow into reversing (containing heat capacity related events such
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as the glass transition) and nonreversing

(containing kinetic events such as

crystallization, crystal perfection and reorganization, cure, and decomposition)
components. The reversing flow represents the portion which responds in phase to the
temperature modulation, and the non-reversing heat flow, which represents the out of
phase component to temperature modulation, is the difference between the total heat flow
and the reversing heat flow. The main application of this mode is to obtain the total,
reversing, and non-reversing heat flow rates within one single measurement. The
advantages related to temperature modulation are an increased sensitivity to small
transitions and the possibility of evaluating the material’s heat capacity. The precision of
the heat capacity measurement could be increased by a factor of 10 if appropriate
calibration is adopted.
There are several approaches to model the heat capacity in TMDSC mode. One
major method is to get the complex heat capacity with storage heat capacity as the real
part and loss heat capacity as the imaginary part using linear response theory [11-13].
Another major treatment is to separate the measured data into reversing and
non-reversing components [14, 15].

In this chapter, we will follow the approach of

Wunderlich, et al. to interpret the data of the TMDSC measurement [16].
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Figure 2.12 Temperature vs. time for standard DSC (solid line) and TMDSC (dashed
line), in the heat-only condition.

When DSC reaches a steady state, the temperature of the furnace, sample, and
reference are given by [8]:
=

=

=

where
reference,

+

+

+

+

−

−

is the initial temperature,

sin( − )

(2.38a)

+

sin( − )

(2.38b)

+

sin( − )

(2.38c)

and

are the heat capacity of the sample and

is the Newton’s Law constant with unit of J/sec·K.
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designates the

temperature oscillation amplitude

for furnace (F), sample (S) and reference (R),
and  are the corresponding phase shifts,

respectively; ω is the oscillation frequency;
and q is the underlying

heating rate. The illustration of temperature vs. time for

standard DSC (solid line) and TMDSC (dashed line) is shown in Figure 2.12.

Figure 2.13 Illustration of average temperature and modulated temperature (inset plot) vs.
time for QI TMDSC.

In quasi-isothermal TMDSC mode,

= 0. Figure 2.13 shows the illustration of

temperature and modulated temperature vs. time in QI TMDSC cooling.
Then Eqn(2.38b) could be written as:
−

=

sin( − ) =

[cos sin  − sin cos

81

]

(2.39)

Eqn(2.39) could be also written in a complex phase format by using sin − cos
−

=

:
−

(

=

)

(2.40)

Therefore the temperature difference between the sample and reference is:

 =
where

= −

−

=

is the phase angle, and

∆

(

∆

)

(2.41)

is the maximum amplitude.

Inserting Eqn(2.40) and (2.41) into Eqn(2.35), we get:

∆

(

)

(

Considering

(

)

=

)



(

∆

=−

(

)

)

+

−



∆

(

)

(

)

(2.42)

(2.43)

= 1, then

∆

(

)

+

∆

(

)

=1

(2.44)

′

(2.45)

Eqn(2.44) is changed to an equation for heat capacity:

|

where A

−

|=

∆



+

=

is modulated heat flow amplitude, A is modulated temperature amplitude,

and K′ is the calibration factor at the given conditions of the measurement. C here
still has two contributions: one is from the sample Cp, and the other is from the pan and
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lid from sample encapsulation. If the pan and lid used for sample and reference are equal
with the same heat capacity of

, the heat capacity of the sample inside the pan is:
=

′

(2.45)

Note that the term “reversing” is used for CP since it may include enthalpy changes
due to slow evolution or absorption of latent heat and the true thermodynamic
reversibility has not been established [17, 18].
For

≠ 0 in TMDSC, the differential equation of Newton’s Law of cooling is:

= [

+

sin

−

]

(2.46)

The solution to this equation is:

=

−

1−

+

(

[

)

sin

Steady state can be reached after sufficient time,

−

cos

≫

/

+

]

(2.47)

, and then Eqn(2.47) can be

reduced to:

=

−

Division of Eqn(2.48) by

+

(

=

sin

gives the expression for

(

−

[

)

−

+

(

−

−

cos

]

(2.48)

:

)

[

)
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sin

−

cos

]

(2.49)

Both

and
=

and

can be obtained from Eqn(2.49).

This set of equations for

=

represents the basic equations for calorimetry by heat flow. The first two

terms on the right are the temperature lag due to heat capacity and heating rate in a
linearly heated calorimeter. The last term represents the modulation effect.
A phase angle is introduced to further reduce Eqn(2.49).
= arcsin

(2.50a)
(

)

(

)

 = arcsin

where

(2.50b)

and  are defined as the phase angle for sample and reference, respectively. So

Eqn(2.49) could finally be written as:
−

=

−

+

sin(

− )

(2.51a)

−

=

−

+

sin(

− )

(2.51b)

The derivation could be carried out using the same method as Eqn(2.38).
In this thesis, quasi-isothermal TMDSC will be used in chapter V to obtain the heat
capacity of PTT during QI cooling and subsequent reheating and in Chapter IV to obtain
that of PET/silica fiber during QI heating after isothermal cold crystallization. TMDSC
will be used in Chapter V to quantify the heat capacity step of PET at Tg to minimize the
interference of other thermal events. Standard DSC will be used to obtain the heat flow
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and specific heat capacity of PTT electrospun fibers with carbon nanotubes in Appendix
A and the heat flow rate of highly-aligned PLA fiber in Chapter VI.
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Chapter III Background of Materials and Experimental Approaches

In this chapter, the background of the material systems used is presented.
Experimental setup and the following data analysis are described, and the relevant
experimental details are also provided. The experimental approaches include wide angle
X-ray scattering, WAXS; small angle X-ray scattering, SAXS; Differential Scanning
Calorimetry, DSC; Electrospinning, ES; Scanning Electron Microscopy, SEM;
Transmission Electron Microscopy, TEM, and Fourier Transform Infrared Spectroscopy,
FTIR.

Real-time WAXS and SAXS were performed in transmission mode at

Brookhaven National Laboratory’s National Synchrotron Light Source at the X27C beam
line. DSC and ES were conducted in Tufts Polymer Lab. SEM and TEM were performed
at Center for Nanoscale Systems, Harvard University. FTIR was carried out in Tufts
facility at Room 221, Science & Technology Center.
3.1 Background of Material System
3.1.1 PTT
Poly(trimethylene terephthalate) (PTT) is a semicrystalline polymer attracting
commercial interest and belonging to the homologous series of aromatic polyesters with
poly(ethylene terephthalate) PET and poly(butylene terephthalate) (PBT) [1]. This family
of polymers has the structural formula [2] as shown in Figure 3.1:
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Figure 3.1 Structural formula of the family containing PET (m=2), PTT (m=3) and PBT
(m=4).
It is known that the physical properties of PTT (m=3) are different from those of PET
(m=2) and PBT (m=4), which is controlled by odd-numbered methylenes in the polymer
chains. Fibers made from PTT have better resilience and elastic recovery compared to
PET and PBT[3] and equal or better than nylon 6 and nylon 66. As a promising material
for engineering plastic and textile fiber, PTT fibers may be widely used in garments
requiring good resilience and substituted for nylons in carpets and other floor
coverings[3].
The semicrystalline PTT possesses a glass transition temperature of 331 K, and the
melting endotherm of semicrystalline samples occurs between 480 and 505 K, with a
typical onset temperature of 489 K [1]. For 100% crystalline PTT, the heat of fusion is
estimated to be 30±2 kJ/mol [1].

3.1.2 PET
Poly(ethylene terephthalate) (PET), is a commercially successful semicrystalline
polymer that has found wide applications as either fibers or films [4, 5].

It has been

used in packaging, electrical, automotive, tissue engineering and construction industries
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due to its excellent chemical resistance, barrier and mechanical properties, thermal
stability, melt mobility, and spinnability [6-8].
The chemical structure of PET is shown in Figure 3.1 with m=2. The glass transition
temperature of PET is about 343 K and the melting peak of PET is located at around 523
K. PET is a typical semicrystalline polymer with a comparatively large amount of rigid
amorphous fraction, RAF. It has been reported that RAF in semicrystalline PET
homopolymer films could range from 11% to as high as 44% depending on different
thermal treatment [7, 9].
PET composites with nano-size inorganic particles, such as carbon nanotubes [6],
nanoclays [10], and gold nano-wires [11], have also received great attention recently.
Compared to neat PET, the PET nanocomposites are reported not only to possess
improved physical properties such as mechanical properties and thermal properties of the
material, but also to exhibit some unique high performance, such as fire retardence,
solvent and heat resistance, wetability and dyeability, depending on type and content of
nanoparticles used [8, 12-15].
3.1.3 PLA
Polylactide

(PLA) has been one of the most promising candidates as a

biodegradable and biocompatible polymer due to its good thermal, mechanical, and
fabrication properties, widely used in implantable medical devices and environmentally
friendly applications[16, 17]. The chemical formula of PLA is shown in Figure 3.2.
PLA is derived from sustainable and renewable resources that are rich in starch or
sugar (e.g. corn or sugarcane), and its L- and D-lactic acid monomers (as shown in
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Figure 3.3) are obtained from saccharides through bacterial fermentation [18].
Systematic incorporation of D-lactyl moieties in the PLA backbone can significantly
change the physical properties, morphology, and morphological development, such as
crystallization, orientation, or physical aging. In PLLA/PDLA block copolymer, the
increase of D-content in L-PLA will result in less crystallization. It is reported that PLA
becomes totally non-crystallizable at 15% D-content[18].

Figure 3.2 Chemical structure of polylactide from reference [18].

Figure 3.3 Chemical Structure of L and D-lactic acid from reference [18].
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The equilibrium melting temperature, Tmo, for the L-structure is from 480 to 490
K and it is higher for the regular stereocomplex DL-structure within a range of 493-503
K [19]. The heat of fusion for 100% crystalline was reported to be between 6.55 and 10.2
kJ/mol for L-PLA and the stereocomplex respectively. The Tg of fully amorphous PLA is
ca. 330 K with variations depending on the thermal treatment and stereo specificities [19,
20].
3.1.4 Carbon Nanotube
Carbon nanotubes (CNT) were first intentionally synthesized and identified by Iijima
in 1991 [21]. Two of the main types of nanotubes available today are single walled
carbon nanotube and multiwalled carbon nanotube. Single walled nanotubes (SWCNT)
consist of a single sheet of graphene rolled seamlessly to form a cylinder with diameter of
order of 1 nm and length of up to centimeters [22]. Multi-walled nanotubes (MWCNT)
consist of an array of such cylinders formed concentrically and separated by a distance of
0.35 nm. The diameter of MWCNTs can range from 2 to 100 nm, with lengths as high
as hundreds of microns [23]. The structure of SWCNTs and MWCNTs are shown in
Figure 3.4.
Due to the high flexibility, low density, and large aspect ratio (typically ca.
300-1000), CNTs have a unique combination of mechanical, electrical, and thermal
properties that make them excellent candidates for many potential applications as
polymer reinforcements for composites instead of the conventional nanofillers or
breakthrough materials for energy storage, electronics and catalysis [24, 25].
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Figure 3.4 Structure of (a) SWCNTs (armchair), (b) MWCNTs from reference [26].

3.1.5 Silica
Nanosized fumed silica is a non-crystalline, fine-grain, low density and high surface
area inorganic filler. The SEM image of nanosized silica with a diameter of 60 nm is
shown in Figure 3.5.

Nano fumed silica has been widely used in industry as a

rheological additives and a useful reinforcement of thermosetting polymer, especially the
silicone elastomers. If the fumed silicas have similar hydrophobic/hydrophilic properties
to polymer matrix, they would be more effectively dispersed and wetted with matrix [27].
The interaction between silica additive and polymer matrix has been reported to have
either significant or novel enhancement effect on the thermal properties, mechanical
performance, and thermodynamic behavior. This interaction depends on the content and
surface treatment of the inorganic additives as well as the nature of the polymeric matrix.
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Figure 3.5 SEM image of nanosized silica with a diameter of 60 nm from reference [28].
In many practices of using multi-scale silica particles as functional fillers, it was
found that, if the silica surface is rich in hydroxyl groups, they can easily form chain-like
structure through different hydrogen bonds and/or 3D net-like structure or aggregated
particles. So, silica particle surface needs covering with some organic compounds,
oligomer or polymers in order to improve their dispersion behavior [29], which will be
further discussed in Chapter IV in detail
3.1.6 Graphene
Graphene, one- or several-atom-thick thin two-dimensional sheets of carbon, has
emerged as the subject of enormous interest because of its exceptional micromechanical
and electron transport properties [30-32]. The structure of graphene and its application in
building other carbon materials is shown in Figure 3.6. One effective route to utilize the
exceptional properties of graphene would be to incorporate graphene sheets in a polymer
composite material. Researchers have demonstrated that improved physical properties
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including Young’s Modulus, toughness, tensile strength, gas barrier and conductivity can
be achieved in polymeric matrices through dispersion and orientation of graphene [32,
33].

Figure 3.6 Structure of graphene as a 2D building material for carbon materials of all
other dimensionalities, which could be wrapped up into 0D buckyballs (a), rolled into 1D
nanotubes (b) or stacked into 3D graphite (c). The figure is from reference [31].
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3.2 Electrospinning
Electrospinning is a highly versatile process that can produce continuous polymer
fibers with diameters ranging from a few micrometers to a few nanometers, through the
application of an external electric field imposed on a polymer solution or melt. It has
been used to create drug delivery vehicles, protective clothing, and artificial blood vessels,
and in tissue engineering scaffolds, filtration, optoelectronics, and sensor technology
[34-37].

Figure 3.7 Sketch of electrospinning setup.
A typical electrospinning setup is shown in Figure 3.7, including a high voltage
power supply, a syringe pump, a syringe with needle, and a grounded collector. The
morphology and diameter of electrospun fibers are controlled by several processing
parameters including the intrinsic properties of polymer solution (the viscosity, elasticity,
electrical conductivity, the polarity and surface tension et al.), the operation condition
(applied voltage, working distance, collector type, flow rate of solution et al.) as well as
the environment ( temperature and humidity of the surroundings) [34-36]. By adopting
the appropriate solution properties and processing conditions which can be preliminarily
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determined using Eqn (1.8) and (1.9) in Chapter 1, electrospun fibers with highly regular
diameters and smooth surfaces could be obtained.

Generally, a working condition

including a voltage range of 12-20 kV, solution concentration of 10-20%, work distance
around 15cm and feeding rate of 1-2 ml/hr is recommended in order to achieve smooth
and uniform fibers. If the solution keeps flowing out of the tip but no fiber could be
seen falling on the collector, either the voltage or the solution concentration should be
increased. If the syringe needle gets clogged every few minutes by the solidified polymer,
the solution concentration should be decreased.
In this thesis, four electrospun polymer/filler nanocomposite fiber system were
produced
(1) PTT/MWCNT nanocomposite fiber
Trifluoroacetic acid (TFA) from Alfa Aesar and methylene chloride (MC) from
J.T.Baker with 50/50 volume ratio were used to prepare the polymer solution at a
concentration of 15 wt% for electrospinning. MWCNTs were purchased from MER
Corporation. The diameter of the MWCNT is about 140 nm, while the lengths range from
5 mm to 9 mm. MWCNTs were dispersed in TFA/MC, and sonicated 24 h to minimize
possible agglomerates. Then PTT pellets (weight-average molecular weight: 78,100 Da)
were dissolved into the mix and sonicated overnight. All the mixture steps were carried
out at room temperature. Then PTT/MWCNT solutions were prepared to obtain specific
weight ratios of MWCNT to PTT: 0, 0.2, 1.0 and 2.0 wt%. The solution was loaded into a
0.55 mm inner diameter glass syringe with a copper needle electrode (12 gauge: 2.053
mm) inside, at a working distance of 10 cm from the collector.
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A high voltage power

supply from Gamma High Voltage Research Inc., model No. ES30P-5w, was used to
produce an applied voltage of 15 kV. As-spun fibers were dried in a vacuum oven for 24
h at room temperature. Samples were heated in a Mettler FP 90 hot stage for 16 hours
at 120°C to effect cold crystallization.
(2) PET/silica nanocomposite fiber
Hexafluoro-isopropanol (HFIP) was used as a good solvent to prepare the polymer
solution at a concentration of 15 wt% for electrospinning. SiO2 powders obtained from
Aldrich with a diameter of 16 nm were dispersed in HFIP and sonicated 24 h to minimize
possible agglomerates. The PET films were obtained from the former Allied Signal Corp.,
with intrinsic viscosity of 0.92 dl/g, measured in 60/40 phenol/trichloroethylene solution
and a molecular weight of 25,000 g/mol calculated from the Mark–Houwink equation
with a = 0.640 and K=14×10−4 dl/g. Then PET were dissolved in HFIP and sonicated
overnight. PET/SiO2 solutions were prepared to obtain specific weight ratios of SiO2 to
PET: 0, 0.5, 1.0 and 2.0 wt%. A high voltage power supply from Gamma High Voltage
Research Inc., (model number ES30P-5w) was used to produce an applied voltage of 15
kV.

The solution was loaded into an inclined 0.55 mm inner diameter glass syringe

with a copper needle electrode (12 gauge: 2.053 mm) inside, at a working distance of 15
cm from the collector. The grounded collector was covered by aluminum foil and
rotated at a velocity of 4 /min. The recovered as-spun fibers were then immersed in
methanol for 2 hours in order to remove any residual HFIP and then dried in a vacuum
oven for 24 h at room temperature.
(3) PLA/MWCNT nanocomposite fiber
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Dimethylformamide (DMF) and chloroform with a volume ratio of 1:3 were used as
solution for electrospinning. The electrospinning solution was prepared as following:
PLA 2002D pellets obtained NatureWorks were dissolved in chloroform for 3 h at room
temperature without stirring. MWCNTs were purchased from MER Corporation.
MWCNTs were sonicated in DMF for 1 h to obtain good dispersion. MWCNT
suspension was then transferred to the PLA solution and stirred vigorously for 4 h. The
required amount of PLA was calculated to get a weight-volume ratio of 10%. The
specific weight ratio of MWCNT to PLA is 1.0%, 2.0% percent. A high voltage power
supply from Gamma High Voltage Research Inc., model No. ES30P-5w, was used to
produce an applied voltage of 20 kV. The solution was loaded into an inclined 0.55 mm
inner diameter glass syringe with a copper needle electrode inside, at a working distance
of 15 cm from the collector. The grounded collector was covered by aluminum foil and
rotated at a velocity of 4

/min. As-spun fibers were then dried in a vacuum oven for

24 h at room temperature.
(4) PLA/graphene nanocomposite fiber
Dimethylformamide (DMF) and chloroform with a volume ratio of 1:3 were used as
solution for electrospinning. The electrospinning solution was prepared as following:
PLA 2002D pellets (4% D-lactide, 96% L-lactide content, molecular weight 121,400
g/mol, MFR 6.4 g/10 min) obtained NatureWorks were dissolved in chloroform for 3 h at
room temperature without stirring. Multi-layered graphene powders obtained from
Graphene Supermarket with a thickness of 50 nm were sonicated in DMF for 1 h to
obtain good dispersion and then stirred for overnight. Then the suspension was
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transferred to the PLA solution and stirred vigorously for 4 h. The required amount of
PLA was calculated to get a weight-volume ratio of 10%. The specific weight ratio of
graphene to PLA is 0.1%, 0.2% and 1.0%.
The solution was loaded into a syringe with a 16G needle (inner diameter: 1.194
mm), at a working distance of 11 cm from the collector. A multi-speed syringe pump was
used to feed the polymer solution into the needle tip, and the feed rate of the syringe
pump was fixed at 0.03 ml/min. A plastic rotating disc covered by conductive copper tape
was used as the fiber collector. The disc was connected to a DC motor with a rotating
speed as high as 3200 rpm. In this study, 1000 rpm, 1500 rpm and 2000 rpm were used
with the fibers aligning in the rotation direction. To provide the required charge, a high
voltage power supply from Gamma High Voltage Research Inc. (model No. ES30P-5w)
was used to produce an applied voltage varying from 0 to 30 kV. All as-spun fibers
were then dried in a vacuum oven for 24 h at room temperature.

3.3 Scanning Electron Microscopy (SEM) & Transmission Electron Microscopy
(TEM)
Morphology of electrospun fibers was examined using an Zeiss Ultra 55 SEM at
Harvard University, Center for Nanoscale Systems. Samples were fixed to the SEM
holder by conducting carbon tape, and were sputter coated with gold/platinum by plasma
deposition. TEM images of PET/silica and PLA/graphene electrospun nanocomposite
fibers were observed using a JEOL 2100 TEM at Harvard University, Center for
Nanoscale Systems. An accelerating voltage 120 kV was applied with current around
100

108 A. Samples were magnified by 2 k to 20 k times and images were captured by a
CCD sensor with scanning speed about 1 min/picture. For TEM observation, sample was
directly electrospun onto the copper grid.
The brief description of the standard SEM operation is:
1.

Mount samples to stubs using double stick carbon tape (Sputter coating the sample
surface for 60 s for homopolymer fiber mats or fiber with non-electrical conductive
fillers and 40 s for fiber with electrical conductive fillers). If the melting point of the
material is relatively low, e. g. 140, a shorter exposure time, e. g. 20 s, should be
adopted, and the sputter coating process can be repeated to obtain the required
coating thickness.

2.

Load the sample holder.

3.

Load the software SmartSEM.

4.

Vent the SEM.

5.

Place the sample holder on the stage.

6.

Close the chamber door and pump down.

7.

Using the joystick or stage navigation move the stage so that the sample could be
seen under the objective lens.

8.

Set target EHT (Extra High Tension) and turn on EHT.

9.

Acquire an image: Start out with secondary electron 2 (SE2) detector, turn down the
magnification to a low value (100x or so), and go to a fast scanning speed (2); bring
the image into focus.
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The brief description of the standard TEM operation is [38]:
10. Fill the reservoir with liquid nitrogen.
11. Raise HT to 200 kV. (For fiber sample, 120 kV is adopted.)
12. Insert the specimen holder into TEM.
13. Generate electron beam by clicking Filament ON.
14. Insert the largest condenser aperture into the column, center it and correct for
astigmatism.
15. Adjust eucentric height by clicking STD FOCUS button.
16. Turn the gun shift to spot size 1 and condenser shift to spot size 5.
17. Adjust condenser lens deflection coils by adjusting Tilt X and Y and shift X and Y.
18. Center voltage axis by clicking WOBBLE.
19. Correct for objective lens astigmatism.
20. Take digital images.
3.4 Fourier Transform Infrared Spectroscopy (FTIR)
Fourier Transform Infrared Spectroscopy (FTIR) is a powerful materials analysis and
characterization technique for identifying types of chemical bonds in a molecule through
producing an infrared absorption spectrum. This technique measures the range of
wavelengths absorbed by a material in the infrared region. These infrared absorption
bands could be used to identify the molecular components and structures as a fingerprint
of a sample with absorption peaks corresponding to vibration-rotation transitions
associated with covalent bonds [39-41].
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The typical setup of an FTIR spectrometer is shown in Figure 3.8, which is consisted
of an infrared light source, a laser, an interferometer, the sample, and a detector [39-41].
The light source and the laser provide the polychromatic light in the infrared region and
stable monochromatic light respectively. The infrared energy is emitted from a glowing
black-body source, and passes through a control aperture. Then the beam enters the
interferometer, the heart of FTIR, which includes a beam splitter, a fixed mirror, and a
moving mirror (as shown in Figure 3.9), and the “spectral encoding” will take place. The
resulting interferogram signal then exits the interferometer and arrives at the sample.
When the beam enters the sample cell, it is transmitted through or reflected off of the
surface of the sample, depending on the type of measurement. The specific frequencies of
energy are absorbed. The detector received the final special interferogram signal, which
is digitized and sent to the computer to conduct Fourier transformation [39-41].

Figure 3.8 A typical setup of an FTIR spectrometer.
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Figure 3.9 Typical FTIR interferometer.

A JASCO 6200 spectrometer in attenuated total reflection (ATR) mode was used to
collect FTIR absorbance spectra. The representation of sample stage setup of ATR mode
is show in Figure 3.10.

For each sample, 64 scans were co-added with a resolution of

4 cm-1 in the wave number region of 500-5000 cm-1.
the curves through Fourier self-deconvolution.
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JASCO software was used to fit

Figure 3.10 A drawn representation of ATR mode in FTIR.

Fourier self-deconvolution (FSD) is a signal-processing tool for infrared spectral
analysis. It allows resolution of a band contour comprising several overlapped bands. The
aim of this operation is to enhance the resolution of a spectrum or to narrow the width of
spectrum bands. This process can be found as part of the analysis software in most
commercial FTIR spectrometers.

3.5 Wide Angle X-ray Scattering (WAXS)
Two dimensional wide angle X-ray diffractometry was used to identify and quantify
the phase structure and phase transition in the polymer and nanocomposite samples,
particularly for the characterization of the molecular orientation of amorphous and
crystalline phase in oriented polymer samples. Room-temperature and real-time WAXS
vs. temperature were performed in transmission mode at Brookhaven National
Laboratory’s National Synchrotron Light Source at the X27C beam line. The instrument
setup is shown in Figure 3.11. The x-ray wavelength, λ, was 0.1371 nm and the
scattering vector, q, (where q = 4πsinθ/λ, for θ the half-scattering angle) was calibrated
using an aluminum oxide standard. A MAR CCD X-ray detector (MAR-USA) with a
resolution of 1024 x 1024 pixels (pixel size =0.158 mm) was employed for detection of
2D-WAXS images. WAXS data were also collected in our laboratory using a Bruker
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AXS with scattering angle 2θ from 5° to 30° at wavelength λ=0.1542 nm. A Mettler
FP90 hot stage is employed to control the test temperature.

Figure 3.11 Experimental setup of wide angle X-ray scattering and small angle X-ray
scattering at X27C, BNL. The position of the detector varies depending on whether
SAXS or WAXS is conducted.

For PTT, samples after QI cooling were heated inside hot stage and the X-ray beam
passed through the viewing port of the hot stage. The sample-to-detector distance for
WAXS was 132.7 mm. Intensity was accumulated every 45 seconds as the sample was
heated from 303 K to 451 K at a rate of 10 °C/min and then cooled from 451 K to room
temperature at the same cooling rate.
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Two-dimensional isotropic patterns were converted to a one-dimensional patterns by
integrating over a sector if needed. Software FIT2D was used to interpret the diffraction
pattern and convert the 2-D patterns into 1-D patterns.
Here are several tips on using FIT2D to analyze 2D WAXS data:
1. A scaled subtraction factor allows fine tuning the background subtraction, especially in
real time X-ray scattering. Start with 1 first. If the background scan was taken before the
sample, try a value less than 1, and if the background was taken after the sample, try a
value slight bigger than 1.
2. FIT2D does not have the function to integrate over a sector directly. Two approaches
could be used to obtain the integration:
(1) Integration with Cake: By setting azimuthal bins to 1, a single 1-D radial 2-Theta or
Q-space scan can be obtained which is integrated over a sector whose angular width is
given by the azimuth parameters. This way problematic regions (edges, bad spots) can be
better avoided than using INTEGRATE [42].
(2) Integration with Projection: Integrate rectangular region to 1-D scan. This uses the
beam center and a user input coordinate to define an integration line. A second user input
coordinate defines the width of the integration region. Pixels within this region are
effectively “collapsed” onto the integration line, and then re-binned to the required 1-D
output scan [42].

107

4. By setting the number of radial bins to 1, and selecting the ''cake'' as a sector with
specific radial values, an integration of intensity versus azimuth may be obtained. This is
very useful for texture analysis [42].
4. When exporting the data file, the format CHI is strongly recommended, because CHI
files can be read directly in Matlab.

3.6 Small Angle X-ray Scattering (SAXS)
Real-time small angle X-ray scattering was also performed at Brookhaven National
Laboratory’s National Synchrotron Light Source at the X27C beam line. Intensity was
collected using the same MAR CCD X-ray detector (MAR-USA) as in WAXS
experiments with a variation in distance between detector and sample as shown in Figure
3.11. The scattering vector q was calibrated using silver behenate. For real-time tests, the
sample was heated inside a Mettler FP90 hot stage, and the X-ray beam passed through
the viewing port of the hot stage.
depending on the material under test.

Intensity was accumulated for different period
After preliminary corrections and smooth to

eliminate statistically random noise, the final corrected intensity, Icorr(q), could be
obtained. Behind the beam stop, the intensity Icorr(q) was linearly extrapolated to zero at
q=0, and extrapolation to high q was performed using Porod’s Law, which predicts that
the fall off in the intensity should go as 1/q -4.

The Bragg long period (LB) was

determined from the position of the peak in the Lorentz-corrected SAXS intensity
Icorr(q)q 2 vs. q, and the lamellar thickness d could be determined from the self-correlation
triangle [43].
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3.7 Differential Scanning Calorimetry (DSC)
Thermal analysis studies were carried out using a TA Instruments temperature
modulated DSC (TA Q100). The sketch of DSC is shown in Figure 3.12. It consists of
a DSC cell, AutoLid (automatic arm and lid assembly), Refrigerated Cooling System
(RCS) and nitrogen gas purge system [44]. The instrument was calibrated with indium for
the heat flow and temperature, while the heat capacity was evaluated using sapphire
standard.

The DSC Tzero* calibration suggested by TA Instruments was applied.

Nitrogen gas was purged into the DSC cell at a flow of 50 mL/min.
Table 3.1 Maximum cooling rate for DSC Q100 with RCS in different temperature range
Temperature Range (C)

Maximum Cooling Rate (C/min)

400 ~~ 100

40

100 ~~ 25

25

25~~ -70

4

-70 ~~ -90

2
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Figure 3.12 Experimental setup of DSC Q100.

For the RCS in Q100, the available testing temperature range is -80 C to 400 C,
and the maximum cooling rate depends on the temperature ramp range, which is listed in
Table 3.1:
Three modes were adopted in the study, standard mode, temperature-modulated
mode and quasi-isothermal temperature modulated mode.
Standard DSC scans on cooling and heating were carried out at fixed heating rate
ranging from 1 C/min up to 30 C/min. A typical procedure for standard heating from
-20 C to 300 C at a heating rate of 5 C/min is:
Step 1: Equilibrate at -20 C;
Step 2: Isothermal for 5 min;
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Step 3: Ramp at 5 C/min to 300 C.
For a cold isothermal crystallization scan, the temperature will be set at one
particular temperature, and the procedure for isothermal holding at 120 C for 120 min is:
Step1: Equilibrate at 120 C;
Step 2: Hold isothermally for 120 min.
For standard DSC, the heat capacity could be written as
mCp = K'Φ/q

(3.1)

if the weight of aluminum pan and lid for sample is equal to that of the reference, where
K' is the temperature-dependent calibration constant for heat flow rate due to the
deviation of measured heat flow rate to the real heat flow rate, which is independent of
measured sample. Considering the baseline of the instrument (empty the cell) is not zero,
the heat capacity in the real system can be represented by
mCp = K'(Φmea-Φbase)/q

(3.2)

where Φmea is the measured heat flow rate and Φbase is the baseline of the instrument.
Therefore to get the precise specific heat capacity of the sample, a three-run method is
adopted. The first run is empty Al sample pan vs. empty Al reference pan to obtain
baseline correction. The second run is sapphire standard vs. empty Al reference pan to
calibrate heat flow amplitude. The third run is sample vs. the empty reference pan.
The sample mass was kept around 8 mg. The Al reference pan is equal to the sample
pan with an error ±0.01 mg.
A wider testing temperature region is always better than just running the sample
within the narrow region you are interested in.
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It can provide more stable signals,

especially in the lowest and highest temperature region. As for the heating rate, 2 and 5
K/min are recommended for an unknown sample.

Some thermal events might be

neglected if a heating rate higher than 10 K/min is used. If the heat flow data shows
small oscillation, or an unexpected exothermic or endothermic peak appears, it is
recommended to put the sample in the vacuum oven to further remove the solvent, and
clean the DSC cell by raising the temperature to 550 C for 20 min . For fiber or other
fluffy material, a good contact between material and aluminum pan and lid is required to
produce smooth signals. For high-precision measurement, the lid and pan need to be
rinsed in methanol to remove grease.
In the temperature modulated mode, a modulation is added to the fixed heating rate,
so the contribution of the total, reversing, and non-reversing heat flow rates could be
distinguished as individual output. Compared to the standard DSC mode, the procedure
for a typical temperature modulated DSC scan will be:
Step 1: Equilibrate at -20 C;
Step 2: Modulate ±0.796 °C every 60 s
Step 3: Isothermal for 5 min;
Step 4: Ramp at 5 C/min to 300 C.
The amplitude of the modulation will vary depending on both the period and
heating/cooling rate. The three-run method is also used to get the specific total and
reversing heat capacity. The heat capacity of sapphire and the matlab program
Cpcomputation.m are given in Appendix B and C respectively.
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In the quasi-isothermal mode, quasi-isothermal cooling and heating tests were
performed with temperature modulation amplitude of 0.5 K and period, p = 60 s. The
temperature increases or decreases with a step of 2-5 K, depending on the change
anticipated in the sample response.

The sample was held for 20 minutes at each

temperature, during which the first 10 min was ignored and only data of the last 10 min
were collected. Previous work demonstrated that 20 min holding time at each step was
sufficient for the calorimeter to approach steady state conditions for PTT samples [1].
The reference Al pan is slightly lighter than the sample Al pan for all measurements in
the three runs to offset the asymmetry of the system [45].
Figure 3.13 (curves a-d) show heat capacity vs. log(time) during quasi-isothermal
melt crystallization of PTT carried out at: (a) 363 K for 10 h, (b) 403 K for 6 h (c) 413 K
for 5 h (d) 460 K for 4 h. A fresh sample was used for each temperature to prevent
possible degradation. The samples were heated to 553 K first and held 5 minutes to
remove prior thermal history, and then jumped to the desired Tc at which time they
underwent a quasi-isothermal treatment with modulation amplitude 0.5 K, and oscillation
period 60 s. Less than 1.0% decrease of heat capacity was measured during the long
period of QI oscillation for all samples.

This variation is within our experimental

accuracy limit on the heat capacity (±1%, based on comparison with PTT data in the
ATHAS data bank), indicating a steady state is achieved.
When conducting QI TMDSC tests, the establishment of a steady state should be
checked by plotting Modulated Heat Flow vs. Modulated Temperature, the result of
which should be a perfect ellipse [45]. Besides, the signal of Modulated Temperature and
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Modulated Heat Flow vs. Time should both be sinusoidal functions under perfect
response to temperature modulation. Also, in order to obtain the heat capacity in QI
TMDSC mode, the same three run method has to be adopted as discussed in standard
DSC mode.
The reversing heat capacity Cp is obtained using
C p  [ A / AT  ]K 

(3.3)

where A is the amplitude of the modulated heat flow rate, AT is the amplitude of the
temperature modulation with frequency  (   2 / p ), and K is the calibration
factor at the given conditions of the measurement. K' is determined as a function of
temperature from the standard sapphire calibration. Note that the term “reversing” is used
for CP since it may include enthalpy changes due to slow evolution or absorption of latent
heat and the true thermodynamic reversibility has not been established [47].
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Figure 3.13 (a) Specific reversing heat capacity vs. log (time) using TMDSC with
oscillation period of 60s, during quasi-isothermal melt crystallization of PTT at: 363 K
for 10h (curve a); 403 K for 6 h (curve b); 413 K for 5 h (curve c); 460 K for 4 h (curve
d). (b) Lissajous figure of modulated heat flow vs. modulated temperature shows the
system approaches to a steady state in the last 10 min. Figure taken from reference [46] .
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A typical procedure for QI cooling from 250 C to 10 C with a stepwise temperature
decrease of 3 C is listed below:
Step 1: Date storage off.
Step 2: Equilibrate at 250 C.
Step 3: Modulate at ±0.5 C every 60 s.
Step 4: Isothermal for 10 min.
Step 5: Data storage on.
Step 6: Isothermal for 10 min.
Step 7: Data storage off.
Step 8: Increment by -3 C.
Step 9: Repeat Step 4 through Step 8 for 79 times.
For PTT, quasi-isothermal cooling and heating tests were performed with
temperature modulation amplitude of 0.5 K and period, p = 60 s. The temperature
increases or decreases with a step of 2-5 K, depending on the change anticipated in the
sample response. The sample was held for 20 minutes at each temperature, during
which the first 10 min was ignored and only data of the last 10 min were collected.
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Chapter IV Chain Confinement in Electrospun Nanocomposites: Using Thermal
Analysis to Investigate Polymer-Filler Interactions

4.1 Introduction
This chapter is based on two publications in 2011 [1, 2]. Previous studies prove the
existence of the rigid amorphous phase around inorganic fillers induced by the
polymer-filler interaction in PET/CNT and PET/silica nanocomposite fibers [3, 4].
However this phase fraction was not further quantitatively characterized and the
evolution of this interphase with temperature during heating was unknown. Besides, the
addition of fillers as well as the restrictive environment induced by the confinement of
electrospinning might influence or control the crystallization process, which is believed
significantly to influence the polymer crystallization kinetics. In this chapter, thermal
analysis of electrospun fibers, including quasi-isothermal methods, will provide new
insights quantitatively to characterize the polymer matrix phase structure, crystallization
mechanism and thermal transitions, such as devitrification of the rigid interface.
Poly(ethylene terephthalate) (PET), is a commercially successful semicrystalline
polymer that has found wide applications as either fibers or films[5-7].

It has been used

in packaging, electrical, automotive, tissue engineering and construction industries due to
its excellent chemical resistance, thermal stability, melt mobility, and spinnability [6, 8].
PET composites with nano-size inorganic particles, such as carbon nanotubes[3],
nanoclay[9], and gold nano-wires[10], have also received great attention recently.
Compared to neat PET, the PET nanocomposites are reported not only to possess
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improved physical properties such as mechanical properties and thermal properties of the
material, but also to exhibit some unique high performance, such as fire retardence,
solvent and heat resistance, wetability and dyeability, depending on type and content of
nanoparticles used [11-18].
The interaction between silica additive and polymer matrix has been reported to have
either significant or novel enhancement effect on the thermal properties, mechanical
performance, and thermodynamic behavior; silica is useful as a rheological additive and
for reinforcement of thermosetting polymer [19].

This interaction depends on the

content and surface treatment of the inorganic additive as well as the nature of the
polymeric matrix.
As a result of this strong surface-polymer interaction, in certain polymer systems, a
so-called “bound polymer layer”, or immobilized layer, was then conceptualized [20-24].
For example, in ethylene-octene copolymer/nanosilica composites [21], the filler particles
are coated with polymer chains, and the presence of polymer-filler interaction due to
covalent bonding, confirmed by bound polymer measurement, changes the structure and
rheological properties of the macroscopic material significantly.

The equilibrium

thickness of the immobilized polymer layer on a flat, neutral substrate has been shown by
theory [21] and experiment [25] to be of the order of R g ~N1/2 (where Rg is the radius of
gyration of the polymer chain and N is the degree of polymerization).

However,

previous studies focused mainly on rheological or mechanical properties, such as the
change in elastic modulus induced by enhanced hydrodynamic effect [24], the influence
of the presence of chemical bonds between the polymer matrix and the silica fillers on the
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structure of the composites and their rheological response [21].

Although the

reinforcement on microscopic scales has been theoretically discussed in terms of physical
and chemical bonding, the effect of reinforcement brought by fillers was usually clarified
experimentally at macroscopic length scales rather than on scales of the filler itself (e.g.
16nm diameter silica nanoparticles). Despite the fact that the existence of the interphase
in semicrystalline polymers seems to be thoroughly demonstrated, serious discrepancies
among authors remain with respect to the quantitative characterization of this interphase.
Furthermore, very few studies have been carried out to measure the mobility of this
immobilized layer at the molecular scale through thermal analysis. Nor has there been
further discussion on how the addition of fillers influences the phase behavior of the
polymeric matrix.
It is now widely recognized that semicrystalline polymers like PET cannot be simply
described by using a conventional two-phase model comprising crystalline and
amorphous phases. Experimental evidence of the existence of a third phase, named the
rigid amorphous phase (RAF), was first reported by Menczel and Wunderlich in 1981
when they were trying to clarify glass transition behavior [26, 27].

RAF, as an

intermediate phase, was introduced to explain the constraints exerted by the crystals upon
the mobility of the amorphous phase [27-32].

It is characterized as a nanoscale

interfacial region between the crystalline and mobile amorphous phases induced by tie
molecules and characterized by incomplete decoupling between the crystals and the
amorphous chains [26, 33, 34]. RAF makes its own contribution to the bulk properties of
polymers, and does not participate in the glass transition process of the mobile
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amorphous phase, MAF [26, 35, 36].

It has no contribution to the heat of fusion of the

crystals either.
In non-crystallizable polymer nanocomposite, a similar three-phase structure was
introduced by Schick[37] which consists of nanoparticles, mobile amorphous polymer
phase, and rigid amorphous phase at the interface between MAF and the nanoparticles.
For the first time, Schick’s group suggested an immobilized layer occurring due to a
polymer-nanoparticle interaction in poly(methyl methacrylate), PMMA, nanocomposite
with lower filler content of silica, which could be interpreted in the same manner as the
rigid amorphous phase. However, different from the traditional RAF, this form of RAF
contained molecules whose mobility is inhibited in the presence of fillers, rather than by
interconnection with tie molecules of the crystalline lamellae.

The reinforcement

induced by silica was well explained and the thickness of RAF was calculated based on
the thermal analysis results at the nano-scale.

This phenomena was also found in

previous work [4] on electrospun poly(trimethylene terephthalate) composite nanofibers
containing multi-walled carbon nanotubes (MWCNT).

There, the matrix-nanotube

binding resulted in an interfacial region of polymer, with morphology and properties
different from the bulk.

The existence of MWCNT-induced interfacial interactions

between nanotubes and the polymer matrix caused a strong restriction on the mobility of
polymer chains which was revealed in the thermal analysis results [4].
Schick [37] also suggested that the force of this interaction is considered to be strong
enough to keep RAF from devitrifying until the degradation of the polymer. Recently,
addition of layered silicates (100-500 nm in lateral directions and 1 nm in thickness) also
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resulted in RAF formation in crystallizable polyamide, with the particles behaving like
the crystals do, to reduce the amorphous chain mobility [38].

RAF exists in polyamide

6 / layered silicate nanocomposites not only as an interphase between crystalline and
mobile amorphous chains but also as a result of an inorganic/polymer interaction based
on the observed reduction of crystallinity of the polymer fraction, and the retardation of
the non-isothermal crystallization kinetics.

However it is not the case for all

nanocomposites (either with different polymers, or with different additives).

For

example, in polystyrene/SiO2, no immobilized layer could be detected [38].
It has been demonstrated experimentally that in semicrystalline film, rigid
amorphous phase exists as an interface between silica particles and the mobile amorphous
phase; the latter has its mobility restrained by the silica particles, to such an extent that
this fraction will not undergo relaxation at the glass transition temperature. We anticipate
that a similar phenomenon could be expected in certain nanocomposite fiber systems
Rigid amorphous phase might be present in nanofibers containing additives as a
reinforcing element, even in the absence of crystallinity. To achieve this objective, a
simple multi-component system was established here, to obtain information about phase
structure and mobility of the polymer matrix. Mixed with the polymer is a hard spherical
nanofiller, well-dispersed in the polymer matrix, a reasonable level of interfacial
interaction in the system, and then the presence of rigid amorphous phase in this
nanocomposite system was investigated. In this research, the required composite fiber
system in the absence of crystallinity is realized by electrospinning.
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Electrospinning (ES) can be an effective process to obtain polymer nanocomposites
in the form of amorphous fibers with diameter in the nanometer scale. The average
diameter of ES fibers is reported at least one or two orders of magnitude smaller than the
conventional fiber production methods like melt or solution spinning[39]. Previous study
showed that the as-spun fiber is fully amorphous for PET/MWCNT and PTT/MWCNT
nanocomposites, based on the absence of crystalline reflections from wide angle X-ray
scattering.

Wendorff and his coworkers [40] found that electrospun PC and

polyvinylcarbazole fibers are also amorphous as revealed from X-ray studies as well as
by calorimetric studies. However, no further study has been carried out to verify the
phase structure, and quantify the RAF component for as-spun ES fibers. Differential
scanning calorimetry (DSC) turns out to be one of the analysis methods which make it
possible to investigate quantitatively the phase structure of the fibers.
In this work, the appropriate solution properties and processing conditions were
obtained to produce ES fibers with highly regular diameters and smooth surfaces. The
existence of rigid amorphous fraction in both non-crystallized and crystallized
electrospun fibers was investigated based on thermal analysis and Fourier transform
infrared spectroscopy. The interaction between fillers and the polymeric matrix in the
ES fiber is well explained in terms of the rigid amorphous phase, serving as an
immobilized interfacial layer.

The influence of surface modification of silica particles

on the immobilized layer is also discussed. Another objective of this research is to
evaluate the effect of the nano-silica in PET nanocomposites on the phase structures of
electrospun fibers as a function of the amount of silica. The devitrification behavior of
the immobilized layer is investigated by using the technique of quasi-isothermal heating
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to obtain the temperature dependent RAF through quantitative heat capacity analysis. A
model for polymer-nanoparticle composite structure is proposed which well explains the
constraints inside the fiber leading to formation of RAF.

4.2 Experimental
Materials. PET was obtained from the former Allied Signal Corp. as film, with intrinsic
viscosity of 0.92 dL/g, measured in 60/40 phenol/trichloroethylene solution, giving a
molecular weight of 25 000 g/mol calculated from the Mark-Houwink equation with a=
0.640 and K= 14 × 10-4 dL/g. Silicon dioxide nanopowder was purchased from Aldrich,
with a particle diameter of 16 nm. Hexafluoro-isopropanol (HFIP) was used as a good
solvent to prepare the polymer solution at a concentration of 15 wt% for electrospinning.
SiO2 powders were dispersed in HFIP and sonicated 24 hours to minimize possible
agglomerates.

Then PET pellets were dissolved in HFIP and sonicated overnight.

PET/SiO2 solutions were prepared to obtain specific weight ratios of SiO2 to PET: 0, 0.5,
1.0 and 2.0 wt%.
Surface Modification of Nano-Silica.

Hydrophobic surface modification of neat silica

was carried out using methyltrichlorosilane. Methyltrichlorosilane was added to toluene
at a weight-to-volume ratio of 10%. The solution containing SiO2 was stirred overnight
at room temperature. The majority of solvent was evaporated under ambient conditions
and any remaining solvent was further eliminated in a vacuum oven at 373 K for 12 hr.
Figure 4.1 shows the FTIR spectra for unmodified and modified silica particles. A
symmetric peak of the methyl group, which bonded to silicon atoms, appears at
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1280-1250 cm-1 in the spectrum of modified silicas [19].

Another broad peak at

3700-3200 cm-1, which is characteristic of silanol group (Si-OH), decreased after the
modification and this is shown in the upper left insert of Figure 4.1. These results
indicate the surface modification was successfully performed.

Figure 4.1 FTIR absorbance vs. frequency of unmodified silica powder and silica powder
modified with silane. The peak attributed to the methyl group is indicated by an arrow.
The inset plot shows absorbance vs. frequency for the broad peak of Si-OH located at
higher wavenumbers for silica powder unmodified (upper) and modified (lower).
Curves are vertically offset for clarity.
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Electrospinning process.

A typical experimental setup of the electrospinning process

consists of syringe-like apparatus which contains polymer solution to which a high
voltage is applied. The details of the ES process were given in Chapter 3. The as-spun
fibers were then immersed in methanol for 2 hours in order to remove any residual HFIP
and then dried in a vacuum oven for 24 hours at room temperature. Samples were
heated in a Mettler FP 90 hot stage for 10 hours at 398K to effect isothermal cold
crystallization. No characteristic absorption bands of HFIP were observed by FTIR
examination of the ES fibers, demonstrating the successful removal of HFIP.
Scanning electron microscopy (SEM) and Transmission electron microscopy (TEM)
were employed to investigate the dispersion of silica particles and the morphology of
PET/silica ES fibers.
Thermal analysis studies were carried out using a TA Instruments Q100 temperature
modulated DSC (TMDSC). Two modes were adopted in the study, quasi-isothermal
TMDSC mode and standard mode. The introductions to these two modes were given in
Chapter 2 and Chapter 3.
Separate thermal tests on pure silica particles were conducted using the same
procedures as for the nanocomposite samples.

No matter which DSC mode was used,

the heat capacity was calculated from the heat flow contribution of the polymer part only
(e.g., if standard DSC mode were used, the heat flow obtained in the first run was
corrected by subtracting the contribution of silica particles during heating.) For each
sample, the test was repeated for at least three times to make sure the result is
reproductable.
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Real time wide angle X-ray scattering intensity was collected in transmission mode
at Brookhaven National Laboratory, National Synchrotron Light Source at the X27C
beam line.
A JASCO 6200 spectrometer in attenuated total reflection (ATR) mode was used to
collect FTIR absorbance spectra. For each sample, 64 scans were co-added with a
resolution of 4 cm-1 in the wave number region of 500-5000 cm-1. JASCO software was
used to fit the curves.

4.3 Results and Discussion
Morphology and characterization of silica nanoparticles and ES fibers
SEM was used to investigate the morphology of silica nanoparticles before and after
surface modification, shown in Figure 4.2 a and b. For these images, silica was cast
from solution onto a substrate, and dried of solvent. Comparing the two images of silica
particles, prominent improvement in dispersion in HFIP solvent has been achieved. The
aggregation of particles appears to be minimized after surface treatment with silane,
although this cannot provide direct evidence of the particle appearance inside the fiber.
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Figure 4.2 SEM images of silica particles on silicon substrates: a) before, and b) after
modification with silane.

The morphology of as spun PET ES fibers with various concentrations of either
unmodified or modified silica was also characterized by SEM. The images are shown in
Figure 4.3a-d. For PET homopolymer sample, Figure 4.3a, uniform and smooth fibers
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could be observed and almost no beads exist. However, for PET fibers with unmodified
silica (Figure 4.3b), considerable difference exists in fiber diameters, which ranged from
100 nm to 6 µm. Some parts of the fibers are broken and show cracks on the surface
and some of the silica particles are observed to be sticking to the outer fiber surface, or
were located in the spaces between fibers. Some huge beads with a maximum diameter
of 7 μm are also present, which might be induced by the decrease of polymer chain
entanglements [42, 43] caused by the aggregation of silica particles in the solution. The
addition of unmodified silica particles has a dramatic influence on the viscosity and
conductivity of the solution used in electrospinning, which turns out to be a key factor in
the preparation of smooth and uniform PET/silica ES fibers. The aggregation behavior
of unmodified silica particles deteriorates the dispersion states of silica particles in PET
polymer.

Therefore, the surface modification of silica with silane was taken into

consideration as a means to improve the wettability and dispersibility of silica in the
electrospinning solution. Figures 4.3c and d show the images of PET ES fibers made
with modified silica at loading of 1.0wt% and 2.0wt%, respectively.

Significant

improvement in the ES fiber morphology was achieved. The fibers show a much more
smooth surface and the beads were eliminated. Silica particles could not be observed on
the fiber surface, suggesting that all the silica particles are embedded in the PET matrix,
and PET adhered well to silica at the nanometer scale after modification of silica with
silane.
The diameter distribution of electrospun fibers was also studied as shown in Figure
4.3e and f. Compared to the homopolymer fibers, PET with 1.0% modified silica fibers
presents an approximately Gaussian distribution with diameter around 700-800 nm.
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EM was used to further verify that modified silica particles were embedded within
the ES PET fibers. PET ES fibers with 1.0 wt% modified silica were put into the TEM
vacuum chamber with an applied voltage of 120kV to avoid the destruction of the fiber
upon exposure to the electron beam. Then the voltage was slowly increased to 160kV,
and part of the fiber edge began to melt, as shown in Figure 4.4a. The melting was
observed to start from one edge of the fiber causing the fiber diameter to decrease
gradually. Once the diameter was reduced, some small particles which could previously
not be observed due to the thickness of fiber now became visible on the edge (Figure
4.4b). Similarity between the particle size and morphology and that of silica additive
(Figure 4.4c) suggests that observed particles are silica. The original diameter of the
fiber is around 600nm, but after undergoing partial melting, the diameter decreased to
400nm, and the particles that came out of fiber when it melted strongly suggest that the
particles were initially embedded inside the PET fiber.
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Figure 4.3 (a-d.) SEM images of as-spun PET/Silica nanofibers. The weight percent of
silica particles in the PET/Silica composite nanofibers is: a.) 0; b.) 1.0 % unmodified
silica; c) 1.0% modified silica; d) 2.0% modified silica. e-f.) Diameter distribution of
PET fibers with 0% and 1.0% modified silica, respectively.
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Figure 4.4 TEM images of PET ES fiber with 1% modified silica: a.) at lower
magnification showing particles on the surface of the melting fiber; b.) the same region at
higher magnification; c.) individual silica particles for comparison.

Nonisothermal Crystallization Studied by Real-time WAXS
To investigate the crystalline nature of the as-spun, untreated ES fibers, real-time
wide angle X-ray scattering data were collected. The samples were heated from 313K
to 513K at a heating rate of 5K/min while intensity data were collected. Each data
frame took 150 s to obtain the scattering pattern. The evolution of WAXS patterns with
temperature is displayed in Figure 4.5a,b. No separate X-ray diffraction signature was
observed from the silica nanoparticles.
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Figure 4.5 WAXS diffraction patterns, I(q)q 2 versus scattering vector q, at  =
0.1371nm, during non-isothermal crystallization while heating at a rate of 5K/min.
Successive scans are separated by 12.5K. The temperatures marked are the mid-point
(average) temperature of each frame interval. a) ES PET fibers; b) ES PET fibers with
1.0% modified silica.
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The as-spun fibers are amorphous, which is demonstrated by the absence of
crystalline reflections at T=303K. The fact that the first five scans of the sequence for
all samples show the amorphous pattern indicates when samples were heated from 303K
to 353K (just above the glass transition), no crystallization occurred during this period.
At temperatures higher than 367K, several crystal peaks can be observed to grow up from
the amorphous baseline. The growth of the crystalline lamellae is revealed by the
emergence of Bragg peaks in the WAXS profiles. Thus, we have established that our
polymer nanocomposite system is fully amorphous, and can be used as starting material
to study the phase structure, especially the existence of the rigid amorphous phase, in the
absence of any crystallinity.
Phase Structure of As-spun Amorphous Fibers
If no crystalline WAXS reflections are observed in as-spun fibers (e.g., see the initial
WAXS scans at low temperature shown in Figure 4.5a and b homopolymer PET ES
fiber will be fully amorphous. Therefore, the heat capacity step, ΔCp, at the glass
transition should be equal to the theoretical heat capacity step of the 100% amorphous
polymer. The method used here to investigate the phase structure of nanocomposite
fiber is to examine the variation of the heat capacity step at the glass transition. If the
non-crystalline polymer part of the as-spun nanocomposite fiber (excluding the nano
additive) is fully able to express the change from solid to liquid state at Tg, the heat
capacity step at Tg will be equal to the 100% amorphous value. Otherwise, a reduced
heat capacity increment in the glass transition region will be observed.
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The rigid

amorphous fraction can be quantitatively determined from the heat capacity increment
using:

RA =1 –ΔCP/ΔCP0

(4.1)

where ΔCP and ΔCP0 are the heat capacity increments at the glass transition for PET
polymer in nanocomposite and the 100% amorphous PET, respectively. Here the rigid
amorphous fraction does not include the filler, but refers only to the polymeric matrix.
The ratio ΔCP/ΔCP0 is the mobile amorphous fraction, MAF, which contributes to the
glass transition process.
To investigate the confinement effects induced by nanosilica additives, the as-spun
samples underwent a heating process from room temperature up to the crystal melt at a
heating rate of 5 K/min in the DSC. Analysis of the reversing heat capacity is adopted
to minimize the influence of non-reversing thermal events. Two solid lines (lines 1 and
5) in Figure 4.6 represent the liquid and solid heat capacities, respectively, of PET, as
reported in the ATHAS databank [44]. The measured heat capacity data (solid curve) for
all samples match well with the reference data below T g as well as above the crystal
melting point, to within an accuracy of 1%.

We observed the heat capacity data of

homopolymer PET fiber (black curve) overlapped with line 1 below T g and 5above Tg,
and the heat capacity step ΔCp = 0.40J/gK, which is equal to the value from ATHAS
databank. This indicates that neither crystals nor rigid amorphous fraction were formed
during the electro-spinning process for PET homopolymer. But for PET fibers with
both unmodified (data not shown) and modified silica particles (Figure 4.6, blue, green or
red curves), the heat capacity step associated with the glass transition is reduced in
138

amplitude and occurs at slightly higher temperature compared to the homopolymer
sample. In the absence of crystal formation (verified by real-time WAXS), the change
of the heat capacity increment at Tg can be explained by formation of a certain amount of
rigid amorphous phase existing in the ES fibers containing silica. Based on the heat
capacity increment, the rigid and mobile amorphous factions were calculated according to
Equation (4.1) and these values are shown in Table 1.
Table 4. 1 Thermal properties of the PET matrix in as spun or isothermally crystallized
PET/Silica ES nanofibers as a function of silica loading: crystalline, rigid amorphous and
mobile amorphous fractions.

Sample

Amorphous
As-Spun

Neat

Unmodified Silica

Modified Silica

±0.01

±0.01

±0.01

0%

0.5%

1.0%

0.5%

1.0%

2.0%

C

0

0

0

0

0

0

RA

0

0.10

0.15

0.13

0.19

0.22

MA

1.00

0.90

0.85

0.87

0.81

0.78

C

0.25

0.28

0.29

0.30

0.29

0.30

RA

0.18

0.21

0.27

0.24

0.31

0.33

MA

0.57

0.51

0.44

0.46

0.40

0.37

Isothermally
Crystallized
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Figure 4.6 Specific reversing heat capacity of PET/silica electrospun fibers during
heating at 5K/min. Two straight solid lines represent the solid heat capacity and liquid
heat capacity from data in the ATHAS databank[44]. Curves represent the measured
apparent reversing heat capacity of: PET ES fiber (black), and PET ES fibers containing
modified silica: 0.05% (blue), 1.0% (green), or 2.0% (red). The dotted lines represent
the heat capacities calculated for specific values of rigid amorphous fraction, RA, using
Equation (4.4): curve 2, RA=0.13; curve 3, RA=0.19; curve 4, RA=0.22. Inset plot
shows the specific reversing heat capacity over a wider temperature range from 273K
through 573K for PET ES fiber (black) and PET ES fibers containing 1.0% modified
silica (green).
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Another method to find the rigid amorphous fraction is discussed below. The
dotted lines in Figure 4.6 above Tg are the heat capacities calculated for specific values
of solid fraction, S, using:
S =C +RA =1- MA (4.2)
Here, S, C, RA, and MA are the solid, crystal, rigid amorphous, and mobile amorphous
fractions of PET, respectively.
Then we write the temperature dependent heat capacity of PET as:
CPcalc (T) = S CPsolid (T)+ MA CPliquid (T)

(4.3a)

= S Cpsolid(T) + (1-S) Cpliquid (T)

(4.3b)

= (C+ RA) Cpsolid(T) + (1-C -RA) Cpliquid (T)

(4.3c)

If no crystal is formed, C = 0 and Equation (4.3c) reduces to:
CPcalc (T) = RA Cpsolid(T) + (1 -RA) Cpliquid (T)

(4.4)

According to Equation (4.4), CPcalc (T) is a linear temperature-dependent function of
RA, and a series of lines of C pcalc(T) vs. T can be drawn by adopting different assumed
values of RA. Therefore, we choose the values of RA listed in Table 1 to draw a series
of dashed lines above Tg, as displayed in Figure 4.6 for the ES fibers containing silica.
All these lines are tangent to the corresponding heat capacity curves at a point just above
the fulfillment of the glass transition heat capacity step (and before non-isothermal
crystallization begins). The results of the two methods match with each other well and
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provide further evidence that no crystals have been formed prior to, or during, the
transformation from the solid state to the liquid state.
It is found that with the increase of silica fillers, a large increase in RAF was
observed and RA reaches a value of 0.22 for untreated, as-spun PET fibers with 2.0%
modified silica. No linear relation was found between the filler content and RAF which
might be caused by the disproportionate surface-volume ratio caused by aggregation,
even in case of the modified silica.
In semicrystalline neat polymers, the formation of RAF occurs as a result of the fixed
constraint on molecular mobility caused by the crystalline lamellae. But in our case of
as-spun fiber in the absence of any crystals, the constraints must be caused by the
nanofillers. When silica particles were wetted with the PET matrix, enough arrest of
mobility of the liquid phase near the rigid silica surfaces occurs. The fixed geometrical
constraints affect the polymer layer adjacent to them, arresting the motion in that layer,
and then the arrest spreads further away from the fixed constraints [45-49].

This

matrix-silica binding results in an interfacial region of polymer in the vicinity of the
interface, with morphology and properties different from the bulk which could be
revealed through either rheological response or, as here, through thermal analysis. At
the adsorption layer of polymer molecules around rigid silica particles, the motions of
chain units are more restricted than similar units located within the mobile amorphous
phase.
Here, SiO2 nanoparticles behave as chain extenders [50]. The unique properties of
silica nanoparticles arise from their surface chemistry characterized by the presence of
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silanol groups which could induce strong network structures by hydrogen bonding
between particles.

The reactive organosilane, methyltrichlorosilane, can react with

hydrated silica surfaces under controlled conditions, forming covalently attached
monolayers, or by condensing with water as well as surface silanols to form covalently
attached, cross-linked polymeric layers [51].

This chemical reaction promotes the

strong physical contact and improves the compatibility between fillers and polymer
matrix. The modified nanoparticles were more effectively dispersed and wetted with
PET matrix resulting in similar hydrophobic properties [19], and the reinforcement acting
on polymer chains was enhanced. On the other hand, better dispersion of silica particles
in the PET matrix also increases the interaction area.

Stronger polymer-particle

interactions result in a much higher effective particle volume fraction and in a physical
polymer-particle network, which turns out to provide a better reinforcement.

As a result,

more immobilized layers were formed during electrospinning for the PET matrix when it
was combined with modified silica. Besides, a thicker affected (RA) layer might be
formed around each modified particle, if the interactions with the modified silica are
more favorable.
On the other hand, since the immobilization is induced by anchoring polymer
molecules at the silica particle surface, more rigid constraints occur with an increase of
silica particles. Consequently, the increment in the contact area as well as reduction in
segmental mobility would tend to increase RAF.
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Phase Structure of Isothermally Crystallized ES Fiber
To further investigate the influence of silica particles on the phase structure of PET
ES nanocomposite fibers, all samples were held for 16hr at 398 K in order to become
fully crystallized. TMDSC scans were performed at a heating rate of 5 K/min, with
temperature modulation amplitude of 0.796 K and period of 60 seconds. The specific
reversing heat capacity of PET ES fibers containing SiO2 was calculated to obtain the
three phase structure based on the three-run method, and results are shown in Figure 4.7.
The degree of crystallinity was determined by measuring the endothermic area (in
Joules per gram of polymer mass) with a sigmoidal baseline using:
C = ΔHmeas/ ΔHf

(4.5)

where ΔHmeas is the measured heat of fusion of the nanocomposite fiber and ΔHf =140J/g
is the heat fusion of 100% crystalline PET [44]. The solid lines in Figure 4.7 represent
the values of CPsolid and CPliquid, taken from ATHAS data bank [44]. For homopolymer
PET, there is good agreement with the measured heat capacity below T g as well as above
the melting point. The dashed line is the calculated heat capacity CPcalc under the
assumption that above T g all the mobile amorphous fraction, MAF, has relaxed to the
mobile liquid state, and only the crystals and RAF remain in the solid state, which is
elucidated in Equation (4.2).
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Figure 4.7 Apparent specific reversing heat capacity (solid curve) from TMDSC for ES
PET nanocomposites containing silica concentrations of: a.) 0% and b.) 2.0% modified
silica. The inset in (b) shows the heat capacity of PET with 2.0% modified silica (heavy
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curve) in the final, highest temperature region of the melting endotherm. Dashed lines
are calculated baseline heat capacities determined from Equation (4.3b) for specific
choices of solid fraction, S, or RAF, RA, as marked. Lines 1 and 2 are the heat
capacities of 100% liquid and 100% solid PET, respectively, from the ATHAS data bank
[44].

According to Equation (4.4), C pcalc(T) is a linear temperature-dependent function of
S, and a series of dashed lines of Cpcalc(T) vs. T were drawn by adopting different values
of S. Each line intersects the specific heat capacity curve at a unique point, and each of
these points corresponds to a particular value of S.

Therefore, we could chose a set of

S and MA (MA = 1 - S) to draw a line which passes through the point just above the
fulfillment of the glass transition. Based on the solid fraction and Equation (4.3c), we
obtain the fractions for the three phases and these are listed in Table 4.1.
The crystallinity of nanocomposite fibers is higher than that of homopolymer fiber,
but no obvious change in crystallinity has been observed for PET with different amounts
of silica, for the range we investigated. A more distinct difference is manifested in RAF
with an increasing amount of silica.

If we subtract the amount of RAF found in the

amorphous, as-spun fibers from that of the corresponding crystallized fibers, we find that
all composite samples possess roughly the same value of around 0.11-0.12. This is the
amount of the RAF that can be attributed just to the confining effect of lamellar crystals.
This means the addition of silica particles does not have any synergistic effect, i.e., it
does not enhance the formation of "traditional" RAF which exists as an interface between
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the lamellar crystals and the mobile amorphous phase. For electrospun PET/MWCNT
fibers, Chen [3] suggested that the reason for the increase of RAF with the increase of
filler amount was that the addition of fillers decreased the free volume of polymer chains,
resulting in confinement of the polymer chains. This reason also explains well the
decrease of crystallinity with MWCNT addition, due to the more limited space for PET
chains to crystallize. But in our system, the crystallinity remains almost the same for all
samples, indicating the silica particle additive does not have significant influence on the
ability of the PET polymer matrix to crystallize.
Devitrification of RAF
The devitrification behavior of RAF is an active subject of current research. In the
literature, there is contradictory evidence about whether the crystal melts first and then
RAF devitrifies, or whether the RAF devitrifies well before the crystal melts. In some
semicrystalline polymers, including poly(etheretherketone) [28], nylon 6 [41, 52], nylon
6,6 [41], Polybutene-1 [53] and PET [36, 54], RAF devitrifies at a temperature above the
conventional glass transition temperature, but below the completion of melting. In other
polymers, RAF cannot devitrify until the crystals have begun to melt.

In

poly(hydroxybutyrate) and polycarbonate, the RAF was observed to become devitrified
simultaneously with melting [32].

In cis-1,4-polybutadiene, it is thought the crystal

phase must melt, at least partially, before the RAF can become mobile [31, 53, 55]. In
the case of poly(phenylene oxide) [31], RAF can only devitrify above the crystal melting
endotherm.
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In PMMA/SiO2 composite systems [37], SiO2 particles do not melt or undergo any
other phase transitions, and provide a stable restriction to the mobility of polymer chains.
No devitrification of RAF around SiO2 particles occurs before the degradation of polymer
[37]. If this is also the case for the PET/SiO2 nanocomposites studied here, then a
certain amount of RAF (i.e., that portion immobilized around the silica nanoparticles)
should remain in the solid state even above the polymer crystal melting temperature, but
before the degradation of polymer. This will impact the measured liquid state heat
capacity. Above the final crystal melting point, T mf, the heat capacity may not reach the
value of the 100% liquid state. For T>Tmf,  C = 0, and the measured heat capacity can
be written as:
Cpcalc(T) = RAFCpsolid(T)+ (1-RAF)Cpliquid (T)

(4.6)

Then, only if RA is also equal to zero will Cpcalc(T) equal Cpliquid(T). We can check
whether any RAF remains above T mf by calculating Cp(T>Tmf) and comparing it to
Cpliquid(T>Tmf).

From the DSC results shown in Figure 4.7b, above melting, the heat

capacity curves approach to the heat capacities of 100% liquid. This is true for all
samples we studied (Cp data not shown in the interests of brevity) which means all of the
rigid amorphous fraction, RAF, has relaxed to the mobile liquid state, and no solid
fraction exists for T > T mf.

Although during crystal melting, no phase transition occurs

in SiO2, the restricted interaction between polymer chain and nano fillers must have been
altered or removed. The immobilized layer relaxes before the fulfillment of melting at
Tmf, disappearing in the same temperature range or before the crystal melting.
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To further investigate the relaxation process of RAF, standard and QI DSC
techniques were combined quantitatively to assess the temperature-dependent rigid
amorphous fraction. In previous work of our group [36], for PET film most RAF, which
exists as an interphase between crystal and amorphous phase, vitrifies step by step during
quasi-isothermal cooling after completion of crystallization.

Upon subsequent QI

reheating, the RAF devitrifies also step by step. To further investigate devitrification of
the immobilized layer in ES PET nanocomposite fibers, quasi-isothermal heating tests
were performed on PET with 2.0% modified silica which had been crystallized at 445K
for 10hr (a treatment that crystallizes the sample to completion). The result is displayed
in Figure 4.8. The error range of the reversing Cp is within the symbol size. Since the
crystalline structure has been fully established at 445K, it is reasonable to assume that no
reversible or non-reversible melting of crystals occurs at temperatures below 445K. The
crystal structure will remain stable when the sample is reheated to temperatures below
445K and the crystal fraction will therefore be fixed below 445K, allowing the fraction of
rigid amorphous phase to be determined as a function of temperature using Eqn(4.3c).
This assumption was supported by the fact that the two reversing heat capacity curves
obtained from QI heating and standard heating overlap well up to 455K, and no melting
of crystal was observed, as seen in Figure 4.8.
For the fully crystallized sample, the result of the heat capacity calculation from
standard DSC gave a phase structure: RA=0.38, C=0.30, MA=0.32.

During QI

reheating of this sample, just above the glass transition at 373K, RA reaches a value of
0.38, which is identical to the value obtained from standard DSC. Here RAconsists of
the contributions of the immobilized layer around the silica particles and the rigid
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amorphous interphase between crystalline and mobile amorphous regions.

With

continued heating, the RAF devitrified step by step, and around 445 K, RA decreased to
zero, indicating the completion of the devitrification of RAF.

The three-phase model at

that point changes over to a two-phase model before the onset of the so-called "annealing
peak" and well before the crystal melting peak. Therefore, we conclude that no matter
what the origin of the RAF (either around the SiO2 particles or at the crystal lamellar
surfaces) it devitrifies before the temperature reaches the crystal melting endotherm.
To compare the impact of either SiO2 addition or fiber morphology on the phase
structure and on the devitrification of RAF, similar experiments were carried out for PET
homopolymer ES fibers and PET/2% silica film crystallized at 445K for 10hr. The
PET/2% silica film sample was obtained by compression-molding a PET/2% silica ES
fiber sample above the melting temperature of the PET and then cooling in liquid
nitrogen. For PET homopolymer ES fiber, standard DSC results gave a phase structure
RA = 0.28, C = 0.30, MA = 0.42 and for PET/2% silica film RA = 0.35, C = 0.30, MA =
0.35. In Table 4.2 these results are compared to the PET/2% silica ES fiber sample.
For all three samples, crystallinity is the same, but the RAF content is greater in the
samples containing 2% modified SiO2, whether ES fiber or film. During QI heating, the
RAF decreases in a stepwise manner from just above the glass transition temperature of
the MAF and reaches zero at Td, the temperature for complete devitrification of RAF.
For PET homopolymer fiber, Td = 442K while for PET/2% silica film, Td = 437K.
These values are, respectively, 3K and 8K lower than the Tdv for PET/2% silica fibers.
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Figure 4.8 Specific reversing heat capacity of PET/2.0% silica during QI reheating (filled
circles) and standard heating after isothermal crystallization (solid curve). Straight solid
lines represent the heat capacities of 100% liquid (S = 0) and 100% solid (S = 1) PET
taken from the ATHAS data bank [44].

Dashed lines are calculated baseline heat

capacities determined from Equation. (4.3b) for solid fractions of 0.68 and 0.30. The
error range of the reversing Cp is within the symbol size.
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Table

4.2

Phase

fractions

and

RAF

devitrification

temperatures

for

isothermally-crystallized samples of PET fiber compared to PET film.
C

RA

MA

Td (K)

±0.01

±0.01

±0.01

±1K

PET (fiber)

0.30

0.28

0.42

442

PET/2% silica (fiber)

0.30

0.38

0.32

445

PET/2% silica (film)

0.30

0.35

0.35

437

Sample

Finally, a molecular retraction experiment was conducted to further investigate the
difference in the relaxation mechanism of polymer chains in PET fibers with and without
the addition of silica particles and PET/silica film. PET homopolymer fiber, PET/2.0%
silica fiber mats and PET/2.0% silica film were heated to 363K freely floating on oil, and
relaxation of the PET solidified chains to a more random-coil conformation occurred
after heating. The surface area of the ES fiber mat before (A0) and after (Af) heating
was compared. For PET ES fiber mat, Af = 0.52A0, and PET/2% silica fiber mat, Af =
0.40A0, suggesting the polymer chains of PET/2.0% silica ES fibers had more elastic
recovery [56] than chains in PET homopolymer ES fibers. On the other hand, for a film
of PET with 2.0% modified silica, Af = 0.96A0, a much smaller shrinkage than that of
electrospun PET fibers.
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During electrospinning, the polymer solution experiences two forces. One is a
shear force when the polymer solution flows through a needle at a very high rate. The
other one is a Coulomb force when the solution jet is elongated and accelerated by the
high electric field applied. The two forces will likely align high aspect ratio nanofillers
(e.g., carbon nanotubes and clay platelets) and result in more extended polymer chain
conformation, causing the polymer chains entrained in the solution to align and/or
become stretched along the spinning direction, or the fiber axis [57]. However, when
examined by 2-D X-ray, the non-woven mat of fibers containing oriented polymer chains
that originate from the electrospinning process appear isotropic, due to randomness of the
fibers deposited on the grounded collector [58].

If uniaxial fibers could be obtained on

the collector (for example, by using a rotating drum collector [59]), a high degree of
orientation of the polymer backbones might be observed.
In our system, the macromolecules in the as-spun PET fibers might be loosely
oriented along the fiber axes, and a small extent of stretching could effectively improve
the macromolecular orientation [60]. The addition of silica particles will induce strong
coupling between silica particles and the surrounding polymer chains, and extend the
polymer chains between particles, which promotes the alignment of polymer chains along
the fiber axis during electrospinning. The stretching of polymer chains induced by silica
particles explains why RAF that exists in PET/silica fibers devitrifies at a slightly higher
temperature than in PET homopolymer fiber.

Meanwhile, comparing T d and the

molecular retraction of PET fiber and film containing the same amount of silica, more
preferred orientation exists for polymer chains of the ES fiber sample whereas a more
random-coil chain conformation exists in nanocomposite film.
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Higher degree of

orientation may impede the relaxation of RAF in ES fibers.

Note that the

spherically-shaped silica particles we used here possess isotropic properties, and the
extension effect on the polymer chain will be relatively smaller than the extension effect
of multi-walled carbon nanotubes (MWCNTs) or layered silicates. In the molecular
retraction experiment of PET/MWCNT fiber previously conducted in our group [4], Af =
0.20A0, for PET/2.0% MWCNT fiber mat, indicating the highly anisotropic MWCNTs
become oriented along the ES fiber axis and this results in more extended polymer
chains.
DSC Studies of Isothermal Crystallization
The addition of silica nanoparticles can not only cause restriction to the polymer
chain mobility by inducing an immobilized layer, but also has been demonstrated to have
a significant effect on the crystallization kinetics through changing crystal nucleation and
growth. It has been widely demonstrated that the crystallization behavior of PET can be
influenced or controlled by inorganic silica particles [61-63]. A series of experiments
was carried out to study the effect of silica particles on the isothermal cold crystallization
(i.e., crystallization of the fibers conducted by heating the fibers above the glass transition
temperature, Tg = 345K) of PET electrospun fibers.

Isothermal cold crystallization

kinetics for PET/Silica nanofiber was investigated using standard DSC to evaluate the
effect of SiO2 nanoparticles on crystallization rate of PET fibers.

All samples were

isothermally crystallized at Tc = 375 K for various times. The exothermic heat flow H(t),
as a function of time, t, at Tc is shown in Figure 4.9. The asymmetric shapes of the
exothermal peaks suggest that this process contains secondary crystallization in the later
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state of crystal growth [64].

Crystallization time was extended until no more

exothermic heat flow could be detected.
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Figure 4. 9 Isothermal crystallization kinetics at 375 K of PET/Silica fibers investigated
by standard DSC. The exothermic heat flow rate, H(t), vs. time, t, is shown for PET
with different amount of silica as indicated.
The relative crystallinity is obtained from the integrated normalized heat flow rate as
a function of time, which is written as [64-66]:
t

X C  H (t ) / H ( )    dt ( dH (t ) / dt )    dt (dH (t ) / dt ) 
 0
  0


(4.7)

where XC is the ratio of heat generated at time t, H(t), to the entire heat generated during
crystallization, H(∞), and is shown in Figure 4.10.
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Figure 4.10 Relative crystallinity vs. crystallization time for PET/silica fibers crystallized
at 375K, calculated from equation (2). Wt. % of silica is indicated.

The Avrami equation [67, 68] is adopted to analyze the crystallization kinetics of
PET/Silica nanocomposite fibers:
X C (t )  1  exp(  Kt n )

(4.8)

where Xc(t) is the relative crystallinity of samples at different times, K is the
crystallization rate coefficient, which is a function of temperature and relates to both the
nucleation frequency and the crystal growth rate, and n is the Avrami exponent parameter
which reflects the nucleation mechanism and crystal growth geometry [69]. Figure
4.11 shows the double-logarithmic Avrami plot for PET fibers with different amounts of
modified silica. K and n, summarized in Table 4.3, are constants with values specific to
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a given crystalline morphology and type of nucleation for a particular crystallization
condition, and are determined from the intercept and slope of the linear portion (before
the roll off due to secondary crystallization) of the plot of log[-ln(1-Xc)] vs. log(t).
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Figure 4.11 Avrami plot of the isothermal crystallization kinetics of PET/silica fibers
crystallized at 375 K. Wt. % of silica is indicated.

Two characteristic times are also listed in Table 4.3: the crystallization half time, t1/2,
and the time to maximum rate of change of crystallinity, ti.

Half-time is the time when

the relative crystallinity has reached 0.5, obtained from [65]:
t1/2=((ln2)/K)1/n

(4.9)

ti can be deduced from n and K, as described below in eqn. (4.10):
ti =((n-1)/nK)1/n
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(4.10)

For all samples, the Avrami exponent, n, maintains a value between 1.15 and 1.31,
indicating a preferred 1-D crystal growth in PET fiber, compared to the cold
crystallization of pure PET film which follows the 3-D spherical growth with
heterogeneous nuclei [70]. It is proposed that the electrospinning of nanoscale fibers
could result in a geometrical size restriction, and the polymer chains become stretched
and confined along the fiber axis. This induces a linear growth of crystal within the fiber.
The existing silica particles may serve as nuclei, and the stretched chains could be
absorbed onto the edge and/or surface of these nuclei and then grow outward [71]. As a
result the n values approach unity as the silica amount increases, making the crystal more
likely to grow in a linear manner.
The crystallization rate coefficient, K, decreases with the loading amount of silica
particles. t1/2 is always larger than ti, and the difference between the two times decreases
with an increase of silica, indicating the asymmetry is getting less pronounced when the
inorganic particle content increases.
From Figure 4.10, the degree of crystallization conversion vs. time curves show that
for all the samples loaded with silica, the time needed in order for the crystallization
process to be completed is decreased, compared to that of neat PET.

The PET

crystallization rate increases significantly with an increase of the silica content, which
indicates that the silica nanoparticles act as an efficient nucleating agent to facilitate PET
crystallization. The addition of silica could decrease the activation energy compared to
neat PET, so once crystals are nucleated, silica particles could largely accelerate the
crystal growth rate [72].
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Table 4.3 Parameters Characterizing Isothermal Crystallization of PET/Silica
Electrospun Nanofibers at 375 K: Avrami rate constant, K, and exponent, n ,
crystallization half time, and time to maximum rate of change of crystallinity
log K

N

t1/2

ti

±0.01

±0.01

±0.01

±0.01

PET

-1.33

1.31

7.81

3.44

PET/0.5% Silica

-1.17

1.30

6.00

2.57

PET/1.0% Silica

-1.03

1.25

4.96

1.94

PET/2.0% Silica

-0.64

1.15

2.62

0.61

Sample

Model
Based on the experimental results discussed, a model is proposed in Figure 4.12 to
explain the phase structures of PET/Silica fibers. Two types of RAF were formed based
on the thermal analysis results. RAF exists not only as: 1. an interphase between MAF
and the lamellar crystals; but also as: 2. a bounded layer located at the surface of the
silica particles. The presence of silica did enhance the extension of polymer chains in ES
fibers, resulting in an increase of constrained (RAF) chains.
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Traditionally, rigid amorphous fraction, RAF, is found to be formed at temperatures
higher than Tg, for example, while the polymer is being cooled from the molten state.
During electrospinning, the high electric field produces geometrical constraints on the
conformational motions in the solution phase. Some of the amorphous polymer chains
become trapped near the surface of silica particles, forming an immobilized layer (light
grey part surrounding silica in Figure 4.9a,b).

When PET fiber was subsequently

crystallized by isothermal heat treatment, as a result of the highly entangled nature of the
polymer chains, the mobility of the amorphous polymer chains becomes further restricted,
with immobilizing chains between the growing crystals (light grey part at the interfacial
region of lamella stacks) as shown in Figure 4.9 c,d.
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Figure 4. 12 Schematic illustration for the phase structure and chain orientation for PET
as-spun fibers containing nanoparticles of: a,c) unmodified silica, b,d) modified silica,
either before crystallization (a,b) or after (c,d).
perimeter of PET ES fiber.

Solid heavy line represents the outer

Light grey lines refer to polymer chains. Nanoparticles
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(blue) are surrounded by an immobilized RAF layer (light grey).

RAF (light grey) also

exists within lamellar stacks (c,d) as an interphase between crystalline and mobile
amorphous regions.

4.4 Chapter Summary
Thermal analysis is an important analytical method to study the phase structure
(crystal, mobile amorphous, and rigid amorphous phase quantities) and their transitions in
electrospun fiber nanocomposites.

It allows the quantitative characterization of the

relative amounts of these three phases by heat capacity measurements. The existence of
rigid amorphous fraction in non-crystallized as-spun PET/silica nanocomposite fibers
was quantitatively demonstrated. Evidence of the existence of RAF in the absence of
crystals, induced by the interaction between the nanofillers and the polymeric matrix, was
analyzed based on changes in the heat capacity step in the glass transition region. The
effect of the silica particles on the phase structure (fraction of crystals, MAF, and RAF)
of electrospun PET fibers as a function of the amount of silica was also investigated.
For both as-spun amorphous fibers and heat treated crystalline fibers, RAF increased with
an increasing amount of silica due to the restricted chain mobility induced by silica
particles.

Experiments show that surface properties of the silica particles greatly

influence the nanocomposite phase structure and thermal properties. The study of the
devitrification of RAF was carried out combining standard DSC and quasi-isothermal
DSC. No matter what the origin of the RAF, whether formed by interaction with silica
particles or with lamellar crystals, the RAF in our ES PET fibers devitrifies during
heating before the temperature reaches the start of the crystal melting endotherm. The
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addition of silica particles not only introduces polymer-filler interfacial binding, leading to
the immobilized layer, but also has a significant effect on the crystallization kinetics of
nanocomposite fibers.

For the first time, the preferred 1-D crystal growth was

confirmed for the geometrically confined nanocomposite fiber. The addition of silica
particles makes the crystal growth more likely to occur in a 1-D manner.
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Chapter V Constraints in Semicrystalline Polymers: Using Quasi-Isothermal
Analysis to Investigate the Mechanisms of Formation and Loss of the Rigid
Amorphous Fraction

5.1 Introduction
This chapter is an extension of prior work on vitrification and devitrification of rigid
amorphous fraction of poly(ethylene terephthalate) during quasi-isothermal cooling and
heating [1]. The purpose of this work is to determine whether some of the unusual aspects
of the vitrification and devitrification of RAF, reported for PET, are more general
phenomena. In Chen’s work on PET [1], it is found that: 1. vitrification of most of the
RAF occurred during quasi-isothermal cooling after secondary crystallization was
completed; 2. at certain temperatures, there was a greater amount of RAF (larger solid
fraction) found during QI-reheating than during QI-cooling; and, 3. most of the RAF
devitrified before the start of observable melting in PET during step-wise heating. In
this chapter, the mismatch between the RAF in poly(trimethylene terephthalate), PTT
during QI cooling and reheating is proposed to be explained by the effects of
densification brought on by physical aging which causes the devitrification temperature
of RAF to be higher than its previous vitrification temperature. Additionally, we consider
recent concepts related to jamming, which have been suggested to apply to filled polymer
systems, and may also be applicable in describing constraints exerted by crystal lamellae
upon the RAF.
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Semicrystalline polymers constitute the largest group of commercially useful
polymers. These polymers exist as viscous liquids at temperatures above the melting
point of the crystals. Upon cooling, crystals nucleate and grow to fill the available
volume. The reason these materials are called "semicrystalline" is that some fraction of
the polymer remains un-crystallized, or amorphous, when the polymer is cooled to the
solid state.

The amorphous polymer chains become trapped between the growing

crystals, inside or outside lamella stacks. As a result of the highly entangled nature of
the polymer chains, the movement of the amorphous polymer chains becomes restricted.
The conception of a third phase, termed the "rigid amorphous fraction" (RAF), was
introduced to explain the constraints exerted by the crystals upon the mobility of the
amorphous phase [2-10].

RAF is characterized as a nanoscale interfacial region

between crystalline and mobile amorphous phases induced by tie molecules [9, 10].
RAF represents the fraction of the amorphous phase that does not contribute to the heat
capacity increment at the glass transition, T g. RAF also has no contribution to the heat
of fusion of the crystals.

It was suggested that RAF contains molecules whose mobility

is inhibited in the presence of crystallinity [11].
The purpose of the present work is to determine whether some of the unusual aspects of
the vitrification and devitrification of RAF, reported in prior work [1] on PET, are more
general phenomena. A related polymer is chosen for study, PTT, having an odd number
of methylene groups. By using the technique of quasi-isothermal (QI) cooling, w the
degree of crystallinity can be carefully controlled so that all three fractions (C, MAF, and
RAF) are determined through quantitative heat capacity analysis. In PTT, an increased
solid fraction during QI heating compared to QI cooling is also observed as in PET, when
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the same temperature is compared. Even though the rigid amorphous phase has been
studied widely, so far no one has suggested any detailed explanation of how it forms.
Here, the mismatch between the solid fractions during QI cooling and reheating is
explained by the effects of densification brought by physical aging which causes the
devitrification temperature of RAF to be higher than its previous vitrification temperature.
In the last section of discussion, the relationships between the effects seen here in the
formation behavior of RAF is suggested, and recent concepts related to jamming that
have been suggested in polymer nanocomposites.

5.2 Experimental Section
PTT pellets were supplied by Shell Chemical Company with an intrinsic viscosity of
0.9 dl/g, measured in a 50/50 mixture of methylene chloride and trifluoroacetic acid at 30
C according to the supplier.
The relevant experimental approaches were given in Chapter 3.

5.3 Results
The basic thermal analysis of melt-crystallized PTT is illustrated in Figure 5.1a.
Non-isothermal cooling (curve 1) shows a single exotherm, which is completed by about
450 K.

The reheating curve (curve 2) shows an exothermic peak (at about 489K)

followed immediately by a single endothermic peak at 499 K.

Reheating after QI

cooling (curve 3), results in a double-melting endotherm with peaks at 493 K and 502 K.
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The degree of crystallinity, C, is determined by measuring the endothermic area using a
sigmoidal baseline [14] from:
C = ΔH meas/ΔHf

(5.2)

where ΔHmeas is the measured heat of fusion of the semicrystalline polymer while ΔHf
=140J/g is the heat fusion of 100% crystalline PTT [12]. A very slight increase in
crystallinity occurs in the PTT cooled quasi-isothermally, and the major melting peak
shifts to higher temperature, indicating more perfect crystal was formed during QI
cooling. After QI cooling, C = 0.42, while after non-isothermal cooling, C = 0.40.
Room temperature WAXS data for PTT are shown in Figure 5.1b for samples
treated by non-isothermal cooling (curve 1), or quasi-isothermal cooling (curve 2). For
comparison, the molten amorphous sample is shown at T=553K (curve 3).
quasi-isothermally cooled sample has greater crystal perfection.
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The

Figure 5.1 a) Standard DSC heat flow rate vs. temperature for PTT: Cooled at -5K/min
after melting for 5 min at 553K (curve 1); and then reheated at 5K/min after holding 10
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minutes at 253K (curve 2). For comparison, reheating at 5K/min of PTT which had
been cooled quasi-isothermally step-wise from 553 K to 273K (curve 3). Endotherms are
presented with downward deflection. b) Comparison of wide angle X-ray scattering
patterns for PTT: Room temperature scan after cooling at -5K/min from the melt at 553K
(curve 1); Room temperature scan after cooling quasi-isothermally step-wise from 553K
to 273K (curve 2); In the molten state at T=548 K (curve 3). Miller indices of the PTT
reflections are marked [15].

The specific reversing heat capacities of quasi-isothermal cooling (red filled circles)
and subsequent reheating (black filled circles) are displayed in Figure 5.2. The glass
transition step occurs at about 360K, and the solid state is achieved during cooling once
temperature decreases below about 313K. Upon quasi-isothermal reheating (black filled
circles), the solid state reversing heat capacity is expressed until the glass transition
temperature step occurs. During QI reheating, the heat capacity step associated with the
glass transition is reduced in amplitude and occurs at slightly higher temperature than
during QI cooling. Comparing the reversing heat capacity at equal temperatures, we see
that the heat capacity during quasi-isothermal heating falls below that of the cooling data,
from the start of the glass transition step up to about 413 K. The variation between the
heating and cooling data is outside the limit of experimental error. The reversing heat
capacity during heating then crosses the cooling data, and remains slightly above the
cooling data up to 471K. From 413K to 471K, the variation between the cooling and
heating data is within the range of experimental error (variation is less than ±1%).
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Figure 5.2

Apparent specific reversing heat capacity of PTT, during QI cooling (red

filled circles) and QI reheating (black filled circles).
subsequent QI reheating.

a.) QI cooling to 273K and

Dashed lines are calculated baseline heat capacities
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determined from Eqn. (5.4b) for solid fractions of 0.42 or 0.70. b.) QI cooling to 371K
and subsequent QI reheating. The inset plot in (b) shows a magnified view of the lower
temperature data. Solid lines represent the heat capacities of 100% liquid and 100%
solid PTT taken from the ATHAS data bank [16].

A fresh PTT sample was cooled quasi-isothermally in the same manner as the
previous treatment but the cooling sequence was stopped at 371K (a temperature above
the glass transition of the MAF) and the sample was immediately quasi-isothermally
reheated to the melt, as shown in Figure 5.2b. A mismatch between the heat capacity
data during QI cooling and reheating up to 420K was obtained but this time showing a
smaller gap compared to Figure 5.2a for the same temperature.
The solid lines in Figure 5.2a represent the values of CPsolid and CPliquid, taken from
ATHAS data bank [16]. The measured heat capacity data match well with the heat
capacity for PTT reported in the ATHAS data bank below T g as well as above the crystal
melting point, 526 K, to within an accuracy of 1%. The dashed lines are the heat
capacities C Pcalc calculated for a certain percentage of solid fraction using:
S = C + RA =1- MA

(5.3)

Here, S, C, RA, and MA are the solid, crystal, rigid, and mobile amorphous fractions,
respectively, and MA = 1-S. Then we write the heat capacity as:
CPcalc (T) = S CPsolid (T)+ MA CPliquid (T)
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(5.4a)

= S Cpsolid(T) + (1-S) Cpliquid (T)

(5.4b)

= (C+ RA) Cpsolid(T) + (1-C -RA) Cpliquid (T)

(5.4c)

According to Eqn. (5.4b), Cpcalc(T) is a linear temperature-dependent function of S, and a
series of lines of Cpcalc(T) vs. T can be drawn by adopting different values of S.

Each

line intersects the specific heat capacity curve at a unique point, and each of these points
corresponds to a particular value of S. Therefore, we chose several sets of S to draw a
series of dashed lines which intersect the heat capacity curve at different points, and the
relevant fractions for the three phases are thus obtained as functions of temperature.
To obtain the temperature dependent RA using Eqn. (5.4c), it is essential accurately
to measure the crystallinity developed at different temperatures.

A series of tests was

carried out in which a sample was immediately heated up to melting using standard DSC
after it had been quasi-isothermally cooled to a specific temperature, Ti, ranging from
383K to 463K. For each QI test followed by reheating, a fresh sample was taken. The
results are displayed in Figure 5.3.

All DSC scans during which the sample was

quasi-isothermally cooled to Ti ≤ 451K show identical endothermic heat flow traces.
However, with regard to the shape of melting peak, a visible evolution can be observed.
During the temperature reduction of the QI cooling process, a single peak with a shoulder
comes into being gradually, eventually leading to a double peak with its shape unchanged
as temperature decreases below 431K. The endothermic peak evolution is related to the
crystal perfection when samples were cooled, and the multiple peaks indicate the
occurrence of reorganization of the crystals which can only be avoided with extremely
high heating rates [17].
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Figure 5.3 Heat flow rate vs. temperature of PTT reheated at 5 K/min after QI cooling to
(a) 461K, (b) 451K, (c) 441K, (d) 431K (e) 413K and (f) 383K. Curve (g): PTT
reheated at 5 K/min after QI cooling and subsequent QI heating up to 425 K. The
weight fractions of crystals, c, from endotherm area are indicated. Endotherms are
presented with downward deflection.

Experimentation of zero-entropy production melting temperature shows reversible
melting is absent at temperatures well below the temperature of irreversible
crystallization [18]. Since all the PTT crystals were formed at temperature above 451K,
no reversible or non-reversible melting of crystals occurs at temperatures below 451K.
This hypothesis was tested in the manner done previously for PET [1] by using a QI
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cooling procedure followed first by QI reheating to several specific temperatures below
451K, and then followed by an immediate standard DSC fast heating to melt. An
example is shown in Figure 5.3, curve (g).

Similar to PET[1], no obvious change

occurs in the crystallinity, or the endotherm peak shape, from this series of measurements
compared with the value found on previous QI cooling.

Therefore, since the

crystallinity did not change from 451K to room temperature during both QI cooling and
reheating, RA can be obtained based on Eqn. (5.4c). Results are shown in Figure 5.4.

Figure 5.4 Solidified rigid amorphous fraction vs. temperature of PTT: During QI
cooling from 450K to 350K (solid squares) and subsequent QI reheating from 360K to
450K (open circles), determined from Eqn. (5.4).
reheating data after QI cooling from 450K to 371K.

Solid circles stand for the QI
The upward arrow marks the point

at which the rigid amorphous fractions coincide during heating and cooling. The inset
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plot presents another view of the temperature dependent RAF fraction, plotting
temperature vs. RAF content (with reversed x-axis).

At 451K, the temperature below which the crystalline fraction did not change any
more, RA has a value of 0.008. With the further decrease of temperature, RA reaches a
value of 0.055 at 431K, by which point the perfection of crystal has been completed.

As

the QI cooling progresses from 431K to 349K, RAF increases to 0.275. For comparison,
Pyda [12] reported that 0.10-0.15 RAF was produced when amorphous PTT was heated
from 190K to 570K at 10K/min by standard DSC. Below 349K, the glass transition of
the remaining liquid occurs, and all MAF molecular chains are immobilized and
converted into the solid state.
After QI TMDSC cooling, the DSC pan was opened and the sample was divided; a
part of the sample underwent a standard reheating, while the rest of the material was
heated quasi-isothermally.

A comparison of the two heating modes is shown in Figure

5.5. The two reversing heat capacity curves overlap well up to 431K, lending support to
our assumption that crystals of PTT are not melting at this temperature.
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Figure 5.5 Comparison of apparent specific reversing heat capacity of PTT from QI
heating (filled circles) and standard heating after QI cooling (solid curve). The standard
heating endotherm has been truncated. Upper and lower straight lines represent the heat
capacities of 100% liquid and 100% solid PTT, respectively, taken from the ATHAS data
bank [16].

5.4 Discussion
In a three-phase model, in order to quantify the mobile and rigid amorphous fractions
where the two phases interconvert (MAF into RAF during cooling, and RAF into MAF
during heating), it is necessary to fix the degree of crystallinity. Using the
quasi-isothermal technique, it is possible to cool the PTT sample to a temperature, T i (=
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451K) at which crystallization is complete. By this strategy the crystal fraction is fixed,
allowing the fraction of rigid amorphous phase to be determined as a function of
temperature using Eqn. (5.4).

Although a tiny amount of RAF was formed in PTT

above Ti, most of the RAF vitrifies step by step during quasi-isothermal cooling below T i.
Like PET [1], in PTT over a certain temperature range, there is a greater amount of RAF
(larger solid fraction) measured during QI-reheating than during QI-cooling, and the RAF
devitrifies step by step with an increase of temperature.
The vitrification and devitrification behavior of RAF have been interpreted
controversially. For poly(3-hydroxybutyrate), PHB, poly(carbonate), PC [8, 19], and
isotactic polystyrene, iPS [20], the RAF vitrified at the crystallization temperature. On
the other hand, for nylon 6 [21] and syndiotactic polypropylene[2], a portion of the RAF
vitrified after crystallization was completed. In some polymers, including poly(ether
ether ketone), PEEK [3], poly(phenylene sulfide), iPS [22], nylon 6 [21] and nylon 6,6
[13], RAF devitrifies at a temperature above the conventional glass transition temperature,
but below the completion of melting. Several other researchers suggest that RAF cannot
devitrify until the crystals have begun to melt [8, 19]. In PHB and PC, the RAF was
observed to become devitrified simultaneously with melting, while in the case of PPO[7]
RAF devitrified above the crystal melting endotherm. Therefore, the vitrification and
devitrification of RAF depends upon the polymer studied and conditions of
crystallization and cooling. In the next section, a model is proposed for the vitrification
of RAF of PTT during the quasi-isothermal treatment used in this study.
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Vitrification of RAF
When the amount of the amorphous phase in a semicrystalline polymer is measured
as 1-C, and compared to the heat capacity increment at T g, it is found that not all of the
amorphous phase solidifies at the glass transition [23]. This “missing” glass, termed the
rigid amorphous fraction, RAF, is found to be formed at temperatures higher than T g, for
example, while the polymer is cooled from the molten state. The vitrification depends
apparently not only on the polymer's temperature and density but also on the geometrical
constraints on the conformational motions in the liquid phase. We suggest that when
polymer crystals form, enough arrest of mobility of the liquid phase near the crystal
surfaces occurs so as to cause vitrification to happen at lower densities (i.e., at higher
specific volumes) and higher temperatures, gradually during step-wise cooling.
Here we explain the formation of the rigid amorphous phase using the model of
vitrification occurring during quasi-isothermal step-wise cooling over the temperature
interval from the final crystal formation temperature to close to Tg, depicted
schematically in Figure 5.6. The constrained phase (here, the RAF) forms at higher
temperature than the Tg and the heat capacity increment at T g is decreased both by
formation of crystals and by the amount of RAF [3-5, 9, 10, 13, 22, 23]. The reason that
the rigid amorphous phase is formed at higher temperatures than Tg is that the amorphous
phase adjacent to the crystalline lamellae is constrained by them, which drives
vitrification to occur at lower densities and consequently at higher temperatures [24]
(Figure 5.7).

In our case of polymer melt crystallization, the role of the fixed constraint

is taken by the crystal, but it could also be taken by nanofillers. Recently, addition of
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silica particles and carbon nanotubes also results in formation of RAF in
non-crystallizable PMMA [25] and in crystallizable PTT [26] and polyamide [27], with
the particles behaving like the crystals do, to reduce the amorphous chain mobility. The
fixed constraints affect only the first layer adjacent to them, arresting the motion in that
layer, and then the arrest spreads further away from the fixed constraints [28].

Figure 5.6 Schematic model of RAF formation upon quasi-isothermal cooling, with
temperature profile at the bottom. The crystal lamellae, with thickness LC, form first at
TC. For simplicity, most amorphous chains are not depicted. Each of the regions I-IV
corresponds to a RAF layer formed at a certain temperature during QI cooling. Region
(I) adjacent to each lamella starts vitrifying immediately after the formation of the
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crystals due to the fixed constraints of the crystals. The successive layers (II) to (IV)
undergo the transition from liquid to solid at successively lower temperatures. Region
(V) is isotropic and the transition starts from region (IV) on both sides of (V) and spreads
within a finite time and temperature interval over the whole of region (V), expressed in
the characteristic logistic shape of the glass transition heat capacity step.

Once the crystals have formed, vitrification proceeds outward away from the
lamellar surfaces. The next amorphous layers meet loops and chains connected to the
crystals and therefore they also undergo a transition from liquid to solid at a higher
temperature than the glass transition Tg, however at lower temperature than the first layer
because they are not adjacent to the crystal but to fixed constraints of the first layer
(Region I in Figure 5.6). In experiments with polymer chains it has been demonstrated
that the existence of loops decreases the density of the polymer and therefore will have
the effect of increasing the vitrification temperature of that layer [1, 8].

This second

layer (Region II in Figure 5.6) will be the next to undergo its own transition from liquid
to solid state. Successive layers further from the crystals (Regions III and IV in Figure
5.6) undergo their solidification, initiated by the preceding layer, at successively lower
temperatures because of the larger mobility of the molecules in those layers, and in the
next layers not yet solid, and located further from the crystal lamellae. This succession
of small transitions forms a continuum with an increased solid fraction forming between
the crystallization exotherm and the glass transition step, as observed here during QI
cooling shown in Figure 5.2, and previously also seen for PET [1].
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This transition continues until the layer about to undergo the transition is far enough
away from the crystal lamella, and has the characteristics of the liquid isotropic phase, the
MAF.

At this point the entire remaining MAF is about to undergo a sharp liquid to solid

transition almost simultaneously. Since this transition spreads through the amorphous
fraction, initially in all directions, until it fills all small corners, it has the characteristic
logistic shape of the glass transition, with an onset, acceleration, inflection point, and
deceleration. Below the glass transition, the solid fraction is constant at 1.0, shown in
Figure 5.2 for PTT by the coincidence of the specific reversing heat capacity with the
solid state heat capacity from the ATHAS data bank [16].
Strobl [29] proposed a similar model based on the theory of insertion crystallization
that partial crystallization and melting are associated with the temperature-dependent
change in the thickness distribution of the amorphous layers from SAXS and electron
microscopy. He suggested a transition zone exists between the lamellar crystallites and
the fluidlike amorphous matrix. The noncrytallizable amorphous parts are transported to
the surface of lamella, with its highest concentration close to the lamellar surface,
followed by a decrease through the transition zone and approaching a plateau region
between two lamellae. This procedure has high similarity with the vitrification of RAF
that proceeds outward away from the lamellar surfaces. However, DSC results show
most of RAF in PTT was formed after the completion of crystallization, not during the
crystallization as depicted in Strobl’s theory. In our opinion, the growing lamella could
not provide sufficient fixed constraint to the mobile amorphous region, making it hard for
the first layer to be attached onto the lamellae surface, and harder for the motion arrest to
spread further away from the lamellae surface.
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The quasi-isothermal treatment used here provides the mechanism accurately to fix
the degree of crystallinity; then, from the measured heat capacity and Eqn. (5.4), the
temperature dependent solid fraction is known.

The QI treatment leads to the

temperature profile being a series of small steps in Figure 5.6. In the limit of simple
non-isothermal cooling at a fixed rate from the melt, the formation of the rigid
amorphous phase would be expressed as a continuous vitrification, starting at the
crystallization exotherm and ending with the glass transition of the bulk MAF.
In Figure 5.7a we show the variation of specific volume, V, with temperature during
cooling. If there were no formation of RAF between T c and Tg, V vs. T would follow
the straight line (red solid line marked No RAF) until T g is reached.
temperature the sample volume would reach VS0.

At lower

However, if RAF is formed

continuously during cooling, V changes continuously (no discontinuity in slope) for the
quasi-second order Tg phase transition (red dashed line).

It is expressed in the increased

amount of solid fraction between the two transitions and accounts for the missing height
of the glass transition step calculated from the available amorphous phase in the sample
when it is assumed that RAF is not formed. In this case, below T g, the sample volume
would reach the value VSR.
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Figure 5.7 Specific volume, V, vs. temperature, T, for a semicrystalline polymer cooled
from the melt, showing discontinuous change at the crystallization temperature, T C. a.)
During cooling. For T < TC, V follows either the solid red line in the absence of
formation of RAF, or the dashed red line when RAF is formed continuously during
cooling.

At Tg, the remaining MAF solidifies with the logistic shape of the glass

transition, and V follows the solid black lines at lower temperature to the value VS0
without RAF, or VSR with RAF formation. Also shown is one example (thick dashed
black line) of the specific volume, VII, of RAF located in Region II of Figure 5.6. b.)
During cooling and reheating. Specific volume of the sample is reduced by physical
aging. Upon subsequent reheating from the solid state, MAF follows the lowest dotted
line. At the devitrification temperature, T DV (higher than Tg during cooling), the MAF
devitrifies. As an example of physical aging of RAF, the RAF formed in Region II
during cooling (upper dashed line) undergoes continuous physical aging, reducing its
specific volume in the solid state to one of the dotted lines, depending upon whether the
RAF was cooled to below Tg of the MAF (experiencing more aging) or above Tg
(experiencing less aging). Upon reheating, RAF devitrifies at a temperature higher than
its vitrification temperature during cooling. The devitrification temperature of RAF is
higher, the longer it is physically aged.

The vitrification of RAF in the QI case causes Regions I-IV to "peel off" the V vs. T
curve at successively lower temperatures. Those now-vitrified regions follow curves
such as the black dashed line [24] for Region II in Figure 5.7a. The impact is to
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increase the overall sample V above the line of No RAF. If the formation of RAF
happens continuously there will be a decrease in slope of V vs. T (red dashed curve in
Figure 5.7a) because the RAF, now a glassy state, will have the same slope as the solid
state at temperatures below T g.

In the case of a non-continuous transition, such as

observed here in quasi-isothermal step-wise cooling, we would see steps in the specific
volume corresponding to the vitrification temperatures of the RAF (i.e., temperatures
corresponding to Regions I-IV in Figure 5.6). These steps in V vs. T are omitted from
Figure 5.7 in the interests of generality and simplicity of the figure's presentation.

Physical Aging Affects the Devitrification of RAF
At very slow cooling rates the polymer has time to rearrange and densify to reach a
smaller solid state volume. It is known that at faster cooling rates, the polymer freezes
into a lower density state and needs long time annealing to expel defects and increase
density [30]. In a similar manner, when RAF vitrifies at higher temperature it does so at
higher volume and reduced density: the specific volume of RAF in Region I is larger than
that of Region II, and so on.

As a result, during step-wise QI cooling the RAF first

formed (Region I) experiences the longest period of physical aging (densification) in its
glassy state. Then Regions II-IV vitrify at lower temperature, at lower specific volume,
and undergo densification for shorter periods of time.
During subsequent QI reheating from 273K, PTT underwent its glass transition; the
MAF that vitrified at Tg during cooling is now devitrified during heating. As noted
previously, RA calculated for the QI reheating is greater than the RA during QI cooling
192

when the same temperature is compared (see Figure 5.4). An explanation for this
behavior, that the heating and cooling do not overlap each other, can be made with
reference to effects of densification caused by physical aging.
Physical aging has been investigated in a very broad range of polymeric materials
through creep studies, enthalpy relaxation measurements, and dynamic mechanical
testing [31]. Struik introduced the concept of an extended glass transition to explain the
physical aging behavior of semi-crystalline polymers [32-35]. He suggested that the
amorphous phase in semicrystalline polymers consists of two regions, the bulk
amorphous region, and the amorphous region constrained by the crystalline lamellae.
The latter cannot relax in the same manner as the bulk amorphous region; therefore there
will be a range of glass transition temperatures for the constrained amorphous phase
extending above T g of the bulk amorphous material. The physical aging that occurs
above Tg is considered as structural re-arrangement and reduction in free volume.
Here in PTT we find excellent agreement with Struik’s study.

In Struik’s model,

the amorphous region, divided into bulk amorphous region and the constrained
amorphous region by its distance from the crystallites are interpreted as MAF and RAF,
respectively.

Solid material formed during cooling through T g is devitrified upon

heating to form the MAF, while the rigid amorphous fraction formed at temperatures
above Tg during cooling, is devitrified gradually when its temperature of previous
vitrification is reached and then exceeded. Continuous physical aging that occurs all the
way down to Tg during quasi-isothermal cooling with an aging period of 20 minutes per
step, reduces the specific volume of RAF in the solid state (the line marked as II in Figure
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5.7a is an example), and during further physical aging that occurs below T g, from 349K
to 273K, both MAF and RAF became denser (physically aged). This is reflected by the
shift of T g of the bulk material to a higher devitrification temperature, T DV, during QI
reheating, just above which, at 363K, the MAF relaxes into the liquid state. Now upon
heating to 363K RA reaches a value of 0.275, which is the same value obtained at 349K
in QI cooling, which was the onset of the glass transition as shown in Figure 5.4. A
similar effect was also seen in PET [1].
The effect of densification brought by physical aging [36] is to increase the
devitrification temperature during reheating.

Each RAF region will devitrify at a

temperature above its previous vitrification temperature. This leads to the observation
of increased solid fraction during QI heating up to 420K compared to QI cooling, when
the same temperature is compared, as shown in the inset plot of Figure 5.4. As an
example of physical aging of RAF (shown in Figure 5.7b), the RAF formed in Region II
during cooling (upper dashed line) undergoes continuous physical aging, reducing its
specific volume in the solid state to the value given by the dotted lines, dependent upon
whether the RAF experience QI-cooling to either below or above the Tg of MAF. Upon
reheating, this RAF devitrifies at a temperature higher than its vitrification temperature
during cooling.
The degree of densification induced by physical aging affects the devitrification
temperature of RAF: for two RAFs created at the same temperature, the one with smaller
physical aging will have the lower the devitrification temperature. Applying this to our
case, the RAF formed by quasi-isothermal step-wise cooling to 371K (Figure 5.2b),
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which is aged less, will devitrify at a slightly lower temperature than the RAF formed by
step-wise cooling down to 273K (Figure 5.2a), which is aged more. The devitrification
temperature is still always higher than the vitrification temperature, but due to the
relatively short physical aging process the difference between the vitrification and
devitrification temperatures is smaller (compare the uppermost vertical dotted arrows in
Figure 5.7b).

It is also expected that if a longer time step were adopted during

quasi-isothermal mode (for example, 6h holding compared to 20 min) a higher degree of
densification will be induced by increased physical aging.
When RAF vitrification occurs at a small undercooling (less than 30K from the onset
of the solidification of RAF), we are unable to detect any effect of physical aging. In
Figure 5.4, the upward arrow shows the temperature onset point of divergence between
devitrification on heating and vitrification during cooling; for temperatures above the
arrow the discrepancy between cooling and reheating data is indistinguishable. This
could be attributed to the limitation of physical aging studies at temperatures close to the
transition temperature because the related time scales are not experimentally amenable to
characterizing relaxation all the way to equilibrium [37, 38]. In addition, for RAF
vitrified at the highest temperature, and located closest to the crystal lamellar surfaces,
due to the constraints of crystalline phase, it is possible that RAF in this region might be
initially the most dense, and least susceptible to further physical aging.
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5.5 New Development
In a forward thinking manner, we need to mention recent works that relate the glass
transition to the concept of jamming observed in granular systems, since they may bear
upon our present study of confinement. Recently, polymer nanocomposite systems
[30-32] have been found to exhibit effects of confinement, similar to those seen here in
semicrystalline PTT. Such constraints have been interpreted by Khan [28] using the
concept of jamming, which is an arrest of mobility without creation of order. For
polymer-clay composites, Khan [28] states “the entropic constraints imposed by the
stronger interfacial interaction due to the physical jamming of the layered clay after the
formation of house of cards type structure, retards the chain mobility and raises Tg”
(emphasis added.) Richter [39] interprets the glass transition itself as a “specific case of
the more general jamming transition”. This broadens the impact of our discussion of
RAF formation making it more generally applicable, not just for crystal lamellae, but also
for constraints exerted on the polymer melt through effects of inclusions such as silica
particles [25], carbon nanotubes [26], or layered silicates [27].

In an amorphous

nanocomposite system, the inclusion (whether e.g. carbon nanotubes, organically
modified silicates, silica, or graphene) would play the role of the fixed constraint and act
as the PTT lamellar crystals do here, to reduce the mobility of the layers closest to the
inclusion. In experiments with polymer chains it was demonstrated that the existence of
loops decreases the density of the jammed state and therefore will have the effect of
increasing the vitrification temperature of that layer [39-41], similar to what is suggested
by us in Figure 5.6 illustrating the sequential formation of RAF
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5.6 Chapter Summary
We have investigated the vitrification and devitrification of RAF in PTT using
quasi-isothermal heat capacity measurements. In our work, the fixed barrier inclusion
limiting molecular mobility is the lamellar crystal. But, in the work of Khan [33] it has
been proposed that the polymer chains solidify also near the surface of a clay inclusion.
Our discussion may be more generally applicable, not only for crystal lamellae, but also
for many types of constraints exerted on the polymer melt, including effects of inclusions
such as silica particles [25], carbon nanotubes [26], or layered silicates [27].
From heat capacity analysis during stepwise QI cooling and reheating of PTT, a
significant rigid amorphous fraction was formed at temperatures above T g.

One

question we attempted to answer in this work is: What is the reason that this large
fraction of the liquid amorphous polymer becomes rigid at a temperature higher than T g
and at correspondingly higher specific volume, i.e., lower density? Our opinion is that the
formation of the lamellae reduces the polymer chain mobility of the surrounding melt and
results in the higher vitrification temperature of the adjacent amorphous material
compared to Tg. RAF begins to form because constraints of the crystal surfaces reduce
the mobility of the highly entangled polymer chains attached to the lamellae. However,
mobility of chains located farther from the crystal surfaces is restricted little by little
during QI cooling. The layers which constitute RAF are formed one after another in the
manner of successive vitrification.

The rate of RAF formation increased as the

temperature decreased after crystallization.

This demonstrates that at lower

temperatures as the thermal motion of the molecules decreases, the density increases, and
the vitrification is accelerated. This process continues until the sample passes through
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the glass transition, at which temperature all remaining MAF vitrifies into the glassy
state.
Upon reheating, devitrification occurs first for the chains designated as the MAF, and
then for the RAF. We suggest that both MAF and RAF can undergo densification
driven by physical aging which causes the devitrification temperature to be higher than
the previous vitrification temperature. This can explain a long standing puzzle about
why there is an apparently larger amount of solid fraction seen during heating compared
to cooling.
We conclude with the following remarks about RAF and MAF suggested by this
work. We suggest that:
1. RAF does not devitrify at a temperature below its own vitrification temperature.
It devitrifies at or above its own vitrification temperature, depending upon the
degree of densification induced by physical aging.

For the first time, the

concept of physical aging has been applied to the RAF.
Furthermore,
2. An important difference between RAF and MAF, described previously by
Wunderlich [4, 5, 7, 10, 13, 18, 42] is that RAF is a nanophase which does not
possess the properties of the bulk, whereas, MAF expresses bulk properties, and
undergoes its liquid-to-solid transition at T g regardless of whether there are any
crystals present.
3. To form RAF, on the other hand, requires the presence of the fixed constraints of
the crystals, or other types of barriers such as additive particles.
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Chapter VI: Phase Structure and Transition Behavior of Highly-Aligned
Electrospun PLA Fiber Revealed by WAXS and DSC Study

In chapter IV, the phase structure and crystallization mechanism under confinement
in random electrospun nanofibers was thoroughly investigated, and a phase model was
proposed at the end. However the molecular orientation inside the fibers could not be
further verified by WAXS due to the isotropic fiber alignment that the scattering patterns
represent scattering from fibers of all directions. In this chapter, a new electrospinning
setup was adopted using a high-speed rotating wheel, to produce highly-aligned
poly(D-lactide) PLA fibers, the anisotropic WAXS pattern of which could provide useful
information of the conformation at molecular level. The molecular orientation,
crystallization mechanism and phase structure and transition of the deformed PLA fibers
were investigated through a combination of thermal analysis and wide angle X-ray
scattering to evaluate the confinement that exists in as-spun amorphous and
semicrystalline polymer fibers. A new phase structure model was expected to be
proposed for highly-aligned ES PLA nanofibers.

6.1 Introduction
Electrospinning is a highly versatile process that produces continuous polymer fibers
with diameters ranging from a few micrometers to a few tens of nanometers, through the
action of an external electric field imposed on a polymer solution or melt. It has been
used to create drug delivery vehicles, protective clothing, and artificial blood vessels, and
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in tissue engineering scaffolds, filtration, optoelectronics, and sensor technology [1-3].
There is a growing research interest in fiber alignment, in particular in tissue engineering
[4] where fiber-guided cell growth may occur. Recently literature discussion of the
molecular orientation in electrospun nanofibers introduced a new concept of the
electrospinning method for controlling the crystal morphology and molecular orientation
of the nanofibers [5-8]. A unique confinement in electrospun fibers is the geometrical
constraint of small fiber diameter that is induced by the electrical and mechanical forces
during the electrospinning process, which are believed to initiate synergistically the
orientation of the polymer chains [7]. Meanwhile, the restrictive environment induced by
the geometrical confinement of small fiber with a diameter of hundreds of nanometers
will dramatically influence the mobility of polymer chain segments that are stretched
along the fiber axis, making their mobility and relaxation behavior significantly different
from the bulk material.
To explore the impact of fiber confinement on mobility, we use thermal analysis to
investigate the structural changes in semicrystalline polymer fiber. Depending on
spinning condition, some fraction of the polymer remains un-crystallized, or amorphous,
when the polymer is electrospun from solution to the solid state.

The amorphous

polymer chains become trapped between the growing crystals, inside or outside lamella
stacks. As a result of the highly entangled nature of the polymer chains, the movement
of the amorphous polymer chains becomes restricted. The conception of a third phase,
termed the "rigid amorphous fraction" (RAF), was introduced to explain the constraints
exerted by the crystals upon the mobility of the amorphous phase. It is characterized as a
nanoscale interfacial region between the crystalline and mobile amorphous phases
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induced by tie molecules and characterized by incomplete decoupling between the
crystals and the amorphous chains. RAF represents the fraction of the amorphous phase
that does not contribute to the heat capacity increment at the glass transition, Tg.

RAF

also has no contribution to the heat of fusion of the crystals [9-15]. Recently the
concept of RAF was broadened to interpret the confinement which exists in polymer
nanocomposites and nanocomposite fibers by characterizing the glass transition behavior.
It was suggested that RAF also contains molecules whose mobility is inhibited in the
presence of solid fillers.
It is widely accepted that to form RAF requires the presence of the fixed constraints
of the crystals, or other types of barriers such as additive particles. One question we
attempted to answer in this work: Can RAF exist without the presence of these concrete,
physical barriers? Considering the molecular orientation induced by the unique
geometrical confinement during electrospinning process, it is reasonable to conjecture
that some portion of the amorphous phase, especially the oriented fraction whose
mobility gets limited, might not possess the properties of the bulk, and thus does not
undergo the liquid-to-solid transition at Tg, which actually constitute RAF.

Therefore,

RAF might be able to exist in nanofibers with preferential alignment as virtual
constraints, regardless of whether there are any fixed constraints present.

If it is the case,

how much are oriented amorphous phase and RAF related?
On the other hand, a mesophase has been reported in both deformed polymer film
and fiber when studying the phase structure by birefringence, wide angle X-ray, dielectric
spectroscopy, and infrared spectroscopy [16-22], to describe an oriented phase fraction
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which exists as a transition layer, or interface with a medium order between crystalline
and amorphous regions, or an intermediate state between crystalline and amorphous
states. The physical nature of this domain has been interpreted controversially. It has
been proposed that the mesophase could be type of paracrystalline [23-25] order,
short-range 3D structure [26], microcrystals [27], conformationally disordered crystal
[28], disordered bundles of chains [29], or oriented bundles of helical chains with and
without random helical hands [17].
In this study, the macroscopic alignment of the fibers and the preferential orientation
of polymer chains or molecules along one specific direction within the poly(D-lactic acid)
(PLA) fibers were both characterized. Thermal analysis was carried out to investigate the
existence of RAF without fixed constraints present. The correlation between the
relaxation mechanism of the oriented polymer chain and the unique crystallization
behavior of highly-aligned PLA ES nanofibers is also elucidated. Phase structure and
phase transition of the nanofibers were further investigated by time-resolved wide angle
X-ray scattering.

The concept of mesophase was broadened by introducing an oriented

amorphous phase formed during electrospinning and correlated to another concept rigid
amorphous phase in thermal analysis area.

6.2 Experimental
Materials. Semi-crystalline PLA Grade 2002 D (4% D-lactide, 96% L-lactide content,
molecular weight 121,400 g/mol, MFR 6.4 g/10 min) was obtained from NatureworksTM
in pellet form. The glass transition temperature of amorphous PLA occurs at T= 332.5 K
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with a change in heat capacity of 0.608 J/gK. For 100% crystalline PLA, the heat of
fusion is estimated to be 91 J/g at a peak melting temperature of T m=426 K [30-32].
The equilibrium melting temperature T m0 for this particular PLA is 432.5 K.
Dimethylformamide (DMF) and chloroform (both from Sigma Aldrich) with a volume
ration of 1:3 were used as solution for electrospinning. The electrospinning solution was
prepared as follows: PLA pellets were dissolved in chloroform for 3 h at room
temperature without stirring. Then DMF was added to the PLA solution and stirred
vigorously for 4 h. The required amount of PLA ware calculated to give a weight-volume
ratio of 10%.
Electrospinning Process. A typical experimental setup of the electrospinning process
consists of syringe-like apparatus which contains polymer solution, a high voltage supply,
a syringe pump, and a rotating drum collector, as shown in Figure 6.1a. The solution was
loaded into a syringe with a 16G needle with an inner diameter of 1.194 mm, at a
working distance of 11 cm from the collector. A multi-speed syringe pump (Braintree
Scientific, Inc. BS-8000) was used to feed the polymer solution into the needle tip, and
the feed rate was fixed at 0.03 mL/min. A plastic rotating drum covered by conductive
copper tape was used as the fiber collector. The drum was connected to a DC motor
with a rotating speed as high as 3200 rpm. In this study, 1000 rpm, 1500 rpm and 2000
rpm were used with the fibers aligning in the rotation direction. By setting the rotating
speed to zero, random non-woven fibers were produced. To provide the required charge,
a high voltage power supply from Gamma High Voltage Research Inc. (model No.
ES30P-5w) was used to produce an applied voltage varying from 0 to 30 kV.
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All

as-spun fibers were then dried in a vacuum oven for 24 h at room temperature. The
FTIR spectra confirm the complete removal of solvent.
Wide Angle X-ray Scattering (WAXS). Room-temperature, real-time WAXS was
performed in transmission mode at Brookhaven National Laboratory’s National
Synchrotron Light Source at the X27C beam line. Wavelength wave, λ, was 0.1371nm
and the scattering vector q, (where q=4πsinθ/λ, for θ the half-scattering angle) was
calibrated using aluminum oxide Al2O3 for WAXS. The sample-to-detector distance
was 126.7 mm.

A MAR CCD X-ray detector (MAR-USA) with a resolution of

1024x1024 pixels (pixel size =0.158 mm) was employed for detection of 2D-WAXS
images.
Differential Scanning Calorimetry (DSC). Thermal analysis studies were carried out
using a TA Instruments temperature modulated DSC (TA Q100). The instrument was
calibrated with indium for the heat flow and temperature, while the heat capacity was
evaluated using sapphire standard. Nitrogen gas flow of 50 ml/min was purged into the
DSC cell. Two modes were adopted in the study, TMDSC mode and standard mode.
The sample mass was kept around 6 mg. The Al sample and reference pans are identical
with an error ±0.01 mg.
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Figure 6.1 (a) Sketch of electrospinning setup; (b) Sketch of sample preparation for DSC
tests.

Special sample preparations were needed for DSC tests on PLA fibers. Collected
PLA oriented fiber mats were cut into thin strips along the fiber axis. The strip was
wrapped around a wire, and then spiral-like samples were placed into DSC pan in two
different ways as shown in Figure 6.1b. For the fixed-end method FXE, the lid and pan
were fully compressed using a mechanical press, and for the standard method STD, the
lid was loaded on top of the pan by hand without further encapsulation. The samples
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prepared by method FXE are more constrained. For another free-end method FRE, PLA
fiber mat was freely placed into the aluminum pan, and a lid was then placed on top of
the pan but without fiber wrapping or mechanical encapsulation, in which way the free
relaxation of polymer chains could be achieved. In this study, the standard method STD
is most widely used, since both total heat flow and reversing heat flow of high quality
could be obtained. If not specified, the sample preparation method STD was adopted for
DSC. The DSC test for the free-end sample FRE was not very stable due both to the poor
contact of the fiber with the aluminum pan and the fluffy nature of the fiber, but it is still
a good experimental control in this study.
Scanning electron microscopy (SEM).

Morphology of electrospun fibers was

examined using an FESEM Ultra 55 SEM at Harvard University, Center for Nanoscale
Systems. Samples were fixed to the SEM holder by conducting carbon tape, and were
sputter coated with gold/platinum by plasma deposition for 45 seconds.
Both aligned fiber and random non-woven PLA fibers were fabricated by
electrospinning technique under optimum conditions using a high voltage of 20 kV, a
working distance of 11 cm, and a feed rate of 0.03 ml/min. SEM images of the
electrospun PLA fibers are shown in Figure 6.2, in the form of (a) random non-woven
fabric and (b) aligned fiber. The fiber alignment was mainly influenced by the speed of
the rotating drum, and well-aligned PLA fibers could be achieved when the rotating
speed reaches 2500 rpm. The fibers were stretched and aligned toward the rollup
direction together with the control of fiber diameter via drawing.
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Figure 6.2 SEM images of as-spun PLA nanofibers: (a) non-woven fabric and (b) aligned
fiber collected for 30 seconds. The inset in (b) is fiber obtained after 1 h collecting time.

6.3 Results and Discussions
Non-isothermal Crystallization of Poly (D-lactic acid) Fiber Characterized by
Calorimetry and WAXS
The structural and dynamic evolution of PLA electrospun nanofibers during
non-isothermal crystallization was obtained by DSC and WAXS measurements. The
as-spun aligned PLA fiber produced with a rotating speed of 2000 rpm and quenched
PLA film were heated to melt at 2 K/min, and the total heat flow of the two samples were
presented in Figure 6.3 respectively. Here the sample of fiber here was prepared using
method FRE. An exothermic peak shows for both samples, but the peak for the aligned
fibers shifted to a lower temperature compared to the film. This peak along with a small
shoulder at a lower temperature (marked in grey) begins to develop in the late stage of
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glass transition, and for highly aligned fiber this exothermic peak is sharper in shape
compared to the film sample. This exotherm was also observed in other amorphous and
semicrystalline polymer such as oriented PET [33], drawn PS [34], PLA melt-spun fibers
[35] and PLA film stretched at a rate of 960%/min at 345 K [36]. The origin of this
post- Tg peak has been interpreted as cold crystallization of oriented amorphous phase for
PET [33], mechanical shrinkage for PS [34], nucleation-enhanced crystallization for PLA
aligned fibers [35], and an orientation in the amorphous region for drawn PLA film [36]
respectively.

Figure 6.3 Standard heat flow rate of a) PLA electrospun fiber b) PLA film during
heating at 2 K /min. Evolution of 2D WAXS pattern of freely-relaxing PLA fiber is
given at specific temperatures. Fiber axis is vertical. Inset shows the scattering angle vs.
intensity of equatorial scan (solid) and meridional scan (dashed).
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Time-resolved WAXS using synchrotron radiation was performed to explore the
structure development during the non-isothermal heating of the highly-aligned PLA
fibers. Fibers taken from the rotating collector held in the same macroscopic alignment as
taken from the collector electrode. The rotation direction is vertical on the page. The fiber
bundles were heated using the same procedure as in DSC. The WAXS patterns at
different temperatures are displayed in Figure 6.3.

An obvious evolution with

increasing temperature was observed, indicating an impact of the thermal treatment onto
the microscopic morphology. The initial WAXS pattern from the as-spun fiber exhibits
no crystalline reflection, indicating an amorphous nature for the as-spun fiber. Of
particular interest, this amorphous scattering pattern shows strong scattering anisotropy
by comparing the intensity along equator (solid) and meridian (dashed) (inset of Figure
6.3.1), indicating the orientation of polymer chains along the fiber axis. These oriented
polymer chains do not possess any typical helical conformation that can be found in
crystal forms. As temperature increases, with the occurrence of appreciable
crystallization of PLA, at around 343 K a pair of intense diffraction arcs in the equatorial
arc at 2 = 14.5 from the (200)/(110) reflection [37] of the -form of PDLA became
discernible (emphasized in white). At 353 K, another weak diffraction arc at 2 = 16.6
off the axis from (203) reflection was observed. The (200) arcs appearing on the equator
indicates the molecular orientation of PLA crystallites is induced by non-isothermal
crystallization, and the crystalline stems of PLA are aligned normal to the lamellar
interface. The diffraction intensity gets stronger as temperature increases to 383K, and
the equatorial arcs develop into a ring with highest intensity at the equator.
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Based on the real time WAXS results, the cold crystallization contributes to the postTg peak, however, the involvement of thermal shrinkage of the fiber is still not clear.
Considering the relatively slow crystallization kinetics of PLA, it might be possible to
prevent crystallization and make the involved thermal events more distinguishable.
Amorphous PLA films were heated to melt at different heating rates in DSC, and when
the heating rate reached as high as 20 K/min (bottom curve in Figure 6.4), no
crystallization peak or melting peak could be observed, indicating 20 K/min is sufficient
to prevent cold crystallization behavior for PLA film. We expected that PLA fiber if
heated at 20 K/min would not crystallize either, so the involved thermal events that can’t
be distinguished at lower heating rate could be separated and the origin of the exothermic
peak could be further identified. The as-spun oriented PLA fiber was heated at 1 K/min, 5
K/min, 10 K/min and 20 K/min to melt, and the heat flow rate is shown in Figure 6.4.
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Figure 6.4 Heat flow rate of as-spun PLA fiber heated at 20, 10, 5, 1 K/min and
melt-quenched PLA film heated at 20 K/min (bottom curve). The heat of fusion for
endotherm and exotherm are marked.

It is surprising to see the post- Tg peak as well as an endothermic melting peak
around 323 K are present for all samples, even for the one that was heated at 20 K/min,
indicating PLA aligned fiber was still able to cold crystallize at such a high heating rate
and simply increasing the heating rate could not prevent the occurrence of crystallization
in the fiber. An exothermic shoulder appears for samples heated at a heating rate equal or
less than 5 K/min as shown in the inset of Figure 6.4. Using the revising heat flow as the
baseline to minimize the interference of other thermal events, the exothermic event could
be approximately deconvoluted into two individual peaks, as shown in the inset of Figure
6.4. Considering obvious crystalline peaks were first observed around 343 K, the major
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peak at higher temperature should be attributed to the cold crystallization. Meanwhile,
from the molecular retraction tests which used the same heating procedure as the real
time WAXS and DSC, it is found that fiber shrinkage occurs as soon as the temperature
reaches Tg, indicating the small shoulder should be related to the thermal shrinkage of
fibers. The heat of fusion of the cold crystallization peak after deconvolution is equal for
all samples with a value of 20 J/g, independent of the heating rate. Similar phenomenon
that the exothermic area does not change with the heating rate was also observed by Aou
et al. in highly-aligned melt-spun PDLA fiber[35], and they believe such a rapid physical
process that doesn’t change greatly with heating rate can be either a conformation change
associated with shrinkage or nucleation-enhanced crystallization.
The growth of the crystalline lamellae during the temperature region of exothermic
peak in DSC is revealed by the emergence of Bragg peaks in the WAXS profiles,
therefore crystallization should be identified as the major physical event that dominates
the post-Tg exotherm. Besides, the small shoulder in DSC scan conforms to the
occurrence temperature of thermal shrinkage in the molecular retraction test. Therefore,
we believe the physical event that contributes to the post-Tg exotherm is thermal
shrinkage-induced crystallization, during which the shrinkage of fiber is a precursor for
the crystallization even though it can generate the exotherm itself. It acts as the
thermodynamic driving force for the crystallization.
Mesophase of PLA Fiber Characterized by WAXS
The crystallization mechanism has been interpreted with respect to the macroscopic
shrinkage, however the underlying microscopic mechanism at molecular level is still not
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clear.

As discussed in the last section, the amorphous chains in the as-spun fiber are

partially oriented. The existence of such an oriented phase fraction in both deformed
polymer film and fiber under tension has been widely investigated. In some researches,
the term mesophase has been used to describe such a transition layer or interface with a
medium order between crystalline and amorphous regions [17-20, 23, 24, 26, 28, 36]. A
metastable state of highly oriented but non-crystalline chains between the amorphous and
crystalline states actually has also been found in other polymer fibers like PLLA [20, 38],
PVA [39], iPP [17] and Kevlar [40]. Compared to the higher order of the crystals, this
portion had only partially ordered packing. Chu and Hsiao [17] proposed a similar
three-phase model for the oriented iPP fiber, including crystalline phase, amorphous
phase, and mesomorphic form which has a degree of order intermediate between the
amorphous phase and the crystalline phase. They also claim that this mesomorphic phase
includes the contribution of the smectic phase as well as the oriented amorphous chains.
For PLA, an uncrystallized domain with a nematic-like order in drawn melt-cast PLA
was reported by Mulligan and Cakmak [36]. Zhang and coworkers [20] pointed out that
in melt-quenched PLLA-PEG-PLLA copolymer, the PLLA block does not exist as a
traditional amorphous or crystalline phase but as a mesophase, in which the chain
conformation and chain packing are disordered to some extent. This phase will undergo a
phase transition of the mesophase-to-partial melt-to-ordered crystal upon subsequent
heating. Rochas and coworkers investigated the strain-induced mesophase of PDLA by
means of WAXS and DSC，and if drawn to high ratios, a part of the mesophase will act
as a precursor to the crystalline phase during heating [19].
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The oriented amorphous phase in this study seems different from the mesophase
discussed above which is formed as a result of external tension. In electrospun fiber, no
external drawing will be applied as soon as the fibers are formed. However, considering
the highly entangled nature of polymer chains, when a polymer is spun to form a fiber,
the molecular network in the solution is extended along the electrical and mechanical
force direction during electrospinning and then ‘frozen in’ the extended state [41, 42].
Therefore, polymer chains in as-spun fiber are still under certain frozen tension, so the
well-established method used in the characterization of mesophase in polymer under
drawing [43] by WAXS can be applied to the investigation of the phase structure and phase
transition of the as-spun PLA fiber upon heating. 2D WAXS pattern shown in Figure
6.3 is converted to a 1D pattern by integrating over 360 as a function of diffraction angle
using software FIT2D. The WAXS intensity profile is then deconvoluted using PeakFit
software based on the knowledge of the crystalline and amorphous scattering
contributions. Here the amorphous intensity profile was obtained from the scattering
pattern of the 100% amorphous film sample.

The examples of peak fitting of

azimuthally-integrated WAXS profiles are shown in Figure 6.5.
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Figure 6.5 Peak deconvolution of azimuth-integrated WAXS profiles of PLA sample,
exemplified by: a) 322 K (free-end fiber), and b) 383 K (fix-end fiber).
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Figure 6.6 Phase structure of highly-aligned PLA fiber during heating (a): free ends, and
(b) fixed ends.
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The evolution of phase structure of highly-aligned PLA fiber with temperature
during

heating

obtained

from

the

peak

deconvolution

of

WAXS

profile

(azimuthal-integration of 2D WAXS patterns shown in Figure 6.3) is displayed in Figure
6.6a. The weight fractions of crystalline, amorphous, and mesophase are represented by
c, a and m, respectively. For the initial as-spun fiber, m possesses a value of 0.10,
indicating a mesophase exists in the non-crystallized as-spun fiber, which consists of
oriented amorphous chains. During heating, m remains constant until the temperature
reaches beyond 333 K, followed by a sharp decrease to 0.02, and then gradually
approaches to zero. c exhibits a significant increase as temperature goes above 343 K
and reaches 0.19 at 383 K while m starts to drop rapidly after temperature reaches 333 K,
and approaches to zero with further temperature increase.

Comparing DSC result

shown in Figure 6.3 that an exothermic shoulder induced by thermal shrinkage appears
before the onset of crystallization, the relaxation of mesophase should be the microscopic
reflection of the fiber shrinkage, which actually contributes to the exothermic shoulder in
DSC scan. Hence the crystallization behavior can be interpreted at the molecular level as
follows.
The restrictive environment induced by the electrical and mechanical force present
during the electrospinning will initiate partial ordering of the amorphous polymer chains,
which do not have sufficient time to organize into suitable crystal registration before the
solidification [3]. During heating, the oriented polymer chains that constitute the
mesophase will undergo a phase transition from a confined state to a mobile state when
the temperature approaches Tg. The conformations of some polymer chains which are
extended during the electrospinning process will act as row nuclei [5] for the subsequent
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folding of the polymer chains that have regained the mobility and those initially mobile
chains. The lamellar crystals grow onto these row nuclei, and the molecular orientation of
crystals could be achieved by crystallization from an amorphous phase of extended
polymer chains.
Some researchers [44] proposed that upon heating the mesophase will undergo the
mesophase-to-crystal phase transition under drawing, but it is not the case in present
study. Different from the external tensile drawing discussed in their works, the tension
induced by electrical field and mechanical force is frozen in the fiber and will release
upon heating. So no further draw deformation is applied as soon as the sample is heated
above Tg at which the frozen-in tension relax. From the reversing heat capacity of PLA
fiber, an endothermic peak that cannot be seen in the total heat capacity could be
observed now at Tg. This endotherm has been widely reported as a hint of conformational
rearrangement from the oriented glass to isotropic rubber state [45]. Therefore although
the relaxation of mesophase could act as a precursor for crystallization, the mesophase
itself in as-spun fiber cannot transit into crystal phase of higher packing order directly
considering the fact that the frozen-tension formed in electrospinning has been released
upon heating.
Besides, it has been proposed that the mesophase could be a type of paracrystalline,
short-range ordered 3D structure, microcrystals, conformationally disordered crystal,
disordered bundles of chains, or both oriented bundles of helical chains with and without
random helical hands [23, 24]. In electrospun PLA fiber four distinct peaks in WAXS
which are due to the 3-fold helical chain structure are absent in the as-spun fiber,
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indicating no smectic phase containing bundles of 3-fold helices exists and the
mesomorphic phase only has the contributions from the oriented amorphous chains.
Characterization of RAF in Highly-Aligned PLA ES Fiber
The core idea of Wunderlich’s theory of the rigid amorphous phase [10, 11, 13] is
that rigid amorphous phase cannot undergo relaxation during the glass transition nor
contribute to the heat fusion of crystal melting, but it will influence the glass transition by
introducing a restrictive environment to the polymer chains. So if some polymer chains
contribute neither to the heat of fusion of crystals nor to the heat capacity increment at Tg,
they should belong to the category of RAF no matter where they are physically located.
In a three-phase model, which contains crystalline (C), mobile amorphous (MA), and
rigid amorphous phase (RA), the weight fractions of these three phases, i (for i = C, MA,
or RA) can be determined using differential scanning calorimetry.
The degree of crystallinity of semicrystalline polymer is determined from the
endothermic area of the heat flow vs. temperature curve:
C = ΔHmeas/ΔHf

(6.1)

where ΔHmeas is the measured heat of fusion of the semicrystalline polymer while ΔHf is
the heat fusion of 100% crystalline sample obtained from the difference between the
enthalpy of the crystal and liquid states at equilibrium melting temperature [46]. Since
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only the mobile amorphous phase participates in the glass transition, the mobile
amorphous fraction MA is obtained from the measured change of ΔCP at Tg:
MA =ΔCP/ΔCP0

(6.2)

where ΔC P0 is the heat capacity increments at the glass transition for 100% amorphous
polymer.
It was found that for most polymers, the sum of amorphous fraction, MA, calculated
from heat capacity step at Tg and crystallinity C from heat of fusion is less than 1.
Therefore, a third phase, rigid amorphous phase was introduced [11], and the weight
fraction RA finally is written as:
RA=1-C-MA

(6.3)

For a non-crystalline polymer system, the information about the rigid and mobile
amorphous fraction in the as-spun fiber can be obtained by comparing the heat capacity
step at Tg ΔCP with that of 100% amorphous sample ΔCP0. This method has been
introduced in details in [47]. WAXS patterns confirm the amorphous nature of PLA
as-spun fiber, indicating no crystal exists which will be given in detail in the following
sections. The rigid amorphous fraction, can be quantitatively determined from the heat
capacity step at Tg using:
RA =1 –ΔCP/ΔCP0

(6.4)

Here to obtain a precise heat capacity of the fiber sample, a three run method was
adopted [48]. Temperature-modulated DSC mode is used to minimize the influence of
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non-reversing thermal events. The specific reversing heat capacity of PLA fiber using
2000 RPM rotating speed is shown in Figure 6.7 as an example. The rigid amorphous
fraction of PLA fiber electrospun with different rotating speed is shown in Table 6.1.

Figure 6.7 Calculated apparent specific reversing heat capacity of PLA fiber heated at 1
C /min. Exotherm is downward. The two straight lines stand for the heat capacity of
100% solid and 100% liquid PLA taken from private communication with Dr.Marek
Pyda.
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Table 6.1 Rigid amorphous fraction of PLA fiber electrospun with different rotating
speeds.
Rotating Speed (RPM)

0

1000

1500

2000

0.59

0.57

0.55

0.54

0.96

0.93

0.91

0.89

0.04

0.07

0.09

0.11

0.03

0.06

0.09

0.09

ΔCP (J/g)a
±0.02
MAb
±0.01
RAb
±0.01
mc
±0.01

a. The heat capacity increment at Tg is 0.61 for 100% amorphous PLA.
b. MA and RA are the phase fractions obtained from DSC results.
c. m is the mesophase fraction in as-spun fiber determined from WAXS.

As seen in the table, ΔCP decreases with the increase of the rotating speed. The heat
capacity increment at Tg is 0.61 for 100% amorphous PLA, and it decreases to 0.54 for
as-spun fiber produced using 2000 rpm, indicating 0.11 RAF exists in this sample. An
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endothermic peak was also observed just above Tg from the reversing heat capacity.
Wunderlich pointed out that for any ordering connected with the RAF, one would expect
a decrease in enthalpy, which on disordering, would yield an endotherm [49]. The
decrease in heat capacity increment at Tg confirms RAF is able to exist without the
presence of the concrete, physical barriers such as crystals or additive particles, however,
due to lack of structure information at molecular level, the origin of this confinement is
still not clear.
Relationship between RAF and Mesophase
From the analysis results given above, we found the mesophase in electrospun PLA
fiber calculated from WAXS has high similarity as the rigid amorphous phase obtained
from DSC. Both phases possess some degree of medium-range order between crystalline
and amorphous phase. They do not participate the glass transition of the bulk at Tg, and
undergo their own relaxation above Tg. For PLA fiber produced using 2000 RPM rotating
speed, 0.11 RAF exists in the as-spun fiber, the value of which is very close to the
mesophase fraction 0.09 calculated from WAXS. We further verified this hypothesis in
PLA fibers produced using different rotating speeds. The results are shown in Table 6.1.
It is believed that the higher rotating speed will introduce a larger mechanical force
on the polymer solution during electrospinning. As a result of this enhanced confinement,
more polymer chains will get stretched along the force direction, and the orientation level
is improved too. Therefore, the mesophase fraction m increases with the increase of
rotating speed as expected. What is more interesting, m and RA are quite close in
value for all samples, indicating the two are probably identical in nature. Considering the
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molecular orientation induced by the unique geometrical confinement during
electrospinning process, the mobility of the oriented fraction gets limited, which does not
possess the properties of the bulk. It does not contribute to the heat of fusion, or undergo
the glass transition at Tg based on the fact that the crystallization exothermic peak area is
equal to the heat of fusion (Figure 6.3). So for the question we brought up with at the
beginning whether RAF can be formed without the presence of concrete barriers, there
are quite good reasons to believe RAF is able to exist in nanofibers with preferential
alignment as virtual constraints. The interpretation of RAF based on the formation
mechanism of mesophase well elucidates the origin of this phase, which cannot be
obtained directly from thermal analysis.
Actually, the correlation of mesophase with RAF has been attempted in other
polymer systems. Murthy et al. studied the crystal growth, orientation of amorphous
domains of traditional nylon-6 yarns using wide angle X-ray scattering and polarized
FTIR [16]. By separating the intensity into two components, the isotropic component
which corresponds to the randomly oriented amorphous chain segments and the
anisotropic component which is attributed to the amorphous chain segments oriented
preferentially along the fiber axis, he defined and calculated the fraction of the molecules
in the amorphous region that are preferentially oriented. He proposed that this amorphous
domain has some degree of medium-range order, which is not expected in a truly
amorphous phase.

Murthy related this anisotropic phase to the intermediate phase

proposed by Wunderlich and coworkers, which is widely recognized as rigid amorphous
phase [49]. However, due to lack of compelling evidence from other experimental
approaches, he could not identify that the anisotropic and isotropic amorphous
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components are indeed two distinct phases. He also mentioned that the anisotropic
component influenced the glass transition and therefore behaved like an “amorphous”
phase [16]. Meanwhile, when Wunderlich systematically investigated the rigid
amorphous phase in semicrystalline polymers [49], he pointed out a RAF-like
intermediate phase that possesses a degree of orientation exist with a liquid crystal-like
structure for PET fiber [50, 51] and drawn gel-spun UHMMPE [52].

In this study, we

succeeded in characterizing both the two phases using different experimental approaches
and correlated them with each other with respect to quality and thermal properties.
Mesophase Formed in Fix-end PLA Fiber
PLA fibers prepared in three different ways, as shown in Figure 6.1b, were heated in
DSC at the same rate of 2 K/min. The heat flow of the three samples is shown in Figure
6.8. Of particular interest is that the endotherm and exotherm for free-end fiber are equal
as seen in the total heat flow, while for the confined fibers, the two are not equal. The
difference between the two might be an indication of the change of the morphological
structure during heating, and it could also be used to further confirm the molecular origin
for the post Tg exotherm. It is found that the heat of fusion of the sample increases as
the extent to which the fiber was confined increases. Besides the α-form of PLA, the
α-form crystal is also formed revealed by the characteristic diffraction peak at 21.7 as
shown in Figure 6.5b. From the WAXS result, it is found for the free-end sample, no
mesophase exists when the crystallization is finished, and the same test was conducted
with the two ends of fiber mat fixed during heating. The 2D WAXS pattern at 383K is
shown in the inset of Figure 6.8. Compared to the free end sample with previously
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oriented but subsequently relaxed chains, the constrained sample presents a more
clear-cut crystalline reflections that appear on the equator and at quadrantal positions,
indicating the formation of crystal of higher orientation level and more perfect structure.
The evolution of phase structure of highly-aligned PLA fiber (fixed ends) with
temperature during heating is displayed in Figure 6.6b. c shows a similar growth trend as
that shown in Figure 6.6a, with a slightly lower onset temperature of crystallization.
Significantly different from the mesophase development in free-end fibers that it
decreases as soon as the temperature reaches Tg (Figure 6.6a), in PLA fix-end fibers m
increases slightly as temperature goes above 343 K and reaches 0.15 at 383 K,
following a trace similar to that of c.

It is believed this fraction of mesophase is not the

same as that exists in the as-spun fiber with a completely different formation mechanism.
It was formed when the end-fixing inhibited the relaxation of polymer chains during
heating, so the frozen-in tension could not release completely, which is confirmed by the
significant decrease in the amplitude of the exothermic shoulder related to fiber shrinkage.
This mesophase has high similarity with the stress-induced mesophase upon uniaxial
stretching [43, 44]. That is to say, by fixing the two ends of the fiber, an external tensile
stress was applied along the fiber axis when temperature reached Tg. This newly
developed mesophase is also believed to contribute to the heat of fusion directly or
indirectly revealed in DSC. The more the fiber is confined, the more mesophase is
formed, and the larger the heat of fusion will be. This new mesophase might undergo the
mesophase-to-crystal phase transition under “drawing” upon further heating, so the
overall crystallinity will increase, inducing more heat of fusion; it might also directly
devitrify into liquid state, making similar contribution to the heat of fusion as the crystal
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melt. Some portion of the oriented mesophase might keep its orientation and exist as tie
molecules between oriented lamellae; the other portions might exist as an independent
phase. Investigation on the phase structure change under drawing in the melting
temperature region is under way to further confirm the devitrification mechanism of this
mesophase.

Figure 6.8 Heat flow rate of PLA electrospun fiber (2500 RPM) heated at 2 K /min using
sample preparation method FEX, STD, and FRE respectively. The inset shows the 2D
WAXS pattern for fixed-end PLA fiber at 383 K.

Structure Interpretation
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Figure 6.9 shows conceptual molecular models for PLA electrospun fibers. To
summarize, a unique confinement in electrospun fibers is the geometrical constraint
which is induced by the electrical and mechanical force during the electrospinning
process. Due to high entanglement densities in PLA, polymer chains tend to extend along
the force direction when subjected to a tensile deformation. The extension of deformed
polymer chains initiates a level of orientation in the as-spun fiber, and these portions of
polymer chains are in presence of a mesophase, which acts as an intermediate state
between crystalline and amorphous phase, and cannot undergo the glass transition of the
bulk due to the constrained mobility of polymer chains (red rectangle). This phase has
high similarity with rigid amorphous phase with the preferential molecular orientation as
virtual constraints.

Other portions of amorphous polymer chains which are not

entangled with other polymer chains will not be affected by stretching and will maintain
their mobility. Once the temperature approaches to Tg, the oriented amorphous phase will
undergo its devitrification, which is macroscopically revealed as a thermal shrinkage of
the fiber, initiating and facilitating the chain folding of crystallization at a temperature
much lower than its cold crystallization temperature. Portions of the mesophase might act
as row nuclei. The lamellar crystals grow onto these row nuclei, and the molecular
orientation of crystals is achieved. As long as frozen-in tension is released upon heating
and no further external tensile drawing is applied (free-end sample), the mesophase will
completely devitrify when the crystallization is finished. However, for fixed-end fibers,
the end-fixing prevents the relaxation of polymer chains during heating, so the frozen-in
tension could not release. Therefore, a considerable mesophase fraction exists in the
crystallized fiber. Some portions might exist as tie molecules between oriented lamellar
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(blue rectangle), while the other portions might exist outside the lamellae stacks (yellow
rectangle). This “new” mesophase might possess a higher packing order compared to that
in as-spun fiber. It might undergo the mesophase-to-crystal phase transition upon further
heating, or directly devitrify into liquid state, making similar contribution to the heat of
fusion as the crystal melt.

Figure 6.9 Schematic illustration for the phase structure and molecular orientation for
PLA as-spun and crystallized fibers. Polymer chains are stretched by electrical and
mechanical forces during electrospinning, leading to mesophase formation (red outline).
Upon heating, the mesophase will completely devitrify when the crystallization is
finished in free-end sample, while in fixed-end sample, the mesophase will remain as tie
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molecules between oriented lamellae (blue outline) or an independent phase (yellow
outline).

The concept of RAF has been broadened here to interpret the phase structure of ES
fibers. The mesophase obtained from WAXS has high similarity with rigid amorphous
phase and can be used to explain the existence of RAF without the presence of concrete
constraints. The existence of oriented amorphous region is confirmed as a portion of
polymer chains which does not contribute to the heat of fusion, therefore it is not
crystalline, but also it does not contribute to heat capacity increment at the conventional
glass transition, and therefore it is not MAF. That means, if some polymer chains
contribute neither to heat of fusion nor to heat capacity increment at Tg, they should
belong to RAF no matter where they are physically located. In this case the preferential
molecular orientation acts as a virtual barrier for the formation of RAF. However, it
might not be the case for the mesophase in fixed-end fibers after crystallization. This
fraction may make its own contribution to the heat of fusion similar as the crystal melt.
It is straightforward that the mechanical force can induce the molecular orientation
along the fiber axis through imitating macroscopic fiber alignment, which is confirmed
by the existence of mesophase or RAF. But for the random fiber a small amount of RAF
could still be observed, indicating polymer chains still get stretched during the
electrospinning even without using a rotating collector. This molecular orientation can
not be verified by WAXS due to the isotropic fiber alignment that the scattering patterns
represent scattering from fibers of all directions. Therefore, it is believed that the
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Coulomb force alone could initiate the molecular orientation and stretch the amorphous
chains, and the mechanical force provided by the rotating collector enhances this effect.
Thermal analysis provides a straightforward experimental approach to investigate the
chain orientation inside the fiber.

6.4 Concluding Discussion
Although electrospinning is widely employed in both university laboratories and
industry, a lot of technical issues need to be solved through theoretical studies and
experimental practice before its application is fully achieved as discussed above. The
properties of the “frozen” state induced by rapid stretching of an electrical jet and rapid
evaporation of the solvent [41] need systematic investigation through X-ray scattering,
thermal analysis, infrared spectroscopy, and dielectric spectroscopy. In terms of thermal
analysis, quantitative DSC and TMDSC provide precise information of the phase
structure, crystallization mechanism, relaxation and phase transition behavior, which are
significantly different from the equilibrium state of the supercooled melt or states
frozen-in by slower glass formation, by evaluation of the glass transition, crystallization
peak, heat of melting and other thermal events. A combination of thermal analysis with
other experimental approaches such as wide angle X-ray scattering are the key
macroscopic techniques to characterize the phase structure and transition of the ES
nanofibers.
Highly aligned PLA ES fibers were successfully produced by appropriate choice of
processing conditions and solution concentration. The macroscopically aligned polymer
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nanofibers induced simultaneous microscopically aligned polymer chains parallel to the
nanofiber axis. For the first time, the mesophase fraction consisting of oriented
amorphous polymer chains in PLA as-spun nanofibers was characterized and quantified.
The formation of oriented crystal and the evolution of the phase fraction with temperature
during subsequent heating were further investigated by means of WAXS pattern
development. It is found that the physical event that contributes to the post-Tg exotherm
is thermal shrinkage-induced crystallization. The shrinkage of the oriented amorphous
region, which is microscopically revealed as the devitrification of the mesophase, acts as
the thermodynamic driving force for the crystallization, accelerating the crystallization to
occur at a lower temperature than the cold crystallization temperature of unoriented film.
The interpretation of the observed mesophase which constitutes oriented amorphous
chains in as-spun fiber as a type of RAF is an interesting new idea contributing to a better
understanding of the problem of the confinement and phase structure in polymer
nanofibers. It is expected the combination of advanced thermal analysis with X-ray
scattering, polarized Raman and other experimental approaches could shed light on the
methodology of characterizing the molecular orientation and phase structure in
electrospun fibers.
Another issue of particular significance that remains to be solved is the
characterization of frozen-in stress. It is believed this internal drawing has a significant
influence on the nucleation mechanism, crystalline structure, physical aging and other
properties. Recently, a preferred 1-D crystal growth was confirmed by our group for the
geometrically confined PET nanocomposite fiber. Molecular simulations will be
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conducted in the future to model the electrical and mechanical force acting on the
polymer chain during electrospinning, and quantify the frozen stress to better interpret the
relaxation behavior and phase transition during subsequent heating.
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Chapter VII: Conclusion and Future Work

This chapter is the conclusion of this thesis and describes some possible future work
not introduced in this thesis.

7.1 Thesis Conclusion
Thermal analysis is a powerful tool to investigate the structural changes in
semicrystalline polymer, by measuring changes in heat capacity and/or exo- and
endothermic heat flows occurring during transitions. Polymers exist as viscous liquids at
temperatures above the melting point of the crystals. Upon cooling, crystals nucleate
and grow to fill the available volume. Some fraction of the polymer remains
un-crystallized, or amorphous, when the polymer is cooled to the solid state. The
amorphous polymer chains become trapped between the growing crystals, inside or
outside lamella stacks. As a result of the highly entangled nature of the polymer chains,
the movement of the amorphous polymer chains becomes restricted. The conception of
a third phase, termed the "rigid amorphous fraction" (RAF), was introduced to explain
the constraints exerted by the crystals upon the mobility of the amorphous phase.
Experimental evidence of the existence of RAF, was first reported by Menczel and
Wunderlich in 1981 when they were trying to clarify glass transition behavior. It is
characterized as a nanoscale interfacial region between the crystalline (C) and mobile
amorphous (MAF) phases induced by tie molecules and characterized by incomplete
decoupling between the crystals and the amorphous chains. An important difference
between RAF and MAF, described previously by Wunderlich [1-7], is that RAF is a
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nanophase which does not possess the properties of the bulk, whereas, MAF expresses
bulk properties, and undergoes its liquid-to-solid transition at Tg regardless of whether
there are any crystals present.
To solve the long standing puzzles on the vitrification and devitrification mechanism
of RAF, using quasi-isothermal DSC, the degree of crystallinity could be carefully
controlled so that all three fractions (C, MAF, and RAF) were determined through
quantitative heat capacity analysis. A significant rigid amorphous fraction was observed
at temperatures above Tg. For the question brought up with at the beginning of the
thesis, what is the reason that this large fraction of the liquid amorphous polymer
becomes rigid at a temperature higher than T g and at correspondingly higher specific
volume, i.e., lower density, my answer is that the formation of the lamellae reduces the
polymer chain mobility of the surrounding melt and results in the higher vitrification
temperature of the adjacent amorphous material compared to T g. RAF begins to form
because constraints of the crystal surfaces reduce the mobility of the highly entangled
polymer chains attached to the lamellae. However, mobility of chains located farther
from the crystal surfaces is restricted little by little during QI cooling. The layers which
constitute RAF are formed one after another in the manner of successive vitrification.
This process continues until the sample passes through the glass transition, at which
temperature all remaining MAF vitrifies into the glassy state. Upon reheating,
devitrification occurs first for the chains designated as the MAF, and then for the RAF.
RAF does not devitrify at a temperature below its own vitrification temperature. It
devitrifies at or above its own vitrification temperature, depending upon the degree of
densification induced by physical aging.
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The concept of RAF is broadened in this thesis to interpret the immobilized polymer
layer around silica particles in polyethylene terephthalate (PET)/Silica nanocomposite
fibers, and the oriented amorphous region in highly aligned polylactide electrospun
fibers.
In PET/Silica nanocomposite fiber, evidence of the existence of RAF in the absence
of crystals, induced by the interaction between the nanofillers and the polymeric matrix,
was analyzed based on changes in the heat capacity step in the glass transition region.
When silica particles were wetted with the PET matrix, enough arrest of mobility of the
liquid phase near the rigid silica surfaces occured. The fixed geometrical constraints
affect the polymer layer adjacent to them, arresting the motion in that layer, and then the
arrest spreads further away from the fixed constraints. This matrix-silica binding
interaction results in an interfacial region of polymer in the vicinity of the interface, with
morphology and properties different from the bulk. More rigid constraints occur with an
increase of silica particles. Consequently, the increment in the contact area as well as
reduction in segmental mobility would tend to increase RAF. It is found that with the
increase in concentration of silica fillersfiller particles, a large increase in RAF was
observed and RAF reaches a value of 0.22 for untreated, as-spun PET fibers with 2.0 wt%
modified silica. Besides, tTo further investigate the relaxation process of RAF, standard
and

QI

DSC

techniques

were

combined

quantitatively

to

assess

the

temperature-dependent rigid amorphous fraction. It isWe found that no matter what the
origin of the RAF, whether formed by interaction with silica particles or with lamellar
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crystals, the RAF in our ES PET fibers devitrifies during heating before the temperature
reaches the start of the crystal melting endotherm.
Combining RAF in PTT discussed in Chapter 5 and RAF in PET/silica
nanocomposite fiber given in Chapter 4, it is concluded that to form RAF requires the
presence of the fixed constraints of the crystals, or other types of barriers such as additive
particles.
RAF in uncrystallized PLA fiber with preferential alignment is more complicated.
The macroscopically aligned polymer nanofibers induced simultaneous microscopically
aligned polymer chains parallel to the nanofiber axis. The interpretation of the observed
oriented amorphous phase by RAF is a new idea contributing to a better understanding of
the long lasting problem of the confinement and phase structure in polymer nanofibers.
For the first time, RAF consisting of oriented amorphous polymer chains in PLA as-spun
nanofibers was characterized and quantified using DSC and 2D WAXS.

The evolution

of the phase fraction with temperature during subsequent heating was also investigated by
means of real-time WAXS. We found the shrinkage of the oriented amorphous region,
which is microscopically revealed as the devitrification of the RAF, acts as the
thermodynamic driving force for the crystallization, accelerating the crystallization to
occur at a lower temperature than the cold crystallization temperature of unoriented neat
PLA.
Finally, another work on preliminary characterization RAF in electrospun polymer
nanocomposite fibers, ‘Phase Structure of Electrospun Poly(trimethylene terephthalate)
Composite Nanofibers Containing Carbon Nanotubes ’ is given in Appendix A. The
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MATLAB program of the principal method used to calculate heat capacity is given in
Appendix B.

7.2 Future Work
There are several issues which have not been solved in this thesis and are
recommended to be solved in future work:
(a) Distinguishment of RAF of different origins in polymer nanocomposite.
Schick and his coworkers first identified an immobilized layer occurring due to a
polymer-nanoparticle interaction in poly(methyl methacrylate), PMMA, nanocomposite
with silica, which could be interpreted and calculated in the same manner as the rigid
amorphous phase [8].

In PET/silica nanocomposite fiber, we also found the evidence of

existence of RAF as an immobilized polymer layer around silica particles, and further
quantified this immobilized layer for PET with different filler amount. However, the
calculation of RAF around fillers can only be realized in particular polymer systems, e.g.
non-crystallized polymer matrix or amorphous polymer system in the absence of crystals.
In a semicrystalline polymer system, RAF will also form as a result of the constraints
exerted on mobile polymer chains; therefore, constrained amorphous regions of different
origins coexist in semicrystalline polymer nanocomposite, which require further
treatment to get distinguished. For example, in QI TMDSC mode, the measured reversing
heat capacity is
Cpmeas(T,, t) = Cpsolid (T)+(1-) Cpliquid (T)+ C pexcess(T,,t)
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(7.1)

 is solid fraction in the polymer nanocomposite system. The origin, magnitude and
time-dependency of C pexcess were related to the reversible melting and crystallization
process. Cpexcess can be used to qualify the polymer/reinforcement interfacial interaction,
as it is directly linked to the segmental mobility of the polymer chains in the interphase
region.

(b) Investigation of the molecular orientation in highly aligned electrospun fiber by
polarized Raman spectroscopy.
In this thesis, we characterized the molecular orientation in crystals and the oriented
phase fraction and phase transition by means of 2D wide angle X-ray scattering and DSC.
In practice, Raman spectroscopy also has the potential to quantify the molecular
orientation distributions in both the crystalline and amorphous regions using vibrational
bands that correspond to these regions [9, 10]. Therefore, the results of degree of
orientation in amorphous phase obtained by Raman spectroscopy can provide
experimental support for the change of orientation level during the cold crystallization,
which might be able to help better interpret the phase transition upon heating. Besides,
Raman spectroscopy can also provide the information of the overall chain conformation
distribution under different conditions, which can reveal conformational changes at
molecular level that occur during heating. The combination of DSC, WAXS and Raman
is expected to be able to systematically interpret the phase structure and characterize the
phase transition in polymer fibers.
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(c) The shrinkage and devitrification of rigid amorphous phase in electrospun fibers
during heating
In this thesis, we successfully quantify the devitrification of RAF in PTT film using
quasi-isothermal TMDSC. The essence to obtain the temperature-dependent RAF is to
measure the crystallinity developed at different temperatures, which can be realized
through a series of crystallinity measurements by DSC. However, shrinkage occurs
inevitably upon heating for free-ended polymer fiber, which acts as a precursor for the
cold crystallization. Therefore, the prerequisite for obtaining the information of
crystallinity is that the accurate temperature-dependent information on shrinkage
dynamics can be determined. Automated measurement of the fiber shrinkage when it is
exposed to various controlled thermal histories is of great importance to understanding
the complexity of the fiber’s structure. Besides, the initiation of shrinkage and the
underlying mechanisms governing the shrinkage dynamics should also be carefully
considered [11]. Precise optical measuring system as well as well developed approaches
of digital image analysis and acquisition combined with 2D X-ray scattering might be a
potential experimental approach to indirectly solve the complexity of phase structure in
polymer fibers by studying the shrinkage behavior.
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Appendix A: Phase Structure of Electrospun Poly(trimethylene terephthalate)
Composite Nanofibers Containing Carbon Nanotubes

INTRODUCTION
Poly(trimethylene terephthalate) (PTT) is a semicrystalline polymer attracting
commercial interest and belonging to the homologous series of aromatic polyesters with
poly(ethylene terephthalate) PET and poly(butylene terephthalate) (PBT) [1]. This family
of polymers has the structural formula [2]:

COO

CH2

m

COO

n

Scheme 1. Structural formula of Poly(trimethylene terephthalate)

It is known that the physical properties of PTT (m=3) are different from those of PET
(m=2) and PBT (m=4), which are controlled by the odd-numbered methylenes in the PTT
polymer chains. Fibers made from PTT have better resilience and elastic recovery
compared to PET and PBT [3] and equal to or better than nylon 6 and nylon 66. As a
promising material for engineering plastic and textile fiber, PTT fibers may be widely
used in garments requiring good resilience and can be substituted for nylons in carpets
and other floor coverings [3].
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The existence of rigid amorphous fraction in various semicrystalline polymers has
been widely recognized. The conventional two-phase model which consists of crystalline
and amorphous phases does not explain the relevant physical mechanism in the highly
ordered structures of most semicrystalline polymers. The third phase, the rigid
amorphous fraction, or RAF, has been introduced as an intermediate component between
the crystalline and amorphous phases. RAF makes its own contribution to the bulk
properties of polymers, and does not participate in the glass transition process of the
mobile amorphous phase, MAF [4,5]. It has no contribution to the heat of fusion of the
crystals either. Different mechanisms exist for the formation and relaxation behavior of
RAF, depending on the polymer under study [6-9]. As for PTT, Hong et al. gave a
detailed report about the formation of RAF in PTT film [10]. But until now, no
systematic work has been done on the relaxation of RAF in PTT nanofibers.
Recently, Chen et al. showed that the addition of MWCNTs caused polymer
chains in PET electrospun fiber to become more extended, resulting in a decrease in
crystallinity and an increase in RAF [11].

Thus, electrospinning (ES) is a fiber

formation technique that can be used effectively to study RAF formation and relaxation.
Electrospinning has recently been widely developed as an efficient and simple technique
to produce from sub- micron to nano-size fibers which may possess nanoscale surface
texture, leading to different modes of interaction with other materials compared with
macroscale materials [12]. A typical experimental setup of the electrospinning process
consists of syringe-like apparatus which contains polymer solution to which a high
voltage is applied. When the electrical force is about to overcome the surface tension of
the solution, a jet of polymer solution is ejected from the tip of the syringe needle and
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polymer fibers deposit onto the grounded collector [13]. For PTT, it is already known
that carbon nanotubes improve the crystallization ability of the PTT matrix greatly by
introducing higher crystallinity [14]. But so far, the effects of the MWCNTs on phase
structure and conformation of PTT ES fibers has not been reported.
In this article, a three-phase model for PTT electrospun fibers was quantitatively
established. The impact of multiwalled carbon nanotubes on the physical properties of
PTT fibers was also investigated.

Three phase fractions and crystallization were

analyzed as a function of the weight fraction of MWCNT.

The multiple melting

endotherms were observed and the origin of peaks was studied. Meanwhile, according
to the FTIR absorbance band ratio, the chain conformation of RAF in PTT
nanocomposite fibers was characterized and interpreted for the first time based on the
three-phase model.

EXPERIMENTAL SECTION
Materials
PTT pellets were supplied by Shell Chemical Company.

MWCNTs were

obtained from MER Corp. with diameter of about 140 nm, and length from 5 μm to 9 μm.
Trifluoroacetic acids (TFA) from J.T.Baker and methylene chloride (MC) from Alfa
Aesar with 50/50 volume ratio were used to prepare the polymer solution at a
concentration of 15 wt% for electrospinning.

MWCNTs were dispersed in TFA/MC

and sonicated 24 h to minimize possible agglomerates.
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Then PTT pellets were

dissolved in TFA/MC and sonicated overnight. All the mixture steps were carried out at
room temperature. Then PTT/MWCNT solutions were prepared to obtain specific weight
ratios of MWCNT to PTT: 0, 0.2, 1.0 and 2.0 wt%.

Electrospinning Process
A typical experimental setup of the electrospinning (ES) process consists of
syringe-like apparatus which contains polymer solution to which a high voltage is applied.
According to context, we will use the acronym, ES, to represent either the electrospinning
process, or the electrospun fiber.

A high voltage power supply form Gamma High

Voltage Research Inc., model No. ES30P-5w was used, to produce an applied voltage of
15 kV. The solution was loaded into a 0.55 mm inner diameter glass syringe with a
copper needle electrode inside, at a working distance of 10 cm from the collector.
As-spun fibers were dried in a vacuum oven for 24 h at room temperature. Samples
were heated in a Mettler FP 90 hot stage for 16 h at 120 °C to effect cold crystallization.

Analytical Methods
Scanning electron microscopy (SEM): Morphology of electrospun fibers was examined
using an FESEM Ultra 55 SEM at Harvard University, Center for Nanoscales Systems.
Samples were fixed to the SEM holder by conducting tape, and were coated with
platinum by plasma deposition.
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Fourier transform infrared spectroscopy (FTIR): A JASCO 6200 spectrometer in
attenuated total reflection (ATR) mode was used to collect FTIR absorbance spectra.
For each sample, 64 scans were co-added with a resolution of 4 cm-1 in the wave number
region of 400-4000 cm-1. JASCO software was used to fit the curves.
Wide angle X-ray scattering (WAXS): Wide angle X-ray scattering was carried out
using a Bruker AXS with scattering angle 2θ from 5° to 30° at wavelength =0.1542 nm.
Scattered intensity was collected for 5 min, and was corrected for air background.
Two-dimensional isotropic pattern was converted to a one-dimensional pattern by
integrating over a sector.
Differential Scanning Calorimetry (DSC): Thermal analysis studies were carried out
using a TA Instruments temperature modulated DSC (TA Q100). The instrument was
calibrated with indium for the heat flow and temperature, while the heat capacity was
evaluated using sapphire standard. Nitrogen gas flow of 50 ml min-1 was purged into the
DSC cell. The sample mass was kept around 7 mg. The Al sample and reference pans
are identical with an error ±0.01 mg. The temperature modulated DSC scans (TMDSC)
were performed at a heating rate of 5 °C min-1, with temperature modulation amplitude of
0.796 °C and period of 60 seconds, using three runs to obtain the heat capacity of ES
fibers. The first run is empty Al sample pan vs. empty Al reference pan to obtain
baseline correction. The second run is sapphire standard vs. empty Al reference pan to
calibrate heat flow amplitude. The third run is sample vs. empty reference pan.
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RESULTS AND DISCUSSION
Morphology and Properties of ES fibers
SEM is used to investigate the morphology of ES fiber.

The images are shown in

Figure A.1, a-d. According to Khilit et al.’s study [14], an ES solution concentration of
around 16% is required to prevent the appearance of beads (here, 15 wt% was chosen).
It can be seen from the figures that the fibers are uniform and almost no beads exist.

It

has been shown in several polymers that the MWCNTs can be embedded in the
electrospun hybrid polymer nanofibers [11, 16]. Chen et al. reported that most PET
electrospun fibers contain naotubes while very few fibers are too thin to contain a
nanotube [11]. Prilutsky et al. [15] using TEM reported that some hybrid nanofibers
exhibit at least one nanotube in the cross section.

The diameter of PTT/MWCNT

composite nanofibers ranged from 400 nm to 900 nm which is much larger than the
diameter (140 nm) of a single multiwalled carbon nanotube.
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Figure A.1 SEM images of as-spun PTT/MWCNT ES nanofibers, with wt% of MWCNTs:
(a) 0, (b) 0.2, (c) 1.0, and (d) 2.0. Scale bar is 2 μm.

From the result of wide angle X-ray diffraction in Figure A.2, it can be seen that all
as-spun fibers (exemplified by PTT/MWCNT 1%) are amorphous which is demonstrated
by the absence of crystalline reflections, as shown by the bottom curve c. After cold
crystallization at 120 °C for 16 hours, the growth of the crystalline lamellae in samples
with different amount of MWCNTs is revealed by the emergence of Bragg peaks in the
WAXS profiles, as shown by curves a (2% MWCNTs) and b (0.2% MWCNTs).
Comparing these two results, it is observed that similar scattering patterns were obtained
for the four samples (other compositions are not shown in the interest of brevity) which
indicates there is no apparent change in the crystalline structure.
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Figure A.2 WAXS diffraction patterns (intensity vs. scattering angle, 2θ, at
λ = 0.1542 nm) for: (a) PTT ES fibers with 2.0% MWCNT, heat-treated at 120 °C for
16 h. (b) PTT ES fiber with 0.2% MWCNT, heat-treated at 120 °C for 16 h. (c) ES PTT
fibers with 1.0% MWCNT, as spun. Miller indices [15] are shown above the diffraction
peaks.

Melting Behavior of PTT ES Fibers
The DSC results of neat PTT fibers cold-crystallized isothermally at different
temperatures ranging from 180°C to 212°C are shown in Figure A.3. Each sample was
cold-crystallized at fixed crystallization temperature, TC, for various times to guarantee
the completion of crystallization. The heat flow has been normalized for polymer mass.
The curves are presented with the same scaling, but are displaced vertically for clarity.
Triple or double endothermic peaks were observed depending on TC.

These

endothermic peaks were labeled as Peak I, II and III with increasing temperature.
According to Srimoaon et al.[17], PTT samples exhibit triple peaks (for TC lower than
192°C), double peaks (for TC greater than 192°C), or a single endothermic peak, as well
as a not-apparent minor peak, usually called the “annealing peak”, close to each
corresponding TC. However, in PTT fiber, the so-called minor peak is clearly observed,
and with two additional peaks in the high temperature region, therefore in total only three
peaks are present in PTT ES fibers, rather than the four endothermic peaks seen in PTT
films [17].
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Figure A3 DSC scans at 5 °C/min of the melting of neat ES PTT fibers isothermally
cold-crystallized at different temperatures as indicated.
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Figure A.4 DSC scans at 5 °C/min. of the melting of neat ES PTT fibers, after
crystallization at different times as indicated. Crystallization temperatures are: (a) 192 °C
and (b) 205 °C.

Peak I is observed for all samples, and occurs always about 10-15 °C above the
crystallization temperature. It shifts to high temperature and eventually merges with
Peak II with increasing crystallization temperature. Peak II can be observed for samples
crystallized at TC above 175 °C and shifts to high temperature as crystallization
temperature increases. It initially develops as a shoulder, and increases in size along
with a rise of temperature. Peak III exists only for samples crystallized at temperatures
below 205 °C.
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In order to further investigate the multi-melting phenomenon, PTT ES fibers were
cold crystallized to different extents at 192 °C and 205 °C. The crystallization time
varied from 5 min to 300 min. The melting behavior is shown in Figure A.4a, b. In
order to prevent further crystallization during the cooling process, the samples were
heated directly from TC to the melt. Peak I increased in size and shifted gradually to high
temperature with an increase of crystallization time at both crystallization temperatures.
For PTT ES fibers cold crystallized at 192 °C, Peak II increased in magnitude and shifted
to higher temperature slightly as crystallization time increases. Peak III was unable to
be observed in the initial time (5 min), but then it stayed constant regardless of time.
Samples crystallized at 205 °C show triple melting peaks with shorter crystallization
periods, while only two peaks can be observed for samples crystallized for a relatively
longer time. Peak I increased substantially with crystallization time, and eventually
merged with Peak II. Peak III is not present during the initial stage, and after it appears, it
remains constant in both size and position. More discussion about the attribution of
melting peaks will be carried out in the following sections.

Characterization of RAF in PTT/MWCNT ES Fibers
Samples were heated to 120 °C and held for 16 h in order to be fully crystallized
and guarantee solvent removal. The specific reversing heat capacity of PTT/MWCNT
fibers is shown in Figure A.5a-d. The degree of crystallinity of PTT/MWCNT ES mats
is determined from the endothermic area of the heat flow vs. temperature curve measured
against a baseline interpolated by the procedure outlined by Hohne [18]:
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WC = ΔHmeas/ΔHf

(1)

where ΔHmeas is the measured heat of fusion of the semicrystalline polymer while
ΔHf=139.8J/g is the heat of fusion of 100% crystalline PTT [19]. The solid lines in
Figure A.5 represent the values of Cpsolid and Cpliquid, taken from ATHAS data bank [20]
and by private communication with Prof. M. Pyda.

There is good agreement between

the measured heat capacity and the heat capacity for homopolymer PTT below Tg as well
as above the melting point. The dashed line is the calculated heat capacity Cpcalc under
the assumption that above Tg all the mobile amorphous fraction, WMA, has relaxed to the
mobile liquid state, and only the crystal fraction, WC, and rigid amorphous fraction, WRA,
remain in the solid state. That is:
WS = WC + WRA=1- WMA

(2)

Here, WS stands for the solid fraction. Then we may write the heat capacity as:
Cpcalc(T) = WS Cpsolid(T)+ WMA Cpliquid (T)= WS Cpsolid(T)+(1-WS)Cpliquid (T)
Cpcalc(T) = (WC+ WRA)Cpsolid(T)+ (1-WC -WRA)Cpliquid (T)

261

(3)
(4)

Heat Capacity/J g-1 K-1

8

a

7
6
5
4
3
1

2
1
2
0

273

323

373

423

473

523

573

623

523

573

623

Temperature/K

Heat Capacity/J g-1 K-1

8

b

7
6
5
4
3
1
2
1
0

2
273

323

373

423

473

Temperature/K

262

Heat Capacity/J g-1 K-1)

8

c

7
6
5
4
3
1

2
1

2

0

273

323

373

423

473

523

573

623

523

573

623

Temperature/K

Heat Capacity/J g-1 K -1

8

d

7
6
5
4
3
1

2
1
2
0

273

323

373

423

473

Temperature/K

Figure A.5

Specific reversing heat capacity (solid curve) from TMDSC for ES

PTT/MWCNT fibers at nanotube concentrations of: (a) 0%, (b) 0.2%, (c) 1.0%, and (d)
2.0%. Line 1 and 2 in Figure A.5 represent the values of Cpliquid and Cpsolid, taken from
ATHAS data bank [20] and by private communication with Prof. M. Pyda.
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According to Eq. (3), Cpcalc(T) is a linear temperature-dependent function of WS, and a
series of lines of Cpcalc(T) vs. T could be drawn by adopting different values of WS. Each
line intersects the specific heat capacity curve at a unique point, and each of these points
corresponds to a particular value of WS. Therefore, we could chose a set of WS and WMA
(WMA = 1-WS) to draw a line which passes through the point just above the fulfillment of
the glass transition. Based on the solid fraction and Eq. (A.2), we obtain the fractions for
the three phases, as shown in Table A.1 for PTT/MWCNT ES fibers cold crystallized at
120 °C.
Crystallinity decreases very slightly with the greater amounts of MWCNT. It is
widely known that carbon nanotubes embedded in polymer nanofibers act as nucleating
agents in polypropylene (PP) [21], nylon 6 [22], polyacrylonitrile (PAN) [15], and PET
[23]. For PTT ES fibers, the degree of crystallinity does not increase with the presence
of MWCNTs. It is thought that the overall increment of crystallinity is limited due to
the effect of polymer chain confinement induced by MWCNT addition [11]. Although
crystallinity decreases slightly, a large increase in RAF was observed: WRAF of PTT fiber
with 2% MWCNT is 33%, compared to 11% in the homopolymer PTT fiber.
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Table A.1. Thermal properties and FTIR absorbance of PTT/MWCNT ES nanofibers:
solid, crystal, rigid amorphous, and mobile amorphous fractions, glass transition
temperature, and absorbance band ratios.

Ws

Wc

WRAF

WMAF

T g/K

A1358 /A1410

A1385/A 1410

MWCNT

0.01

0.01

0.01

0.01

0.2

 0.01

 0.01

0

0.51

0.40

0.11

0.49

342.8

0.72

2.78

0.2

0.55

0.38

0.17

0.45

334.2

0.77

1.55

1.0

0.64

0.37

0.27

0.36

334.0

0.96

1.58

2.0

0.70

0.37

0.33

0.30

333.4

0.98

1.59

Wt. %

There are a few works that provide a review of polymer-nanotube interactions
[24-26]. The matrix-nanotube binding results in an interfacial region of polymer in the
vicinity of the interface, with morphology and properties different from the bulk. The
existence of MWCNT-induced interfacial interactions between nanotubes and the
polymer matrix may cause a strong restriction on the mobility of polymer chains [27].
At the adsorption layer of polymer molecules around the MWCNTs, the motions of chain
units may also be more restricted than similar units in the mobile phase [27].

As a result,

the reduction in segmental mobility would tend to increase RAF. This has been recently
shown in other systems. Schick et al. reported the existence of an immobilized fraction
in PMMA/SiO2 nanocomposite induced by the interaction of SiO2 and PMMA [28]. In
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Polyethylene terephthalate (PET)/Silica nanocomposite fiber, it is also found evidence of
the existence of RAF in the absence of crystals [29].
It has been shown by TEM that MWCNTs were embedded in the nanofibers as
individual elements, mostly along the fiber axis, rather than being randomly oriented [15,
30]. During the electrospinning process, strong elongation forces lead the PTT polymer
which contains MWCNT to align along the direction of MWCNT by the charged fluid jet.
In other words, the addition of MWCNTs induces the alignment of polymer chain [25].
This enhanced uniform alignment, as a good way to maximize reinforcement, results in a
larger confinement of the mobility of polymer chains and cause an increase in the content
of RAF as a result [31].
The glass transition temperature of the MAF decreased after the addition of
MWCNTs, while Tg remained almost the same for the three samples with different
amount of MWCNTs. It is believed that the addition of nano-sized inorganic additive
separates the long polymer chain into shorter cooperatively rearranging (CRR) segments
[32]. The relatively shorter CRR segments possess higher mobility; this results in a
shift of Tg toward low temperature. On the other hand, the fact that increasing the
concentration of MWCNTs does not decrease Tg further indicates a tiny content of 0.2 wt%
is sufficient to change the microstructure of the macromolecular chains. Considering
the observed variations in crystallinity, it is suggested that the enhancement of chain
mobility in the MAF does not suffice to increase the possibility to crystallize.
Based on the discussions above, a model for PTT/MWCNT ES fiber is proposed, as
depicted in Figure A.6. The light grey part is the RAF, which exists not only as an
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interphase between MAF and the crystal phases, but also occurs at the surface of the
MWCNTs. With the increasing concentration of MWCNT, the interactive surface area
increases, inducing more immobilized fraction.

Figure A.6 Sketch of the side view of a PTT/MWCNT ES fiber. Solid lines represent
PTT polymer chains. Dark rectangles represent two MWCNTs. The grey regions
represent RAF located around either MWCNTS or the folded polymer chain crystals.

Devitrification of RAF in PTT/MWCNT ES Fibers
From the total heat capacity, two endothermic peaks can be seen for PTT/MWCNT
ES fiber samples heat-treated at 120 °C, as shown in Figure A.7a-d.

The low

temperature endotherm is the annealing peak (Ta), while the upper one is the crystal
melting peak, Tm.

An enthalpy relaxation peak is located around the glass transition

temperature, which is caused by the discordance between the cooling rate after
accomplishment of heat treatment and the DSC heating rate. When heating the sample
to above the crystallization temperature, re-annealed at 130 °C for 12 h and then cooled
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the sample at 5 °C min -1 to -40 °C, the enthalpy relaxation peak disappeared in the
following re-heating in DSC.
The formation of RAF has received special interest recently. The mechanism of
RAF formation is highly dependent upon the polymer studied. Usually two possible
paths have been considered to investigate the formation of RAF: RAF forms either during
crystallization or during cooling after crystallization. In previous work on iPS [33], by
means of thermal analysis, real time X-ray scattering, and dielectric relaxation studies,
RAF was shown to form in parallel to the crystalline phase. RAF was generated during
isothermal crystallization due to strong constraints applied to the amorphous phase by the
crystalline phase.

It has also been reported that formation of RAF occurs after

impingement of spherulites (at TC), suggesting that RAF is stable at temperatures below
TC. From Figure A.7a-d, the total heat capacity and the reversing heat capacity match
well just above the glass transition and before the start of the annealing peak which
means that no structural change developed within this temperature range. This is similar
to the conclusion that RAF is stable for temperatures below TC [32].

There is no

annealing peak observed in the reversing heat capacity curve, which indicates the
association of the annealing peak with irreversible processes.
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Figure A.7

Specific heat capacity vs. temperature

from TMDSC, for ES

PTT/MWCNT fibers at nanotube concentrations of: (a) 0%, (b) 0.2%, (c) 1.0%, and (d)
2.0%. The solid curve is total heat capacity; the dash-dot curve is reversing heat capacity.
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The dotted line is obtained from Eq. A.3 based on the three-phase model; the dashed
lines are calculated baseline heat capacity based on two-phase model. Line 1 and 2 in
Figure A.5 represent the values of Cpliquid and Cpsolid, taken from ATHAS data bank [20]
and by private communication with Prof. M. Pyda.

The relaxation mechanism (devitrification) of RAF also depends upon the polymer
under study. For polyphenylene sulfide (PPS), it is showed that RAF, created at the
cold-crystallization temperature, could be relaxed upon brief heating to a temperature
above the lowest crystal melting endotherm or annealing peak [32]. Liu and Petermann
[34], on the basis of thermal analysis of iPS by standard DSC, and on transmission
electron microscopy studies, suggested that the annealing peak should be assigned to
non-reversible relaxation process. For poly(phenylene oxide), PPO, Wunderlich et al.
[35] found RAF could only be relaxed after melting the crystals. For ES fibers, Chen et
al. [11] showed the relaxation of RAF does not take place until the melting of crystals in
PET/MWCNT ES Fibers.
To provide evidence for relaxation of RAF in PTT/MWCNT ES fibers, total heat
capacity measurements were made above the annealing peak for samples cold
crystallized at 120 °C.

We predict that if the annealing peak is associated with

relaxation of RAF, the system will approach to a two-phase model at a temperature just
above the annealing peak, meaning that only crystals and mobile amorphous fraction will
exist, and RAF devitrifies and turns into MAF during this transition. Based on this
assumption, another two-phase model baseline was calculated by using Eq. A.3, as shown
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in Figure A.7 a-d. The total heat capacity matches well with the two-phase model
baseline at temperatures just above the annealing peak. Using real-time WAXS (data
not shown), it is found there is no obvious change in the crystalline fraction before or
after the annealing peak. Therefore, the change in total solid fraction is caused solely by
the RAF population.

It is concluded that the annealing peaks in Figure A.7 a-d

represent the point at which the relaxation of RAF occurs, transforming RAF into an
equivalent amount of MAF, without obvious change in crystallinity.

It is possible that

crystals also are melting and recrystallizing at the location of the annealing peak, but
there is no evidence of their impact on the solid fraction.
The assignment of multi-melting peaks of PTT film has been interpreted by
Srimoaon’s group [17]. They reported a detailed study on the multiple melting behaviors
in isothermally crystallized PTT film.

They concluded that the minor endoderm

(annealing peak), located closed to TC, characterized the melting of the secondary
crystallites as well as their recrystallization. Based on our study of PTT fibers, Peak I is
associated with the devitrification or relaxation of RAF according to heat capacity
measurements, but melting and recrystallization without a change in crystallinity cannot
be ruled out. As mentioned before, Peak II was observed to shift progressively to higher
temperatures and increase in size with the increase of crystallization temperature,
suggesting it should be attributed to the melting of crystals formed during isothermal
crystallization. Peak III remains constant in magnitude and position with increasing
crystallization temperature and time, which implies it might be associated with the
melting of recrystallized or reorganized crystal lamellae formed during heating. For
samples crystallized at 192 °C and 205 °C for 120 min, as the heating rate increased from
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1 °C min-1 to 20 °C min-1, Peak III decreased in area and shifted to low temperatures.
This result supports a melting–recrystallization–remelting model.
This melting-reorganization process was also found in s-PP [36], iPS [37] and PET
[38].

Schick

et

al.

[38]

gave

clear

evidence

for

the

validity

of

a

melting-recrystallization-remelting process for PET, using a rapid scan chip calorimeter
with a heating rate as high as 270 K/S.

When the recrystallization occurs, the

just-melted portion of the lamella crystallizes again and become more perfect crystal,
whereas the other portion of lamella (we think this portion has higher thermal stability)
goes through an annealing process.
Influence of Thermal History on RAF in ES PTT/MWCNT Fibers
In previous study of iPS by Xu and Cebe [32], cold crystallization of iPS results in
formation of a rigid amorphous fraction, which increases with crystallization time and
temperature in a manner analogous to the development of the crystalline fraction. RAF
is formed at nearly the same time as the crystalline phase, and increases more rapidly after
spherulite impingement. Hong et al. [10] investigated the structural formation of PTT
film at various crystallization conditions using small angle X-ray and DSC. The RAF of
PTT also increased with an increase of TC. Meanwhile, there is no remarkable change in
either the crystalline fraction or the lamella thickness [10].

However, for other

semicrystalline polymers such as PEEK [39], lower crystallization temperature will cause
less perfect crystals to form thereby causing RAF to increase. Here the influence of
crystallization temperature on RAF for PTT nanofibers was first investigated.
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The fractions of each phase as a function of crystallization temperature are shown in
Figure A.8a, b. For PTT, crystallinity and RAF increase with increasing TC, but the
rate is slowing down above 413K. Meanwhile MAF value shows a tendency to decline.
Higher TC would form more perfect crystal, broadening the transitional interphase
thickness and inducing a larger RAF.
For PTT homopolymer fiber, RAF is increased by a much wider margin compared
with the crystallinity, which shows only slight increase with crystallization temperature.
This conforms to Hong’s conclusion [10] that RAF cannot be easily incorporated into the
crystalline phase.

For PTT with 2% MWCNTs, the increase of RAF is inhibited,

showing an increase only from 0.33 to 0.37 with crystallization temperature.
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Figure A.8 Fraction of three phases versus cold-crystallization temperature for ES fibers:
(a) neat PTT and (b) PTT with 2% MWCNTs. Crystal fraction (stars), RAF (squares),
MAF (circles).
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Chain Conformation in ES PTT/MWCNT Fibers
The conformational isomers in PTT were investigated using FTIR. Two kinds of
conformational isomers exist in the PTT polymer chains, gauche (G) and trans (T).
Three methylene groups between the aromatic rings provide greater flexibility to the PTT
backbone compared to PET which has only two methylene groups.

According to Lee

and Park, et al. [39], the conformation of the four bonds connected to three CH2 units in a
crystal of PTT is TGGT. The 1358 cm-1 band is predominantly associated with the trans
conformers in the crystalline region, while 1385 cm-1 band is related to the gauche
conformers in the amorphous regions [40]. The aromatic ring vibration band of 1410
cm-1 is a well-established reference band.
This set of bands assignment was questioned by Chuah [41]. He pointed out that
three methylene units of PTT are arranged in a very compliant gauche-gauche
conformation, which indicates that no trans conformers would exist in the crystalline
regions [41]. He denoted the two CH2 wagging vibrational bands, at 1358 cm-1, to the
crystalline phase gauche conformers, and at 1385 cm-1, to trans conformers in the
amorphous region [41], which is opposite to Lee and Park, et al.’s arrangement [39].
In current study, the absorbance spectra of infrared bands were obtained (Figure
A.9), and the peak areas were determined after curve fitting. The absorbance band area,
A, of bands 1358 cm-1 and 1385 cm-1 in ratio to the reference band at 1410 cm-1, are
listed in the last columns of Table 1. With the increase of MWCNT loading, the ratio
A1358 /A1410 increases, saturating at about 1% loading. The increase indicates more and
more gauche conformers were formed, in agreement with Chuah’s study [41]. However,
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this change in gauche conformers cannot be simply associated with the crystallinity, as
Chuah suggests, since the crystal fraction decreases with MWCNT addition based on the
thermal analysis data. The reason for the disagreement between our results and the band
assignment of Chuah [41] is that Chuah adopted a two-phase model which consists of
crystalline and mobile amorphous fraction and did not take into account the rigid
amorphous fraction.
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Figure A.9 FTIR absorbance spectra of ES PTT/MWCNT nanofibers with weight ratios
of MWCNT as indicated.
According to the results of Pyda, et al. [19], in the PTT crystalline regions, only
gauche conformers exist, while in the amorphous regions, a small amount of gauche
conformers is present together with a large amount of trans conformers. The increase of
the ratio of A1358 /A1410 with the increase of MWCNT concentration means more and
more gauche conformers were formed. However, according to the results of DSC, the
crystallinity and mobile amorphous fraction both decreased as MWCNT concentration
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increased.

That means the amount of gauche conformers found in crystalline and

mobile amorphous region decreased. Since the total amount of gauche shows an
increasing tendency, which is manifested by the increase of A1358 /A1410, this increasing
tendency can only be realized by an increase of gauche conformers which exist within the
RAF.
The A1385/A1410 ratios for PTT/CNT ES fiber are much smaller compared to the PTT
homopolymer ES fiber, and with the increase of MWCNT concentration, this ratio is
nearly constant. If trans conformers were only present in MAF, the A1385/A1410 ratio
would decrease continuously as MAF decreases, instead of experiencing an initial steep
fall, with first addition of MWCNT. The mismatch between the mobile amorphous
fraction and trans conformer concentration shows that some amount of trans conformers
must also exist within the RAF. Based on the analysis above, the addition of MWCNT
inhibits the formation of trans conformers.

Therefore, the trans conformer

concentrations in all three PTT/CNT nanocomposites are less than that of PTT
homopolymer.
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Table A.2. Comparison of crystal, RAF, and MAF chain conformations for PTT and
PET electrospun nanofibers.
Phase

PTT

PET [11]

Crystal

gauche

trans

RAF

gauche and trans

gauche and trans

MAF

mainly trans

mainly gauche

The total trans conformer population is decided by a combination of two factors: the
inhibition of formation of trans conformers induced by presence of MWCNT, and by the
presence of RAF.

It is very interesting to notice that the trans-gauche conformation of

PTT/MWCNT ES fibers reported here is different from that of PET/MWCNT ES fiber
[11], as shown in Table A.2.

CONCLUSIONS
A three-phase model is established, comprising the mobile amorphous fraction, rigid
amorphous fraction, and crystalline phase, to interpret the structure of PTT/MWCNT
electrospun fibers. The addition of MWCNTs results in an obvious increase in the RAF,
which indicates an enhancement in the constraints on the polymer chains in PTT
composites nanofibers due to the decrease of chain mobility. Companion studies were
carried out to elucidate the multiple melting peaks. From the specific heat capacity
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measured from DSC, it is demonstrated that the annealing peak can be associated with
the devitrification of RAF, and possibly with melting and recrystallization without
change of crystallinity.

The lower melting peak is attributed to the melting of

pre-existing crystals and the higher melting peak is the melting of recrystallized crystals.
Furthermore, for the first time, the conformation of RAF was analyzed using FTIR
based on the three-phase model.

This approach allows us to give a reasonable

amendment to Chuah’s study [41].

The mismatch between crystallinity and

concentration of gauche conformers, as well as between the mobile amorphous fraction
and concentration of trans conformers, strongly support the existence of the third phase,
RAF, in PTT/MWCNT ES nanofibers.
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Appendix B:

Heat Capacity of Sapphire [1]

Temperature (°C)

Heat Capacity (J/g °C)

-183.15

0.0949

-173.15

0.1261

-163.15

0.1603

-153.15

0.1968

-143.15

0.2349

-133.15

0.2739

-123.15

0.3134

-113.15

0.3526

-103.15

0.3913

-93.15

0.4291

-83.15

0.4659

-73.15

0.5014

-63.15

0.5356

-53.15

0.5684

-43.15

0.5996

-33.15

0.6294

-23.15

0.6579

-13.15

0.6848

-3.15

0.7103
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0

0.718

6.85

0.7343

16.85

0.7572

26.85

0.7788

36.85

0.7994

46.85

0.8188

56.85

0.8373

66.85

0.8548

76.85

0.8713

86.85

0.8871

96.85

0.902

106.85

0.9161

116.85

0.9296

126.85

0.9423

136.85

0.9545

146.85

0.966

156.85

0.977

166.85

0.9875

176.85

0.9975

186.85

1.007

196.85

1.0161

206.85

1.0247

216.85

1.033
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[1]

226.85

1.0409

236.85

1.0484

246.85

1.0557

256.85

1.0627

266.85

1.0692

276.85

1.0756

286.85

1.0817

296.85

1.0876

306.85

1.0932

316.85

1.0987

326.85

1.1038

336.85

1.1089
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Appendix C:

Matlab Program for Heat Capacity Calculation

function result=Cpcomputation()
% Cpcomputation is a program to calculate total or reversing heating
% capacity based on the three-run method. The first run is empty Al
% sample pan vs. empty Al reference pan to obtain baseline correction.
% The second run is sapphire standard vs. empty Al reference pan to
% calibrate heat flow amplitude. The third run is sample vs. the empty
% reference pan. The relevant theory has been
% discussed in detail in Chapter 2. This program uses the output data
% file of DSC, which includes three columns: (1) time, (2) temperature, (3)
% heat flow. The heat capacity of sapphire obtained from literature is
% saved in SapphireLiter.txt

fnameAl=input('please input Al pans file name:','s');
fnameSapp=input('please input sapphire file name:','s');
fnameSample=input('please input sample file name:','s');

% Load data files into workspace
load([fnameAl '.txt']);
load([fnameSapp '.txt']);
load([fnameSample '.txt']);
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% Load heat capacity of sapphire from literature
load SapphireLiter.txt;

% Input sapphire mass
m=input('please input the mass of Sapphire for Sapphire run(mg):','s');
massSapp=str2num(m);

% Input sample mass
m=input('please input the mass of Sample for Sample run(mg):','s');
massSample=str2num(m);

Al=eval(fnameAl);
Sapp=eval(fnameSapp);
Sample=eval(fnameSample);
[a,b]=size(Al);

%

Interpolate literature Cp of Sapphire at every point in the given temperature

region of the Sapphire data
CpSapp(:,1)=Sapp(:,2);
CpSapp(:,2)=spline(SapphireLiter(:,1),SapphireLiter(:,2),Sapp(:,2));

% Insert Al Cp to get K': K'=mSappCp q/ (ΦSapp-ΦAl).
for j=1:a
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Kprime(j,1)=(1/6)*(massSapp*CpSapp(j,2))/abs((Sapp(j,3)-Al(j,3)));
% using q=10 K/min=1/6 K/sec;
end

% Obtain sample Cp
for k=1:a
CpSample(k,1)=Sample(k,2);
CpSample(k,2)=abs((Sample(k,3)-Al(k,3)))*Kprime(k,1)/((1/6)*massSample)+C;
% here C is an arbitrary number used to correct the baseline of Al.
end
plot(CpSample(:,1),CpSample(:,2),'k'),hold on;
result=CpSample;
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