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Abstract

This thesis consists of three projects concerning the electrical and mechanical properties
of polymer nanocomposites. We study the effect of nanoscale filler particles on the poly-
mer dynamics at different length and time scales. In the first study, poly(ethylene oxide)
(PEO)-multiwalled carbon nanotubes (MWCNT) nanocomposites with a MWCNT concen-
tration ranging from O to 5 wt% were prepared by both melt-mixing and twin-screw extrusion.
Their electrical properties were studied over a wide range of frequency and temperature using a
dielectric spectrometer. A percolation transition is observed at which the electrical conductiv-
ity of the nanocomposites increases by several orders of magnitude. The percolation threshold
concentration p. is very well-defined in the twin-screw extruded material, but less so in the
melt-mixed nanocomposites. We identify two different dielectric relaxation processes in our
PEO/MWCNT nanocomposites, which we attribute to polymer dynamics at different length
scales. The second project is a study of the mechanical properties of PEO/MWCNT nanocom-
posites made by melt-mixing. We used a rotational shear rheometer to perform measurements
during thermal cycling. Our results show that there are three main mechanical relaxation times
in the nanocomposites, all of which are much slower than the relaxation times observed in
dielectric data. One of these processes is due to the reptation of polymer chains. Another is
due to the relaxation of PEO chains whose motions are restricted by MWCNT. The third one is
related to the sample preparation process. In the last project, we used dielectric spectroscopy to
investigate the electrical properties of polystyrene (PS)-MWCNT nanocomposites made using
twin-screw extrusion. Our data suggest that the percolation threshold for these nanocomposites
is between 4 and 5 wt%, but the transition only occurs once the sample has been heated above
330 K. In most cases, the dielectric spectrum did not show any relaxation features. A dielectric
relaxation was only observed for a MWCNT concentration of 5 wt%, and the relaxation peak
disappeared when the sample was heated above 330 K due to the high electrical conductivity
of the sample. Our studies showed several examples of polymer dynamics influenced by the

presence of MWCNT on time scales ranging from microseconds to hundreds of seconds.
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Summary for lay audience

Polymer nanocomposites are a novel class of composite material made by adding nanometer-
sized filler particles to a polymer. The properties of the nanocomposites can be enhanced
over those of the pure polymer by choosing the right filler. For example, conducting materi-
als can be made from an insulating polymer by adding a conductive nanofiller such as carbon
nanotubes, and the conductivity can be tuned by changing the concentration of the filler par-
ticles. The main motivation for this work is to use measurements of polymer nanocomposites
to learn about the motion of the polymer molecules at different length scales. In particular, we
want to study how the presence of nanotubes affects the polymer dynamics. Here we study
nanocomposites made by adding a small amount of carbon nanotubes to poly(ethylene oxide)
and polystyrene. We were able to examine the distribution of nanotubes in the polymers using
a scanning electron microscope. Our dielectric data showed evidence of microsecond-scale
polymer dynamics in the nanocomposites. The mechanical measurements showed the pres-
ence of slow polymer dynamics occurring over time scales ranging from one-tenth of a second
to few hundred seconds. Pure poly(ethylene oxide) and pure polystyrene are both insulators.
Our data showed that nanocomposites based on these polymers become conducting when a few
weight percent of carbon nanotubes was added to the polymer. For example, the electrical con-
ductivity of poly(ethylene oxide) with 5% carbon nanotubes added was a factor of 10% higher
than that of the pure polymer. The conductivity increase for the polystyrene nanocomposite

was even higher - a factor of 10'!.
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Chapter 1

Introduction

1.1 Overview

In this Chapter, we introduce the main concepts needed to understand the work presented in
this thesis. We then briefly discuss previous work on the dielectric and mechanical properties
of polymer nanocomposites before presenting the motivation for this work at the end of the

Chapter.

1.2 Polymer nanocomposites

A polymer molecule consists of many repeating subunits called monomers. These are joined
together to form a long molecule with a large molecular weight. A polymer composite is a
material made by adding micron scale or smaller filler particles to a polymer to form a well-
dispersed homogeneous blend. When the filler particles are of order nanometers in size, the
composites are called polymer nanocomposites. The properties of a polymeric material can be
changed dramatically by adding even a small amount of filler particles. Some of the parameters
that affect the properties of a composite are the size, volume fraction, shape, and electrical and
mechanical properties of the filler particles. The high surface to volume ratio of the nanoscale

filler particles leads to enhanced polymer-filler interactions. Previous researchers have used



many different types of filler particles including silica [1], calcium carbonate [2], glass beads
or fibers [3], metal nanoparticles [4], and carbon nanotubes (CNT) [5]. Polymer nanocompos-
ites have been of great interest in a wide range of applications in industries such as automobiles,
aerospace, adhesives, and packing materials [6] due to their enhanced properties such as struc-
tural strength, optical properties, electrical and mechanical properties.

In this thesis, we study the electrical and mechanical properties of nanocomposites made
by adding multiwalled carbon nanotubes (MWCNT) to poly(ethylene oxide) (PEO) and the
electrical properties of polystyrene-MWCNT (PS-MWCNT) nanocomposites. The nanotubes
are electrically conductive, and adding a few percent of MWCNT causes the conductivity to
increase by many orders of magnitude over that of the pure polymer. Similarly, the elastic

modulus of the nanocomposites can be increased by adding MWCNT to the polymer.

1.3 Dielectric spectroscopy

The electromagnetic properties of a material depends on many factors such as the structure, the
energy band structure of the material, and the magnetic moment of its atoms and molecules.
The dielectric properties of a material can be obtained by studying the response of the material
to an external electric field. Dielectric spectroscopy is one of the tools that can be used to study
the macroscopic electric properties of a material under the influence of an external electric
field.

In dielectric spectroscopy, the dielectric properties of a material are measured as a function
of the angular frequency w or frequency f of the applied electric field. The permittivity &(w)
is the primary dielectric property that characterizes the response of the material to an applied
electric field. The permittivity € = & — ig”” is a complex quantity. The real part is the dielectric
constant and represents the material’s capability to store electrical energy. The imaginary part
g quantifies the dissipation of electrical energy due to the electrical resistance of the material.

Ionic relaxation, dipolar relaxation, atomic polarization, and electronic polarization all con-



tribute to the measured permittivity. Each of these phenomena dominates in a different fre-
quency range, as shown in Fig. 1.1. The permittivity spectrum of a material provides insights
into the importance and time scale of each of these processes. This information can in turn be

interpreted in terms of the microscopic structural properties of the material.
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Figure 1.1: Schematic graph of the real & and imaginary &” parts of the complex permittivity
&(f) as a function of frequency. The contributions of different phenomena to the permittivity
at different frequency ranges are indicated in the figure.

At low frequencies, ionic relaxation is the dominant contribution to the imaginary part of
permittivity as €’ = o04./gow Where o, and g, are the electrical conductivity of the mate-
rial and the dielectric constant of free space, respectively. Because of this, highly conductive
materials show a linear behaviour in &’ with 1/w at low frequencies. Dipolar relaxation is
important in materials that contain molecules with permanent dipole moments, such as water.
This will be discussed in Chapter 2. When atoms or ions in a set of molecules are exposed to
an external electric field, they undergo displacements from their equilibrium positions induc-
ing a dipole moment. This is atomic or ionic polarization. Electronic polarization occurs in
same manner. Under an electric field, the electron cloud of a neutral atom becomes distorted,
inducing a dipole moment in the atom. In the experiments described in this thesis, we studied
the frequency range between 100 mHz and 1 MHz and we mainly see effects due to ionic and

dipolar relaxation.



1.4 Rheological properties

Solids and fluids behave differently under the action of an external stress. A solid deforms
under stress and recovers its original form due to its elasticity once the stress is removed. In
contrast, a fluid flows under stress and its deformation is permanent once the stress is removed.
Many important materials show a mix of solid and fluid behaviour and are referred to as vis-
coelastic materials. Polymer nanocomposites are viscoelastic.

We study the rheological properties of our nanocomposites by measuring their response to
an externally applied stress or strain in both the frequency and the time domains. In the fre-
quency domain, we measure the complex modulus G = G’ +iG”. The real and imaginary parts
represent the elastic and viscous nature of a material, respectively. We studied G’ and G” in
the angular frequency range between 0.1 to 100 rad/s. This frequency range is small compared
to the frequency range used in dielectric measurements. These low-frequency measurements
allow us to explore properties due to the motions of polymer molecules.

In the time domain, we study the creep and recovery of the polymer nanocomposites. In
creep, a constant stress is applied to a material and its strain is measured over time. In creep
recovery, the material’s strain is measured as a function of time once the applied stress is

removed. These experiments will be explained in detail in Chapter 2.

1.5 Summary of previous work

Nanocomposites have been of great interest, and extensive work has been performed to study
their properties such as degree of crystallinity, optical properties, electrical properties, mechan-
ical properties, and thermal conductivity [1, 5, 7]. The exceptional mechanical and electrical
properties of carbon nanotubes (CNT) have led to much effort from researchers and industry to
produce CNT-based nanocomposites. For example, the elastic modulus of single-walled CNT
can be as high as 1.2 TPa, close to that of diamond, and their electrical conductivity can be

similar to that of copper. Conductive fillers such as CNT can be used to increase the electrical



conductivity of an insulating polymer. When the filler concentration p exceeds a critical value
called the percolation threshold p. [8], the filler particles form a three-dimensional conduc-
tive network that spans the material sample, [9] leading to a dramatic increase in conductivity.
Polymer-CNT nanocomposites have been made with percolation thresholds ranging from as
small as 0.005 vol% up to several vol% [10].

Potschke et al. [8] studied the dielectric properties of nanocomposites made by melt mixing
polycarbonate and multi-walled carbon nanotubes (MWCNT) with diameters of 10—15 nm
and lengths of 1-10 um. They measured the real and imaginary parts of the permittivity in
the frequency range of 10~ Hz to 10’ Hz and observed an increase in both &’and &” with
increasing MWCNT concentration. The DC conductivity of these composites changed by more
than 10 orders of magnitude when the MWCNT concentration was varied from 1.0 to 1.5 wt%,
indicating that the percolation threshold was in this concentration range. As they varied the
MWCNT concentration from 0 to 5 wt%, the conductivity changed from on the order of 1074
to 1 S/m.

Above (but close to) the percolation transition, the dc conductivity o, follows a power
law in p — p. [9, 11, 12]. The critical exponent ¢ of the power law has a theoretical value of
approximately 2 for a simple cubic three-dimensional network [13]. Potschke et al. found ¢ to
be 2.1 in the polymer nanocomposites mentioned above.

The mechanical properties of a polymer also can be improved with the addition of nanoscale
particles [1]. Complex materials such as polymers and polymer composites exhibit both elas-
tic and viscous behavior and thus are viscoelastic materials. Most polymers and polymer
nanocomposites are shear-thinning due to the disentanglement of the polymer coils under shear
and the increased orientation of the coils in the direction of shear [14]. Song [15] examined the
rheological properties of PEO/MWCNT nanocomposites at different MWCNT concentrations.
The nanocomposites exhibited shear-thinning behavior when the MWCNT concentration was
higher than 1 wt%. Also, the shear viscosity increased with increasing MWCNT concentra-

tion, particularly at low shear rates. Polymer-MWCNT interactions increase with increasing



MWCNT loading, and that leads to the enhancement of the shear viscosity. It was also reported
that G” increased with MWCNT concentration due to the increased interparticle interactions.

Potschke et al. [16] studied the rheological behavior of compression molded mixtures of
polycarbonate MWCNT nanocomposites. They found an increase in both G’ and G” with
increased MWCNT loading, particularly at low frequencies. At high loadings, nanotube-
nanotube interactions begin to dominate. Eventually an interconnected structure of nanotubes
forms, which causes a large increase in both G’ and G”.

The critical CNT concentrations needed to enhance the electrical and mechanical prop-
erties of polymer-based carbon nanotube composites are mainly dependant on the degree of
homogeneity of the dispersion of CNT in the polymer, and on the purity of the CNTs. Carbon
nanotubes in a dispersion tend to aggregate due to van der Waals forces between tubes, and
thorough mixing is required to limit aggregation and reduce the percolation threshold. Aggre-
gation of the CNTs causes the percolation threshold to increase because more nanotubes are

needed to make a conductive network throughout the sample.

1.6 Motivation and scope

Many of the materials in living organisms such as proteins and cellulose are polymers. Poly-
mers are of great interest in research and industrial applications. In particular, PEO and its
nanocomposites are of interest as PEO can incorporate different types of filler particles over a
range of concentrations.

The main motivation is to use the dielectric and rheological measurements to learn about
polymer dynamics. In particular, we want to learn about how the presence of the nanotubes
affects the polymer dynamics. With this motivation, we study the electrical properties of PEO-
MWCNT and PS-MWCNT nanocomposites and the mechanical properties of PEO-MWCNT
nanocomposites. These studies would help us to understand different time scale macromolec-

ular dynamics.



In Chapter 2, we present the theoretical background relevant to our electrical and mechan-
ical measurements. Chapter 3 describes the materials, sample preparation, and experimental
methods used in this work. We present the results of our dielectric and mechanical measure-
ments on PEO-MWCNT nanocomposites in Chapter 4 and Chapter 5, respectively. Chapter
6 presents the electrical properties of PS-MWCNT composites. Finally, Chapter 7 includes a

general discussion and a summary of our conclusions.
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Chapter 2

Theory

2.1 Overview

In this Chapter, we present the theoretical background of dielectric spectroscopy and rheologi-
cal measurements. We first introduce the concept of dielectric polarization, then discuss dielec-
tric properties such as complex permittivity and dielectric relaxation time. We then review the
rheology of viscoelastic materials and discuss the complex viscoelastic modulus, rheological

relaxation time, and other important properties.

2.2 Dielectric materials

Materials can be divided into three categories based on their electrical conductivity: insula-
tors, semiconductors, and conductors. The electrical conductivity of these materials can be
explained using band theory. The energy of an electron in an atom can have only certain values
referred to as energy levels. An energy band is a group of energy levels that are so close to each
other that they overlap to form a continuous band. An energy band is a property of a material
made up of many, many atoms. The valence band is the highest energy band that is completely
filled with electrons. The lowest partially filled band is called the conduction band. The band

gap E, is the energy difference between the top of the valence band and the bottom of the



conduction band in insulators and semiconductors. In conductors, the conduction band is par-
tially filled and the valence and conduction bands overlap, so the band gap is zero. As a result,
conductors can support a substantial electric current when subjected to an externally applied
electric field. In semiconductors, the band gap is non-zero but small enough that a significant
number of electrons can be promoted to the conduction band thermally, or by an external volt-
age or photon absorption. On the other hand, insulators have a higher energy gap, such that
the thermal energy kzT, where kg is Boltzmann’s constant and 7 is the absolute temperature,
is much less than energy gap. In this case, the probability of an electron being promoted into
the conduction band is very small, resulting in a very small electrical conductivity.

Dielectric materials are insulators, with a band gap typically above 3 eV. These materials

respond to an external electric field by polarization.

2.2.1 Dielectric polarization

Some molecules, such as the water molecule shown in Fig. 2.1, have a permanent dipole mo-
ment even though their net charge is zero. A water molecule has a dipole moment due to
the fact that oxygen is more electronegative than hydrogen. The dipole moment of water is
6.2x1073° C-m. A collection of dipolar molecules will be oriented randomly in the absence of
an electric field. Under an external electric field, the dipoles experience a torque causing them
to orient in the direction of the field. In non-dipolar molecules, the relative positions of the
electrons and positive nuclei shift slightly from their equilibrium positions when exposed to an
electric field, thus inducing a dipole moment. Both of these processes result in what is called

dielectric polarization.
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Figure 2.1: Schematic of the permanent dipole moment of water. The electrons in the molecule
are attracted more to the oxygen atom than to the hydrogen atoms, with the result that the
oxygen and hydrogen tend to be more negative and more positive, represented by 6~ and 6™,
respectively. u is the total dipole moment of the water molecule [1].

Figure 2.2(a) shows a schematic illustration of a dielectric material placed inside a parallel-
plate capacitor with no externally applied electric field. Each atom, represented by a circle,
consists of a positive point charge at the center and a cloud of electrons surrounding it, with no
net dipole moment. When an external electric field is applied across the capacitor, the charge
cloud is distorted as shown in Fig.2.2(b), inducing a dielectric dipole moment. This process is
called dielectric polarization. The induced dipole moment disappears once the external electric

field is removed.
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Figure 2.2: A dielectric material in a parallel-plate capacitor (a) with no external electric field
and (b) in an applied field. In each atom the positive nucleus has a charge that balances the
negative charges. In (a), the electrons and positive ions are in equilibrium, and there is no net
polarization. In the presence of an electric field (when the capacitor is charged), the applied
field induces a dipole moment in the dielectric material.
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2.3 Theory of dielectric spectroscopy

In dielectric spectroscopy, we study the influence of an alternating electric field on materials.
Dielectric data can be used to understand the microstructure of the nanocomposites, the mi-
croscopic interactions between the nanotubes and the polymer molecules, and the electrical
charge transport mechanism in nanocomposites. In dielectric spectroscopy, measurements can
be made in both the time and frequency domains. In time-domain experiments, the field is
changed suddenly (for example by applying a pulsed field), and the response is studied as a
function of time. In the frequency domain, a sinusoidally alternating electric field is applied to

the sample and the frequency is swept over a large range.
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2.3.1 Electric susceptibility and permittivity

Consider a parallel plate capacitor. The electric susceptibility y of the material in the gap

between the plates is defined by

2.1)

where Cy and C are capacitance when the gap is under vacuum and when it is filled with a

dielectric material, respectively. The electric permittivity € is defined as

£=—. (2.2)

Combining Eq. 2.1 and 2.2, the relationship between susceptibility and permittivity can be
written as

x=¢e¢-1. (2.3)

The polarization P is the dipole moment in a unit volume of a dielectric material. The po-
larization is proportional to the material’s susceptibility. The polarization vector of a dielectric
material in an electric field E can be written as

P = y&E, (2.4)

where & is the vacuum permittivity. By substituting y from Eq. 2.3 to Eq. 2.4,

]
Il

(e - DgE

egoE — gE.

&o€E is called the electric displacement D in the material. Then,

P = D-gE. (2.5)

Imagine we place a molecule with an electric dipole moment in a viscous medium and apply a

13



time varying electric field E(f) = E,cos wt. At low enough frequencies, the orientation of the

dipole can follow the field, but at high frequencies it cannot, due to the viscosity of the medium

and the inertia of the molecule. As a result of this, the polarization vector lags the electric field.

This delayed response of the polarization vector leads to a phase difference 6 between the

external electric field and the polarization and displacement vectors. The magnitude of the

electric displacement field can be expressed as

D = Dy cos(wt — 9).

Expanding the cosine function,

D = Dy cos dcos wt + Dy sin 6 sin wt.

The permittivity is a complex quantity that can be written as

g(w) = &'(w) — ig" (w),

where the real and imaginary parts of the permittivity are defined by [2]

_ Dycosd
B SoEo

’

&

and
_ Dy sin
B 80E0

4

b

(2.6)

2.7)

(2.8)

(2.9)

(2.10)

respectively. The real and imaginary parts of the permittivity are not independent, but are

related by the Kramers-Kronig relation [3].

The dielectric loss tangent or dissipation factor tan ¢ is defined using Equations (2.9) and

(2.10) as

tano = .
8/

14
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2.3.2 Dielectric measurement techniques

Generally in a dielectric measurement, the complex impedance Z(w) is measured and the di-

electric permittivity &(w) is derived from the complex impedance as

1

In the Solartron Materials Test System (MTS) used in our experiments, a sample is placed
between the plates of a capacitor. Then a voltage is applied across the sample and the corre-
sponding current and phase difference are measured to calculate the complex impedance [1].

We study the dielectric properties of our samples in the frequency range from 0.1 Hz to 1 MHz.

2.3.3 Dielectric relaxation

When a dielectric material is exposed to an external electric field, the dipoles in the material
experience torques which tend to align them with the applied field. When the applied field
is removed, the dipoles randomize again, resulting in zero net polarization in equilibrium.
This randomization process is referred to as dielectric relaxation and the characteristic time
taken to reach the new equilibrium state is referred to as the dielectric relaxation time, 7. The
relaxation process depends on molecular structure, as well as on factors such as inertia of the
dipoles, temperature, pressure, and viscosity. Depending on the observed frequency range and
its microscopic structure, a material may have more than one dielectric relaxation process and,
correspondingly, more than one relaxation time.

The simplest model to explain the complex permittivity is Debye model [2, 4]. This model
explains the complex dielectric function and the relaxation process in gases and dilute solutions
by assuming no interactions between molecular dipoles and an exponential approach to the

equilibrium state. Debye’s model for e(w) is

Es 7 8 (2.13)

W) = o+ —,
1 +iwt
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where &, and g; are the infinite frequency and static permittivities, and w is the angular fre-

quency of the applied electric field. The real and imaginary parts of this model can be separated

as
/ 83‘ - 800
(W) =&x + T+ oig (2.14)
and
123 _ SS - 800
£ (C()) = mwﬂ (215)
so that the loss tangent is
8’/((1))
tand =
an = (@)
(&5 — €00)WT
= ———. (2.16)

&5 + EW?T?

tan¢ is a peaked function which can be used to find the relaxation time 7. Setting the first
derivative of Eq. 2.16 with respect to w to zero and solving for 7, the relaxation time is found

to be

1 5
& 2.17)

wmax 800

T =

where w,,,, 1s angular frequency corresponding to the peak in tan d.

To illustrate the behaviour of the Debye model, &', &’ and tan 6 were calculated from De-
bye’s equation supposing £, = 5 and g; = 80. The results are plotted as functions of angular
frequency in Figs. 2.3, 2.4, and 2.5.

The real part of the Debye permittivity versus angular frequency is shown in Fig. 2.3. The
center of the sudden decrease in & occurs at an angular frequency equal to 1/7.

The dielectric loss &’ in Eq. 2.15 is a peaked function as shown in Fig. 2.4. The reciprocal

16



of the peak frequency gives 7, the relaxation time of the sample. The correspondence between

the peak in the imaginary part and the inflection point in the step in the real part is consistent

with the Kramers-Kronig relations [3].
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Figure 2.3: Real part of the Debye permittivity versus angular frequency. The red dashed line
shows & when 7 = 10™* s and the blue line when 7 = 108 s. Here &, = 80 and &, = 5 [1].

The position of the peak in &” changes with the relaxation time as shown in Fig. 2.4.
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Figure 2.4: Imaginary part of the Debye’s permittivity versus angular frequency. The red

dashed line shows &” when 7 = 10™ s and the blue line when 7 = 1078 5. Here &, = 80 and
o =5 [1]
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Figure 2.5 shows the dielectric loss tangent of the Debye model versus angular frequency.

Comparing Figs. 2.4 and 2.5, it can be recognized the peak frequency in tan ¢ has shifted by a

factor /2 = 4 compared to the peak in &”.
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Figure 2.5: Dielectric loss tangent from the Debye permittivity versus angular frequency. The
red dashed line shows tan d when 7 = 10~ s and the blue line when 7 = 10% s. Here &, = 80

and e, = 5 [1].
Because of interactions between dipoles and the presence of more than one relaxation pro-

cess, the dielectric behaviour of complex materials such as polymer nanocomposites cannot be

explained by the simple Debye model with a single relaxation term. Modified Debye equa-

tions have been used to model the behaviour of such materials. Some modified models involve
adding more relaxation terms to the Debye model [5]. Another modified Debye model is the
Cole-Cole model [6], which has been used to fit the dielectric response in polymers.

The empirical Havriliak-Negami (HN) model [7] is another modified Debye model that
has been used to describe the complex dielectric permittivity. This model has an extra term
to describe the 1/w behaviour of £” observed at low frequencies. It has used to describe the
dielectric behaviour of nanocomposites with substantial electrical conductivity. The HN model

has been applied to polymeric materials by several groups [7, 8, 9]. In the HN model, the

complex permittivity € = € — i€” is given by
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A€ Ag Tde
+ - + - + -
(1 + (lwt)@)r (1 + (Iwt)™)2  jwe

*

€ = €xn

(2.18)

where A€, and Aeg, are dielectric strengths and 7, and 7, are relaxation times. The four terms
on the right-hand side of Eq. (2.18) represent contributions to €* due to the constant infinite-
frequency dielectric constant €., two relaxation processes, and the dc conductivity o,.

When the exponents «a, a;, §; and 3, in Eq. (2.18) are all equal to 1, the two relaxation
terms describe exponential (Debye) relaxation processes with relaxation times 7, and 7, re-
spectively. When these exponents are not equal to 1, the relaxations are non-exponential. For
non-exponential relaxation processes, 7; and 7, can be regarded as characteristic relaxation

times. Each relaxation process is manifested as a peak in €”.

10° w w w 10° w w w
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Figure 2.6: Imaginary part of the HN model with one relaxation process versus angular fre-
quency. (a) and (b) show the effect of @; and 8, and o respectively on &”. The black line
in each subplot represents &’ with parameters Ae; = 200, 7, = 10™*s, @, = 1,8, = 1 and
4. = 107'° S/m. In (a), the red and blue dashed lines have different values of a; and S, as
indicated in the legend. The effect of o4, on £” is shown in (b). The curves correspond to three
different values of the conductivity, as indicated in the legend, with all other parameters fixed.
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Fig. 2.6 shows the imaginary part of the permittivity calculated from the HN model with a
single relaxation term versus angular frequency. To easily visualize the effect of the parameters
in the HN model on £”, only one relaxation process is presented. The « parameter controls the
slopes of the sides of the relaxation peak and thus their width as shown in Fig. 2.6 (a). g affects
the slope of the high-frequency side of the peak, thus varying the skewness as also shown in
Fig. 2.6(a). o, plays an important role in the behaviour of £ as shown in Fig. 2.6 (b). When
o4 increases from 1078 to 10™* S/m, the relaxation peak becomes hidden as the dc conductivity
term dominates the RHS of Eq. 2.18. This indicates that the dielectric relaxation peaks may be

difficult to discern in measurements on high-conductivity samples.

2.3.4 Dielectric relaxation in polymers

A polymeric material is a collection of polymer chains, and a polymer chain is made of repeated
monomers. This means that the net dipole moment per unit volume, or polarization vector, of a
polymer is given by the dipole moment of a monomer, summed over all monomers in a polymer
chain, then summed over all polymer chains. The polarization of a polymer can be written as

[10]

P:% Y (2.19)

allchains chain

where y; is dipole moment of a monomer.

The total polarization of a polymer material thus depends on a range of length scales, from
the size of a few atoms up to the full chain length. As a result, one expects more than one
dielectric relaxation process in a polymer, with larger regions relaxing more slowly than small
regions. Each process is typically characterized by a peak in the dielectric loss spectrum and
a step-like decrease in &’ as described by the Debye model in Eq. 2.13 and shown in Figs. 2.3
and 2.4.

In practice, the relaxation spectrum is typically dominated by two processes: one corre-
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sponding to the relaxation of short segments of the polymer and the other to long segments
or whole chains. These two processes, known as « relaxation and S relaxation, are observed
in most amorphous polymers. « relaxation is also known as the principal relaxation and S as
the secondary relaxation. The well-accepted explanation for the f relaxation is variation of the
local dipole moment vector due to the movement of small regions of the main polymer chain,
and/or rotations of side groups [10]. Since the S relaxation involves the motion of small regions,
itis relatively fast and so appears in the relaxation spectrum at high frequencies. In contrast, the
a relaxation is caused by the reorientation of entire chains or longer chain segments. As these
motions happen over a larger length scale, the a relaxation process is much slower than the
beta process and appears at lower frequencies in the relaxation spectrum. Both relaxation pro-
cesses are temperature sensitive. This behaviour has been seen in polymer nanocomposites, for
example by Carroll et. al. [9], who analyzed the dielectric spectra of poly(vinyl acetate)-Si10,
nanocomposites. In reality, these relaxation processes do not result in simple Debye peaks in
the relaxation spectrum, because both involve a broad range of segment lengths and relaxation
times.

Dielectric relaxation can be also studied by taking measurements at a fixed frequency as a
function of temperature. In this case, a relaxation process gives a peak in €” versus temperature

and a step-like decrease in &’ versus temperature.

2.4 Rheology of viscoelastic materials

Rheology is the study of flow and deformation of materials [11]. Rheology focuses on study-
ing the mechanical response of complex fluids to external forces, and on understanding the

relationship between the mechanical properties of materials and their microstructure.
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2.4.1 Basics of rheology

F

Figure 2.7: Deformation of a material with a shear stress applied.

Figure 2.7 indicates the deformation 6 of a material subjected to a shear force F parallel to its

top and bottom surfaces. The shear stress 7 is defined as
F
T=—, 2.20
- (2.20)
where A is the cross-sectional area. The shear strain of the material is

v = 7 ~ 0. (2.21)

In general, when a stress is applied to a solid, it quickly deforms then returns to its original
shape upon removal of the stress. This is called elastic behaviour. For small strain, elastic

materials show a linear relationship between stress and strain in accordance with Hooke’s law,

=Gy, (2.22)
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where G is elastic modulus. On the other hand, a liquid continuously flows as long as the stress
is present and does not return to its undeformed state when the stress is removed. This response
is called viscous behaviour. In the simplest case, fluids show a linear relationship between the
shear stress and the shear rate vy, the time derivative of the shear strain. Fluids that display this

behaviour are termed Newtonian fluids and follow Newton’s law of viscosity,

T=ny, (2.23)

where 7 is the viscosity of the fluid.

Shear stress, T
Shear stress, T

A 4
v

Strain, y Shear rate, y

(a) (b)

Figure 2.8: Ideal rheological behaviour. (a) pure elastic element, (b) pure viscous element.

Figure 2.9 categorizes some types of fluid according to the way in which stress depends
on shear rate. If the slope of the stress vs. shear rate curve increases with increasing shear
rate, the viscosity of the fluid also increases with shear rate and the fluid is said to be shear-
thickening. Shear-thickening is found mostly in highly concentrated dispersions of particles.
A simple example of shear-thickening is a highly concentrated suspension of sand in water. At
a low shear rate, viscosity is low as the water acts as a lubricant, reducing the friction between
sand particles. However, at higher shear rates, the water does not completely fill the gaps

between the particles, causing the particles to come into contact with each other. This leads to
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comparatively high friction between the particles, increasing the viscosity at high shear rates
[12]. Shear-thickening often signals phase separation and lack of reversibility of a material.
Similarly, if the viscosity decreases with the shear rate as shown in Fig. 2.9, the fluid is
called shear-thinning. Many polymeric solutions, blood, and ketchup are examples of shear-
thinning fluids [11]. Shear-thinning results from changes in the microstructure of the material
that take place under shear. For example, when a concentrated polymer solution is at rest or
sheared at a low rate, extensive entanglement of the polymer chains leads to a high viscosity.
When the polymer solution is strongly sheared, uncoiling and disentanglement of polymer

chains takes place, reducing the viscosity.

Shear stress

Shear rate

Figure 2.9: Stress as a function of shear rate for various types of fluids.

2.4.2 Oscillatory Measurement

Oscillatory measurements can be used to study the viscoelastic properties of complex fluids.
Here, we consider the case in which a periodic stress is applied to a sample and its strain is

measured. One can also apply a periodic strain and measure the stress. If the periodic stress is

T = T cos(wt), (2.24)
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then from Eq. 2.22, the strain for an elastic solid is
T
Y=g = cos(wr), (2.25)

where yy = 79/G. From Egs. 2.24 and 2.25, it is clear that there is no phase difference between
stress and strain in an elastic material.

The shear rate from Eq. 2.24 and Eq. 2.23 for a viscous fluid under the same periodic stress
is
T  ToCoSwrt

y=—-=——— (2.26)
n n
By integrating Eq. 2.26, the strain can be written as
T
v = Yo cos (wt — 5), 2.27)

where ¥y = 79/nw. Therefore, in a viscous fluid, the strain is 90° out of phase with the applied
stress. The phase difference ¢ in a viscoelastic material will lie between these two ideal cases,

1.e., between 0 and 90° [12]. For a viscoelastic material, the strain can be written as

Y = Yo exp (i(wt — 9)). (2.28)

The complex modulus G* is defined as

., T 7o exp (iwt)
G =T~ | (2.29)
Y  Yoexp (i(wt —6))
so that,
7 ’” ‘5
G =G +iG = TP (2.30)
Yo

where G’ and G” are the storage modulus and loss modulus, respectively, and characterize the

elastic and viscous components of the material’s mechanical response. In fact, the real part of
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Eq. 2.301s

7 6
G = D009 2.31)
Yo

The imaginary part of Eq. 2.30 is
G - To SIN o .

Yo

(2.32)

One can develop simple mechanical models in an effort to explain the viscoelastic be-
haviour of materials [11, 12]. These models use ideal springs to represent Hookean deforma-
tion and dashpots to represent Newtonain flow. Here we discuss a few models starting with the

simple Maxwell model.

The Maxwell model

n G
O——1_ | WW—-o

Figure 2.10: The Maxwell model.

The Maxwell model describes a material as a series combination of a spring element and a
dashpot element as shown in Fig. 2.10. The stress on each individual element is the same as
the overall applied stress and the total strain is the sum of the strains of the two elements. From

this, the stress-strain relationship for the Maxwell model can be derived as

T+ AT =17y, (2.33)

where 1), = /G is called the relaxation time. Solving this equation for the stress as a function
of time shows that the stress depends on both the strain and the shear rate. Therefore, this
model incorporates both viscous and elastic behavior.

If we consider a sinusoidally varying stress as in Eq. 2.24, one can show that G’ and G” can
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be written as

, nAyw?
G=—— 2.34
1 + (wAy)? ( )
and
144 nw
=—\ 2.35
1 + (wAy)? ( )

Viscoelastic Moduli (Pa)

102 10" 10° 10" 102 10% 10% 10° 10°
w, (rad/s)

Figure 2.11: The behaviour of G’ and G” in the Maxwell model with = 10* Pa.s and 4, = 0.5
S.

Figure 2.11 is a plot of the viscous and elastic moduli for a Maxwell model assuming
n = 10* Pa-s and A, = 0.5 s. The crossover of G’ and G” occurs at an angular frequency equal

to the inverse of the relaxation time.

The Kelvin-Voigt model

The Kelvin-Voigt model also uses the ideal spring and dashpot elements shown in Fig. 2.8. In

this case they are connected in parallel as shown in Fig. 2.12. In this model, the strain on each
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Figure 2.12: The Kelvin-Voigt model

element is the same, while the total stress is equal to the sum of the stress on each of the two

elements. The stress-strain relationship for this model is

7T=Gy+ny. (2.36)

The stress in the Kelvin equation depends on both the strain and strain rate, illustrating vis-

coelastic behaviour of a material.

Relaxation experiment using a Maxwell model

As an example of the applicability of these models, imagine that a constant non-zero strain is
applied to a material described by the Maxwell model and its stress is measured as a function

of time. Since the shear rate is zero, Eq. 2.33 simplifies to

T+ At =0. (2.37)

Rearranging and integrating Eq. 2.37, the stress can be written as

7(t) = Toexp (—t/ ). (2.38)
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The Maxwell model thus predicts that the stress decays exponentially with time when sub-
jected to a constant strain. This is approximately true for most polymers as long as the applied
strain is small enough. On the other hand, the predictions of the Maxwell model are incorrect
if one considers applying a constant stress to the material — the model then predicts a constant

strain rate, while in reality the strain rate decreases with time.

Creep relaxation/recovery experiment using Kelvin-Voigt model

In a creep experiment, a material is placed under constant stress for a long time and then the
stress is suddenly removed at time 7 = 0. The strain is then measured as a function of time. For

the Kelvin-Voight model with 7 = 0, Eq. 2.36 becomes

Gy + 1y = 0. (2.39)

Rearranging and integrating Eq. 2.39, we find

y = yoexp (—t/d), (2.40)

where A" = 57/G is called the retardation time. This model can successfully describe creep in

simple materials.

2.4.3 Complex viscoelastic materials

The Maxwell and Kelvin-Voigt model models both incorporate a single relaxation time. How-
ever, complex materials such as nanocomposites have more than one relaxation process and
these simple models are unable to realistically model their behavior. More complex models

can be developed by adding additional springs and dashpots to these simple models.
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Burgers model

Iy
o—{ | —\WWW—o

N1
[ |
1]

Figure 2.13: Schematic of the Burgers model

Figure 2.13 shows a schematic diagram of the Burgers model, which is a combination of the
Maxwell model and the Kelvin-Voigt model. In this model, creep strain is given as a function

of time ¢ by

2
(o) (o) -t oot

=704 —[1 _ex (—)] L o (2.41)
y Ey 4H Ej b T; v

where o is the applied constant stress. The first term of the equation represents the elastic
(instantaneous) deformation corresponding to the spring of the Maxwell model with elastic
modulus E,;, the second term indicates two delayed viscoelastic deformations corresponding
to the Kelvin-Voigt model with relaxation times 7; and elastic modulus E};, and the third term
represents Newtonian flow behaviour corresponding to the sliding of the Maxwell dashpot
with steady state viscosity 17,,. This model has been of interest among researchers to describe
the creep behaviour of composites [13, 14]. In Chapter 5, we determine these rheological

properties by fitting our experimental creep strain data to Eq. 2.41.
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Weibull distribution equation

We use the Weibull distribution equation [13, 14] to interpret the creep recovery data obtained

in Chapter 5. In this distribution, the recovery strain is given by

3
=Yy [exp (— (t " ))] . (2.42)
i=1

rt
where vy,; and 7,; are viscoelastic strain recovery and characteristic life time respectively. f,
is the time when the applied stress in creep was removed, and 7., is the permanent strain at

t — oo due to the viscous flow effect.

2.5 Shear Rheometry

Our rheological experiments were performed using a rotational shear rheometer. This instru-
ment can be operated in a strain-controlled mode — in which a known shear strain is applied
to the sample, and the resulting stress measured — or in a stress-controlled mode — in which
a known stress is applied and the strain measured. We performed both strain-controlled and
stress-controlled experiments for this work, as explained in Chapter 3. Some common mea-
surement geometries used in the shear rheometer are shown in Figure 2.14. The optimum
geometry for a given measurement depends on the nature of the material being tested. For
example, a concentric cylinder tool would be ideal for measurements on a low-viscosity fluid.
We used a parallel-plate geometry for our study because our samples are circular disks.

A shear rheometer does not measure most of the rheological parameters directly. Instead, it
measures the torque M on the tool used and the angular displacement 8 of the tool. Then, know-
ing the geometry of the measurement tool, the shear stress and shear strain can be calculated

from these quantities. For a cone-and-plate geometry the stress can be calculated as

3IM

T= ﬁ’ (243)
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where R is the radius of the tool. The shear strain is given by

v=-, (2.44)

(2.45)

where w is the angular frequency of the tool. The shear rate is constant throughout the sample
in the cone-and-plate geometry.
In the parallel-plate geometry, the top plate rotates with angular frequency w and the bottom

plate is held fixed. If the height of the sample is 4, the shear rate  can be expressed as

v =—, (2.46)

where r is the radial distance from the center of the top plate [11]. It is interesting to note
that the shear rate linearly increases with r and the highest y exists at the edge of the plate.
Calculation of the shear stress in the parallel-plate geometry is not simple as in cone-and-plate

geometry. [11].

(a) (b) (c)

—_—

Figure 2.14: Common geometries used in shear rheometry. (a) Parallel Plate, (b) Cone-and-
Plate, and (c) Couette, or concentric cylinder, geometry [11]
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2.6 The analogy between dielectric and rheological measure-
ments

There are many similarities between dielectric and rheological measurements. In frequency-
domain measurements, both techniques use spectroscopy to examine small scale dynamics of a
material. In dielectric measurements, the electrical response of a material to an external electric
field is studied. Rheology focuses on studying the mechanical response of a material to exter-
nal forces. Both techniques are used to understand the material’s microstructure. Dielectric
spectroscopy can be used to study dynamics of a material at very different time scales com-
pared to rheometry as dielectric spectroscopy is capable of measurements from the microhertz
to megahertz frequency range and rheometer from millihertz to hundreds of hertz. Therefore
dielectric measurements can be used to study monomer-scale dynamics, molecular dynamics
and long polymer chain dynamics. On the other hand, a rheometer is capable of studying large
time scale dynamics such as polymer chain dynamics.

Another similarity is that the mathematical treatment is exactly the same for both tech-
niques. In both cases we are applying a linear perturbation to the system and measuring its
response. In both cases, there is a real (energy storage) and an imaginary (energy dissipation)
part of the response. The difference is that in the rheological case, storage is in the elastic de-
formation of the material, and in dielectric case storage is in the electric dipole configuration.
In both cases the dissipation is due to polymer motions on different length and time scales.

From a mathematical point of view, the Maxwell model in rheology is exactly analogous to

the Debye model for dielectric relaxation.
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Chapter 3

Experiment

3.1 Overview

Here we describe the materials, apparatus, and experimental procedures used in our work.

3.2 Materials

3.2.1 Polyethylene oxide

Polyethylene oxide (PEO), also known as polyethylene glycol (PEG), is a crystalline, thermo-
plastic, water soluble polymer. It is commercially available in a wide range of molecular
weights, ranging up to millions. Higher molecular weight PEO can be formed into tough,
molded shapes. The structure of PEO is shown in Figure 3.1. It consists of n CH,-CH,-O
monomers, and each repeating unit has a dipole moment due to the polarization of C-O bond.
The total dipole moment of a macroscopic sample of PEO and its polarization vector can be
calculated as explained in Section 2.3.4.

For our work, white and odorless PEO powder with molar mass 100,000 g/mol was pur-
chased from Sigma-Aldrich Co (product number: 181986) and used as received. The melting

point and glass transition temperature of PEO used in our work are 65 and —67 °C respectively.[1]
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Figure 3.1: Chemical structure of PEO.

3.2.2 Polystyrene

Polystyrene (PS) is one of the most commonly used and inexpensive polymers in the world.
Several million tonnes are produced annually worldwide. At room temperature, it is a transpar-
ent polymer made by polymerization of the styrene monomer shown in Figure 3.2. When PS is
above its glass transition temperature (between 123 and 128 °C), it is soft enough for injection
molding or extrusion. The styrene monomer has a weak dipole moment due to the presence of
the phenyl side group. This weak polarization leads to a small dielectric constant in PS.

For our research, clear and odorless PS beads with molar mass 35,000 g/mol were pur-

chased and used as received from Sigma-Aldrich Co (product number: 331651).

| S
P H
C (
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Figure 3.2: Chemical structure of PS.
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3.2.3 Carbon nanotubes

Carbon nanotubes can be thought of as graphene sheets rolled up into cylinders. Single-
walled carbon nanotubes consist of a single such cylinder, while multi-walled carbon nanotubes
(MWCNT) consist of several concentric cylinders. We made the polymer nanocomposites stud-
ied in this thesis by adding MWCNT to the molten polymer. We used MWCNT concentrations
ranging from O to 5% by weight. The MWCNT used in this work had diameter 8—15 nm,
length 30-50 um, and purity > 95%. They were purchased from TimeNano Chengdu Organic

Chemicals and used as received.

3.3 Sample preparation

Two mixing methods were used to prepare our PEO-MWCNT nanocomposites. PS-MWCNT
were made using twin-screw extrusion, while PEO-MWCNT nanocomposites were prepared
by both twin-screw extrusion and melt-mixing. Both PEO-MWCNT and PS-MWCNT com-
posite mixtures were compression molded to produce the final sample disks as described below.
PEO-MWCNT and PS-MWCNT nanocomposites samples were made with MWCNT concen-

trations ranging from O to 5 wt%.

3.3.1 PEO-MWCNT: Melt-mixing

The PEO powder and MWCNT were used as received. 50 g of PEO and the required amount
of MWCNT were added to a Brabender three-piece mixer equipped with two counter-rotating
blades and preheated to 75 °C. The material was mixed for 10 minutes by the blades in the
mixer before being cooled down to room temperature. The resulting composite mixture was

pelletized to a size suitable for the compression molding process described below.
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3.3.2 PEO-MWCNT: Twin-screw extrusion

In the second method, PEO-MWCNT nanocomposites were prepared using a Thermo Scien-
tific HAAKE MiniLab II twin-screw micro-compounder. 4.5 g of PEO and the required amount
of MWCNT were added to the twin-screw mixer, which was preheated to 75 °C. The material
was mixed for 10 minutes at a screw speed of 50 rpm before the mixture was extracted and
cooled down to room temperature. The extracted material was in the form of a long ribbon,

about 5 mm in width and 1 mm thick, which was pulverized prior to compression molding.

3.3.3 PS-MWCNT: Twin-screw extrusion

4.5 g of PS and the required amount of MWCNT were added to the twin-screw mixer, which
was preheated to 125 °C. The material was mixed for 10 minutes at a screw speed of 50 rpm
before the mixture was extracted and cooled down to room temperature. The extracted material
from twin-screw extrusion was in the form of a long ribbon, about 5 mm in width and 1 mm

thick, which was pulverized prior to compression molding.

3.3.4 Compression molding of nanocomposite disks

Circular disks 1 mm thick and 25 mm or 50 mm in diameter were made by transferring the
small pieces of nanocomposite prepared as above to a room temperature mold made from 3.2
mm thick aluminum plates, separated by a 1 mm thick aluminum gasket with 25 and 50 mm
diameter holes in it. Then the filled mold was placed in a preheated compressor from Carver
Inc. [2]. It was allowed to sit for 5 minutes, then compressed under 13.3 kN of force for 5
minutes. The disks were removed from the mold after the mold had cooled down to room
temperature. For the PEO-MWCNT nanocomposites, the compressor was preheated to 75 °C.
For the PS-MWCNT nanocomposites, the preheating temperature was 125 °C.

As we made PEO/MWCNT nanocomposites using two mixing methods, we use the follow-

ing notation to identify our samples: PEO/MWCNT nanocomposites prepared by melt-mixing
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are labeled by an M followed by the amount of MWCNT added, given as a percentage of the
total sample weight, while those prepared by twin-screw extrusion are labeled by T followed by
the wt% MWCNT. Thus, for example, M 1.0 refers to a melt-mixed sample containing 1.0 wt%
MWCNT. Samples of pure PEO, made in the melt mixer only, are referred to as M0.0. Also,
PS/MWCNT samples are labeled by a PS followed by the amount of MWCNT added, given
as a percentage of the total sample weight. For example, PS1.0 wt% refers to a twin-screw
extrusion sample containing 1.0 wt% MWCNT.

Figure 3.3 shows a 25 mm diameter M3.0 disk prepared by melt mixing and compression
molding as discussed above. All the nanocomposite samples are black even for the lowest

MWCNT concentration. They are stiff and the surfaces are smooth.

Figure 3.3: 25 mm diameter M3.0 disk prepared by melt mixing and compression molding as
described in the text.

3.4 Dielectric spectrometer

The dielectric spectrometer consists of the material test system (MTS), the cryostat and cooling

system, and the temperature controller as shown in Figure 3.4.
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Figure 3.4: Main components of the dielectric spectrometer: the MTS, the cryostat and cooling
system, and the temperature controller. The computer communicates with the MTS and the
temperature controller while collecting data [3].

The Solartron Modulab Materials Testing System is the blue box shown in Figure 3.4. This
is the actual dielectric spectrometer instrument. A computer communicates with the MTS and
the temperature controller via an ethernet connection. The MTS can be used to perform both
direct current (DC) and alternating current (AC) measurements.

In DC measurements, a constant voltage is applied across the sample and the MTS mea-
sures the corresponding current density J.

For AC measurements, the MTS generates a sinusoidal voltage across the sample and the
resulting current and phase angle are measured by the MTS. The MTS software then calculates
the desired dielectric quantities.

The sample cell is contained inside the cryostat, which is used to allow variation of the
sample temperature. A cross section of the cryostat is shown in Figure 3.5. The cryostat
consists of three concentric stainless steel cylinders. The space between the outer two cylinders

is a vacuum jacket which was evacuated to a pressure of 5 x 10~* Torr or less using a turbo-
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pump prior to every experiment. The inner cylinder, in which the sample cell resides, is filled

with helium exchange gas at a pressure of 1 PSI to maintain good heat transfer to the sample.

)

Sample
space
LNz ,."/
Sample
,.-/
— Heat shield
Heaters = |
= Vacuum

Figure 3.5: A cross section of the cryostat showing the main components inside the cryostat
and their organization [3, 4].

The sample holder in the cryostat is a parallel-plate capacitor, which is made of two brass
disks 10 and 25 mm in diameter. The capacitor is designed to have a uniform electric field
across the sample when a voltage is applied across the capacitor. Therefore, the effective diam-
eter of the capacitor is 10 mm. The sample can be heated when needed by two electric heaters,
one mounted near the sample and the other mounted on the outer surface of the inner cylinder.
Two thermocouples measure the sample temperature and the temperature of the surrounding
area. The sample can be cooled by flowing cold nitrogen gas into the space between the middle
and inner cylinders. The sample temperature is controlled by a Lake Shore Model 335 Cryo-
genic Temperature Controller [5] to an accuracy of 0.01 K by balancing the heating and the
cooling due to the cold gas.

In our dielectric measurements on polymer nanocomposites, we measured the real and
imaginary parts of the permittivity, as well as the DC conductivity as a function of temperature

and nanotube concentration. The MTS control software is used to operate the dielectric spec-
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trometer and collect data. The experimental data were exported as text files from the software

and analyzed using Matlab.

3.4.1 Dielectric procedure

A 25 mm disk of the nanocomposite under study was placed in between the plates of the
measuring capacitor of the dielectric spectrometer described in Section 3.4. The cryostat was
sealed and evacuated, and nitrogen gas for cooling was allowed to flow from a storage dewar
of liquid nitrogen. Once the desired sample temperature was reached, the system was allowed
to equilibrate for 20 minutes before data collection was started.

In DC measurements, the voltage across the sample V. was swept from 0 to 4 V at a rate of
100 mV/s and the corresponding current density J,. = I;./A, where A is the cross-sectional area
of the sample, was measured. At low applied voltages, the samples are Ohmic, with J;. o< V.

Knowing the sample thickness ¢, o, is then simply given by

_ldl
T AdV,

(3.1)

Tdc

For our AC measurements, the MTS generates a sinusoidal voltage with 4 V amplitude
across the sample. The frequency is swept from 0.1 Hz to 1 MHz. Then the resulting current is
measured by the MTS, which calculates the desired dielectric quantities. Measurements were
performed from 300 to 180 K for the PEO/MWCNT nanocomposites and 360 to 300 K for the
PS/MWCNT nanocomposites. We determine the dielectric properties of our nanocomposites
by fitting the empirical Havriliak-Negami (HN) model introduced in Eq. 2.18 to the imaginary

part of the frequency-dependent data obtained from the AC experiments.
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3.5 Shear Rheometer

We used the Anton-Paar MCR-302 rotational shear rheometer shown in Figure 3.6 to take
rheological measurements. This is a stress-controlled rheometer, but its control software allows
it to operate in strain-controlled modes as well. A stress-controlled rheometer applies a known
torque to the rheometer tool, calculates the corresponding applied shear stress, and measures
the resulting rotational deformation (or strain) of the material in the tool. When it operates in a
strain-controlled mode, the control software continuously adjusts the applied torque to achieve
a user-defined strain of the sample, and the corresponding shear stress on the tool is extracted
[6]. The rheometer does not directly measure the rheological parameters. For example, it
measures the angular displacement of the parallel-plate tool for a known applied torque. Other
properties such as elastic and viscous moduli are extracted from the calculated stress and strain.

We used a 50 mm diameter parallel-plate geometry tool for our rheological measurements
as our PEO nanocomposites samples are in the form of disks. The temperature of the sample
is controlled to an accuracy of 0.01 °C by a Peltier-plate heater on the bottom plate of the
rheometer tool. A temperature-controlled environmental housing covers the rheometer tool to
minimize thermal gradients across the sample. RHEOPLUS software is used to control the
rheometer, collect data, and calculate the required rheological parameters. The experimental

data were saved as text files from the software and analyzed using Matlab.

3.5.1 Rheology procedure

The rheological properties of our PEO/MWCNT samples were measured using the shear rhe-
ometer described above with a 50 mm diameter parallel plate tool. A roughened bottom plate
was used and a 50 mm diameter disk of 280 grit sandpaper was attached to the top plate to
minimize slip between the sample and the tool. As the temperature of the sample is increased,
it goes through its melting transition. As a result, its volume changes. To accommodate this,

we set the rheometer to maintain a constant normal force on the top plate, rather than the
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Figure 3.6: Shear rheometer used in the experiments.

more usual constant gap. As a result of this, the gap changes slightly over the course of the
experiments. This change is taken into account by the software.

A PEO/MWCNT nanocomposite disk 50 mm in diameter and 1 mm thick was carefully
centered in the rheometer tool and the upper plate was lowered until the normal force reached
the desired value. Then the environmental housing was lowered over the tool. The rheometer
was set to the desired temperature and held at that temperature for 15 minutes to ensure equi-

librium before performing the experiments. PEO and the PEO/MWCNT nanocomposites were
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solid at 60 °C but softened and melted as the temperature was increased. As a result, some of
the material properties depend strongly on temperature. We raised the sample temperature from
60 to 85 °C in 5 °C increments, then lowered it back to 60 °C, again in 5 °C steps. We waited 15
minutes at each step for the sample temperature to equilibrate. The temperature was cycled in

this way up to four times for a given experiment, with data collected at each temperature step.

Frequency sweep

Frequency sweep experiments were used to measure the viscous and elastic moduli of our
PEO/MWCNT nanocomposites. First, the extent of the linear viscoelastic regime, in which G’
and G” are independent of the amplitude of the applied shear strain, was determined by apply-
ing a strain amplitude sweep at a frequency of 6.28 rad/s. We found that the PEO/MWCNT
nanocomposites were in the linear viscoelastic regime when the amplitude of the applied strain
was less than 5%. The frequency sweep experiments were performed using a strain amplitude
of 0.5%, which is well within the linear regime.

Once the sample reached desired stable temperature as explained above, a sinusoidal strain
with 0.5% amplitude was applied to the sample. The frequency was increased in logarithmically-
spaced steps from 0.1 to 100 rad/s. The elastic and viscous modulus, G’ and G” respectively,
were measured at each frequency. The wait time at each step was decreased from 100 s at the
lowest frequency to 10 s at the highest. For a given MWCNT concentration, the same sample

was used for all temperatures and temperature cycles.

Creep recovery experiments

Our nanocomposite’s response to an external stress was studied using creep and creep recovery
experiments. A new set of samples was used for these experiments. We wished to keep the
deformation of the samples small, i.e., within the linear viscoealstic regime throughout these
experiments. To ensure this, each sample was first heated to 70 °C, a series of stresses was

applied, and the resulting strain was measured. Based on these results, the stress o to be
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Table 3.1: The stress o used for each sample in the creep experiments.

Sample oo (Pa.s)
MO0.0 0.08
M1.0 0.3
M2.0 4.0
M3.0 2.0
M5.0 55

used in the creep experiments was chosen so that the maximum strain was few percent. The
values of o used for each MWCNT concentration are shown in Table 3.1. After oy had
been determined, the sample was cooled down back to 60 °C and the first cycle of the creep
experiment was started. When the desired temperature was reached as explained above, the
stress oy was applied to the sample for 15 minutes and the corresponding strain y was measured
as a function of time. After 15 minutes of creep, the stress was set to zero to start the recovery
portion of the experiment, and the unrecovered strain was measured for another 15 minutes as
the sample relaxed.

The data from the creep phase of the experiment were fitted to the Burger’s model intro-
duced in Eq. 2.41 to extract the relaxation times 7 and the steady state viscosity 77,,. The
recovery data was fitted by the Weibull distribution introduced in Eq. 2.42 to obtain the char-

acteristic recovery time 7, and the permanent strain ..
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Chapter 4

Dielectric properties of PEO/MWCNT

nanocomposites

4.1 Introduction

Polymer nanocomposites are a novel class of composite material made by adding nanometer-
sized filler particles to a polymer matrix. Carbon-nanotube-based nanocomposites have been
of great interest both fundamentally and to the materials industry due to their exceptional elec-
trical and mechanical properties [1, 2, 3]. As examples, the electrical conductivity of an insu-
lating polymer can be increased by many orders of magnitude by adding only a small amount
of carbon nanotubes (CNT) [3, 4], while their very high Young’s modulus and mechanical
strength make carbon nanotubes an attractive filler for improving the mechanical properties of
polymer-based materials [5]. Because of these attractive electrical and mechanical properties,
polymer nanocomposite materials have potential applications in many areas, including elec-
trostatic coatings [6], conducting plastics, energy storage, conductive adhesives, light-emitting
and photonic devices, and air and water filtration [7].

In the present work, we use dielectric spectroscopy to study the microscopic interactions

between CNTs and molecules of poly(ethylene oxide) (PEO, [CH,CH,O],) and their effect on
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the bulk electrical properties of PEO-CNT nanocomposites. Because PEO is a biocompatible
polymer, nanocomposites based on PEO are of substantial interest for biomedical applications
such as controlled drug release [8, 9].

The electrical properties of polymer nanocomposites have been studied extensively [3, 10].
As conductive nanoscale fillers are added to an insulating polymer matrix, the material’s elec-
trical conductivity increases dramatically when the filler concentration p exceeds a percolation
threshold p. [4]. This percolation transition occurs when the filler particles form a three-
dimensional conductive network that spans the material sample [11]. For CNTs, which have
a very high length-to-diameter aspect ratio, electrical percolation occurs at a nanotube con-
centration that can be much less than 1% [6]. p. is quite sensitive to the degree of dispersion
and alignment of the CNTs, however, with stronger alignment or uneven dispersion leading to
fewer electrical contacts between tubes and a higher percolation threshold than for randomly
oriented tubes [12].

Above (but close to) the percolation transition, the dc conductivity o, is predicted to be-

have as a power law in p — p, i.e., [10, 11, 13]

Ogc =A (P - pc)t s (41)

where A is an amplitude factor and the critical exponent ¢ has a theoretical value of approxi-
mately 2 for a simple cubic three-dimensional network [14]. This behaviour has been observed
in many polymer nanocomposite systems [3, 10]. Potschke ef al. [4] studied polycarbonate-
MWCNT nanocomposites prepared by melt mixing. They found the percolation threshold p,
to be between 1.0 and 1.5 wt% and the critical exponent ¢ to be 2.1. McCullen et al. [15] stud-
ied the electrical conductivity of mats of PEO/MWCNT nanofibers made by electrospinning.
They observed an increase in conductivity by a factor of 10'? at the percolation transition, and
found r = 1.3 £ 0.6. Critical exponents significantly higher than 2 have also been observed

[16, 17, 18], and have been attributed in part to clustering of the filler particles [16, 17].
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Dielectric spectroscopy involves the study of a material’s complex permittivity €* = € —
ie” over a broad range of frequencies. Here € is the dielectric coefficient divided by ¢, the
permittivity of free space, and6 €’ = o/€w, where o is the frequency-dependent electrical
conductivity and w is the angular frequency. This technique has been widely used to probe
polymer dynamics, molecular configurations and charge transport in polymeric materials [4,
19, 20, 21, 22]. The dielectric properties of a material are sensitive to the configuration of
microscopic electric dipoles. The material’s dielectric response to a time-varying electric field
thus provides information about molecular dynamics and configurational relaxation processes
within the material.

Ideally, the spectrum of €”, the imaginary part of the dielectric response, will display one
or more peaks corresponding to distinct dielectric relaxation processes. A peak at angular
frequency w,, corresponds to a relaxation process with a characteristic relaxation time 7 given
by

T=—. 4.2)

In reality, the dielectric spectra of polymeric materials are complicated and display very broad
relaxation features. A variety of dielectric relaxation models have been used in their interpreta-
tion [23, 24, 25, 26]. In this work, we determine the dielectric properties of our nanocomposites
by fitting the well-known empirical Havriliak-Negami (HN) model [21] to the imaginary part
of our experimentally measured spectra. In this model, which has been applied to polymeric

materials by several groups [21, 27, 28], the complex permittivity € = € — i€’ is given by

Ag Ae Tdc
+ - + - + -
(1 + (iwt)2)r (1 + (Iwt)™)2  jwe

€ = e, 4.3)
where Ae; and Ae, are dielectric strengths and 7, and 7, are relaxation times. The four terms
on the right-hand side of Eq. (4.3) represent contributions to €* due to the constant infinite-
frequency dielectric constant €,,, two relaxation processes, and the dc conductivity o.

When the exponents a, @,, 81 and 3, in Eq. (4.3) are all equal to 1, the two relaxation
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terms describe exponential relaxation processes with relaxation times 7, and 7,, respectively.
For non-exponential relaxation processes, 7; and 7, can be regarded as characteristic relaxation
times. Each relaxation process is manifested as a peak in €’. The « parameters control the
slopes of the sides of the peaks and thus their width. The  parameters affect the slopes of the
high-frequency side of the peaks, thus varying the skewness.

In this paper, we study the dielectric spectra and dc conductivity of PEO-CNT nanocom-
posites made by both melt mixing and twin-screw extrusion, as functions of CNT loading and
temperature. The HN model is used to extract the dielectric parameters from the experimentally
measured spectra. Our results are discussed in terms of the microstructure of the nanocompos-

ites and the microscopic interactions between the nanotubes and the polymer molecules.

4.2 Experiment

We prepared nanocomposites of PEO and multi-walled carbon nanotubes (MWCNT) using
two different methods — melt mixing and twin-screw compounding — to disperse the nan-
otubes in the polymer matrix. In both cases, the starting materials were the same. PEO powder
with molar mass of 100,000 g/mol was purchased from Sigma-Aldrich and used without fur-
ther purification. MWCNT with diameter 8—15 nm and length 30-50 um was purchased from
TimeNano Chengdu Organic Chemicals and used as received. We used MWCNT concentra-
tions ranging from O to 5% by weight.

To prepare melt-mixed samples, 50 g of PEO powder and the required amount of MWCNT
were added to a Brabender three-piece mixer equipped with two counter-rotating blades and
preheated to 75°C. The material was mixed for 10 minutes, then removed from the mixer
and cooled to room temperature. The resulting material was pelletized to obtain particles of a
suitable size for the compression molding process described below.

In the second method, 4.5 g of PEO and the required amount of MWCNT were mixed in

a Thermo Scientific HAAKE MiniLab II twin-screw micro-compounder preheated to 75 °C.
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The components were mixed for 10 minutes with a screw speed of 50 rpm before extracting
the compound from the mixer and cooling to room temperature. The extracted material was in
the form of a long sheet, about 5 mm in width and 1 mm thick, which was pulverized prior to
compression molding.

Disks of the nanocomposites 25 mm in diameter and 1 mm thick were made by transferring
the small pieces of PEO/MWCNT prepared as above to a room temperature mold made from
3.2 mm thick aluminum plates, separated by a 1 mm thick aluminum gasket with three 25 mm
diameter holes in it. The filled mold was heated to 75 °C for 5 min, then compressed under
13.3 kN of force for 5 min. Finally, the mold was cooled to room temperature and the disks
removed.

We use the following notation to identify our samples: the nanocomposites prepared by
melt-mixing are labeled by an M followed by the amount of MWCNT added, given as a per-
centage of the total sample weight, while those prepared by twin-screw extrusion are labeled
by T followed by the wt% MWCNT. Thus, for example, M1.5 refers to a melt-mixed sample
containing 1.5 wt% MWCNT. Samples of pure PEO, made in the melt mixer only, are referred
to as MO0.0.

Scanning electron microscope (SEM) images of the nanocomposite samples were obtained
using a high-resolution Zeiss 1540XB SEM with an acceleration voltage of 1.0 keV. The
composites were quenched in liquid nitrogen and fractured. The newly-exposed cross-section
was then coated with a conducting layer of osmium for imaging with the SEM.

The complex permittivity € = € — i€” of the nanocomposites was measured as a function
of frequency and temperature 7 using a Solartron ModuLab Material Test System (MTS) di-
electric spectrometer with a Janis Research STVP-200-XG cryostat for temperature variation.
The 25 mm diameter PEO nanocomposite disks were placed between the 25 mm diameter elec-
trodes of the dielectric spectrometer’s solid-sample holder. A sinusoidal voltage at frequency
f = w/2n was applied across the sample holder, and the amplitude and phase of the resulting

current were measured. Our measurements were conducted using a 2-wire measurement tech-
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nique over the frequency range 0.1 Hz < f < 1 MHz, using a sinusoidal excitation voltage of
4 V rms. A Lake Shore Model 335 Cryogenic Temperature Controller was used to control the
temperature 7 of the sample with an accuracy of 0.01 K. Measurements were taken at temper-
atures from 180 K to 300 K, and samples were allowed to equilibrate at each temperature for
20 minutes before the dielectric spectrum was measured.

The DC conductivity o, of the samples was also measured using the MTS. A DC voltage
V.. was applied across the sample and the DC current density J,;. = I,./A, where A is the cross-
sectional area of the sample, was measured. At low applied voltages, the samples are Ohmic,

with J;. « V,.. Knowing the sample thickness ¢, o is then simply given by

_ ﬁ dldc
CAdVy

4.4)

Tdc

4.3 Results

4.3.1 Distribution of CNTSs

Fig. 4.1 shows SEM images of nanocomposite samples prepared by melt-mixing and twin-
screw extrusion. All images show a portion of a cross-sectional surface of the nanocomposite
obtained by freeze-fracture as described above. Samples M0.5 and M3.5 are shown in Fig.
4.1(a) and (b), respectively. In Fig. 4.1(a) the nanotube concentration is quite low, and is,
as will be shown below, less than the critical concentration at which a percolation transition
occurs. Individual nanotubes and small clusters can be seen throughout the image, and clusters
with an extent (in the image plane) on the order of a few um are visible near the center of
the image. While the distribution of nanotubes is far from homogeneous on the 1 um scale, it
appears to be more uniform when averaged over regions the size of this image or larger. The
clusters seen in the M3.5 sample shown in Fig. 4.1(b) are much larger and, indeed, extend right
across the image. As will be discussed, the nanotube concentration in this sample is well above

that at the percolation transition.
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Figure 4.1: SEM images of PEO-MWCNT nanocomposites (a) M0.5, (b) M3.5, (c¢) TO.5,
and (d) T2.0. In (a) and (c), the MWCNT concentration is below the percolation transition
described in the text, while in (b) and (d) it is above the transition. These images are discussed
in more detail in the text.

Fig. 4.1(c) and (d) show SEM images of samples T0.5 and T2.0. Again the nanotube
concentration in Fig. 4.1(c) is quite low, and is less than the critical percolation concentration
for this material. Small clusters of nanotubes on the order of 1 um in scale can be seen,
and appear to be distributed more uniformly than in the corresponding melt-mixed sample
MO.5 shown in Fig. 4.1(a). Similar clusters are seen in sample T2.0, shown in Fig. 4.1(d),
although the clusters are slightly larger than in Fig. 4.1(a) and are more broadly and uniformly

distributed across the image.

4.3.2 Overall dielectric response

The effect of CNT loading on the dielectric response of PEO-MWCNT nanocomposites is illus-

trated in Fig. 4.2. This figure shows the real and imaginary parts of the complex permittivity at
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Figure 4.2: (a) Real (¢’) and (b) imaginary (€¢”) parts of the permittivity of melt-mixed
PEO/MWCNT nanocomposites at a temperature of 280 K. The different symbols represent
different MWCNT concentrations. The solid line in (b) has a logarithmic slope of —1 and is
shown for comparison.

T = 280 K for a series of melt-mixed PEO/MWCNT nanocomposites with MWCNT concen-
trations ranging from O (i.e., pure PEO) to 5 wt%. The pure polymer has a dielectric constant

that is independent of frequency above 1 kHz, but € increases with decreasing frequency be-
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low 1 kHz. The imaginary part €” has a weak frequency dependence and shows a broad peak
at around 100 Hz. Both the low-frequency increase in € and the broad peak in € indicate the
presence of a dielectric relaxation process with a characteristic relaxation time on the order of
10 ms. Adding 0.5 wt% MWCNT to the polymer decreases the frequency of the relaxation
feature, but does not qualitatively change the dielectric response. When the MWCNT concen-
tration is increased to 1.0 wt% or higher, however, both € and €” increase significantly and
higher-frequency relaxation features become visible in the dielectric spectra. At the highest
concentrations studied, €’ could not be accurately measured at low frequencies due to the very
high conductivity of the materials (see below) [4]. At p = 5.0 wt% (sample M5.0), € at 280
K is approximately 150 times higher than that for pure PEO over the kHz-to-MHz frequency
range.

The changes in the imaginary part of the dielectric response are more dramatic, as seen in
Fig. 4.2(b). € behaves as 1/f at low frequencies, indicating that the electrical conductivity
o = weye” 1s constant in that frequency range. The low-frequency value of €” increases by a
factor of 1000 as p is increased from 0.5 to 1.0 wt%, and by 8 orders of magnitude between
p = 0.5 wt% and 5.0 wt%. This large increase is due to the high conductivity of the nanotubes,
which form a percolation network above some critical concentration. As a result, the electrical
conductivity o of the nanocomposite is much higher than that of the pure polymer matrix and
independent of f at low frequencies. The dielectric relaxation feature seen around 100 Hz at
low p is no longer visible for p > 1.5 wt%, possibly masked by the conductive response of the
nanotubes.

Fig. 4.3 shows the complex permittivity at 7 = 280 K for a series of PEO nanocomposites
prepared by twin-screw extrusion. The behaviour of these data are qualitatively similar to that
of the melt-mixed samples displayed in Fig. 4.2. The data for the low-p samples again show
a broad relaxation feature around 100 Hz, a dramatic increase in both € and €” as the CNT
concentration is increased, and a 1/ f dependence of €” at low frequencies. On the other hand,

there is a larger difference in €’ between the pure PEO and T0.5 than between M0.0 and MO.5,
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Figure 4.3: (a) Real (¢’) and (b) imaginary (€”) parts of the permittivity of twin-screw-extruded
PEO/MWCNT nanocomposites at temperature 7 = 280 K. The different symbols represent
different MWCNT concentrations. The solid line in (b) has a logarithmic slope of —1 and is
shown for comparison.

especially at low frequencies, and the dramatic increase in €’ and € occurs at a slightly higher
nanotube concentration for the T samples (between p = 1.0 and 1.5 wt%) than for the M

samples (between p = 0.5 and 1.0 wt%). The frequency dependence of the dielectric spectra
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and the percolation transition will be analysed more quantitatively below.
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Figure 4.4: (a) Real (¢’) and (b) imaginary (€”’) parts of the permittivity of melt-mixed PEO
nanocomposites at f = 1 kHz as a function of 7. The different symbols represent different
MWCNT concentrations. The corresponding data for twin-screw extruded samples are shown
in Appendix A.

€ and €” at a frequency of 1 kHz are plotted as a function of temperature for melt-mixed
samples at four representative MWCNT concentrations in Fig. 4.4. Data for the T samples

are shown in Appendix A. € is essentially independent of temperature over the range of our
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experiments, while €” increases with increasing 7. Consistent with what was seen above, the
dielectric response of M(.5 is very close to that of the pure PEO, while both € and € increase

substantially for p > 1.0 wt%.
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Figure 4.5: Fits of the HN model, Eq. (4.3), to €” for melt-mixed PEO nanocomposites at
a few different temperatures and MWCNT concentrations, illustrating the range of behavior
observed. The symbols represent the experimental data and the dashed lines are the fits. One
relaxation term was used for samples M0.0, M0.5 and M3.0, and two were used for M1.5 and
M2.0. Representative fits for twin-screw extruded samples are shown in Appendix A.

A more quantitative analysis of the dielectric spectra of the nanocomposites was performed
by fitting the imaginary part of the permittivity to the HN model, Eq. (4.3). Fig. 4.5 shows fits to
€”(f) for several melt-mixed samples, representing the range of behaviour observed. Since the
shape of the spectrum depends strongly on both p and 7', we choose either one or two relaxation
terms in the HN model based on the number of peaks evident in the €” data. In general, good
fits were obtained using a single relaxation term at low and high MWCNT loadings, while two
relaxation terms gave better fits at some intermediate nanotube concentrations (specifically,
samples M1.5, M2.0, TO.5 and T1.5). The parameters obtained from fits to the data for samples

M2.0 and T2.0 at several different temperatures are presented in Appendix A. In this case of
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sample M2.0, while two relaxation terms were used in the fit, the fitted location of the higher-
frequency relaxation peak was outside of our experimental range, as can be seen in Fig. 4.5. We
therefore include only the parameters that correspond to the lower-frequency relaxation term
in the table presented in Appendix A. For sample T2.0, on the other hand, a single relaxation

term was sufficient to fit the data. Results derived from fits such as these are discussed below.

4.3.3 dc conductivity
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Figure 4.6: DC conductivity obtained from fits to Eq. (4.3) (open symbols) and direct dc
measurements (solid symbols) as a function of temperature for melt-mixed nanocomposites.
Different symbols represent different MWCNT concentrations. The uncertainty in o, is in-
dicated by the scatter in the data. Data for the twin-screw extruded samples are shown in
Appendix A.

The last term on the right-hand side of Eq. (4.3) represents the contribution to the permit-
tivity due to the dc conductivity of the material, o,.. This contribution is responsible for the
low-frequency 1/ f behavior of €” seen in Figs. 4.2, 4.3, and 4.5. Fig. 4.6 shows o, as a func-
tion of T for the melt-mixed samples. The open symbols are values obtained from the fits to

Eq. (4.3), as described above. The solid symbols are conductivities that were measured directly
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in dc experiments.

The results obtained from the two methods agree very well. The conductivity of pure PEO
and MO0.5 (not shown in Fig. 4.6 as the data are very noisy) was about 107!° S/m at 300 K
and decreased slightly with decreasing temperature. o, increases by more than three orders of
magnitude as p is increased from 0.5 to 1.0 wt%. As the concentration of nanotubes is increased
further, the conductivity of the nanocomposites continues to increase, and at p = 5.0 wt%, o
is eight orders of magnitude larger than for pure PEO. The behavior of the dc conductivity of

the twin-screw extruded samples is qualitatively similar, as shown in Appendix A.
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Figure 4.7: o, plotted as a function of 1/T for different melt-mixed nanocomposites as indi-
cated in the legend. The dashed lines are fits to Eq. (4.5) and the dotted line (shown only for
M5.0) is a fit to Eq. (4.6). The uncertainty in o is indicated by the scatter in the data. Corre-
sponding data for twin-screw extruded samples are shown in Appendix A. The inset shows the
activation energy AE determined from fits to Eq. (4.5) for both M (open symbols) and T (solid
symbols) nanocomposites as a function of MWCNT concentration p.

Fig. 4.7 shows the dc conductivity obtained from fits to Eq. (4.3) as a function of the recip-
rocal of the temperature, 1/7. Also shown in this figure are fits of the data to the theoretical

expressions for two possible models for the temperature dependence of the conductivity. The
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dashed lines in Fig. 4.7 correspond to a thermally activated (Arrhenius law) conductivity,

040 = ooe M 4.5)

where kj is the Boltzmann constant, o is the conductivity at infinite temperature, and AE is the
activation energy [29]. The dotted line (shown only for sample M5.0), is a fit to the theoretical

expression for three-dimensional variable-range hopping,

_ 1/4
T4 = 0g€ (To/ T 4.6)

where T is a characteristic temperature [30, 31]. The two fits are almost indistinguishable over
our experimental temperature range; for this reason, the fit to Eq. (4.6) is only shown for one
value of p. More sophisticated models of the conductivity are certainly possible, but are not
warranted by the precision and limited temperature range of our data.

Both theoretical models describe the conductivity of our nanocomposites within our exper-
imental scatter. The characteristic temperatures extracted from our fits to Eq. (4.6), however,
are on the order of 10% K, which seem too high to be physical. On the other hand, the thermally-
activated conductivity model, Eq. (4.5), yields values of AE of a few tenths of an eV, which is
physically very reasonable. We thus believe that Eq. (4.5) provides the more meaningful de-
scription of our dc conductivity data. The inset in Fig. 4.7 shows the activation energy obtained
by fitting the dc conductivity data to this model. AE is the same within our experimental scatter
for both melt-mixed and extruded nanocomposites. The activation energy was 0.52 + 0.11 eV
for pure PEO and decreases as the MWCNT concentration is increased for both sample types.
Therefore we hypothesize that the conducting network consists of highly conductive nanotubes
separated by thin polymer domains, with electron transfer between nanotubes being thermally

activated.
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4.3.4 Percolation transition

The values of o, obtained from the fits to Eq. (4.3) are plotted as a function of nanotube
concentration p at T = 300 K for both M and T samples in Fig. 4.8. The initial low conductivity
of the pure polymer increases dramatically when p is increased above a threshold value p,; this

indicates the formation of a conductive percolation network that spans the polymer matrix at

p = pc[4].
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Figure 4.8: DC conductivity of the PEO/MWCNT nanocomposites as a function of MWCNT
concentration p at 300 K. Open and solid symbols represent melt-mixed and twin-screw ex-
truded samples, respectively. The dashed lines in the main figure are guides to the eye and the
error bars of the individual data points are roughly the size of the symbols, while the scatter of
the conductivity curves is more likely due to variations in the internal structure of the samples
resulting from their preparation.

The inset shows 0. vs p — p. for p > p.. Here the lines are fits to the power law, Eq. (4.1).

Based on the behavior of o, seen in Fig. 4.8, we analysed the data for the twin-screw
samples by varying p. from 0.76 to 1.24 wt% in steps of 0.01 wt% and performing a fit of
the logarithm of the data to Eq. (4.1) with A and ¢ being fit parameters. The values of the y?
parameter for the fit and the exponent ¢ for each trial value of p. are plotted in Fig. 4.9(a). It is

clear from the figure that the fitted value of ¢ is very strongly correlated with the value used for
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Figure 4.9: y? (left axis) and the percolation exponent 7 (right axis) determined from fits of Eq.
(4.1) to data for o plotted for a range of trial values of the percolation concentration p.. (a)
is for the T samples and (b) for the M samples. The dashed line through the y* data is to guide
the eye. The inset in (a) shows the optimum value of ¢ found as a function of temperature 7.

Pe, implying that accurate data and measurements at concentrations quite close to (but above)
p. are required to extract accurate values of both the critical concentration and the exponent. In
this case, y? has an extremely well-defined minimum at p, = 1.22 +0.005, at which the critical

exponent t = 2.1 + 0.1, in excellent agreement with the predicted value for a simple cubic 3-
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dimensional lattice [14]. This power-law fit is shown in the inset of Fig. 4.8 and describes the
data very well. Data for all temperatures studied from 260 to 300 K were analyzed in the same
way, and the resulting values of ¢ are plotted as a function of temperature in the inset to Fig.
4.9(a). No systematic dependence on temperature is observed, all values of ¢ are reasonably
consistent with the theoretical value of 2, and its mean value is ¢t = 1.9 = 0.2. Similarly, the
percolation threshold shows no systematic dependence on 7 and has a mean of 1.23 + 0.01
wt% (data not shown).

The same analysis was carried out for the conductivity data obtained with the melt-mixed
samples. In this case, p. was varied from 0.51 to 0.99 wt%. The resulting values of y* and ¢
for T = 300 K are plotted in Fig. 4.9(b). In this case, y? is a minimum for p. = 0.68 wt%,
corresponding to ¢t = 4.5. Here, the minimum in y? is much broader than was the case for the
extruded samples, however, and as a consequence both the critical concentration and the power-
law exponent are much more uncertain. Since our fit has two parameters, the 68% confidence
interval is that over which y? increases by a factor of 2.3 [32]. It is clear from Fig. 4.9(b) that
p. and ¢ are thus very poorly defined; a reasonable estimate for 7 in this case would be t = 5+5.
Once again, the resulting power law fit is plotted in the inset of Fig. 4.8, although the large
uncertainties must be kept in mind in this case. The results at other temperatures are similar,
and, despite the large uncertainties from the individual fits, the values of the parameters were
fairly consistent over the range of temperatures studied: the mean value of p for the melt-mixed

samples was 0.65 +0.05 wt%, and the mean value of r was 4.7 with a standard deviation of 0.2.

4.3.5 Dielectric relaxation times

The second and third terms in Eq. (4.3) describe contributions to € due to dielectric relaxation
processes. As noted above, many of our dielectric spectra could be fitted well with a single
relaxation term, while others required two. In the latter case, we take 7; > 75, i.e., 7y is the
relaxation time of the slower of the two processes. In some cases, as, for example, the data for

M1.5 at 215 K shown in Fig. 4.5, two relaxation peaks are clearly visible in the €”” spectrum. In
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other cases, however, although the 7, term was required to get a good fit to the data, the actual
relaxation peak was well above our experimental frequency range. Occasionally, notwithstand-
ing the fit results, there was no visible feature in € corresponding to a relaxation process at
7,. In these latter two situations, the existence of a well-defined faster relaxation process is

questionable, and as a result the corresponding relaxation times are not discussed further.
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Figure 4.10: The dielectric relaxation time 7 of the melt-mixed nanocomposites plotted as a
function of temperature. The different symbols represent different MWCNT concentrations, as
indicated in the legend. Corresponding data for the twin-screw extruded samples are shown in
Appendix A. The inset shows 7; at 250 and 290 K as a function of MWCNT concentration p.

The variation of the dielectric relaxation time 7, with temperature 7" and nanotube concen-
tration p is shown for the melt-mixed samples in Fig. 4.10. Similar behavior is seen for the T
samples as shown in Appendix A.

The single relaxation time for the pure polymer (MO0.0) is on the order of 107> s at 300 K
and increases rapidly to 10° s as T is decreased to 260 K. This may be a manifestation of the
glass transition of PEO, which has been observed at 7 = 205 K [33]. Addition of nanotubes at
concentrations below the percolation threshold increases the relaxation time at 7 = 300 K, but

weakens its temperature dependence. For p < 1 wt%, 7; ~ 1072 s at T = 300 K and increases
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by roughly two orders of magnitude as 7 is decreased to 240 K. At lower temperatures, the
data become noisy and the relaxation peaks cannot be distinguished.

For nanotube concentrations p > 1.5 wt%, we observe shorter relaxation times — always
less than 10~ s — with a considerably weaker temperature dependence. The inset to Fig.
4.10 shows the dependence of 71 on p at two temperatures. At T = 290 K, the relaxation time
initially increases on addition of nanotubes to the polymer matrix, then decreases as p is further
increased. At 250 K, on the other hand, 7| decreases monotonically as p is increased.

The width parameter «; that appears in Eq. (4.3) is physically constrained to the range
0 < a; <1, with @; = 1 corresponding to a dielectric relaxation process with a single relax-
ation time and a; < 1 indicating a distribution of relaxation times. The product a3, is also
constrained, with @18y < 1 [22]. The behavior of these parameters as determined from our
data changes as the nanotube concentration is varied. For melt-mixed nanocomposites with
MWCNT concentrations higher than 1 wt%, good fits to Eq. (4.3) were obtained with both
a; and B, fixed at 1. If @y and B, were treated as unconstrained free parameters, however,
the fitting routine gave both a; and B, higher than 1 at some temperatures, although with no
significant improvement in the quality of the fit. For the M 1.0 sample, the fits gave a; = 1 and
B1 = 0.4 for all temperatures between 230 and 300 K.

For lower MWCNT concentrations, fits to Eq. (4.3) with @; and S, unconstrained free
parameters gave @ = 0.3, 8 = 7and @; = 0.5, 8y = 2 at T = 300 K for samples M0.0
and MO.5 respectively. As T was decreased, @ increased monotonically to about 2, while 3,
decreased to 0.2. In some cases, these results violate the constraints mentioned above. On the
other hand, fixing @, = 8; = 1 for these data resulted in fits that did not describe the relaxation
features in the data very well. This suggests that the empirical HN model may not be the best

choice to fully describe the dielectric response of these materials at low nanotube loadings.
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4.4 Discussion

Pure PEO is a dielectric with a very low electrical conductivity. Each monomer of the polymer
has a dipole moment due to the asymmetry of its -C-C-O- backbone. The dipole moment of
the full polymer molecule is the vector sum of all of the monomeric dipoles, and thus depends
on the configuration of the polymer molecule [34]. As seen in Figs. 4.2 and 4.3, both the
real and imaginary parts of the permittivity of our nanocomposites increase with the addition
of MWCNT. The MWCNTs are electrically conductive, leading to a large contribution to €”.
Their contribution to € is due to polarization of the graphene layers that make up the MWCNT
[35]. The MWCNTs thus contribute significantly to the dielectric response of the nanocom-
posites at all concentrations, and indeed dominate it at concentrations higher than about 1 wt%.

Both ¢’ and €” increase significantly when MWCNT concentration is increased above the
percolation threshold p.. At MWCNT concentrations above p,, € is approximately inversely
proportional to frequency over a large range of frequencies, indicating that the low-frequency
electrical conductivity o = we” ¢ is constant. This is due to the electrical conductivity of the
sample-spanning percolation network of highly conductive nanotubes.

The temperature dependence of the dc conductivity of the nanocomposites is described
equally well within our experimental scatter by both an Arrhenius law and a 3D variable-
range hopping model. The variable-range-hopping model has been successfully applied to bulk
samples of single-walled carbon nanotubes below 60 K [31] and to composites of poly(3,4-
ethylenedioxythiophene) and y-Fe, O3 [36], in both cases giving a characteristic temperature
T, on the order of 10° K. Fits of this model to our data, however, gave Ty = 108 K, which
seems unphysically high. On the other hand, fits of our dc conductivity data to an Arrhenius
law gave activation energies AE on the order of tenths of an eV, which is consistent with
values found in other systems [37, 38]. This leads us to favor the thermally-activated model
for our materials, at least over the temperature range covered in our experiments. Even well
above the percolation concentration, individual MWCNT will be separated from each other by

thin “bridges” of insulating polymer. Our data suggest that transport of electrons across these
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bridges is thermally activated. The overall conduction process is thus due to a combination of
conductive transport along the nanotubes and thermally-activated transport from one nanotube
to the next. A similar conduction process has been described in other nanocomposites [39].
It is interesting that the activation energy of these nanocomposites is in the range of common
semiconductor materials, suggesting the potential for applications.

We performed a careful analysis of the behavior of the dc conductivity of our nanocompos-
ites near the percolation transition. We observed a surprising difference between the behavior
of samples prepared with the two mixing methods described above. Fits of the power-law ex-
pression, Eq. (4.1), to the data for the twin-screw extruded samples showed an extremely sharp
minimum in y?, resulting in a well-defined value of the critical exponent ¢ that was, within our
experimental scatter, independent of temperature and in agreement with the theoretical value
for a simple cubic 3D lattice [14, 40]. Our result, averaged over T, is t = 1.9 £ 0.2. In contrast,
the minimum in y? from fits to the melt-mixed samples was extremely broad and the parameter
values correspondingly poorly-defined; in this case we find a mean value of # = 4.7 + 0.2.

In an attempt to understand this difference, we reanalyzed the twin-screw data with the
data point closest to (but above) the percolation threshold eliminated from the analysis. The
resulting values of p. and ¢ were, within our estimated uncertainty, the same as the values
obtained using all data points. This suggests that the differing behaviors for the two mixing
methods is not simply due to a difference in the number of data points near the percolation
threshold, but rather indicates a real difference in the behavior of the two types of samples. It
seems likely that this could be due to differences in the distribution and degree of dispersion
and isotropy of the nanotubes within the samples. In previous work, large values of ¢ have been
attributed to aggregation of the filler particles [16, 17], although we have no direct evidence for
this here.

The behaviour of the slowest dielectric relaxation time 7; also changes as the concentra-
tion of MWCNT is increased, as seen in Fig.4.10. In pure PEO, 7, increases steeply as 7T is

decreased. In this case, the relaxation mechanism must involve the relaxation of dipoles on
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the polymer backbones due to the dynamics of the polymer chains, which slow dramatically as
the system approaches the glass transition at 205 K. At 300 K, adding only 0.5 wt% MWCNT
increases the relaxation time by three orders of magnitude. This is likely due to the nanotubes
restricting the motion of the polymer chains. The relaxation of space charge distributions —
presumably on the nanotubes — might also contribute to the dielectric relaxation on a similar
time scale. Nonetheless, the observed temperature dependence, i.e., slowing of the relaxation
as the glass transition temperature is approached from above, leads us to favour a process re-
lated to the polymer dynamics. For higher p, both the value of the relaxation time and its
temperature dependence decrease as the nanotube concentration is increased. The polymer
molecules can bind to the nanotubes, reducing the length of the free chains that contribute to
the dielectric relaxation and thus reducing their relaxation time. It thus seems reasonable to
suggest that the slower, temperature-dependent relaxation seen for p < 1 wt% is due to the
dynamics of essentially the full polymer chains, perhaps constrained by the presence of nan-
otubes, while the faster relaxation times seen at higher p are due to the relaxation of short
segments of polymer chain, with the ends of the segments bound to the surface of the nan-
otubes.

While a clear change in the behavior of 7, seems to take place at a nanotube concentration
around the percolation threshold p., there does not seem to be an obvious reason why the
percolation transition, which indicates the formation of a cluster of nanotubes on the scale of
millimeters, should have a dramatic effect on the microscopic polymer dynamics. Rather, we
suggest that the change is simply due to the increase in the number of nanotubes, and thus to the
degree of polymer-nanotube interactions, and not to the percolation phenomenon specifically.

At concentrations p > 1 wt%, we found that shape of the relaxation features in the dielec-
tric spectrum was well described when the shape parameters in the HN model, «; and §;, were
both equal to 1. This suggests that the relaxation process at higher nanotube concentrations has
a reasonably well-defined relaxation time. It is more difficult to interpret our results for these

shape parameters at lower p. In some cases they are less than one, suggesting a broad distribu-
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tion of relaxation times. In other cases, however, they take unphysical values, suggesting that,
at least at low nanotube loadings, it is not appropriate to use the HN model for our system.
Most of our results are qualitatively similar for the melt-mixed samples and the twin-screw
extruded samples. In particular, the overall nature of the dielectric response, the dielectric
relaxation behavior, and the temperature dependence of the dc conductivity are, at least on a
qualitative level, independent of the sample preparation method. The details of the percolation
transition, however, are rather different for the two sets of samples, as discussed above. Our
SEM images suggest some differences in the distribution of nanotubes in the two types of
samples. The image of the M3.5 sample shown in Fig. 4.1(b) appears to show large clusters
of nanotubes in the plane of the image, while the image of the T2.0 sample shown in Fig.
4.1(d) shows several smaller, relatively uniformly distributed clusters. There are undoubtedly
spatial variations in the orientation and distribution of the nanotubes in these materials due to
the way in which they are prepared, and these may well contribute to the observed differences
at the percolation transition. Further work involving detailed microstructural measurements in

conjunction with conductivity measurements would be required to resolve this question.

4.5 Conclusion

We have used broadband dielectric spectroscopy to study the complex permittivity and elec-
trical conductivity of PEO-MWCNT nanocomposites made by melt mixing and twin-screw
extrusion. €, € and o, increased with increasing MWCNT concentration, and a percolation
transition was observed at p. = 1.23 + 0.01 wt% for the twin-screw extruded nanocompos-
ites, for which the percolation exponent was found to be 1.9 + 0.1, and at p. = 0.65 = 0.05
wt% for the melt-mixed samples, for which ¢ = 4.7 + 0.2. The electrical conductivity of the
nanocomposites increased by a factor of approximately 10% as the nanotube loading was in-
creased from O to 5 wt%. The temperature dependence of the conductivity was well-described

by a thermally-activated (Arrhenius) model, with a concentration-dependent activation energy

71



of a few tenths of an eV, comparable to that of common semiconductors. Electron transport
in these nanocomposites is due to a combination of conductive transport along the nanotubes
and thermally activated transport across thin polymer bridges separating one nanotube from
another. The dielectric spectrum of the nanocomposites was dominated at low frequencies
by the constant conductivity of the nanotubes. At low MWCNT concentrations, a strongly
temperature-dependent relaxation peak is observed in the imaginary part of the spectrum, with
the corresponding relaxation time increasing by several orders of magnitude as the glass tran-
sition temperature of the pure polymer is approached. At higher MWCNT loadings, the relax-
ation time was shorter — of order 107 s at p = 3 wt% — and very weakly dependent on T.
We attribute the slower relaxation observed at low values of p to the motion of full polymer
chains, and the faster relaxation seen at higher p to the motion of shorter chain segments, the
ends of which are bound to the nanotubes. While most of the electrical properties we studied
were qualitatively the same for both the melt-mixed and extruded samples, our results for the
percolation transition are quite different in the two cases. The percolation exponent for the
twin-screw extruded nanocomposites was in agreement with the value predicted for a simple
cubic lattice, while that for the melt-mixed materials was much larger. In addition, the per-
colation threshold and critical exponent are much more well-defined for the former materials.
These differences may be due to differences in the dispersion and degree of isotropy of the nan-
otubes in the two cases. In any case these results indicate that the sample preparation method

can affect the electrical properties of the material near the percolation transition.
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Chapter 5

Rheological relaxation times of
poly(ethylene oxide)-carbon nanotube

nanocomposites

5.1 Introduction

Polymer nanocomposites are lightweight materials that are made by adding nanometer-sized
filler particles to a polymer matrix. The properties of the nanocomposite can be enhanced
over those of the pure polymer by choosing the right filler. For an example, the electrical
and mechanical properties of a polymer can be improved by using carbon nanotubes (CNT) as
fillers. Multi-walled CNT (MWCNT) can have Young’s moduli as large as 0.9 TPa and tensile
strength as high as 0.15 TPa [1]. The combination of these mechanical properties with their
large length-to-diameter aspect ratio makes CNT an ideal candidate for an advanced filler ma-
terial in polymer nanocomposites [2, 3, 4, 5]. The mechanical properties of polymer nanocom-
posites with fillers such as CNT, graphene oxide, and silica have been studied extensively
[5,6,7,8,9, 10, 11]. In general, adding nanoscale fillers to polymers results in substantial

increases in elastic and loss moduli, especially at low frequencies [11, 12]. Such nanocompos-
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ites have potential applications in many areas, including conducting plastics, energy storage,
conductive adhesives, and air and water filtration [9].

Despite previous work on polymer nanocomposites, there have been few studies of the
shear rheology of nanocomposites, and the details of the polymer-filler interactions remain
poorly understood. In this work, we use shear rheometry to perform frequency sweep, creep,
and creep recovery experiments and study the mechanical properties of poly(ethylene oxide)
(PEO)-multiwalled carbon nanotube nanocomposites. Our results provide information about
the interactions between the MWCNT and the PEO molecules and the effect of the nanotubes
on the viscoelastic properties of the nanocomposites. Abraham et al. [12] studied rheological
properties of poly(ethylene oxide) (PEO)-MWCNT nanocomposite and observed an increase
in shear viscosity and storage modulus with increasing MWCNT concentration.

Polymer nanocomposites are viscoelastic materials, and their viscous and elastic character-
istics are important considerations for use in potential applications. We measure the elastic and
viscous moduli (G’ and G”, respectively) of our nanocomposites as a function of frequency by
applying a small-amplitude sinusoidal strain to the material. The crossover frequency wy of G’
and G” corresponds to a mechanical relaxation process with a characteristic relaxation time 7
given by [13]

1

b (5.1)

Creep due to, and recovery from, mechanical stress depend on time and temperature and
determine a material’s durability and reliability in applications. One of the main reasons for
structural failure of a polymer-based material in an application is creep-induced deformation.
Previous work has shown that adding a small amount of nanoparticles plays an important role
in restricting the mobility of polymer chains, resulting in an improvement in structural stability
[14, 15]. Furthermore, it has been reported that adding nanofillers can increase creep resistance
under different stress levels [10, 16]. In a creep test, the stress on a sample is increased from
zero to a constant value o at time zero. The resulting strain is then measured as a function of

time. We fit the creep strain as a function of time using the well-known Burgers model [10, 17].
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In this model, the creep strain is given as a function of time ¢ by

2
0o o -t
’}/(t) E_ + Z E_ |:1 — eXp (?l)

i=1

+ 7 (5.2)

where o is the applied constant stress. In this expression, the first term of the equation repre-
sents the elastic (instantaneous) deformation corresponding to the Maxwell model with elastic
moduli £, the second term indicates two delayed viscoelastic deformations corresponding to
the Kelvin-Voigt model with relaxation times 7; and elastic modulus Ej;, the third term rep-
resents Newtonian flow behavior with viscosity 7,;, and the fourth term, which is not in the
original Burgers model, is intended to model a slowly varying strain resulting from residual
stresses in the sample due to the sample preparation process (see below).

At time t;, the applied stress is removed. The component of the accumulated strain due
to elastic deformation will then recover over time. We use a modified Weibull distribution
[10, 17] to describe the creep recovery data obtained in our experiments. In this distribution,

the recovering strain is given by

2
OB [exp (— (t - to)) +at + Yoo (5.3)
i=1

rt

where y,; and 7,; are strain recovery amplitudes and characteristic relaxation times. Eq. 5.3 has
two relaxation processes. The second term on the right represents the same sample-preparation-
dependent creep as in Eq. 5.2, and 7., is the irreversible strain remaining as 1 — oo due to
viscous flow of the sample.

The nanocomposite samples are subject to significant unknown and uncontrollable internal
stresses resulting from the sample fabrication process. These stresses relax very slowly, over a
time scale that depends on temperature and is much longer than the duration of our experiments.
We represent the contribution to the strain resulting from these internal stresses by a linear term
at in Egs. 5.2 and 5.3. We determined « for a given sample and temperature by fitting the creep

recovery data to Eq. 5.3. We then used the same value of a when fitting the creep data to
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Burger’s model.
In what follows, our experimental data are discussed in terms of the microstructure of the
nanocomposites and the microscopic interactions between carbon nanotubes and the polymer

molecules.

5.2 Experiment

We prepared nanocomposites of PEO and multi-walled carbon nanotubes using melt mixing
compounding and compression molding. PEO powder with a molar mass of 100,000 g/mol
was purchased from Sigma-Aldrich and used as received. MWCNT with diameter 8—-15 nm
and length 30-50 ym were purchased from TimeNano Chengdu Organic Chemicals and used
as received.

50 g of PEO powder and the required amount of MWCNT were added to a Brabender
three-piece mixer equipped with two counter-rotating blades and preheated to 75 °C. The PEO
powder and the MWCNT were mixed for 10 minutes, then removed from the mixer and cooled
to room temperature. The resulting material was then pelletized to obtain particles of a suitable
size for the compression molding. Disks of the nanocomposites 50 mm in diameter and 1 mm
thick were made by transferring the small pellets of PEO/MWCNT to a room temperature mold
made from 3.2 mm thick aluminum plates separated by a I mm thick aluminum gasket with
three 50 mm diameter holes in it. The filled mold was heated to 75 °C for 5 min, then com-
pressed under 13.3 kN of force for 5 min. Finally, the mold was cooled to room temperature
and the disks were removed.

We followed this procedure to make nanocomposites with MWCNT concentrations ranging
from 0 to 5% by weight. In this work, we label our samples by the letter M to indicate melt-
mixing followed by the amount of MWCNT added, given as a percentage of the total sample
weight. For example, a 1.0% PEO-MWCNT nanocomposite is referred to as M1.0.

Scanning electron microscope (SEM) images of the nanocomposite samples were obtained
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using a Zeiss 1540XB SEM with an acceleration voltage of 1.0 keV. Surfaces suitable for
imaging were prepared by quenching the samples in liquid nitrogen and fracturing. The newly-
exposed cross-sections were then coated with a conducting layer of osmium before imaging
with the SEM.

The viscoelastic properties of the nanocomposites were measured using an Anton-Paar
MCR-302 rotational shear rheometer with a 50 mm diameter parallel-plate tool. The bottom
plate had a roughness of 25 yum, while a 50 mm diameter disk of 280 grit sandpaper was at-
tached to the top plate to avoid slip between the sample and the tool. The temperature range
of our experiments includes the melting temperature of the nanocomposite samples, and the
volumes of the samples change as they melt. To accommodate this, we set the rheometer to
apply a constant normal force to the sample to maintain proper contact between the sample and
the parallel plate. Because of this, the gap between the rheometer plates varied slightly with
sample temperature over the course of a run. This was taken into account in our data analysis.
The rheometer was set to the desired temperature and held at that temperature for 15 minutes to
ensure equilibrium before performing experiments. We raised the sample temperature from 60
to 85 °C in 5 °C increments, then lowered it back to 60 °C, again in 5 °C steps, waiting 15 min-
utes at each step for the sample temperature to equilibrate. The temperature was cycled in this
way several times for a given experiment, with viscoelastic data collected at each temperature
step.

In the frequency sweep experiments, the 50 mm diameter PEO nanocomposite disks were
placed coaxially between the plates of the rheometer. The upper plate was lowered until the
normal force on the sample was 2 N. The temperature was set as described above, then fre-
quency sweeps carried out using a strain amplitude of 0.5%, which we confirmed is well within
the linear regime. The measurements were taken over the angular frequency range 0.1 rad/s
< w < 100 rad/s and, for these experiments, the temperature was cycled twice.

In creep experiments, it is important to keep the materials in the linear regime to avoid

significant structural changes. Therefore, we first performed amplitude sweeps at 10 rad/s to
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Table 5.1: The stress o used for each sample in the creep experiments.

Sample oo (Pa-s)

MO0.0 0.08
MI1.0 0.3
M2.0 4.0
M3.0 2.0
M5.0 55

determine the linear regime of our samples. All the nanocomposites were kept in the linear
regime while performing the creep test. A new nanocomposite sample was used for the creep
and recovery tests. The same parallel-plate configuration of the rheometer was used, but with
the normal force set to 0.5 N. We wished to keep the deformation of the samples within the
linear viscoelastic regime throughout these experiments. To achieve this, each sample was first
heated to 70 °C, a set of stresses was applied, and the resulting strain was measured. Based on
these results, the stress o7 to be used in the creep experiments was chosen so that the maximum
strain was a few percent and was well within the linear regime. The values of o7 used for each
sample are shown in Table 5.1. After oy had been determined, the sample was cooled down
back to 60 °C to start the first cycle of the creep experiment. When the desired temperature
was reached as explained above, the stress oy was applied to the sample for 15 minutes and the
corresponding strain y was measured as a function of time. After 15 minutes of creep, the stress
was set to zero to start the recovery portion of the experiment, and the strain was measured for
another 15 minutes as the sample relaxed. Both the creep and recovery measurements were

taken over up to 4 heating-cooling cycles.

5.3 Results

Fig. 5.1 shows SEM images of PEO-MWCNT nanocomposites prepared with relatively low
(0.5 wt%) and relatively high (3.5 wt%) MWCNT concentrations. These images show a portion
of a cross-sectional surface of the nanocomposites obtained by freeze-fracture, as described

above.
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In the image of the M0.5 sample shown in Fig. 5.1(a), a small cluster of nanotubes can be
seen at the center of the image. On the scale of this image, the distribution of nanotubes is
far from uniform. However, it appears more homogeneous on millimeter scales. The image
of the M3.5 sample shown in Fig. 5.1(b) shows more clusters distributed over most of the
image area and the distribution is homogeneous on the sample scale. Upon solidification of the
melt during sample preparation, PEO polymer chains fold together and form ordered regions
known as lamellae, which can be seen as groups of parallel lines in the SEM images. The
PEO chains are oriented perpendicular to the lamellae. Both the SEM images show polymer
lamellae throughout the sample. One region of lamellae is indicated in Fig.5.1 (b). The overall
appearance of both samples is similar to that of the PEO-MWCNT samples used by us in

previous work in Chapter 4.

Figure 5.1: SEM images of PEO-MWCNT nanocomposites (a) M0.5 and (b) M3.5, respec-
tively. The white square in (b) shows a region with polymer lamellae. These images are
discussed in detail in the text.

The viscoelastic behavior of the nanocomposites is exemplified by the frequency sweep
data shown in Fig. 5.2 for sample M1.0. This figure shows the elastic and viscous moduli at
temperatures ranging from 60 to 80 °C during the heating phase of the second thermal cycle.
At 60 °C, which is below the melting temperature of pure PEO (around 65 °C), G’ and G” are
about 10° and few times 10* Pa respectively, indicating that the behavior of the material is
primarily elastic. When the temperature is increased through the melting point to 70 °C, both

G’ and G” decrease. G” drops more than one order of magnitude below 1 rad/s and the drop in
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G’ 1s always larger than that of G” at any frequency.

At temperatures of 70°C and above, G’ and G” cross over within the frequency range
studied for this concentration. G” is larger than G” below the crossover frequency, implying
primarily viscous behavior at low frequencies. This is typical of entangled polymer melts, with
74, the reciprocal of the crossover frequency, typically being taken as a measure of the reptation
time of the polymer molecules. The inset in Fig. 5.2 shows the variation of the relaxation time
7¢ with temperature. At temperatures below 70 °C, the crossover frequency was lower than the

lower limit of our experimental frequency range so 7, could not be measured. 7, decreases

with increasing temperature.
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Figure 5.2: Storage modulus G’ (solid symbols) and viscous modulus G” (open symbols) of
M1.0 versus angular frequency w at different temperatures during the heating phase of cycle 2.
The lines are guides to the eye. The inset shows the variation of relaxation time 7, measured
as the inverse of crossover frequency of G’ and G” as a function of temperature. The crossover
frequency was out of our experimental frequency range for temperatures below 70 °C.

The elastic and viscous moduli of our nanocomposites at 75 °C are shown as a function of
MWCNT concentration during the heating phase of thermal cycle 2 in Fig. 5.3. Both G’ and

G" increase with MWCNT loading, especially at low frequencies. At low frequencies where
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the time scales are long enough to show the unraveling of entanglements, the Maxwell model
predicts G’ « w? and G”" « w [18]. This low frequency regime is called the terminal regime.
The power law dependence we observe is not as strong in either case, however, indicating
that our experimental frequencies are not low enough to be in the material’s terminal regime.
Nanocomposites with MWCNT concentrations up to 2.0 wt% show a crossover frequency
within our experimental frequency range, below which the material’s behavior is primarily
viscous, and above which it is primarily elastic. Above 2 wt%, the crossover frequency was
below the lower limit of our experimental frequency range and the materials are therefore
solid-like (i.e., predominantly elastic) over the full frequency range studied. The mechanical
relaxation time 7 is shown as a function of MWCNT concentration p in the inset of Fig. 5.3.
7 increases with increasing p from 0.14 + 0.01 s for pure PEO to 2.4 + 0.3 s for M2.0. The

increase in 7, between 1.5 and 2 wt% is dramatically larger than at lower concentrations.
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Figure 5.3: Storage modulus G’ (solid symbols) and viscous modulus G” (open symbols)
versus angular frequency w at 75 °C measured during the heating phase of cycle 2. The different
symbols represent different MWCNT concentrations from O to 5 wt%. The lines are guides to
the eye. The inset shows the relaxation time as a function of MWCNT concentration p. The
lines with slope 1 and 2 are shown to compare the low frequency behaviour of G” and G,
respectively.
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Figure 5.4: Frequency dependence of viscosity 1 at 75 °C during the heating phase of cycle 2.
The different symbols represent different MWCNT concentrations from 0 to 5 wt% as indicated
in the legend.

The viscosity n = G” /w is plotted as a function of angular frequency in Fig. 5.4 for mea-
surements obtained at 75 °C during the heating phase of thermal cycle 2. 1 increases with p at
any given frequency, and decreases with frequency following a power law with exponent be-
tween —0.7 and —0.8 for all the nanocomposites for w > 3 rad/s. One expects 1 to approach a
constant at low frequencies for an entangled polymer melt [18]. We see the start of this behav-
ior at low MWCNT concentrations, but at higher concentrations, our experimental frequency
range does not extend low enough for us to observe this plateau in 7. These results suggest
that there are some very slow dynamics in these systems on longer time scales, i.e., at lower
frequencies, than studied here.

G’ and 7 at an angular frequency of 1 rad/s are plotted as a function of MWCNT concen-
tration at 80 °C during the heating phase of cycle 2 in Fig. 5.5. Both G” and n slowly increases
with p for p < 1 wt%, then increase at a slightly higher rate for higher MWCNT loadings. The

overall change in both G’ and 1 as p increases from 0 to 5 wt% is only about a factor of three,
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Figure 5.5: (a) Elastic modulus G’ and (b) viscosity n at 1 rad/s versus MWNCT weight con-
centration p at 80°C. The inset in (b) shows the viscosity at 1 rad/s of M1.0 at different
temperatures.

however. The inset in Fig. 5.5 (b) shows the variation of n at an angular frequency 1 rad/s for
sample M1.0 as a function of temperature during the heating phase of cycle 2. n decreases by
about 20% as the temperature increases from 70 to 80 °C.

The long-time behavior of the nanocomposites was studied by measuring the elastic and
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Figure 5.6: Storage modulus G’ and viscous modulus G” of M5.0 versus time at 75 °C. The
measurements were taken at f = 1 Hz and a strain amplitude of 0.5%.

viscous moduli over several days at a constant frequency of 1 Hz with a strain amplitude of
0.5%. Fig. 5.6 shows the results for M5.0 at 75 °C. Both G" and G” decrease steadily with time
even after several days, indicating a very slow evolution of the sample’s properties.

In the creep and recovery experiments, strain y(¢) is measured as a function of time. In our
measurements, the applied stress is different for each sample, as shown in Table 5.1. Therefore,

we present the creep data in the form of the creep compliance
J() = y()]/og (5.4)
and the recovery data as the recoverable compliance
I = L =20, (5.5)
(20]

where ym.x 1S the maximum strain attained during the creep stage of the experiment, vy, (f)
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is the strain during the creep recovery stage and o7 is the constant stress applied during the
creep measurement. This allows an unbiased comparison of the data for different samples. For
clarity, we plot only every tenth data point in graphs of the creep and recovery data.

We observed changes in the mechanical properties as the materials were cycled thermally.
In other words, our samples do not reach a steady state, even after several days (Fig. 5.6) or

after four thermal cycles. Possible reasons for this are discussed below.
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Figure 5.7: Creep and recovery strain versus time for M0.0 at 75 °C during the heating phase
of cycle 1 and 4. The inset shows the viscosity 77,, of M0.0 at 75 °C during the heating phase as
a function of thermal cycle number. The open and solid symbols represent heating and cooling
data respectively. The uncertainty in 77, is indicated by the scatter in the data.

Figure 5.7 shows both creep and recovery strain data for M0.0, at 75 °C during the heating
phases of cycles 1 and 4. In both cycles, y increases almost linearly during creep, but is
slightly higher in cycle 4 than in cycle 1. Interestingly, however, there are significant changes
in the strain during the recovery phase of the experiment, with a much faster recovery in cycle 4
compared to cycle 1. This suggests sample M0.0 becomes much more elastic as it goes through

the thermal cycles. However, in all the nanocomposites, both the creep strain and recovery
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strain decrease with increasing thermal cycles. The inset of Fig. 5.7 shows the viscosity 1y
determined from fits of Eq. 5.2 to the data of M0.0 at 75 °C as a function of thermal cycle, with

open and solid symbols representing heating and cooling respectively. n,, is about 3100 Pa-s

04 - - - -
P
“ //ﬂ/
g 03 &
— # Z"
) éi’ //g’
@ s P4
(&) 7
c A &
© 021 ¥ ¢ 1
= VG
= &
S e _q
¥ ¢

8 & (g
) 011 f.c 1
G o’

(@)

0 : : : :
80 r o 0—C -0~ 077

— _00-—C
- 500 G0 -

© © PR A
o sete s g7 -
o 60 Raf P T T
1: wigw BB

)

3

c 40 T
©

a

€

Q

8 ’

% 20 O 70 °C, heating T

o O 80 °C, heating

o ® 70 °C, cooling

® 80 °C, cooling (b)
0 1 1 1
400 600 800
Time, t(s)

Figure 5.8: The creep compliance versus time at different temperatures in thermal cycle 3
for (a) M0.0 and (b) M5.0, respectively. Open and solid symbols indicate data at 70 and
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temperatures. The dashed lines are fits to Eq. 5.2 divided by o.
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in the heating phase of the first cycle, and it does not change significantly with thermal cycles
in both heating and cooling phases. In what follows we mainly show data for cycle 3.

Fig. 5.8 shows results from a series of creep measurements on samples M0.0 and M5.0 at
two different temperatures during both the heating and cooling phases of cycle 3. The change
in compliance with ¢ is substantially larger for M0.0 than M5.0. The compliance of M0.0 (Fig.
5.8 (a)) increases nearly linearly with time, indicating that the behaviour of pure PEO under
a constant stress of 0y = 0.08 Pa is almost purely viscous. When the temperature increases
from 70 to 80 °C in cycle 3, the creep compliance and its slope, which is related to the sample’s
viscosity, increases. We observe no significant hysteresis in J for M0.0. Creep compliance
data for M5.0 are shown in Fig. 5.8(b). At this nanotube loading, the compliance first increases
rapidly with time, then approaches a constant slope at later times. Surprisingly, J for M5.0
decreases when T is increased from 70 to 80 °C and then increases when the sample is cooled.
In contrast to what was observed for M0.0, there is a clear hysteresis in J at the higher nanotube
loading, since the compliance values obtained during the heating phase of the cycle are higher
than those measured on cooling. The dashed lines in the figure are the creep compliance
calculated by dividing fits of y(#) to Eq. 5.2 by 0. For M0.0, we need only one relaxation term
and the linear terms of Eq. 5.2 to adequately fit the experimental data. The linear appearance of
J(t) data shown in Fig. 5.8(a) indicates that the relaxation term is small. For all other nanotube
concentrations, fits to the model required the linear terms and two relaxation terms.

The relaxation times 7, and 7, obtained from the fits to Eq. 5.2 are plotted in Fig. 5.9 as
a function of nanotube concentration p at T = 75 °C in the heating phase of cycle 3. 7, from
the frequency sweep data in the heating phase of cycle 2 is also shown in the figure. 7, has a
value of several seconds and 7, is on the order of 100 s. There is no 7; for M0.0, as discussed
above. The large separation between 7, and 7, indicates that these time constants characterize
two very different relaxation processes. 7 is less than 7, for low concentrations, but increases
to become roughly equal to 7; at p = 2 wt%. This indicates the presence of a third, faster

relaxation process at low nanotube loading. 7; is similar for all thermal cycles, while 7, shows
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Figure 5.9: Relaxation times 7; and 7, as a function of MWCNT concentration p obtained
from fits of creep data to Eq. 5.2 at 75 °C during the heating phase of thermal cycle 3. 7 is the
relaxation time shown in Fig. 5.3 from the frequency sweep measurement for comparison.

variability, particularly for early thermal cycles.

The third term in Eq. 5.2 describes the contribution to the creep strain due to the material’s
viscosity. We have added an additional linear term to this equation, at, to account for the
slow evolution of sample properties discussed above, which is observed in both creep and
recovery. The contribution due to viscosity was separated from the at term by using the value
of a determined from fits of Eq. 5.3 to the recovery curves, for which there is no other linear
contribution. The variation of 7y, at 75 °C in the heating phase of cycle 3 with MWCNT
concentration p is shown in Fig. 5.10. The viscosity is on the order of 10* Pa-s for the pure
polymer, and increases to above 10° Pa-s for p = 1.0 wt%. As the concentration of MWCNT
is increased further, 77y, continues to increase rapidly, and is nearly 10® Pa-s for p = 5.0 wt%,
about five orders of magnitude higher than for pure PEO.

The effect of CNT loading on the fractional recoverable compliance, J,/Jma.x, of M0.0 and

M5.0 is illustrated in Fig. 5.11(a) and (b) respectively, at 70 and 80 °C during the heating
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Figure 5.10: Viscosity 1, of the nanocomposites obtained from fits of creep data to Eq. 5.2
plotted as a function of MWCNT concentration p at 75 °C during the heating phase of cycle
3. The uncertainties of 17y, given by the fits are within the symbols, while the non-monotonic
behavior is more likely due to variations in the internal structure of the samples resulting from
their preparation.

and cooling phases of thermal cycle 3. The dashed lines in the figure are from fits to Eq.
5.3. For MO0.0, one exponential term in Eq. 5.3 was sufficient to describe the data, while two
relaxation terms were used for all other fits, as in the creep fits. The pure polymer shows very
slow recovery, faster at 80 °C than at 70°C. The recoverable compliance for M0.0 did not
approach close to 100% within our experimental time due to the substantial non-recoverable
viscous strain. The maximum recovery for this sample over the 900 s of our measurement was
about 20% at 80 °C. The percent recoverable compliance of sample M5.0 is large compared to
MO.0 and increases rapidly with ¢ over the first 50 s of the recovery experiment, after which
it increases more slowly with a longer relaxation time. The trend in recoverable compliance
with temperature is almost the same for the two temperatures in both the heating and cooling
phases of the experiment, with roughly 95% of the compliance recovered over 900 s at both

temperatures.
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Figure 5.11: The percent recoverable compliance as a function of time for (a) M0.0 and (b)
M35.0 samples measured during creep recovery experiments at 70 and 80 °C in the heating and
cooling phase of cycle 3, respectively. The lines are from fits to Eq. 5.3 as explained above.

The creep and recoverable compliance data for nanocomposites with different MWCNT
loadings are compared in Fig. 5.12 for measurements obtained at 80 °C during the heating
phase of thermal cycle 3. The data for J, have been shifted in time to overlap with the creep

compliance data for easy comparison. Both J and J, decrease rapidly with increasing MWCNT
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Figure 5.12: Creep J (solid symbols) and recoverable compliance J, (open symbols) as a
function of time for different MWCNT concentrations measured at 80 °C during the heating
phase of cycle 3. The lines are from fits to Eq. 5.2 and 5.3 as explained above.

concentration. The gap between J and J, indicates only a fraction of compliance was recov-
ered for M0.0, as seen in Fig. 5.11. For nonzero nanotube loadings, in contrast, the creep and
recoverable compliance graphs overlap almost perfectly. This means that, in nanocomposites
containing MWCNT, almost all of the strain is recovered after the stress is removed. Fig-
ure 5.12 also confirms the increase in elastic modulus with p as the size of the instantaneous
response in creep compliance drops dramatically with MWCNT concentration.

The characteristic relaxation times 7,; and 7,, obtained from fits of Eq. 5.3 to the creep
recovery data are plotted in Fig. 5.13 as a function of MWCNT concentration at 75 °C in the
heating phase of cycle 3. For M0.0 (pure PEO), Eq. 5.3 with one exponential term fits the
data well, giving a relaxation time of around 10? s. The creep recovery data for all the other
nanocomposite samples required two relaxation terms in Eq. 5.3 to fit the experimental data
well. As in the case of the creep data discussed above, the two relaxation times 7,; and 7,,

differ by about an order of magnitude, and they are equal within our experimental uncertainties
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Figure 5.13: Characteristic relaxation times (7,; and 7,,) of creep recovery at 75°C in the
heating phase of cycle 3 plotted as a function of MWCNT concentration p. M0.0, or pure
PEO, only required one relaxation term of Eq. 5.3 to fit the data, while other concentrations
required two relaxation terms. The uncertainties given by the fits are within the symbols. 7,
the relaxation times from the frequency sweep measurements (Fig. 5.3) and 7; and 7,, the
relaxation time from the creep measurements (Fig. 5.9), are shown for comparison.

to the time constants 7, and 7, obtained from the creep data.

The relative contribution of the two exponential terms to the creep recovery was determined
by calculating the ratio y,;/y,,. The result is shown in Fig. 5.14. All the weighted amplitudes
are order of 1, indicating that both relaxation terms contribute approximately equally to the
relaxation of the material.

The fractional recoverable compliance, J,/ /., for M0.0, M1.0 and M5.0 is shown in Fig.
5.15 as a function of time for measurements obtained at 75 °C during the heating phase of each
cycle. For MO0.0, the percent recoverable compliance is very small in the first two thermal
cycles and increases with further thermal cycling, as seen in Fig. 5.7. In contrast, a significant
portion of the compliance is recovered in the first thermal cycle of M 1.0 with more recovered
in further cycles. The nanocomposite with the highest MWCNT concentration (M5.0) recovers

more than 80% of the compliance, with little increase after the second thermal cycle.
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Figure 5.14: The ratio of the amplitudes (y,;/v,2) of the relaxation terms in Eq. 5.3 obtained
during the heating phase of cycle 3 plotted as a function of MWCNT concentration at 75 °C.
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Figure 5.15: The percent recoverable compliance vs time for (a) MO0.0, (b) M1.0, and (c) M5.0
at 75 °C during the heating phase of different thermal cycles.

5.4 Discussion

We studied the mechanical properties of PEO/MWCNT nanocomposites by performing fre-
quency sweep, creep, and creep recovery measurements. These experimental data demonstrate

the existence of several different relaxation times in the nanocomposites. The relaxation time
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74 from the frequency sweep experiments gives information about relatively short time-scale
processes. The creep and recovery measurements probe longer time scales, corresponding to
slower processes that involve longer length scales.

Let us first examine the behaviour of M0.0, the pure polymer. The PEO used in our ex-
periments has a molar mass of 100,000 g/mol and is an entangled polymer in the melt [19].
The crossover of G’ and G” observed in the frequency sweep experiments is usually identified
with the reptation time of an entangled polymer molecule, i.e., the time it takes for a molecule
to wiggle its way out of its entanglements and take on a completely independent conforma-
tion [20]. The value of the reptation time 7, for pure PEO shown in the inset of Fig. 5.3 is
on the order of fraction of a second. This is a reasonable value for the reptation time of an
entangled polymer melt and as such is expected to be the slowest relaxation time in the system.
We observed much slower processes in our creep and recovery experiments, however. The
time 7, is not observed in the pure polymer and will be discussed below. The relaxation time
T, 1s observed in both creep and recovery and is a few orders of magnitude higher than 7.
We believe this timescale is related to the sample preparation method. In the sample prepa-
ration, melt-mixed PEO pellets were randomly distributed in the mold before compressing, as
explained above. The polymers in these pellets may have a preferential alignment in some
direction. This alignment in the pellets leads to the presence of domains with different mean
polymer orientation in our nanocomposites, and this orientation persists in the melt. As a result
of this, our samples have something like grain boundaries separating regions of different mean
orientation. We suggest that 7, is a time scale for this grain boundary to relax due to diffusion
of molecules across the boundary.

Both creep and recovery data of PEO showed a very slow evolution of the mechanical
response which we represented by the linear at term in both Eq. 5.2 and 5.3. Figure 5.6 also
shows a very slow evolution of the mechanical properties. We think this is also related to
sample preparation. During compression molding, a large force is applied to the materials

leading to large internal stress within the material. As a result of this and the flow that takes

97



place during molding, the polymer molecules are strongly aligned in configurations that are
very far from their equilibrium configurations, and they do not have time to fully relax before
the sample is cooled and solidified. The stresses are thus frozen into the sample. Complete
relaxation of these stresses involves polymer motions over an entire domain, which is on the
order of 1 mm in size. This gives a relaxation time many orders of magnitude longer than
the single-molecule reptation time. This slow process indicates that our results are strongly
affected by the sample preparation technique.

When MWCNT were added to the PEO, the crossover frequency from the frequency sweep
experiments decreased and 7, increased as the MWCNT inhibit the ability of the molecules to
diffuse through the melt, increasing the time required to escape their entanglements. Also,
the process characterized by 7, appeared in both creep and recovery data. 7; represents the
relaxation of polymer chains whose motions are restricted by the presence of nanotubes. Inter-
estingly, at p = 2 wt%, the crossover time 7, and 7, become the same. In pure PEO and low
MWCNT concentrated nanocomposites, 7 is due to reptation in regions of the composites that
consist of pure polymer, with no nanotubes nearby to affect the dynamics. When the concentra-
tion is high enough, all polymer molecules are close to, and affected by the MWCNT, resulting
in 7 and 7, becoming the same. The 7, process and the process explained by af term were also
seen in the nanocomposites. The relaxation mechanisms described for both these processes
involve polymer dynamics and are not strongly affected by the presence of MWCNT.

The addition of MWCNT to the polymer also affects the viscous and elastic moduli of the
materials. MWCNT are comprised of rolled-up graphene sheets and have an elastic modulus in
the TPa range [1], approaching that of graphene. Adding MWCNT to PEO leads to an increase
in the elastic modulus of the resulting composites, as shown in Fig. 5.3.

G’, G”, and n increase with concentration p, especially at low frequencies as shown in
Fig. 5.5. Potschke et al. [8] studied polycarbonate/ MWCNT nanocomposites and reported the
existence of a mechanical percolation threshold around 2 wt% at which the viscosity increases

significantly. Our previous work in Chapter 4 showed that there is an electrical percolation
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transition around 2 wt% in these PEO/MWCNT nanocomposites. Our data do not show any
dramatic changes in mechanical properties in this concentration range, however.

The effect of MWCNT loading on creep is illustrated in Fig. 5.8. The experimental data
were described well by the Burgers model. For pure PEO, M0.0, the creep compliance in-
creases almost linearly with time, indicating predominantly viscous behavior with elastic ef-
fects being very small. For the PEO/MWCNT composites, we observed an initial rapid elastic
response followed by slower viscous creep and a much smaller overall compliance. This also
indicates that the MWCNT contribute strongly to the elastic behavior of the composite. In-
creasing MWCNT concentration increases the elastic modulus due to the presence of rigid
MWCNT.

When MWCNT are added to PEO, the viscosity of the resulting nanocomposites increases,
as shown in Fig. 5.5. This could be due to a decrease in free volume available to the polymer
chains as a result of interactions between the polymer chains and the nanotubes, and the effect
of CNT clusters restricting polymer flow [10]. The long-time viscosities obtained from fits of
the creep data to Eq. 5.2 shown in Fig. 5.10 are much larger than those obtained from the fre-
quency sweep experiments, which are shown in Fig. 5.5 at 1 rad/s. This is because the viscosity
is strongly dependent on frequency, as shown in Fig. 5.4. This frequency dependence suggests
that the frequency sweep experiment has not reached the terminal zone even for frequencies as
low as 1 rad/s, indicating that there are very slow dynamics in these systems. This is confirmed
by our creep and recovery data which show the very slow relaxations discussed above.

The effect of MWCNT on creep recovery is shown in Fig. 5.11. In this case, the experi-
mental data were described well by the Weibull distribution, Eq. 5.3 with an added linear term.
The nanocomposite samples exhibited much more strain recovery than the pure PEO, again
because of the contributions of the MWCNT to the elasticity of the nanocomposites. In M5.0,
strain recovered by approximately 90% in 900 s after removal of an applied stress of 55 Pa.
Our results indicate that not only do the composites resist to higher stress, but recovery is also

higher for higher concentrations of MWCNT because the elasticity is higher.
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The frequency sweep experiment was able to determine the reptation time of entangled
PEO molecules. The reptation time increases with increasing MWCNT concentration indicat-
ing that the nanotubes slow down the polymer dynamics. Creep and recovery identified very
slow relaxation processes which are directly related to the sample preparation technique. Our
results also suggested that these materials evolve over a long time as a consequence of the
sample preparation technique. If one wants a material with stable mechanical properties, then
they should allow these materials to release the internal stress resulting from in the sample

preparation before using for an application.

5.5 Conclusion

We studied the mechanical properties of PEO-MWCNT nanocomposites made by melt mixing.
The reptation time 7, extracted from our frequency sweep data was a fraction of a second
for pure PEO and increased with MWCNT loading. Creep and recovery experiments were
able to detect slow mechanical relaxation processes that were not visible in the frequency
sweep. Creep and recovery data were fitted to the Burgers model and the Weibull distribution,
respectively, with an additional linear term to account for the very slow relaxation of stresses
built into the samples by the sample preparation method. The two relaxation times found from
the creep data were the same within experimental error as the relaxation times determined from
the reovery data. 7, = 7,; was attributed to the relaxation time of PEO chains whose motion
are restricted by MWCNT and 71, =~ 7,, was due to the diffusion of PEO polymer chains across
the interfaces between pellets. A very slow sample evolution was also evident from creep
and recovery. Both 7, = 7,, and the slow sample evolution were associated with the sample

preparation technique.
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Chapter 6

Dielectric spectroscopy of
polystyrene-carbon nanotube

nanocomposites

6.1 Introduction

Polymer nanocomposites with carbon nanotube (CNT) fillers are novel materials. They are
of great interest among researchers due to the ability to tune both electrical and mechanical
properties of a polymer by adding a small amount of nanotubes [1, 2, 3, 4, 5]. High electrical
conductivity [6], high length to diameter ratio (aspect ratio), Young’s moduli as large as 0.9
TPa, and tensile strength as high as 0.15 TPa in multi-walled CNT (MWCNT) [7] are some of
extraordinary properties carbon nanotubes possess.

Polystyrene (PS) is a widely available thermoplastic polymer with many applications re-
lated to daily life, such disposable cutlery and housing insulation [8]. In the present work, we
study the dielectric properties of PS-MWCNT nanocomposites using a dielectric spectrometer.
In previous work, PS/CNT nanocomposites were synthesized to use as electromagnetic inter-

ference (EMI) shielding [9, 10]. Several other potential applications of PS/CNT have been re-
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ported in fields such as light weight energy storage, transducers and sensors, and high-strength,
low-density corrosion-resistant components [11].

Electrical properties such as electrical conductivity and the percolation transition of poly-
mer nanocomposites have been studied widely [12, 13, 14]. The electrical conductivity of
an insulating polymer can be increased by several orders of magnitude by adding conductive
fillers such as CNT, and the minimum filler concentration needed to achieve this dramatic
change is known as the percolation threshold p. [2]. The percolation threshold depends on
several parameters such as the electrical conductivity of the filler, its aspect ratio, and the sam-
ple preparation technique, resulting in the wide range of p. values that have been reported for
PS/CNT nanocomposites [11].

In dielectric spectroscopy, the complex permittivity €* = € — i€’ is measured over a broad
range of frequencies. Here € is the dielectric constant and €’ = o/€w, where o is the
frequency-dependent electrical conductivity and w is the angular frequency. The dielectric
spectra of polymeric materials display very broad relaxation features. A variety of dielec-
tric relaxation models have been used in their interpretation [15, 16, 17, 18]. In this work,
we interpret the dielectric properties of PS-MWCNT nanocomposites by fitting the empirical
Havriliak-Negami (HN) model [19] to the imaginary part of our experimental data. This model,
which has been applied to polymeric materials by several groups [19, 20, 21, 22], models the

complex permittivity € as

Ae L Oge
b
(1 + (iwT)*)P )

), (6.1)

*
€ = €Ex

where €, and Ae are the infinite-frequency dielectric constant and the dielectric strength, re-
spectively. The second term on the right-hand side of Eq. (6.1) represents the contribution to €*
due to a dielectric relaxation process. When the exponents @ and 3 in Eq. (6.1) are all equal to
1, the relaxation term describes an exponential relaxation process with relaxation time 7. For

non-exponential relaxation processes, @ and S are different from 1, and 7 can be regarded as a
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characteristic relaxation time. The relaxation process is manifested as a peak in €”. The last
term of the equation represents the contribution of the conductivity 0. and the exponent vy is
generally between O and 1. 7y is equal to 1 if the low-frequency conductivity is constant, i.e., for
the usual Ohmic conduction. y < 1 indicates non-Ohmic behavior which could, for example,
involve charge transport by hopping.

In this work, we report measurements of the real and imaginary parts of the permittivity
of PS-MWCNT nanocomposites prepared by twin-screw extrusion. The experimental data
were collected as functions of MWCNT concentration, temperature and thermal cycles. The
measured imaginary part of the permittivity was interpreted using the HN model (Eq. 6.1)
and parameters such as the relaxation time and electrical conductivity were extracted. Our
results are discussed in terms of the microstructure of the nanocomposites and the microscopic

interactions between the nanotubes and the polymer molecules.

6.2 Experiment

We dispersed multiwalled carbon nanotubes (MWCNT) in polystyrene (PS) using twin-screw
compounding. PS pellets with molar mass of 35,000 g/mol were purchased from Sigma-
Aldrich and used as received. MWCNT with diameter 8—15 nm and length 30-50 um was
purchased from TimeNano Chengdu Organic Chemicals and used without further purification.
In the sample preparation, 4.5 g of PS and the required amount of MWCNT were mixed in
a Thermo Scientific HAAKE MiniLab II twin-screw micro-compounder preheated to 125 °C.
The components were mixed for 10 minutes with a screw speed of 50 rpm before extracting
the compound from the mixer and cooling to room temperature. The extracted material was in
the form of a long sheet, about 1 mm thick and 5 mm in width, which was pulverized by hand
before compression molding.

Disks of the nanocomposites 25 mm in diameter and 1 mm thick were made by transferring

the small pieces of PS/MWCNT prepared as above to a room temperature mold made from 3.2
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mm thick aluminum plates, separated by a 1 mm thick aluminum gasket with three 25 mm
diameter holes in it. The filled mold was heated to 125 °C for 5 min, then compressed under
13.3 kN of force for 5 min. Finally, the mold was cooled to room temperature and the disks
were removed. We follow this recipe to make nanocomposites with MWCNT concentration
ranging from 0 to 5% by weight. We labeled our samples as PS, representing polystyrene,
followed by the amount of MWCNT added, given as a percentage of the total sample weight.
For example, PS1.0 represents PS/MWCNT nanocomposites with 1.0 wt% MWCNT.

Scanning electron microscope (SEM) images of our nanocomposites were obtained using
a high-resolution Zeiss 1540XB SEM with an acceleration voltage of 1.0 keV. The composites
were quenched in liquid nitrogen and fractured. The newly-exposed cross-section was then
coated with a conducting layer of osmium for imaging with the SEM.

The complex permittivity € = € — i€’ of each nanocomposite was measured as a function
of frequency and temperature 7 using a Solartron ModuLab Material Test System (MTS) di-
electric spectrometer with a Janis Research STVP-200-XG cryostat for temperature variation.
The 25 mm diameter PEO nanocomposite disks were placed between the 25 mm diameter elec-
trodes of the dielectric spectrometer’s solid-sample holder. A sinusoidal voltage of frequency
f = w/2n was applied across the sample holder, and the amplitude and phase of the resulting
current were measured. Our measurements were conducted using a 2-wire measurement tech-
nique over the frequency range 0.1 Hz < f < 0.1 MHz, using a sinusoidal excitation voltage
of 4 V rms. A Lake Shore Model 335 Cryogenic Temperature Controller was used to control
the temperature 7 of the sample with an accuracy of 0.01 K. Measurements were taken as
a function of temperature in 10 K increments while heating from 300 K to 360 K, and then
while cooling back to 300 K, again in 10 K steps. The temperature was cycled in this way four
times for each sample. The samples were allowed to equilibrate at each temperature step for

20 minutes before the dielectric spectrum was measured.
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6.3 Results

Figure 6.1 shows SEM images of PS0.5 and PS5.0 nanocomposites. Fig. 6.1(a) and (b) are
SEM images of PS0.5 at two different magnifications. The distribution of the nanotubes
in PS0.5 is not very uniform and several disconnected clusters of MWCNT can be seen in
Fig.6.1(a). However the clusters themselves are reasonably evenly distributed throughout the
sample, and they are approximately the same size. Fig. 6.1(b) shows an area of the same sam-
ple at higher magnification. Fig. 6.1(c) and (d) are the SEM images of PS5.0. There are clearly
more nanotubes than in PS0.5. Fig. 6.1(c) shows a large range of cluster sizes distributed
throughout the image. Fig. 6.1(d) shows an area of the same sample at higher magnification in

which individual nanotubes and small clusters are visible.

Figure 6.1: SEM images of PS-MWCNT nanocomposites (a) and (b) PS0.5 and (c) and (d)
PS5.0. These images are discussed in more detail in the text.

The real and imaginary parts of the permittivity of the nanocomposites with MWCNT con-

centrations ranging from 0 to 5 wt% at 300 K in the heating phase of cycle 1 are illustrated
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Figure 6.2: (a) Real (¢’) and (b) imaginary (€’) parts of the permittivity of PS/MWCNT
nanocomposites at a temperature of 300 K during the heating phase of cycle 1. The differ-
ent symbols indicate different MWCNT concentrations, as shown in the legend. The solid line
in (b) has a logarithmic slope of —1 and is shown for comparison.

in Fig. 6.2. The dielectric constant of pure polystyrene (i.e., PS0.0) is about 3 due to its small
dipole moment, and is independent of frequency. Adding 1.0 wt% of MWCNT results in lit-
tle change in €, but a strong effect is seen for higher MWCNT concentrations. A significant
frequency dependence of the real part is observed at p = 5 wt% when € begins to change

both qualitatively and quantitatively. At the highest MWCNT concentration measured at p = 5
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wt%, € shows a weak step-like structure between 10* and 10> Hz and a continuous increase
with decreasing frequency below 10 Hz.

The imaginary part of the permittivity is shown in Fig. 6.2 (b). €” of pure PS (not shown)
was very small and could not be accurately measured due to the limited sensitivity of the
dielectric spectrometer. €” was measurable for p > 2.0 wt% and was about 1072 at p = 2
wt%. The imaginary part of the permittivity increases continuously with increasing p. At p =
5.0 wt% (sample PS5.0), €” shows more interesting features than the other nanocomposites.
Similarly to the real part, the characteristics of €’ also change significantly at p = 5 wt%. The
broad peak in €” centered around 1 kHz in the data for PS5.0 indicates a dielectric relaxation
process with a characteristic relaxation time on the order of 1 ms. The imaginary part of PS5.0
at f < 10 Hz follows a 1/ f” behavior, implying that the electrical conductivity o(w) = €’ gw
is frequency-dependent at low frequencies. Overall, the dielectric constant at 1 Hz changes
from around 3 to 40 and the imaginary part increases by about four orders of magnitude as p
is increased from 0.0 to 5.0 wt%.

The real and imaginary parts of the permittivity at 1 kHz are plotted as a function of temper-
ature during the heating phase of cycle 1 at different MWCNT concentrations in Fig. 6.3. Both
€’ and €” show negligible dependence on temperature for p < 4. At p = 5.0 wt%, both the real
and imaginary parts increase dramatically when 7 increases from 330 and 340 K. Consistent
with what was seen in Fig. 6.2, both € and €” increase with p.

None of the data for p < 4 wt% showed a significant change with temperature, nor at a
given temperature as a function of thermal cycling. However, both the real and imaginary parts
of PS5.0 show significant changes as a function of temperate and thermal cycles. We will
discuss the behaviour of €” in detail below.

To illustrate the change in permittivity of PS5.0 due to thermal cycling, €’ at 10 kHz is
shown as a function of temperature over three thermal cycles in Fig. 6.4. In the heating phase of
cycle 1, € stays around 10 as the temperature increases from 300 to 330 K and then increases

abruptly by an order of magnitude between 330 and 340 K. On cooling, €  increases from
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Figure 6.3: (a) Real (¢’) and (b) imaginary (€¢’) parts of the permittivity of PS/MWCNT
nanocomposites at f = 1 kHz as a function of T during the heating phase of cycle 1. The
different symbols represent different MWCNT concentrations.

about 150 at 360 K to 350 at 300 K. The jump between 330 and 340 K in the heating phase is
weakened in the later cycles. At 300 K, the real part of the permittivity is always higher in the
cooling phase at the end of the thermal cycle than in the immediately preceding heating phase.

The dielectric spectra of the nanocomposites were analyzed in detail by fitting the imagi-

110



103;

8-‘_0\
~

—®——cycle 1, heating
— -©— -cycle 1, cooling
—®&—— cycle 2, heating
— B — -cycle 2, cooling
cycle 3, heating
cycle 3, cooling

10" |

300 310 320 330 340 350 360
Temperature, T (°C)

Figure 6.4: €, the real part of the permittivity of PS5.0, at f = 10 kHz as a function of T over
three themal cycles. Solid and open symbols show data recorded during heating and cooling,
respectively. The solid and dashed lines are guides to the eye.

nary part of the permittivity to the HN model, Eq. 6.1. Samples with MWCNT p < 5 wt% did
not show either a peak in €’ nor follow 1/f” behavior for the entire frequency range studied.
However, we were able to fit the data for f < 100 Hz for the p = 3 and 4 wt% samples to the
last term of the HN model. The other samples (p < 3 wt%) did not show this power law behav-
ior even below 100 Hz. Therefore, those data were not further analyzed. The PS5.0 data show a
peak in €” at some temperatures and follow a power law with f at low frequencies. Therefore,
their data were analyzed in detail as follows. Since the shape of €”’(f) depends strongly on
temperature, we used the full HN model for any PS5.0 data displaying a peak in €, but only
the last term of Eq. 6.1 for data that show only a power low dependence on frequency over the
entire experimental frequency range. The parameters obtained from fits to the data for PS5.0
at different temperatures during the heating phase of cycle 1 are presented in Table. 6.1.

The effect of temperature on €” for PS5.0 in the heating phase of cycle 1 is shown in Fig.

6.5. The dashed lines in this figure are the fits to the model as explained above. Up to 330
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Table 6.1: Optimum fit parameters from fits of the HN model (Eq. 6.1) to the €’ data for
sample PS5.0 during the heating phase of cycle 1. Uncertainties in the parameters are given in
parentheses.

T (K) Ae 7(107% ) a B 0 4.(10™ S/m) 0%

300 | 24.9(0.7) | 2.5(0.4) | 0.46 (0.02) | 1.5(0.1) | 1.32(0.02)x10™* | 0.77 (0.01)
310 38 (1) 0.9 (0.3) | 0.36 (0.01) | 2.3(0.2) | 7.19(0.08)x107° | 0.80 (0.01)
320 | 36.5(0.7) | 2.8(0.3) | 0.44 (0.01) | 1.76 (0.08) | 1.67 (0.01)x10~* | 0.775 (0.005)
330 38 (1) 3.0 (0.2) | 0.53(0.02) | 1.58 (0.08) | 9.82 (0.07)x10™* | 0.820 (0.003)

340 3.7(0.1) 0.895 (0.004)
350 12.4 (0.3) 0.949 (0.003)
360 23.9(0.3) 0.968 (0.002)

K, €” does not change much with increasing temperature and shows a broad peak at around 1
kHz, as seen in Fig 6.2. The position of the peak is almost independent of temperature. When
temperature increases from 330 to 340 K, €” shows an increase of two orders of magnitude at
high frequency and four orders of magnitude at low frequencies.

Furthermore, €’ closely follows a 1/f dependence, indicating that the electrical conduc-
tivity o = we,€e” is constant over the experimental frequency range for 7 > 330 K. We see
a peak in €” for T < 340 K. This peak is no longer visible at higher temperatures, however,
presumably because it is masked by the high conductivity of the PS5.0 nanocomposite. Upon
cooling (data not shown), €” follows a 1/ f dependence, even below 330 K.

The variation of the dielectric relaxation time 7 with temperature 7 during the heating phase
of cycle 1 for PS5.0 is shown in the inset of Fig. 6.5. T is on the order of 10~* s and is almost
independent of temperature.

The variation of €” for PS5.0 with frequency and number of thermal cycles at 300 (solid
symbols) and 360 K (open symbols) during the heating phase of the first three thermal cycles
is shown in Fig. 6.6. The imaginary part of the permittivity shows a peak at 300 K in cycle 1
that is masked by the high dc conductivity of PS5.0 for subsequent cycles, as also seen in Fig.
6.5. This peak was observed at low temperatures in the heating phase of cycle 1 but did not
reappear in any further thermal cycles, even in the cooling phase of cycle 1 (not shown here).

€” continuously increases with the number of thermal cycles at both temperatures, with the
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Figure 6.5: Fits of the HN model, Eq. (6.1), to €” for PS5.0 nanocomposites at different tem-
peratures during the heating phase of thermal cycle 1. The symbols represent the experimental
data and the dashed lines are the fits to Eq. 6.1.

most significant increase in the first cycle.

The last term on the right-hand side of Eq. (6.1) represents the contribution to the per-
mittivity due to the conductivity of the material. This contribution is responsible for the low-
frequency ~ 1/f behavior of € for PS5.0 seen in Figs. 6.5 and 6.6. Figure 6.7 (a) shows o
for PS5.0 obtained from fits to Eq. 6.1 as a function of temperature and thermal cycles. o ;. was
around 10~® S/m at temperatures below 330 K in the first thermal cycle and then increases more
than four orders of magnitude when heating from 330 to 340 K, indicating an electrical perco-
lation transition. o increases with further heating, reaching 10~* S/m at 360 K. In the cooling
phase of cycle 1, oy (not shown) stays between 10~* and 10~ S/m. The dc conductivity of
PS5.0 did not increase as dramatically in later cycles.

The exponent y of Eq. 6.1 is plotted as a function of temperature and thermal cycles in
Fig. 6.7(b). The exponent is around 0.8 at 300 K and increases with temperature in the heating

phase of the first thermal cycle, reaching 1 at 360 K. y stays approximately 1 in the cooling
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Figure 6.6: The imaginary part of permittivity versus frequency for PS5.0 at 300 (solid sym-
bols) and 360 K (open symbols) in the heating phase of different thermal cycles. The symbols
represent the experimental data and the dashed lines are the fits to Eq. (6.1) as described above.

phase of cycle 1 (not shown) and at all temperatures in the further heating or cooling phases.
v was less than 0.1 and 0.2 for p = 3 and p = 4 wt%, respectively, and did not change much

with either temperature or thermal cycling.

6.4 Discussion

We studied the dielectric behavior of PS/MWCNT nanocomposites using a dielectric spec-
trometer. As seen in Fig. 6.2, both the real and imaginary parts of the permittivity of the
nanocomposites increase with MWCNT concentration p. The MWCNT contribute to €’ due to
the polarization of the graphene layers that make up the nanotubes [23]. In addition, MWCNT
can form nanocapacitor structures consisting of thin polymer layers between nanotubes [12],
which would also increase the real part of the permittivity. Both of these effects will become

stronger with increasing MWCNT concentration, leading to an increase in € with p. The high
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electrical conductivity of MWCNT leads to an increase in €” with increasing p.
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Figure 6.8: The frequency-dependent electrical conductivity o} = we” €y at 1 Hz as a function
of MWCNT concentration. Solid symbols and the open symbol show o} at 330 and 340 K,
respectively, in the heating phase of the first thermal cycle.

If low-frequency electrical conductivity o, = we” € is a constant o, then we would expect
€” to behave as 1/f (i.e., y = 1). v was well below 1 for nanocomposites with p = 3 and 4
wt%. Also, the HN model was unable to successfully fit the dielectric data for p < 3 wt%.
Therefore, there was no way to estimate o by fits to HN model for the nanocomposites with
MWCNT concentration below 4 wt%. Therefore, we use the frequency-dependent conductivity
o1 = we”’ g at 1 Hz shown in Fig. 6.8 to describe their electrical conductivity. Our data in Fig.
6.8 show that the electrical conductivity increases from 107!% to 107! S/m as p increases from
2 to 4 wt%. For comparison, Arjmand et al. [12] reported the conductivity of pure PS is to
be around 1073 S/m. The electrical conductivity of PS5.0 is around 10=® S/m at 330 K in
the heating phase of the first cycle and increases by three orders of magnitude when heating
from 330 to 340 K. This jump is also visible in o in Fig. 6.7. This increase in o implies
the formation of a sample-spanning percolation network of highly conductive nanotubes at

a percolation transition somewhere between 4 and 5 wt% of MWCNT. For comparison, the
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conductivity is on the order of 10~'® S/m for PS4.0 at 340 K and is on the order of 10~> S/m
for PS5.0 at 340 K.

The percolation concentration p. of PS/MWCNT nanocomposites made by twin-screw ex-
trusion depends on the screw speed and mixing time. The effect of the screw speed on p,. was
reported in the work of McClory et al. [24], who found that p. was between 1 and 3 wt% at
20, 70, and 100 rpm. We used a screw speed of 50 rpm and 10 min mixing time in the sample
preparation and found p. to be between 4 and 5 wt%. The difference in p. could be due to
using different mixing times but, unfortunately, their mixing time wasn’t reported. p. can be
different in the same nanocomposites made by using different sample preparation methods. It
was reported that p. was as little as 0.06 wt% for solution-mixed PS/MWCNT nanocompos-
ites. This low threshold was attributed to good dispersion and distribution of the MWCNT in
the polystyrene [12]. In our previous work presented in Chapter 4, we prepared poly(ethylene
oxide)/MWCNT by melt-mixing and twin-screw extrusion with the same rpm and mixing time
and found that p, = 0.68 and 1.22 wt%, respectively. This suggests that the nanotubes are not
as well dispersed in PS materials as in the PEO. This is consistent with the appearance of the
SEM images shown in Fig. 6.1.

The last term of Eq. 6.1 represents a contribution to € that is proportional to f7. vy is
typically between 0 and 1 and depends on the charge transport mechanism within the material.
v = 1 results from an Ohmic contribution to the conductivity, while y < 1 indicates a non-
Ohmic conduction mechanism [20, 22]. For all samples with p < 5 wt%, y was much less
than 1. For p = 5 wt%, y was 0.77 at 300 K, reached approximately 1 at 360 K during the
heating phase of the first thermal cycle, and stayed at close to 1 through all subsequent thermal
cycles. This suggests that the electrical conduction process in PS5.0 changes from non-Ohmic
to Ohmic during the initial heating, then remains Ohmic through subsequent cycles. In the
non-Ohmic state, both conduction along carbon nanotubes and hopping across a thin layer
of polymer between adjacent nanotubes contribute to charge transport. In the Ohmic state,

conduction along the nanotubes is the main charge transport mechanism.
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The change in the charge transport mechanism of PS5.0 can be understood as follows.
There are many clusters of nanotubes in the polymer matrix as shown in Fig. 6.1(c). We
suggest that, when the nanocomposites are initially prepared, the clusters are separated by thin
layers of insulating polymer. These layers prevent electrical conduction between the clusters.
Charge transport across these thin layers occurs by a hopping mechanism, resulting in a non-
Ohmic material and low electrical conductivity. As the material is heated towards its glass
transition, which is approximately 400 K [25], the PS in these thin insulating layers softens
enough that the attractive van der Waals interaction between the carbon nanotubes can pull the
nanotube clusters into contact. This creates a percolating conductive network, allowing Ohmic
conduction across the sample. o increased with further thermal cycles as the network gets
stronger. We did not observe this behaviour in our PS nanocomposites with lower p as their
MWCNT concentrations were lower than the percolation concentration.

A peak in €” indicates a dielectric relaxation process. We did not observe any peaks for
nanocomposites with p < 4 wt%. A clear peak was only observed for PS5.0 at temperatures
below 340 K, and only in the heating phase of the first thermal cycle. The corresponding
relaxation time 7, shown in the inset of Fig. 6.5 is on the order of 10~* s. In all our experiments,
the nanocomposites were below the glass transition temperature of PS, which is approximately
400 K [25]. Because of this, the observed relaxation cannot be due to the motion of full PS
chains, as they are immobile at these temperatures. This relaxation cannot be due to a process
involving charges on the nanotubes either, as no other nanocomposites showed this relaxation
peak. We suggest that this relaxation is due to the motion of small, mobile segments of PS
chains resulting from interactions with the nanotubes. The polymer chains can bind to the
carbon nanotubes, leaving small segments of polymer between the bonds. We suppose that the
average length of these chain segments decreases with increasing MWCNT concentration and
that the chain segments below a certain length and close to the nanotubes are mobile even below
the bulk glass transition. Our data suggest that in PS5.0 these chain segments are small enough

and mobile enough to respond to the applied electric field in the frequency range we studied,
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even at temperatures below the glass transition. Our previous work on PEO nanocomposites,
presented in Chapter 4, showed a similar relaxation process at temperatures below the glass
transition temperature of the polymer. The relaxation process we observe in PS 5.0 becomes
hidden by the high electrical conductivity of the nanocomposite above 330 K in the heating
phase of the first thermal cycle and at any temperature in further thermal cycles. We only
observed this dielectric relaxation process in PS5.0 and further work involving nanocomposites
with higher MWCNT concentration is required to allow a more complete understanding of the

dielectric response of these nanocomposites.

6.5 Conclusion

We studied the complex permittivity of PS/MWCNT nanocomposites made by twin-screw ex-
trusion. Both the real and imaginary parts of the permittivity increased with increasing nan-
otube concentration. The dielectric spectrum of PS5.0 showed more features in €” than seen in
pure PS and nanocomposites with lower nanotube concentration. The dramatic change in con-
ductivity of PS5.0 indicates the existence of a percolation transition at MWCNT concentration
between 4 and 5 wt%. Conduction in PS5.0 was non-Ohmic initially, but became Ohmic after
the material was heated above 330 K. In the non-Ohmic state, both conduction and hopping
across a thin layer of polymer between two nanotubes or clusters contribute the electric cur-
rent. Conduction along the nanotubes is the main charge transport mechanism in the Ohmic
region. The dielectric relaxation process observed in PS5.0 is due to the relaxation of small
segments of polymer chains, the ends of which are bound to the nanotubes. The dielectric peak
observed in PS5.0 was hidden due to the high electrical conductivity of the nanocomposite af-
ter the material was heated above 330K and it did not reappear even after cooling back to 300

K again.
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Chapter 7

Conclusions and Future Work

The goals of this study were to explore the electrical and mechanical properties of polymer
nanocomposites, and in particular, the effects of carbon nanotubes on those properties. One of
our main interests was to understand polymer dynamics at various length scales in the presence
of carbon nanotubes.

In this thesis, we have presented measurements of the electrical and mechanical properties
of polymer nanocomposites produced by adding multiwalled carbon nanotubes (MWCNT)
into poly(ethylene oxide) (PEO) and polystyrene (PS). We used a dielectric spectrometer to
study the permittivity and electrical conductivity of these nanocomposites and studied their
mechanical properties by collecting data with a rotational shear rheometer. We presented the
electrical properties of PEO/MWCNT and PS/MWCNT nanocomposites in Chapters 4 and 6,
respectively. Chapter 5 examined the mechanical properties of PEO/MWCNT nanocomposites.

Our dielectric data for PEO/MWCNT showed that both the real, €', and imaginary, €”, parts
of the permittivity increased with increasing MWCNT concentration. In Chap. 4, we prepared
PEO/MWCNT nanocomposites using two different techniques: melt mixing and twin-screw
extrusion. The DC conductivities o of the resulting materials were directly measured using
the dielectric spectrometer and were also obtained by fitting the imaginary part of the per-

mittivity to the empirical Havriliak-Negami model. The DC conductivities obtained from the
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two methods agree very well. The DC conductivity data shows a percolation transition for the
PEO/MWCNT composites at p. = 1.23 + 0.01 wt% and p. = 0.65 + 0.05 wt% for the twin-
screw extruded and the melt-mixed nanocomposites, respectively. For both mixing methods,
the electrical conductivity of these nanocomposites increased by a factor of approximately 108
as the nanotube loading was increased from 0 to 5 wt%, with oy, ~ 1072 S/m at 300 K for
5 wt% NWCNT. The temperature dependence of the dc conductivity of PEO/MWCNT was
studied in the temperature range from 180 to 300 K and was found to be well-described by a
thermally-activated (Arrhenius) model, with a concentration-dependent activation energy of a
few tenths of an eV, comparable to that of common semiconductors.

Our results for PSMWCNT in Chapter 6 also showed that both € and €” increased with
increasing MWCNT concentration. However, the electrical conductivity of PS/MWCNT pre-
pared using twin-screw extrusion did not change significantly up to 4 wt% MWCNT. We were
unable to determine a well-defined p. for this material, but estimate it to be between 4 and 5
wt% MWCNT. The electrical conductivity for 5 wt% carbon nanotubes in PS/MWCNT was
about 1072 S/m at 300 K, which is the same as in the PEO/MWCNT nanocomposites at p = 5
wt%.

We used the frequency dependence of our dielectric data to identify relaxation processes
in the nanocomposites. In Chap. 4, we presented evidence for the existence of two relaxation
processes in PEO/MWCNT nanocomposites made by both mixing methods, corresponding
to different peaks in &”. One relaxation peak was observed at low MWCNT concentrations
(below 1.5 wt%) and had a relaxation time that depended strongly on temperature. We attribute
this relaxation to the motion of full polymer chains. Another, higher-frequency relaxation
process was observed at higher MWCNT concentration and was very weakly dependent on
temperature. We hypothesize that this fast relaxation is due to the motion of shorter chain
segments, the ends of which are bound to the nanotubes. Interestingly, we did not observe a
dielectric relaxation in PS/MWCNT composites for p < 4 wt%. A relaxation peak for p =

5 wt% was visible only while heating the sample from 300 to 330 K during the first thermal
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cycle, and was hidden thereafter due to the high conductivity of the composite. This relaxation
process is similar to the relaxation process observed at high frequencies in PEO/MWCNT and
is attributed to the motion of shorter PS polymer chain segments bound to carbon nanotubes.

In Chap. 5, we presented the mechanical properties of PEO/MWCNT nanocomposites pre-
pared by melt mixing. The reptation time 7, extracted from our frequency sweep data using
a rotational shear rheometer was 0.15 + 0.01 s for pure PEO and increased with MWCNT
loading. Creep and recovery experiments using a constant stress revealed the existence of two
relaxation times 7, and 7,. 7; did not exist in pure PEO and was several seconds for p = 1
wt%. 7| and 7; were the same at p = 2 wt%. 7, was attributed to the relaxation time of PEO
chains whose motion is restricted by the MWCNT. At nanotube concentrations above 2 wt%,
the motion of nearly all chains was restricted. 7, is a few orders of magnitude higher than 7.
We attribute 7, to the diffusion of PEO polymer chains across the interfaces between pellets
that were compressed and melted to form the sample.

The relaxation processes observed in the dielectric data were fast compared to those in
the mechanical data. Altogether, we observed relaxation mechanisms spanning a range from
microseconds to hundreds of seconds covering very fast and very slow dynamics. The repa-
tion time 7 involves the dynamics of full polymer molecules and did not change much at low
MWCNT concentration as full chain dynamics are unaffected by the nanotubes. As MWCNT
concentration is increased, the polymer dynamics become restricted, resulting in an increase in
repation time. Similar to this, the dielectric relaxation of full polymer chains did not change sig-
nificantly at low nanotube concentrations. A fast relaxation process appeared at high MWCNT
concentration as a result of the relaxation of short segments of polymer chain, with the ends
of the segments bound to the surface of the nanotubes. These results helped us to understand
polymer dynamics at different length scales.

Future work in this area could focus on exploring these polymer nanocomposites with dif-
ferent parameters. We prepared all the nanocomposites with a mixing speed of 50 rpm and a

fixed mixing time as explained Chap. 3. One could study how the mixing speed and mixing
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time affect both the electrical and mechanical properties of these nanocomposites. This could
indicate whether the dispersion of MWCNT in PEO and PS can be improved by changing these
two parameters, thereby changing the percolation threshold p. discussed in Chap. 4. More con-
ductivity data are needed with MWCNT concentrations between 4 and 5 wt% and higher than
5 wt% to accurately determine the percolation threshold in PS/MWCNT nanocomposites. One
could explore other sample preparation methods to find a way to better disperse the CNT in the
PS.

In Chap. 5, we observed a slowly varying strain in both creep and creep recovery experi-
ments and suggested that this was the result of residual stresses in the sample due to the sample
preparation process. It would be interesting to further study the effect of the residual stress
on the creep and creep recovery by changing the compression force, time, and temperature. It
would be also interesting to study the polymer dynamics using different types of filler parti-
cles such as spherical conducing particles like metal nanospheres. Some of our dielectric data
imply the existence of a relaxation peak at frequencies higher than 1 MHz. Therefore, higher
frequency dielectric measurements would be interesting to probe the dynamics that lead to this

relaxation peak.
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Appendix A

Additional measurements and Analysis of

PEO/MWCNT nanocomposites

In this Appendix we present additional data not presented in Chapter 4.
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Figure A.1: (a) Real (¢') and (b) imaginary (€”’) parts of the permittivity of twin—screw extruded
PEO nanocomposites at f = 1 kHz as a function of 7. The different symbols represent different
MWCNT concentrations.
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Figure A.2: Fits of the HN model, Eq. (3), to €” for twin—screw extruded PEO nanocomposites
at a few different temperatures and MWCNT concentrations, illustrating the range of behavior
observed. b symbols represent the experimental data and the dashed lines are the fits. One
relaxation term was used for samples T0.0, T2.0 and T3.0, and two were used for T0.5 and
T1.5.
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Table A.1: Optimum fit parameters from fits of the HN model with two relaxation terms (Eq.
(3)) to the €” data for sample M2.0. Parameters corresponding to the higher-frequency relax-
ation peak fit are not shown as that peak was outside of our experimental frequency range.
Uncertainties in the parameters are given in parentheses.

T (K) A€, 7,(107%s) 0 4(1077S/m)
208 100 (4) 10 (1) 7.8(0.1)
210 102 (10) 11 (5) 4.1(0.2)
212 103 (8) 12 (3) 6.8 (0.2)
214 110 (6) 15 (3) 5.5(0.1)
215 108 (4) 16 (2) 4.05 (0.07)
220 95 (3) 12 (1) 9.01 (0.08)
230 104 (4) 9 (1) 8.3(0.2)
240 116 (3) 9.5(0.9) 9.3 (0.1)
250 122 (9) 11 (3) 10.2 (0.3)
260 119 (10) 9 (2) 17.4(0.5)
270 152 (3) 6.2 (0.5) 20.7 (0.2)
280 188 (3) 4.3 (0.4) 22.8 (0.2)
290 206 (5) 4.6 (0.4) 472 (0.3)
300 130 (20) 3(1) 268 (3)
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Figure A.4: 0. plotted as a function of 1/7 for different twin-screw extruded nanocomposites
as indicated in the legend. The dashed lines are fits to Eq. (5) and the dotted line (shown only
for T5.0) is a fit to Eq. (6). The uncertainty in o, is indicated by the scatter in the data. The
inset shows the activation energy AE determined from the fits to Eq. (5) for both M (open
symbols) and T (solid symbols) nanocomposites as a function of MWCNT concentration p.

Table A.2: Optimum fit parameters from fits of the HN model with one relaxation terms (Eq.
(3)) to the €” data for sample T2.0. Uncertainties in the parameters are given in parentheses.

T (K) A€ 7,(107%s) 04(107°S/m)
180 244 (27) 3(1) 4.6 (0.2)
185 225 (20) 2.8 (0.9) 9.2 (0.2)
190 269 (20) 3.0 (0.9) 4.6 (0.1)
195 245 (10) 2.6 (0.5) 8.1(0.1)
196 237 (10) 2.4 (0.6) 8.7 (0.2)
198 240 (10) 2.3(0.5) 10.4 (0.2)
200 227 (30) 2(1) 9.2 (0.3)
202 207 (20) 2.0 (0.9) 12.4 (0.4)
204 204 (20) 2.0 (0.8) 14.6 (0.4)
206 228 (20) 2.1 (0.8) 12.0 (0.3)
208 203 (30) 1.8 (0.9) 17.1 (0.5)
210 199 (30) 2(1) 16.0 (0.6)
212 194 (30) 2(1) 19.0 (0.6)
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concentration p.
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