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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









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

107



102

*  PS0.0
® PS1.0
= PS2.0
A PS3.0
>

I
€
—_
o

o

10° 10" 10% 10°® 10* 10°
Frequency, f (Hz)

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-
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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

122



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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Figure A.5: The dielectric relaxation time 7, of the twin-screw extruded nanocomposites plot-
ted as a function of temperature. The different symbols represent different MWCNT concentra-
tions, as indicated in the legend. The inset shows 7 at 290 and 250 K as a function of MWCNT
concentration p.
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