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SUMMARY

This research was designed to fabricate and characterize novel polyhedral phase
segregated microstructures of polystyrene (PS)-matrix composites filled with multi-
walled carbon nanotubes (MWNT) and indium tin oxide (ITO) nanopowders. PS-
composites were compression molded with MWNT and ITO separately first. The
resulting composites were conducting, and remained optically transparent. Mixtures of
MWNT and ITO were then used to form mixed ITO/MWNT PS-composites in order to
optimize their transparency and conductivity. This was achieved by fabricating
composites with varying concentrations of fillers. Impedance spectroscopy was used to
characterize the electrical properties of the PS-composites. Optical properties were
characterized by measuring the transmission of light through the PS-composite in the
visible light spectrum using a spectrophotometer. The electrical properties and
microstructural attributes of the fillers used were also characterized. The main objective
of the project was to understand the relationships between the structural, electrical, and
optical properties of the PS-composites. The resistivity of PS-composites filled with
MWNT ranged from 10° to 10" Q cm for samples with 0.007 to 0.9 vol% MWNT. The
resistivity of PS-composites filled with ITO ranged from 10’ to 10" Q cm for PS-
composites with 0.034 to 0.86 vol% ITO. PS/ITO composites had a percolation threshold
of 0.15, 0.25, or 0.3 phr ITO, depending on the type of ITO used in the composite. The
percolation threshold of PS/IMWNT composites was found to be 0.01 phr MWNT. Mixed

ITO/IMWNT PS-composites were already percolated, the concentrations investigated in

XVi



this study were already above the percolation threshold of these composites. A time
dependence on impedance was found for PS-composites filled with MWNT. As time
increases there is a decrease in impedance, and in some cases also a dependence on
voltage. All PS-composites showed a dependence on the microstructure of the PS matrix
and the filler material. The resistivity and percolation threshold were lower for
PS/IMWNT composites than PS/ITO composites due to the difference in filler size and
aspect ratio, since MWNT have a smaller size. The orientation of PS grains with respect
to neighboring grains was found to affect the resistivity of PS/MWNT. PS/IMWNT
composites with preferentially oriented PS grains were found to have a lower resistivity.
Mixed ITO/MWNT PS-composites with the right filler concentrations were able to
maintain transmission while decreasing resistivity. The fracture surface of fractured PS-
composites prepared in this work indicated that there was bonding between adjacent PS-
grains. From this work, it can be concluded that large grain hybrid ITO/MWNT PS-
composites provide insight into the effect of combining nanometer sized filler materials
together in a polymer matrix on the resultant structural, electrical, and optical properties
of the composite. In the future, it is recommended that this study be used to aid research
in flexible transparent conducting electrodes using a polymer matrix and hybrid/mixed

nanometer sized conducting fillers.
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CHAPTER 1

INTRODUCTION

Nanocomposites are an important and widely studied class of materials. The
enhancement of specific material properties, by the addition of functional nanometer
sized particles, embedded in a matrix material, is the motivation behind nanocomposite
research. Nanocomposite properties that are attractive for enhancement are
semiconducting electrical propertiesi>!, mechanical propertiest?, optical propertiest**,
and thermal propertiest 2. This work focuses on the electrical and optical properties
of mixed Polystyrene/Indium  Tin  Oxide/Multi-walled  Carbon  Nanotubes
(PS/ITO/MWNT) composites. The processing of polymer composites with nanoparticle
fillers is performed via various methods, such as solution casting™ !, latex casting™ *
18,19, 211 " electrostatic sprayingl??, compression molding!: 22 etc. Research presented
here uses dry blending and compression molding to fabricate PS-composites, which is
expected to allow some control of the electrical and optical properties of the composite.
These processing methods affect the properties of the polymer-filler mixtures. Polymer-
filler mixtures can be formed into various geometries, such as films, tubing, and wires,
depending on the various densities and rheological melt behaviors of the polymer-filler
mixtures. Polymer composites can be fabricated into different shapes using known

polymer melt processing parameters, such as, films, wires, and bulk materials, which is

dependent on the rheological melt behavior of the polymer, 1% 23 25 30. 3. 62 g;ch melt



processed polymer composites have a dispersed filler system, more specifically the
microstructure of the polymer composite is randomly dispersed.® 18!

Electrical applications for polymer-nanocomposites are electromagnetic
interference shielding®®®, electrostatic protection®”, chemical sensors,**! supercapacitors
for charge storage,®” and electrical contacts.!”* " 3% 33 Carbon nanotubes (CNT), a
cylindrical sheet of hexagonal carbon atoms with nanometer diameter, when used as
fillers in nanocomposites are excellent for such applications.”® To achieve improved
electrical conductivity randomly, dispersed CNT polymer-nanocomposites require
different loadings, or concentrations, of filler material in order to have the conductivity
required for each respective application.®®! Solution-processed composites (dispersed
microstructure composites) require a higher amount of filler material than phase-
segregated composites.’?™ The latter use a lower amount of conducting filler material, in
comparison, to produce the sufficient conductivity necessary for each respective
application.™ 27 Figure 1.1 shows schematics of the distributions of filler material in
both solution-processed composites and phase-segregated composites.?® The solution-
processed composite has a more random and dispersed filler microstructure than the
phase-segregated composite.’?) In this figure the microstructure of the filler in the phase-

segregated schematic, Figure 1.1a, is separated by the matrix to a large degree.®
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Figure 1.1. Schematic of the distribution of filler material within a polymer-composite,
which is the result of a) phase-segregated and b) solution-processing processing. Phase-
segregated composites have a filler microstructure that covers the polymer particles
surface, while solution-processed composites have a filler microstructure that is randomly
distributed in the matrix./*!

The percolation threshold is an important property to consider when designing a
composite system. Percolation is a phenomenon characterized by the filler material
forming interconnected wires or pathways through the matrix of the composite. [t 3% 37- 104
Gupta et. al. fabricated a phase-segregated poly(acrylonitrile-co-butadiene-co-styrene)
(ABS) / carbon black (CB) composite, which is an example of a percolated network.?® In
Figure 1.2, an image of an ABS/CB composite shows the CB filler percolating the ABS
grain boundaries.”® The percolation of a conducting filler produces a change in the
polymer composite’s conductivity.[”® The filler concentration at which the conductivity
of the composite drastically changes is defined as the percolation threshold.!* 2% 7 %
Figure 1.3 shows the dependence of conductivity on the concentration of CB filler for an
ABS/CB phase segregated composite and an ABS/CB solution-processed composite.”!

The drastic change in conductivity, the percolation threshold, occurs at a concentration of

0.01 phr CB and ~10.0 phr CB, respectively.?
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Figure 1.2. Optical micrograph of a phase-segregated ABS/CB composite, the ABS grain
boundaries are filled with CB, represented by the dark regions, which forms a
honeycomb like structure.®!
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Figure 1.3 Log resistivity versus concentration of carbon black (CB), the drastic decrease
in resistivity is the percolation threshold, which occurs at a concentration of 0.01 phr CB
for the phase-segregated composites, and at ~10 phr CB for solution-processed
composites. ABS/CB phase-segregated comPosites have a lower percolation threshold
than ABS/CB solution processed composites. >

The electronic packaging industry uses polymer nanocomposites with conductive

properties to protect sensitive electronic components from electrostatic discharge.”



Figure 1.4 displays an example of a carbon black (CB), an amorphous carbon, polymer-
composite being used to provide electrostatic shielding in the packaging of electronic
components, which possesses a dispersed filler microstructure.*! A high filler loading in
such composites is necessary for the composite to reach a sufficient conductivity.?” High
filler loadings are problematic in electronics packaging applications, which is typically
due to CB particles that separate from the composite and causes contamination and
damage to the enclosed electronics.*” The mechanical integrity of such composites can
decrease at high filler loadings.®*” To meet the required electrical conductivity for such
electronics packaging a typical CB polymer-composite contains as much as 15 — 20 wt%
CB and has a dispersed filler microstructure.*¥ Such composites, require high filler
loadings to reach the percolation threshold because the carbon black is randomly

dispersed in the manufacturing processes, which are solution or melt processing.?”

Figure 1.4 Example of a carbon black polymer-composite being used to provide
electrostatic shielding in the packaging of electronics components that are sensitive to
electrostatic discharge.!*!

A new composite system is proposed in this research to solve the problems

associated with high filler loadings and to therefore produce a conducting polymer



nanocomposite with optical transparency properties in the visible spectrum. The proposed
composite system uses a transparent grade of polystyrene (PS) with ITO and MWNT
fillers to create phase segregated conductive and transparent PS-composites. The
electrical and optical properties of MWNT and ITO are of interest to this research in
order to enhance the performance of the electrical and optical properties of the PS-
composites. Phase segregated composites require low concentrations of filler to achieve
percolation which is desired to maintain low scattering of light.[* 2 38!

Understanding phase-segregated composites, ITO properties, MWNT properties,
and PS properties, presented in Section 1.1, it is necessary to explain the selection of
these materials for meeting the goals of this research. Explanation of the research trends
of conductive polymer nanocomposites, shown in Section 1.2, provides the background
needed to distinguish how this research is unique in comparison. Interpreting the data
found during characterization, of the electrical and optical properties of the PS-
composites requires an understanding of impedance spectroscopy and optical
transmission, as explained later in section 1.3. Further motivation for this research is

presented in Section 1.4 after reporting the relevant research and scientific knowledge

necessary for understanding the motivation.

1.1. Background on Phase Segregated Polymer Nanocomposites, Indium Tin Oxide

(ITO), Multi-Walled Carbon Nanotubes (MWNT), and Polystyrene (PS)

Polymer nanocomposites are formed using several methods and with various

materials. Methods of processing polymer nanocomposites, such as melt-processing (a



dispersed filler microstructure method)!***®, solution-processing (a dispersed filler
microstructure method) 1**"1 and compression molding™ %% result in changes to the
composite’s microstructure, behavior, and properties. Phase-segregated polymer
composites, because of their low percolation thresholds, are suitable for application in
electronics packaging, electrostatic interference shielding, electrostatic protection, and
electrical contacts.’? Carbon nanotubes are of interest for use as filler material for
polymer nanocomposites because nanotubes have unique mechanical, thermal, and
electrical properties. Multi-Walled Carbon Nanotubes (MWNT)™! and Indium Tin Oxide
(1ITO)®?® can enhance the polymers electrical properties while maintaining a degree of

transparency.

1.1.1. Overview of Phase Segregated Polymer Nanocomposites

Phase-segregated polymer nanocomposites exhibit a relatively low percolation
threshold compared to composites with a dispersed microstructure.”® 2 Phase-
segregated polymer composites are formed by mixing the filler material and the polymer
powders or pellets together, and then compression molding the mixture. Such mixtures
undergo particle rearrangement, elastic deformation, and plastic deformation during
compression molding.”” Phase-segregated composites confine the filler particles to the
surface of the polymer particles, thus creating an ordered three dimensional structure with
a high degree of separation.t> 22" 311 pyring compression molding the polymer matrix
is prevented from forming a homogenized structure by the nano-powders coating the

polymer.®®? Phase-segregated microstructures are characterized by the separation



between the filler and the matrix phase, in particular these composites have two distinct
. . . - [23,25,51]
phases which are discontinuous through the composite.

The distinct separation and ordering of the filler microstructure in phase-
segregated polymer nanocomposites causes percolation to occur at low concentrations.?>
21 In research reported by Gerhardt et. al. a PMMA/CB composite with a phase-
segregated microstructure was found to have a percolation threshold at a low volume

fraction of 0.26 vol % CB, while a solution processed PMMA/CB composite had a

percolation threshold at a higher volume fraction of 2.7 vol % CB.[?"]

1.1.2. Indium Tin Oxide (ITO)

Indium tin oxide (ITO) is an important class of materials to the opto-electronic
industry.% 53 %4 polycrystalline thin films of ITO possess a conductivity that is near the
conductivity of metals, while maintaining a high amount of transparency to visible
light.® ITO thin films are necessary and well suited for use in a variety of applications,
some of which are: liquid crystal displays, solar cells, and photodetectors.™*!

ITO is classified as a wide-band gap semiconductor where the band gap energy is
suited for the transmission of visible light.[*® ITO has a unique crystalline structure, the
unit cell of ITO is known as cubic bixbyite.[67] A polycrystalline film of ITO has been
shown to have a sheet resistivity as low as10™ Q-cm.!® The density of the free charge
carrier and the mobility of these charge carriers directly affects the resistivity of ITO
films, when the number of free charge carriers and the mobility of these carriers increases
the resistivity of the 1TO films decreases.*! The microstructure of the deposited 1TO
affects the before mentioned film properties, which is different between deposition

processes and the conditions under which the ITO films are deposited.** ©]



There are several deposition techniques used to deposit ITO films, such as dc
sputtering, e-beam evaporation, and an arc plasma generator, different sputtering targets
and atmospheres are used in each deposition technique, which yield different ITO film
microstructures.®® % %8 |n-Sn metallic targets, used in a oxygen atmosphere in dc
sputtering, can become defective due to poisoning effects.*) Figure 1.5 shows a
schematic of the cross-sectional microstructure and the crystallographic orientation of
ITO thin films deposited by dc magnetron sputtering, e-beam evaporation, and an arc
plasma generator (HDPE).!®®] Such schematics, by showing the resultant microstructure
from several ITO thin film deposition techniques, illustrate the microstructural barriers to
charge carrier mobility of each film type, such as grain boundaries that act as scattering

centers. 68
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Figure 1.5. Drawings of ITO films, showing a qualitative representation of the
microstructure through the thickness of the film, deposited by a) dc magnetron sputtering,
b) e-beam evaporation, and ¢) HDPE. The grain patterns are shown by the shapes
growing perpendicular to the substrate. Grain boundaries act as scattering centers which
decrease the mobility of the charge carriers.!®®

ITO nanoparticle morphology is different than that of crystalline thin films;
instead, nanoparticles consist of individual crystalline ITO particles with nanometer
size.l 7972 solution-processing (dispersed filler microstructure) ITO nanoparticlest™ ™!

is attractive because ITO solutions can be coated on a substrate by dipping [,



spinning™™, and inkjet printing®* "®. Figure 1.6 shows the TEM micrograph of ITO
nanoparticles produced by thermally oxidizing particle precursors on a substrate via
CVD. " The figure also shows an analysis of the crystallinity of ITO nanoparticles via

TEM diffraction rings.l””!

Figure 1.6. a) TEM micrograph of ITO nanoparticles produced via thermal oxidation of
precursors on a substrate and b) a high resolution image of a crystalline ITO nanoparticle,
confirmed by the electron diffraction pattern.l’”)

1.1.3. Carbon Nanotubes (CNT)

Carbon nanotube (CNT) materials, first discovered by lijima in 1991, posses a
unique atomic structure, which has notable optical, mechanical, electrical, and thermal
properties.®> & " A nanotube can be conceptualized as a graphene sheet, a two-
dimensional structure of carbon atoms with a hexagonal arrangement, that is rolled
together to form a cylindrical tube.®™ Figure 1.7 shows how the chiral vector, or atomic
structure, of a nanotube is defined by picturing the nanotube as an unrolled graphene
sheet and defining a vector with respect to the basis vectors of the graphene lattice.®” An
individual carbon nanotube has specific properties that depend on the dimension and

chirality of the nanotube.*®! Individually, carbon nanotubes have excellent tensile

10



strength and elastic modulus.®? Metallic carbon nanotubes are excellent conductors of

electricity as well as thermal energy.!*”!
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Figure 1.7. Schematic diagram illustrating a hexagonal sheet of graphene and the
geometries that the sheet can be rolled into to form a carbon nanotube. CNT geometry is
given by the linear combination of the basis vectors of a graphene sheet that defines the
repeat unit across the nanotubes diameter, known as the chiral vector. The specific tube
geometry shown in the schematic when rolled will form a (3,2) nanotube.®”!

The three main techniques for producing nanotubes are arc discharge, laser
ablation, and chemical vapor deposition (CVD).* & Arc discharge and laser ablation
CNT fabrication techniques use a solid carbon source, which is evaporated to create hot
carbon atom gas that must condensate to grow CNT.?¥ In CVD, hydrocarbon and carbon
monoxide gases flow through a furnace, at processing specific conditions, and
decompose on the substrates surface (where a catalyst is present) resulting in CNT
growth or deposition.*® CVD is advantageous for the production of CNT due to the high
degree of control that this method has of the length and the chirality of the CNT.B®! Each

CNT fabrication method and every individual CNT ‘batch’ made by the various CNT

producation techniques creates a combination of CNT types, which vary in chirality,
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diameter, length, and impurity atoms.®® Multi-walled carbon-nanotubes (MWNT) are
multiple carbon nanotubes encapsulated within an outer carbon nanotube, where the
diameter of the nanotubes increase from the inner to the outer nanotube.” Figure 1.8
shows a TEM micrograph of a network of MWNT produced by chemical vapor

deposition.®!

Figure 1.8. TEM image of MWNT with a diameter between 10 and 20 nm and a length
between 10 and 50 um, produced by chemical vapor deposition. The nanotubes are
dispersed in a suspension that causes them to exfoliate.!"!

1.1.4 Polystyrene (PS)

Polystyrene (PS) is a widely used commercial polymer that has been investigated
extensively for use in carbon filler polymer nanocomposites.[® % 17: 33. 37. 38, 48, 8285, 87-89]
For example, CNT filled PS-composites have been widely studied in hopes of tuning the
electrical conductivity properties of nanocomposites.!® > 17 37 38 pg is an aromatic
polymer polymerized from aromatic monomer styrene.[95] The chemical formula for
polystyrene is (CgHg)n.[%] PS is a thermoplastic polymer, which is elastic and flexible

above the glass transition temperature.®® The glass transition temperature of PS is
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between -92°C and 150°C depending on the molecular weight and network structure of

the polymer.1*®!

NN

Figure 1.9. A drawing of the polystyrene monomer, a single styrene molecule, with a
chemical formula of (CgHg),. The integer n represents the number of styrene molecules
that are bonded together to form the polystyrene chain.*®! (Drawing recreated from
reference).

1.2. Polymer Nanocomposites with Conductive Fillers

Composites with an insulating polymer matrix containing conducting fillers become
electrically conducting when the filler loading exceeds a critical value, known as the
percolation threshold.!* 2> 27 37:38.971 A djstinct change in conductivity by many orders of
magnitude, attributed to the creation of a three-dimensional conductive network of fillers
embedded in the matrix, occurs when the percolation threshold concentration is met or
exceeded, as shown in Figure 1.3.1) When percolation of the conductive filler penetrates
the composite, the ac conductivity of the composite scales as a power law function with
dependence on the concentration away from the percolation threshold.®® Quantitative
models of percolation in materials science were first explained in experiments by S.
Bhattacharyya.®® In Bhattacharyya’s study, percolation was shown to have a specific
relationship to the concentration of filler material within the matrix, as well as the ratio
between the filler particle size and the polymer matrix particle size.*® The materials

properties and fabrication processes that are used to make polymer composites affects the
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percolation threshold of the composite, where the important contributing factors are: the
filler size with respect to matrix particle sizel®* % 536 100. 1011 anq the composite

fabrication method. 271

1.2.1. Composites Filled with Carbon Nanotubes

Polymer nanocomposites filled with carbon nanotubes (CNT) have been formed
as thin film and bulk composites by dip-coating/layer by layer deposition™®!, suspension
solution polymerization (dispersed filler microstructure)™ polymer extrusion (a melt
processed dispersed filler microstructure)® latex technology ** *°4 surface grafting
polymerization*®! shear mixing or melt processing (dispersed filler microstructure)?,
and compression molding.[® 8% 2 small filler loadings of nanotubes (0.1 wt% or less)
have been demonstrated to increase the conductivity of polymer composites by several

orders of magnitude.**

Enhancements in conductivity have been made while
maintaining polymer performance properties such as optical clarity!® and mechanical
properties® & ° 107 1081 CNT polymer-composite properties depend in part on several
factors independent of the polymer itself: the method of nanotubes production, the state
of impurities after purification or the state of impurities without purification, the
nanotube morphology and geometry, and the amount of CNT orientation within the
composite.[*!

The excellent mechanical properties, fiber like structure, and high aspect ratio of
nanotubes have been shown to be viable reinforcements in composite materials.!**%!
Vigolo et. al. demonstrated a method of producing a CNT polymer composite

(PVA/SWNT) with a oriented CNT microstructure called the “coagulation spinning”

method, which resulted in a tensile strength of 1.8 GPa."* PS-composites filled with
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CNT, made using a solution dispersion polymerization method (a dispersed filler
microstructure), were investigated using calorimetry in an effort to link the information
about percolation, obtained from electrical data, with the calorimetric behavior.®”! Rivin
et. al. presented a relationship between the percolation threshold and the integral heat of
absorption, this relationship is analogous to the electrical and mechanical property
percolation curves. "]

Nanotubes are often put into suspension using surfactants to separate nanotube
agglomerations, which are then mixed with the polymer, and cast into composites, these
composites have a dispersed filler microstructure.!* Exfoliation of CNT has been used to
separate nanotube aggregates in order to decrease the percolation threshold. Nanotubes
are separated to decrease the percolation threshold of the composite, this separation is
known as exfoliation and can lead to more inter-particle contacts between nanotubes in
comparison with composites containing agglomerated nanotubes bundles.!**?
Agglomeration is an effect of the attraction of CNT with other nanotubes by the van der
Waals forces between the two particle surfaces. Pulling apart or physically separating one
nanotubes from another is done with a mixture of physical or chemical treatments, such
as the addition of surfactants, functionalization of the surface of the nanotubes, and
sonication for an extended amount of time.[*" 8- 121141 Figyre 1.10 shows an electrically
conductive carbon nanotubes/PS nanocomposite produced by direct mixing a suspension
of exfoliated MWNT and PS latex, followed by freeze drying the solution and
compression molding the resultant powder.!*® The resulting PS/MWNT nanocomposite is

a homogeneous polymer-composite with a well dispersed filler, the maximum
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conductivity and percolation of the PS/IMWNT composites ranged from 10 *° to 10 %2

S/mand 0.7 to 1.1 wt % MWNT respectively, depending on pressing conditions.*®!

. n h~

- = Py Y
Figure 1.10. SEM image of freeze dried PS/IMWNT powder, from an exfoliated
MWNT/latex PS solution. Part a) shows the microstructure for the PS/MWNT powder
after heating to 60°C, there is no apparent morphology change to the polymer. Part b)
displays powder heated to 100°C, the glass transition temperature of PS, the polymer
changes morphology.®®

-

Above the percolation threshold, typically 0.05 — 10 wt% CNT, CNT polymer-
composites have exceptional electrical conductivity.™ The percolation threshold in
nanotube polymer nanocomposites is altered by several nanotube characteristics: aspect
ratio™® dispersion!*®!, and alignment.® 0% 7. 1181 rigure 1,11 shows the electrical
conductivity of a SWNT/polycarbonate (PC) solution-processed composite as a function
of nanotube loading.*® These solution-blended composites, with loading above 0.3 wt %
and 3 wt % SWNT, are acceptable for applications in electrostatic painting and EMI
shielding, respectively.®® A MWNT/epoxy composite was found to have a decrease in
the percolation threshold concentration by a factor of eight by Bai and Allaoui,!*%®! when
the MWNT length was varied from 1 to 50 um. Research described by Z. Wang et. al.
describes a solution polymerizing technique for nanotube defloculation, where nanotubes

had an absorbed polymer layer providing better dispersion of nanotubes.*® PS/SWNT
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composites prepared by Z. Wang et. al. used a solution polymerization process to form
composites which had a minimum dc resistance of 2MQ.™! Figure 1.12 shows an SEM
micrograph of PS particles coated with SWNT by dissolving the PS in toluene and adding

the SWNT to the solution.™®
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Figure 1.11. Electrical conductivity of a solution-processed SWNT/polycarbonate
nanocomposite versus nanotube loading (wt% SWNT), which shows the percolation
threshol of these composites. The dashed lines separate the values of conductivity that the
composite must meet for use in EMI shielding, electrostatic painting, and electrostatic
discharge.k®

| 1 um

Figure 1.12. SEM micrograph displaying a PS/SWNT solution part a), where PS was
dissolved in toluene with SWNT added to the solution, and SEM micrograph at a higher
magnification, showing a network of SWNT on the PS surface.*®
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Exfoliated solution CNT-based nanocomposites have a high viscosity which
presents issues to the formation of composites when using polymer melt processing (a
dispersed filler microstructure).'# 119 1201 Achieving CNT/polymer nanocomposites with
high electrical conductivities and desirable rheological properties is a current challenge in
preparing these composites. A PS/MWNT composite with a randomly distributed
MWNT microstructure produced using shear mixing was found to have a minimum
surface resistivity at 10 Q/square.’® Cellular structures of phase-segregated SWNT
polymer nanocomposites with 0.5 wt% nanotube concentration, studied by Mu. et. al.,
had a conductivity of ~3 x 10 Q-cm.®¥! Figure 1.13 shows a phase-segregated
compression molded composite film with an ultrahigh molecular weight polyethylene
(UHMWPE) matrix and MWNT filler.® The nanotubes were placed in an alcohol
suspension and were then used to coat the UHMWPE, after which they were
compression molded into films.[*! Table 1.1 summarizes PS/CNT research in terms of
nanotube type and treatment, the solution used, the fabrication method, the percolation

threshold, and the maximum conductivity (o).

18



Table 1.1. The percolation threshold, fabrication method, nanotube treatment, suspension
solution, and maximum conductivity of MWNT/PS and SWNT/PS composites presented

by several references.

Fabrication Perc.
Treatment Solution Thresh. | omax (S/m) Ref.
Method
(wt%o)
PS/IMWNT
- Toluene Sonicated 0.5 10° @10wt% | [8]
. sps | rreezediedhot | g9 | 101 @owtee | [38]
pressed
Sonicated, hot 300
CsHgO Cs/Hs pressed <12 @25Wt% [121]
- - Extruded 0.45 [2]
HNO3, HCI - Sonicated 0.8 102 @2wt% | [122]
- CsHsO Sonicated, stirred 0.16 - [123]
PS/SWNT
- Chl?rr]ofor Sonicated, stirred 001; T | 107 @6wit% | [16]
i NMP Sonicated, dip- 0.4 i [103]
coated
Coated particle 10
HC ) process 05 @0.5wt% [89]
Sonicated, freeze
i SDS dried, hot pressed 0.5 (3]
Melted, vacuum
i ) oven dried 15 i [48]
Annealed CeH4Cl, Sonicated, stirred 0.44 - [124]
PEE-
functionalize CHCl3 Shaken, sonicated 0.05 7 @7wWt% [36]
d
Sonicated, 10°
- H,0, SDS centrifuged, hot 0.28 @L.5W1% [21]
pressed
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Figure 1.13. Optical micrograph showing the microstructure of a phase-segregated
compression molded ultrahigh molecular weight polyethylene (UHMWPE) composite
films with a 0.085 vol % concentration MWNT filler (above the percolation threshold).
The nanotubes were placed in an alcohol suspension with UHMWPE to coat the polymer
particles, after which the alcohol was evaporated and the mixture was compression
molded into a film."!

Nanotubes can be aligned in a composite during fabrication or after fabrication by
mechanical stretching!*?®, spin-casting'®, wet spinning, melt fiber spinning® ' and
electrospinning.'**"*#! Using an in-situ polymerization process in combination with the
application of an external magnetic field results in the alignment of nanotubes within the
polymer-matrix.l*®! The mechanical properties of nanotube enriched polymer composites
in general show a consistent trend that the tensile modulus and strength of such
composites increases with nanotube loading, dispersion, and alignment in the matrix. %
12,108,124, 1261 py et al. studied the alignment of nanotubes in a SWNT/PMMA composite,
controlling nanotubes alignment by varying the melt fiber spinning conditions.™" The

alignment in these studies was quantified by the full width at half-maximum (FWHM) of

SWNT form factor scattering, where less SWNT alignment corresponds to higher
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FWHM. Fixing the SWNT concentration (2 wt %) and varying the alignment of
nanotubes, it was found that the electrical conductivity parallel to the alignment direction

increased sharply with decreasing alignment, as shown in Figure 1.14.1**"]
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Figure 1.14. Electrical conductivity of a 2 wt % SWNT/PMMA composite along the
alignment direction with increasing nanotube isotropy. X-ray scattering is used to
determine nanotube alignment where FWHM = 0 is perfectly aligned and FWHM = 180
is isotropic.[*t]

1.2.2. Polymer Composites Filled with ITO

ITO nanoparticle/polymer composites have been rarely studied. The possible
applications of ITO/polymer composites are similar to CNT/polymer composites, while
adding exceptional optical transparency to these composites.l” 2 24 133 Flexible
ITO/polymer composites could be used as flexible transparent electrodes for electronics.
Phase segregated PMMA/ITO composites reported on by Capozzi et. al. were shown to
be transparent and electrically conductive.™ ?* 2* 28 Figure 1.15 shows a micrograph and
image of a PMMA/ITO composite with a PMMA particle size of 5 — 100 um and a

percolation threshold between 0.4 — 1.7 vol% ITO.? Polymer ITO composites fabricated
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via solution processing making transparent conductive films exhibit poor transparency

[134]

due to light scattering effects caused by the high ITO filler loadings.

Figure 1.15. PMMA/ITO composites with a phase segregated microstructure. In part a)
the cross sectional SEM image of a 0.83 vol% ITO PMMA-composite shows ITO
nanoparticles coating polyhedron shaped PMMA particles. In part b) the transmission
optical micrograph shows the transparent PMMA grains that are filled with ITO
nanoparticles at the grain boundaries.?®

ITO thin films on polymeric films themselves are a type of composite. In these
composites, the interplay between the microstructure and mechanical properties of
flexible transparent ITO thin films is a complex system. *31 [TO thin film use in flexible
electronics is problematic due to the brittle nature of ITO films when they are under
stress.*! Substrates for flexible organic light emitting devices (OLEDs) are multilayer
composite structures, they consist of a polymeric based substrate with various functional
coatings.”*”! The bending and reliability of the film is dependent on the fracture properties
of these extremely brittle films. ¥ The mechanical reliability of such films is controlled
by the interplay between process induced defects and residual film stresses, cohesive

properties and adhesive properties of the individual layers.*® Figure 1.16 shows an ITO

film loaded at a strain of 3.42% where the vertical lines are fracture lines.[***
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Figure 1.16. ITO film on a flexible substrate, loaded (along the horizontal direction) to a
stress of 3.42 %, showing a detrimental failure to the integrity of the electrical
conductivity of the film occurs which is seen in the vertical fracture lines of the film.*!

1.3. Background on Impedance Spectroscopy (IS) and Optical Transmission and

Absorbance

Impedance spectroscopy (IS) characterizes the frequency response of the voltage
(V) and current () as they relate to each other in phase space. Measuring the impedance
relates to finding the responses as a function of angular frequency, « = 2zf, which gives
the impedance magnitude |Z*|. The impedance vector is given by the following

relationship™":

|Z*| = V@) = Z'—-jZ" Equation 1.1
l(w)

Where Z’ is the real impedance response and Z’’ is the imaginary impedance.

The impedance response of composite materials can be modeled with equivalent
circuits that can be numerically fitted to the raw data.**”7 For example the resistor in
parallel with a capacitor circuit has an impedance response that is characterized by

Equation 1.2.137]
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-1
zZ* = [% +J a)Cl} Equation 1.2

Figure 1.17 shows a Nyquist plot of Equation 1.2 with R1 = 10 Om and C1 =1
pF. In a Nyquist plot the negative values of Z” are plotted versus Z’. In Figure 1.17 the

low frequency intercept of Z’’ with the Z’ axis is equal to the value of R1.

6000}
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Figure 1.17. Nyquist plot of a resistor in parallel with a capacitor where Equation 1.2
gives the impedance of this circuit. The circuit diagram in part a) is of a resistor in
parallel with a capacitor, also known as an RC parallel circuit. In part b) R1 is equal to
the intercept of Z** with Z’ in the low frequency region. The value of R1 = 10* Qm is

equivalent to this intersection.

The propagation of photon energy in the form of electromagnetic radiation
through atomic matter is impeded by absorption, scattering, reflected, and/or refracted.
Absorption occurs when energy is lost to molecular interactions that transfer photon

energy to phonon energy.r

Scattering describes the change in direction of
electromagnetic wave propagation by interaction with matter where the velocity of the
wave is not changed.”®® While refraction is similar to scattering, it is described by Snell’s

Law as shown in Equation 1-3-[95] Where @lncidence and @refraction, Vincidence and Vrefractions and
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Nincidence aNd Nrefraction are the angle of incidence and refraction, the velocity of incidence
and refraction, and the index of incidence and refraction respectively.

Slr'](9incidence — Vincidence — r]incidence Equation 1 3
sing, Vv n

refraction refraction refraction

The inline transmission of light can be measured for various wavelengths using a
spectrophotometer. The intensity or amplitude of the radiation before and after incidence
can be related to the absorbance coefficient using Beer-Lambert’s Law in Equation
1.4, where T is the transmittance, | and I, are the intensity after and before incidence

respectively, «’ is the absorbance coefficient, and I is the thickness of the material.

Equation 1.4.

The optical properties of composites are not well described by Beer-Lambert’s Law

due to the interface between the two constituent phases.[**®!

1.4. Research Objectives of Work Presented in this Thesis

This research will separate itself from the existing work on phase-segregated
composites by focusing on both the electrical and optical properties of PS-composites.
Combining ITO nanoparticles and MWNT as filler materials in any polymer-
nanocomposite, as well as PS/ITO, have never been studied. Previous work has looked at
phase segregated composites without considering the addition of a second filler
material.*" *° ¥ Although one example did mix CB and CNT in a polymer matrix to
enhance electrical properties, it did not focus on both optical properties and

[81]

conductivity. Phase-segregated composites with a large particulate transparent
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polymer matrix are also new to this research area. ITO nanoparticle fillers have been
studied in a PMMA matrix, but this research separates itself by combining two fillers to
create a mixed PS/ITO/MWNT composite. PS/ITO and PS/MWNT composites are
studied first in order to have a reference to compare the optical and electrical properties
of these composites and the mixed PS/ITO/MWNT composites. The differences in mixed
ITO/IMWNT PS-composites are characterized to determine the effect of the particle-
particle interactions that occur in the composite. The use of large PS grains is
advantageous because it will provide for a more transparent composite, while 1TO fillers
are predicted to maintain the optical properties of PS as well as add electrical
conductivity to the composite. The PS/ITO/MWNT composites are also theorized to be
optimal for opto-electronic applications due to the large grains of transparent phase in the
composite, as well as the low percolation threshold of filler that a phase-segregated
microstructure provides. Lowering the percolation threshold is expected to produce
composites with optimized conductivity and reduced scattering and absorbance of light.
Taking into consideration the expected properties of a PS/ITO/MWNT composite,

experiments were designed to verify the predicted results.
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CHAPTER 2

EXPERIMENTAL PROCEDURES

This chapter presents the materials used in the composite fabrication, the methods
of fabrication, and the techniques used to characterize the microstructure and properties
of the composites synthesized. The various combinations of materials and dimensions of
composites sets are outlined to organize this information for the reader. Fabrication
procedures for producing composites are explained. Further, microstructure and

properties characterization techniques utilized are described.

2.1 Materials

The materials chosen for this experiment were Short-Multi Wall carbon nanotubes
(MWNT), Indium Tin Oxide (ITO) nanopowders, and Polystyrene (PS). PS was chosen
as the matrix component of the composite materials. ITO and MWNT were chosen as
fillers for the composite. The PS was obtained from Polyone Distribution. PS particles
are cylindrical with average dimensions of height being 4 mm and the average dimension
of diameter being 2.8 mm. Three batches of ITO nanopowder were obtained from Sigma
Aldrich. The ITO types will be referred to as ITO #1, ITO #2, and ITO #3. Sigma Aldrich
reports that all three 1TO types have a size distribution less than 50 nm. Short MWNT
were obtained from Cheap Tubes Incorporated. The MWNT were CCVD grown and acid

purified, as well as shortened using an extrusion method. The MWNT manufacturer
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reports that the MWNT have an outer diameter of 8 — 15 nm, a length of 0.5 — 2.0 um, a

purity greater than 95 wt%, and an ash content less than 1.5 wt%.

2.1.1 Transmission Electron Microscopy of ITO and MWNT

Determination of MWNT and ITO particle size distribution was performed via
Transmission Electron Microscopy. Preparation of MWNT powder and ITO powders was
performed by ultrasonicating dilute solutions in chloroform. Powders were carefully
placed onto a perforated Carbon TEM grid. High magnification images were then
obtained with a JEOL 100CX Il TEM operating at 100kV at a magnification of
320,000X. TEM micrographs were analyzed to determine the average ITO particle sizes

and the average lengths and diameters of the MWNT.

2.1.2 DC Resistivity of ITO and MWNT powders

Two-wire dc resistance measurements were made on bulk powders of ITO and
MWNT, to determine the bulk resistivity of the powders separately and also when mixed.
A custom pressing die was used to ensure that the powders were compacted enough for a
true measure of the bulk resistivity.[?® The bulk powders were loaded into the custom
made nylon die cylinder, with a 10 mm inner diameter, then a two-wire connection was
made across the opposing stainless steel pistons. Figure 2.1a illustrates the custom
pressing die used for the two-wire dc resistance test.’®) The apparatus was placed into a
mechanical press and the dc resistance was measured at different compaction pressures.
To prevent shorting of the two-wires by touching the pressing plates, an insulating paper
sheet was placed between the piston ends and the pressing plates. The die cylinder used

was nylon to prevent a two wire short through the die.
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Figure 2.1. Diagram of the experimental setup for measuring bulk resistance of pressed
powders, a) a nylon sleeve die and tool steel die inserts for compacting powders, b) after
pressing force is set, dc resistance is measured by making electrical connection to the tool
steel insert arms./®!

Figure 2.1b shows the experimental two wire DC resistance setup for measuring
the powders bulk resistance. A two-wire DC resistance measurement was taken of 1TO
#1 powder separately, MWNT powder separately, and a mixture of ITO #1 and MWNT.
The bulk powders loaded into the die had a mass of 0.3 g for three different
compositions: 100 wt% ITO, a mixture of 59 wt% ITO and 41 wt % MWNT, and 100
wt% MWNT. The resistance of the bulk powders was measured at pressures between 50-
370 MPa using a Fluke 8840A multimeter. To find the conductivity of the bulk powders,

the resistance of an empty cell was found first. The difference of the empty cell resistance

and the measured resistance was taken as the dc resistance through the compacted
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powders. The diameter of the die and the thickness of the compacted powders were used

to convert the dc resistance to conductivity.

2.2 Composite Preparation

PS-composite fabrication required several steps: mixing different compositions,
loading a compaction press, and compression molding at various temperatures and loads.
The prescribed combination and concentration of MWNT and ITO were mixed with the
PS by mechanical mixing in air. Seven composite sets were made, with variations in
processing parameters of thickness, filler type, and concentrations. PS-composite sets are
differentiated by filler type or types as well as the composites thickness. To avoid
confusion when presenting results PS-composite sets will be referred to by a
corresponding Roman numeral. The filler types, concentrations, and thicknesses of all
composite sets fabricated are summarized in Table 2.1.

Prepared mixtures were weighed out, mixed and then placed into the compaction
press. Composites were hot pressed into their rigid form using a Struers Prontopress-2.
All composites formed a rigid disc with a constant diameter, and a variable thickness.
Thickness was controlled by using either 1.5 g or 2.5 g of mixed material, the 1.5 g of
mixture when pressed had a ~2 mm thickness and 2.5 g of mixture had a ~3 mm
thickness. These values are approximate, as the actual thickness varied by £0.3 mm. The
mass of the mixture to be pressed varied somewhat due to the large particle size of the
PS, and accounts for the measured tolerance in thickness. All composite sets were

prepared by heating the press to 160 °C at a pressure of 4 MPa for 2 minutes, the pressure
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was then increased to 25 MPa for 13 minutes. Following the pressing of the composite,
the press cylinder was cooled to room temperature by flowing water through the chamber
for 6 minutes. The pressing temperature, pressing pressure, heating time, and cooling
time were all manually set using the knobs on the press. To add experimental validity to
both electrical and optical characterization, at least three identical composites were made
for each concentration within each set. Having multiple samples prepared provides
statistical data to the experiments and allows the determination of averages and standard
deviations that can account for experimental error.

Table 2.1. Summary of PS-composite sets produced that shows which filler material was

used, the concentration range, and the approximate thickness of the fabricated
composites.

. Concentrations | Thickness
Set Filler Type
yp (phr) (mm)
I ITO#1 0.001-0.6 2
1| ITO #1 0.001-0.6 3
1 ITO #2 0.001-1.0 3
v ITO #3 0.001-1.0 3
V MWNT 0.001-0.13 2
VI MWNT 0.007 - 0.07 3
VII MWNT 0.007 - 0.07 3
0.071TO, 0.01 -
VI | ITO #1, MWNT 0.1 MWNT 2
0.071TO, 0.01 -
IX | ITO#1, MWNT 0.1 MWNT 3
0.007 MWNT,
X ITO #1, MWNT 001-04ITO 2
0.007 MWNT,
Xl | ITO#1, MWNT 0.008 - 0.4 ITO 3

PS-composite concentrations were measured in a filler material to composite

material ratio called “parts per hundred resin” (phr), which is similar to weight percent.
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For example 0.01 phr is equivalent to 1 mg of filler material for every 10 g of matrix
material. Table 2.2 shows the conversion between phr, which means “parts per hundred
resin,” and vol% for all concentrations used for the different composite types. Values of

density used for conversion were as follows: p ps = 1.0446 g/ cm®, p mwnt = 1.3 g/ cm?,

and p im0 =7.12 g/ cm®.

Table 2.2. Concentration in “phr” converted to “vol %” of MWNT and ITO fillers in
MWNT composites, ITO composites, and combined MWNT and ITO composites.

MWNT . Mixed Filler Composites MWNT and
Composites ITO Composites ITO
hr hr vol % vol %
phr | volos | phr | vol% |\l | TS | wNT | 1o
0.001 0.001 0.001 | 0.00015| 0.01 0.07 0.0080 | 0.0103
0.005 0.004 0.01 0.00147 | 0.03 0.07 0.0241 | 0.0103
0.007 0.006 0.04 0.00587 | 0.06 0.07 0.0481 | 0.0103
0.01 0.008 0.045 0.0066 0.1 0.07 0.0802 | 0.0103
0.015 0.012 0.07 0.01027 | 0.007 0.008 0.0056 | 0.0012
0.02 0.016 0.09 0.0132 | 0.007 0.01 0.0056 | 0.0015
0.03 0.024 0.11 0.01614 | 0.007 0.012 0.0056 | 0.0018
0.035 0.028 0.13 0.01907 | 0.007 0.05 0.0056 | 0.0073
0.05 0.040 0.15 0.022 | 0.007 0.1 0.0056 | 0.0293
0.07 0.056 0.2 0.02933 | 0.007 0.3 0.0056 | 0.0440
0.1 0.080 0.31 0.04546 | 0.007 0.4 0.0056 | 0.0586
0.13 0.104 0.6 0.08795 - - -
- - 1 0.1465

A separate set of PS-composites was made to compare the difference between a
composite with an ordered grain structure and a composite with a disordered grain
structure. PS particles have a cylindrical shape, which allowed particles to be oriented
preferentially before pressing to create an ordered composite, particles were oriented

either parallel or perpendicular to the pressing surface. Composites with a parallel
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orientation were made by orienting the length direction of PS particles parallel to the
surface of the pressing ram. Composites with a perpendicular orientation were made by
orienting the axis of the PS particle perpendicular to the plane of the pressing surface.

A perpendicular orientation has the axis of the beads cylinder oriented
perpendicular to the plane of the pressing surface. A total of four PS-composites were
made for comparing the effect of aligned grains versus disordered grains. PS-composites
with ordered and disordered structures had a fixed MWNT concentration of 0.015 phr for

better comparison.

2.3 Impedance Spectroscopy Characterization

Impedance spectroscopy was used to measure the electrical properties of the PS-
composites. The impedance equipment used was a Solartron SI 1260 interfaced with a
Solartron 1296 Dielectric Interface. Initial measurements were made in the frequency
range of 10 to 10" Hz with an ac voltage of 0.1 V. All composite sets were measured 1 —
3 days after fabrication.

Preparation of samples for impedance measurements required applying high
purity silver paint (SPI Supplies) to both sides of the PS-composite. Silver electrodes
ensure that a true bulk conductivity measurement is made, as well as providing consistent
electrical contact. Solvents in the paint were allowed to dry for one day. Flat aluminum
electrodes were positioned on each side of the silvered composite and clamped to ensure
constant contact. Impedance data resulted in a semicircle in the impedance plane, as

similarly shown in Figure 1.17. In some cases the semicircles were incomplete and in
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others, there were two consecutive semicircles. DC resistance of a composite with a
complete semicircle was taken from the intercept of the imaginary impedance (Z’”) on
the real impedance (Z) axis.**”] Composites with an incomplete semicircle, which have a
strong insulating behavior, were fitted to a least squares model to complete the
semicircle. The modeled semicircle is used to find the intercept of Z*’ to the Z’ axis, to
determine the dc resistance. The dc resistance was converted to resistivity using Equation
l.[95]

p=A-R, [t Equation 1.

In Equation 1 the area of the composite electrode surface is A, the thickness of the

composite is t, and the dc resistance obtained from the impedance plot is Ryc.[*
Impedance measurements on composites were performed initially a few days after
fabrication. Additional impedance measurements were carried out again after 6 — 11
months for PS/ITO (sets I, 1), PSIMWNT (sets V, V1), and PS/ITO/MWNT (sets I, 11, V,
VI, and VIII — XI) composites. A newer composite set VII (containing MWNT) had
impedance measurements carried out every two to three weeks to detect changes in
impedance over shorter periods of time. The effect of the amplitude of the ac voltage was
also studied. AC voltage effects were characterized by varying the ac voltage during
measurement. The effect of a varying dc bias on the second impedance semicircle was
also studied. For ac voltage effect experiments, impedance was measured using ac

amplitudes of 0.1V and 1V, dc bias amplitudes of 0.1 V, 0.5 V, and 1V, and a frequency

range of 10 to 10° Hz.
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2.4 Optical Characterization

Optical transmittance through the PS-composite was measured using a Beckman
DU-640 spectrophotometer with a spot size of 2 mm? at a scan speed of 1200 nm/min
between 200 nm and 1000 nm. Air was taken as the reference for the spectrophotometer.
Prior to the measurement, excess filler material from the surface of the composite was
removed. The composite was polished to ensure that the optical properties being
characterized were representative of the composites microstructure and not the rough
surface of the composite. Grinding the surface of the composite with abrasive 800 grit
paper was performed to remove excess filler. Polishing was done with abrasive paper
with grit sizes of 1200, 2400, and finally a 1 um alumina slurry polish on a polishing pad.
Transmittance was measured perpendicular to the flat side of the composite or through
the thickness of the composite.

2.5 Microscopy Experiments

Optical micrographs of PS-composites were acquired in order to characterize the
composites microstructure. Some images were taken with no magnification with a digital
camera. Optical microscopy investigation of the composites surface and fracture surface
were taken at magnifications of 10 x. Optical micrographs were acquired with a XSB 411
microscope. Composites were fractured through the thickness by hand. Fracture surface
micrographs were inspected to determine the fracture behavior of the composite and
properties of its microstructure. Additional optical Keyence micrographs with high depth

resolution were taken with a Keyence VHX-600 digital microscope.
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CHAPTER 3

RESULTS

This chapter presents the results of the experiments described in Chapter 2. The
characterization of filler materials is reported first, followed by the results of
characterization of the composite materials. Specifically, the ITO and MWNT particle
sizes are reported, along with the bulk powder resistivities. PS-composite properties are
reported in sections corresponding to filler type. The time-dependent and voltage-
dependent impedance behavior of composites is also reported. Optical and Keyence
micrographs are presented illustrating the microstructure of the composites. Fracture
surface micrographs are presented with a description of the composite’s resulting fracture

behavior.

3.1 Properties of ITO and MWNT Filler Materials

Filler material particle size and bulk resistivity are reported in this section.
Characterization shows differences in properties and structure between the filler types.
Figure 3.1 shows high magnification TEM images of ITO nanoparticles; from different
batches: ITO #1, #2, and #3. Transmission electron micrographs determine that the size
of ITO nanoparticles varies between ITO filler type. Inspection of the TEM micrographs
in Figures 3.1a, 3.1b, and 3.1c of different ITO nanoparticles, shows that there is a
bimodal distribution of crystalline ITO particles. The particles for ITO #1 (Figure 3.1a)

are either spherical with a size of 10 — 20 nm or flat edge crystals with a size of 50 — 100
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nm. The particles for ITO #2 (Figure 3.1b) are either spherical with a size of 5 - 25 nm or
flat edge crystals with a size of 40 — 100 nm. The particles for ITO #3 (Figure 3.1c) are

either spherical with a size of 4 — 20 nm or flat edge crystals with a size of 40 — 100 nm.

Figure 3.1. TEM micrographs of different ITO nanoparticle fillers, a) ITO #1, b) ITO #2,
and c) ITO #3.1%

Figure 3.2 is a TEM micrograph of dispersed MWNT filler material. The MWNT
micrograph shows the outer diameter of the MWNT filler ranges from 8 — 15 nm and a
length ranging from 0.5 — 2.0 um. The MWNT TEM micrograph shows that the MWNT

are purified (no inclusions are apparent).
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Figure 3.2. TEM micrograph of MWNT filler.[*"!

Bulk resistivity values for ITO and MWNT, both pure and mixed, vary with
weight percent and compaction pressure. Compacted powders form a brittle disk
compact. The resistivity versus MWNT weight percent curve for the mixed ITO/MWNT
powders (ITO #1) is reported in Figure 3.3, where the separate curves represent the
pressing load. Increasing compaction pressure results in a decrease in the resistivity of the
powders. Increases in compaction pressure decrease the 100 wt % ITO/ 0 wt % MWNT
mixture’s resistivity value by a larger factor (compared to the pressure induced change in
resistivity for the mixtures containing MWNT which show essentially no dependence on

pressure).
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Figure 3.3. Graph of resistivity for ITO/MWNT powder mixtures plotted versus wt. %
MWNT, at pressing forces of 1, 2, and 3 tons.

3.2 PS Composites Filled with ITO

ITO and PS composites are optically transparent and electrically conducting. An
example of a PS composite filled with ITO is shown in Figure 3.4, where the composite
is transparent. In Figure 3.4, an image of a 0.11 phr ITO composite (set 1) shows the
phase segregation of the filler in the composite, the ITO filler resembles wires or curved

lines that surround the PS grains.

Figure 3.4. Image of a phase segregated PS 0.11 phr ITO composite (set I, ~2 mm).
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3.2.1 Impedance Results

PS-composites filled with ITO are conducting after fabrication. Figure 3.5 shows
the normalized Nyquist plots (-p >’ vs. p ) for PS/ITO composites (set II) with ITO #1
filler. The impedance response shows a semicircle in the graph’s first quadrant when
plotted in a Nyquist plot. The Nyquist plots in Figure 3.5a, b, and ¢ show that the real and
imaginary impedance decrease with increases in ITO concentration. Similar results are
obtained for ITO composite sets (I - IV) with ITO #1, 2, and 3, and ~ 2 mm and ~ 3 mm
thickness, where a decreasing semicircle size occurs for increases in ITO concentration.

Certain PS/ITO composite samples have a tail in the low frequency region of the
impedance semicircle, seen in Figure 3.5b and 3.5c. At low frequencies, insulating
composite samples have noise or unexpected fluctuations in the impedance data
measured, shown in Figure 3.5a.

The average resistivity for 3mm ITO composites with ITO #1, #2, and #3 are
compared in Figure 3.6. The percolation threshold is shown to vary with the different
ITO filler types. Percolation for ITO #1 occurs at 0.15 phr or 0.022 vol%, for ITO #2 the
percolation threshold is 0.25 phr or 0.036 vol%, and ITO #3 has a percolation threshold at
0.3 phr or 0.044 vol%. Minimum resistivity values for ~3 mm ITO composites (sets I,
111, and 1V) are 1.5 x 10 Q m for ITO #1, 1.2 x 10° Q m for ITO #2, and 1.1 x 10° Q m

for ITO #3.
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Figure 3.5. Nyquist plots for various concentration of ~3 mm thick ITO/PS composites

from set 1. Parts (a), (b), and (c) show the -p’’ vs. p’ of the same composites at different
magnifications.
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Figure 3.6. Average log resistivity versus concentration for ~3 mm thick ITO composites
in (a) set I, ITO filler #1, (b) set I, ITO filler #2, and (c) set I1, ITO filler #3.

ITO composite resistivity at high concentrations varies by ITO type. The Nyquist
plots of real and imaginary resistivity for three 0.6 phr ITO PS-composites (sets I, IlI,
and 1V), with ITO #1, ITO #2, and ITO #3, are shown in Figure 3.7. The dc resistivity of
0.6 phr ITO PS-composites, determined from impedance measurements, of different ITO
types varies. The impedance response determined that the 0.6 phr ITO PS-composites
with ITO #3 have a lower minimum resistivity (2.1 x 10* Q m), than the composite made
with ITO #1 (3.15 x 10* Q m). The 0.6 phr ITO composite with ITO #2 has the relatively

highest minimum resistivity (2.5 x 10°> Q m).
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Figure 3.7. Nyquist plots for ~3 mm thick 0.6 phr ITO PS-composites (set I, 11, and V)

with ITO #1, ITO #2, and ITO #3 respectively. Bottom figure (part (b)) is a magnified
image of figure part (a) on top.

The log of average resistivity versus the log of concentration for ~ 2 mm thick
ITO/PS composites (set 1) is shown in Figure 3.8. Error bars show the standard deviation
from averaging measurements from at least three different composites at each
composition. The percolation threshold for ITO composites set | was found to be 0.15 phr
or 0.022 vol % ITO. The standard deviation of the average resistivity is larger in
magnitude at concentrations below 0.2 phr. The average resistivity of a composite
fluctuates between consecutive composite concentrations, for composite concentrations

below the percolation threshold. For composites with concentrations above the
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percolation threshold, the average resistivity reaches an approximately constant minimum
value of 3.7 x 10" Q m, which is about six orders of magnitude smaller than the resistivity
of pure PS. The thickness of the sample also affects the resistivity of the composites with

the same ITO type (ITO #1).
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Figure 3.8. Average log resistivity versus concentration for 2mm and 3mm ITO
composites filled with ITO #1.

3.2.2 Optical Properties

Composites filled with ITO remain transparent in the visible range after pressing as
shown in Figure 3.4. The ITO filler type has an effect on the optical properties of the
composites as well. ITO filler type changes the appearance of composites with the same
composition, Figure 3.9 is a side by side comparison of composites with equal

concentration and different ITO type.
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Figure 3.9. Images of 0.3 phr ITO composites sets II, I11, and V.

ITO composites also show a change in the degree of transparency with variation
of ITO concentration. Figure 3.10 shows plots of percent transmission of light versus
wavelength for ITO composites (set Il) containing ITO #1 as a function of ITO
concentration. It is clear that as the ITO concentration increases, the percent
transmittance decreases. Figure 3.11 shows the percent transmission of light versus
concentration at a 600 nm wavelength for ITO composites in set Il. Increases in ITO
concentration result in a decrease in percent transmission of light through the composite

at a given wavelength.
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@ — — 0.11 phr
S 0.15 phr
= 407 0.20 phr
N
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Figure 3.10. Percent transmission versus wavelength for ITO/PS composites (set Il, ITO
#1) with various ITO concentrations.
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Figure 3.11. Plot of averaged percent transmission versus concentration for ITO/PS
composites (set I, ITO #1) at a 600 nm wavelength.

3.3 PS Composites Filled with MWNT

This section presents data from electrical and optical characterization of MWNT
filled PS composites. Composites filled with MWNT are electrically conducting and
transparent. However, these properties also vary with composition and thickness of the
composite. Nyquist plots of varying MWNT concentration are shown. The average
resistivity and corresponding percolation threshold is determined for the various
composite sets. Optical properties are determined from the data from spectrophotometry

characterization.

3.3.1 Impedance Results

Electrical properties of PS composites filled with MWNT (sets V — VII) are
presented in this section. Impedance spectroscopy Nyquist plots of MWNT/PS
composites indicate that composites have a resistance and capacitance behavior similar to

what was observed for ITO/PS composites. Insulating composites have an impedance
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response that is approximately equivalent to only a capacitor. Nyquist plots for composite
set V with various concentrations are shown in Figure 3.12. The impedance semicircle in
the complex impedance plane diminishes in magnitude with increases in concentration of
MWNT.

Figure 3.13 shows the average resistivity data for MWNT composite sets V and
VI, where set V has a 2 mm thickness and set VI has a 3 mm thickness. The percolation
threshold for both composite sets is 0.01 phr or 0.07 vol%. The resistivity of ~2 mm thick
MWNT composites (set V) in Figure 3.13 decreases in magnitude from 10% * **° to
10°*%2 O m as MWNT concentration increases. The resistivity of ~3 mm thick MWNT
composites (set V1) in Figure 3.13 has a maximum of 10% Q m and a minimum of 10° Q
m. It is clear that the thickness of the composite affects the composition below the
percolation threshold more strongly than those above the percolation threshold.

MWNT/PS composites with an ordered segregated structure showed differences
in electrical response from disordered structures. These composites all contain the same
concentration of 0.015 phr MWNT. Composites with ordered structures have PS pellets
oriented either perpendicular or parallel to the composite’s surface. Composites with
disordered structures have PS pellets randomly oriented with respect to the pressing
direction. PS grains ordered parallel to the pressing direction have a structure as shown in
Figure 3.14a. The area of MWNT percolation networks contacting the composite’s
surface is higher for ordered composites compared to disordered composites. A
composite with grains oriented perpendicular to the surface is shown in Figure 3.14c.
Composites with an equivalent number of PS grains to the ordered composites are shown

in Figures 3.14b and 3.14d.
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Figure 3.12. Nyquist plots for MWNT/PS composite set V with ~2 mm thickness, with
plots for various concentrations at three different magnifications.
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Figure 3.13. MWNT/PS composite average resistivity versus MWNT concentration for
composite sets V with a thickness of 2 mm and VI with a thickness of 3 mm.
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Random

Figure 3.14. Images of ordered (a, ¢) and random (b, d) MWNT network structures in
samples containing the same amount of MWNT, 0.015 phr (a) 57 grains with beads
parallel to pressing surface (1.5 mm thickness), (b) 57 grains with random orientation
(1.55 mm thickness), (c) 99 grains with perpendicular orientation to pressing surface
(2.93 mm thickness), (d) 99 grains with random orientation (2.89 mm thickness).

Composites with ordered grains have a lower resistivity than composites with
disordered grains. Figure 3.15 shows the impedance response of a composite ordered
parallel with respect to the thickness and the impedance response of an equivalent
disordered composite. Figure 3.16 shows the difference in impedance of a composite
ordered perpendicular with respect to the thickness and an equivalent disordered
composite. In both Figure 3.15 and Figure 3.16 ordered composites have a lower dc

resistance than disordered composites.
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Figure 3.15. Nyquist plots for parallel ordered and equivalent disordered MWNT/PS
composites with 57 PS grains whose microstructures were shown in Figure 3.14 a and b:
() larger scale showing impedance for the disordered composite, (b) smaller scale
showing impedance for the ordered composite.
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Figure 3.16. Nyquist plots for perpendicular ordered and for an equivalent disordered
MWNT composites with 99 PS grains. Microstructures were shown in Figure 3.14 ¢ and
d respectively.

3.3.2 Optical Properties

Composites filled with MWNT are transparent and percent transmission of light
decreases as filler material concentration increases. Figure 3.17 depicts micrographs
illustrating grain boundaries with equal composition showing the various junctions

composites make and how the nanotubes agglomerates form at the boundaries.

Figure 3.17. Transmission optical micrographs of MWNT/PS composites containing a
0.015 phr concentration of MWNT that were ordered perpendicular to the composites’
surface.

51



Figure 3.18 displays the optical spectrophotometry data showing percent
transmission of light over changes in wavelength. Increasing the MWNT concentration in

the composite causes the percent transmission to decrease as expected.

MWNT Concentration

g 807 —— PwrePS

E G0 1 T s 0.007 phr

s | L T 0.01 phr

g2 40 - — 0.02 phr

= 0.035 phr
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0 . . . .
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Figure 3.18. Percent transmission versus wavelength for 3mm MWNT/PS composite set
VI, plots are shown as a function of MWNT concentration.

Figure 3.19 shows the percent transmission data at a wavelength of 600 nm. The
trend of diminishing percent transmission with increasing MWNT concentration is shown
in Figure 3.19. It is interesting that the 0.02 phr MWNT composite has a higher percent

transmission than the 0.01 phr MWNT composite.
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Figure 3.19. Average percent transmission versus concentration at a wavelength of 600
nm for a 3mm thick MWNT/PS composite.

3.4 PS Composites Filled with ITO and MWNT

The electrical and optical properties of PS composites with combined ITO and
MWNT fillers are reported in this section. The combination of filler materials results in
electrical and optical properties similar to those obtained for the ITO/PS composites and
MWNT/PS composites separately. PS composites containing mixed ITO/MWNT are
electrically conducting and transparent; these properties vary with composition and
composite thickness. Spectrophotometry data for mixed ITO/MWNT/PS composites

suggests that there are trends in percent transmission due to composition changes.

3.4.1 Impedance Results

Electrical properties of mixed ITO/MWNT PS-composites (sets VIII — XI) as
determined by impedance spectroscopy are presented in this section. Figure 3.20 depicts
the Nyquist plot for mixed ITO/MWNT PS-composite (~3 mm) set XI with a constant
0.007 phr concentration of MWNT. The impedance response is equivalent to a RC

parallel circuit. Samples containing low concentrations of ITO have semicircles that are
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incomplete. Composites with an incomplete semicircle are more insulating. Figure 3.20
indicates that the size of the impedance semicircle decreases with increasing ITO
concentration. An impedance decrease associated with increasing ITO concentration is
also seen in ~2 mm mixed ITO/MWNT PS-composites (set X, constant 0.007 phr
MWNT), this data is not shown. Both ~2 mm and ~3 mm mixed ITO/MWNT PS-
composites (set VIII and IX respectively) with a constant concentration of 0.07 phr ITO,
where the MWNT concentration is varied, also have a similar impedance response
compared to mixed ITO/MWNT PS-composites with a constant concentration of 0.007
phr MWNT, as shown in Figure 3.20.

The log of average resistivity as it relates to the log of concentration of mixed
fillers for ~2 mm and ~3 mm mixed ITO/MWNT PS-composite (sets VIII and IX
respectively) with a constant concentration of 0.07 phr ITO, are shown in Figure 3.21.
The average resistivity for 3 mm composites (set 1X) is smaller in value compared to 2
mm thick composites (set VIII), which was determined from Figure 3.21. There is no
definable percolation threshold for the measured composition range. Increasing the
concentration of MWNT reduces the average resistivity of mixed ITO/MWNT composite
sets VIl and IX (~ 2 mm and ~ 3 mm respectively) with a constant concentration of 0.07

phr ITO.
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Figure 3.20. Nyquist plots for ~3 mm mixed ITO/MWNT PS-composite set XI where
MWNT concentration is held constant at 0.007 phr, and ITO content is varied as shown

in the legend. Notice the scale change from plots (a) through (c).

55



14
Constant 0.07 phe ITO

—{7— 2

12 ¢

—— 3mn
10

log [p (Q m)]

1] ' ' —————
0.001 0.01 0.1
log concentration MWNT (pla)

Figure 3.21. Plots of log resistivity versus log MWNT concentration, for ~2 mm and ~3
mm mixed ITO/MWNT PS-composites with a constant concentration of 0.07 phr ITO
(sets V11 and IX respectively).

Figure 3.22 plots the log of average resistivity versus the log of concentration of
~2 mm and ~3 mm mixed ITO/MWNT PS-composites with a constant concentration of
0.07 phr ITO (sets VIII and XI respectively). Varying the concentration of ITO while
keeping the concentration of MWNT constant at 0.007 phr, in mixed ITO/MWNT PS-
composites (sets X and XI, ~ 2 mm and ~ 3 mm respectively), changes the average
resistivity, but not in a definable trend. Composite thickness changes the average
resistivity of mixed ITO/MWNT PS-composites with a constant concentration of 0.007
phr MWNT (sets X and XI, ~ 2 mm and ~ 3 mm respectively). Specifically, the
resistivity of ~2 mm PS-composites is higher than that of PS-composites with a ~3 mm

thickness. It is noteworthy that the composites in set XI (~3 mm, constant 0.007 phr

MWNT) with a 0.01 phr ITO concentration have a lower average resistivity value
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compared to composites containing 0.008 phr ITO and 0.012 phr ITO. Error bars are as

shown.
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Figure 3.22. Plots of log resistivity versus log ITO concentration, for ~2 mm and ~3 mm
mixed ITO/MWNT PS-composites with a constant concentration of 0.007 phr MWNT
(sets X and XI respectively).

3.4.2 Optical Properties

Figure 3.23 displays the optical spectrophotometer data plotted as percent
transmission of light over a wavelength range for ~2 mm mixed ITO/MWNT
PS/composite with a constant concentration of 0.07 phr ITO (set VIII). Increasing the
concentration of MWNT, the composite shows no obvious trend in the percent
transmission of the composites. Figure 3.24 plots the percent transmission of light over a
wavelength range for composite set X (~2 mm) with a constant concentration of 0.007

phr MWNT.
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Figure 3.23. Graph of percent transmission versus wavelength for mixed ITO/MWNT
PS-composite set VIII (~2 mm, constant 0.07 phr ITO) as a function of MWNT
concentration.
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Figure 3.24. Graph of percent transmission versus wavelength for mixed ITO/MWNT
PS-composite set X (~2 mm, constant 0.007 phr MWNT) as a function of ITO
concentration.

Figure 3.25 shows the percent transmission value at a single wavelength of 600

nm for mixed ITO/MWNT PS-composite set VIII (~2 mm, constant 0.07 phr ITO) as a
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function of MWNT concentration and for mixed ITO/MWNT PS-composite set X (~2

mm, constant 0.007 phr MWNT) as a function of ITO concentration.
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Figure 3.25. Percent transmission versus concentration at 600 nm wavelength for ~2mm
mixed ITO/MWNT PS-composites: set VIII (constant 0.07 phr ITO) with varying
MWNT filler concentration and set X (constant 0.007 MWNT) with varying ITO filler
concentration).

3.5 Time and Voltage Dependence of Impedance

This section reports the changes in impedance response due to measuring the
impedance again after a period of several weeks or months, and due to varying the ac and
dc voltage while measuring the impedance. Impedance measurements of composites
containing MWNT, measured weeks or months after the initial measurements, show a
time dependent impedance response which is not observed for the PS-composites
containing ITO only. The average resistivity of the composites decreases when measured

after a time has elapsed between the initial measurements and the consecutive ones.
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The time dependent impedance response is determined by comparison of Nyquist
plots of initial and subsequent impedance measurements. Figure 3.26 depicts the Nyquist
plots of the initial impedance response (post-fabrication) and the response measured after
eight months of a 0.007 phr MWNT PS-composite (~3 mm, set VI). The latter
measurement shows that the dc resistivity decreased by four orders of magnitude. The

subsequent measurement in Figure 3.26 has a second semicircle, the initial measurement

did not.
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Figure 3.26. Nyquist plots of initial and subsequent (after eight months) impedance
measurements of a 0.007 phr MWNT PS-composite (set VI), shown at different
magnifications.

Figure 3.27 shows the effect of varying ac and dc voltage on the impedance
response of a 0.007 phr MWNT PS-composite (~3 mm, set VI), eight months post
fabrication. Increases in the ac or dc voltage parameter for impedance measurements

made in Figure 3.27 causes the size of the second semicircle to decrease. AC or dc

voltage variations in impedance measurements on a 0.007 phr MWNT PS-composite (~3
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mm, set V1) do not affect the high frequency semicircle response. At an ac voltage of 1 V

and a dc bias of 5 V the second semicircle substantially decreases.

e 01VAC
-30x108
—_ vesessecaa, o 05VAC
£ -20x10° 02850000004, ceq, v 1O0VAC
= -10x10° ey o
0 ; .
0 50x10° 100x108 150x10°
e 00VDC
-30x10° o 1.0VDC
T -20x108 50v DC
a
= -10x10°
Qa
0 .
100x108 150x108

p' (Qm)
Figure 3.27. Nyquist plots of a 0.007 phr MWNT PS-composite (~3 mm, set VI)
measured eight months post fabrication. Impedance measurements are shown as a
function of a) ac applied voltage and b) dc applied voltage.

Figure 3.28 displays the plots of the log average resistivity versus concentration
for MWNT PS-composite set VI (~3 mm thickness with varying MWNT concentration)
comparing the initial impedance measurements and the latter measurement made after
eight months. The average resistivity decreases by one to two orders of magnitude for
subsequent measurements. At the highest filler content, i.e. 0.07 phr MWNT, the average

resistivity remains approximately constant for the subsequent measurement.
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Figure 3.28. Log average resistivity versus concentration plots for MWNT PS-composite
set VI (~3 mm, with varying MWNT concentration) determined by initial and eight
month subsequent impedance measurements.

Figure 3.29 depicts the plots of the log average resistivity versus concentration for
MWNT PS-composite set V (~2 mm, with varying MWNT concentration) determined by
the initial impedance measurements and by the nine month subsequent impedance
measurements. The average resistivity decreases 1.5 — 80 times for subsequent

measurements. The 0.007 phr MWNT composite’s (set V) average resistivity remains

approximately constant.

62



—{F Initial
! —&— 9 months

log[ p (2 m)]

0 T T T T T T T
0 001 002 003 004 005 006 007 0.08

concentration MWNT (phr)

Figure 3.29. Log average resistivity versus concentration plots for MWNT PS-composite
set V (~2 mm, with varying MWNT concentration) determined by initial and nine month
subsequent impedance measurements.

A new set of MWNT PS-composites was fabricated after the discovery described
above. The changes in electrical response were measured as a function of time over a
much shorter time lapse. Figure 3.30 displays the plots of the log average resistivity
versus concentration for composite set VIl determined by the impedance measurements
taken at 0, 2, 4, and 6 weeks. From weeks 0 to 2, 2 to 4, and 4 to 6 the average resistivity
decreases 8, 2.5, and 16 times respectively for the 0.01 phr MWNT PS-composite’s (set
V). The 0.02, 0.035, 0.05, and 0.07 phr MWNT PS-composite’s (set V) average

resistivity remains approximately constant. After 14 weeks the MWNT PS-composites

had an electrical response similar to the response of week 6.
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Figure 3.30. Log average resistivity versus concentration for MWNT/PS composites (set
VI1) measured at 2 week time intervals and also 14 weeks after fabrication.

3.6 Keyence Micrographs and Fracture Surfaces

This section shows Keyence micrographs of conducting planes of filler material
and optical micrographs of fractured PS-composites. Figure 3.31 shows Keyence
micrographs at different magnifications of a 0.07 phr ITO PS-composite (set I), where the
respective magnification of the micrograph is notated: part a) 25x, b) and ¢) 100x, and d)
and e) 200x . In Figure 3.31b ITO agglomeration appears highly concentrated at grain
edges. Figure 3.32 shows Keyence micrographs at different magnifications of a 0.07 phr
MWNT composite (set V): part a) 25x, b) 100x, and c) 100x. In Figure 3.32b the
curvature of the grain boundary layer can be seen, as well as the agglomeration of

MWNT that are dispersed on the boundaries surface. Figure 3.33 shows Keyence
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micrographs at different magnifications of a mixed 0.01 MWNT / 0.07 phr ITO PS-
composite (~2 mm, set VIII). In Figure 3.33 part a), b), and c) the magnification of the

micrograph is 25x, 100x, and 200x respectively in the image.

Figure 3.31. Keyence micrographs at different magnifications of a 0.07 phr ITO PS-
composite (~2 mm, set 1), showing the agglomeration of filler at grain edges, a) 25x, b)
100x, c) 100x, d) 200x, and e) 200x
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Figure 3.32. Keyence micrographs at different magnifications of a 0.07 phr MWNT PS-
composite (~2 mm, set V), showing the meeting of conducting planes and nanotube
agglomeration at the PS grain edges, a) 25x, b) 100x, and ¢) 100x

|

Figure 3.33. Keyence micrograph at different magnifications of a mixed 0.01 MWNT /
0.07 phr ITO PS-composite (~2 mm, set VIII), showing the agglomeration of ITO and
MWNT on grain boundary planes and edges, a) 25x, b) 100x, and ¢) and 100x

Fractured ITO composites broke at areas of applied pressure and not at boundaries

between PS-grains. Figure 3.34 shows various fracture surfaces for MWNT composites

with a 2 mm thickness at increasing concentrations. Figure 3.35 shows various fracture
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surfaces for ITO composites with ITO #1 and a 2 mm thickness at increasing

concentrations. The fracture surfaces have striations resembling a series of waves.

Figure 3.34. Optical micrographs of the fracture surfaces of PS-composites with MWNT
filler at concentrations of a) 0.005 phr, b) 0.007 phr, ¢) 0.01 phr, d) 0.05 phr, and €) 0.07
phr
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Figure 3.35. Optical micrographs of the fracture surfaces of PS-composites with ITO
filler #1 at concentrations of a) 0.01 phr, b) 0.13 phr, and ¢) 0.31 phr
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CHAPTER 4

ANALYSIS AND DISCUSSION

This chapter focuses on the analysis and discussion of experimental results, as
they are associated with understanding the changes in the behavior of the PS-composites
with changes in the filler concentration and type; the composites microstructure as it
relates to its properties, the effect of voltage and incremental changes in properties, and
the time dependence of the electrical properties of the composite. The behavior of PS-
composites as it relates to changes in the type of filler and its concentration is discussed
first. Such discussions compare the effect of filler concentration and type as they are
associated with: the properties of individual materials, the composites electrical, optical,
and mechanical properties. Correlations are drawn between the materials and composite
properties that support the findings from the experiments. Lastly, the effect of time on

MWNT composite’s electrical properties is discussed.

4.1 Behavior of ITO, MWNT, and Mixed ITO/MWNT PS-Composites as a Function
of Filler Concentration and Type

This section describes the behavior of composites with changes to the filler
concentration and type, by analyzing and discussing material properties, PS-composite
electrical properties, and PS-composite optical properties. The effect of filler
concentration is apparent with incremental changes to the filler concentration as well as
the concentration associated with the transformation between a non-percolated composite
and a percolated composite. Changes in filler concentration also cause a decrease in the
transmission of light through the PS-composites. The filler type (MWNT, ITO, or mixed

ITO/MWNT) used in the PS-composite affects the maximum and minimum resistivity,
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and the transparency of the composite. MWNT composites have a smaller minimum
resistivity compared to ITO and mixed ITO/MWNT PS-composites. The electrical and
optical properties of ITO and MWNT fillers, as well as the size of the respective fillers,
helps to explain the different electrical properties, optical properties, and percolation
thresholds between the various PS-composite sets. Analysis of the ac conductivity as it
varies with frequency across the PS-composite can be used to determine at what point
and to what degree the composite is percolated and the number of percolation

mechanisms that exist.

4.1.1 Filler and Matrix Materials Properties Analysis and Discussion

The individual properties of ITO, MWNT, and PS provide an understanding of
the electrical and optical properties of the PS-composites, as they are associated with the
filler type and concentration. ITO composites have a higher minimum resistivity than
MWNT composites. This is true because ITO is more resistive than MWNT, as shown in
Figure 3.3. The filler particle size ratio to matrix particle size dictates the percolation
threshold in phase-segregated composites.™ 2 The particle size and geometry of filler
materials is related to the percolation threshold difference between PS/ITO and
PS/IMWNT composites. Capozzi et. al. showed that the size ratio between the matrix
particles and the filler particles affects the percolation threshold concentration for phase-
segregated composites.?® MWNT have a much smaller diameter than the average size of
ITO nanoparticles as well as a higher surface area. It is therefore expected that

PS/MWNT composites will have a lower percolation threshold than PS/ITO composites.
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The electrical resistivity of a given filler material is expected to change the
behavior of composites as the filler concentration is changed. The DC resistivity of ITO
powders is one to two orders of magnitude higher than the DC resistivity of MWNT
powders. The mixed ITO/MWNT powders cause a notable decrease in the resistivity
between the ITO powders alone and the mixture of 59 wt% ITO and 41 wt % MWNT.
The bulk powder resistivity of ITO nanoparticles is higher in comparison to mixed
ITO/MWNT particles, as shown in Figure 3.3. The resistivity of ITO PS-composites in
comparison with both MWNT PS-composites and mixed ITO/MWNT composites
confirms a similar trend. The change in resistivity between ITO powders and MWNT
powders is equivalent to the respective difference in minimum resistivity found between
ITO composites and MWNT composites. The difference between respective filler powder
resistivity and their corresponding composite’s minimum resistivity is explained by the
composite’s microstructure, to be discussed later in Section 4.2.

The decrease in bulk powder resistivity of ITO, MWNT, and mixed ITO/MWNT
particles, with increases in compaction pressure, as seen Figure 3.3, is associated with
increases in particle-particle contact area. PS-composite compaction pressure effects on
resistivity could be correlated with the increased contact area between filler particles in
the composites matrix. This will be discussed later in Section 4.2 in the context of the
jamming transition phenomenon and its effect on the microstructure of the composite.
Work by Capozzi et. al. found that the compaction pressure affects the resistivity of
PMMA/ITO composites.?* 1 The resistivity of PMMA-composites decreases as the

compaction pressure is increased during fabrication.[2* 141
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4.1.2 Electrical Properties of Composites Analysis and Discussion

Impedance spectroscopy shows that the electrical properties of the composite are
related to the concentration of filler and the filler type. Each composite has a unique Z’
value at the low frequency intercept where Z’° = 0, which is related to the concentration
of the filler and its type. Variations in Z’ and Z’’ at specific filler concentrations (seen in
the standard deviation values of average resistivity) demonstrate that resistivity is also
related to the composites microstructure. A percolated composite has less variation in |Z|
than a non-percolated composite for example, see Figures 3.6, 3.8, 3.13, 3.21, and 3.22.

Filler concentration changes the dc conductivity of PS-composites (ITO, MWNT,
or mixed ITO/MWNT), which was determined by impedance spectroscopy. Figures 3.7,
3.8, 3.13, 3.21, and 3.22 show the effect of concentration on dc resistance in PS-
composites. An increase in filler concentration generally decreases the resistivity of the
PS-composite. In PS/ITO and PS/IMWNT composites, the total resistivity change from
the maximum resistivity (at low concentrations) to the minimum resistivity (at high
concentrations) is from 10" to 10*' Qm (PS/ITO) and from 10"* to 10°*? Qm
(PS/IMWNT) respectively. This change in resistivity from a high value at low
concentrations (below percolation) to a low value at high concentrations (above
percolation) is seen in log-log plots of resistivity versus concentration, with the exception
of mixed PS/ITO/MWNT composites (Figure 3.21, 3.22) where some anomalous results
were observed.

Figure 4.1 shows the ac conductivity for a ~3 mm MWNT/PS composite set. By
analyzing the ac conductivity of the PS-composites as a function of frequency and

concentration, it can be concluded that there are multiple percolation mechanisms in the
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composites and that the fractal dimensions of each mechanism are different in

complexity.
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Figure 4.1. Graph of log conductivity versus log frequency explaining how the critical
frequency f. is determined. The impedance spectroscopy data from ~3 mm MWNT/PS
composite set was analyzed to determine the AC conductivity. The conductivity in the
frequency independent region represents the dc conductivity of the composite, and is an
indicator of the occurrence of percolation. 0.007 phr and 0.01 phr MWNT composites are
percolated by a different mechanism than that associated with higher concentration
composites.

The percolation threshold of PS/MWNT composites is 0.015 phr MWNT and the
PS/ITO composites have a percolation threshold between 0.15 phr and 0.3 phr
(depending on the ITO filler type used). The difference in the percolation threshold of
PS/ITO and PS/IMWNT composites is attributed to the filler type and the respective size

of that filler.[?> 1081
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The electrical properties of mixed ITO/MWNT PS-composites vary in
unpredictable and unexpected ways with changes in the concentration of the filler. Mixed
PS/ITO/MWNT composites with a ~3 mm thickness (0.01 ITO / 0.007 MWNT phr)
exhibit a significant decrease in the measured resistivity, in comparison to composites at
concentrations (0.008 ITO / 0.007 MWNT phr and 0.012 ITO / 0.007 MWNT phr), as
seen in Figure 3.22. In Figure 3.7 it can be seen that a composite containing only 0.01 phr
ITO has a p~ 10' Qm. The addition of 0.007 phr MWNT to a 0.01 ITO composite
decreases the resistivity of that composite significantly. In Figure 3.22 it can be seen that
the two surrounding ITO composites (with the same MWNT of 0.007 phr) have much
higher resistivity than the samples containing 0.01 phr ITO. The difference between the
two composites is that the mixed ITO/MWNT PS-composite has a higher total vol % of
filler and the mixed ITO/MWNT composites concentration is above the percolation
threshold (0.045 vol % ITO) of ~3mm thick ITO composites (ITO #2). The mixed
ITO/MWNT composite has a higher vol % of filler than the 0.3 phr ITO composite by a
difference of 0.012 vol %. Mixed ITO/MWNT composites have a distinct correlation to
the percolation threshold of both ITO and MWNT composites.

The ITO, MWNT, and mixed ITO/PS composites presented in this research have
a large grain size and contain a low number of PS-grains ranging from 50 — 100. The first
percolation mechanism for MWNT PS-composites occurs at a concentration of 0.007 phr
MWNT. The second percolation mechanism is at 0.15 phr MWNT for the PS/MWNT
composites.

Analysis of the ac conductivity, made from impedance data, shows that filler

material percolates the composites thickness by multiple percolation mechanisms, which
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are concentration dependent. A plot of the ac conductivity as a function of frequency can
be used to determine when a PS-composite is percolated by determining the frequency
and concentrations where the ac conductivity of the composite transitions to a dc
conductivity, where a frequency independent region emerges. Figure 4.1 shows a plot of
the composites conductivity versus frequency for a ~3 mm thick MWNT composite set
(VII). At 0.007 phr, the ac conductivity reaches a critical frequency showing that at this
concentration the composite is percolated, as previously mentioned. Frequency
independent conductivity is characterized by the domination of a resistive conducting
pathway. % %

The critical frequency is the frequency at which the transition between the
frequency dependent region and the frequency independent region occurs. To determine
the critical frequency f. the data of the frequency dependent region and frequency
independent region are fitted with a linear best fit, the intersection of these lines is the
critical frequency.’** % I Relating the critical frequency of a PS/composite to the
absolute value of the difference between volume fraction of filler (p) and the volume
fraction at percolation (pc), which is | p-pc |, gives the proportionality of f. to the

percolation threshold that can be determined by Equation 3.2 (8%

f.ax|p—p.|” Equation 3.2

Equation 3.2 can determine such a relationship where p represents the volume
fraction at a given composition, p. represents the percolation threshold volume fraction of
filler, and 7 is the fractal dimension of the conducting volume.®®® ! The plots of the log
of real conductivity versus the log of frequency for MWNT/PS composites show that

percolation exists for two different mechanisms. The conductivity versus frequency
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spectra, shown in Figure 4.1, for p < 0.01 phr MWNT, have a frequency dependent
region that intersects with the frequency independent region of spectrums p > 0.02 phr
MWNT. This intersection shows that there are two mechanisms of percolation in
PS/IMWNT composites. Figure 4.2 shows the numerically calculated percolation
threshold for a polymer composite with 75 um polyhedral grains for a range of filler radii
and four possible geometries.'! The notation for the different geometries describes the
geometry of the idealized matrix polyhedral particle, a truncated octahedron (labeled O)
or a truncated tetrahedron (labeled T), and the location of filler along either the grain

boundary edges (1D) or the grain boundary edges and faces (2D).
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Figure 4.2. The idealized numerical solution to the percolation threshold for four different
polyhedra, with a 75 um size, given the location of filler along the grain boundaries and
the radius of the filler particles. Truncated tetrahedron matrix particles, shown in the top
left part of the figure (labeled T), and truncated octahedron matrix particles, shown in the
bottom right of the figure (labeled O), have filler material located on either the edges of
the polyhedral grain boundaries (1D) or on both the edges and the faces (2D). The filler
radius and location and the geometry of the grains implies that percolation is affected by

Eh(]e microstructure of the phase segregated polyhedra and the microstructure of the filler.
11
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There are two distributions of filler material that exist to create interconnected
pathways in PS/MWNT composites, as shown in Figure 4.2. As the concentration of filler
increases, interconnected pathways of filler begin to form at the edges of PS grains (this
is along the grain boundaries), this is the first percolation mechanism. Further increases
in filler concentration cause the accumulation of filler at the grain edges to saturate, after
saturation filler material is forced to agglomerate on PS grain boundaries. At sufficient
concentrations of filler, interconnected pathways form on the PS grain faces; this is the
second mechanism of percolation. The maximum values of resistivity of 2 mm and 3 mm
PS/IMWNT composites is10* to 10° Om respectively before the concentration of the
second percolation threshold is met, after percolation the lowest values of resistivity for
each thickness is approximately equal, which is 10%® Qm.

The value of the fractal dimension of the conducting volume () is specific to the
density of interconnected filler in the composite.®® ! The conducting volume is the
volume of the interconnected conducting filler material; it includes information about the
geometry and size of the interconnected pathway within the composite. Analysis of the
values of y, which are found, using Equation 3.2, for PS/MWNT composites determines
that the fractal dimensions of the conducting volume are different for the first and second
percolation mechanism. Figure 4.3 shows a plot of f; versus | p-pc | for 2 mm PS/IMWNT
composites, with a varying value of p. The data points are fitted with a linear best fit
algorithm and the slope of the line is the values of y for the respective percolation
mechanism. The conducting volume of PS/MWNT composites has two different fractal
dimensions, y = —1.46 and y = 1.64, which represent the conducting volume size and

geometry that form via the first and second percolation mechanism respectively. The
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larger value of y for the second percolation mechanism is due to the more dispersed
arrangement and larger volume of the interconnected conducting filler that is positioned
within the composite Figure 4.2 provides a visualization of the percolated filler structure,
which qualitatively shows the arrangement and the conducting volume size of

interconnected conducting filler material that result from both percolation mechanisms.
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Figure 4.3. The critical frequency f. as a function of |p-ps| in a log scale for a 2mm
PS/MWNT composites (set V). The data is fitted to two linear best-fit lines. The slopes of
the lines represent the fractal dimensions of the conducting volume for the respective
concentrations. There are two mechanisms of percolation for the PS/MWNT composites.
The dependence of the average resistivity on the filler concentration, the type of
filler (filler to matrix particle ratio, the aspect ratio, the inherent electrical properties), the
microstructure of the PS-grains, the thickness of the composite, and its percolation
threshold is an expected result. This expectation can be inferred from research reported

by Gerhardt et. al., which will now be outlined.? 2 8 1021411 pg/cB  PS/SWNT, and

PS/IMWNT composites which had equivalent PS particles to those used in this work
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identical PS particles, presented by Wu et. al.®¥! These composites had different
percolation thresholds where each depended on the filler type (the filler to matrix particle
ratio explains this difference), the best possible conductivity values varied between filler
types as well. The concentration of the filler material in the composites presented by Wu
affected the resistivity in an analogous manner, as expected.

Furthermore, Wu examined the relationship between the thickness of the
composite and its electrical properties; similarly the research presented here agreed with
the trend that increases in the thickness cause a decrease in the resistivity of the
composite. A project using a phase-segregated ABS/CB and ABS/CNT composites by
Talapatra et. al."%? also found the presence of a relationship between thickness and
resistivity. Also, Talapatra found that the resistivity follows a decreasing relationship
until the composite reaches ~8 mm and the resistivity drastically increases, which is
similar to a point of diminishing return.

The composites prepared by Talapatra were designed to create comparisons
between the effect of processing temperature, filler type (CB or CNT), mechanical
properties, and electrical properties. The changes in resistivity caused by the extrinsic
(mass-dependent) properties of the polymer-composites have a dependence on the
samples unique microstructure, which will be explained later. The number of grains in a
~3 mm phase-segregated composite is almost a two fold increase in the number of
polymer “grains” relative to the number of grains in a 2 mm thick composites. A higher
number of polymer-grains is likely to increase the number of interconnected pathways
through the composite, the path-length of the pathway for charge conduction will likely

decrease, which promotes charge transfer through the composite. The microstructural
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effect on resistivity is seen clearly in the comparison made in this work between PS
composites with an ordered and random orientation of PS. In other words, the orientation
of the PS-grains with respect to other grains is an important contributing factor to the
resistivity, such that a composite with oriented PS-grains is better equipped for promoting
conductivity.

A possible inference from the findings presented in this document and the results
of prior research is that the thickness effect is caused by an increase in the number of
polymer-grains, that have completely different microstructures. Such an inference
provides a perspective on the effects of a uniaxial compression on a different number PS-
pellets, and that more grains are effective for increasing the interconnectedness of filler
through the composite. As well, the surface area of the PS-grain boundaries in the
composite for thicker samples is greater, and that this can be used to suggest that a higher
surface area of grain boundaries provides a greater number of interconnected filler
pathways that may provide a shorter and less resistive charge transfer path.

Given that the PS-composites in this work have ~100 or less PS-grains
(depending on the sample thickness) it was expected that there would be a large variation,
or spread, in the resistivity data at a given concentration. In other words, the
microstructure of PS-composites in this work is a contributing factor to the large standard
deviations in the average resistivity and the percent transmission (to be discussed later).

Furthermore, it is a reasonable assumption that an increase in the number of
polymer-grains in a phase-segregated composite will cause a decrease in the experimental
spread in the average resistivity at a specific filler concentration. Work by Capozzi et. al.

and Ou et. al.l?®* 2" " showed a considerably smaller spread in the average resistivity of
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PMMA/ITO composites and PMMA/CB (phase-segregated) at a given composition than
work presented here. The PMMA/ITO composite research by Capozzi et. al.”* ¥ and
Ou et. al. ® had micron sized PMMA particles. The density of PMMA-grains in such
PMMA/ITO composite research was much greater than the density of PS-grains in the
PS-composites presented in this thesis. A higher polymer-grain density lessens the
microstructural grain orientation effect on the variance/spread in the average resistivity of
the PMMA/ITO composites. The PS-composites have a grain density that is several
orders of magnitude lower in comparison. The higher the grain density of the composite
is, the lower the variation in the resistivity of the composite is between identically
prepared composites.

A correlation between standard deviation magnitude and the concentration of
filler with respect to the percolation threshold can be inferred. The spread/variance in the
resistivity data at a given concentration may be influenced by whether that concentration
is considerably above the percolation threshold or near/below it. The resistivity data
implies that when the filler concentration is sufficiently above the percolation threshold,
there is less dominance of the microstructure/thickness effect on the resistivity of the PS-
composite, which leads to a tighter standard deviation around the average resistivity of
the identically prepared PS-composites. Inversely, several PS-composites with a
concentration near/below the percolation threshold will have a larger standard deviation
around the average resistivity, due to more dominance of the microstructure/thickness
effect on the resistivity of the PS-composite. It is important to note that the electrical

measurements taken with impedance spectroscopy in this work are precise and represent
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the true impedance response of the PS-composites measured and the entire measurement

apparatus.

4.1.3 Optical Properties Analysis and Discussion

The concentration of filler material in PS-composites directly affects the amount
of in-line transmission of light. The type of filler used in PS-composites also has an effect
on the resultant transmission. PS-composites are transparent to light to various degrees
depending on the wavelength of the light, in other words the absorption coefficient
decreases with increasing wavelength in the range of 200 nm to 1100 nm, as shown in
Figures 3.10, 3.18, 3.23, and 3.24. The type of filler used in composites also affects the
absorption of visible light.

PS-composites are transparent to light to varying degrees depending on the
microstructure and composition of the composite. There is a relationship between the
percent transmission of light through the composite and the filler concentration.
Increasing the concentration of ITO and/or MWNT in a PS-composite causes a decrease
in the value of the percent transmission, in some composites. In PS/ITO/MWNT
composite sets, the addition of filler material has a random effect on percent transmission
and the spectrophotometer measurement does not completely capture the bulk percent
transmission.

By comparing the percent transmission with certain composites with similar
resistivity values but different compositions, it is shown that percent transmission can be
increased while maintaining conductivity performance. The percent transmission of the

PS-composites, at a 600 nm wavelength, versus the concentration of filler was plotted in
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Figures 3.11, 3.19, 3.25. These values were shown to vary with filler type and
concentration. Figure 4.4 shows the effect of adding ITO to a MWNT PS-composite,
which causes an increase in %T, but also increases the composites p from 10° to 10°%. Q
m. Figure 4.5 shows a comparison of two mixed ITO/MWNT PS-composites with a p =
10° Qm. Figure 4.5 infers that the addition of a higher wt% of ITO, to the PS-composite,
relative to the wt% of MWNT causes an increase in the percent transmission while

maintaining the same resistivity.
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Figure 4.4. %T vs. wavelength of a PS/MWNT composite with and without ITO. The
addition of ITO increases the transmission of the composite, however it also increases the
resistivity of the PS/MWNT composite
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Figure 4.5. %T vs. wavelength of two mixed PS/ITO/MWNT composites with the same

resistivity, which is equal to 10° Qm. A higher wt% of ITO relative to the wt% of
MWNT can increase the PS-composites transmission, while maintaining the same
resistivity.

The amount of scattering that occurs for incident light is increased as the filler
concentration is increased. PS/ITO composites are capable of containing a higher weight
concentration of filler than PS/IMWNT composites, while maintaining a higher value of
transmittance. The absorption is affected similarly by changes in filler concentration. An
unexpected result occurs for PS/IMWNT composites increasing the concentration of
MWNT causes an increase in transmittance from 0.01 phr to 0.02 phr MWNT. Such an
unexpected result in the transmittance/concentration relationship can be related to the
large size of PS grains with respect to the filler size. Figure 4.4 shows a 0.007 phr
MWNT PS-composite, which helps to visualize the locations on the surface of the
composite that can be probed with the spectrophotometer. The spot size of the
spectrophotometer incident on the sample is smaller in area than the PS grain size, and
therefore when the transmission measurements are taken, it is possible that the area

probed on the sample may have different transmission values. Even though the

transmission measurements were averaged it is unavoidable to have large variations.
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Figure 4.6. An enlarged image of a 0.007 phr MWNT PS-composite, which helps to
visualize the lack of uniformity in transmission measurements over different location on
the surface of the composite. The small spot size of the spectrophotometer beam (2 mm?)
when placed on the sample is measuring the transmission of the composite at one small
spot and can not account for the lack of homogeneity in the composites microstructure.

4.2 The Dependence of Electrical, Optical, and Mechanical Properties on the
Microstructure of PS-composites
The microstructure of PS-composites affects the properties of the composite, and
correlations can be drawn between the two. The large PS grain boundaries provide a good
separation between the interconnected-wires made up of ITO, MWNT, or both. The PS
grains are shown in Figures 3.4, 3.9, 3.14, 3.17, and 3.31 — 33. It is important to note that
the PS grain boundaries are visible on the bulk scale. A qualitative understanding of the
microstructure is used in the following sub-sections to explain the relationship between

the properties of the composite and its microstructure.
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4.2.1 Microstructure Analysis and Discussion

The composites matrix structure is made up of PS grains or regions of PS phase
surrounded by filler material. Grain boundaries are covered by filler material and voids
between adjacent filler particles. The compaction of PS at temperatures above the glass
transition causes the polymers to enter a viscous state.®® The applied pressure to the
polymers then causes the particles to assume a space filling shape. The resulting space
filling shapes are polyhedra.

Mixing PS with composites in a dry atmosphere promotes adhesion between
nanoparticles and PS, because of the presence of electrostatic forces.®® The presence of
voids, on PS-grain boundaries, between neighboring filler particles can be inferred from
the microstructure of ITO and MWNT materials within the PS-composite, as shown in
Figures 3.31 — 3.33. Changing the concentration of filler material directly affects the
amount of voids present in a composite, as well as the agglomeration of filler on the PS
grain boundaries.

MWNT filler orders itself in between PS grains. The regions of MWNT
agglomeration are oriented perpendicular to the pressing direction. Regions of MWNT
agglomerates show up as a dark region in optical and Keyence micrographs. Dark regions
are mostly situated in lines perpendicular to the pressing direction. This can be explained
by the shear forces in the transverse direction during pressing. MWNT are forced
together with MWNT on adjacent PS grains during compaction, deformation causes
MWNT to agglomerate in higher concentration regions.

In the PS-composite, filler material forms wires and sheets, forming a three

dimensional network of filler material, which is separated by PS grains. Concentrations
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of filler material above a composites percolation threshold have an interconnected
pathway of filler material through the thickness of the composite. This is indicated in
optical micrographs as well as a substantial decrease in the resistivity compared to lower
concentrations, as shown in Figures 3.7, 3.8, 3.13, 3.21, 3.22, and3.31 — 3.33. The change
in resistivity indicates a saturation of filler material on the grains surface. Though there is
saturation, the filler material sheet is not completely uniform as there must be connection
of adjacent PS beads otherwise the composite would become brittle. Previous work has
shown that some polymer filler composites containing large amounts of filler are brittle
and grains do not form good adhesion between them. 2> 102 1411

Contacts between ITO nanoparticles and MWNT in composites are weaker than
contacts made during dc resistivity experiments of filler powders alone. The smaller
resistivity of ITO and MWNT particles where they are by themselves implies that ITO
and/or MWNT particle contact in composites does not have the same microstructure as
the pressed powders. A comparison between the bulk resistivity of powders and the
minimum resistivity of composites infers that the contacts between the filler particles are
weak, or separated by PS. Ideally, composites that are percolated should have a resistivity
equal or similar to bulk powders. Therefore, contacts between fillers in the composites
studied here are therefore not continuous throughout the composites thickness.

The microstructure of the composites is formed via the deformation of PS and is
dependent on other factors. Deformation is sensitive to pressing parameters and
processing conditions.?* 1% Filler size, polymer size, composite thickness, applied
pressure, temperature, and heating and cooling rate are all factors that affect the

microstructure of a composite.
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4.2.2 The Jamming Transition

The jamming transition is a physical concept that describes the point at which a
system becomes rigid under increased pressure.?*? In the case of polymer composite
systems, the addition of filler material can cause the material to transition from viscous
behavior to solid like behavior.2*! In this work the PS/(ITO and/or MWNT) materials
are placed under an applied pressure that effectively, after a sufficient amount of heating
and pressing time, prevents further motion of the viscous polymer.

PS pellets are uniaxially compressed and undergo deformation, which at some
point no longer occurs. The moment at which the kinetic motion of the PS grains and the
filler material ceases is the jamming transition.!***] The presence of filler material on and
around an effectively porous filler/PS-grain causes the grains to become distinct, when a
sufficient temperature and compaction pressure are used to form the PS-composite. The
PS-grains maintain the final deformed shape during cooling, while the filler material is
positioned on the grain boundary edges. The filler material is positioned at the surface of
the PS-grains, which maintains a barrier between adjacent PS-grains. When combining
filler material with granular media, such as the nanoparticle fillers used in this thesis, a
critical density point can be reached under certain conditions, where pressure and
temperature cause a densification or pinning of the media, the deformation and
movement will then cease.

The settling of the PS-grains occurs and deformation ceases and the density then
increases. Once the jamming transition is met, the cooling of the press under constant
pressure preserves the cellular microstructure of the PS-composite at the jamming

transition. The cessation of media motion is partly responsible for the definable
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agglomerations of filler material. The transverse and axial shear forces and the effects
these forces have during impingement also affect the final outcome.

The densification, or settling, of PS pellets under heating and compaction, results
in the formation of polyhedron shaped PS-grains, as shown in Figure 3.14. The
orientation/position of the PS pellets with respect to the composites surface and the axial
direction of the composites describe the orientation of the PS-grains. While the grain
orientation is random, such as in typical composites, the direction of pressing dictates the
settling or jamming of this viscous granular material as it flows together into polyhedra,
and as force used is uniaxial compression. The application of a compression force and
temperature at sufficient values to the PS-composites, causes the material to reach a
critical density point, where the viscoelastic flow of PS transitions to a zero net flow.
Reaching this transformation depends on the mechanics of the deformation, the viscosity
of the PS-grains and how it responds to the shear force, and its relationship to the
temperature, and pressure. The density of the media reaches a critical value and the
transition is complete, the microstructure of the PS grains is set, and the grain boundaries
are well defined by a coating of filler material. A notable/interesting effect on the
dispersion of filler particles by deformation is that regions of filler particle agglomerates
are concentrated on the surface of the PS-grains in the transverse direction, as seen in

Figures 3.31 — 3.33.

4.2.3 Electrical Properties Analysis and Discussion
The composite filler concentration reaches a saturation point where resistivity

changes drastically, known as the percolation threshold. When the concentration reaches
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the percolation threshold, the structure of the filler within the composite exists as a
continuous wire through the thickness of the composite. The RC equivalent circuit model
can be expected to apply for an insulator conductor composite. Additional agglomeration
of filler material between grains fills the grains surface to a point of maximum
conductivity for the material. This is best described by log- log plots of average
resistivity versus concentration. Work by Gerhardt et. al. showed that CB/ABS phase-
segregated composites had percolation at very low filler concentrations, approximately
0.01 phr CB."® Table 4.1 summarizes the percolation threshold and minimum resistivity
of PS-composite sets by sample thickness and filler type (ITO, MWNT, or mixed
ITO/MWNT). It is seen that the percolation threshold for MWNT in PS-composites is the
same as that of CB in ABS, because the initial polymer grain size was similar. See

Figures 1.2 and 3.4 for a comparison between the two.

Table 4.1. Summarizes the percolation threshold and minimum resistivity of the PS-
composites, which is given for all the various types of filler and the approximate sample
thicknesses (~2 or ~3mm).

Filler Percolation |Ainimum 2 Zl'llktlmelss of PS-
Threshold (phr] (£)m) | composite (mm)
ITO #1 0.15 3.7x10 2.0
ITO £1 0.15 15x 10 3.0
ITO #2 025 12x 10 30
ITO #3 0.30 21z 10 30
MWNT 0.01 1x 10 2.0
MWNT 0.01 1x1d 30
Constant 0.007 phr o .
MWNT and varying IT( - 725 10 2.0
0.007phe MIWNT/ varying [ITO - 87=x 10 30
Constant 0.07 ITOand
varvine hﬁfo 31x 10 2.0
0.07phr ITO/varving MWNT - 1x 10 30

Modeling a composite with an insulating and conducting phase with an equivalent

circuit requires an understanding of impedance and analog electronics.®” Circuit
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elements themselves each have an individual impedance response and adding these
elements together, a new impedance equation is acquired. The equivalent circuit that
describes the experimental data can be used to draw comparisons between the physical
materials phenomenon that affect the composites electrical and dielectric behavior and
circuit elements, which have a quantitative solution describing the impedance behavior of
the circuit.

Composites with PS grains ordered parallel or tangentially to the pressing surface
in comparison with equivalent randomly oriented composites have a lower resistivity, as
shown in Figure 3.16. The preferential orientation of composite grains in one direction
results in several things. An ordered structure may provide a greater number of direct
percolation paths. The orientation or microstructure of the PS grains changes the
electrical properties of composites at the same concentration, as shown in Figures 3.15
and 3.16. Fluctuations in resistivity over PS-composites with the same concentration of
filler material can be explained by the random orientation of the PS-grains. The small
number of grains in 2 mm and 3 mm thick composites contributes to the prominence of
this effect.

The frequency dependence of the ac conductivity contains information about the
microstructure of the composites, particularly the concentration at which the composite is
percolated. The frequency range of the dc conductivity region correlates to the degree of
interconnectedness of the filler material in the composite. PS-composites with larger
concentrations of filler have a larger value of f. and therefore the filler is more
interconnected for these composites. The larger the frequency dependent region is, the

less interconnected the filler material is.!*”! The ac conductivity region, where capacitance

91



dominates, represents a microstructure with filler material that is not well connected. In a
PS-composite with a larger frequency dependent conductivity region, it can be said that
there are more PS voids between neighboring particles that impeded the tunneling of
charges to the next particle than for PS-composites with a larger frequency independent

conductivity region.

4.2.4 Optical Properties Analysis and Discussion

When comparing the microstructure of a PS-composite with its optical properties,
the filler concentration and dispersion, as well as the PS matrix particles microstructure,
are important factors to consider. Given the size of the PS beads, the transmission of light
through the composite may depend on the number of PS-grains present through the
thickness of the composite. Light transmission is a non-uniform property for the PS-
composites. Transmittance is dependent on the processing of the composite, particularly
the arrangement of PS-grains as well as other factors. The arrangement of PS-grains in a
2 mm composite affects the transmission of light when there is a continuous phase of PS
through the composite, since pure PS has a higher transmittance than any PS-composite.
Additions of filler material change the microstructure and how it affects the optical
properties of the PS-composite. For example, light incident upon MWNT and/or ITO
particles is absorbed or scattered by the atomic structure of the particle.’ * 7 %! The
interaction of light with ITO and/or MWNT filler particles impedes the propagation of
light and the resulting PS-composite has a lower transmittance than that of pure PS, as
shown in Figures 3.11, 3.19, and 3.25. The spectrophotometry measurement is made with

a 2 mm? spot size, which is randomly positioned on the sample. This means that the beam
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may be positioned on a grain boundary, in the middle of a PS grain, or on a PS grain with
a PS-grain boundary underneath it. The transmission measurement has different values
depending on the microstructure.

The microstructure of the filler material within the PS-composite defines a honey
comb lattice, where the orientation, size, and geometry of the PS-grain has a distribution
which is influenced by the random arrangement of PS pellets before pressing, as well as
the deformation that results from pressing. This random honeycomb lattice geometry of
the composite, results in changes to the composites transmittance between different
locations on the composites surface. The filler material is concentrated at the grain
boundaries and collects or aggregates in dense regions that correspond to the direction of
deformation during pressing, which resemble striations. The preferential agglomeration
of filler material at such grain boundaries is confirmed by Keyence 3D micrograph, as
seen in Figures 3.31 — 3.33.

The PS-grain microstructure itself affects the transmission of light through the
composite, and the microstructure of the fillers on the PS-grain boundary edges and
faces. The filler material covering the PS-grain boundaries are scattering centers for
impinged light, which impedes its transmission. The number of PS-grains that are
oriented perpendicular to the pressing direction increases the bulk transmittance of the
composite. In some cases PS-grains are continuous through the composites thickness,
with no adjacent grains that form a filler boundary. Regions of the composite with an all
PS phase through the composite have optical transmittance properties equivalent to the
optical properties of a pure PS-phase or nearly so. The presence of an all PS phase

through the composite as well as large PS-grains, the large distance between filler
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interfaces, and the random ordering of the filler interface, require that the measurement of
the PS-composites optical properties is a heterogeneous measurement. Since the in line
transmission spot size is smaller than the PS-grain size, and therefore can possibly

misrepresent the bulk transmittance through the PS-composite.

4.2.5 Mechanical Properties Analysis and Discussion

The fracture behavior of composites and the resulting fracture surface indicates
that the filler material must have penetrated into the PS-grains during fabrication. The
deformation of the PS-composites at sufficient force causes failure. The fracture surfaces
shown in Figures 3.34 and 3.35 imply that there is penetration/migration of filler material
into the PS-grain at the grain boundary, because of the enhanced mechanical integrity of
the composite represented by the fracture surface. If no penetration or migration of filler
into the PS-grain had occurred, the fracture of the composite would most likely occur at
the PS-grain boundaries and would show the polyhedron shape of the grains. The same is

true for PS/ITO and mixed ITO/MWNT/PS composites.

4.3 The Correlation between Time and the Electrical Properties of Composites
Containing MWNT
An interesting result was found when PS/IMWNT and PS/ITO composites were
re-characterized with impedance spectroscopy six months after the initial
characterization. The impedance response of the composites was affected by the age or
life of the composite. In some cases, a second impedance semicircle appeared, as seen in
Figures 3.26 and 3.27. The second semicircle was found to have an impedance response

which was dependent on both the amplitude of the ac voltage and the dc bias voltage. The
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impedance response after a time elapse confirms that these PS-composites are forming
new less resistive conducting pathways. While changes in the PS-composites electrical
properties are apparent, it is less clear what is causing this behavior. The following
subsections explain this unexpected behavior by making informed assumptions and

providing analysis based on these assumptions.

4.3.1 Time Dependence Analysis and Discussion

The time dependence of the impedance response for PS/MWNT and
PS/ITO/MWNT composites is exclusive to PS-composites containing MWNT filler, as
ITO PS-composites do not show this behavior. The mixed electrical properties of MWNT
require that the PS-composites have interconnected pathways with some combination of
metallic and semiconducting particle-particle “connections.” During impedance
measurements, a potential is applied to two sides of the PS-composite, after which charge
carriers must conduct or collect at different interfaces along some pathway. From one
side of the composite to the other the charge carriers must first be carried across the
Aluminum sample holders to the Ag-electrodes (Ag paint). Next, the charges traverse the
insulating and conducting interconnected-MWNT wire filler network in the PS-
composite. After which the charge is then carried to the Ag-composite interface followed
by the Al-Ag interface. After a time has elapsed, it is possible that these materials have
interacted to increase the mobility of charge in the impedance test circuit.

As previously mentioned, when charge carriers conduct through interconnected
pathways of filler, it can be assumed that there is some amount of charge tunneling
through the PS between MWNT and/or ITO particles. The increase in charge mobility in

PS-composites that occurs with time is not expected to occur during tunneling, because
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the electrical properties of the PS are expected to remain unchanged.!® Other possible
changes in the charge mobility of this system are charge doping of MWNT with Ag
particles from the test electrode. Ma et. al. described a process for doping CNT with Ag
nanoparticles, which was used in an epoxy nanocomposite, where the composite with the
Ag doped CNT showed a four orders of magnitude increase in electrical conductivity.
(1441 It is reasonable to assume that the Ag-paint electrodes are responsible for changes in

charge mobility in the PS/MWNT composites.

4.3.2 Voltage Dependence Analysis and Discussion

Six months after the impedance of PS-composites was initially measured, in
certain composites the impedance response had a second semicircle in the low frequency
region of the Nyquist plot, as shown in Figure 3.27. It can be assumed that the doping of
MWNT by Ag could cause new interfacial effects which cause a capacitive build up of
charge when a low frequency ac voltage is applied. This new interface would cause
charge to build up acting to effectively slow charge motion. The application of a higher
ac voltage or dc bias voltage causes the second semicircle to diminish in size, as shown in
Figure 3.27. The decrease in the size of the second semicircle may be due to the injection
of charge into the sample. The two semicircle impedance response represents a material
with two conducting phases with significantly different resistances.*”! A four order of
magnitude increase in conductivity for Epoxy/Ag doped-CNT composites compared to
non-Ag doped-CNT presented by Ma et. al. shows that Ag doped-CNT do indeed have a
significantly higher conductivity than CNT alone when combined with Epoxy to form

composites.!***!
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CHAPTER 5

CONCLUSIONS AND FUTURE RECOMENDATIONS

5.1 Conclusions

PS-composites (PS/ITO, PSIMWNT, and PS/ITO) were successfully produced and
analytically characterized. PS-composites exhibited notable electrical conductivity and
optical transparency. The combination of ITO and MWNT in mixed ITO/MWNT PS-
composites creates a unique microstructure that can improve their electrical properties as
compared to PS/ITO composites, while maintaining sufficient transparency. The
electrical and optical properties of PS-composites were substantially affected by the
concentration of ITO, MWNT, or ITO/MWNT. Analysis of the ac conductivity
impedance response of PS-composites showed an interesting correlation between
concentration and multiple mechanisms of filler percolation in PS-composites. As the
filler concentration is increased, the ac-conductivity analysis indicates a percolation
mechanism occurs at low concentrations followed by another percolation mechanism
which causes a more substantial increase in the composites electrical conductivity. The
first percolation mechanism is assumed to create interconnected wires of filler material at
the PS-grain edges; the second percolation mechanism creates interconnected wires on
the grain boundaries.

The microstructure of PS-composites was found to affect the electrical properties of
PS-composites, the orientation of PS-grains showed this effect. Ordering of the PS grains

in PS/MWNT composites created a cellular structure which was found to have a higher
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electrical conductivity than a PS/MWNT composite with a randomly ordered
microstructure. The electrical conductivity of PS-composites containing MWNT was
found to have a dependence on the lifetime of the composite. Initial impedance
measurements had a different response than subsequent measurements. Specifically, the
resistivity of the PS/MWNT composites decreased as a function of time when a sufficient
amount of time had elapsed (~3 months). Subsequently, in some cases, the PS/MWNT
composites had a voltage dependent impedance response. Inspection of the fracture
surface of PS-composites is believed to indicate that the mechanical properties of the PS-
composites are enhanced by the addition of both ITO and MWNT. The fracture surface
of the PS-composites may prove that filler material infiltrates into the PS grains because

it does not fracture at grain boundaries.

5.2 Future Recommendations

Further work in this field should focus on several factors, studying jamming
transitions, optimizing electrical and optical properties, and working with different
materials systems to further the development of thin transparent conducting composites.

The understanding of PS/ITO, PS/MWNT, and PS/ITO/MWNT composites provided
by this research can be used to tailor polymer/ITO/MWNT composites for application in
optoelectronics, particularly transparent electrodes. Changing the polymer matrix to
another polymer system, such as PET, could be used to make flexible transparent
electrodes. ITO thin films are typically used as transparent electrodes, as mentioned in
Section 1.2.2 but these films are subject to brittle failure. Researchers can correlate the

effects of additions of MWNT and/or ITO material to PS-composites presented in this
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research to a proposed composite system. Further research could also focus on increasing
both the conductivity and optical transparency of polymer/ITO/MWNT composites.
Polymer-composites have a good chance to enhance the bending force before fracture is
experienced in flexible opto-electronic devices. Devices to consider when using a
transparent polymer-composite electrode are solar cells, LED displays, and optical
sensors. The amount of ITO and/or MWNT used in the PS-composites in this research, is
very small, which suggests that compared to traditional optoelectronic devices which use
transparent conducting oxides, the PS-composites may prove to be less expensive. In
addition, the electrical properties of PS-composites may be affected by small
deformations and/or applied forces, which is another possible area to study for

applications in mechanical sensors.
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