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SUMMARY

In this research, polymer-matrix nanocompositesewtabricated with the
objective of designing and characterizing matertalt have unique phase-segregated
microstructures. Indium tin oxide (ITO) nanopaesl were embedded in
poly(methylmethacrylate) (PMMA) to form the nanoquusites which are the subject of
this research. ITO is a degenerate semiconductmnaply used as a transparent
conducting electrode in electronic devices. SimeelTO nanoparticles had an electrical
conductivity several orders of magnitude higherntithe PMMA, the PMMA-ITO
nanocomposites could be characterized using nanedése electrical measurements. In
turn, correlations were made between the electialperties and features in the
microstructures of the nanocomposites.

Compression molding ITO-coated PMMA particles atb7C resulted in a
transition in the morphology of the PMMA particlgem spherical to polyhedral shapes
in the specimens. Consequentially, the microstrectuwof the PMMA-ITO
nanocomposites resembled a Voronoi arrangementadt also observed under these
conditions that the ITO nanopatrticles on the s@saaf the PMMA patrticles experienced
significant displacement during compression moldings a function of their
concentration. When the ITO concentration was oedrelow the percolation threshold
for the PMMA-ITO nanocomposites, the ITO nanop#&scaccumulated along the edges
of the polyhedral-shaped PMMA patrticles and sedfeasbled into aggregate structures
resembling nano- or microwires. These aggregate stiuctures were responsible for 3-
dimensional percolation in the PMMA-ITO nanocompesi which occurred between

0.33-0.50 vol.% ITO. The ITO nanoparticles begafforon conducting sheets across the

XV



flat faces of the polyhedral PMMA particles onlyteaf the percolation threshold
concentration was exceeded.

The specimens with controlled microstructures wareestigated using ac
impedance spectroscopy, transmission optical aadnsiecg electron microscopy (SEM),
UV-Vis-IR transmission spectroscopy, internal refien intensity analysis (IRIA), ultra-
small angle x-ray scattering (USAXS), and stereiglmigmeasurements. A geometrical
model based on the volume-to-surface area ratidheoPMMA and ITO particles was
also derived in order to predict the percolatioreshold in the specimens. The model
accounted for the polyhedral morphology of the PMIdéxticles in the microstructure.
USAXS and stereological measurements were alsotosgthracterize the dimensions of
the self-assembled ITO aggregates in order cakulteg amount of ITO nanoparticles
that would be expected for percolation to occuthim PMMA-ITO nanocomposites. The
experimental-based calculations showed reasonafpleement with the percolation

threshold values detected by electrical measuresyadrihe specimens.
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CHAPTER 1

INTRODUCTION

Polymer-matrix composites (PMCs) are an importdas of materials that are
useful for various applications. Depending on thpet of polymer matrix and filler
materials used, the advantages of PMCs typicaltjude good mechanical properties,
semi-conducting electrical properties, and easeprofduction in terms of cost and
processing. These properties are also highly deggndn the microstructure of the
composites. For example, PMCs may be renderedrieldtt conducting only if the
microstructure permits percolation of the fillerabhgh the matrix and the filler possesses
good electrical conductivity.

The microstructures of PMCs may vary dependinghanfabrication conditions
used. As an example, when PMCs are formed usirggtiopn molding or extrusion
processes, this tends to promote high degreesspéidion of the filler in the matrix. In
the case of PMCs that have a matrix composed ofitwoiscible polymers, the filler
may be confined to the more viscous of the two ey phases, which limits the
distribution of the filler in the composite. It iherefore important to consider the
fabrication method and microstructure of PMCs whagampting to establish correlations
to other properties.

Conventional microscopy techniques are indispeesabl acquiring detailed
structure-property information. However, sometintkese methods of microstructural
characterization can be destructive and time-comsyimNon-destructive evaluation
(NDE) techniques provide an alternative approachi@roscopy in the characterization

of materials. NDE techniques can be useful in det@ng the local concentration of



different phases in a given microstructure. Theesfat is desirable to correlate
information obtained by NDE techniques to microgcagata in order to obtain a
comprehensive understanding of the structure ofatenal system. Once correlations
between the NDE parameter(s) and the microstrucanee developed, the NDE
techniques may then be used for routine analysgradicting the behavior of a given
material.

It is known that the electrical properties of PM&e sensitive to the local
concentration of the filler in the matrix, whicha$ten difficult to predict because of the
random arrangement of the filler distribution. FBMCs having phase-segregated
microstructures, better prediction of the propsrigepossible since enhanced control over
the distribution of the filler in the matrix can lehieved. In this research, PMMA-ITO
nanocomposites were chosen as the composite systevhich to explore alternative
microstructures,  specifically highly  phase-segredat microstructures. The
microstructures were primarily controlled by vawyirthe ITO particle size and
concentration, and the fabrication parameters usetbrm the nanocomposites. The
motivation for this research was to develop cotretes between the microstructure and
non-destructive measurements in order to improwe gredictability of properties in
percolating PMCs. As a result of this work, a ngviehse-segregated microstructure was
discovered where ITO aggregate-wire structures-assémbled during the composite
forming process, and a model was proposed to pregaiccolation in these types of
nanocomposites.

A detailed description of the processing parametergiven in section 3.2.

Structural analysis of the specimens was conduatiedarily using transmission optical



microscopy and scanning electron microscopy (SEMipedance spectroscopy and
optical spectroscopy were the primary NDE charaa&on tools used for analyzing the
variations among the specimens. The results oftiheacterization are described in detalil
in Chapter 4. In addition, ultra-small angle x-isoattering (USAXS) and stereological
techniques were also used to describe the dimensadnthe ITO aggregate-wire

structures that self-assembled in the PMMA-ITO mamoposites. These results were
compared with a theoretical geometrical model (@dvap) that was used to attempt to
predict the percolation behavior of the ITO nantipees in these types of

nanocomposites.



CHAPTER 2

LITERATURE SURVEY
2.1 Microstructures in Polymer-matrix Composites

The filler in polymer-matrix composites may be “anized” in many different
ways. These arrangements may be classified asiffeoetit types of microstructures: (i)
random, (ii) or phase-segregated. Polymer matrimpusites, as films or bulk materials,
conventionally possess microstructures where theg f6 randomly dispersed throughout
the matrix. However, phase-segregation betweeifilteeand matrix in polymer-matrix
composites can be achieved by utilizing the mokcstructure propertids,? the
thermodynamic propertié%,‘” or the physical properties (i.e., viscosity) oé tholymer
matrix®?! The main advantage of phase-segregation in polynatrix composites is
that percolation of the filler can be attained e tmatrix with less than 0.01 vol.%
filler.'® 2% An overview of the different microstructures refeor for polymer-matrix

composites will be described in Section 2.1.1.

2.1.1 Polymer-matrix Composites with Random Microstuctures

For polymer-matrix composites with random microstaues, the goal is for the
filler to be uniformly dispersed across the entmatrix. Random microstructures are
usually developed by distributing the filler in tipelymer when it exists as a melt or
dissolved-solution state. Figure 2.1 llustrates poly(a-methylstyrene)-gold
nanocomposite possessing a conventional microgstejcivhere the gold particles (dark

in the TEM image) are randomly spread across thener matrix?®!
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Figure 2.1. TEM image of a poly{methylstyrene)/gold nanocomposite with a
conventional random microstructufd.

Achieving uniform or random dispersion can be higa¥ependent on the mixing
method. For making bulk composites, extrusion ggdtion molding is often employed
for distributing the filler when the polymer is ihe melted state. When the filler is added
via dissolution of the polymer, bulk composites &ypically formed by casting the
suspension into a mold, grinding the dried filmed a&ompression molding the filled
polymer powder§: 24 261

Adding the filler to the polymer in the melted stateferred to as melt mixing, is
often desirable because the process is free ofestvand contaminanté
Thermoplastic polymers are preferable in melt ngximecause they do not undergo
changes in their chemical properties during heasind cooling. Uniformly distributing
the filler is also highly dependent upon the rhgadal properties of the polymer. High-
shear mixing for long times is favorable in enhagcthe dispersion of the filler and

overcoming the high viscosities of filled polymeeits. Anisotropic fillers further raise



the viscosity due to their higher aspect ratio, cuhhas a lower packing fraction and
larger effective hydrodynamic volunfé. 2%

Percolation is the term used to describe when ilher forms a continuous
network through the matrix. Figure 2.2 illustrat@srcolation in a two-phase system
where the dark particles represent the filler phd$e amount of filler necessary for
percolation of the filler in the matrix is geneyalhigh due to the random filler
distribution in the composite. It has been showat three-dimensional percolation in an

amorphous polymer matrix can require up to 33% mw@uraction of monosize filler

particles™® 3 However, the percolation threshold can be redifcéte surface area of

32 33l

the fillers is increased, or anisotropic fillerg arse

Figure 2.2. Schematic of the development of petimolain a two-phase composite by
increasing the amount of filler: (a) low contertt) high content®

Figure 2.3 shows the electrical resistivity of PMMw@nocomposites filled with
carbon black (CB) that have random microstructurasd phase-segregated
microstructure$’ When the filler is electrically conducting, thesetrical resistivity of
the composite can be decreased by several ordensgriitude due to percolation of the

filler. Figure 2.3 also demonstrates that highderficoncentrations are necessary to



achieve percolation in the nanocomposites thatasomandom microstructures compared

to the nanocomposites that have phase-segregateostnuctures.

18.0
» Random Microstructure

16.0 1 A Phase-Segregated Microstructure
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Figure 2.3.Electrical resistivity of PMMA-CB composites as un€tion of CB content
that have different microstructures. (modifiéséi).
2.1.2. Polymer-matrix Composites with Phase-Segratgd Microstructures

The degree of crystallinity of the polymer matriancbe used to control the
distribution of the filler in the composite. Thdldr is forced into the amorphous regions
of the polymer matrix upon the formation of crybted regions. As a result of the
segregation that occurs between the filler ancctistallites, the percolation threshold is
reduced in the polymer matf.Figure 2.4 illustrates the effect of crystallites the
distribution of the filler in the polymer matrix,here the filler is represented by the dark
circles.

Several factors contribute to the degree of criysigl in the polymer matrix.

Crystallization may be hindered by atactic confajion, bulky side groups, and chain



branch properties since they make packing of tHgnper chains more difficult in the
molecular structur€® Cross-linking and high molecular weight also casiseilar issues
with regard to polymer crystallization. Slow co@inates may be employed to overcome
these obstacles and promote more crystallinithégolymer matrix.

Region of high
crystallinity

T
7 AaNgas

Figure 2.4 Schematic of the distribution of the filler (dackcles) in a semi-crystalline
polymer when the crystallites force the filler intike amorphous zones of the matrix
(Modified) *®!

Figure 2.5 shows the effect of the polymer cryisid¢ on the percolation
threshold and electrical conductivity in polymertmacomposites. Figure 2.5a displays
that the percolation threshold is reduced in pdlyleine (PE)-carbon black composites
when the degree of crystallinity is enhanced in phé/ethylene matri¥’ Figure 2.5b
shows the effect of slower cooling on the electrreaistivity of polyvinylidene fluoride
(PVDF)-carbon black composites after hot compressimlding!! The data indicates
that the slower cooling rate results in lower gty of the composites due to the higher
crystallinity of the PVDF matrix.

Using a polymer matrix composed of two thermodyraatty incompatible

polymers may also be used to increase segrega@twebn the matrix and the filler



phase$* 4 By adding an unfilled immiscible polymer to thetnda the volume occupied
by the filled polymer in the composite is smallerhich raises the density of the
conducting particles in the filled polymer. Fordluase, the filler is first dispersed in one
of the polymers usually via melt mixing. Subseqlerthe unfilled immiscible polymer
is added to the melt suspension. In order to pretren filler from migrating into the
unfilled polymer during mixing, it is important fahe unfilled polymer to have a higher

viscosity than the filled polymét®!

15":‘-:::; + air cooling
III|

\ « cooled slowly
1
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Figure 2.5. Effect of crystallinity on the percadat threshold and electrical conductivity
of polymer-matrix composites. (a) Effect of highaystallinity in polyethylene on the
percolation threshold in polyethylene/carbon bladknposite$? (b) Effect of cooling
rate on the electrical resistivity of carbon bl&¥DF composites (Modified}’

The filler may also be localized at the interfabesveen the immiscible polymer
blends if there is low wettability by the filler ohoth of the polymers. For these
conditions, it is preferable to melt mix the twofilled immiscible polymers prior to
adding the filler. Figure 2.6a shows the distribatiof the filler in a polyethylene-
polystyrene (PS)-carbon black compo$iteand Figure 2.6b illustrates the resultant
microstructure of a polystyrene-polymethylmethaatgicarbon black composite formed
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after the addition of carbon black to a melt-bleraf unfiled PS and
polymethylmethacrylate (PMMAJ! It has been demonstrated, however, that the filler

tends to penetrate the less viscous polymer whemntkrface between the two polymers

becomes over-saturat&l.

Figure 2.6. (a) Optical micrograph of a 45/55 PEB&hd filled with 1 wt.% carbon
black” (b) TEM micrograph of a 50/50 PS/PMMA compositeel with 2 wt.% carbon
black™

The phase-segregated microstructures that oféemibst segregation between the
filler and matrix phases were originally referred tas “segregated network
microstructures” by Turnéfl These microstructures are typically formed by fretssing
or compression molding polymer particles coatednhwstaller ceramic or metallic
particles. The stages in the forming process arelasi to compression molding neat
polymer powders: (1) particle rearrangement, (2sted deformation at contact points,
(3) plastic deformation at contact points or coegese>’ However, when the polymer
powders are coated with the ceramic or metallidigas, the coalescence stage is

impeded and homogenization of the polymer matriprisvented®® This can result in

10



confinement of the ceramic or metallic particlesueanrd the polymer particles and a high
degree of segregation between the two phagds.

Turner and co-workers were the first to report pady-matrix composites with
segregated network microstructures in the 1$7sThey proposed that the position of
the filler remained unchanged once it was depositeid the surface of the polymer
particles due to their viscosity. As a result, gregated network of the filler across the
surfaces of the polymer particles was preserveaultiivout the matrix after the composite
was formed. Figure 2.7 illustrates the conceptietBegregated network microstructures

as described by Turner and co-workers.

Direction
af

F==q.X
'."" ---..'.m

rﬂm"';-ﬁ"

Figure 2.7 The concept of a segregated network microstructchematic of polymeric
powders compacted around filler to form segregatdiorks of the filler particle’s.

Figure 2.8 displays the resultant distributiontw filler in two different polymer-
matrix composites having segregated network minosires. Figure 2.8a shows a
photomicrograph of a polyvinylchloride (PVC) matrfiled with 7 vol.% Ni¥® and

Figure 2.8b presents an optical micrograph of alMWHPE-carbon black composité!

11



An advantage of the segregated network microstrectwer the immiscible polymer
blends is that filler penetration of the polymempé is more easily controlled by the hot
pressing parameters (temperature, pressure, Ebejefore, segregation can be preserved
more readily and there is a higher percolation ghbiliy of the filler in the matrix.

Despite their advantages, phase-segregated miscagies in polymer-matrix
composites have been the subject of relativelydewlies since the reports submitted by
Turner and co-workers in the 1970s. Table 2.1 sumzesm some of the composite
systems that have been investigated and the pingeparameters that were used in

making the compositd%™!
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Figure 2.8. (a) Photomicrograph of PVC filled withvol.% nickel. (modified}® (b)
Optical micrograph of UHMWPE filled with 6 wt.% dson black!?

Several important processing parameters as theyeréb segregated network
microstructures have received little attention. Witegard to mixing, mechanical
blending has been the primary method used to dethasfiller onto the polymer particle
surface, with the exceptions of Hochberg and Grumtaal. who coated the polymer

powders using film deposition techniqu&s?® Other than results reported by Boucétet
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al.,™ the class of filler materials used has been lichttemetals or carbon. Virtually no
temperature or pressure-controlled experiments Hepemn implemented to study their
effect on the percolation threshold of any comm@ositstem with a segregated network
microstructure. Similarly, the role of the specimickness on the properties of the
microstructure has been also ignored. The influeidbe particle size ratio between the
filler and the polymer appears to be the only fadtrton parameter to have been
extensively investigated.** !

Table 2.1. Fabrication conditions for polymer-matrix composites reported in the
literature with segregated network microstructures.

Ref. Matrix/Filler Composite Time Temperatufe C(;Te‘;iztr'gn
[6] High-density ) 20°C 1000 kg/cm
Polyethylene/Ni (98.1 MPa)
7 Polyurethane elastomer/N 30 min 120°C 4200 28iNIPa)
2 Polyvinylchloride/Ni 10 min. | 120-130°C (76(5)5 e ‘;”:)
Bl | Polymethylmethacrylate/Cu 10 min 145°C (lggf%‘gz)
10l | polyvinylchloride/Cu . 130-140°Q ‘tj o r;‘;
[11] Urea-formaldehyde . .
embedded cellulose/zn | S0 M- 150°C 20 MPa
2] | Ultra-high molecular weight ] 170-210°C 13.8.44.2 MPa
polyethylene /Carbon : .
n3) | Ultra-high molecular weight 15-60 min.| 140-180°C 520 MPa
polyethylene/TiN

2.1.3 Models Predicting Percolation in “Segregatebletwork Microstructures”

The limited number of models developed to explagmcplation in segregated
network microstructures also reflects the lack oferse studies on polymer-matrix
composites with phase-segregated microstructtiré®. ** ! Turner, however, did

develop a model based on the concept he proposegeifoolation in segregated network
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microstructure€! It was assumed that a monolayer of filler on tindage of the polymer
particles was required to form an infinite clustéfiller particles at volume fraction/a,
while a double layer was necessary to cover thieegmblymer particle surface. Equation

1 presents the expression derived by Turner:

S0P

1+ (o @

V, =

where gis defined as the factor that is dependent orsltfage formed by the particles of
filler aggregated on the surface of the polymer geny P. represents the initial
probability for a first nonzero probability of anfinite cluster (as a function @), andR,
and Ry are the radii of the polymer and filler particlesspectively, assuminng>Rf.[6]
Figure 2.9 gives a good description of some ofptb&sible shapes that the aggregates can

form, wheregy represents a triangular aggregate gmeepresents a square aggregafe:

Figure 2.9. Schematic of triangular- and squarg@stiaaggregates that the conducting
filler may form on the surface of the polymer powslen segregated network

microstructures:¥

However, comparison between Turner's experimental ealculated results indicated

that the experimental percolation threshold was taothree times larger than the

calculated X when the size ratio between the matrix and fpiarticles was less than 16.
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Figure 2.10 shows the comparison of Turner’'s expenital data with theoretical data for
nickel/high-density polyethylene composites fog/Rg, ratios > 7.5, where R s the
radius of the polymer particles, and,Rs the radius of the nickel particl€5.This
discrepancy was attributed to many of the condgdiiter particles not contributing to

the electrical conductivity of the composfte””

EXPERIMENTAL THEORETICAL
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Figure 2.10. Comparison of experimental data withotetical data for nickel/high-
density polyeth?llene composites fop/Ry, ratios> 7.5, where R is the radius of the
nickel particled®

Kusy modified Turner’s model by proposing that $&ngnd double surface layers
on the polymer particles do not form since thefilhas a propensity to accumulate in the

interstitial spaces at all concentrations duringmpaction** Kusy presented the

expression shown in Equation 2:

_ 100
1+ 08¢ [ )

where the new parametejrepresents the critical fraction of the polymerticée surface

vV, (2)

15



covered by the fillel*¥ The equation showed fair agreement with most o th
experimental data presented in his wotk.

Another model describing metal-filled polymer compes with a segregated
network microstructure was developed by De and odkars!*® *° Figure 2.11 shows
that the authors derived the model assuming thatptilymer particles deformed into
cubic shapes under pressure. The model also progbaé the metallic filler particles

were in a square lattice arrangement around tiaciof the polymer particles.

I;-r--mn.esn;m—ﬁ!:
i i I
— e = : y JO
Lt
Polymer ﬁ. Metal surface
phase ria

Figure 2.11. The model proposed to describe a paljymetal composite having the metal
particles arranged in a square lattice around tigner phase (modified}”

By considering the volume to surface area ratiotheffiller and matrix particles,
De derived the expression shown in Equation 3, @hét is defined as it was in
Equations 1 and B% De’s model yielded the best agreement with theegmpental data

reported in previous studies about polymer-matarmposites with segregated network

R
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microstructure$t”



2.2. Polymethylmethacrylate (PMMA) and Indium Tin Oxide (ITO)

Polymethylmethacrylate (PMMA) and indium tin oxifl@O) were chosen as the
matrix and filler materials, respectively, for tlstdy. PMMA is a common replacement
for glass due to its high transparency, easy psiegsand low cost. ITO is known as a
premier electrode material due to its ability to benultaneously transparent and
conducting as a thin film. The following subsectodescribe some studies on the
physical properties (i.e., glass transition tempeea viscosity) of PMMA that are related
to its processing. Information about the propsert@d applications of ITO is also

provided.

2.2.1. Polymethylmethacrylate (PMMA)

PMMA is a common matrix material used in polymertrixacomposites® *> "
18,21, 221The glass transition temperature and coarsenirghamisms of PMMA play an
important role in the processing of the PMMA fotypoer-based composites. It is a well-
known amorphous material with a glass transitiomperature in the range of 100-

120°C " The molecular structure of PMMA is shown in Fig@r&2.

CH,
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Figure 2.12. Molecular structure of PMMA.
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Although the glass transition for amorphous polysn@ight be confused with a
thermodynamic second-order phase transformatiog. (£il3), it is not considered a
second-order phase transformation since it doedalioiv the equation developed by

Ehrenfest for a true second-order transition:

dT, TN(T)Aa Ak
dp  AC, A«

p

(4)

where T is the glass transition temperatupas the pressure, V¢J is the molar volume

at Ty, Aa is the thermal expansion coefficient differenagbfyrer to glass) atgTAC, is

the molar heat capacity difference, aixdis the compressibility differen¢&: 4

Amorphous material

Super-cooled liquid
Crystallization
volume change

Specific volume

T i Tm

Temperature

Figure 2.13. Specific volume versus temperatur@foamorphous materigt

An early study by Sait@t al. specifically showed that the glass transition for
PMMA was rate-dependelif! Figure 2.14 shows the dielectric dispersion of PMas a

function of temperature. The dielectric dispergibiy. 2.14a) was calculated by taking
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Figure 2.14. (a) Dielectric loss of PMMA; and (b)el2ctric dispersion for various
polymers as a function of temperature (Modifiéd).

19



the area under the curves for the dielectric laasus the log of frequency in the low
frequency region (Fig. 2.14b). The dielectric lasghe higher frequencies was ignored
since it was attributed to the motion of side chawhich is not relevant to the glass
transition temperature. This conclusion was basedth® relationship between the

dielectric dispersion and temperature describeBdpation 5:

€0 - € = [360 / (260 + &)][(Ew + 2) / 3F X (”;E”j (5)

wheregy - €. is the dielectric dispersiom,is the concentration of dipoles,is the dipole
moment,g is a parameter relating to dipole-dipole inte@usi k is the Boltzmann
constant, and T is the absolute temperdfdr&he experimental data for PMMA (Fig.
2.14b) indicated that the ternrmg?) was nearly independent of temperature, which
suggested that no considerable molecular arrangemcenrred and a relaxation process
governed the glass transition in PMMA. Similar dos@ons have been drawn for other
amorphous polymefé”

An important study by Kuczynslat al. described the flow properties of PMMA
particles*® The experiment was conducted by sintering PMMAesigal grains to a flat
block of PMMA and measuring the neck diameter. kek radius was measured as a
function of time in the temperature range 127<ZD{Fig. 2.14). Assuming that the
Ostwald power lawg = K(£s)" (wheren is the flow behavior indexg is the shear stress,
K is the consistency index, argdis the shear strain rate), could describe thermety
flow; an empirical equation was derived to desctibe relationship between the neck

diameter and time (Eqg. 6):
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( XJ = F(Tx (6)
.

wherex is the neck radius is the particle radius, F(T) is a function of otdynperature,
t is the time, ang is the inverse of the flow behavior indéX.The flow behavior index

was determined by the slope Sfaversus log t (Fig. 2.15¥
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Figure 2.15. Variation of the ratid/a with time for spheres of poly(methylmethacry)ate
sintered at indicated temperatuf85(x — neck radius, a — particle size radius)

Based on the Ostwald power law and the experimgndaktermined flow index
behavior, Kuczynski proposed that the behavior BfMA was non-Newtonian and
exhibited pseudo-plastic (shear-thinning) flow up 170C, and dilatant (shear-
thickening) flow at higher temperaturés *®

The model used by Kuczynski neglects applied stradich means that it is
imperfect for describing the coarsening that ochetsveen PMMA particles during hot

pressing. However, the temperature selected foexperimental procedure used to form
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the PMMA-ITO nanocomposites in this research israppate based on the literature

and the desired viscoelastic behavior for the PMididtrix particles.

2.2.2. Indium Tin Oxide (ITO)

Optically transparent and electrically conductingdes were first discovered by
Badeker in 190" Materials that are both transparent and condudiimgrare since
conducting materials have a tendency to absorb leagths in the visible light region.
Figure 2.16 shows the typical index of absorptimnconducting materials.

During World War I, transparent conducting matkridoecame critical to
bombing missions, as they were developed for defigsvindows in airplanes at high-
altitudes’® In the 1960s, indium tin oxide (ITO) was discovkre be a transparent
conducting oxide when deposited as a thin fffthSince then, ITO has become one of
the most commonly used transparent conducting exidapplications ranging from flat-

panel display electrodes to electromagnetic shigldi

10 1

Index of absorption

0

}—radio ! optical ! H-ray. ! y—ray~|
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Figure 2.16. Typical index of absorption for contilug materials in various spectra
(modified)
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Indium oxide has a cubic bixbyite crystal structared electrical resistivities as
low as ~10° Q-cm have been reported for this mateffalTin doping of indium oxide
has been shown to decrease the resistivity towsak ~1¢ Q-cm by increasing the
carrier concentration in the materfst.>>*

Equation 7 shows that the electrical conductivigyproportional to the carrier
concentration, whereis the conductivityNe is the number of mobile electrons per unit
volume,ge is the charge per electron, aagds the electron mobility in the materf&}!

0 = N O/, (7)

ITO is classified as a degenerate semi-conductiatgrial™ This means that the
states at the bottom of the conduction band atedfiand the Fermi level is in the
conduction band. This results in metal-like contlist in the material. Consequently,
the energy required to excite an electron fromwllence band into the conduction band
optically becomes greater than the inherent bapdfjghe material. This is known as the
Burstein-Moss effect, where the increase in enemgyuired for a transition in a
degenerate semiconductE,, becomes:
_hK;
= om.

AE

g

(8)

where h is Planck’s constant; is the Fermi wave vector (which is a function afreer
concentration), and @ is the reduced effective mass (which is a functainthe
conduction and valence band density-of-states tafeeasses}” Due to the Burstein-
Moss effect, the material does not respond to vesngghs in the visible light region (400-
700 nm) and high transmittance remains possibburgi2.17 shows a schematic of the

band structure in the material.
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onduction Bang

Sn-doped In,0;

Figure 2.17. Schematic of band structure befork) (end after (right) doping indium
oxide with tin (modified}>®

ITO films were initially deposited using reactive dputtering of In-Sn metallic
targets in an oxygen atmosphere. However, ITO fifires currently deposited using dc
sputtering with a ceramic ITO target in an oxygeyda environment after it was found
that In-Sn metallic targets suffered from poisonb‘@cts[.‘”] Although dc magnetron
sputtering is favorable for high deposition ratdgs technique results in poor target
utilization and costly down time. Wet surface grglis often used to prepare the ITO
targets used in sputtering. Within the past decttse have been reports of potential
health hazards as a result of wet surface grindirigdium tin oxide'>® 5!

The deposition environment plays an important mléhe resultant properties of
ITO. This is because generated oxygen vacancies aoatyibute free electrons to the
conduction band. Notably, excess defect conceatraittan impede the electron mobility

in ITO, which in turn can reduce the electrical doctivity (Eq. 7)[.58] Figure 2.18 shows

24



the effect of oxygen concentration on the opticah$mittance and electrical resistivity of

sputtered ITO films.
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Figure 2.18. @ concentration given as the J[Ar] + [O,]) percentage vs(a) sheet
resistance and (b) transmittance of visible ligiteés-deposited ITO. The thickness of the

films is 1150 A>°!

In order to address the efficiency issues relédetthe poor ITO target utilization
during sputtering, hydrothermal methdi sol-gel route€'® and colloidal chemistry
processe® "% have been explored to synthesize ITO nanopartittiés believed that by
depositing and sintering ITO nanoparticles on galess$, this would increase the
efficiency of utilized ITO and allow coatings ontomplex-shaped surfac&8. Many of
the ITO nanoparticle synthesis methods have beewrsho yield indium tin oxides
having various compositions, degrees of crystajljniparticle morphologies, etc.
Consequently, each of these techniques yields mastewnith different electrical and
optical properties. Figure 2.19 shows an exampldiftérent types of ITO nanoparticles

produced by hydrotherm® and colloidal chemistry methoffé!
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Figure 2.19. TEM images of (a) hydrothermally dedviTO nanoparticle§® and (b)
ITO nanoparticles synthesized by a colloidal chémioute!®®

In addition to thin film applications, there havismbeen a few attempts to use
ITO nanoparticles as fillers in transparent polymetriced!® 17 21 22 7274\ivazaki et
al® embedded ITO nanoparticles in urethane in ordermindify the types of
wavelengths transmitted through the polymer. Candteet al.l’? reported electrical and
optical properties for ITO nanoparticles incorpethtinto a poly(vinyl pyrrolidone)
(PVP) matrix (shown in Figure 2.20). However, daehigh percolation thresholds and
scattering effects, useful electrical conductiatyd optical transmittance have not been

achieved simultaneously for ITO-filled polymer matnanocomposites thus far.
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Figu[r7ez] 2.20. Image demonstrating the transparerfcyano ITO-PVP nanocomposite
film.
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CHAPTER 3

EXPERIMENTAL PROCEDURE

This section gives the details of the ITO nanopkatiillers used in this research;
and the fabrication parameters used for controltimg microstructures of the PMMA-
ITO nanocomposites. Subsequently, the differentradtarization techniques used for

microstructural examination and properties charaagon are also described.

3.1 Filler and Matrix Components
Three types of ITO nanoparticles were combined WKMA patrticles to explore
their effect on the microstructures of the PMMA-IH@nocomposites. The three types of
ITO nanoparticle fillers used will hereafter be eéd to using capital alphabetical
letters.

Table 3.1. Manufacturer Specifications for ITO and PMMA particles used in
PMMA-ITO nanocomposites.

g/ge Particle Size Surface Area Funscltjigﬁgﬁze d
A <50 nm 27 nflg No
B < 451m - No
C <7nm - Yes
PMMA 5-100pm - -

Table 3.1 summarizes the manufacturer specificatiohthe ITO nanoparticles and
PMMA particles. ITO Filler A and Filler B were purased from Aldrich Co., and ITO

Filler C was chemically synthesized. The detailshaf chemical synthesis of ITO Filler
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C and its properties are described in Appendiceenéd B. The PMMA patrticles were

purchased from Buehler Ltd.

3.2 Composite Fabrication Process

The PMMA particles and ITO nanoparticles were aliyi mixed either in
cyclohexane (VWR Scientific), or by mechanical ey in air. Overall, four sets of
PMMA-ITO nanocomposites were fabricated in thiseeash, which will hereafter be
referred to using roman numerals. Mechanical blegndvas used to process all of the
nanocomposites after it was determined that the n@@oparticles adhered better to the
PMMA patrticles in the absence of the cyclohexarahld@ 3.2 summarizes the details for
each set fabricated: I, II, lll, and IV. All of tH&MMA-ITO nanocomposites were formed
into partial or full disc-shaped specimens usingtiaiers mounting press. At least three
specimens were fabricated under identical conditiom order to obtained standard
deviations for the measured properties. The congragressure and rate was controlled
manually by a knob on the control panel of the niimgnpress. Figure 3.1 displays the
Struers mounting press used in processing the oamuesites and the top of the molding
cylinder where the ITO-coated PMMA particles arenpoession molded. After each
specimen was hot pressed, the molding cylinder ecaded to room temperature by
circulated tap water.

The first set (I) was fabricated with the objectiokdetermining which of the
three ITO nanopatrticle fillers yielded the mosttahblie microstructure. The PMMA-ITO
nanocomposites in Set | were fabricated using 065 ITO-coated PMMA patrticles.
This yielded nanocomposites having thicknesses dd faim. The composition of the

specimens was held constant at 0.4 vol.% ITO. Bmoomposites were formed using

29



Table 3.2. Sets of PMMA-ITO nanocomposites fabricatd under different
conditions.

Set ITO Range of ITO Amount of Pressure Temp Time
Type | Concentration Powder
I |ABC 0.07 vol.% 0.275¢ 6.4 MPa ~1577A5 min.
Il A 0.0 -1.6 vol.% 0.275¢9 6.4 MPa ~1577C5 min.
1] B 03-24vol%| 0.275-20¢ 6.4-51.3MP&al57°C| 15 min.
v A 0.0 -1.6 vol.% 209 25.6 MPa ~1579C8 min.

Figure 3.1. (a) Struers mounting press used todater PMMA-ITO nanocomposites; (b)
top of molding cylinder where ITO-coated PMMA paliis were compacted in the
mounting press.
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6.4 MPa of pressure. The mounting press was s&f@C for 15 minutes. However, a
temperature label (Teletemp Model 110-6) placedleshe molding cylinder (near the
top) indicated that the temperature only reachésden 155-160°C at this setting. Based
on the data collected from Set |, the second §edf{IPMMA-ITO nanocomposites were
fabricated using only ITO filler A with compositierranging from 0.0-1.6 vol.% ITO.
Set Il of the nanocomposites were fabricated withdbjective of determining the effect
of the composition on the microstructure of thecapens. Similarly, the nanocomposites
were formed with 0.275 g of ITO-coated PMMA parigl which yielded thicknesses of
~0.5 mm. The mounting press was set to 170 °C, gporaling to a temperature between
155-160°C inside the sample chamber. A pressuéedoMPa was applied for 15 min. to
the mixed PMMA and ITO patrticles during the moldjmgcess.

The third set (lll) of PMMA-ITO nanocomposites wefabricated with the
objective of studying the effect of the processtogditions on the electrical properties
and improving the electrical conductivity of thenmaomposites. ITO filler B was used as
the filler for Set Il since more filler nanopafés would be consumed for this
experiment and ITO filler B was less expensive tha@® filler A. Set Il of the
nanocomposites had filler concentrations betwe8m201 vol.% ITO. The compaction
pressure was varied between 6.4-51.3 MPa for eactpasition. The sample thickness
of the composites was controlled by hot pressinferdint amounts of ITO-coated
PMMA particles (2.0 g, 1.0 g, 0.4 g, 0.275 g). Thiekness was only varied for PMMA-
ITO nanocomposites with 2.4 vol.% ITO. The compattpressure was also varied in
combination with the starting amount of powder fors composition. Compression

molding different amounts of ITO-coated PMMA paleg yielded composites with
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thicknesses ranging between ~0.5-2.0 mm. For ath®fmanocomposites in Set lll, the
fabrication temperature and time were the sameraSdts | and II.

Based on the results of Set I, different prooegparameters were used in the
fabrication of the PMMA-ITO nanocomposites in Sét ITO filler A was used as the
filler for Set IV. The filler concentration was ved between 0.0-1.6 vol.% ITO. The
specimens were formed by application of 25.6 MPg@ressure for 8 min. to 2.0 g of
ITO-coated PMMA patrticles. This yielded nanocomgesihaving thicknesses of ~2.0
mm. The mounting press was set to 170 °C, correipgrno a temperature between 155-

160°C inside the sample chamber.

3.3 Microscopy and X-ray Diffraction

Optical micrographs of the specimens were acquwét the XSB 411 and
LEICA DMRX microscopes without polarized light. [Etared cross-sections were
examined with the LEO 1530 and the Hitachi S-808nsamg electron microscopes
(SEM) operated at 15 kV. Images were acquired ugiagNLENS detector on the LEO
1530 SEM. In preparation for SEM, the nanocompesiere fractured at room
temperature. It was important to fracture the nangmosites below the glass-transition
temperature of the PMMA matrix in order to avoidlypoer flow and deformation
artifacts which could alter the position of thdefil A coating of ~15 nm of gold was
deposited onto the fracture surfaces with an EM3pditter coater before SEM
examination to prevent charging.

X-ray diffraction (XRD) was primarily used for camhing the phase and
determining the average patrticle size of the thidkerent types of ITO nanoparticle

fillers. The nanoparticles were dropped onto a RlfSzero-background substrates (The
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Gem Dugout) prior to analysis either from an aceton acetone/chloroform solution.
High-resolution diffraction experiments were contgac on a Philips PW 1800/20
automated powder diffractometer (APD) with a Bra@gntano geometry and CuwK
radiation. Scans were conducted in the range oft@@B0° with a step size af20 =
0.03°, allowing 3.6 seconds per step.

Transmission electron microscopy (TEM) was useahbt@ain high magnification
images of the different types of ITO nanopartidiers. A JEOL 100CX Il TEM

operating at 100 kV was used at a magnificatioB2df,000X.

3.4 Optical Spectroscopy

Transmittance spectroscopy of the nanocomposit8etinl were acquired using a
Beckman DU-640 spectrophotometer with a spot sfz2nm? at a scan speed of 1200
nm/min between 200 nm and 1100 nm wavelengthswAs taken as the reference.

Refractive index and extinction coefficient valuggere measured for the
nanocomposites in Set IV. The optical constant mremsents were taken with a
Metricon PC 2010 Waveguide coupler using the irgkemeflection intensity analysis
(IRIA) techniquel” "® Measurements were conducted at room temperating as543
nm wavelength light source. The samples were medsair 300-400 different incident
angles covering the total reflection to transmissiegions and the intensities were
recorded by two Keithley 200@ultimeters every 0.15°. Measurements of the coitgss
were taken both in-plane and through the thicknesasg different optical polarizations.

A more detailed description of the IRIA method Vsitable elsewher€® "]
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3.5 Ultra-Small Angle X-ray Scattering

Ultra-small angle x-ray scattering (USAXS) expemtsewere conducted on thin
composite specimens. The objective was primarilplitain the size distribution of the
ITO nanoparticle aggregates formed in the polymetrin The USAXS analysis
required the specimen thickness to be no thickar 0.5 mm.

USAXS experiments in slit-smeared configuratiorerev performed at the
Advanced Photon Source (APS) at Argonne Nationabtatories. The energy of the x-
rays used in the USAXS experiments was 11.9 ke\é. ddta were calibrated to absolute
intensity using the thicknesses of the specimens.

The slit-smeared data obtained from the USAXS awpmits were analyzed
using the Igor Pro (Wavemetrics Inc.) graphing andlysis package. Data reduction was
accomplished using the Indra 2 pack&yand the reduced data were modeled using the
Irena 2 packag€® Modeling the scatter population, viz. the ITO aggate distribution,
was conducted under the assumption of a dilutet.linfihe volume distribution of the

aggregates was obtained directly from the modetasglts.

3.6 DC Electrical Measurements
Two-wire DC electrical measurements were taken l# different types of ITO
nanoparticles fillers. The electrical measurememtse taken by placing 0.3 g of ITO
nanoparticles in a custom-made die having a cytintgde of nylon with a 10 mm inner
diameter. Figure 3.2 shows the plastic die usesh@éasure the conductivity of the ITO
nanoparticles. Figure 3.3 displays the experimemsitl up used to measure the
conductivity of the ITO nanoparticles. A two-wir@rmection was made across the

stainless steel pistons using a Fluke 8840A muteméieces of paper towels were used
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Figure 3.3. Image of experimental set up used tasone the dc electrical conductivity of
ITO nanopatrticle fillers.
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as insulation between the pistons and the platétiseoCarver dry press to prevent any
electric current from passing through the pres® ddmductivity of the nanoparticles was

measured between 50-200 MPa.

3.7 AC Impedance Measurements

Impedance spectroscopy was used to measure thaoakeesistance through the
thickness of PMMA-ITO nanocomposite samples in Sktdll, and IV. Prior to the
measurements, the sample thickness (for conductaiculations) was determined with
a digital caliper (Mitutoyo Corp., model 500-196) &n accuracy of +0.001 mm.
Thickness measurements were taken at five diffdoaattions across the specimens and
averaged. Conductive silver paint (SPI Suppliesy applied to each surface of the
specimen to act as a current collector. The soleentained in the silver paint was
evaporated in a convection oven set to 80°C. Adiging, it was confirmed that the
resistance of each electrode was less th@rby a multimeter (Wavetek LCR55) in order
to minimize the contact resistance during data sdopn.

The impedance spectra were collected betweéhat@l 16 Hz by a Solartron
1260 Impedance/Gain Phase Analyzer combined witBoartron 1296 Dielectric
Interface. For the higher conducting compositeedcggally belonging to Set (IV)),
where it was necessary to acquire the impedancarapat higher frequencies, the data
was collected by a Hewlett Packard 4192 LF Impedahaalyzer between 1Hz and
10" Hz. All of the electrical measurements were taksimg 0.1 Vi, and without any dc
bias. Figure 3.4 shows an image of the contactsemaith the specimens for the

electrical measurements.

36



Figure 3.4. Image of contacts made across thertbgk of the specimen for ac electrical
measurements.
3.7.1 Calculation of specimen conductivity

The value of the dc resistance was taken fromrttezaept between the imaginary
data and the real axis on the complex-plane impesahot (Z” vs. Z’) and used to
calculate the dc conductivity. For very insulating samples, where the data ditd no
intercept the real axis, the data was fit and extieted using an equivalent circuit of a
resistance, R, and a constant phase element (@REgrallel. The equivalent circuit is
defined by Equation 1:
Z* = 1/[(1/R + Yo(iw)"] (@D
where Y, is the CPE constant andis the CPE power (8 a < 1) Zview® software
(Scribner Associates, Inc.) was used to perforneastl squares fit of the insulating
specimen data to Equation 1 in order to estimadrtland CPE values.

The resistance values were extracted from extrégmlar actual complex-plane

impedance plots and used to calculate the dc mlectonductivity of the specimens
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using Equation 2:
0=t/ ARy 2
where t is the thickness of the specimen, A isattea of the electrode surface, and iR

the value obtained at the intercept between thgimaay data and the real axis.
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CHAPTER 4

RESULTS AND DISCUSSION

In this chapter, the characterization results frin@ different sets of fabricated
specimens, described in the experimental procedoapter (Table 3.2, page 30), are
presented and discussed. The first part of thetehdpscusses the Set | specimens, where
different mixing methods and different types of ITi@noparticle fillers were explored. In
the second part of the chapter, the microstructevalution in Set Il specimens, as the
ITO concentration is varied, is discussed. Thetatad and optical properties of the Set
Il nanocomposites are also examined. In the thad pf the chapter, the effect of
compaction pressure and sample thickness on th@striacture and electrical properties
of Set Ill specimens is described. In the last pathe chapter, the electrical and optical
properties of optimized Set IV nanocomposites &eussed.

4.1 Component Properties and Efficiency of NetworlEormation in PMMA-ITO
Nanocomposites
4.1.1 Characterization of Results

SEM and optical micrographs of the PMMA particlegd as the matrix materials
in the nanocomposites are shown in Figure 4.1. HM&A particles are spherical and
have a wide particle size distribution between B{1, comparable to the specifications
given by the manufacturer (Table 3.1). Figuresaéad 4.2b present XRD data obtained
for the PMMA particles and a PMMA-ITO nanocompositespectively. The broad
peaks around P4and 30 indicate that the polymer is amorphdt§. Figure 4.2b also

shows three peaks at2B(, and 35 that correspond to the diffraction pattern for ITO
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Figure 4.3. Differential scanning calorimetry scdrPMMA patrticles.

Figure 4.3 displays a differential scanning calatipm (DSC) scan of the PMMA
particles taken with a ramp rate of°2G/min. The data shows that the PMMA has a
glass-transition temperature around 120 °C, anebsadiation temperature around 260
TEM images of the three different types of ITO naawticle fillers (A, B, and C)
are shown in Figure 4.4. The image of Filler A thgs that the particle size distribution
is bimodal, and is a combination of spherical 10+#8 and 50-100 nm flat-edged
crystals. Electron diffraction and energy-dispegstvray spectroscopy (EDS) analysis of
the ITO nanoparticles indicate that both typesastiples consist of the same cubic phase
of ITO. The image of Filler B shows that the pdescare much smaller than the size
given in the manufacturer specifications (Table pdge 28). Figure 4.4b also indicates

that the particle size distribution is narrowentiiller A, and that the particles contain
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Figure 4.4. TEM images of three different typesI®O nanoparticles proposed as
candidate fillers: (a) Filler A; (b) Filler B; (¢iller C.

some flat-edges. Additionally, Filler B appears lde severely aggregated. Filler C
possesses a narrow size distribution between #i,@&nd the TEM image does not show
any significant agglomeration or aggregation.

XRD patterns for Filler A, B, and C are displayedHigure 4.5. The peaks are
centered at the peak positions of indium oxide migva cubic bixbyite structure (ICDD
Card No. 6-416). The XRD patterns display no disable tin oxide peaks or other
indium compounds. The average patrticle size wasulzdkd from the XRD patterns

using the Debye-Scherrer formula:
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(= 094
Bcosd

(1)

wheret is the grain size in nanometeisis the x-ray wavelength in nanometers (Cu K
= 0.154 nm)B is the full width at half maximum (FWHM) of the XRpeak in radians,
and 6 is the Bragg diffraction anglé? Based on the calculation, Fillers A, B, and C

possess an average particle size of 40.4 nm, 37,2und 6.8 nm, respectively.

(222)
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Figure 4.5. XRD of ITO nanoparticle Fillers A, By&C.

The PMMA and Filler A were initially mixed by twafterent methods. The first
method consisted of adding both particles to asgilask with 20-25 mL of cyclohexane.
The mixture stirred overnight by a Teflon stirribgr over a magnetic stirring plate.
Subsequently, the cyclohexane was evaporated at temperature under vacuum over

an additional 24 hours. The second mixing methedlired placing the PMMA and
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Figure 4.6. SEM images of cross-sections of PMM& Ihanocomposites formed from
PMMA particles coated with 2.4 vol.% ITO by (a) nmg in cyclohexane with a
magnetic stirring plate; and (b) mechanical miximguir.

Figure 4.7. Source of severe aggregation underrieatbusp of the mixing blade.
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Filler A particles in a plastic container and medbally mixing in air, as described in the
experimental section. Cross-section SEM imagepetimens formed from the different
methods (Figure 4.6) indicate that mixing in cy@rane resulted in poor adhesion of the
ITO nanoparticles to the surfaces of the PMMA péet. The ITO appears lighter than
the PMMA in the SEM images.

Very large dark aggregates were visible to the iayseveral batches of ITO-
coated PMMA patrticles after mechanical mixing. Addial experiments showed a
significant reduction in the number of large aggteg by mixing at lower speeds and
removing trapped materials from underneath the ofispe mixing blade after each time
it was used. Figure 4.7 displays the mixing blaseduin combining the PMMA and ITO
particles with an arrow indicating where most o thsidual trapped particles were found
within the blade.

Figure 4.8 shows transmission optical micrograpit SEM images of the cross-
sections of each nanocomposite fabricated in S&gures 4.8a-b present a PMMA-ITO
nanocomposite with 0.07 vol.% ITO Filler A. Figurds3c-d display a PMMA-ITO
nanocomposite with 0.07 vol.% ITO Filler B. Figurds8e-f show a PMMA-ITO
nanocomposite with 0.07 vol.% ITO Filler C. The I'i®©darker than the PMMA in the
optical micrographs.

Figures 4.8a-d reveal microstructures composed obfhpdral-shaped PMMA
particles, and unusual displacement of ITO Fillerand B. Figures 4.8a-b indicate that
Filler A is green in color and has almost completisplaced to the edges of the PMMA
particles after compression molding. As a resultheflack of particles remaining on the

faces of the polyhedral-shaped PMMA particles, Fegti8b displays that trans-particle
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Figure 4.8. Transmission optical micrographs anS¥oss-section images for PMMA-
ITO composites with 0.07 vol.% of different typefsI®O. (a) micrograph of composite
with Filler A; (b) SEM image of composite with F&Hil A; (c) micrograph of composite
with Filler B; (d) SEM image of composite with F&H B; (e) micrograph of composite
with Filler C; (f) SEM image of composite with k&t C.
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fracture occurs through the cross-section upon arechl failure. The PMMA-ITO
nanocomposite with ITO Filler B also demonstratesns displacement of the ITO
nanoparticles, but with less efficiency since sdiif®@ nanoparticles can be seen on the
surfaces of some of the PMMA particles in Figur8d4.As a result, this causes a
combination of inter-particle and trans-particleachure through the cross-section.
Notably, the specimen shown in Fig. 4.8c-d is thly composite in Set | where the ITO
nanoparticles were observed to turn gray after ceagoon molding.

Figures 4.8e-f show that the PMMA-ITO nanocomposiéibits an entirely
different microstructure when ITO Filler C is useldO Filler C exists as huge
agglomerates in the PMMA matrix, and appear to detiate no attachment or
displacement with the PMMA patrticles after compi@ssnolding. As a result, complete
coalescence of the PMMA particles occurs, and rengstructure is observed in the
micrograph in Figure 4.8e. The composite with Fillzdisplays a smooth cross-section

over the whole fracture surface.

4.1.2Analysis and Discussion

Figures 4.1 and 4.4 show that the PMMA matrix gégt are much larger than
the ITO nanoparticle Fillers A, B, and C. Turnedao-worker§® have shown that this
criterion is necessary in order to form a highlyagpésegregated microstructure via
compression molding.

Mallariaset al.®! and Bouchett al.*® both found that the filler particles adhere
best to the polymer matrix particles when electatistforces are present. Figure 4.6
suggests that using cyclohexane as a medium tdhmiyarticles is not the best method

to coat the PMMA particles. It is speculated tleg tyclohexane may leave a residue on
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the surface of the particles, which hinders thea# of electrostatic forces. Figure 4.6a
also shows that the PMMA-ITO nanocomposite formedmf particles mixed in
cyclohexane exhibits inter-particle fracture ovéie tcross-section despite the ITO
nanoparticles not being well adhered to the surféficthe PMMA particles. This also
suggests that the cyclohexane prevents coalesbetween the PMMA particles, which
indicates a residue remaining on the surfaces ef MMMA particles after the
cyclohexane was evaporated. Cyclohexane was chaxséhe solvent because it has a
fairly low vapor pressure and does not dissolve PMMowever, the cyclohexane vapor
pressure may have made it more difficult to remibem the surface of the particles than
originally planned.

The large aggregates identified in the initial bat of the ITO-coated PMMA
particles appeared similar to the materials remdvech under the cusp of the mixing
blade displayed in Figure 4.7. These large aggesgappeared to be composed of ITO
particles, which were likely formed due to the shfeace exerted on the materials when
they were trapped between the inner and outer wdltbe rotating cusps. In order to
reduce the shear, the mechanical mixing was peddrat the lower of the two available
speeds. Additionally, in order to limit significammounts of materials from being
trapped under the cusp of the blade, the mechamioa@hg was carried out in controlled
discontinuous time intervals. By controlling thetemt of continuous mixing, this
minimized the number of particles that drifted umgath the cusp by the rotating blade.

Fractography of the PMMA-ITO nanocomposites is imgat to understanding
the position of the ITO nanoparticles in the PMMAatmx. Crack propagation

experiments with polymer-matrix composites haviritage-segregated microstructures
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are typically used to identify the position of tfiéer in the microstructur&: 1" 2022 83

The location of the filler is determined by obseryithe type of fracture incurred along
the cross-section of the specimens. Figure 4.9 shexamples of cross-sections when
fracture occurs through the PMMA (trans-particlaflan between the PMMA patrticles
(inter-particle) when they are coated with ITO.

Figure 4.9a shows the fracture surface of a PMMiyda that does not contain
any ITO filler. When the neat PMMA fractures, thaface looks dark under SEM and
contains ridges that are characteristic of meclafadure in polymeric materials. In the
PMMA-ITO nanocomposites (Figs. 4.8b, 4.8d, 4.8f¢ regions where trans-particle
fracture of the matrix particles occurs appear camaple to that shown for the neat
PMMA (Figure 4.9a). Trans-particle fracture in tbemposites typically occurs when
there is little or no filler present at the intexés betweethe PMMA particles. Absence
of ITO on the surface of the PMMA particles mayulesrom either insufficient initial
filler content, or partial penetration of the IT@to the bulk of the polymer particle
during processing’ 2> %2l Coalescence of the polymer happens and fractucersc
through the polymer phase when ITO nanoparticlesadassent from the surface of the
PMMA particles.

Figure 4.9b displays the magnification of an irded between two PMMA
particles along the cross-section of a PMMA-ITO e@ymposite that has undergone
trans-particle fracture. The indentations, locapmpendicular to the polymer phase
boundary, indicate penetration of the PMMA by th®Inanoparticles. As a result, some

bonding between the PMMA patrticles along the irtegfcan also be observed.
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Smooth surface due Penetration of ITO
to trans-particle into PMMA

Faceted surface due to ITO aggregates on
inter-particle fracture surface of the polymer

Figure 4.9. Examples of trans-particle fracture @y neat PMMA; (b) a PMMA-ITO
nanocomposite; (c) An example of inter-particle cfume for a PMMA-ITO
nanoc[:zol]mposite; (d) Magnification of the surfacenflTO-coated PMMA particle shown
in (c).
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Figure 4.9c presents an example of inter-particket@ire upon fracture of the
PMMA-ITO nanocomposites. Inter-particle fracturdioates that an appreciable number
of ITO nanoparticles are located at the interfackshe ITO-coated PMMA patrticles.
This is because coalescence of PMMA-PMMA interfasgwevented, leaving the space
between the ITO-coated PMMA particles as the eagiath for cracks to propagate
through the microstructure. In the SEM images,ripeaticle fracture can be recognized
when the fracture surface appears faceted dueeasthlation of individual PMMA
particles. Figure 4.9c shows the cross-section GfMMA-ITO composite at higher
magnification than Figures 4.8b, 4.8d, and 4.8flyGnfew facets of a PMMA particle
can be seen. Since the ITO is lighter in colonttree PMMA under SEM, the surfaces of
the faceted PMMA particle appear lighter when taey coated with the ITO. Figure 4.9d
displays an even higher magnification image of ff@-coated PMMA patrticle that is
shown in Figure 4.9c. It can be seen that the IT@Doparticles also exist as large
aggregates on the surface of the PMMA.

The cross-sectional images of the microstructuhesvghat the spherical PMMA
particles (Fig. 4.1) deform into faceted polyhegsadped particles during compression
molding of the samples (Figs. 4.6, 4.8, 4.9). Aliplo this morphology may suggest a
crystalline structure, Figure 4.2b shows that tMVA remains amorphous after the ITO
nanoparticles are added and the composite is foraeexpected. Based on sintering
studies previously reported, the PMMA particles wdto exhibit pseudoplastic,
viscoelastic flow for the compaction temperaturd ime used to form the samplés®
Consequently, this type of deformation can be etgquedue to the nature of the pressure

distribution during fabrication, since the processurs above the glass-transition
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Figure 4.10. Schematic of ITO-coated PMMA particlezming a space-filling
microstructure upon compression molding. (a) StgrtiTfO-coated PMMA particles; (b)
Polyhedral deformation after compression molding.
temperature of the polymer phase (Fig. 4.3). Thermsufficient driving force to reduce
the open space between the packed spheres whendapplied to the spherical PMMA
powders. As the polymer flow tends to displace aipolyhedral morphology is the most
efficient shape that can be obtained that will cedine porosity and surface energy of the
initially spherical particle®® Therefore, it is thermodynamically favorable tonfor
‘space-filling’ microstructure, which necessitatd®e polymer phase to deform into
polyhedral-shaped particl&S: 8 A schematic of the packing process that occurindur
compression molding is shown in Figure 4.10.

However, no other studies were found in the litexatsearch that describes the
spherical-to-polyhedral transition in morphologesdor the ITO-coated PMMA matrix
particles except for the work reported by Gerharti co-worker§: 17 2% 22 The reason

that this morphology has never been reported fgr @olymer matrix materials before
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may be due to the fact that the polymer deformasaxtremely sensitive to the pressing
parameters and fabrication conditions used to fimencomposites. It has been observed
that the microstructure and related properties @fymer-matrix nanocomposites are
highly dependent upon the size of the filfér,the size ratio between the filler and the
polymer matrix***® and the thickness of the compoéité, as well as the applied
pressure, temperature, heating time and coolirgg rieliore details about the effects of the
processing parameters on the microstructure angepies will be addressed in Section
4.3.

Kusy proposed that there may be a propensity fer fiher to occupy the
interstitials between the polymer matrix particlgson compactioft!! However, Figure
4.8a indicates an unusually large degree of disptent of the ITO Filler A. It happens
that the interstitial voids in the microstructueké on the shape of narrow paths, due to
the polyhedral morphology of the PMMA particles.igforces ITO Filler A to aggregate
into structures that are comparable to wires atrttezfaces of the PMMA patrticles (Figs.
4.8a, c). If these self-assembled ITO aggregatetsires are responsible for percolation
in the PMMA-ITO nanocomposites, this could lead itoproved predictability of
percolation in similar phase-segregated microstnest provided the shape of the
aggregates can be controlled in the similar madasronstrated here.

Based on the data collected from Set |, the praposierostructure is illustrated
by Figure 4.11. Figure 4.11a shows an SEM imagteflTO-coated PMMA particles
before compression molding. The ITO nanoparticlkes\asible as large aggregates that

are dispersed across the surface area of the spgheMMA particles.
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Figure 4.11. (a) SEM image of ITO-coated PMMA paes. lllustration of ITO-coated
PMMA particles: (b) before compression molding, dcying compression molding, and
(d) after compression molding for a composite wathh ITO concentration near the
percolation threshold. The filler is depicted asangreen particles, and the PMMA
particles are depicted as large gray particles.

Figure 4.12. ITO Filler C dispersed in chloroform.
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In Figures 4.11b-d, the ITO nanoparticles are regmeed by small green circles, and the
PMMA particles appear as the larger gray shapabenschematic. The 3-dimensional
schematic specifically shows the deformation of RIMIMA particles and re-arrangement
of the ITO nanoparticles during compression moldBefore compaction (Fig. 4.11b),
the PMMA particles are depicted similar to Figurél4. During compression molding
(Figs. 4.11c-d), the PMMA deforms into polyhedrbkped particles, and the ITO
nanoparticles are displaced to the edges of théyramformed matrix particles.

Figures 4.8c-d also indicate some displacemenilielr B in a similar fashion to
the schematic in Figure 4.11. There is likely lelsplacement due to the Filler B
nanoparticles being severely aggregated as showreimEM image (Fig. 4.4b). For this
particular sample, it was also observed that th@ hRnoparticles turned from green to
gray in color after composite fabrication. This arols characteristic of ITO when a
change in oxygen stoichiometry occurs. It is unciay this change is not seen for Filler
A, especially since Filler A has a higher surfaceaahan Filler B. Figures 4.8e-f exhibit
virtually no displacement of ITO Filler C in the RM\ matrix during composite
fabrication. Figures 4.8e-f specifically show thidte PMMA particles completely
coalescence around the large ITO aggregates.

Due to the high surface area of ITO Filler C (~7rB, fFig. 4.4c), there is a high
tendency for the particles to aggregate (Fig. 4a8&y the ligands are burned off. Figure
4.12 displays an image of the colloidal ITO Fil@iin chloroform after the nanoparticles
are isolated immediately after synthesis. The imslg@wvs that the ligands prevent the
ITO nanoparticles from agglomerating in non-polalvents. This behavior is typical of

nanocrystal oxides that are precipitated in thegmee of myristic aci® In the future,
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it will likely be necessary to modify the methoceddo combine the ITO particles (made
by colloidal methods) with PMMA patrticles in ord&r form nanocomposites with the
desired phase-segregated microstructure. As atrethe agglomeration observed for
Filler C after removal of the ligands, these nambglas were determined to be

unsuitable as fillers for the PMMA-ITO nanocompesitn this research.

4.1.3 Conclusions

PMMA and ITO particles were mixed and compressimolded to form
nanocomposites with phase-segregated microstrgctBEM images indicate that mixing
the components in air results in better adherefdbeol TO nanoparticles to the surface
of the PMMA patrticles. It was also found that coliing the speed and length of mixing
of the particles resulted in smaller aggregatd3 ©f nanoparticles in the specimens.

Three different types of ITO nanopatrticles were edded in the PMMA matrix
in order to study their effect on the resultantnostructure. The resultant microstructures
of the nanocomposites were observed using tranemisgtical microscopy and SEM. It
was shown that the position of the ITO nanopasi@eund the PMMA patrticles could
be determined based on the fracture surface cleaisiats along the cross-section of the
nanocomposites. Typically, inter-particle fracturdicates that the ITO nanoparticles are
located on the surface of the PMMA patrticles, arathg-particle fracture indicates that
the ITO nanoparticles either occupy interstitiatdween the PMMA particles or have
penetrated the surface of the PMMA particles.

Images of the microstructures of the nanocompositesved that the PMMA
particles transform from spherical to polyhedradysdd upon compaction. The images

also displayed that the nanocomposites filled witle type of ITO nanoparticles (Filler
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A) exhibited significant displacement of the ITOnogarticles towards the straight edges
of the PMMA particles during compression moldingheT ITO nanopatrticles self-
assemble into aggregates along the edges of théngubhbl-shaped PMMA particles;
assuming structures similar to that of wires. Thepldcement is explained by it being
thermodynamically favorable for the PMMA particlea® form a space-filling
microstructure during compression molding, and fitee-flowing ability of the ITO
nanoparticles. It was also shown that displacenuénthe ITO nanoparticles during
compression molding is either less efficient orslaet occur when the nanoparticles are
initially aggregated (Filler B) or have ligandsaathed to their surfaces (Filler C).
4.2 Behavior of ITO nanoparticles as a function o€oncentration in Thin PMMA-
ITO Nanocomposite$-”

4.2.1 Characterization of Results

In this section, the ITO concentration was vatiearder to study the effect on
the microstructure and electrical properties of BMMA-ITO nanocomposites. For this
set of specimens, ITO Filler A was used as theerfilnaterial. The details of the
fabrication conditions for Set Il are describedTiable 3.2 on page 30. Transmission
optical microscopy, SEM images, and impedance spsmipy were used to characterize
the nanocomposites. The objective was to corrdéteterariations in the microstructure to
the electrical response in the specimens.

A transmission optical micrograph and cross-seciinage for a nanocomposite
filled with 0.07 vol.% ITO was presented in thetsat 4.1.1 in Figure 4.8a-b. Figure
4.13 displays the effect on the microstructure whaore ITO was added to

nanocomposites that were fabricated by the samzepsaas the specimen in Fig. 4.8a-b.
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Figure 4.13 shows transmission optical micrographd SEM images of the cross-
sections for nanocomposites with concentration®.60, 0.83, and 1.64 vol.% ITO.
Figures 4.13a-b display the transmission opticatrograph and a cross-section SEM
image of a PMMA-ITO composite containing 0.50 voll%). The optical micrograph
for this nanocomposite appears more opaque thanntieeograph shown for the
composite with 0.07 vol.% ITO (Fig. 4.8a) and shaavéigher concentration of ITO
along the edges of the polyhedral-shaped PMMAigest The cross-section SEM
image (Fig. 4.13b) shows fractured surfaces thatcharacteristic of both inter-particle
and trans-particle fracture. Agglomerates of IT&haparticles can also be seen on some
of the flat faces of the PMMA particles, where fgcean be seen. The location of the
ITO nanoparticles across some of the flat facelkedy responsible for the increased
opacity observed in the corresponding optical ngcaph.

Figures 4.13c-d display the optical micrograph ara$s-section SEM image of a
composite filled with 0.83 vol.% ITO. The opticalarograph (Fig. 4.13c) shows that the
specimen becomes less translucent as the ITO cwaten in the matrix is increased.
The ITO can clearly be recognized across the fatdhe PMMA. The corresponding
SEM image (Fig. 4.13d) shows more inter-particikecfure as well as additional ITO
nanoparticle aggregates positioned on the flat sfacé the PMMA particles.
Consequently, this image best shows the polyhed@phology of the PMMA in 3-
dimensions with the ITO covering the polymer. Timset of the formation of ITO sheets
appearing across the faces of the PMMA seems ®tesult of the higher ITO content

present in this composite. Figures 4.13e-f showotitecal micrograph and
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Figure 4.13. Transmission optical micrographs (TGMM) cross-section SEM images of
PMMA-ITO composites with different ITO contents. &PM of composite with 0.50
vol.% ITO; b) SEM image of composite with 0.50 961ITO; ¢) TOM of composite with
0.83 vol.% ITO; d) SEM image of composite with 0.881.% ITO B; e) TOM of
composite with 1.64 vol.% ITO; f) SEM image of qoosite with 1.64 vol.% ITA”
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cross-section SEM image of a composite filled witi®4 vol.% ITO. There are no
significant features that are identifiable in th@ical micrograph (Fig. 4.13e) due to the
high concentration of ITO and resulting opacitywéwer, the corresponding SEM image
for this specimen (Fig. 4.13f) shows inter-partichecture over the entire cross-section of
the nanocomposite. The SEM image also revealdltbat is preferential deformation of
the PMMA powders in one direction. The preferentl@formation is seen to occur
parallel to the pressing direction used in the c@sgion molding. This may also be
attributed to the higher ITO content, and will laeleessed in the discussion section.
Figure 4.14 displays the electrical conductivitytieé ITO Filler A used for the
PMMA-ITO nanocomposites used in Set Il. The barpbrandicates conductivities
between 0.02-0.11 S/cm when pressures between G0AP@ are applied to un-sintered

ITO Filler A nanopatrticles.
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Figure 4.14. Electrical conductivity of un-sinterédO Filler A nanoparticles as a
function of pressure.
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Figure 4.15 displays complex plane impedance pfots the PMMA-ITO
nanocomposites, where the imaginary part of impeeanplotted against the real part of
impedance. Complex plane impedance plots typichfiglay semicircles, with frequency
decreasing from left to right. A large semicirahglicates a large resistance and, thereby,
a more electrically insulating sample while a snsdicircle corresponds to a small
resistance and a more electrically conducting saniplthe different parts of Figure 4.15,
the semicircles had to be viewed on two differetdles since the resistance values
changed over several orders of magnitude as atresybercolation. Percolation in
insulator-conductor composites such as these aasedhe transition from an insulating
electrical response to semi-conducting behavioFi¢ure 4.15a, the data markers, which
form a small arc, represent the experimental dat@a @omposite with 0.17 vol.% ITO,
and the solid line is the fitted curve used tomeate the impedance of the sample. Only a
small part of the semicircle can be observed dubedighly insulating behavior of this
sample. Therefore, an equivalent circuit of a tasise, R, and a constant phase element
(CPE) in parallel was used to fit the experimedtgh, as described in section 3.7.

Figure 4.15b shows higher magnifications of thgias of the plots in Fig. 4.15a
to reveal smaller semicircles for the more condhgcpecimens, specifically composites
with 0.50, 0.74, 0.83, and 1.64 vol.% ITO. The dsistance values of these samples
were taken from the intercepts of the semicircleth whe real axis. The values at the
intercepts are used to calculate the dc resigs/ifand hence the conductivities) of the
composites.

The dc conductivity of the PMMA-ITO nanocomposi@s a function of ITO

content is shown in Figure 4.16. The error barkiohe data from at least three different
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Figure 4.15. Representative complex plane impedahas of individual PMMA-ITO

nanocomposites. Part b is a magnification of thgiroof part a.
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Figure 4.16. Electrical conductivity of PMMA-ITO nacomposites as a function of ITO
content.
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specimens for each composition, all fabricated utite same conditions. It is speculated
that the bimodal distribution of the ITO nanopdeascand the PMMA size distribution
have contributed to some of the larger standariatlens seen in the data. The electrical
conductivity of the PMMA-ITO nanocomposites remaicemparable to that of pure
PMMA until 0.2 vol.% ITO content. Between 0.2-0.6196 ITO there is an increase in
the conductivity by approximately six orders of miwgde. Between ~0.7-0.9 vol.% ITO
there is a small plateau and the electrical comdticremains relatively constant within
this composition range. When the ITO content igeased to over 1.0 vol.% ITO, the
conductivity rises again by approximately one ordemagnitude. Although the final
composition (1.64 vol.% ITO), a minor decreasehi@ tonductivity is detected. Notably,

the maximum conductivity achieved in the nanocortpssis much lower than the
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conductivity measured for the ITO nanoparticlesisTdan be attributed to weak physical
contact or contact resistance between the ITO retiofes in the specimeffs.
The degree of transparency observed in the optadographs of the PMMA-

ITO nanocomposites is quantified by transmittangectoscopy data shown in Figure
4.17. Figure 4.17 displays the transmittance spdottween 200-1100 nm, from the
ultra-violet (UV) region to the near infrared (IRgnge. The typical absorption edge for
PMMA is observed in the UV region of the grdfh.®”! Figure 4.17 shows that the
transmittance in the visible light region (400-70@) is depressed as more ITO
nanoparticles are added. Beyond the compositidh&tf vol.% ITO, the spectra become
more difficult to distinguish between the specimenth different filler concentrations.
The decrease in transmittance correlates well thightransmission optical micrographs
of the PMMA-ITO nanocomposites that contained higltencentrations of ITO.
Notably, Figure 4.17 does not reveal a reflectidgeefor any of the spectra taken of the
specimens. A reflection edge in the IR region igrabteristic of ITO due to inherent free
electrond®” 88 |n the case of the PMMA-ITO nanocomposites, ispeculated that a
reflection edge is not observed due to interactloetsveen the PMMA and ITO patrticles
at their interfaces. Figure 4.18 displays the U%-IR transmittance spectrum obtained
from ITO Filler C dispersed in chloroform (non-polaolvent). The transmittance
spectrum for Filler C indicates that ITO nanopdesamay exhibit a reflection edge in the

absence of the PMMA particles.
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Figure 4.17. Transmittance spectra of PMMA-ITO raomoposites between 200-1100
nm.
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Figure 4.18. UV-Vis-IR transmittance spectra of IF{ler C dispersed in chloroforfi’!
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4.2.2 Analysis and Discussion

The optical micrographs and SEM images depictdeignre 4.13 demonstrate the
unique behavior of the faceted microstructures ha PMMA-ITO nanocomposites.
These results are in agreement with several otlodym@r-matrix nanocomposites
containing similar microstructures that have beesvipusly reported by Gerhardt and
co-workerd?> 18 20231

One of the most interesting characteristics in therostructures of the
nanocomposites is the process by which a conductetgiork of ITO nanoparticles
apparently forms in the PMMA matrix of the samplBsspite becoming widely accepted
that percolation in segregated network microstmastuoccurs by the filler remaining
undisturbed during hot pressing, the electrical amdroscopy data presented in this
research suggests that this is not the case f&?MA-ITO nanocomposites.

Although the ITO is spread over the entire surfaickhe PMMA particles prior to
compaction (Fig. 4.11a), the images of the micumstires (Fig. 4.13) show that the ITO
nanoparticles collect and align along the edgad®ipolyhedral PMMA after more ITO
is added. The effect of pressure, viscosity ofgblymer matrix, and surface forces may
all affect the redistribution of the filler. It cabe surmised that the viscosity of the
PMMA particles is too high to be penetrated byfh® nanoparticles at the compression
molding temperature used (~157°C). Even though thespre does not provide enough
force for the ITO nanoparticles to penetrate thdéase of the PMMA particles, there is
still sufficient energy available for the PMMA toloww and displace the ITO
nanoparticles. Thus, the polymer fills the spded the ITO initially occupied and the

ITO is carried towards the interfaces between thiA particles (see Fig. 4.11). After
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the ITO is displaced, the edges of the polyhedMMA particles become the primary
site for contact between the ITO nanoparticles cihiltimately leads to the formation of
an interconnected ITO network similar to the appeee of wires (Figs. 4.13a-b).

Further evidence that the ITO concentrated aldregddges of the polyhedral
PMMA particles forms an interconnected 3-D netwaskindicated by the significant
increase in the conductivity of the nanocomposiiethe compositions where only that
feature is dominant. This is seen to occur at catnagons between 0.33-0.50 vol.% ITO
for the PMMA-ITO nanocomposites fabricated understh processing conditions (Fig.
4.16). Such a low percolation threshold value isegally characteristic of polymer
matrix composites containing phase-segregated stiaciured> % 12 13 16, 17, 1923 hq
data presented in Figure 4.16 is consistent wihsital percolation theory:

Gac=0nmlp - RI 2)
where o4 is the dc conductivity of the compositey, is the conductivity of the
conducting phase, p is the volume fraction of tbaducting phase,.ps the volume
fraction near the percolation threshold, ands a system-specific vallf&: °@ The
expression states that the conductivity in theesysts expected to increase by several
orders of magnitude around the percolation threshol

The conductivity data also correlates well with taa collected by the UV-Vis-
IR transmittance measurements, which shows a ggnifreduction in the transmittance
after around the percolation threshold (Fig. 4.THis reduction in the transmittance is
common when percolation occurs in composites coimgitransparent materials, due to
scattering effects caused by the continuous irdetigbe contact established between the

filler particlest®®
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The optical micrographs and SEM images of the cagdilled with 0.50 vol.%
ITO (Figs. 4.13a-b) show that the ITO is heavilyncentrated along the edges of the
polyhedral PMMA particles at this composition. Buwhough the ITO is also shown to
occupy some of the flat faces of the PMMA, it appda be discontinuous over the faces
across the sample thickness, which strongly suggést percolation is achieved as a
result of a network formed along the edges of thighedral-shaped PMMA patrticles.

The electrical conductivity data shows that aftezrcplation occurs, the
conductivity of the composites remains relativelgnstant as the concentration is
increased to ~0.8 vol.% ITO (Fig. 4.16). The trarssioin optical micrographs and SEM
images for the composite filled with 0.83 vol.% IT@ig. 4.13c-d) show that the ITO
continues to accumulate across the faces of thdhedial PMMA at these compositions.
The presence of the ITO on the faces of the PMMAI$® indicated by the decrease in
optical transmittance at this composition (Fig.73.1t is believed that the ITO begins to
occupy the faces as a result of the edges of thBIRMarticles becoming completely
filled by the ITO. Although the polymer was easdple to displace the ITO at lower
concentrations, the quantity of ITO above the pletan threshold is large enough that
displacement of the ITO becomes too difficult. Agesult of the ITO nanoparticles
occupying the faces of the PMMA, room temperatuaetiire causes crack propagation
to occur between the ITO-coated, polyhedral-shadilA particles. Fracture surfaces
of nanocomposites containing ITO concentrationssalibe percolation threshold reveal
an ordered, faceted cross-section.

Further increases in the ITO content have an auditieffect. As can be seen in

the optical micrograph and SEM image of the PMMA&AIhanocomposite filled with
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1.64 vol.% ITO, the polyhedral PMMA particles amancompletely covered by the ITO
(Fig. 4.13e-f). As a result, the wire-network is Inager visible and the transmittance of
visible light is minimal due to scattering by tHEQ inter-particle contacts (Fig. 4.17).
The small rise in electrical conductivity as theDlcontent is increased beyond ~1.0
vol.% ITO (Fig. 4.16) may be attributed to the netennectivity of the ITO nanoparticles
that form sheets across the faces of the PMMA glasti

The SEM image of the composite with 1.64 vol.% I§Bows some uniaxial
deformation of the polyhedral-shaped PMMA particdsng the pressing direction. This
suggests that the flow of the PMMA becomes regtdidty the high concentration of ITO
nanoparticles, thus limiting the space availabldadth phases during compaction. The
specimens likely become more rigid as a resulinofdasing the concentration to 1.64
vol.% ITO due to the formation of the ITO nanopadisheets that surround the PMMA.
This may generate normal forces, which can causeesof the ITO nanoparticles to
penetrate the surface of the PMMA particles. Thas cause the conductivity of the
PMMA-ITO nanocomposites to slightly decrease sisoee of the ITO nanoparticles

become electrically isolated inside the PMMA pagsc

4.2.3 Conclusions

Correlation between the electrical, optical, androstructural data of PMMA-
ITO composites has been established in order teiggansight about the effect of the
ITO concentration on the properties and microstmest of the PMMA-ITO
nanocomposites. The results for the nanocompadétesribed in this section demonstrate
that the ITO nanoparticles first accumulate aldmg édges of the PMMA particles until

the concentration equals the percolation thresheltdch occurs around 0.50 vol.% ITO.
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At concentrations equal to or lower than the pextioh threshold, the ITO nanopatrticles
assemble into three-dimensionally interconnected-like aggregates along the edges of
the polyhedral-shaped PMMA particles. Beyond thecqation threshold, the ITO
nanoparticles begin to form conducting sheets actbge flat faces of the PMMA
particles. These results significantly contrastrfrprevious studies, which proposed that
percolation in segregated network microstructungly occurred as the result of limited
or no displacement of the filler on the surfaceh® polymer particles during composite
fabrication; and that percolation should not ocomtess an interconnected network
existed across the faces of the polymer matrixigjast®® The effects of the composite
fabrication parameters on the microstructure andpgmties of the PMMA-ITO
nanocomposites will be examined in Section 4.3.
4.3 Optimization of Fabrication Conditions for Improved
Conductivity/Microstructure

4.3.1 Characterization of Results

In this section, the ITO concentration, compactioessure, and sample thickness
are varied in order to study the effect on the ostucture and electrical properties of
the PMMA-ITO nanocomposites. For this set of spetis) ITO Filler B was used as the
filler material. The details of the fabrication cbtions for Set Il are described in Table
3.2 on page 30. SEM images and impedance specppsvere used to correlate
variations in the microstructure to the changesthe electrical properties of the
nanocomposites.

The effect of compaction pressure was studied fonamocomposites that were

fabricated using 0.4 g of powder consisting of It&@ated PMMA particles. Figure 4.19
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describes the electrical conductivity of the ITQldfi B used for the PMMA-ITO
nanocomposites in Set lll. The bar graph indicatesluctivities between 2-3 S/cm when
pressures between 50-200 MPa were applied to wersthITO Filler B nanoparticles.
Notably, these nanoparticles possess a higherielatonductivity than Filler A by 1-2
orders of magnitude. Although the certificate odlgsis issued by Aldrich Co. confirmed
that both Filler A and Filler B contained 10 at.%, 8 is speculated that the difference in
electrical properties between the nanoparticles iayattributed to different oxygen
contents in the nanoparticles.

Figure 4.20a shows the ac conductivity as a functibfrequency for PMMA-
ITO nanocomposites filled with 0.3 vol.% ITO madeng 6.4, 25.6, and 51.3 MPa. The
data show that the conductivity is frequency dependh the entire frequency range for
all samples of this composition. This is typicalspecimens with compositions below the

percolation threshold, which tend to exhibit elieetity insulating behavio: 2% 22 8. 8
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Figure 4.19. Electrical conductivity of un-sinter¢@O Filler B nanoparticles as a

function of pressure.
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Figure 4.20b and Figure 4.20c show the fracturdasas of nanocomposites
containing 0.3 vol.% ITO that were formed with tlmvest and highest compaction
pressures (6.4 MPa and 51.3 MPa). Both fracturaces displayed in Figures 4.20b and
4.20c consist of randomly located faceted regiond smooth regions. The faceted
regions appear lighter in color because the ITOopatrticles are on the surface of the
PMMA particlest!’” 2> 22 As described in section 4.1.1, the faceted regamesir due to
crack propagation between the ITO-coated PMMA pledi and the smooth regions
occur due to trans-patrticle fracture through theM@\particles.

Figure 4.21a shows the ac conductivity as a functib frequency for PMMA-

ITO nanocomposites filled with 1.3 vol.% ITO falated using 6.4, 25.6, and 51.3 MPa.
For the composite formed with the highest pressbie3 MPa, the conductivity still
shows frequency dependence over the entire rarmgeever, for nanocomposites formed
with 6.4 MPa and 25.6 MPa, frequency-independayibres of the conductivity begin to
emerge. The frequency at which the ac conductiwgnsitions from frequency-
independent to frequency-dependent is typicallgrrefl to as the critical frequency, f
The critical frequency is located by finding théeirsection of two tangent lines from the
frequency-dependent and frequency-independentrregis shown in Figure 4.2%a"
22l Frequency-independent behavior of the conductividy usually indicative of
interconnectivity between the conducting particl@he transition from frequency-
dependent to frequency-independent conductivity @ discussed in more detail in
section 4.3.2.

Figure 4.21b and Figure 4.21c show the fracturdasas of nanocomposites

containing 1.3 vol.% ITO that were formed with 6MPa and 51.3 MPa, respectively. In
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Figure 4.20. (a) The ac conductivity vs. frequefaryPMMA-ITO nanocomposites filled
with 0.3 vol.% ITO molded using 6.4 MPa, 25.6 MRad 51.3 MPa. Fracture surfaces
of nanocomposites formed using (b) 6.4 MPa an&1c3 MPd*"
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Figure 4.21. (a) The ac conductivity vs. frequefaryPMMA-ITO nanocomposites filled

with 1.3 vol.% ITO molded using 6.4 MPa, 25.6 MRad 51.3 MPa. Fracture surfaces
of nanocomposites formed using (b) 6.4 MPa an&1c3 MPd*"
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the image of the nanocomposite formed with 6.4 NfR@. 4.20b), the fracture surface is
faceted over the entire cross-section, which irtdegrimarily inter-particle fracture
between the ITO-coated PMMA particles. However, wiiee compaction pressure is
increased to 51.3 MPa (Fig. 4.20c), trans-particdeture of the PMMA patrticles is
visible near the edge of the cross-section. Notalblg smooth fracture is located just
below the surface of the nanocomposite, which issedt to the piston during
compression molding. The fracture surface becomestéd as crack propagation occurs
towards the center of the cross-section. This itiandrom smooth to rough fracture may
be explained by pressure gradients that occur gurampression molding, and will be
discussed in more detail in the discussion section.
Figure 4.22a shows the ac conductivity as a functibfrequency for PMMA-

ITO nanocomposites filled with 2.0 vol.% ITO madgng 6.4, 25.6, and 51.3 MPa. The
data shows that for this composition, frequencyepehdent regions of the conductivity
exist for all applied compaction pressures. SimitaFigure 4.21a, the data shows that
the frequency independent conductivity and theesponding critical frequency increase
when a lower compaction pressure is used. Figz&b4and Figure 4.22c show the
fracture surfaces of nanocomposites containing/@lG6 ITO that were formed with 6.4
MPa and 51.3 MPa, respectively. The cross-sectfatme nanocomposite formed with
6.4 MPa (Fig. 4.22b) is comparable to Fig. 4.21that the fracture surface is dominated
by facets. For the nanocomposite filled with 2.0.%oITO and formed with 51.3 MPa
(Fig. 4.22c), trans-particle fracture is less appamear the edge of the cross-section.
Upon closer inspection, the PMMA particles in Femid.21c and 4.22c also appear to

have undergone some flattening under these conditi@hese attributes are likely due to
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Figure 4.22. (a) The ac conductivity vs. frequefaryPMMA-ITO nanocomposites filled
with 2.0 vol.% ITO molded using 6.4 MPa, 25.6 MRad 51.3 MPa. Fracture surfaces
of nanocomposites formed using (b) 6.4 MPa an&1c3 MPd*"
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the combined effects of the pressure transmitteéshgwompaction and an increase in the
rigidity of the nanocomposites with the additiomnadre ITO nanoparticles.

Figure 4.23 summarizes the steady-state (dc) céndycas a function of ITO
content for PMMA-ITO nanocomposites formed using, 5.6, and 51.3 MPa. The dc
conductivities were calculated from the impedangpecta as described in section 3.7.
The error bars include data from at least threfemiht specimens fabricated under the
same conditions. The wide PMMA particle size dmition and the compaction rate are
likely responsible for some of the larger standdedliations seen in the data. Control of
the compaction rate was limited since it could dmdyadjusted manually by a knob on
the control panel of the mounting press. In spitthese limitations, there is a detectable
effect of the compaction pressure on the percolatibreshold and resultant dc

conductivity.
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Figure 4.23. The dc conductivity vs. ITO concentrator PMMA-ITO nanocomposites
molded using three different compaction pressures.
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Figure 4.23 indicates that higher compaction pnesgenerally results in lower
conductivity especially for PMMA-ITO nanocompositesth concentrations above the
percolation threshold. For samples with the high@®© content, the conductivity
decreases by over two orders of magnitude whenagipdied compaction pressure is
raised from 6.4 MPa to 51.3 MPa. The graph alsavshibhat when 6.4 MPa and 25.6
MPa are used, the specimens require about 0.8 \dl®%sto achieve percolation. For
specimens fabricated using 51.3 MPa, over 1.5 vdil¥® was necessary to attain
percolation.

The effect of sample thickness was determined byivg the amount of powder
used to make the nanocomposites. Figure 4.24 gisitee ac conductivity as a function
of frequency for PMMA-ITO nanocomposites containihg vol.% ITO made using 2.0
g and 0.275 g of ITO-coated PMMA particles withfeliént compaction pressures.
When the nanocomposites are fabricated using 0R2@5 powder and 51.3 MPa, the
conductivity shows frequency dependence over theeerange. For nanocomposites
formed with 0.275 g, a transition to frequency-ipeedent conductivity emerges when
the compaction pressure is reduced to 25.6 MPa&. iShsimilar to the trend presented in
Figure 4.21a. When the amount of powder used tcernttadk nanocomposites is increased
to 2.0 g, the samples exhibit frequency-independentuctivity nearly over the entire
frequency range. Figure 4.24 also indicates thatdlectrical behavior of the thicker
nanocomposites is not significantly affected by thange in compaction pressure used
during the fabrication process.

Figure 4.25 shows the fracture surfaces for PMMAIThanocomposites

containing 2.4 vol.% ITO made using 2.0 g and 0. @ d compaction pressures of 6.4
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MPa or 51.3 MPa. The SEM images of hanocomposiesdd with 2.0 g of ITO-coated
PMMA powders (Fig. 4.25a-b) indicate that the cootjmm pressure does not have a
significant effect on the microstructure of thesenples, as already suggested by the
electrical conductivity results. In both caseseirparticle fracture occurs over the entire
cross-section of the nanocomposites, and the IT@sible on the surfaces of all of the
deformed PMMA particles. However, when 6.4 MPa $&dito mold nanocomposites
with 0.275 g of ITO-coated PMMA powder, Figure 4&25hows that the fracture surface
exhibits random smooth and faceted regions. Whercémpaction pressure is increased
to 51.3 MPa for a nanocomposite made with 0.27%gder, the image (Fig. 4.25d)
displays smooth regions and trans-particle frachaarly over the entire cross-section.
These observations of the microstructures may p&myed by pressure gradients, which

are dependent on the amount of powder that is lmingpacted.
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Figure 4.24. The ac conductivity vs. frequencyR&MA-ITO nanocomposites with 2.4
vol.% ITO formed with different amounts of powderdacompaction pressurgs.
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Figure 4.25. Fracture surfaces of PMMA-ITO nanocosites (2.4 vol.% ITO) formed
with different amounts of powder and compactiorsptees. (a) 2.0 g, 6.4 MPa; (b) 2.0 g,
51.3 MPa; (c) 0.275 g, 6.4 MPa; and (d) 0.275 ¢3 BaPal*"!
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Figure 4.26 summarizes the dc conductivity resasts function of the amount of
powder used to compression mold nanocomposites fillith 2.4 vol.% ITO at different
compaction pressures. The graph shows that asuthetity of powder that was used to
form the nanocomposites is increased, the compagtiessure plays less of a role in
determining the conductivity of the specimens. ®@e bther hand, the compaction
pressure has a significant effect on the resuttantuctivity when the amount of powder
used to make the nanocomposites is below 1.0 g €léctrical properties exhibited by
the nanocomposites are naturally related to theasticictures shown in Figure 4.25. The
behavior of compacted powders as a function of giyawill be further described in

section 4.3.2.

LOG Conductivity (S/cm)

-13 A -0-6.4 MPa
-=25.6 MPa

—-—51.3 MPa
'15 T T T T

0.0 0.5 1.0 1.5 2.0 2.5
Amount of Powder (grams)

Figure 4.26. The dc conductivity vs. amount of pewdised to form PMMA-ITO
nanocomposites with 2.4 vol.% ITO. The graph shalasa for the three different
compaction pressurés!

81



4.3.2Analysis and Discussion

It is difficult to deduce any effect of the compaant pressure on nhanocomposites
that contain ITO concentrations below the percotatihreshold (<1.3 vol.% ITO)
because they are very insulating. For PMMA-ITO ramoposites filled with 0.3 vol.%
ITO, the electrical data and microstructure areisimguishable when different
compaction pressures are used (Fig. 4.20). THedause the ITO nanoparticles cannot
form continuous chains at low concentrations in ithetrix. Consequently, this causes
most of the cross-section to exhibit trans-partifiecture and very high electrical
resistance.

In PMMA-ITO nanocomposites having ITO concentrasi@bove the percolation
threshold (>1.3 vol.% ITO), the electrical propestiand microstructure are more
sensitive to variations in the compaction pressuirgs is shown in Figs. 4.21 and 4.22,
where increasing the compaction pressure dramigtighiers the ac conductivity in the
composites. Changes in the microstructure cankas@cognized in the SEM images of
the microstructures. The crack propagation bemamiohe cross-sections was observed
for several nanocomposites fabricated under idahtonditions. The nanocomposites
were fractured at room temperature in order to camlymer flow and deformation
artifacts. The trans-particle fracture at the edgfethe nanocomposites can be explained
by a pressure gradient transmitted through the powdring composite fabrication. The
pressure transmitted during compression molding tmaydescribed by the following
equation:

R/P = exp [-4uzH/D] 3)
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where P is the applied pressurgjdthe pressure at any position x below the pundh,
the coefficient of friction between the powder ahé die wall, z is a proportionality
factor that represents the ratio of radial stregbaxial stress, and H and D are the height
of the powder bed and diameter of the punch, reiseée®? This expression is
applicable to single action pressing, which wasduse the fabrication of the
nanocomposites. The height of the powder bed ipgrtimnal to the amount of powder
used to form the nanocomposites. Therefore, Equaiandicates that the ratio of the
amount of powder used to make the nanocompositéetdiameter of the die affects the
pressure transmitted during the compaction process.

For nanocomposites with ITO concentrations aboeeg#rcolation threshold (>1.3 vol.%
ITO) that were made with 0.4 g of powder, thersufficient pressure near the edge of
the cross-section to force the ITO into the polypieaise and cause trans-particle fracture
(Figs. 4.21c and 4.22c). However, since less pregsuransmitted towards the middle of
the cross-section, inter-particle fracture occunsgd a faceted surface appears in the
middle because the ITO remains on the surface ofPMMA particles. Figure 4.27
illustrates a schematic of the fracture surfacehef PMMA-ITO nanocomposites as a
consequence of the pressure distribution descblgdeuation 3.

The SEM images of the cross-sections of nanocortgmsnade with different
amounts of powder (Fig. 4.25) further show the affe the starting amount of powder,
and hence the H/D ratio. For nanocomposites hafidgvol.% ITO that were formed
with 0.275 g, trans-particle fracture occurs evédrewthe lowest compaction pressure of
6.4 MPa is used (Fig. 4.25c). The nanocompositedd with 0.275 g of powder and a

compaction pressure 51.3 MPa exhibits trans-partrelcture nearly over the entire
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Figure 4.27. Schematic of proposed microstruct@ifeMMA-ITO nanocomposites when

excessive pressure is applied during compositeiciion. (a) Starting ITO-coated

PMMA particles; (b) cross-section of microstructafeer compression molding.

fracture surface (Fig. 4.25d), indicating that piressure is more uniformly distributed
over the microstructure during compaction as alredudecreasing the H/D ratio. This

result is consistent with the expression showndodtion 3. However, when the amount
of powder used to make the PMMA-ITO nanocomposigesicreased to 2.0 g (Figs.

4.25a-b), the amount of pressure transmitted is sudticient to cause the ITO to

penetrate to PMMA and thus inter-particle fractomeurs across the whole specimen
cross-section.

As discussed earlier, when higher compaction pressare used and/or the H/D
ratio is low, the ITO does not remain on the swfad the polymer phase and
coalescence of the polymer particles can occuris Tauses the ITO nanopatrticles to
become electrically isolated by the insulating natof the polymer. This is demonstrated

in the dc conductivity for the PMMA-ITO nanocompiesi (Fig. 4.23), which shows that
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additional ITO is necessary in order to achieveplation and increase the conductivity
of the nanocomposites when high compaction pressuesused.

Limiting the compaction pressure and using largerounts of powder (and
consequently a higher H/D ratio) results in an ease of the conductivity for the
PMMA-ITO nanocomposites (Fig. 4.26). This is be@uscreasing the amount of
powder used to form the nanocomposites reducepréssure transmitted through the
microstructure during the fabrication process (E{)q[.g” which prevents penetration of
the ITO into the PMMA. However, it should be notibat there is a minimum pressure
necessary to obtain sufficient nanocomposite dgmsiorder to promote good contact
between the conducting particles and adequate meethantegrity of the microstructure.

The conductivity of the nanocomposites formed vt g and 0.275 g can be
directly related to the features in the corresppgdtEM images (Fig. 4.25). The data
suggests that nanocomposites with more facets dlanfracture surface possess higher
conductivity. The facets occur due to inter-paetiffacture caused by an appreciable
amount of ITO located at the interfaces betweenRREBVA particles. Therefore, when
more ITO remains segregated in the microstructuigs,increases the number of possible
ITO conducting paths and enhances the conduct¥itije nanocomposites.

More information about the microstructure of the MAITO nanocomposite is
revealed by examining the frequency dependencehefdc conductivity. The ac
conductivity can be used to characterize the regidominated by the resistive and
capacitive regions of the microstructure. Wheneheran insufficient amount of ITO to
form an interconnected network in the PMMA matrtke nanocomposites exhibit

frequency-dependent conductivitg(w), according to the power law:
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o(w) 0 o (4)
wherew is the angular frequency, and the exponent ige@lto the fraction of virtual
capacitors that exist in the syst€f The angular frequency is equal tf 2wheref is the
frequency in Hertz (cycles/sec). This is because #ggregates of ITO in the
microstructure are separated by insulating barrdérsoid space and/or PMMA. This
arrangement of ITO may be considered as a variétgapacitive regions in the
microstructure of the nanocomposites. The admigarian insulating capacitive process
may be mathematically described by:

Y* 5jwC 5)
where Y* is the admittance (conductance as a fanctf frequency), and C is the
capacitanc®” Equation 5 shows that the conductivity (I Y*) is a function of
frequency when capacitive behavior is dominantaA®sult, the ac conductivity of the
nanocomposites is highly dependent on frequencynvithere is not physical contact
between the ITO particles in the matrix.

When percolation is achieved in the nanocomposite$ continuous chains of
ITO nanoparticles are formed in the matrix, a fetgy-independent region emerges in
the ac conductivity of the nanocomposites (Fig21d, 4.22a, 4.24). These continuous
chains of ITO nanoparticles may be interpreted ametavork of resistors, where each
resistor represents one contact between two pesfit! The conductivity becomes less
dependent on the frequency, which is expressetéfotlowing equation:

Y*=1/R +jwC (6)

where R is the resistanf8. The resistance, R, is primarily a function of tomtact zone

between the ITO particles and their intrinsic eieat properties.
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As more ITO exists at the interfaces of the PMMAd d@he ITO interconnected
network expands, the conductivity of the nanocontpssaturally increases. The data
shows that this causes the frequency-independgidnref the ac conductivity to grow
and the frequency-dependent region to decreaseanlBigs. 4.21a, 4.22a, 4.24). As the
frequency-dependent region becomes smaller, thesitien to frequency-independent
conductivity occurs at higher frequencies. As nwrgd in the results section, the
frequency at which this transition happens is knagnthe critical frequency,.f(see
point marked § in Fig. 4.21a). Connogt al. has proposed that the critical frequency is
associated with the fractal dimension of the agaesyof the filler in the matriX?! An
empirical relation between the critical frequenag dractal dimension is as follows:

fe O Ip-pl’ (7)
where p represents the volume fraction of filleaajiven composition,cprepresents the
volume fraction of filler that is necessary for paation, andy represents a value related
to the fractal dimension of the conducting voluraecprding to Conncet al.).*¥

Figure 4.28 shows the critical frequency as a foncof |p-p| plotted in a log-
scale for PMMA-ITO nanocomposites formed with 0.dfgpowder. For nanocomposites
fabricated with 6.4 MPa, 25.6 MPa, and 51.3 MPaear fit was obtained and values of
0.28, 0.44, and 1.11 were observedyfarespectively. For this particular experiment, and
in contrast to Connoet al., it is proposed that the increasipgalues represent greater
complexity in the spatial distribution of the fillen the microstructure. In other words,
the scale of complexity is considered to be siniplesthe case where the ITO exists
primarily on the surfaces of the PMMA particless(ikting in complete inter-particle

fracture in the cross-section); and highest whenTi© is distributed both within the
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Figure 4.28. (a) Critical frequencyds a function of |ppfor PMMA-ITO composites
formed with 0.4 g of powder and different compagctipressures, (p0.013); (b) dc
conductivity vs. critical frequency for PMMA-ITO aotposites with 2.4 vol.% ITO
formed with various amounts of powder and compagti@ssure&™!
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PMMA particles and on the surface of the PMMA paes (resulting in a combination of
inter-particle fracture and trans-particle fracjugased on this interpretation, the data in
Figure 4.28a indicates that the PMMA-ITO nanoconitessformed with 51.3 MPa have
a more complex microstructure than the nanocomg®$armed with lower compaction
pressures. This is in agreement with the SEM imadehe cross-sections (Figs. 4.20,
421, 4.22, 4.25), which exhibit more complexity ime microstructures (i.e.,
combinations of smooth and faceted fracture susfagéren the highest compaction
pressure is used.

Figure 4.28b introduces an entirely new relatiopsbased on the critical
frequency. Figure 4.28b presents the dependentieeofic conductivity on the critical
frequency of the PMMA-ITO nanocomposites that conta.4 vol.% ITO and were
formed with various amounts of powder and compacpiessures. This data shows that
as the critical frequency increases (when moreigootis ITO chains are formed in the
microstructure), the overall conductivity of thenoaomposites increases. A linear
relationship, having a slope of 1.06, is observetivben the dc conductivity and the
critical frequency for the PMMA-ITO nanocompositésonsequently, it is difficult to
assign meaning to this value of the slope sincertlationship has not been presented in
the literature before.

Figure 4.28b demonstrates the critical role that icrostructure plays in the
electrical conductivity and interconnectivity ofetfiiller in polymer-matrix composites.
For specimens having the same concentration of (A® vol.%), the dc conductivity is
improved by over four orders of magnitude whenfti®ication parameters are modified

to promote interconnectivity between the ITO nambpas. Figures 4.28a-b
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guantitatively show that when the fabrication coiodis yield a “simplified system” of
resistive and capacitive regions (high segregdbetween the PMMA and ITO) in the
microstructure, the better electrical conductivitythese types of hanocomposites can be

achieved.

4.3.3 Conclusions

Correlations were established in order to bettedeustand the effect of the
fabrication conditions on the interconnectivity tok ITO nanoparticles in the PMMA-
ITO nanocomposites. The data collected for the PMIWI@ nanocomposites in this
study showed that the ac conductivity is dependamtthe microstructure of the
nanocomposites, and that the microstructure isitsens$o the compaction pressure and
amount of powder used to form the nanocompositasitibg the compaction pressure
used to the fabricate the PMMA-ITO nanocomposilayqul a key role in preserving the
segregation between the ITO and PMMA particleh@éannanocomposites and preventing
the ITO nanopatrticles from penetrating the surfaxfdbe PMMA patrticles. The data also
showed that the pressure transmitted through therostructure during compression
molding can be controlled and reduced by increasiegjuantity of powder used to form
the PMMA-ITO nanocomposites.

Preservation of the segregation between the ITOPMBIA was accompanied by
expansion of the frequency-independent region e db conductivity spectra, and an
increase in the measured critical frequency anccaltductivity. Examination of the
relationship between the critical frequency, ITOneentration, and dc conductivity
provided insight through quantitative means in oty when the ITO nanoparticles are

located at the interfaces of the PMMA phase or binthe surface the PMMA particles.
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For example, wheg < 0.4, where §0 |p-p|', good segregation was observed between
the ITO and the PMMA patrticles, resulting in primhainter-particle fracture between

the PMMA particles, and higher electrical conduityivn the specimens.

4.4 Correlation of the Electrical and Optical Propeties with the Microstructure of
Thick PMMA-ITO Nanocompositesi®?

4.4.1 Characterization of Results

In this section, the ITO concentration was vatiearder to study the effect on
the microstructure, electrical and optical promsrtof the PMMA-ITO nanocomposites.
For this set of specimens, ITO Filler A was usedhasfiller material. The details of the
fabrication conditions for Set IV are describedTiable 3.2 on page 30. Transmission
optical microscopy, SEM images, impedance speatmpsgcand analysis of the internal
reflection intensity were used to characterize thaocomposites. The objective was to
correlate the variations in the microstructure e tlectrical response and complex

refractive index measured in-plane and througheplarthe specimens.

4.4.1.1 Microstructural Evaluation
Figure 4.29 shows transmission optical micrographsl SEM cross-section
images for composites containing 0.17, 0.83, ard¥ vol.% ITO. Although the
transmission optical micrographs (Figs. 4.29a, &.2229e) display almost identical
features for samples with compositions 0.17, 083 1.64 vol.% ITO due to the
thickness of the specimens, the SEM images reveé&nential displacement of the ITO
nanoparticles as a function of their concentratisimilar to the nanocomposites

described in Sets | and Il. Figure 4.29b showsfivatamples in Set IV with low ITO
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Figure 4.29. Transmission optical micrographs amadtired SEM cross-section images
for PMMA-ITO nanocomposites with various ITO contrations. (a) optical image of
composite with 0.17 vol.% ITO; (b) SEM image ohgoosite with 0.17 vol.% ITO; (c)
optical image of composite with 0.83 vol.% ITO; @GEEM image of composite with 0.83
vol.% ITO; (e) optical image of composite with 1.64l.% ITO; (f) SEM image of
composite with 1.64 vol.% ITG?
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concentrations, the ITO nanoparticles are conceutralong the edges of the PMMA
particles. As a result, trans-particle fracture uwsscupon mechanical failure of the
PMMA-ITO nanocomposites.

Figure 4.29d shows that the ITO nanoparticles begappear on the flat surfaces
of the PMMA after the concentration is increase0.88 vol.% ITO. Again, inter-particle
fracture occurs more readily since there is wealkeding between the PMMA particles
due to the ITO covering the surfaces. When the €b@centration is increased to 1.64
vol.% ITO, Figure 4.29f shows that more ITO nandipbes are located on the surfaces of
the PMMA, and that inter-particle fracture occurgemothe entire cross-section of the
composite. The SEM images indicate that the PMMAigas remain isotropic despite

the high ITO concentration.

4.4.1.2 Electrical Properties Results
Figure 4.30 displays complex plane impedance pfots the PMMA-ITO
nanocomposites. In Fig. 4.30a, the data markerghwiorm a small arc, represent the
experimental data of a composite with 0.17 vol.2@IThe solid line is the curve fitted
to the equivalent circuit (resistor in parallel kvih CPE) in order to estimate the
impedance of the specimen. Fig. 4.30b shows a higlagnification of the origin of the
plot in Fig. 4.30a to reveal smaller semicircles fbe more conducting specimens,
specifically composites with 0.50, 0.74, 0.83 volP®. For samples where a complete
semicircle was obtained, the semicircles all appedrave large depression angle. It is
speculated that this is due to the complex impeglagerta being comprised of two
overlapping semi-circles. Fig. 4.30c shows thatnvtiee ITO concentration is increased

above 1.31 vol.% ITO in the composites, additia@hicircles become more apparent.
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Figure 4.30. Complex plane impedance plots of PMNI®- nanocomposites. Parts a-c
are different magnifications of the origin of thense figurd??
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Figure 4.31 shows the dc conductivity of the PMMOI nanocomposites as a
function of ITO content. The error bars include swad data from at least three
different specimens fabricated under the same edmnditions. Between 0.30-0.80 vol.%
ITO, there is an increase in the conductivity bgragimately seven orders of magnitude.
For ITO concentrations greater than 0.80 vol.% IF@ure 4.31 displays a monotonic
increase in conductivity. This behavior after thexgolation threshold is different from
the observations in Set Il (Fig. 4.17, page 64) Tt electrical measurements for the
PMMA-ITO nanocomposites in Set Il revealed an imediate plateau region after

percolation.
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A WRN O

_16 I I I I I I I I I
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vol.% ITO

Figure 4.31. Electrical conductivity of PMMA-ITO nacomposites as a function of ITO
content??

Figure 4.32 shows the real part of the conductiagya function of frequency for

the PMMA-ITO nanocomposites. For composites witl® I€oncentrations lower than
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0.50 vol.% ITO, the ac conductivity increases witbreasing frequency over the entire
frequency range. As the ITO content and the comdticiof the composites increases,
the ac conductivity begins to show frequency-indeleat behavior at the lower
frequencies. The transition between the frequendgpendent and the frequency-
dependent behavior is marked by the critical fregyef. (labeled by the dashed line in
Figure 4.32, to the ac conductivity versus log mqliency graphs presented in the

previous section).

-2 ], ¢ 0.00 vol.% ITO
-3 A #—0.17 vol.% ITO
00.33 vol.% ITO
® 0.41 vol.% ITO
20.50 vol.% ITO
X 0.66 vol.% ITO
X 0.74 vol.% ITO
+0.83 vol.% ITO
0 1.31 vol.% ITO
©1.64 vol.% ITO

-2 -1 0 1 2 3 4 5 6 7
LOG Frequency (Hz)

Figure 4.32. The ac conductivity versus frequerecy@MMA-ITO nanocomposites as a
function of ITO content. The critical frequency, i indicated for the sample containing
0.83 vol.% IT0?
4.4.1.3 Optical Properties Results’”!
The refractive index and extinction coefficientlues of the PMMA-ITO
nanocomposites were determined using a modifiediorerof the internal reflection

intensity analysis (IRIA) methdd” Since the samples exhibited high absorbance and

scattering, they did not exhibit a linear relatioips with the ITO concentration in
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accordance with the Beer-Lambert L&}.It was impossible to acquire the optical
constants by conventional methods because a mdte¥mpaould not be obtained from
the samples due to their absorbance. The refraahdéces of the PMMA-ITO
nanocomposites as a function of ITO content arevehia Figure 4.33. The error bars,
which represent standard deviations of +0.001,ceuei a systematic error with 0.15
degree resolution.

The IRIA model equations were used to exploreexinction coefficient, k, by
taking the differential of the reflectance’R. Differential R vs. k plots were generated
from the IRIA equations, assuming air-gap valuesvben 0.03 - 0.0%um. Figure 4.34

shows how the extinction coefficient was estimdteda PMMA-ITO composite with

nm
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Figure 4.33. Refractive index of PMMA-ITO nanocorsfies for 543 nm incident light
as a function of ITO contefft’”
0.83 vol.% ITO in the in-plane direction with thie-gap boundary conditions. The upper

and lower limits for k were estimated by locatihg intersection between the break point
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value in the R vsP plots (wheref is the effective index), and the corresponding
differential R vs. k curves. For example, for adkgoint value of 0.020 (shown in

section 4.4.2.2), Fig. 4.34 shows that k lies betw®.005 - 0.008 in the in-plane

direction. More details about the estimation of éxtinction coefficient values for the

PMMA-ITO nanocomposites are described by Li (M.8egis, 2003Y."

Figure 4.35 displays dependence of the extinctioeffcient on the ITO
concentration for the PMMA-ITO nanocomposites. Tnaph shows that the extinction
coefficient values increase as more ITO nanopesiere added to the PMMA matrix.
The standard deviations for the estimated valugs ekpand with higher ITO content.
The method by which these values were obtained belidescribed further in Section

4.4.2.
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Figure 4.35. Estimated extinction coefficients RMMA-ITO composites for 543 nm
incident light as a function of ITO content, obtrby the modified IRIA methd&?’”!
4.4.2 Analysis and Discussion
4.4.2.1 Electrical Properties/Microstructure Analysis

The additional semicircles in the complex impe@aptots (Fig. 4.30c) suggest
that different processes are contributing to tleetelcal conductivity in the PMMA-ITO
nanocomposites. Alternatively, the emergence otharosemicircle for nanocomposites
having higher conductivity suggests that the signal be related to the change in the
ITO concentration. It is doubtful that the additdsemicircles are attributed to electrode
contact resistance since they occur at frequerigdger than 1 MHz. Contact resistance
is typically only observed at much lower frequescaad for materials with significantly
higher conductivity®® The reason that the additional semicircles wetelatected in the

complex impedance plots in Set | (Fig. 4.16) i®lykdue to the lower conductivity of
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these samples, which is the same reason why theynetr observed for the lower
compositions in this set.

Figure 4.31 indicates that the percolation thregloalcurs between 0.41 and 0.50
vol.% ITO for the PMMA-ITO nanocomposites in Set IV. Bdsen the observation of
the microstructure, it is concluded that the ITOhaentrated along the edges of the
PMMA particles forms the initial continuous conduagt chains (Fig. 4.29). The images
of the microstructures of the nanocomposites indidhat the behavior of the ITO
nanoparticles is consistent with the data obtaifeedSet Il. Despite the change in
pressure distribution due to the adjustment in $aripckness, the ITO nanoparticles do
not accumulate onto the faces of the PMMA polyhegeaaticles until the percolation
threshold concentration is well exceeded.

For composites with greater than 0.83 vol.% IT@, plercolation curve in Figure
4.31 shows a monotonic increase in conductivitye Value observed at 1.64 vol.% ITO
is approximately two orders of magnitude higher nthne conductivity of the
nanocomposites in Set Il with the same compositidns result is consistent with the
conclusions drawn from the information obtained foe nanocomposites in Set Ill.
Increasing the sample thickness results in higlmerdactivity because there is less
penetration of the ITO nanoparticles into the PMMéfaces. This prevents electrical
isolation of the ITO particles, and promotes mooatmuous chains of ITO patrticles
across the surfaces of the PMMA polyhedral gravsch causes the formation of ITO
sheets.

Above f, the conductivity increases according to the pole&r o(w) 0 W

Additional information about the microstructuretbé PMMA-ITO nanocomposites may
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be derived upon examination of the ac conductifitly. 4.32).It is presumed that the
ITO nanoparticles exist in clusters of differenzes in the microstructure of the
composites. For nanocomposites with ITO concewoinatilower than the percolation
threshold, the SEM images and transmission optidedographs (Fig. 4.29) have already
indicated that these clusters have a wire-likecttine. When the first continuous ITO
cluster forms and percolation occurs, the ac camdtyc reveals both frequency-
independent regions (related to direct physicataxth and frequency-dependent regions
(related to tunneling/capacitive effectsy> *®

In Figure 4.32, the composite with 0.50 vol.% IT®Othe first composition to
display a plateau representative of dc conductefealsior, although it is likely that the
true percolation threshold lies somewhere betweéh l.% ITO and 0.50 vol.% ITO.
As the ITO concentration is increased above thegbation threshold, the dc conductive
plateau region grows and the frequency dependdravii becomes less significant, as
indicated by the increase in critical frequenc.(ishifting of the transition between
frequency-independent and frequency-dependent nggiolhis suggests that more
physical contacts between the ITO nanoparticleseated as more ITO is added to the
matrix. For composites with 1.31 and 1.64 vol.% ] Tke critical frequency cannot be
easily detected as both specimens exhibit highodductivity, and only show frequency
dependence at the highest frequencigs (100 kHz).

Figure 4.36 displays fs a function of |ppplotted in a log-scale for the PMMA-
ITO nanocomposites. In this expression, the volinaeion of filler necessary to achieve
percolation is p=0.0050 for this case (see Fig. 4.31). For the PMNI@

nanocomposites reported herein, a linear fit waainbd and a value of 1.9 was observed
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Figure 4.36. Critical frequency ds a function of |pgpfor PMMA-ITO nanocomposites.
(pc = 0.0050
for the slope, hencg=1.9. Exponent values close to this have been mdxdaior PMMA-
CB compositéd and other material”? As stated in Section 4.3, the meaning of this
relationship (Equation 7) is not completely undasost although it has been proposed
that this value is associated with the fractal disien of the aggregates of the fill&}.
The large contrast in the values obtained in Figure 4.28a and Figure 4.3§ &
attributed to the differences in the microstructubetween the specimens, which may

indicate that the meaning pis specific for different microstructures.

4.4.2.2 Optical PropertiesMicrostructure Analysis (from Li, M.S. Thesis, 2003)""!
The overlapped refractive index values for the lamp and through-plane

directions (Fig. 4.33) indicate that the microstune of the composites is isotropic. This
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is also consistent with the images of the micrastnes presented in Fig. 4.29. However,
the refractive index data does not overlap as ¥elithe PMMA-ITO nanocomposite
with 0.50 vol.% ITO as compared to the other contmoss. It is interesting that a
relatively larger standard deviation in the refnaetindex is observed for this particular
composition since the electrical data indicated thiz was the first composite sample to
exhibit percolation (Fig. 4.31). This trend is cistsnt with the dc conductivity data,
which also shows a larger standard deviation fanmasitions near the percolation
threshold.

Optical constant measurements of polymer-matrixonamposites tends to be
difficult because they often exhibit high absorandue to scattering caused by
aggregates and/or a refractive index mismatch kestwiee filler and the matrix pha&8.
Consequently, conventional optical techniques (esflipsometry, reflectometry and
prism waveguide coupling) require extremely lowabance specimens. However, Liu
et al. previously showed that optical constant measuresneold be performed in the
near infrared region for hydrogen chloride (HClpdd polyaniline films,which
typically exhibit high absorbance of infrared lighy using the internal reflection
intensity analysis (IRIA) methdd” Liu successfully obtained three-dimensional
refractive index and extinction coefficient valules the films by extracting the data
directly from the detected intensity. The resuliswged that by relying on the detected
intensity instead of the local minima positiongtly absorbing samples can be analyzed
without providing a mode pattern.

The basis of the IRIA method is the analysis of thtensities given by the

reflectance-angle data, which permits informatibowt the complex refractive index to
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be extracted. The details of this approach areritestin more detail elsewhef&. A
typical R vs.[3 plot obtained for the PMMA-ITO nanocomposites ewn in Figure
4.37a. Similar curves were obtained for all of twmmposites evaluated here. The
effective index is defined as:

B(8) = nsin(®.) (8)
where R is the refractive index of the prism afds the angle of incident light. Initially,
the IRIA equation$® were attempted to fit the reflectance data. Hamwewith the
exception of the PMMA sample that contained nceffjlithe other curves could not be
successfully fit to the modeFigure 4.37a shows that the curvature of the intigns
exhibits a discontinuous break point (marked by dhew), which causes difficulty in
fitting the modef’” The nature of the break point is likely due tdtigcattering caused
by the arrangement of the ITO in the matrix, asateg in Fig. 4.29.

Even though the data could not be fitted to thertbigcal equationshe curve still
contains important information about the compleftacive index. When the incident
angle is bigger than the critical angle, the inoideght is completely reflected, and only
an evanescent field goes through the safpleight transmits through the sample when
the incident angle is smaller than the criticallan&ince the scattering effect is different
for transmitted light and for the evanescent fighdy break point can indicate the critical
angle which can be used to calculate the refradtidex of the sample using Snell’s
law [®!

The sharp change in curvature at the break pointhé reflectance data is
represented by a peak when the differential (stufple) is taken. The critical angle was

obtained from the peak position in the differentiithe reflectance (Figure 4.37b). The

104



Reflectance

0.06

0.05¢f

0.04

0.03f

0.02

0.01

Differential Reflectance

0.00 1 1 1 1 1 1 1 1
145 1.46 1.47 1.48 1.49 1.50 1.51 1.52 1.53 1.54

B

Figure 4.37. (a) In-plane reflectance vs. effectndex; and (b) in-plane differential R vs.
B for a PMMA-ITO composite filled with 0.83 vol.% @1"”
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differential reflectance, D(R), was calculated athdth point by! !

D(R) =(R+1 —R)/(Bi+1-Bi) 9)

In the IRIA model, each reflectance curve incluttese unknowns: the refractive
index, the extinction coefficient, and the thickeed the air-gap between the prism and
the sample. The reflectance, R, is equal to thenhere r is the reflection coefficient. In
this case, the reflection coefficient is given bg following equation:

r =ifrt raexp(ays)] / [1 + faarsexp(2ys)] (10)
where k3 is the reflection coefficient at the interfacevbe¢n the prism and the air-gap,
rs2 is the reflection coefficient at the interfacevieeen the air-gap and the sample, gnd
is the phase change due to the light traveling sactbe thickness of the air-g4p.
Information about the prism foszris already known, and the values that determgnare
partially known. Since the refractive indices ofcleasample have already been
determined from the peak positions (Fig. 4.37b)s thnly leaves the extinction
coefficient to be calculated fors;r However, in order to estimate the extinction
coefficient values, this requires some assumptabsut the air-gap for the term. In
this study, the air-gap thickness was assumed tddiereen 0.03-0.05um. This
approximation was chosen mainly due to the goodaffithe model to the reflectance-
angle data obtained for the PMMA sample that coethino filler.

Additionally, in order to obtain the extinction dbeient from the reflectance-
angle data, it was also assumed that the scattefiegt is equivalent between the
position just before the break point and at thek@oint. The purpose of this assumption
is to cancel the scattering effect at the breaktddi Therefore, the intensity slope of the

PMMA-ITO nanocomposites at the break point will éguivalent to that of a uniform
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sample with the same refractive index and extimctoefficient. The equivalent sample
obtained from making these assumptions can themdseribed by the model. The
following steps were used to estimate the extimctoefficient for each PMMA-ITO
nanocomposité:”

(i) Based on the IRIA equations, the differentiahBs generated as a function of
the extinction coefficient, k, for the in-plane atitfough-plane directions. For each
direction, a different curve was plotted for eaahgap value (in this case 0.@8n and
0.05um).

(i) For each polarization, the line tangent to tleght of the peak given by the
differential R vs.[3 plots (obtained experimentally) was drawn. Anregke of the
tangent line that was drawn is shown in Fig. 4.37b.

(i) The tangent lines from step (ii) were ovedabnto the graphs with plots of the
differential R vs. k (Fig. 4.34).

The possible extinction coefficient values wereraoted by identifying the
intersections between the tangent lines and therdkieal plots. Since the refractive
index measurements indicated that the microstrasturere isotropic, it was appropriate
to combine the k range for the in-plane and threpigine directions, and presume that
the k limits for the specimens lied where the rangeerlap.

As expected, Fig. 4.34 shows that the extinctiomeffament monotonically
increases as the ITO concentration is increaséldeimanocomposites. This effect is due
the increase in scattering as additional contaxist éetween the ITO nanopatrticles.
Although this method cannot give exact values eféktinction coefficient, it provides a

novel approach to explore the extinction coeffitiemalues for the nanocomposites
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described in this study/

4.4.3 Conclusions

AC electrical measurements and optical charactésizavere performed on thick
PMMA-ITO nanocomposites with optimized microstruetst SEM and optical
transmission microscopy images of the microstrésurevealed that the ITO
nanoparticles collect along the edges of the PMMwase to form a three-dimensional
wire-like-network in the nanocomposites. This agement of the ITO nanoparticles
occurs during the hot pressing of the precursorenas during composite fabrication.
The aggregates, which have wire-like structures@lihe edges of the PMMA matrix
particles, are responsible for the electrical pltean observed in the samples. The
percolation threshold for the samples in Set IV vdesntified to be <0.50 vol.% ITO by
impedance spectroscopy measurements.

Impedance spectroscopy also detected an additgiafrequency process that is
related to the electrical conductivity in the PMMAO nanocomposites. These processes
were not seen for other the PMMA-ITO nanocompositeSets Il and Il due to their
much lower conductivity.

A modified version of the IRIA technique was useddetermine the refractive
index and extinction coefficient values of the nesraposites. The values of refractive
index obtained for the in-plane and through-planescations indicated that the
microstructure is isotropic. The increase in thinested extinction coefficient values as
the ITO concentration was increased indicates thate is an increase in optical

scattering. This increase in scattering is consisigth the creation of additional inter-
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particle contacts, which occurs when more ITO nantigdes are added to the PMMA

matrix.
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CHAPTER 5

PREDICTION OF THE PERCOLATION THRESHOLD

Many theoretical models have been proposed to girda onset of percolation in
two-phase composites. A comprehensive review afgdation models has been provided
by Lux!*® These models can be classified into statistical etedt!® *°Y) thermodynamic

models0% 103l

geometrical modeld® ¥ and structure-oriented modé&%: %! The
amount of filler needed to achieve percolationha matrix phase can depend on many
factors. Several properties of the component nasgrisuch as the size and shape,
chemical nature, and wetting behavior of the fidbarthe matrix phase, etc., can influence
the process by which percolation occurs in theesgst

This chapter pertains to the development of a gé&draé model in order to
address the prediction of percolation of the ITOag#h in the PMMA-ITO
nanocomposites, which have a phase-segregated stnimture containing faceted
PMMA particles. In the first part of the chaptermathematical derivation is presented
for the prediction of percolation of the ITO nandmdes in the PMMA phase. The
limitations of the expression are discussed, amdotegtion threshold values given by the
model are also compared to percolation thresholtlega detected by electrical
measurements for several composite systems. Tlybgutrial morphology of the PMMA
particles, and the shape of the ITO nanopartickexewaken into account.

The second part of the chapter discusses predictigpercolation of the ITO
nanoparticles based on experimental data takerthlerPMMA-ITO nanocomposites.
Specifically, ultra-small angle x-ray scatteringSRIXS) and stereological measurements

are used to estimate the diameter and length, cegply, of the ITO aggregate structures
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along the edges of the PMMA particles. The data wsed to calculate the volume
fraction of ITO nanoparticles that should be neagst completely occupy the edges of
the PMMA particles in the PMMA-ITO nanocomposites.
5.1. Geometrical Model Predicting the Percolation fireshold
in PMMA-ITO Nanocomposites

Because the exponenin the equatiomy=c|p - pl does not take certain factors
into account (e.g. particle shape, chemical intevadetween the filler and matrix, etc.,),
the value ot is often not a constant and is specific for défgrcomposite systenfs: °°!
A geometrical model is proposed to attempt to mtethie percolation threshold for
nanocomposites that have phase-segregated miatses with polyhedral-shaped
matrix particles. The concept of the model is bamethe original model proposed by De
and co-worker§&? but has been modified to account for the polyHedrarphology of
the PMMA particles.

Based on the transmission optical micrographs dfd 8nages, the following is

assumed:
1. The initial sharp increase in the conductivity of the PMMA-ITO
nanocomposites is due to the ITO nanoparticles accumulated along the
edges of the PMMA particles.

The relationship between the amount of ITO necgssacompletely cover the surfaces
of the PMMA particles and the amount of ITO reqdirf®r percolation of the ITO

nanoparticles is given by Equation 1.

A Hheoretica= Pc [XB, surface (1)
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where X theoreticalCOrresponds to the volume fraction of ITO nanapkes necessary for
percolation in the specimensg XiiacelS the ITO volume fraction required to completely
occupy the surfaces of each PMMA particle, apdsRhe critical percolation probability.
For this case, Pis the factor that relatesa¥eoretica AN Xg,surface @Nd represents the
volume fraction necessary for the non-zero proltgtithat the ITO nanoparticles are part
of a percolating cluster. For the proposed modeglae of R=0.225 will be used, which
is the critical probability estimated by Frary aBdhuh for 3-dimensional percolation of
cubic grain edges in truncated octahedral partitiddt should be clearly noted that this
value of R applies to edge percolation of cubic grains witthia polyhedral particles,
and is not ideal for the model proposed here. Hewethis value will be used for the
current case since it loosely considers the polsdledorphology of the PMMA patrticles
and the event of percolation occurring 3-dimendispace.

Based on the transmission optical micrographs #red SEM images which
indicate that the PMMA particles form a spacesiiji microstructure, the second

assumption for this model is as follows:
2. The PMMA particle geometry is a truncated octahedron.

Truncated octahedra are a type of space-fillinglpedra that consist of fourteen faces
and thirty-six edge$”! For this condition, the average volume and suréaee (per unit
edge length) of the matrix particles are calculdtetbe 11.3 and 26.8, respectiveR
The equivalent volume and surface area in termthefinitial spherical size may be

estimated as follows:

V, = (4/3)m,° = 11.38,° 2)
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which gives 0.68/= a,, and

S = 41y’ = 26.83, (3)

which gives 0.98r= &, where @ and g, are the edge length of the volume and surface
area of each polyhedral matrix particle, respettivand g is the radius of the initial

spherical particle. These terms are also describ#te microstructure schematics shown

in Figure 5.1.

Figure 5.1. lllustrations of ITO-coated PMMA paltis (a) before compression molding,
and (b) after compression molding. The labglsamd ¢ are the radii of the initially
spherical PMMA particles and the assumed spheyisilbped ITO nanoparticles,
respectively. The labels, @and a represent the edge length of the deformed PMMA
particles and cubic ITO nanoparticles, respectively

Based on the TEM image of the ITO nanoparticlesgmeed in Fig. 4.4a (page
42), the shape of the ITO nanoparticles will bestdered as geometric cubes for the
model. However, since the average particle sizimally assumed as spherical shapes,

the equivalent size of the nanoparticles in theonamposites will be determined as

follows:

V= 43y =2’ (4)
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which gives 1.6%r= g, where ris the radius of the filler particle as a sphara] ais the
edge length of the particle as a cube.
The volume fraction of ITO nanoparticles necessargover the surface of the

PMMA particles can be obtained from:
BXurface= NVA/Vp = N (1.61)° / 11.3g;° (5)

where \f and 4, are the total volume of the filler and matrix s, respectively; and n
is the number of filler particles that are necegdaroccupy the entire surface of each

matrix particle. The number of particles, n, maydstimated from:
n=S/S=26.8a,/(1.61¢)° (6)

where § and $ are the total surface area of the matrix andrflarticles, respectively.
Combining Equations (5) and (6) and substituting #pherical radii of equivalent

volume gives:
Xg surtace= [(1.61F)° [(26.8(0.685)% / [(11.3(0.725)° (1.61¢)*] = 4.73 ¢, 7)

In order to check the validity of the proposed mpdtlee percolation threshold
values calculated with Equations 1 and 7 were coetpdo values determined by
electrical measurements for the PMMA-ITO nanocontpses Based on the average
particle size of the ITO nanoparticles detectedHey USAXS measurements (described
in next section), and the size distribution of ABIMA particles shown in the SEM
images, a value of 2500 was used for Yie ratio for the PMMA-ITO nanocomposites

(corresponding to,#37.5um/r=15 nm). The experimental percolation thresholdiesl
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observed for PMMA-CB nanocompositésand ABS-CB nanocomposit€ that
possessed similar microstructures, consisting bfhyearal-shaped matrix particles, were
also compared to values predicted by the moddhimse composite systems. The results
are displayed in Table 5.1.

The predicted values based on thege ratios are much lower than the values
detected by the electrical measurements of the PMMA and PMMA-CB composite
systems. In addition to the value=0.225 being non-ideal for this problem, differesice
between the predicted and experimentally obtaireddes may also be attributed to the
particle size distributions of the matrix and fillgarticles, and uneven distribution of the
filler particles in the matrix.

Table 5.1. Comparison of predicted percolation threholds with experimental values

for polymer-matrix composites that have phase-seggated microstructures, with
filler-coated faceted matrix particles.

Ref o/ Composite Predicted Range for Experimental
System Xa values of X%
[22] 2500 PMMA-ITO 0.00043 0.0033-0.0050
[5] %3571 PMMA-CB 0.00030 0.0013-0.0026
[16] ®1.45x16 ABS-CB 0.0000073 ~0.000054

®Results for CB particle size,* 10.5 nm; PMMA patrticle size, £ 37.5um
® Results for CB particle size,* 12 nm; ABS particle sizg F 1.75 mm (since the initial ABS particle
shape was spheroidal, the average particle radissused)

It should be noted that this model requires an @mpate critical percolation
probability value that only applies to percolatminthe perimeter particle edges. It is also
necessary for the polyhedral-shaped matrix pagtitdehave a well-defined geometry, so
that the equivalent volume and surface areas cart@gately calculated from the initial

spherical state of the matrix particles.
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5.2. Experimental-Based Prediction of the Percoladn Threshold
in PMMA-ITO Nanocomposites

5.2.1 Determination of Diameter Distribution of ITO Aggregate Structures by

USAXS

An experimental approach was also used in ordestinate the volume fraction
of ITO nanoparticles necessary to fill the edgesh&f PMMA particles and achieve
percolation. USAXS imaging has previously showrt fiexcolation of carbon black (CB)
nanoparticles in CB-PMMA nanocomposites occurs igirailar manner to what is
proposed in the modEf' Figure 5.2 shows USAXS images of CB-PMMA
nanocomposités 2% that have a very similar phase-segregated micrctstre, and

contain polyhedral-shaped PMMA matrix particfes”

Figure 5.2. USAXS images CB-PMMA nanocompositeshwi) 0.4 wt.% CB; (b) 1.0
Wt.% CB; (c) 4.8 wt.% CB; (d) 13.0 wt.% C#’
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In Figure 5.2, the bright objects are the resulsadttering from CB nanoparticle
aggregates. The USAXS images definitively show digtribution behavior of the CB
nanoparticles in the microstructure of the CB-PMMranocomposites as the CB
concentration is increased. At low concentratiofg).(5.2a-b), the CB nanoparticles
form wire-like aggregates in the PMMA matff This can be attributed to the CB
nanoparticles collecting at the edges of the PMNaitiples, which have a polyhedral
geometry® The transmission optical images in Figure %.2&lso display a CB
distribution in the PMMA-CB nanocomposites thatsisiilar to the ITO distribution
shown by the transmission optical micrograph an1Siage in Figure 4.8a-b for the
PMMA-ITO nanocomposites.

As the CB concentration increases in the CB-PMMaotomposites, the wire-
like objects become distorted and scattering isaletl over the entire region imaged by
the USAXS beam (Fig. 5.2c-d). This is attributedth@ CB distribution becoming
displaced onto the faces of the faceted PMMA pesi{” which is analogous to the
behavior of the ITO distribution in Figure 4.14 the ITO concentration is increased in
the PMMA-ITO nanocomposites. Notably, electrical asements indicated that
percolation of the CB nanoparticles occurred at\x46 CB (~0.26 vol.% CB) in the
PMMA-CB nanocomposites. This composition is imaged Figure 5.2b, where
morphology of the aggregate structures of the Qibparticles still resembles wires.

Figure 5.4 shows USAXS data obtained for the PMM®&- nanocomposites. The
measurements were taken in the scattering vectar@e between 1010 A*, where
A is the incident wavelength and & the scattering angle (Equation 8). The USAXS

intensities display two regions in Figure 5.4 fo# hanocomposites.
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Figure 5.3. Transmission optical micrographs oMMMA-CB nanocomposite containing

0.10 wt.% CB?”!
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Figure 5.4. USAXS data for PMMA-ITO nanocomposites.

118



The scattering in the higher Q range correspondsnaller objects (e.g., individual ITO
nanoparticles); and the data taken in the loweioreqQ <10° A, is related to larger
features. It is proposed that the data acquiredXorl0® A describes the size of the

growing ITO aggregates as the ITO concentrationaseased in the nanocomposites.
Q = (4t/)\)sind, (8)

Based on the transmission optical micrographs aldM Smages of the
microstructures of the PMMA-ITO nanocomposites (Fda-b, Fig. 4.14), the ‘Unified
Rod’ form factof*'” was used to fit and model the USAXS data showRign 5.4. The

formula for the Unified Rod model is displayed iquation 9:

1(q) =G, exp{_QBrm} B{erf CAUD) } +

Q
- Q?r? erf (Qr,, //6))° -Q%r? ®)
exy{ 92J+ B{ 92 }*exr{—gl)
3 Q 3
where G, = (;r_) Mg = “2/5,81 = 4((||_'2:3r)), 92 = (;+|1‘—;],BZ :7—LT, Q is the

scattering vector, r is the radius of the scattprject, and L is the length of the
object!*® This is the same form factor that was used tthéit USAXS data previously
obtained for PMMA-CB nanocomposit&¥.

This model was applied to specifically obtain thameter of the ITO aggregate
wire structures along the edges of the PMMA paticin the specimens. Since the
Unified Rod model is meant for cases like dilutdusons of carbon nanotubes,

information about the ITO volume fraction cannot &ecurately extracted from the
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analysis. A value of 24m for the length of the ITO aggregates was input the
modeling because the program did not allow fittofgthis dimension. This value was
based on the stereology calculations describe@aticth 5.2.2. However, it was observed
after varying the length value that it was inconsayial to the fitted results, due to the
nature of the form factor in Equation 9.

Regions of the curve in Figure 5.4 were fittedasafely in order to distinguish
between scattering from the ITO nanoparticles oalsimO clusters, and the larger ITO
aggregates that most likely contribute to percotain the samples, described in Figure
5.1b. Figure 5.5a shows the diameter distributiatraeted from the USAXS data
between 18 A* > Q > 10" A* for the PMMA-ITO nanocomposites containing 0.17-
0.50 vol.% ITO. Figure 5.5a shows a high relatiséume fraction between 10-100 nm.
This distribution shows good agreement with théahparticle size distribution of ITO
Filler A (used for the PMMA-ITO nanocomposites iatS1l and 1V) displayed in Figure
4.4a. As expected, the diameter distribution shidtsard increasing values as the ITO
concentration is increased in the PMMA-ITO nanocosites.

Figure 5.5b shows the diameter distribution exgdcfrom the USAXS data
between 1 A > Q > 10* A for PMMA-ITO nanocomposites with 0.17-0.50 vol.%
ITO. In the lower Q range, the diameter appeaisatee a more clearly defined bimodal
distribution, with peak positions around 500-1000 (0.5-1.0um) and 1,500-3,000 nm
(1.5-3.0 um). The increase in the ITO nanoparticle conceiotnatn the composites
provides the normal force required for the diametkithe ITO aggregates to grow.
Therefore, a smaller fraction of the ITO nanop#ticare only able to join the “wire-

network” initially responsible for percolation. kige 5.5b indicates that as the ITO
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Figure 5.5. Diameter distribution of scattering emttg extracted from USAXS data

between (a) 16 A? > Q > 10' At and (b) 1d A* > Q > 10* A for PMMA-ITO
nanocomposites containing 0.17-0.50 vol.% ITO.
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concentration is increased from 0.33 vol.% ITO t®00vol.% ITO, the diameter
distributions at ~500 nm and 1g8n begin to overlap.

Based on the images of the microstructures (Fig@4)4and the electrical
measurements displaying percolation of the ITO parles at 0.50 vol.% ITO in the
PMMA-ITO nanocomposites (Fig. 4.17), it is proposé#tht the larger diameter
distribution obtained for this composition représetie diameter of the ITO aggregates
when the percolation threshold is reached. It &soeable to use the peak value of the
larger diameter distribution in Figure 5.5b for tARBIMA-ITO nanocomposite with 0.50
vol.% ITO (marked by the arrow) because this vdikely represents the diameter of the
ITO aggregate wire structures shortly before thegit to occupy the faces of the
PMMA particles, which is assumed to be the pointerehpercolation occurs. The
estimated diameter value, d=@18, of the ITO aggregate wire structures associaiéu
percolation in the specimens is also reasonableedime ITO aggregates are visible in

optical images obtained at the micron scale (Fit34-b).

5.2.2. Edge Length per Unit Volume

Stereological measurements were used to estirhatéotal edge length of the
PMMA patrticles in the PMMA-ITO nanocomposites. Tipeocedure was followed
according to the description provided by GokHaleand Smith and GuttmdH* where

the edge length per unit volume, s given by Equation 10:
Ly = 2<Q> (10)

and Q represents the average number of triple pointstiis case) per unit area. Since

features, such as particle edges, in 3-D structappear as points in 2-D sections, an
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unbiased counting frame was applied to severastngssion optical micrographs similar
to that shown in Figures 4.8a and 4.13a. By thithotk the edge length per unit volume
was calculated as,£7.98 x 10" pm/um?® for the samples. Figure 5.6 shows a schematic
and the values determined from the experimentabareaents for the dimensions of the
ITO aggregate wire structures, wherehas been normalized by the volume of a PMMA
particle (8 stereolog)-

Using the equation for the volume of a cylinddre tformula displayed in
Equation 11 was used to calculate the predictecbpsgion threshold for the PMMA-ITO

nanocom posites:

edges= [ T[(dUSAXS/2)2 X (Lv X Vier) 1/ Viet (11)

dp, stereology = 24 pm

dUSAXS=2-3

Figure 5.6. Schematic representing the values tsddscribe the dimensions of the ITO
aggregate wire structures in the PMMA-ITO nanocosites.

where g edgesiS the calculated volume fraction of ITO nanopaes required to occupy
all of the edges of the PMMA particles in the namoposites. Equation 11 gives a
Xg,edgesvalue of 0.0033 ITO. This value is near the peattoh threshold observed in the

electrical measurements (Fig. 4.17). Reasons far thfference between the
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experimentally-based calculation and the valuegmesl in the electrical measurements
are:

1. Only a fraction of the ITO nanoparticles present the PMMA-ITO
nanocomposites are contributing to the 3-dimensipeagolating network;

2. The wide size distribution of the ITO nanoparticiesl PMMA patrticles;

3. Some of the ITO aggregates may not have been ddtday the USAXS
measurements due to insufficient scattering overQhrange currently available
experimentally.

5.3 Conclusions

A geometrical model was proposed to predict theegdation threshold for the
PMMA-ITO nanocomposites. The geometrical model taak account the polyhedral
morphology of the PMMA matrix particles, and theagl of the ITO nanoparticles.
However, the discrepancy between the theoreticaleinand the percolation threshold
determined by electrical measurements of the spa@@ins attributed to a suitable critical
percolation probability value, as it applies tostlparticular percolation problem, not
being available in the current literature. Therefa different experimental approach was
taken based on USAXS and stereology measurememisian to calculate the expected
percolation threshold in the PMMA-ITO nanocompasit€or the new approach, the
dimensions of the ITO aggregates along the edgdsegiolyhedral PMMA patrticles was
taken into account, which had previously been datexd to be cylindrically-shaped
based on images of the microstructures of the spews. Fair agreement between the
experimental calculation of the percolation thrédhand the percolation threshold

detected by electrical measurements of the spesiséongly indicate that the ITO
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aggregate wire structures are responsible for paron of the ITO nanoparticles in the

PMMA-ITO nanocomposites described in this research.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

PMMA-ITO nanocomposites with unique phase-segrebaterostructures were
successfully fabricated via compression moldingTd-coated PMMA patrticles. The
microstructures consist of polyhedral-shaped PMMsktiples, and ITO nanoparticles
that self-assemble into wire structures below omlrn¢éhe percolation threshold
concentration for the ITO nanoparticles in the mamoposites. When the ITO
concentration is increased above the percolatimskiold, this results in the formation of
sheets across the faces of the polyhedral PMMAQgbest A combination of impedance
spectroscopy, optical spectroscopy, conventiondlsmanning electron microscopy, and
ultra-small angle x-ray scattering were used tcaldisth correlations between the
electrical and optical properties and the micradtrtes of the PMMA-ITO
nanocomposites. Using these techniques, it wasilgp@esto establish that the ITO
nanoparticles exist as wire-shaped aggregates wWieehTO concentration reaches the
percolation threshold in the PMMA matrix. It wasrther determined that the
displacement of the ITO nanoparticles towards thges of the polyhedral-shaped
PMMA particles was responsible for percolationhad tTO nanoparticles in the system.

Impedance spectroscopy was the primary non-desteu¢echnique used to
investigate variations in the microstructures o# AMMA-ITO nanocomposites as a
function of ITO concentration and the composite ritadiion parameters. Upon

examination of the critical frequency, the impedamteasurements were able to detect
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when different degrees of segregation existed btw&O and PMMA phases in the
specimens. A new relationship was introduced betwike critical frequency and the dc
conductivity, which clearly showed the dependenicéhe interconnectivity of the filler
on the resultant microstructure. In general, it vaegermined that the PMMA-ITO
nanocomposites exhibited the maximum electricaldootivity when the pressure
distribution during the composite fabrication was/] and the PMMA and ITO patrticles
remained segregated.

Ultra-small angle x-ray scattering and stereoldgmaasurements were used to
estimate the dimensions of the wire-like ITO aggteg formed in the PMMA-ITO
nanocomposites. The information collected by thesbniques was used to predict the
ITO concentration that should be necessary forghation of the ITO nanoparticles to
occur, based on the assumption that the wire-liké Aggregates were responsible for
percolation in the specimens. These results wengpaced to the percolation threshold
detected by the electrical measurements, and it desrmined that there was fair
agreement amongst the data and that this assumgtioeasonable. Additionally, a
geometrical model based on volume-to-surface atasrbetween the ITO and PMMA
particles was also proposed in order to predicipgreolation threshold. However, it was
difficult to determine the accuracy of this modeice a suitable critical percolation

probability value is currently unavailable.

6.2 Suggestions for Future Work

1. In this research, it was demonstrated that peticolatould be achieved with low
volume fractions of the ITO nanoparticles when sggtion is preserved between

the PMMA and ITO particles in the composite. Howevihe particle size
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distributions of the ITO and PMMA particles play sgnificant role in

determining the percolation threshold and displaa@nof the ITO nanoparticles
towards the edges and across the faces of the gibighPMMA particles. A

better understanding of the behavior of the micuzstire could be attained if
similar experiments to those described in this aede were repeated with filler
and matrix particles that have narrower size digtrons. This might reduce the
standard deviations present in the electrical nreasents, and aid in determining

the accuracy of the models.

When the composite fabrication parameters wergnig#d and higher electrical
conductivities were achieved in the PMMA-ITO nanogmsites, the complex-
plane impedance plots revealed two super-imposeu-cecles. It would be

useful if these features could be resolved andcéstea with a component of the
microstructure or a specific electrical processplxmg ac/dc bias or performing
the electrical measurements at higher temperataessbe helpful in identifying

the source of these additional signals. Furtheretstdnding of the electrical
response will provide a more accurate correlatietvben the electrical properties

and microstructures of the PMMA-ITO nanocomposites.

It was shown that USAXS imaging and USAXS measurgmare powerful tools
in identifying the aggregate behavior of the filfarticles in the matrix. It would
be useful if USAXS measurements could be takeove¢d Q values to verify that
all of the significant details about the size dmition of the aggregates in the

matrix were detected.
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4. During the course of this research, it was disoedéehat ITO nanoparticles could
be easily synthesized having a narrow size didiohuand excellent dispersion
properties in non-polar solvents. These materialsl the potential for many
future research projects. Due to the dispersiopgmtees, optical spectra obtained
from an ITO nanoparticle suspension could be cateel with several other
properties such as oxygen stoichiometry, carrienceatration, or electrical
conductivity. Additionally, the nano-scale surfadanensions could lead to
interesting application studies related to transpiaconducting inks or low

temperature sintering for nanoparticle thin films.
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APPENDIX A - Chemical Synthesis of ITO Filler C

ITO Filler C was synthesized by a colloidal chemyisbute. The precursors and
molar quantities used are given in Table A.2.

Table A.1. Molar quantities of precursors used to ynthesize colloidal ITO
nanoparticles.

In(Ac); Sn(Acy ODA MA

0.0009 0.0001 0.0030.003

Indium acetate (In(Ag) 99.99%), tin acetate (Sn(A¥) myristic acid (99-100%),
octadecanol (99%), and 1-octadecene (90%) wereingotafrom Sigma-Aldrich and
stored in a nitrogen-filled glove box. Chlorofoand acetone were obtained from VWR
Scientific. The synthesis reaction was performedgia custom-made apparatus drawn
in Figure A.la. In order to initiate the reactiamder inert conditions, a 2-neck flask (Part
2) was connected to two flow lines through a coseéercoil (Part 4) and an airfree
adapter with a T-bore stopcock (Part 5). One flme delivered argon gas and the other
line lead to a standard vacuum pump. The line teath the argon gas source was also
connected to an airfree bubbler containing mineibl(Fig. A.1, Part 6) to confirm
sufficient gas flow from the tank. The other netfaehed to the flask was connected to a
beaker filled with mineral oil (Part 7), to ensuteat the argon gas was flowing out
properly and that the reaction flask was expermppiositive pressure.

In(Ac)s, Sn(Ac), myristic acid, and octadecylamine were combinétl 85 ml of

octadecene in the 2-neck flask. The contents ofitis& were degassed and heated to
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Parts

(1) Stirring Plate

(2) Soft Heating Mantle

(3) 2-neck round flask

(4) Condenser Coil

(5) Airfree Adapter with
T-Bore stopcock

(6) Airfree Bubbler

(7) Beaker

(8) Argon gas tank

(9) Vacuum Pump

Figure A.1. (a) Schematic of custom-made appardesigned for the synthesis of
colloidal ITO nanopatrticles; (b) Image of colloidAlO nanoparticles synthesized in
reaction flask over the heating mantle.
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295°C. A stirring plate (Part 1) and a heating fea(fart 2) were combined to heat the
precursors while under constant stirring. Aftez firecursors became dissolved and the
solution turned clear below 200 °C, a color chatmeale yellow was noticeable at
250°C. When the temperature reached 295°C, thdi@molbecame dark green with no
sign of turbidity. Figure 3.1b shows an image o golution at 295 °C in the reaction
flask. Tap water was circulated through the condewrsil (Fig. A.1la, Part 5) for the
duration of the synthesis process to prevent the ¢b octadecene by evaporation.

The flask was gradually cooled to room temperatune chloroform was added to
the solutions in order to keep any residual orgamca dissolved state and to facilitate
the collection of the nanoparticles. The nanopladicwere isolated by standard
polar/non-polar solvent techniques. This involvegbagating the solution into several
centrifuge tubes, and adding acetone to each Tt acetone causes the ligands on the
surface of the nanoparticles to retract, which s agglomeration of the
nanoparticles. This allowed a high-speed centrifitgsegregate the nanoparticles from
the rest of the solution in the tubes. After thaoarticles were forced to the bottom of
the tubes and the supernatant was poured off, weeg combined with chloroform and
additional acetone. This process was repeatediestbefore the nanoparticles were

finally re-dispersed in pure chloroform in samplbés.
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APPENDIX B — Non-destructive Testing of ITO Nanopaticles

A significant advantage of nanoparticles synthebidy colloidal chemistry
methods is that the nanoparticles tend to have gskersability in non-polar solvents.
Since fatty acids or amines are typically usedirtherfactant properties provide steric
hindrance to attractive Van der Waals forces, whichvents agglomeration of the
nanoparticle€® This trait allows the characterization of as-sesthed ITO
nanoparticles without any additional sintering dimfforming stepd®”! Property
information can be extracted from colloidal ITO pparticles suspensions by non-
destructive optical spectroscopy techniques. Fggid and B.2 display Tauc plots and
photoluminescence (PL) maps, respectively, forooddll ITO nanoparticles suspended in
chloroform after being precipitated under aeratedl @gon environments.

As a result of synthesizing the ITO nanoparticlegler an oxygen-deficient
atmosphere, the oxygen vacancies acted as dondrinareased the optical band gap
energy in the nanoparticl€s! The Tauc plot (Fig. B.1) indicates that the Blrstdoss
effect could be detected in the ITO nanoparticlesnf the absorbance/transmittance
spectra®”’

Changes in the band structure of the colloidal If@oparticles, as a result of
precipitation under aerated and inert conditionsrenalso detected by PL measurements
(Fig. B.2). The emissions may be related to exsitoreated from oxygen vacanci&s.
112115 The plue shift observed in the features displayedhe PL map of the ITO
synthesized under argon, compared to the ITO syizb@ under aerated conditions, is
attributed to the higher number of oxygen vacanpresent in the nanopatrticles. Please

refer to Reference 67 for further details abouws thork.
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