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ABSTRACT

Electrical Conductivity of Segregated Network Polymer
Nanocomposites . (May 2007)
Yeon Seok Kim, B.S., Chung-Ang University;
M.S., Purdue University

Chair of Advisory Committee: Dr. Jaime C. Grunlan

A set of experiments was designed and performed to gain a fundamental
understanding of various aspects of the segregated network concept. The electrical and
mechanical properties of composites made from commercial latex and carbon black are
compared with another composite made from a polymer solution. The percolation
threshold of the emulsion-based composite is nearly one order of magnitude lower than
that of the solution-based composite. The segregated network composite also shows
significant improvement in both electrical and mechanical properties with low carbon
black loading, while the solution-based composite achieves its maximum enhancement
at higher carbon black loading (~25wt%). The effect of the particle size ratio between
the polymer particle and the filler was also studied. In order to create a composite with
an extremely large particle size ratio (> 80,000), layer-by-layer assembly was used to
coat large polyethylene particles with the carbon black. Hyper-branched
polyethylenimine was covalently grafted to the surface of polyethylene to promote the
film growth. The resulting composite has a percolation threshold below 0.1 wt%, which

is the lowest percolation threshold ever reported for a carbon-filled composite.
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Theoretical predictions suggest that the actual percolation threshold may be lower than
0.002 wt%.

Finally, the effect of the emulsion polymer modulus on the segregated network
was studied. Monodispersed emulsions with the different glass transition temperature
were used as the matrix. The composites made using the emulsion with higher modulus
show lower percolation threshold and higher conductivity. Higher modulus causes
tighter packing of carbon black between the polymer particles. When the drying
temperature was increased to 80°C, the percolation thresholds became closer between
some systems because their moduli were very close. This work suggests modulus is a
variable that can be used to tailor percolation threshold and electrical conductivity, along

with polymer particle size.
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CHAPTER |

INTRODUCTION

1. 1. Background

Composites consisting of an electrically conductive filler and a polymer matrix
exhibit beneficial properties inherited from the polymer matrix (good toughness,
flexibility, light weight) combined with electrical conductivity. These materials are
suited for many applications such as thermal resistors [1,2], chemical sensors [3,4],
electromagnetic interference (EMI) shielding [5,6], and electrostatic dissipation (ESD)
[6,7]. These electrically conductive composites are typically prepared using melt mixing
[8,9] or solution processing [10,11]. A high concentration of conductive filler is often
required for randomly dispersed composites to achieve reasonable conductivity. In many
cases, the high filler concentrations required to achieve significant electrical conductivity
is accompanied by high mixing viscosity and brittle composite films with extensive
porosity due to aggregated filler [12,13]. Segregated network composites, made with a
polymer blend or a particulate polymer matrix solve this problem by reducing the
percolation threshold concentration (PTC) [14-17]. The PTC is the amount of filler at
which the conductivity of a composite significantly increases due to the formation of an
interconnected network [18]. It has been reported that the PTC for spherical, randomly

dispersed filler is around 15 vol% [10,12]. Previous studies have shown that

Dissertation style and format follow those of Polymer.



this concentration can be reduced by an order of magnitude (or more) by creating a
segregated network [17,19-26]

The segregated network concept relies on a polymer matrix with an exclusionary
microstructure [27]. In essence, the conductive filler is given a restricted volume in
which to reside that leads to network formation at very low concentration. Large
polymer particle or domain size relative to conductive particle size yields lower PTC
[28]. There are a variety of matrices used to produce segregated network polymer
composites. The first method to create a segregated network composite involved
compressing a mixture of polymer powder with a conductive filler [24,25,28,29]. These
powder-based composites exhibit percolation thresholds from 0.3~6 vol%. Using
polymer blends is another technique that can produce a segregated network. In this case,
the conductive filler resides predominantly within one polymer that is immiscible in the
other polymer [14,15] or it can be distributed at the interface between different polymers
phases [16]. These blends produce lower PTC than powder-based systems, but neither
concept is expected to have good mechanical integrity.

One of the most recent methods to reduce PTC is using a polymer emulsion to
create the segregated network. As an emulsion-filler mixture is drying, the filler is
retained within the interstitial space between the polymer particles [17,26]. Relatively
large polymer particles (100nm-1pm) compared to the size of filler (1-40nm) efficiently
lower the PTC of the composite. Figure 1.1 shows how a polymer emulsion mixed with
carbon black generates a segregated network during drying. The emulsion-based system

is similar to using polymer powder in terms of forcing filler into the interstitial space.



Unlike using polymer blends or powders, this emulsion method can be done under
ambient conditions, thereby using less energy to process. Furthermore, the coalescence

of the polymer particles during drying results in mechanically robust films [30].

QSC@%

2. Close-Packing During Drying

1. Suspension in Water .rl- ?

3. Polymer Interdlffusmn — Coalescence
(segregated network created)

Figure 1.1. Schematic illustration of producing a polymer nanocomposite with a
segregated network from an aqueous mixture of carbon black and a polymer emulsion.

1.2 Objectives and Dissertation Outline
The overall goal of the present work is to improve the electrical properties of
polymer nanocomposites, while maintaining the intrinsic properties of the polymer

matrix. A related goal of this project is to synthesize polymer nanocomposites with very



low PTC and high maximum conductivity with carbon black (CB). An overview of this

research is shown in Figure 1.2. The key objectives are:

1. To study the microstructure and properties of polymer composites with a
segregated network of filler in comparison to composites with randomly
dispersed filler.

2. To understand the effect of very large particle size ratio, between polymer and
filler on the electrical properties of the final composites.

3. To analyze the effect of the polymer matrix modulus on PTC and conductivity,

using a series of acrylic polymer emulsions.

Segregated Network Microstructure

" 0 a . 0 " 0
1. Difference in 2. Lqrge Pgmcle 3. Effect of polymer
X size ratio modulus on
composite .
. between polymer composites
microstructure : .
\_ Y, \___and filler J \__ behavior Y,
Solution vs. Layer-by-layer Using a series of
emulsion-based assembly and polymer with

comﬁosites comﬁression moldinﬁ different TI

Property Enhancement in Nanocomposites

Figure 1.2. Overview of the segregated network polymer nanocomposite research.



Chapter II is a review of the literature about electrically conducting polymer
composites. This chapter provides further understanding about the importance and
effectiveness of the segregated network in creating conducting polymer composites with
low PTC and high maximum electrical conductivity. It also contains a brief review of
composites with randomly dispersed filler.

Chapter III examines the effect of polymer microstructure on the final properties
of composites without altering composition. Two composites having identical chemical
composition but different microstructure were synthesized and characterized. One
system was prepared using CB and a poly(vinyl acetate) (PVAc) emulsion to create
segregated network composites, while a randomly dispersed composite was made by
dispersing CB in PVAc dissolved in a solvent. Random and segregated microstructures
lead to differences in the final properties of composites even though both systems have
similar chemical compositions.

Chapter IV examines the significance of particle size ratio between polymer
particles and filler on lowering the PTC. The importance of uniform surface coverage of
CB on the polymer particles was also investigated. Hyper-branched polyethylenimine
(PEI) was covalently grafted to the surface of polyethylene (PE) particles in an effort to
promote the growth of conductive thin films deposited using layer-by-layer (LbL)
assembly. To show the effectiveness of PEI grafting, three composites were synthesized
and compared. The final composite, made by compressing the coated particles, has a

particle size ratio over 80,000 and a PTC below 0.01 wt%.



Chapter V explores the effect of polymer emulsion modulus on the PTC of final
composites. A series of emulsions with different glass transition temperature were
synthesized using butyl acrylate (BA) and methyl methacrylate (MMA) monomers. The
glass transition temperature was controlled by changing the ratio of BA and MMA.
Since they have very different glass transition temperatures (pure PBA has T, = -50°C,
while the T, of PMMA is 105°C), they exhibit different room temperature modulus. This
chapter will provide an understanding of how the change in polymer modulus affects the
segregated network.

In Chapter VI, concluding remarks are presented to summarize the findings of

this work and future research directions are proposed.



CHAPTER I

LITERATURE REVIEW

2.1. Percolation Theory and Models

Polymers are usually an insulating material. By adding electrically conductive
fillers, the composites will exhibit electrical conductivity and can be used in a variety of
applications (some examples were mentioned in Chapter I). The electrical conductivity
of the mixture increases dramatically at a critical filler concentration called the
percolation threshold. Below this concentration the filler particles are not interconnected
within the polymer matrix. With no contact between the filler particles the composite
remains an insulator. Once the concentration reaches the percolation threshold
concentration (PTC), the filler particles are able to contact each other, and form a
conducting network. Figure 2.1 shows typical electrical conductivity behavior of a
polymer filled with conductive filler as a function of filler concentration. It is
worthwhile to note that the theoretically predicted percolation threshold for a randomly
dispersed system is around 15 vol% [31]. Many models and equations have been

proposed to understand this behavior. Some of these models are reviewed in this section.



Insulating Zone

Log Conductivity (S/cm)

i Percolation Zone

Filler Concentration (wt%)

Figure 2.1. Schematic of electrical conductivity as a function of filler concentration. The
cartoon images at the top highlight how the filler microstructure is changing with
concentration.

Kirkpatrick formalized percolation theory to predict conductivity above the PTC

[18]. He showed that electrical conductivity follows the power-law relationship:

og=0,(V-V,) 2.1)



where o is the conductivity of the composite, oy is the intrinsic conductivity of the filler,
V is the volume fraction of the filler, V. is the percolation threshold, and s is the power-
law exponent. The value of s is typically between 1.5 and 3 for three-dimensional
percolation. Many experimental studies have shown that this model works with results
for carbon nanotubes [32], CB [33], metal particles [34], and intrinsically conductive
polymers [35] in an insulating matrix

Malliaris and Turner proposed a theoretical model to predict the percolation
threshold based on the assumption of incipient formation of infinitely long chains of

metallic powder [28]:

V,=50P.[1+(¢/4)(R,/R,)]" (2.2)

where Pc is is the first nonzero probability for infinitely long sequences of adjacent
lattice sites occupied by conductive elements (e.g., Pc= % for hexagonal, '2 for square,
and % for triangular), ¢ is a factor that depends in the mode of packing of the conducting
fillers (e.g. ¢ =1.11 for hexagonal), R, is the polymer particle size, and Ry is the filler
particle size. They assumed that the surface of large polymer particles is uniformly
covered by the conductive fillers. As a result, a double layer of the filler is formed when
the particles are compressed.

Janzen developed a percolation model based on the concept of the mean number
of contacts between filler particles [36]. He used 1.5 as the mean contact number based

on the result of Kirkpatrick and proposed following equation:
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1
c=——""—"
1+0.67zp¢

(2.3)
where V, is the percolation threshold, z is the coordination number (number of nearest
neighbors) in a specific lattice, p is the density of the filler particles, and ¢ is the specific
pore volume of the filler particles. He found that this prediction agrees well with
experimental results.

Slupkowski proposed an electrical conductivity model for mixtures of conducting
and insulating powders [37]. He considered the diameters of both powders as significant
parameters. This model includes three assumptions. First, the diameter of insulating
particles is much larger that that of conducting particles. Large insulating particles are in
contact with each other and form a simple cubic network. Finally, the conducting
particles uniformly cover the surface of the insulating particles. Figure 2.2 shows the

model based on these assumptions. These assumptions lead following equation:

d([x]+P)

D ln(l + DJ
([x]+Dd

o =2rn0, (2.4)

where o is the conductivity of the mixture, o. is the specific conductivity of the
conducting particle, D is the diameter of the insulating particle, d is the diameter of the

conductive particles, P is the probability of the formation of a network of adjoining
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particles, and x is the number of totally filled sublayers of thickness d and is defined by

the following equation:

[x]=(3 1 —IJD (2.5)

where V' is the volume fraction of the conductive particle.

99

g=(x]+1)d
Figure 2.2. Schematic of adjoining insulating particles uniformly covered by conducting
particles (reproduced from [37]).

Other than the models introduced in this section, there are many approaches to
explain the percolation behavior of the conducting composites [38-42], but no model is

able to explain all of the different experimental results. In addition to inconsistency with
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experimental results, no model is able to reflect the significant effects of various

processing parameters.

2.2. Composites with Randomly Dispersed Filler

Carbon-based fillers are the most common materials used to create electrically
conductive polymer composites, even though metallic fillers have higher intrinsic
conductivity. Metallic fillers are less useful due to stabilization problems and oxidation
that creates an insulating layer on their surfaces during processing [24,43]. It is for this
reason that composites with carbon-based fillers are the focus of this review.

Tchoudakov et al. studied the electrical behavior of polypropylene/CB and
nylon/CB composites [14]. Composites were prepared using melt mixing. The PTC of
the PP composites was observed at 2.5 phr (per hundred resins), while the conductivity
of the nylon/CB system did not increase in conductivity until 13 phr. The authors
claimed that the interfacial energy difference between PP/CB and nylon/CB caused this
difference in the PTC. The nylon has better interaction with CB than PP, causing the
formation of the conducting network to be impeded by better dispersion in the nylon
matrix. In this case, a higher loading of CB is required to reach the PTC. Figure 2.3
shows the microstructure difference between nylon/CB and PP/CB composites.
Dispersion of CB in nylon is qualitatively more uniform. A variety of other melt-mixed,
conductive composites have also been studied with thresholds ranging from 2 to 27
vol% [8,9,39,44,45]. This wide range is due to factors such as polymer crystallinity and

surface energy that influence network formation.
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Figure 2.3. SEM micrographs of nylon (a) and PP (b) with 4 phr CB (reproduced from
[14]).

Schueler et al. studied the percolation behavior of CB in epoxy resin [11]. When
the CB is dispersed in the liquid polymer, the coulombic force between CB particles can
cause a potential barrier that hinders agglomeration, resulting in a conducting pathway.
The authors examined the effect of external shear force and ionic strength to overcome
this potential barrier. It was shown that applying external shear force before curing or
adding salt to increase the ionic strength can accelerate the agglomeration process of CB,
leading to lower PTC for the conducting composites. PTC was lowered to 0.06 vol %
CB by adding a chloride-methanol solution with maximum conductivity near 0.001 S/cm.
Many other groups have studied conductive epoxy composites [46-48] and other
solution-processed systems with PTC ranging from 0.9 to 3 vol% [10,12].

Huang examined the effect of polymer crystallinity on the PTC of CB [43]. The
resistivity of CB-filled PP was compared to the CB-filled ethylene-octane copolymer

(Engage). Ethylene-octane copolymer has about 10-15 wt% crystallinity, while PP has
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more than 80 wt% crystallinity. CB cannot reside in the crystalline regions and the PTC
was decreased in PP as a result. The PTC of CB was reduced from 5 to 2 vol % by
changing the polymer matrix from ethylene-octane to PP, as shown in Figure 2.4.

Several other studies have shown this effect of crystallinity on PTC [14,44,49].
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Figure 2.4. Volume resistivity of PP and Engage with CB (reproduced from [43]).

The molecular weight of the polymer matrix can also influence the PTC. Sumita
et al. compared CB-filled composites with different polymer molecular weights [45].
The authors showed that higher molecular weight led to an increase in the PTC due to

the difficulty of CB dispersion. Huang and Wu studied the effect of the melt flow index
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using three different ethylene-vinyl acetate copolymers. Higher melt flow index along

with high crystallinity resulted in a decrease in the PTC [50].

2.3. Segregated Network Composites

The term segregated network was originally formalized by Kusy in 1977 when
discussing the effect of particle size ratio of polymer and metal powders [27]. He defined
a segregated network as the dispersion of metallic particles restricted by the presence of
much larger polymeric particles. Several methods have since been used to create
segregated networks with conductive fillers in a polymer matrix.

Compacting a mixture of polymer powder and conductive filler was the first
approach to create a segregated network. Malliaris and Turner used compression
molding to prepare polyethylene (PE)/nickel blends [28]. They reported that the PTC
decreases as the size ratio of polymer to metal particle size increases. Figure 2.5 shows a
schematic illustration of compacting the particles and a micrograph of the compacted
sample. Yacubowicz et al. studied the electrical and dielectric behavior of CB/PE
systems prepared by compression molding [25]. The authors reported that the PTC is in
the range of 0.3 — 0.7 vol%. The dielectric constant increased sharply up to the PTC.
Bouchet et al. used ceramic particles as the conductive filler to create segregated
network composites [24], as shown in Figure 2.6. Ceramic powder (titanium carbide or
titanium nitride (TiN)) and ultrahigh molecular weight polyethylene were combined with
a sintering technique. They reported the effects of various parameters such as pressure,

temperature, time, and particle size ratio on PTC. High pressure and temperature
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increased the maximum conductivity of composites at higher concentration, but the PTC

was also increased. The lowest PTC achieved was about 6 vol%.

Directign
of
Compaction

(a) ®)

Figure 2.5. Formation of a segregated network of small filler with large polymer
particles (a). Photomicrograph of 7 vol% nickel in polyvinyl chloride (b) (reproduce
from [28]).



17

1015

1010

10°

Resistivity [R.cm]

0 10 20 30 40 50
Ceramic content [%vol]

(a) (b)

Figure 2.6 Resistivity of PE-L/TiN (m) and PE-S/TiN (o) (a). Average particle size of

PE-L is nearly five times bigger than that of PE-S. Microstructure of PE-L/TiN (b).
(reproduced from [24]).

Another important method used to create a segregated network is with a polymer
blend. The uneven dispersion of the filler due to the phase separation of the polymer
blend can make conducting composites with low filler concentration. Sumita et al.
studied composite systems with segregated CB in three kinds of polymer blends:
HDPE/PP, PP/PMMA and HDPE/PMMA [51], as shown in Figure 2.7. Two types of
distribution of CB in polymer blends were reported. In one case, CB is distributed in one
of the two polymers and is relatively homogeneously dispersed in this phase. In another
instance, CB is located preferentially at the interface of the two polymers. The
distribution of CB was verified by plotting the conductivity as a function of the effective
concentration in one of the phases. The plot of CB/HDPE was found to be similar to the

plot of the CB/HDPE/PP blend, which suggests that the CB was predominantly
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dispersed in HDPE phase. The reported PTC of this polymer blend system was around
0.1 vol% with a maximum conductivity near 0.001S/cm (1000 Q-cm). Gubbels et al.
studied the selective localization of CB in PE/PS blends [52]. HDPE, PS, and CB were
mixed at 200 °C, and then compressed. When CB was mixed with pure PE only,
percolation was observed at 5 wt%. After CB was selectively dispersed in PE, the
percolation threshold of the blend system (10/90 PE/PS system) decreased to 1.5 wt%.
Carbon black was dispersed at the interface by mixing with PS first and then adding PE.

After annealing, the PTC was reduced to 0.4 wt% for a 45/55 PE/PS blend.

(a) (b)

Figure 2.7. Micrographs of HDPE/PP/CB (a) (reproduced from [51]), and 45/55 PE/PS
blend with 1wt% CB (b) (reproduced from [52]).
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More recently, polymer emulsions have been used as the matrix to create
conductive polymer composites with a segregated network of filler. In a polymer
emulsion, solid polymer particles are suspended in water. When they are mixed with
conductive fillers they create excluded volume during drying. As a result, the filler is
pushed into interstitial space between the polymer particles and form a segregated
network (see Figure 1.1). Grunlan et al. showed the effectiveness of emulsion-based
composites compared to those that were solution-processed [17]. Figure 2.8 shows
composites with three different polymer matrixes: poly(vinyl acetate) (PVAc) latex,
water-dispersible PVAc powder, and solution-based poly(N-vinylpyrrolidone) (PNVP).
The PTC for the CB/PNVP composite was near 15 vol% and it decreased to 3.44 vol%
with PVAc powder. It was further reduced to 2.39 vol% when PV Ac latex was used. In a
later study, Grunlan et al. showed that the PTC could be further reduced to 0.038 wt%
(~0.035 vol%) by replacing CB with single-walled carbon nanotubes due to the high

aspect ratio and high intrinsic conductivity of SWNT [32].
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Figure 2.8. Electrical conductivity as a function of carbon black concentration for three
different matrices: PVAc latex (@), PNVP solution (<), and PVAc water dispersible
powder (O) (reproduced from [17]).
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CHAPTER 11
EFFECT OF MICROSTRUCTURE ON THE ELECTRICAL AND
MECHANICAL PROPERTIES OF THE POLYMER COMPOSITES WITH

CARBON BLACK

3. 1. Introduction

The literature review in Chapter II (Section 2.3) showed that a segregated
network of conductive filler in a polymer matrix could reduce the percolation threshold
concentration (PTC). This microstructure’s influence on electrical conductivity has been
well studied [17,21,27,30,53], but direct comparison of a segregated network and
randomly dispersed composite, with the same matrix, has not been explicitly performed.
To clarify the influence of microstructure only, two composites with the same chemical
composition were prepared. One system was prepared using carbon black (CB) and a
poly(vinyl acetate) (PVAc) emulsion to create segregated network composites and
randomly dispersed composites were prepared by dispersing CB in PVAc dissolved in
dimethylformamide (DMF). Electrical and mechanical properties of these two
composites are evaluated here. The PTC of the emulsion-based composite is almost an
order of magnitude lower that that of the solution-based composite. Significant

differences in mechanical behavior are also observed.
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3. 2. Experimental

3.2.1. Materials

The PVAc emulsion (Vinac XX210), supplied by Air Products (Allentown, PA),
was 55.53 wt% solid in water. The average particle size of this emulsion is
approximately 650 nm with a broad distribution. PVAc pellets, with a molecular weight
of 101,600 g/mol, were purchased from Acros Organics (Morris Plains, NJ).
Dimethylformamide (DMF) used to dissolve the PVAc pellets was also purchased from
Acros Organics. Carbon Black (Conductex 7055 Ultra) was supplied by Columbian
Chemicals (Marietta, GA). This grade of CB has a nitrogen surface area (NSA) of 55

m?/g and a primary particle size of 42 nm.

3.2.2. Emulsion-Based Composite Preparation

The pre-composite mixture with the highest loading of CB was prepared first. To
begin, deionized water was added to the emulsion to reduce the viscosity. CB black was
then added to the diluted emulsion and stirred at 3600 rpm for 15 min using a high speed
impeller blade. Upon completion of mixing, some portion was removed to make a film.
Subsequent compositions were made by adding more emulsion and deionized water.
These mixtures were kept at a constant 15 wt% solids during mixing. Composites were
made by pouring 12g of mixture into 4 in® polystyrene molds. These mixtures were dried

at 80 °C for two hours followed by one day in a vacuum desiccator.
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3.2.3. Solution-Based Composite Preparation

DMF was chosen to dissolve the PVAc pellets due to its high boiling point
(156 °C) and polarity. CB is quite polar, so it is possible to mix it into a DMF-based
solution without using a dispersing agent. DMF’s high boiling temperature prevents
evaporation during mixing. A solution containing 10 wt% of PVAc in DMF was rolled
for one day on a Cell-Production Roller Apparatus manufactured by BELCO
Biotechnology (Vineland, NJ) with a rotation speed of approximately 10 rpm to achieve
equilibrium. The preparation of composite mixtures followed the procedure of the
emulsion-based composites (see section 3.2.1). After mixing, the solution-based
mixtures were poured into 4 in? aluminum molds (DMF dissolves polystyrene molds)
and dried at 120 °C for two hours (80 °C is not high enough to evaporate DMF

completely). Finally, these films were dried in a vacuum desiccator for one day.

3.2.4. Composite Characterization
3.2.4.1. Electrical Conductivity

Electrical conductivity was measured with a custom built four-point probe system.
The schematic illustration of a four-point probe is shown in Figure 3.1. Four-point probe
measurement is a well known technique to measure the electrical resistance of a thin layer
or sheet by passing a current between the outside probes and measuring the drop in

voltage between the two inside probes. Sheet resistance (R;) is obtained with:

R =4.53xV/I (3.1)
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where 4.53 is the shape factor. The bulk resistivity (in Q'cm) of a film can be calculated
by multiplying the R by thickness in centimeters. The four-point probe system consists
of Keithley 2000 multimeter, Agilent E3644A power supply, four-point probe and probe
mount from Signatone (Gilroy, CA). Current is measured by the mulimeter and voltage is

recorded by a LabView program.

-1 +1

Figure 3.1. Schematic of a four-point-probe apparatus.

3.2.4.2. Thermomechanical Properties
Dynamic mechanical analysis (DMA) was used to measure the glass transition
temperature and storage modulus of the composite films. The Q-800 DMA by TA

Instruments (New Castle, DE) was used in this study. In most cases, tests were run at 1
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Hz and temperature was ramped at 3°C/min from -50 — 100 °C. The amplitude of strain

was fixed at 0.1% and T, was taken as the peak in the loss modulus curve.

3.2.4.3. Composite Microstructure
The cross-sections of the composite films were imaged with a Tescan VEGA-II
SEM (Cranberry Township, PA). Films were soaked in liquid nitrogen and fractured by

hand. The surfaces were sputter coated with 4nm of platinum prior to SEM imaging.

3.3. Results and Discussion

3.3.1. Composite Microstructure

Once the mixtures are completely dried, the solution and emulsion-based
composites have a nearly identical chemical composition (CB in PVAc), but they have
significantly different microstructure. Figure 3.2 shows cross sectional images of
emulsion-based composites with 4, 8, and 10 wt% CB and Figure 3.3 shows the cross
sections of solution-based composites with 4, 8, 10, and 22.5 wt% CB. In both images,
CB appears as white nanoparticles embedded in the darker polymer matrix. The
emulsion-based system results in a segregated network of CB at low concentration (Fig.
3.2(a)), while the solution-based system shows no conducting pathway until a higher
concentration. This difference in microstructure produces significant differences in

electrical and mechanical behavior, which will be discussed in following sections.
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Figure 3.2. SEM images of emulsion-based composites containing 4 wt% (a), 8wt% (b),
and 10 wt% (c) carbon black.
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(© (d)

Figure 3.3. SEM images of solution-based composites containing 4 wt% (a), 8 wt% (b),
10 wt% (c), and 22.5 wt% (d) carbon black.
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The cross-section image of an emulsion-based composite with 4 wt% CB (Fig.
3.2 (a)) reveals that the emulsion is not perfectly coalesced. The shape of the polymer
particles can be weakly discerned in some spots. The dried neat emulsion film, however,
is completely transparent and its modulus matches literature values, which indicates it is
sufficiently coalesced. At 4 wt% CB there are few voids or strong aggregation of CB
present because this system is below the critical pigment volume concentration (CPVC)
[54]. CPVC is the point at which there is just sufficient polymer to hold all of the filler.
Above the CPVC, filler particles are not sufficiently surrounded by polymer and voids
begin to form. Many properties of composites such as modulus, permeability, and
fracture toughness change at the CPVC [30,55]. The fractured surface of the emulsion-
based composite with 8 wt% CB (Fig. 3.2 (b)) is quite rough and shows some voids
indicating the CB concentration is close the CPVC. At 10 wt% (Fig. 3.2. (c)), the CB is
strongly aggregated, creating many voids in the composite structure and indicating that
the CB concentration has reached or surpassed the CPVC.

Carbon black is more randomly dispersed in the solution-based composites (Fig.
3.3). Up to 10 wt%, composite cross sections are very smooth and CB is very uniformly
dispersed. The particles are separated by the polymer matrix, causing the composite to
be insulating. It is clear that the CPVC for the solution-based composite is higher than
that of the emulsion-based system because no voids are observed at this point. The
image of the composite containing 22.5 wt% CB shows significant aggregation of CB

that is accompanied by nano-porosity.
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3.3.2. Electrical Conductivity

Conductivity as a function of CB concentration for both composites, fitted with
percolation curves, is shown in Figure 3.4. It is clear that the microstructural differences,
observed with SEM, result in significant conductivity differences. The concentration of
CB was converted to volumetric concentration to fit the data with the classical
percolation power law (Equation 2.1). The distinction between the two composites’
microstructure occurs during the drying process. For the randomly dispersed composite,
CB can be placed anywhere within the polymer matrix. The small size of CB requires it
to create a conducting pathway throughout the composite thickness. Unlike the solution-
based system, CB in the emulsion has only limited space to situate during the drying
process. Selective distribution of CB within the polymer matrix leads to the formation of
a segregated network at lower CB concentration. This early formation of a conducting
pathway results in very low PTC for emulsion-based composites. The maximum
conductivity of both systems also shows similar behavior with the PTC. To reach the
highest conductivity, the solution-based composite requires about twice the loading of
CB than the emulsion-based system. The solution-based composite, however, achieves a
higher value of maximum conductivity at high CB loading. As shown in SEM images
(see Figures 3.2 and 3.3), the CVPC for the solution-based composite is much higher
than that of the emulsion-based system. Once reaching the CVPC, the porosity of the
composite increases and further CB loading does not contribute to the formation of
additional conductive pathways. Beyond the CVPC, the conductivity remains nearly

constant and eventually decreases. The CVPC for the solution-based composites is
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higher, which allows them to hold more CB without creating voids. As a result, the

maximum conductivity of the solution-based composites is higher.
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Figure 3.4. Electrical conductivity of emulsion and solution-based composites as a

function of carbon black concentration.
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The solid lines in Figure 3.4 represent the percolation power law (Equation 2.1)
fitt to the experimental data and the fitting parameters are summarized in Table 3.1. The
percolation threshold decreases from 8.18 to 1.21 vol% by changing the microstructure
of the composites. This significant decrease in the PTC shows the effectiveness of the
segregated network. The solution-based composite value is lower than the theoretically
predicted value for randomly dispersed composites (around 15 vol%). This is because
the interaction between CB particles is stronger than that between CB and the polymer
matrix. When the filler-filler interaction is stronger, particle aggregation results in the
formation of a conductive pathway at lower concentration. Many studies have shown

this behavior with a variety of polymers [11,14,39,44].

Table 3.1. Percolation parameters for solution and emulsion-based composites

oy (S/cm) S V.

Emulsion 434 2.11 1.21

Solution 593.4 2.83 8.18
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3.3.3. Storage Modulus

Figure 3.5 shows the storage modulus of emulsion and solution-based composites
as a function of carbon black concentration. The overall trend of modulus behavior of
both systems is very similar to the electrical conductivity behavior. Modulus of the
emulsion-based system increases fast at low CB concentration, while the solution-based
composite achieves a higher maximum modulus at high concentration. Both systems
show initial increase in the storage modulus with CB concentration. The moduli of
composites decrease once the CB concentration exceeds the CVPC. The storage
modulus of the solution-based system never decreases within this experiment, indicating
that the CVPC is above 25 wt% CB. The modulus of the neat emulsion film is 2.27 GPa
and a composite with 2 wt% CB already exhibits a 12% increase (2.55GPa). The
modulus increases up to 2.88 GPa as the CB concentration increases to 8 wt%. Beyond
this concentration, the modulus starts to drop due to severe aggregation of CB, as shown
in Figure 3.2 (c). For the solution-based system, the modulus increases slowly until
15wt% CB. The solution-based composite requires 15wt% CB to achieve a 9%
improvement in modulus, which corresponds to 2 wt% CB for the emulsion-based
composite. At 15 wt% CB, the slope of modulus increase changes abruptly in the

solution-based system due to the carbon black networking.
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Figure 3.5. Storage modulus of emulsion and solution-based composites as a function of
carbon black concentration.

3.4. Conclusion

The effect of microstructure on the electrical and mechanical properties of carbon
black filled poly(vinyl acetate) has been investigated. The emulsion-based composite
shows a fast response to the CB loading, while the solution-based composite exhibits
greater maximum enhancement in both electrical and mechanical behavior. Because CB
particles cannot penetrate into the emulsion particles, they situate in the interstitial space

between CB particles during drying and create a segregated network at low
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concentration. SEM images reveal the significant difference in microstructure between
emulsion and solution-based systems. The emulsion-based composite forms a strong
segregated network at 4 wt% CB, while no conducting pathway is found until 10 wt%
for the solution-based system. The percolation threshold for the emulsion-based
composite is 1.21 vol%, which is nearly one order of magnitude lower than that of the
solution-based composite. A similar trend is also found in the storage modulus of both
systems. The emulsion-based system reaches a maximum enhancement of 26% at 8 wt%
CB, while the solution-based system shows only a small incense at this concentration.
Even though the solution-based system accomplishes higher maximum enhancement of
both electrical and mechanical properties, it requires 25 wt% CB to accomplish this.
These results show that the emulsion-based system is very effective at enhancing the

electrical and mechanical properties of composites with low filler loading.
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CHAPTER IV
CONDUCTIVE THIN FILMS ON FUNCTIONALIZED POLYETHYLENE

PARTICLES"

4.1. Introduction

In Chapter II, several methods to form a segregated network were described. One
of the simplest methods to create a composite with a segregated network is mixing the
polymer particles with much smaller filler particles [24,25,28,29]. The particle size ratio
between a polymer matrix and conductive filler has a critical effect on the formation of a
segregated network and the percolation threshold. When the polymer and conductive
filler have similar size, a large concentration is necessary to form a continuous network
of filler within the polymer matrix. It is desirable for composites to have extremely large
particle size ratio to achieve very low PTC, but no one ever succeeded to make
composites with an extremely large particle size ratio (>1000) due to processing
difficulty and uneven surface coverage of filler on the polymer particles. In the present
work, we have created composites having a particle size ratio over 80,000 using layer-
by-layer (LbL) assembly in order to create a uniform coating of the polymer particle

surface [56].

’ Reprinted with permission from “Conductive Thin Films on Functionalized Polyethylene Particles” by
Y .-S. Kim et al., 2006. Chemistry of Materials, 18, 2997-3004. ©2006 American Chemical Society
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LbL assembly is a method used to impart functionality to the surface of nearly
any type of substrate [57,58]. Thin films are deposited by alternately exposing a
substrate to aqueous mixtures (or solutions) of mutually attractive molecules or particles.
In most cases the attraction between species is provided by charge and each combination
of a positively and negatively-charged layer is referred to as a bilayer. Each deposited
layer is typically 1 — 100 nm thick depending on charge-density [59,60], counterion [59],
molecular weight [61], temperature [62], deposition time [63,64], and pH [65,66] of the
species being deposited. Concentration [64] and ionic strength [64,67] of the deposition
mixture will also influence layer thickness. LbL-based thin films can impart chemical
sensing [68-70], electrically conductive [71,72], super-hydrophobic [73], electrochromic
[74,75], magnetic [76], and antimicrobial behavior [77,78] to a given substrate. Figure
4.1 shows the process used to apply small carbon black particles (~ 21nm) to the surface
of large PE particles (> 100um). Many materials can be used as a substrate for LbL
deposition without the need for surface modification, but there is difficulty building
layers on polyolefins [79,80]. It is difficult to get water-based coatings to adhere well to
polyolefins, such as polyethylene and polypropylene, due to low surface energy and lack
of polarity. Corona or plasma treatments can be used to increase the surface energy of
polyolefin films [81-84]. Both of these techniques generate polar functionalities on the
film surface that will improve wetting and subsequent adhesion of an aqueous coating.
Oxidative acid etching is another method that generates hydroxyl and carboxylic acid

species to create surface polarity [85]. However, these surface modification techniques
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only produce monolayer of functionality that can disappear upon surface reorganization.

A more recent technique, used here to promote stable layer-by-layer film growth
and stronger adhesion, is the growth or graft of polyelectrolytes on polyolefin [86-89]. In
the present study, a hyper-branched polyethylenimine (PEI) surface was generated on
polyethylene particles in a similar manner to that done previously on a silica support
[89]. Hyper-branching yields a uniform surface coverage of polyelectrolyte down to the
microscopic level, despite initial growth occurring only sparsely over the PE particle
surface. The presence of PEI on the polyethylene particle then facilitates near perfect
surface coverage by alternate deposition of carbon black stabilized with poly(acrylic
acid) [PAA] and PEI in a layer-by-layer fashion. Untreated PE exhibits very poor
acceptance of the LbL film growth under the same conditions, while oxidative acid
etching exhibits intermediate behavior. The carbon black-coated particles so formed

produce highly conductive composites when compression molded.
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Figure 4.1 Schematic of the LbL self-assembly procedure for creating functional thin
films. The cycle is repeated until the desired number of bilayers is deposited to create a
multilayer film on the substrate.

In many cases, the high carbon black concentrations required to achieve
significant electrical conductivity is often accompanied by high mixing viscosity and
brittle composite films with extensive porosity due to aggregated filler [12,13]. Layer-
by-layer deposition circumvents high viscosity processing by using dilute mixtures (< 1
wt% solids) to deposit layers of carbon black that are pre-stabilized with
polyethylenimine (PEI) and poly(acrylic acid) (PAA) to impart basic and acidic surface
chemistry, respectively. The resulting films are thin (< 1 um), flexible, and dense, with

a high concentration of carbon black (> 45 wt %) [72]. When applied to PEI-treated
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polyethylene particles, with an average particle size of 1.7 mm, highly conductive
composites were produced that have a very small weight fraction of carbon black
following compaction.

In this work, a comparison is made between untreated polyethylene particle,
oxidative acid etched particle and particle that has hyper-branched PEI on its surface.
Infrared spectroscopy and electron microscopy are used to characterize the three types of
particle prior to layer-by-layer deposition of carbon black. The PEl-treated and
unmodified PE particles are then compared with respect to LbL film growth using
electron microscopy and thermogravimetric analysis. PE particles containing 2 — 8
bilayers of carbon black, stabilized with PEI and PAA to provide positive and negative
surface charge, were studied. The results indicate that deposition on unmodified or acid
etched polyethylene does not produce uniform carbon black films and the material that
does deposit has variable thickness and poor interfacial adhesion. PEI-grafted
polyethylene promotes uniform deposition of carbon black thin films as evidenced by
gravimetric analyses that show a linear increase in weight per bilayer. Composite films,
made using compression molding, exhibited a percolation threshold below 0.01 wt%
carbon black and a maximum electrical conductivity of 0.2 S/cm with a concentration of
only 6.2 wt% carbon black. These segregated network composites have among the
lowest percolation threshold ever reported with carbon black as the conductive filler.
This combination of surface functionalization and layer-by-layer assembly could be used
to deposit other types of conductive material or to impart other properties, such as

antimicrobial or flame suppression.
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4.2. Experimental

4.2.1 Materials

Polyethylenimine (PEI, M, 10,000), poly(methyl vinyl ether-a/t-maleic
anhydride) (Gantrez, M, 1,130,000), ethyl chloroformate (97%) and N-
methylmorpholine (ReagentPlus, 99%) were purchased from Sigma-Aldrich (Milwaukee,
WI) and used as received. Ethylenediamine was purchased from EM SCIENCE
(Gibbstown, NJ) and distilled before used. Triethylamine (Reagent Grade) was
purchased from Fisher Scientific (Fair Lawn, NJ) and used as received. Poly(acrylic
acid) (PAA M, 25,000) and polyethyleneimine (PEI, M,, 100,000) which were used for
CB stabilization were also purchased from Sigma-Aldrich (Milwaukee, WI) and used as
received. Conductex 975 Ultra carbon black was supplied by Columbian Chemicals
(Marietta, GA). This grade of CB has a nitrogen surface area (NSA) of 242 m*/g, density
of 1.89 g/cm’, and a primary particle size of 21 nm. The PE powder used in this study is
Fortiflex HDPE J60-800-178, which has a density of 0.96 g/cm’ and an average particle

size of 1.7 mm with a very wide size distribution.

4.2.2 Preparation of PEI/ Gantrez Hyperbranched Grafts on Oxidized PE Particle
The PE particle was extracted 12hours with CH,Cl, in a Soxhlet apparatus and
dried at reduced pressure. The PE particle was then oxidized using CrOs/ H,SO4/ H,O

(1:1:2 by weight) at 90°C for 1 h, washed with water and acetone, and allowed to air dry.
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The oxidized PE particle was then extracted 12 hours with CH,Cl, in a Soxhlet

apparatus and dried at reduced pressure.

4.2.3 Preparation of PEIl/ Gantrez Oxidized PE Particles

Oxidized PE particle (10 g) was first activated by treatment with a mixture of
ethyl chloroformate (5 mL) and N-methylmorpholine (5 mL) in 60 mL of DMF for 15
min. Next, the particle was isolated by filtration, solution washed with CH,Cl,, and
allowed to air dry. The activated PE particle was then placed into a 60 mL solution of
CH,Cl; and polyethylenimine (PEI, branched, Mn=10,000) (1.5 g) for 1h. After isolating
the PE particle by filtration and washing it with CH,Cl, and MeOH, the PEI treated PE
particle was placed into a solution of triethylamine (10 mL) and of MeOH (60 ml) for 5
min to ensure that any surface ammonium salts were neutralized. The aminated PE
particle was again isolated by filtration, washed with MeOH, and allowed to air dry. This
PEI treated PE particle was then, placed into a 60 mL of THF solution of poly(methyl
vinyl ether-alt-maleic anhydride) (Gantrez, Mn=1,130,000) (1.5 g) containing
ethylenediamine (28 pL) for 1 h, and isolated by filtration, washed with THF, and
allowed to air dry. The Gantrez treated PE particle could then be placed into the PEI
solution to reform a nucleophilic aminated surface. This cycle of PEI treatment followed

by Gantrez treatment was repeated 5 times to obtain the PEI-6/ Gantrez-5 PE particle.
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4.2.4 Carbon Black Mixture Preparation

PEI and PAA were added to de-ionized water to produce 0.05 wt% solutions.
These solutions were rolled for 12 hours on a Cell-Production Roller Apparatus
manufactured by BELCO Biotechnology (Vineland, NJ) with a rotation speed of
approximately 10 rpm to achieve equilibrium. Carbon black was then added to the
solution at a concentration of 0.25wt% using a high speed impeller for 15 minutes at

3600 rpm, followed by rolling for 12 hours to achieve equilibrium.

4.2.5 Film Deposition

Polyethylene particles were alternately immersed into CB-PEI and CB-PAA
aqueous mixtures. The initial immersion in each mixture was for five minutes followed
by one minute immersions to deposit additional bilayers. Following each immersion the
particles were filtered to remove water and excess material. For the PEI grafted PE
particles, the CB-PAA mixture was used first since they were already covered by PEI,
but normally CB-PEI would be deposited first. After the deposition was complete, the
coated particles were vacuum dried for more than 24 hours to remove residual moisture.
Once dried, the particles were compacted in an aluminum mold at 90 °C for 30 minutes

with a pressure of 150 kg/cm®. The resulting films are 1.5 mm thick.

4.2.6 Characterizations of the Particle and Coating
Attenuated total reflection-infrared (ATR-IR) spectroscopy was used to confirm

growth of the PEI/ Gantrez graft on the PE surface. A Bruker Tensor 27 series FT-IR,
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with a Pike MIRacle ATR accessory at an angle of 45° using a ZnSe crystal, was used.
In these spectra, the integrated intensity of the amide peak (1640 cm™- 1650 cm™) and
carboxylate peak (1550 cm™- 1560 cm™) is shown to increase in comparison with the
intensity of the underlying bulk polymer C-H absorption (2910 and 2850 cm™).
Titrimetric analysis was carried out by first suspending a weighed amount of the PEI/
Gantrez PE particle in a 0.01M HCI solution and shaking the mixture for 1h. An aliquot
of the resulting HCI solution was titrated with 0.01M NaOH solution. In this way, the
amount of HCI consumed by basic groups (amine and carboxylate) on the PEI/ Gantrez
PE particle could then be determined. The average numbers of millimoles of basic
groups of PE particle for PEI-1, PEI-2/ Gantrez-1, PEI-3/ Gantrez-2, PEI-4/ Gantrez-3,
PEI-5/ Gantrez-4, PEI-6/ Gantrez-5 PE particle were 0.0380, 0.2332, 0.3613, 0.5089,
0.6545, and 0.8896 mmol/g of particle, respectively. The concentration of the CB on the
particle surface was determined using thermogravimetric analysis (TGA) operated from
25°C to 900°C at a rate of 10°C per minute. The conductivities of the compacted films

were measure by a home-built four-point-probe system.

4.3. Results and Discussion

4.3.1 PEI-Grafted Polyethylene
In order to create a surface amenable to layer-by-layer assembly, polyethylene
particle was modified according to the steps shown in Figure 4.2. First, the PE particle

was oxidized by chromic acid. The carboxylic acid groups formed in that oxidation were
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then activated by ethyl chloroformate to form anhydride groups. A nucleophilic polymer,
polyethylenimine (PEI), was then allowed to react with the anhydrides to form a product
where some amine groups of the PEI formed covalent amide bonds and some amine
groups of the PEI formed ammonium carboxylates. At this point, the surface was treated
with an excess of Et;N in MeOH. This produced an amine-rich surface that was in turn
allowed to react with an electrophilic polymer, poly(methyl vinyl ether-alt-maleic
anhydride) (Gantrez) to form a new graft with amic acid linkages. This step produced an
anhydride-rich surface because of the excess of anhydride groups that did not react.
These steps were repeated several times to yield a hyperbranched hydrophilic surface
covered by a network of the PEI and Gantrez polymers with a high functional group
loading. Repetition of these steps alternately 6 times with PEI and 5 times with Gantrez
produced a grafted product PEI 6/Gantrez 5. This was experimentally a rather simple
process much like layer-by-layer deposition. The entire surface modification procedure
took approximately 12h.

This covalent step-by-step assembly process is schematically shown in Figure 4.2.
This artistic picture is not necessarily correct and it is suspicious that, for example,
amine groups from the PEI 1 stage can and do react with Gantrez polymer introduced
when forming the PEI 3/ Gantrez 3 stage. ATR-IR spectroscopy was used to follow the
progress of the grafting chemistry as shown in Figure 4.3. The oxidized PE had a
relatively small peak due to carbonyl groups at 1710 cm™. After activation and PEI
treatment, the acid carbonyl peak disappeared and an amide peak (1650 cm™) appeared.

The Gantrez stages showed anhydride peaks at 1790 and 1730 cm™, and also a C-O peak
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ascribed to the methoxyl group around 1100 cm™. The reaction of PEI and Gantrez to
form a mixture of amic acids and ammonium carboxylate groups was confirmed by the
disappearance of anhydride peaks and the appearance of amide and carboxylate peaks.
Qualitatively, the growth of the grafting layers could be estimated by comparing the
integral of amide and carboxylate region (1650 and 1560 cm™) with that of C-H region
from PE itself (2910 and 2850 cm™). The final PEI 6 had a ratio of about 0.7, whereas
the ratio was less then 0.05 with PEI 1. The PEI/ Gantrez covalent assembly process was
also monitored by acid-base titration. The results, shown in Figure 4.4, reveal a linear
growth of titratable groups. After 6 covalent stages of grafting with PEI as the
nucleophilic polymer and a mixture of Gantrez with 1.6 wt% ethylenediamine as the
electrophilic polymer, the surface loading of the last PEI 6 stage reached 0.89 mmol
basic groups per gram of particle. The PEI grafted material has a nanoscale texture on
the surface while the neat and oxidized PE have smooth surfaces, as shown by SEM
images in Supporting Information. PEI is one of the two polymers used to stabilize CB

for LbL assembly, so the grafted particle has an ideal surface.
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Figure 4.2. Procedure for covalent layer-by-layer deposition of PEI/Gantrez on oxidized
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Figure 4.4. Titrimetric results of PEI/ Gantrez PE powders based on three individual
experiments.

4.3.2 Carbon Black Coated Particles

Polyethylene is a relatively inert, non-polar polymer that is largely incompatible
with the species used for LbL assembly [57]. As shown in Figure 4.5, carbon black
deposition is very poor on neat PE after two full deposition cycles (i.e., 2-bilayers of
PEI-CB and PAA-CB). The carbon black layer covers only a small area of an otherwise
clean surface. Oxidized PE is not much better after 2-bilayers, whereas the PEI-grafted
surface is completely coated by carbon black. After 4 bilayers the coating area increases

significantly but the coating is non-uniform. Some areas are completely covered by the
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coating while others are completely clean. It appears that spots coated in the previous
step acts like nucleation sites for subsequent steps. This phenomenon is more clearly
shown in once six bilayers are deposited, where the boundary of two coating pieces is
observed. Each piece of the coating grows as the number of bilayers increases and
eventually links together. After 8 bilayers, almost all of the area is covered by the carbon
black coating, but boundaries between initial growth sites persist. In addition to poor
growth, the CB exhibits poor bonding with the neat PE surface as evidenced by the
interfacial gaps shown at eight bilayers. Only a small portion of the coating is weakly
attached to the surface by van der Waals attractions and can be easily removed with a
small amount of force. Some research groups are actually exploiting this behavior to
produce free standing layer-by-layer assemblies [90].

Acid oxidation of the surface improves the deposition of carbon black to some
degree. After two bilayers, the oxidized PE shows that the surface is more uniformly
speckled with CB than the neat PE particles (see Figure 4.5). Oxidized PE shows
significant improvement over neat PE after four bilayers are deposited. Furthermore, full
surface coverage of the oxidized PE particles is achieved with six bilayers. Much like the
situation with neat PE, poor bonding between the oxidized PE and the CB thin film is
observed. The interfacial gap shown in Figure 4.5 at eight bilayers is similar to those
seen on neat PE, although thin film uniformity is much improved. Lack of completely
uniform growth is believed due to surface reorganization that eliminates much of the

negative surface charge initially produced during the oxidation process [91].
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Figure 4.5. SEM images of neat, acid-oxidized, and PEI-grafted PE particles coated
with varying numbers of bilayers of CB stabilized with PAA and PEI.
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Only the PEI grafted particle demonstrates near perfect compatibility with the
LbL process. Unlike the neat and oxidized PE, which show poor initial surface coverage,
the PEI-grafted surface is completely covered with just two bilayers of PAA-CB/PEI-CB
(see Figure 4.5). Good interfacial adhesion is also evidenced by the lack of an interfacial
gap between the CB thin film and grafted PE. With improved adhesion comes an
increase in cracking as the deposited film, containing ~45 wt % CB [72], attempts to
relieve stress. The poor adhesion on the neat PE leads to buckling that is not observed on
the PEI-grafted PE. The intermediate deposition and adhesion on the oxidized PE exhibit
true cracking, but at six bilayers rather than the four needed on the grafted surface. A
linear increase in CB concentration with the number of bilayer deposited suggests that
cracking does not adversely affect film growth for the PEI-grafted PE. TGA, shown in
Figure 4.6, qualitatively correlates with the SEM images in Figure 4.5.

The CB concentration of the PEI grafted particles increases linearly as the
number of bilayers is increased, exceeding 6 wt% after eight bilayers are deposited. The
CB concentration of neat PE is nearly undetectable at two and four bilayers, but
increases suddenly at six bilayers. The increasing rate from six to eight bilayers is
similar to that of the PEI-grafted case. This result suggests that the CB does not achieve
good surface coverage until six bilayers, as shown in the SEM images (see Figure 4.5).
Once the CB layer covers a significant fraction of the surface, additional CB layers can
be uniformly deposited because the surface of the support is already covered with

complementary material. The CB concentration of the oxidized PE falls in between the
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grafted and neat samples. The initial growth is similar to the neat PE, but at six bilayers

it becomes more like the PEI-grafted PE.

7
6 | ® PEI Grafted
A OPE
5 | B Neat PE
2 4
S
2 37 ¢
2
2 |
° A
11 A
0 i i
0 2 4

No. Bilayers

10

Figure 4.6. Carbon black concentration as a function of the number of bilayers on PEI-

grafted, oxidized, and neat PE particles.
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4.3.3 Segregated Network Films

After deposition, the coated polyethylene particles were compacted at 90 °C for
30 min. Figure 4.7 shows cross sections of all three films with two and eight bilayers
deposited. These images show a segregated network of CB, which is expected to be
electrically conductive despite its low concentration of conductive material. During
compression, the PE particles lose their roughly spherical shape and become more
oblong. The amount of CB, which appears black in these images, correlates well with
SEM (see Figures 4.5) and TGA results (see Figure 4.6). For neat PE with two bilayers
of CB, the network is incomplete due to poor surface coverage. The carbon black
network is much more developed in the film made from oxidized PE, and still more
enhanced in the film made with PEI-grafted PE. The microstructure shown for two
bilayers on PEI-grafted PE is very comparable to that shown for the neat PE with eight
bilayers of CB. Electrical conductivity of these films correlates very well with these
microstructures, with better developed networks exhibiting higher conductivity.

During compaction, the large PE particles create excluded volume that keeps CB
at the boundaries between them. As a result, the CB coatings create a segregated
network structure that reduces the percolation threshold. Figure 4.8 shows the

conductivity of compressed films as a function of the number of the bilayers deposited.
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Figure 4.7. Optical microscope cross sections of compressed films made with neat, acid-
oxidized, and PEI-grafted PE particles containing two and eight bilayers of CB stabilized
with PAA and PEI.
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Figure 4.8. Electrical conductivity as a function of the number of the bilayers for films
made by compression molding PE particles following LbL deposition of CB.

As expected, films made from PEI-grafted particles exhibit the greatest electrical
conductivity. With eight bilayers deposited, conductivity near 0.2 S/cm is achieved. On
the basis of TGA results (see Figure 4.6) this corresponds to a CB concentration of just 6
wt%. Composites made using traditional melt processing required more than 30 wt% of
the same high structure carbon black to obtain a comparable resistivity in HDPE [92].
Films made with neat PE particles do not exhibit measurable conductivity until six

bilayers of CB are deposited, and this value (~0.002 S/cm) is more than an order of
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magnitude lower than the PEI-grafted film (~0.07 S/cm). The films made from oxidized

PE particles show electrical conductivity that is more similar to the grafted particles than

that of the neat PE, exhibiting measurable conductivity at all bilayers. Despite showing

a similar trend of increasing conductivity with number of bilayers, the oxidized particle

films are significantly less conductive than the grafted films at all bilayers (see Table

4.1).

Table 4.1. Carbon black concentration and sheet resistance result.

Particle | No. Bilayers CB Concen. (wt %) Thickness (mm) Sheet Resistant ( €2/sq)
Neat 2 N/A 1.45 N/A

4 N/A 1.64 N/A

6 0.5737 1.49 3465.99

8 2.923 1.21 293.13
Oxidzed 2 0.9216 1.69 1308272.89

4 1.618 1.56 18614.45

6 3.032 1.54 112.79

8 4.59 1.47 55.99
Grafted 2 1.455 1.43 672.24

4 3.05 1.69 168.99

6 4.778 1.50 92.06

8 6.1915 1.31 40.13
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The difference in film behavior between oxidized PE and PEI-grafted PE is more
pronounced when conductivity is shown as a function of carbon black concentration.
Using the TGA data from Figure 4.6, the number of bilayers in Figure 4.8 can be
converted to CB concentration to generate percolation-style curves for the films made
with oxidized and PEIl-grafted particles. Figure 4.9 shows these data fitted with the

classical percolation power law [18].
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Figure 4.9. Electrical conductivity as a function of CB concentration for films made by
compression molding PE particles following LbL deposition of CB.
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The PEI-grafted polyethylene films have a PTC of 0.085 wt% CB, while the
oxidized polyethylene films have a percolation threshold that is an order of magnitude
higher (0.88 wt%). Melt processed composite films made with the same carbon black
and polyethylene of the same density show a percolation threshold of 13.5 wt% [92]. It
is clear that the segregated network microstructure is responsible for the large shift in
percolation threshold. The order of magnitude difference between the two surface
treatments suggests that the deposition is less uniform in the case of the oxidized PE
particles, as evidenced by comparing the SEM images in Figure 4.5. Both systems
converge near 3 wt% CB, but this concentration is achieved at four bilayers for the
grafted particles and six bilayers for the oxidized particles. This combination of low
percolation threshold and relatively high electrical conductivity, especially for the PEI-
grafted system, is currently the best reported for a carbon black-filled polymer composite.

There are several models to predict the percolation threshold of segregated
network composites, as summarized in Chapter II. The model proposed by Malliaris and
Turner (Equation 2.2 in Chapter II) predicts the PTC based on the assumption that a
monolayer of conductive particles covers the surface of each polymer particle [28].
Table 4.2 shows the calculated percolation thresholds using the Malliaris and Turner
model with various packing modes. These results are about an order of magnitude lower
than the PTC determined by fitting the experimental data with the classic percolation law
(Equation 2.1 in Chapter II). Some of this discrepancy may be accounted for by the
difference between the assumption of the model and the actual composite microstructure.

This model is based on the formation of a monolayer of conductive filler, but carbon
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black exists as aggregates of individual nanoparticles. Another possible source of
inconsistency is that conductivity results may not reflect the percolation behavior of the
composite sufficiently. As shown in Figure 4.9, all conductivity measurements were
done in the conducting zone rather than in the percolation zone because the conductivity
of two bilayers is already above percolation. It is quite possible that the actual PTC is
lower than the PTC fitted with percolation power law. The model of Malliaris and
Turner only predicts the PTC, so it is not possible to compare it with the entire

conductivity trend of the composite.

Table 4.2. Percolation threshold prediction calculated by Malliaris and Turner model.

Mode of Packing Triangular Square Hexagonal
Coordination Number 3 4 6
¢ 1.11 1.27 1.375
P, 2/3 1/2 1/3
Vi (wt%) 0.002 0.0018 0.0015

Slupkowski developed a model to predict the electrical conductivity at any filler
concentration above the PTC [37] (Equation 2.4 in Chapter II). The comparison of
Slupkowski’s model with the experimental data is shown in Figure 4.10. The model’s

prediction is in reasonable agreement with the experimental data. Slupkowski’s model
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predicts that the PTC of the composite is lower than the fitted PTC using the empirical
percolation power law (Equation 2.1). It is not certain whether Slupkowski’s model can
explain this composite system better than the classical percolation model, but it
demonstrates the possibility that the PTC is actually lower than the fitted PTC, which is

also predicted by the model of Malliaris and Turner.
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Figure 4.10. Comparison of Slupkowksi’s model with the electrical conductivity data
for PEI grafted PE.
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4.4, Conclusion

The effects of no treatment, surface oxidation, and covalent grafting of PEI on
PE particles were compared with respect to growth and adhesion of CB thin films
deposited using LbL assembly. In the absence of surface modification, LbL film growth
is patchy and adhesion is very poor. Surface oxidation improves the rate of film growth;
however, it still lacked uniformity at small numbers of bilayers, and adhesion remained
weak. Grafting multiple layers of PEI to the PE particle surface provided excellent
coverage and promoted stable LbL film growth and excellent adhesion. This CB coated
powder was compression molded into films, and their conductivity was measured, which
revealed a percolation threshold below 0.01 wt% CB for the PEI-grafted system.
Electrical conductivity of 0.2 S/cm was achieved with only 6 wt% carbon black, which
is exceptional for a CB-filled PE film. Modification of deposition parameters, such as
the ratio of stabilizer to CB, may further increase conductivity and/or reduce the
percolation threshold of these films. The use of surface grafting in combination with
LbL deposition could be used to impart other useful properties to polyolefin films or
particles, including antimicrobial or flame retardant behavior. These results demonstrate
the ability to use LbL assembly on a substrate that is traditionally incompatible with this

water-based technology.
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CHAPTER V
TAILORING PERCOLATION THRESHOLD WITH EMULSION POLYMER

MODULUS

5. 1. Introduction

For segregated network composites, one of the most important parameter
influencing the percolation threshold concentration (PTC) is the particle size ratio
between the polymer and filler particles, as discussed in Chapter IV. Larger particle size
ratio enables a conducting pathway to form at a much lower concentration. Many
theories have been proposed to estimate the effect of the particle size ratio and many
experimental studies have been performed to confirm them. Few studies have been done
to examine other parameters affecting the PTC. In this chapter, the effect of the polymer
matrix modulus on the composite’s electrical and mechanical behavior is examined.
Monodisperse P(MMA-co-BA) emulsion polymers with varying glass transition
temperatures were prepared using a semicontinuous process. Differences in the glass
transition temperature result in different room temperature moduli that influence

composite microstructure formation and properties.
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5.2. Experimental

5.2.1. Materials

Methyl methacrylate (MMA), n-butyl acrylate (BA), methacrylic acid (MAA),
poly(vinyl alcohol) (PVOH, Mn 85,000-124,000), and sodium persulfate (Na,S,Og) were
purchased from Sigma-Aldrich (Milwaukee, WI) and used as received. Triton X-405
(70% in water solution), from Sigma-Aldrich, and sodium dodecyl sulfate (SDS,
Ci2H2sNaO4S), from J. T. Baker (Phillipsburg, NJ), were used as surfactants. Sodium
bicarbonate (NaHCO3), from Sigma-Aldrich, was used as a buffer during the reaction and
later used to adjust the pH of the final latexes. Sodium silicate (Na,07Si3), from Sigma-
Aldrich, and Tamol 791 A, from Rohm and Hass (Philadelphia, PA) were used as
dispersing agents. Conductex 7055 Ultra carbon black (CB) was provided by Columbian
Chemicals (Marietta, GA). This grade of CB has a nitrogen surface area (NSA) of 55

m?/g and a primary particle size of 42 nm.

5.2.2 Emulsion Polymer Synthesis

Emulsions (or latexes) were synthesized using a semicontinuous polymerization
process. Synthesis was carried out in a 1000 ml three-neck round bottom flask equipped
with a mechanical stirrer, a Teflon stirring paddle, and a speed controller. To begin, 9.23
g of Triton X-405 was dissolved in 37.59 g of deionized water. Once dissolved, a mixture
of BA, MMA, and MAA was continuously fed into the flask for 45 minutes at room

temperature while the mixture was stirred at 355 rpm. This pre-emulsion, a highly viscous
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white blend, was then moved into the addition funnel for polymerization. Triton-X 405,
SDS, and sodium bicarbonate were dissolved in water in the reaction flask, fitted with a
condenser, addition funnel and a nitrogen gas tube. The solution was stirred at 155 rpm
and a mixture of BA and MMA (44.63 g) was added into the flask. Next, the flask was
heated to 65°C using a water bath to keep the temperature constant during the reaction.
Once at temperature, the polymerization was initiated by adding a sodium persulfate
solution. After 5 minutes, the pre-emulsion was steadily dripped into the flask for 3.5 h.
The reactor was held at 65°C for 15 min after the pre-emulsion feed was complete to
reduce unreacted monomer. At the end of the polymerization, the latexes were filtered
through 10 micron polyester filter bags to remove grit. Poly(vinyl alcohol) (PVOH) was
then added to the latexes (2% by weight of acrylic polymer) in order to improve the shear
stability during the mixing process [18] and sodium bicarbonate was used to increase the
pH of the latexes to 7.5. Films for glass transition temperature and mechanical property
testing were prepared by drying the latexes under ambient condition for two days,
followed by drying in a vacuum desiccator for one day. Latex recipes are shown in Table

5.1.

5.2.3 Composite Preparation

Sodium silicate (0.05 wt%) and Tamol 731A (0.05 wt%) were added to de-ionized
water, followed by carbon black at a concentration of 5 wt%. These ingredients were
mixed using a high speed impeller for 20 minutes at 3600 rpm, followed by rolling for 12

hours to achieve equilibrium. This CB mixture was then added to each emulsion with
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deionized water and mixed at 3600 rpm for 15 min. The mixture having the highest
concentration of CB was made first, with lower concentrations produced by diluting with
deionized water and emulsion. These aqueous pre-composite mixtures were kept at a
constant 15 wt% solids during processing. After the mixing was complete, 12g of the
liquid was poured into a 9 in* mold and allowed to dry under ambient conditions for 48
hours, followed by another 24 h drying period in a vacuum desiccator. The final

composite films have a thickness of 185-230 um.

Table 5.1. Recipe for the latexes with various ratio of BA/MMA.

Pre Emulsion

BA MMA MAA Triton X-405 Deionized Water
Latex

(2 (2 (2 (2 (2
BAS5S 101.64 101.64 5.05 9.23 37.59
BA6 121.97 81.31 5.05 9.23 37.59
BA7 142.30 60.99 5.05 9.23 37.59

Reactor Charge
Triton sodium Sodium Deionized
Latex 1(35 M(Z;A X-405 S(];)S persulfate  Bicarbonate Water
(2 (g (g (g

BAS 2231 2231 5.10 0.36 1.02 1.02 202.73
BA6 26.78 17.85 5.10 0.36 1.02 1.02 202.73
BA7 31.24 13.39 5.10 0.36 1.02 1.02 202.73
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5.2.4. Characterization of Emulsion and Composites

Polymer particle size analysis was performed with a Zetasizer Nano-S Zen 1600
(Malvern Inc., Southborough, MA). A Q-800 Dynamic Mechanical Analyzer (DMA) (TA
Instruments, New Castle, DE) was used to evaluate the glass transition temperature and
storage modulus of the latex films. DMA testing was conducted with a tensile fixture at a
frequency of 1 Hz. The temperature was ramped from -50 to 100 °C with a heating rate of
3 °C/min. The amplitude of the strain was fixed at 0.15 %. The maximum point on the
loss modulus was taken to be the glass transition temperature (T,) for each sample. The
cross-sections of the composite films were imaged with a Tescan VEGA-II SEM
(Cranberry Township, PA). Films were soaked in liquid nitrogen and fractured by hand
and the surfaces were sputter coated with 4 nm of platinum prior to SEM imaging.
Electrical conductivity was measured with a home-built four-point-probe system (see

description in Chapter IV).

5.3. Results and Discussion

5.3.1 Monodispersed Latex Characterization

Following synthesis, the particle size and glass transition temperature of the
latexes were characterized. Particle size, BA/MMA ratio, and glass transition temperature
of these latexes are summarized in Table 5.2. Particle size distributions are shown in
Figure 5.1. The average particle size is approximately 150nm for all three systems. The

polydisersity indexes (PDI) are below 1.1 for all latexes, indicating they are
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monodispersed. It has already been established that using ionic and nonionic surfactant

yields emulsions with narrow particle size distributions [93].
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Figure 5.1. Particle size distribution of the three P(BA-co-MMA) latexes. The number

after BA refers to the weight fraction of butyl acrylate in the copolymer (i.e., “5” means
50 wt%).



68

Table 5.2. Composition, particle size, and theoretical and actual T, of latexes.

Latex BA/MMA  Particle Size (nm) PDI T, FOX (°C) T, DMA °C)

BAS 50:50 150 1.057 4.4 20.2
BA6 60:40 149 1.037 -9.3 0.4
BA7 70:30 149 1.061 -21.8 -8.7

The glass transition temperature of a copolymer can be approximated using the

Fox equation [94]:

1 Wi Wy Wee Winu

T. 219 378

g gl g2

(5.1)

where, w is the weight fraction of each component and 7, is the glass transition
temperature of each homopolymer and copolymer in Kelvin. Figure 5.2 shows the
experimental and theoretical glass transition temperatures for the latexes made here. The
experimental data are qualitatively in good agreement with the Fox prediction, but
experimentally determined glass transition temperature is consistently 12 — 15 °C higher.
This is likely due non-random sequencing arrangements of MMA and BA repeat units.
The Fox equation assumes that the two units are arranged in a completely random manner.
In reality, MMA and BA have different reactivity ratios (rvma= 0.920 and r5,=0.130)

[95]. MMA has a higher ratio, so it tends to react with itself more than BA during
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polymerization. This difference in reactivity will lead to longer sequences of MMA,

making the glass transition temperature of the copolymer higher than expected.
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Figure 5.2. Glass transition temperature of P(MMA-n-BA) copolymers, measured
experimentally and predicted by the Fox equation, as a function of the weight fraction of
methyl methacrylate.
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Figure 5.3 shows neat latex storage modulus as a function of temperature. The
storage modulus is considered to be nearly the same as elastic modulus at room
temperature [96]. The room temperature storage modulus increases with higher glass
transition temperature. The storage modulus at 20 °C is 637.71 MPa for BAS, 18.35 MPa
for BA6, and 3.57 MPa for BA7, respectively. The storage modulus at room temperature
drops most significantly by changing the BA composition from 50 to 60 wt% due to the
transition between the glassy and rubbery states of the polymer. It is worth noting that the
overall shape of the storage modulus curve is similar for all of the latexes despite
differences in chemical composition. This indicates that the thermo-mechanical response
of all latexes to temperature is very similar regardless of the glass transition temperature.
This data also provides another important trait of the latexes. The storage modulus curve
drops only once for each polymer, suggesting that BA and MMA are completely miscible

with each other, making one coherent phase.



71

10000

~1000

-
- (=]
o o
T T

Storage Modulus (MPa

0.1 ] ] ] ] ] e
-40 -20 0 20 40 60 80

Temperature (°C)

Figure 5.3. Storage modulus (E') of neat acrylic latexes as a function of temperature.

5.3.2 Composite Microstructure

After polymerization, CB was added to each emulsion to produce conducting
composites. During drying, the polymer particles push the CB into the interstitial space
between them and the segregated CB network is formed. The modulus of the polymer
particle plays an important role in the formation of the segregated network. SEM images
of composites dried at room temperature are shown in Figure 5.4. At this temperature, the
storage modulus of BAS is about 30 times higher than that of BA6 and two orders of

magnitude higher than that of BA7. As shown in Figure 5.4(a), the BAS composite
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creates a strong network at 5 wt% CB. Carbon black is better dispersed in BA6 and BA7.
Before drying, the dispersion level of CB in each emulsion should be similar because CB
is predispersed in water using dispersing agents. The mixture was stirred again during the
composite preparation process, but this should not significantly alter the dispersion. The
difference in CB distribution the within the polymer matrix comes primarily from the
different modulus.

The copolymer containing 50 wt% butyl acrylate (BA5) has a relatively high
modulus at room temperature, so the polymer particles tend to maintain their original
shape and more effectively force CB into the interstitial space during coalescence. The
segregated network of CB is formed at lower concentration and the PTC is much lower
than the other BA series, as will be discussed in following section. The modulus of BA6
and BA7 is very low at room temperature, so the polymer is more like a liquid and the
emulsion particles tend to deform around CB particles rather than simply contact them.
The polymer matrix penetrates into the gap between CB particles and hinders the
formation of a conducting pathway. SEM images of BA6 and BA7 with 5 wt% CB (Fig.
5.4 (a) and (e)) show that the CB particles are separated by the polymer matrix more
effectively. At this concentration, the electrical conductivity is not measurable for these
systems. SEM images of composites with 10 wt% CB clearly show the distinction
between BAS (Fig. 5.4 (b)) and the other composites. For the BAS system, CB is highly
aggregated in the polymer matrix due to the lack of deformation of the polymer matrix
around CB particles. For BA6 and BA7 (Figs. 5.4 (d) and (f)), the segregated network of

CB grows stronger as the CB concentration increases from 5 to 10 wt%.
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Figure 5.4. SEM images of BA 5 with 5 wt% (a) and 10 wt% (b), BA6 with 5 wt% (c)
and 10 wt% (d), and BA7 with 5 wt% (e) and 10wt% (f) carbon black. These composites
were dried at room temperature.
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To further examine the effect of the matrix modulus, composites were dried at
80°C. Figure 5.5 shows the cross sectional images of these composites. At this
temperature, the storage modulus is 0.84 MPa for BAS, 0.51 MPa for BA6, and 0.1 MPa
for BA7, respectively. The dispersion level of CB in each emulsion is similar due to more
similar modulus. At 10 and 15 wt% CB, there is no difference in the SEM images of BAS
and BA6. The carbon black appears well dispersed within the polymer matrix and the
segregated network is well defined. For the BA6 system, the dispersion level of CB at 10
wt% (Fig. 5.5 (c)) is comparable with that of the composites dried at room temperature
(Fig. 5.4. (d)) with the same concentration. Unlike BA6, the BAS5 system shows a
dramatic difference in the distribution of CB between composites dried at room
temperature and at 80°C. The composites dried at room temperature show a significant
level of porosity due to CB aggregation. These pores are nearly eliminated when the
drying temperature is increased to 80°C. The emulsion particles are much softer at this
elevated temperature, so they easily deform around CB particles and fill the gaps between

them.
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Figure 5.5. SEM images of BA 5 with 10 wt% (a) and 15 wt% (b), BA6 with 10 wt% (c)
and 15 wt% (d), and BA7 with 10 wt% (e) and 15wt% (f) carbon black. These composites
were dried at 80 °C.
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The BA7 system shows somewhat different behavior relative to BA6. At room
temperature, the dispersion level of CB is equivalent in BA6 and BA7. At 80°C, however,
CB is almost randomly dispersed. At 10 wt% CB (Fig. 5.5 (e)) no network structure has
formed and only a weak network with a few pores is observed at 15 wt% CB. With such a
low glass transition temperature, the BA7 emulsion particles become extremely soft at
80°C. These low modulus particles behave more like a solution polymer, effectively
separating CB particles and hindering the formation of a segregated network. The

conductivity results in the next section reinforce this assessment.

5.3.3 Electrical Conductivity

Electrical conductivity was measured as a function of CB concentration for
composite series dried at room temperature and at 80°C. These results are shown in
Figure 5.6 (room temperature) and Figure 5.7 (80 °C). At room temperature, the PTC of
BAS is 1.5 vol%, while the PTCs for BA6 and BA7 are 4.28 and 4.93 vol%, respectively.
Again, the higher modulus of BAS particles forces the CB into the interstitial space more
effectively and forms the segregated network at a much lower concentration. The
conductivity values are also higher for BAS at all concentrations. The stronger CB
network in BAS, due to the lack of polymer deformation and aggregation of CB, results
in higher conductivity for a given CB concentration. The difference in the electrical
conductivity between BAS5 and BA6 becomes smaller as CB concentration increases. The
PTC for BA7 is close to that of BA6, but the conductivity value is much lower, due to

greater polymer deformation that weakens contact between CB particles.
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Figure 5.6. Electrical conductivity of latex-based composites, dried at room temperature,
as a function of carbon black concentration.

Increasing the drying temperature yields dramatic changes in the electrical
behavior of the BAS system. The PTC increases from 1.5 to 3.56 vol%. The modulus of
BAS5 is reduced three orders of magnitude, from 610.8 to 0.84 MPa, by increasing the
temperature from 20 to 80°C. The modulus of BAS5 at 80°C is close to BA6, making both
systems behave in a similar manner. At each concentration, the conductivity of BAS is
comparable to that of BA6. As expected from the microstructure (see Fig. 5.5), the

electrical conductivity of BA7 shows dissimilar behavior with these other systems. The
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conductivity of BA7 dried at 80°C is not measurable until 9.5 vol% CB and the measured
values are much smaller than that of the other systems. This kind of conductivity behavior
is often found in polymer composites with randomly dispersed filler. BA7 contains 70
wt% of BA, which means its melting point is much lower than the other systems. Low
melting point makes BA7 act like a melt-based composite at 80°C and the conductivity

trend of BA7 becomes more like that of a randomly dispersed composite.
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Figure 5.7. Electrical conductivity of latex-based composites, dried at 80°C, as a function
of carbon black concentration.
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5.4. Conclusion

A series of emulsions with different glass transition temperatures were
synthesized by varying the concentration of butyl acrylate and methyl methacrylate repeat
units. The glass transition temperatures of these latexes were higher than those predicted
by the Fox equation due to greater MMA reactivity that likely increased its concentration
in the copolymer. Composites made using the emulsion with higher room temperature
modulus (due to higher T,) shows lower PTC and higher conductivity. When the modulus
of the polymer is high, the emulsion particles tend to maintain their original shape during
the coalescence process. In this case, carbon black particles are more effectively forced
into the interstitial space between polymer particles to form a segregated network at lower
concentration. Lower modulus polymer particles easily deform around CB particles and
separate them from one another. The BAS system shows a stronger network of CB at
room temperature with lower concentration. The electrical conductivity data reinforces
this assumption. The PTC of BAS at room temperature is significantly lower than those
of the lower modulus systems and the conductivity values are higher. Disparity between
BAS and BAG is eliminated by increasing the drying temperature to 80°C, where the
modulus of BAS is close to that of BA6. The dispersion level of CB in both BAS and
BAG6 is qualitatively the same. When the emulsion contains 70 wt% of BA, the modulus
of the copolymer is < 1 MPa at 80°C. CB is more uniformly dispersed in this very soft
matrix without formation of a network until much higher concentration. The conductivity

behavior of BA7 is close to that of a randomly dispersed composite produced from
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solution or melt processing. This study clearly demonstrates the importance of polymer

modulus on the electrical properties of emulsion-based composites.
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CHAPTER VI

CONCLUSION AND FUTURE RESEARCH PLAN

The overarching goal of this research was to examine and understand the effects
of various parameters on the electrical properties of carbon black-filled polymer
nanocomposites. A series of experiments were performed and analyzed to understand the
formation of segregated networks and clarify the relationship between polymer matrix
properties (microstructure, modulus, and particle size) and the electrical and mechanical
properties of the resulting conductive composites. First, a segregated network composite
was compared with a solution-processed composite to understand the advantages and
limitations of the segregated network composite. Next, two important polymer matrix

properties were studied: (1) particle size and (2) polymer matrix modulus.

6.1. Segregated Network vs. Random Dispersion

Two composites with similar chemical composition were produced with liquid-
based processing. The resulting composites had very different final properties due to their
differing microstructure. The segregated network composite, made with a poly(vinyl
acetate) emulsion, showed dramatic changes in modulus and conductivity at low carbon
black loading, while randomly dispersed composites exhibited more gradual changes. The
percolation threshold concentration of the segregated network composite is 1.21 vol%,
which is about seven times less than that of the solution-based composite. The SEM

images of composite cross sections show that CB within the emulsion-based matrix



82

creates a conductive pathway at low concentration due to the excluded volume created by
emulsion particles. The CB in the solution-processed composite is more uniformly
dispersed. The modulus of these composite also exhibits similar behavior, with the

emulsion-based system showing greater stiffness enhancement at low CB concentration.

6.2. Polymer-Filler Particle Size Ratio

Uniform surface coverage of a polymer particle by the filler is essential to study
the effect of particle size ratio. Hyper-branched polyethylenimine (PEI) was covalently
grafted to the surface of polyethylene (PE) particles in an effort to promote the growth of
conductive thin films deposited using layer-by-layer (LbL) assembly. LbL films were
then deposited using dilute aqueous mixtures containing carbon black stabilized with
polyethylenimine or poly(acrylic acid). Deposition of carbon black-filled bilayers on PEI-
grafted PE shows uniform surface coverage and strong bonding after just 2-bilayers,
while neat polyethylene shows only patchy film growth and poor adhesion. After carbon
black deposition, the electrical conductivities of films made by compression molding
were compared. No conductivity was measured for films made with neat PE particles
containing 2 and 4-bilayers, but the PEI-grafted system exhibits a conductivity of 0.01
S/cm. Plotting conductivity as a function of carbon black concentration revealed a
percolation threshold below 0.1 wt% and a maximum conductivity of 0.2 S/cm with just 6
wt%. The empirically determined percolation threshold for the PEI-grafted system was

compared with the Malliaris and Turner prediction [28] and the conducting behavior was
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compared with Slupkowski’s model [37]. The theoretical prediction suggests that the

actual PTC for the PEI-grafted system may be lower than 0.002 wt%.

6.3. Polymer Matrix Modulus

Polymer matrix modulus had not been previously studied as a means to alter
composite electrical properties because conventional composites are produced in the
solution or melt states. In solution and melt processing the modulus of the polymer matrix
can be disregarded. This is not the case for emulsion-based composites because they are
produced with the polymer in its solid state during processing. Monodispersed emulsions
having different glass transition temperature were synthesized to investigate the effect of
the polymer matrix modulus on the electrical properties of segregated network
composites. The emulsion with highest modulus at room temperature produced
composites with the lowest percolation threshold concentratoin. The PTC for a composite
made from a copolymer latex containing 50 wt% butyl acrylate and 50 wt% methyl
methacrylate (BAY) is 1.5 vol%, while the PTC for BA7 (70wt% BA), which has lowest
modulus, is 4.93 vol %. The microstructure of each composite shows significant
differences in the level of CB dispersion within the polymer matrix. Higher modulus
polymer particles push the CB more efficiently into the interstitial space between them,
resulting in lower PTC. This modulus effect was confirmed by increasing the drying
temperature, where the modulus of two emulsions (BAS and BA6) were practically the

same and the PTC for both composite is very similar.
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6.4 Future Work

The segregated network approach is relatively mature (more than 30 years of
research) and many studies have shown that it is one of the most effective ways to reduce
the percolation threshold of polymer composites. Despite its potential, complexity of
processing and lack of mechanical robustness hinders the use of segregated network
composites for many useful applications. Using an emulsion polymer as the matrix can
resolve these problems because the processing is relatively simple, requires little energy,
and the final composites are mechanically robust. More studies are needed to establish
processing rules for emulsion-based composites because it is a new system for conductive
purpose. Some suggestions for future study, to develop a more fundamental

understanding of these composites, are presented here.

6.4.1. Influence of Emulsion Particle Size on Composite Properties

The polymer particle size is expected to play an important role for emulsion-based
composite properties. An emulsion with larger particle size should have a lower
percolation threshold. The change in other properties, such as maximum conductivity and
mechanical properties, are not as obvious. It is possible to adjust the particle size of
emulsion particles by adjusting the stabilizer composition and reaction temperature
[95,97-99]. When carbon black is then added to these emulsions with varying particle size,
the effect of particle size ratio can be investigated. Furthermore, an empirical model to

predict the electrical behavior of emulsion-based composite can be established.
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6.4.2. Influence of Particle Size Distribution on Composite Properties

The particle size distribution is also an important parameter expected to change
the electrical properties of these composites. In Chapter III, a commercial emulsion was
used to create a segregated network composite with very low percolation threshold due to
large average particle size and a wide particle size distribution. This system tends to show
less change with drying temperature, relative to the monodisperse emulsions studied in
Chapter V. By mixing and matching the particles of varying size from different

monodisperse emulsions, the effect of the particle size distribution can be studied.

6.4.3. Transparent Conductive Polymer Composite

Conductive thin films with high transparency have attracted significant interest for
the past decade. They can be used in many applications such as solar cells [100], displays
[101], electrochromic windows [102], and organic light-emitting diodes (OLED) [103].
Currently, ceramic materials are most commonly used to create these films due to their
transparency and high conductivity. Indium tin oxide [104], zinc oxide [105], indium
gallium oxide [106] and cadmium tin oxide [107] are all used as transparent conductive
oxides. More recently, single-walled carbon nanotubes were used to make transparent
conductive films [108]. If nanoparticles of these materials can be combined with an
emulsion polymer, the final composite could be transparent and conductive. In this
dissertation, the emulsion polymer was shown to significantly reduce the percolation
threshold due to its segregated microstructure. The fabrication process is also quite

straightforward so the cost can be reduced significantly. Unfortunately, it is not easy to
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make very thin films with an emulsion. A film with a thickness of less than 50 um tends
to have a rough surface. If the particle size of the emulsion is small and the distribution is
narrow, it may be possible to create a very thin film with the emulsion polymer. Another
issue associated with conductive composites is that the conductivity decreases
dramatically as the thickness of the film decreases (due to a transition from 3-D to 2-D
percolation). Further studies are needed to find an optimal thickness to achieve the best

combination of the transparency and conductivity.
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APPENDIX A
THERMAL AND MECHANICAL BEHAVIOR OF CARBON NANOTUBE-

FILLED LATEX"

A.1 Introduction

Single-walled carbon nanotubes (SWNTs) remain an interesting filler material
for polymers due to their large aspect ratio; small diameter and relatively large length (d
~ Inm and 1 = 1 pum) , high elastic modulus (~ 1 TPa) , high intrinsic electrical
conductivity (> 10* S/cm) , and high thermal conductivity (> 200 W/m-K) . SWNT-filled
polymers are a unique class of composites due to their ability to achieve significant
property enhancements with very low filler concentration. Significant improvements in
thermal transport , electrical conductivity , and mechanical properties of polymers have
been achieved with the addition of less than 1 wt% SWNTs. These types of composites
are being studied for a variety of uses including actuators , electromagnetic interference
(EMI) shielding , chemical sensing , and solar cells . Despite all of the progress that has
been made with respect to properties and applications, processing of these composites
remains a challenge. In an effort to further reduce the quantity of nanotubes required to
achieve a given property enhancement, thereby making processing easier, latex has been

used as the composite matrix starting material .

’ Reprinted with permission from “Thermal and Mechanical Behavior of Carbon Nanotube-Filled Latex”
by J. C. Grunlan and Y.-S. Kim et al., 2006. Macromolecular Materials and Engineering, 291, 1035-1043.
©2006 WILEY-VCH Verlag GmbH & Co.
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Aqueous polymer emulsions, or latexes, exist as microscopic solid polymer
particles (typically 0.1 — 1 um) suspended in water prior to film formation through
coalescence . When combined with nano-sized filler, such as carbon nanotubes, the
polymer particles create excluded volume that leads to a segregated network of filler and
enhanced properties at very low concentration (<< 1 wt%). For example, the percolation
threshold for electrical conductivity was below 0.04 wt% SWNT for a thick film (>100
um) composite made with a poly(vinyl acetate) (PVAc) latex . SWNT-filled composites
of comparable thickness, made with traditional processing of a polymer solution or melt,
typically show thresholds of 25 wt% or more . When multi-walled nanotubes (MWNTs)
are used instead of SWNTs the threshold is even higher (> 1 wt%) due to their larger
size. If similar enhancement in thermal conductivity could be realized with latex-based
composites, there is potential for thermal interface materials with very low filler
concentration.

Poor heat dissipation is the top problem facing microelectronics in terms of
reliability and performance . Thermal stresses can warp a chip and thermal fatigue, due
to rapid heating and cooling, destroys soldered joints. Thermally conductive polymer
composites can be used as interface materials to dissipate heat before it can cause
damage. These composites also find application in heat exchangers, appliances, and
other machinery . High filler loadings (> 40 vol%) are typically required to achieve the
appropriate level of thermal conductivity in these polymer composites , which presents a
significant processing challenge and dramatically alters the polymer mechanical

behavior. In the present work, the thermal and mechanical behavior of SWNT-filled
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poly(vinyl acetate) latex-based composites are investigated. This system did not show
the magnitude of thermal conductivity (k) improvement that was expected due to high
thermal interface resistance associated with SWNTs , but the shape of the increase with
nanotube concentration shows promise for other high aspect ratio fillers. Unlike filled
polymers produced from melts or solutions , which show a nearly linear or exponential
increase in thermal conductivity (k), the latex-based composite exhibits a sharp initial
rise in thermal conductivity as a function of nanotube concentration. Furthermore, the
combination of low thermal conductivity and relatively high electrical conductivity (p =
5 Q-cm with 4 wt% SWNT) may make this composite system a good candidate for
thermoelectric applications . Other thermal properties, such as thermal diffusivity (o)
and heat capacity (C,), also show unique changes with nanotube concentration. Dynamic
mechanical analysis (DMA) and differential scanning calorimetry (DSC) were also
performed to evaluate the effects of the segregated nanotube network on mechanical
behavior and glass transition temperature, respectively. Storage modulus above T, was
improved by an order of magnitude with the addition of only 2 wt% nanotubes, which
may provide the basis for extending the usage temperature of a commodity polymer like

poly(vinyl acetate).
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A.2. Experimental

A.2.1. Materials

Poly(vinyl acetate) homopolymer latex (tradename Vinac XX210) was supplied
by Air Products (Allentown, PA). This polymer emulsion is approximately 55 wt%
solids in water with an average particle size of approximately 650 nm, although it is very
polydisperse with particles ranging in size from 0.14 to 3.5 um. The glass transition
temperature (Ty) for this polymer is 34 °C and the minimum film formation temperature
(MFFT) is approximately 15 °C. Raw single-walled carbon nanotubes (SWNTs),
containing 18 wt% iron impurity, were supplied by Rice University (Houston, TX).
Gum arabic (GA), used to stabilize the SWNTs, and 1-dodecene, used for density

determination of composites, were purchased from Aldrich (Milwaukee, WI).

A.2.2. Composite Preparation

Single-walled carbon nanotubes were ground into an aqueous solution,
containing 2 wt% GA, with a mortar and pestle. After grinding to achieve a 1:1
SWNT:GA ratio, the mixture was sonicated for 20 minutes in a bath by Branson
Ultrasonic Corporation (Danbury, CT). PVAc emulsion was then added to the GA-
stabilized SWNT mixture to produce an aqueous pre-composite mixture. Blending of the
pre-composite was done with an “F” style high-speed impeller blade, purchased from
Paul N. Gardner (Pompano Beach, FL), attached to a drill press and operated at 3100

rpm for 15 minutes. The composite with the highest concentration of SWNTs (i.e.,
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3wt%) was mixed first, followed by lower concentration mixtures created by further
diluting the initial mixture with more emulsion and deionized water. These aqueous pre-
composite mixtures were kept at a constant 10 wt% solids during processing. Solid
composites were made by drying these aqueous mixtures within a 2 in.? plastic mold for
72 hours under ambient conditions. Dry composite films produced with this technique

are 520+ 30 um.

A.2.3. Density Determination

Density of each film was calculated by measuring the mass and volume of
composite pieces. These density values were a required input to calculate thermal
conductivity. The mass was obtained using an analytical balance and volume was
calculated by measuring the mass of a piece in air and in 1-dodecene and applying the
Archimedes law, which states that the volume of a material is the difference between
mass in air and mass in a reference liquid divided by the density of the reference liquid.
Poly(vinyl acetate) absorbs many common solvents and water, but 1-dodecene (p =
0.758 g/em’) is relatively incompatible and therefore a good solvent for density
measurement. The mass of samples after immersion in 1-dodecene was measured to
confirm that they did not absorb any solvent. Further analysis of the density data reveals
some interesting points. Figure A.1 shows composite density as a function of SWNT
volume percent. The data points represent the experimentally obtained values; however,
a value for SWNT density had to be assumed to convert wt% to vol%. To make this

assumption, three lines were constructed that represent density of the composite
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specimens if the volume additivity law is assumed for the samples with assumed SWNT
densities of 1.6, 1.7, or 1.8 g/em’. The equation for density of a composite when volume

additivity holds is:

P composite — ppolymer ¢p01ymer + P nanotube ¢nan0tube (A 1)

where p is the density and ¢ is the volume fraction of a given component. Information
about the composite microstructure from SEM images was used in conjunction with the
data in Figure A.1 to obtain an appropriate SWNT density. SEM micrographs (Figure
A.3) show these composites to have porosity, which mean the experimentally measured
density values are expected to be below the additivity line. The only line in Figure A.1
that fits this criterion is for a SWNT density of 1.8 g/cm’. It should also be noted that the
density of samples between 0.9 and 2.5 wt% SWNT forms a line that is steeper than any
of the additivity lines in Figure A.l1 (shown as a gray line). This suggests that voids
formed by the addition of 0.9 wt% SWNT were filled with the addition of more
nanotubes, up to 2.5 wt%. An initial nanotube network was created by the addition of
0.9 wt% SWNT, which is referred to as the pre-existing network. It is not clear whether
a more extensive network is formed by the addition of nanotubes beyond 0.9 wt% or if
these nanotubes simply agglomerate within the pre-existing network. At 3 wt% SWNT,
the density decreases due to greater void formation in the composite (seen clearly in

Figure A.3). Based upon this information, a SWNT density of 1.8 g/cm’ was chosen to
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convert wt% to vol% in Table 1 and in the figures below. This value is larger than
commonly accepted in the literature (1.33 — 1.5 g/cm’) , but the nanotubes used here

contain 18 wt% iron catalyst impurity that is believed responsible for this elevated value.

1179 = Experiment -
_1.8 ,”f’
1177 + ---1.7 /__,/‘//

1.175

1.173

Density (g/cm®)

1.171

1.169

1 1 1 1 1

0 0.2 04 06 038 1 12 14 16 18 2
SWNT Concentration (vol%)

Figure A.1. Composite density as a function of single-walled carbon nanotube
concentration in poly(vinyl acetate). Experimental data points are compared with density
of model composites obeying volume additivity law with SWNT density of 1.6, 1.7, and
1.8 g/cm’. The thick gray line through the four middle points is a straight line fit (R* >
0.99) demonstrating that additivity is being obeyed.
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A.2.4. Thermal Conductivity Measurement

Thermal diffusivity and specific heat of neat poly(vinyl acetate) (PVAc) and its
composites with single walled carbon nanotubes (SWNTs) were measured at
approximately 11 °C using a Holometrix Micro-Flash instrument, which uses the flash
method . Circular samples, with a nominal diameter of 12 mm, were used for testing.
The disks were sputtered with gold to make them reflective and sprayed with graphite to
obtain uniform heat distribution on the surface. Sample thickness, before gold and
graphite coating, was used to by the Holometrix software for calculation purposes.
Thermal conductivity () was calculated using:

k=apC, (A.2)

where a is thermal diffusivity (cm’/s), p is bulk density (g/cm?), and C, is specific heat
(J/g=°C). Table A.1 shows the values of density, thermal diffusivity, specific heat, and
thermal conductivity that were measured or calculated for the emulsion-based films with

varying nanotube concentration.
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Table A.1. Density and thermal properties of SWNT-filled latex films.

SWNT (wt%)” SWNT (vol%)”  (g/em’)  (em’s) C,(J/g°C)  (Wm'K)

0 0 1.1674 0.00153 1.1837 0.21118
0.9 0.59 1.1696 0.00139 1.2816 0.20822
1.5 0.98 1.1725 0.00153 1.2308 0.22040
2.0 1.31 1.1746 0.00159 1.2243 0.22937
2.5 1.64 1.1776 0.00161 1.2294 0.23293
3.0 1.97 1.1783 0.00182 1.0603 0.22685

% Single-walled carbon nanotube wt% includes weight contributed by non-nanotube
impurities.

® Nanotube vol% was calculated using the known density of the PV Ac matrix and
assuming a density of 1.8 g/cm’ for the SWNTs.

A.2.5. Thermal Analysis

Glass transition temperatures of the composite films were measured with a
Q1000 Differential Scanning Calorimeter (DSC) by TA Instruments (New Castle, DE).
Samples were scanned from 0 — 50 °C at 2 °C/minute. Composite storage modulus (E')
was measured as a function of temperature with Q800 Dynamic Mechanical Analyzer
(DMA) from TA Instruments. Films were cut into strips that were approximately 25 mm
long and 3 mm wide. These strips were measured in tensile mode with amplitude of
oscillation maintained between 8 and 10 um. Temperature was raised from -10 — 160 °C,

at a rate of 2 °C/minute, during testing.



103

A.3. Results and Discussion

A.3.1. Composite Microstructure

The use of a polymer emulsion (i.e., latex) as the matrix for the composite
produces a microstructure that is unique relative to those obtained from solution or melt-
based processing. Unlike these latter systems, the polymer in latex remains solid during
all processing steps from mixing to drying into a composite film. Latex begins as
microscopic polymer spheres (typically 0.1 — 1 um in diameter) suspended in water with
the aid of a stabilizer (e.g., surfactant) . The carbon nanotubes are suspended with the
latex with the help of gum Arabic, which stabilizes them in water . During drying, in the
presence of the much smaller dimension filler material, a segregated network
microstructure is formed due to excluded volume created by the polymer particles . In a
solution or melt-based composite, filler particles can be randomly placed anywhere
within the polymer matrix. In contrast, filler particles are restricted to the interstitial
space between the much larger polymer particles in a latex-based composite. Figure A.2
schematizes the process of segregated network formation during drying. Some amount
of interdiffusion occurs between the polymer particles as they become close-packed,
which is a process known as coalescence . In the case of poly(vinyl acetate), full
coalescence does not occur at room temperature due to its proximity to the minimum
film formation temperature of PVAc. Even without perfect coalescence the composite
films containing SWNTs are mechanically coherent and exhibit a highly segregated

microstructure.
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Figure A.2. Schematic illustration of the formation of a segregated network of carbon
nanotubes during the drying of a water-based polymer emulsion. Boundaries between
the polymer particles would disappear, in the image on the right, if the polymer emulsion
were able to fully coalesce.

Figure A.3 shows SEM images of freeze-fractured poly(vinyl acetate) latex-
based composites containing SWNTs. These images clearly show the segregated
network microstructure described above. At a concentration of just 0.65 vol% SWNT an
extended bundle of ropes is observed (see Fig. A.3(a)) and the system is known to be
fully networked (i.e., above the percolation threshold) . As the nanotube concentration
increases from 0.9 to 3 wt% (0.59 to 1.97 vol%) the network becomes bulkier. Polymer
particle coalescence appears to improve as the filler concentration increases. This
phenomenon is not clearly understood, but has also been observed in carbon black-filled
latex . Increasing levels of composite porosity also accompany higher nanotube
concentrations. Pore formation is due to the inability of the solid polymer particles to
envelop the filler, thereby creating microscopic voids between SWNTs that increase in

size with increasing concentration. This effect, known as the critical pigment volume
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concentration (CPVC) , is observed in all filled polymers. Eventually pores begin to
connect with one another and relatively large-scale defects form, as shown in Figure
A.3(d). In segregated network composites, porosity occurs at much lower filler

concentrations due to the restricted volume in which the particles must pack .

Figure A.3. Freeze-fractured cross-sections of dried poly(vinyl acetate) latex filled with
0.59 (a), 1.31 (b), and 1.97 vol% SWNT (c — d). The lower magnification image (d)
highlights the extensive porosity present in the composite containing 1.97 vol% SWNT.
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Density measurements (see Figure A.l) suggest that porosity does not grow
significantly between SWNT concentrations of 0.9 and 2.5 wt%. The thick gray line that
goes through the data points for 0.9 wt% to 2.5 wt% in Figure A.l indicates that the
density of these samples follows an additive rule. This straight line (R* > 0.99) has a
slope that is steeper than those of lines constructed using 1.6, 1.7, and 1.8 g/cm’ as the
densities of SWNT. This result suggests that the addition of SWNT (up to 2.5 wt%) fills
in pre-existing nano-void space in the latex interstices that offsets any CPVC-related
pore formation. At a concentration of 3 wt%, porosity becomes the more dominant factor
as accessible interstitial space runs out. It seems as though carbon nanotubes tend to
saturate these initially formed pathways before creating new ones. The amount of
available interstitial volume and network growth in a given system will be affected by
the size and distribution of latex particles, the polymer nanotube interaction, and the

affinity of SWNTs for each other.

A.3.2. Thermal Behavior

The SEM micrographs in Figure A.3 suggest that the bundles of SWNT are
present throughout the matrix but they are not mixed with the polymer at the molecular
level. Figure A.4 shows reversible heat flow as a function of temperature for the series
of SWNT-filled poly(vinyl acetate) composites. The vertical line drawn at 34°C
highlights the glass transition temperature of neat PVAc, which is taken as the middle of

the drop in heat flow.
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Although the T, fluctuates somewhat with the addition of nanotubes, it does not
vary more than one or two degrees regardless of SWNT concentration. Composites with
strong polymer-filler interactions should exhibit increasing T, with filler concentration
due to restricted motion of the polymer chains , but in this case T, is essentially constant.
This result confirms that there is little or no molecular level interaction between the
PVAc matrix and carbon nanotubes. Gum Arabic stabilized nanotubes are expected to
have a strong affinity for one another during drying, which further supports the idea of
nanotubes first filling existing pathways prior to generating a more extensive network

that would produce more undesirable contacts with the polymer matrix.
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Figure A.4. Reversible heat flow as a function of temperature for composites with
varying concentration of SWNT. All of the systems exhibit an inflection, that marks the
glass transition temperature, within two degrees of 34°C.
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Figure A.5 shows thermal diffusivity (o) and heat capacity (C,) as a function of
nanotube concentration. An increasing trend in thermal diffusivity is observed for all
samples containing SWNT (see Table A.1). The initial drop in a relative to neat PVAc is
likely due to porosity that was created by the addition of the nanotubes. The gradual
increase in a from 0.59 to 1.64 vol% SWNT could be due to the increasing
concentration of SWNT in a pre-existing network (formed in the 0.59 vol% sample) or
due to the formation of a more extensive network. The density measurements shown in
Figure A.1, combined with the fact that o is reaching a plateau at 1.64 vol% SWNT,
suggests that thermal diffusivity is increasing due to the increase of nanotubes in a pre-
existing network. The abrupt increase at 1.97 vol% SWNT could be due to formation of
more networks in the sample. Heat capacity follows a similar trend, but decreases with
nanotube concentration. The initial increase in C, with the addition of 0.59 vol% SWNT
is an unexpected result, but this may be due to the presence of water-soluble gum Arabic
as a stabilizer. Increased porosity is the reason for the significant drop in C, between
1.64 and 1.97 vol% SWNT. Thermal conductivity, calculated using Equation A.2,

exhibits similar transitions to those seen in diffusivity and specific heat.
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Figure A.5. Thermal diffusivity and specific heat capacity as a function of nanotube
concentration in poly(vinyl acetate).

The variation of thermal conductivity with SWNT content is shown in Figure A.6.
There is consistent increase in thermal conductivity with nanotube concentration
following an anomalous decrease at the lowest SWNT concentration, similar to that seen
in Table A.1 for thermal diffusivity. This initial drop in conductivity resembles the
decrease in strength that is sometimes observed at very low volume fraction of fibers in a
composite, known as the minimum fiber volume fraction (MFVF) . This same effect has
never been described for thermal conductivity, but is likely another result of porosity and
poor interaction between filler and matrix (much like the anomalous jump in specific

heat shown in Table A.1). A maximum «x is reached at 1.64 vol% SWNT, but is only
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10% greater than that of the unfilled polymer matrix. This level of conductivity
enhancement falls well below most theoretical predictions , assuming an intrinsic SWNT
conductivity of 1000 W/m-K or more. Interfacial thermal resistance has been proposed
as the reason for such a low k value in nanotube-filled composites . In a latex-based
system this thermal resistance is magnified by the need for an insulating stabilizing agent
(i.e., gum Arabic) to disperse nanotubes in water. Despite the lack of significant
improvement in thermal conductivity, the sharp increase as a function of nanotube
loading is a unique trend that is due to the segregated network microstructure and could
be better exploited with a high aspect ratio nano-filler with lower interfacial resistance
(e.g., multi-walled nanotubes) or one that did not require a stabilizer. For example,
single crystal alumina nanowires could potentially be stabilized in water by varying pH
to generate a stabilizing surface charge. The eventual drop in Kk is due to increasing
levels of porosity in the composite and is also observed in composite modulus in the next

section.
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Figure A.6. Thermal conductivity as a function of nanotube concentration in poly(vinyl
acetate).

A.3.3. Mechanical Properties

Figure A.7 shows how the storage modulus (E’) changes as a function of SWNT
concentration at 25 °C. E’ increases to a maximum of 2.85 GPa at approximately 1 vol%
SWNT before gradually declining as porosity develops in the composite. This 46%
increase in storage modulus with such a small nanotube concentration is comparable to,
and in some cases better than, modulus enhancements recently seen in solution or melt-
based systems . These results are well predicted by the Halpin-Tsai model for randomly-

oriented, short fiber composites :
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g +§ET (A.3)

random — g

where Ep is the elastic modulus for oriented short fibers in the longitudinal direction:

1+(2//d
1-7n,¢ '
and Er is the elastic modulus for oriented short fibers in the transverse direction:
1+2
E,=E, ﬂ (A.5)
1=n,¢ '

where ¢ is the volume fraction of fibers, / is nanotube length, d is nanotube diameter,
En is the poly(vinyl acetate) matrix modulus (experimentally determined to be 1.93

GPa), E¢ is the nanotube modulus (assumed to be 1000 GPa) , np. is defined by:

_ E,/E, -1
E,/E,+(2/d)

i, (A.6)

and nr is defined by:
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Figure A.7. Storage modulus as a function of single-walled carbon nanotube
concentration in poly(vinyl acetate). Experimental data, measured at 25°C, is compared
to the prediction of the Halpin Tsai model (Equations A.3 — A.7) for different nanotube
length to diameter ratios.

In this case we are assuming that the elastic modulus and storage modulus are
approximately equal, which is a reasonable approximation at room temperature .
Furthermore, the effective SWNT //d is a variable quantity determined by the composite

microstructure. The best fit to the experimental data was found when a value of 75 was
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used for the length to diameter ratio. While this is a small aspect ratio for individual
nanotubes, it is not unreasonable in the present system due to the heavy aggregation that
is caused during composite film formation. A highly magnified image of a nanotube
cluster, within a composite containing 1.31 vol% SWNT, is shown in Figure A.8. From
this image it is clear that the SWNT ropes have diameters of 30 — 40 nm, which would

give an aspect ratio of 75 if the effective length is 2.25 — 3 pm.

Figure A.8. High magnification freeze-fractured SEM image of cluster of SWNT ropes
in composite containing 1.31 vol% nanotubes. Individual bundles are 30 — 40 nm in
diameter based upon this representative image.
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Modulus enhancement is much more significant above the glass transition
temperature, as shown in Figure A.9. The overall trend is similar to that below the T, of
poly(vinyl acetate) (Fig. A.7), but the maximum increase in E’ is an order of magnitude
greater than that of unfilled PV Ac, rising from 7.7 to 68.6 MPa with 1.31 vol% SWNT.
This unprecedented result suggests that the segregated network of nanotubes remains
largely intact at elevated temperatures. In non-segregated solution and melt-based
systems the SWNT network is very fragile at these low concentrations and little or no
modulus improvement with SWNT concentration would be expected due to network
break up as the matrix thermally expands. This is in contrast to the latex-based
composites, where extensive nanotube networking is already present at concentrations
less than 1.5 vol%. Additionally, the effects of porosity appear to be postponed at this
elevated temperature, resulting in a peak modulus at higher SWNT concentration
relative to that at 25 °C. These results offer the possibility for commodity thermoplastics
(e.g., PVAc, PMMA, PS, etc.) to be mechanically useful at temperatures well above T,

with only 1 — 1.5 vol% added filler.



116

80

70 | -
60 |
50 |
40 |

30

Storage Modulus (MPa)

20

10 u

0 1 L 1 1
0.0 0.4 0.8 1.2 1.6 2.0

SWNT Concentration (vol%)

Figure A.9. Storage modulus as a function of single-walled carbon nanotube
concentration in poly(vinyl acetate) measured at 60°C.

A.4. Conclusions

Mixing single-walled carbon nanotubes into a polymer emulsion produces a
segregated network upon drying. This unique microstructure leads to transport and
mechanical property enhancement at very low filler concentration. Density
measurements suggest that the segregated network formed at low SWNT concentration
progressively grows denser with further nanotube addition before eventually generating
new pathways. The trend in thermal diffusivity appears to support this assertion.
Thermal conductivity of this SWNT-PVAc composite system was well below that

predicted by theory due to interfacial thermal resistance. Future work to improve k will
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focus on other types of high aspect ratio nanotubes and nanowires with lower interfacial
resistance and/or better dispersion behavior in water without the use of a dispersing
agent. Storage modulus showed good improvement with increasing SWNT
concentration, especially above the glass transition temperature. At 25 °C (below Ty),
composite modulus was well predicted by the Halpin-Tsai model. The thick nanotube
network generated as a result of latex excluded volume appears to lessen the drop in
modulus that occurs when the composite is heated beyond its glass transition
temperature. This post T, modulus enhancement was nearly an order of magnitude,
making the composite transition from rubbery to leathery. Further study of this
phenomenon could lead to extended use temperatures for latex systems containing small
quantities of nanotubes. All of the properties studied showed an eventual degradation
due to increasing levels of porosity as a function of SWNT concentration. In future
studies, composites will be dried at elevated temperatures (> T,), which should enhance

latex coalescence and reduce porosity.
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