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ABSTRACT: Electrical percolation in nanocomposites consist-
ing of poly(methyl methacrylate) (PMMA) and antimony tin
oxide (ATO) nanoparticles was investigated experimentally using
monosize and polydisperse polymer particles. The nano-
composites were fabricated by compression molding at 170 °C.
The matrix PMMA was transformed into space filling polyhedra
while the ATO nanoparticles distributed along the sharp edges of
the matrix, forming a 3D interconnected network. The measured
electrical resistivity showed that percolation was achieved in these
materials at a very low ATO content of 0.99 wt % ATO when
monosize PMMA was used, whereas 1.48 wt % ATO was needed
to achieve percolation when the PMMA was polydispersed. A
parametric finite element approach was chosen to model this
unique microstructure-driven self-assembling percolation behav-
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ior. COMSOL Multiphysics was used to solve the effects of phase segregation between the matrix and the filler using a 2D
simplified model in the frequency domain of the AC/DC module. It was found that the percolation threshold (p,) is affected by
the size ratio between the matrix and the filler in a systematic way. Furthermore, simulations indicate that small deviations from
perfect interconnection result mostly in changes in the electrical resistivity while the minimum DC resistivity achievable in any
given composite is governed by the electrical conductivity of the filler, which must be accurately known in order to obtain an
accurate prediction. The model is quite general and is able to predict percolation behavior in a number of other similarly

processed segregated network nanocomposites.
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1. INTRODUCTION

Polymer matrix composites have been widely investigated due
to their varied applications such as parts in microelectronics,
electromagnetic shielding, sensors, antistatic materials, and
others."™ Among many polymeric materials, poly(methyl
methacrylate) (PMMA) is often used as an insulating matrix
in composites, because of its high electrical resistivity. However,
accumulation of static charge limits its possible applications,
although it possesses good transparency.' Different kinds
conductive fillers can be used depending on the targeted
applications. Carbon based fillers such as carbon black, carbon
nanotubes (CNTs), and graphene have been widely used as
conductive fillers, resulting in conductivities as high as 10° S/
cm for application in sensors, EMI shielding, electronic-nose
devices, and novel interconnects.* ® Some metallic fillers have
also been used to fabricate highly conductive composites.”®
Many fabrication methods have been utilized to make the
composites, including mechanical blending, solution blending,
and latex technology, to make phase segregated conductive
polymer composites. Pang and co-workers recently reviewed
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these processing methods as well as the various matrix and
fillers used in different applications.” Normally, it is desirable to
minimize the amount of filler in polymer matrix composites to
lower the cost, to make the processing easier and to maintain
balanced properties such as electrical conductivity, trans-
parency, and mechanical strength. Mechanical blending is one
of the most effective methods to fabricate a perfect segregated
network in the composites.

Transparent oxides such as fluorine-doped tin oxide
(FTO)," tin-doped indium oxide (ITO),"' and antimony-
doped tin oxide (ATO)" have received special attention due to
their excellent electro-optical properties.” ATO has advantages
among them because it is much cheaper than ITO and it shows
better performance as an antistatic agent compared to carbon
black and other metallic pigments."> ATO is usually used as a
thin film because it is difficult to form in bulk form due to
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difficulties in getting a fully dense compact because of
nondensification mechanisms of surface diffusion and evapo-
ration."*" In this study, we incorporate ATO as a filler in the
PMMA matrix. This composite can find more applications in
electronics, optics and sensors due to its distinct combination
of electrical and optical properties.

We have reported on several insulator—conductor composite
systems previously, which showed unique electrical percolation
at low concentration of fillers."'*™"* The schematic represen-
tation of this percolation is shown in Figure 1.
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N

Figure 1. Schematic of segregated distribution of nanoparticles along
the edges of matrix microspheres that transformed into truncated
octahedra.

The matrix microspheres undergo viscoelastic movement
during compression molding. The restacking and reorientation
occurs in this stage. Then the deformation at the contact points
is followed. At this stage, densification of the matrix spheres or
coalescence takes place.”® However, the coalescence of the
polymer is prevented by the presence of nanoparticles on the
surface of the matrix spheres.”’ This results in the shape
transformation of the matrix into a faceted polyhedra, and the
rearrangement of nanoparticles along the edges of the matrix
(Figure 1).

The main purpose of this study was to compare the effect of
varying the size distribution of the matrix polymer particles on
the percolation behavior and electrical resistivity of self-
assembled nanocomposites and to model their percolation
behavior in detail using finite element analysis and a simplified
2D model.

2. EXPERIMENTAL SECTION

2.1. Raw Materials and Composite Fabrication. The monosize
PMMA was obtained from Cospheric LLC. The particle size was in
the range of 90—106 um (Figure 2a). The polydisperse PMMA was
obtained from Buehler Ltd. (Transoptic powder). The particle size was
in the range of 10—100 pm (Figure 2b) and the average size was 52.4
+ 437 pum with a standard deviation of 27.8 um. The ATO
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Figure 2. Optical images of (a) monosize PMMA, (b) polydisperse
PMMA, and (c) TEM image of ATO nanoparticles.

nanoparticles, containing 10 wt % Sb,O; to SnO, were obtained from
Alfa Aesar (Ward Hill, MA). According to the manufacturer, the size
range was 20—40 nm. From the transmission electron microscopy
(TEM) micrographs (Figure 2c), the average size was found to be
close to this value. The glass transition temperature and the melting
temperature of PMMA were 102 and 286 °C, respectively, as obtained
by differential scanning calorimetry. The PMMA and ATO nano-
particles were mechanically blended for 10 min in the blender at room
temperature as described in our previous papers.”'””'®**** The surface
of the PMMA microspheres was covered with ATO nanoparticles. The
nanoparticles on the surface of the matrix were uniformly distributed
as blending time increased. However, care must be taken to avoid
localized heating in the blender, which can partially liquefy some
polymer spheres and decrease the connectivity of the filler-chain
network during compression molding. The conductive nanoparticles
can be surface modified for better interaction with the polymer matrix.
However, doing so might prevent good electrical contact between the
nanoparticles. Therefore, ATO particles were not surface modified
prior to blending. The composition of PMMA/ATO composites was
varied between 0.49 and 9.09 wt %. The ATO coated PMMA
microspheres were compression molded using a Struers mounting
press at 170 °C for 15 min. The pressure applied during molding was
50.68 MPa. The nanocomposites were hot pressed as disks with
diameter of 31.7 mm. The sample thickness was controlled to be 2.0
mm.

2.2. Electrical Characterization. A Solartron 1260 impedance
analyzer was used together with a Solartron 1296 Dielectric Interface
(Solartron Analytical, Farnborough, Hampshire, U.K.), for the
electrical characterization of the nanocomposites. All samples were
scanned with frequencies ranging from 10 MHz—0.1 Hz using an AC
voltage of 500 mV. Prior to impedance measurements, a Denton
Vacuum Desk II turbo sputter coater (Denton Vacuum, Moorestown,
NJ) was used to coat the samples with Ag (nominal purity of 99.9%)
as the contact electrodes. Impedance is a complex quantity that has a
real part and an imaginary part, which allows rapid detection of
changes in the electrical response with respect to frequency. In other
words, it is an excellent method for detecting percolation in insulator—
conductor nanocomposites.** The DC resistance values were obtained
from the intercepts on the real impedance axis of the complex
impedance plots (Z'' vs Z'), then converted into resistivity values
taking the dimensions of the samples into account. However, it is not
uncommon for only a small part of the semicircles to appear in the
complex plots in the more insulating or dielectric materials. To obtain
the intercepts, the curves were fitted using constant phase element
(CPE) in parallel with the equivalent circuit of a resistance. This
methcl)glzsis well described elsewhere (see the Supporting Informa-
tion)."”

2.3. Microstructural Characterization. A Hitachi $3700 (Dallas,
TX) SEM instrument was used for microstructural characterization.
Selected samples were polished with silicon carbide paper and alumina
polishing solution. It is important to postprocess composite samples
below the glass transition temperature to avoid polymer flow and
deformation.'”** The Hitachi $3700 SEM instrument enables charge-
free imaging of dielectric samples without gold coating by low vacuum
observation at 6—270 Pa (7 mT—2 Torr). All specimens were scanned
in variable pressure mode with backscattered detector using 15 kV and
40—-50 Pa.

3. RESULTS AND DISCUSSION

3.1. Electrical Conductivity Percolation Curves of
PMMA and ATO Nanocomposites. DC resistivity values
were obtained from the intercepts of complex impedance
curves onto the real impedance axis considering sample
geometry as described previously.'” Figure 3 represents DC
resistivity as a function of ATO content. Electrical percolation
is apparent at 1.48 wt % (0.27 vol %) for the size distributed
PMMA(10—100 ym) and 0.99 wt % (0.18 vol %) for the
monosizec PMMA as a matrix, where the electrical resistivity
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Figure 3. DC resistivity of PMMA/ATO nanocomposites as a
function of ATO content (molded at 170 °C, 50.6 MPa for 15 min).

decreases by about 9 orders of magnitude. The percolation
threshold is mostly affected by the size ratio of the matrix and
the filler (p. o (1/(Fmaui/"s1e:)), Where the larger the ratio is,
the lower p, is.”® In this study, it was found that the percolation
threshold is lower for the composites made with the monosize
starting materials primarily because the size ratio between the
matrix and the filler is larger than in the polydisperse samples.
These results are consistent with other insulator—conductor
composites fabricated by a similar procedure,”**™"® all of which
percolate at much smaller volume fractions than the
theoretically estimated and previously reported values.”” It is
certain that the sharp decrease in DC resistivity is due to the
onset of the first chain of conductive particles.

Figure 4 shows the magnitude of the impedance as a function
of frequency for the two sets of samples measured. These
graphs further illustrate the effect of the starting PMMA size
distribution, where the change from the insulating behavior to
the conducting behavior occurs at different ATO content values
and the critical frequency at which this occurs shifts to a
different value.'” The composites with the ATO concentration
below p. remain frequency dependent throughout the
frequency range. Insulating materials normally show this
frequency dependent behavior, which is characteristic of a
capacitive behavior.”® In contrast, the composites with the ATO
concentration above p. show a frequency independent behavior

(i-e., plateau region) at low frequencies, which is characteristic
of conducting materials. This reflects the onset of the first
continuous chain of nanoparticles. The plateau region becomes
wider as the ATO content increases, until only the conducting
behavior is observed, as seen for the 9.09 wt % sample in Figure
4a made with the monosize PMMA. The changes are related to
the number of ATO nanoparticle chains that are connected
(see Figure S). Frequency dependent to independent
transitions appear at the critical frequency (f.), which is also
marked on the plots in Figure 4. The impedance is
exponentially proportional to the frequency above the critical
frequency according to the power law, o(@) o @*** It can be
seen that for samples with composition near the percolation
threshold, f, moves to a higher frequency for the homogeneous
PMMA composites as compared to the polydisperse materials.
It is also notable that the composites made with the monosize
materials are able to reach a lower resistivity than those made
with the polydisperse materials (e.g,, see data for 9.09 wt %).
More information regarding the critical frequency as a function
of composition has been described elsewhere.”>**

3.2. Correlation between Microstructures and Elec-
trical Properties. Figure Sa,d displays SEM micrographs
obtained using a backscattered detector at the accelerating
voltage of 15 kV in variable pressure mode SEM (40 Pa). All
images were taken from polished surfaces of the specimens
main surface. The images show that the microstructure of these
composites consists of ordered arrays of nanoparticles that form
nanowire-like interconnections along the particle edges. In the
microstructure, the polymer matrix appears dark and the ATO
nanoparticles appear as the bright regions, as would be
expected because the density of ATO is S times greater than
that of PMMA. The pressure transmitted to the polymer matrix
during compression molding results in shape transformation of
the matrix particles into space ﬁllin§ polyhedra, because it is
thermodynamically more stable.”®* Figure Sa,c shows the
polydisperse PMMA composites with compositions of 0.49 and
5.66 wt %, whereas Figure Sb,d shows composites made with
the monosize PMMA containing the same amounts of ATO,
respectively. It is clear that the monosize materials give a more
ordered structure, which, in turn, allow for better properties.

The electrical resistivity curves, shown in Figure 3, decreased
by about 7 orders of magnitude, when the first continuous
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Figure 4. Impedance magnitude of PMMA/ATO nanocomposites for different ATO contents (molded at 170 °C, 50.6 MPa for 15 min) using (a)

monosize PMMA and (b) polydisperse PMMA.

22266

dx.doi.org/10.1021/am5061239 | ACS Appl. Mater. Interfaces 2014, 6, 22264—22271



ACS Applied Materials & Interfaces

Research Article

Figure S. SEM images of polished surfaces of PMMA/ATO nanocomposites containing 0.49 and 5.66 wt % ATO for the polydisperse PMMA
(shown in panels a and c) and the monosize PMMA (shown in panels b and d), respectively.
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Figure 6. (a) SEM image of nanocomposite (5.66 wt % ATO). (b) EDS spectra at different locations: @ edge; @ center.

(a) Geometry model

(b) Filler distribution and electrical potential

v @ Disconvn‘ectedv(65°o)

Figure 7. Schematic of the 2D model used for impedance calculations of PMMA-ATO nanocomposites. (a) 2D simplified geometry and (b) filler
distribution (partially connected and disconnected) and the corresponding calculated electrical potentials.

chain of conductive nanoparticle was achieved. In the
composites with a low filler content of 0.49 wt % (Figure
Sab), the boundaries are not clearly detected. As the filler
content is increased to 5.66 wt %, the boundaries become more

detectable (Figure Sc,d). In the composites with the filler
contents below the percolation threshold (<1.48 wt %), the
nanoparticles are accumulated along the edges without direct
physical contact through the volume (see Figure Sa,b).
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Figure 8. Filler packing density model, “1.0” illustrates perfect solid filler chains and “0.65” illustrates the minimum nanoparticle density needed to

maintain the percolated state.

Therefore, the current path through the boundaries of the
matrix is not clear in those samples. In contrast, for the
composites with the filler contents above the percolation
threshold (>1.48 wt %), the SEM images show more noticeable
boundaries (Figure Sc,d).

Although the microstructures provide strong evidence of the
filler location, energy dispersive spectroscopy (EDS) was used
to confirm it. Two different locations (the center and the edge
of matrix) in the composite were scanned, as shown in Figure
6a and labeled @ and @. The EDS spectra (shown in Figure 6b)
showed strong peaks of Sb and Sn in the edge scans (region
labeled ®), while no Sb or Sn peak was detected in the center
of a polymer grain (labeled region @). It is clear that the
viscoelastic motion of PMMA during compression pressing
forces the ATO particles to be aligned in the boundaries of the
matrix. And the presence of ATO in the boundary prohibits the
polymer coalescence, which in turn produces this micro-
structure. This is consistent with our previous reports on other
composites systems.ls’26

4. FEA MODELING RESULTS AND DISCUSSION
4.1. Use of COMSOL Multiphysics. Electrical percolation

is possible in insulator—conductor nanocomposites at very low
concentrations of fillers, when using the fabrication conditions
reported in our previous papers.”">~"#*>?3 This concept can be
applicable to all kinds of insulator—conductor composites and
not just those mentioned here. It is very important to
understand the mechanisms of this percolation to expand the
possible applications. In this study, we used a finite element
approach to solve the electric potential in the AC environments
to calculate the impedance and resistivity using a simplified 2D
model for the insulator—conductor composites (see Figure 7).
The modeling steps used in this study include:

1. Selecting the mode in the COMSOL Multiphysics AC/

DC module.
2. Drawing the composite geometries.

3. Generating the mesh.
4. Defining the electrical properties in the domains and

boundary conditions.
S. Solving and finding the field distributions.

22268

6. Using the postprocessing capabilities in COMSOL
Multiphysics to compute impedance and related
electrical quantities.

The numerical simulations were performed in the frequency
domain using the AC/DC module of COMSOL Multiphysics
Version 4.4. The objective was to solve the quasi-static form of
Maxwell’s equations for the electric potential in the 2D
simplified case. The percolation model possessing a segregated
filler distribution, with Voronoi-type matrix arrangementm’30
was adopted to describe the simplified 2D geometry. The
nanoparticles can be described as separate domains or as
boundary conditions. Solutions to both cases provided the
same values of the electrical quantities. Various filler
distributions in the 2D geometry were investigated to describe
the interconnectivity of nanoparticles along the edges of the
matrix particles. Figure 7 shows a schematic of the geometric
model as well as two possible filler distributions, i.e., a partially
connected filler distribution and a disconnected filler
distribution. On the right of the image, one can see the
changes in the electrical potential for the two different filler
distributions.

4.2. Impedance Simulation of PMMA/ATO Nano-
composites. The impedance of the nanocomposites was
obtained by postprocessing of the solved electric potential as
described previously.”' The impedance simulation using perfect
filler networks can predict the percolation threshold of phase
segregated composites if the size ratio between the matrix and
the filler is known. It can also predict the minimum electrical
resistivity of the composite assuming that there is no size
distribution in the matrix and the filler, and the fillers are
aligned in a perfect network. However, it needs to be modified
to describe real composite systems with size distributions and
imperfect filler chains.

To account for these variations, a filler packing density model
was introduced to accommodate disconnected filler chains
while maintaining the percolated state. Filler packing density is
presented as ranging from 1 (perfect network interconnection)
to 0.65S (minimum value needed to maintain overall
connectivity). Figure 8 shows simulated DC resistivities for
different filler chain densities. It can be seen that there is a 3
orders of magnitude difference in DC resistivity from the fully
networked state to the barely interconnected state. The DC
resistivity at the 65% filler packing density can be considered as
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Table 1. Comparison between Experimental Measurements and FEA Simulation Results

experiments FEA simulation [0, 0.32(S/cm)]
composites Tller/ Tmatrix Pe (VoL %) Ppercotion (cm) Py (Q-em)  pe (vol %) Pheccoation (Qem) Py (Q-cm)
polydisperse PMMA/ATO 20 nm/25 ym 027 1.98 x 10° 320 x 10* 021 2.42 x 10° 2.08 x 10°
monosize PMMA/ATO 20 nm/50 pm 0.18 2.28 x 10° 4.11 X 10° 0.10
the resistivity at the percolation threshold, whereas the DC 15 ' ' ' ' ' ' '
e . . . . ~—&— Network connected(100%) -
resistivity at the 100% filler packing density can illustrate the 147 —:—Partally connected(80%)
theoretical minimum resistivity that may be obtained in phase 137 . 2 Partaly comected(s  artlly all
. &) e = Random distribution(no connection) u
segregated composites. & 127 = o= Pure PMMA |
Second, the electrical conductivity value of the filler should 8 1 ™~
be representative of the real filler in the composite. Figure 8 2 10- N
also shows the differences in the simulated DC resistivity curves g - N i
when using different ATO conductivity values. The maximum g 8_—'—“—"—“—“—“—"—“—*“\“\3 i
DC conductivity of ATO can be above 50 S/cm, as determined 5 7 &
° > b
for spin coated films.>> However, compressed ATO powder g & - i
showed 0.318 S/cm, whereas hot pressed ATO showed much E | \K; |
lower value due to nondensification mechanism of ATO.> It S e S
should be noted that the electrical conductivity of compressed 3 -
ATO powder is the most realistic value to use for the fillers of 5 i
T T T T T T T T T

the phase segregated PMMA composites, considering the
possible packing states of ATO nanoparticles that may occur in
the composite.™

Table 1 shows the comparison between experimental and
simulated DC resistivity values. As has been discussed,
monosized PMMA/ATO composites showed lower percolation
threshold and lower minimum DC resistivity values than
polydisperse PMMA/ATO composites, because the monosize
matrix a has larger mean particle size and provides better
conditions for ideal phase segregation to occur. It can be seen
that there is good agreement in the percolation threshold
between experimental and simulated results. The FEA model
can also predict the DC resistivity at the percolation threshold
and saturated state more accurately, with the aid of the filler
packing density model and the use of the proper filler electrical
conductivity as mentioned earlier. It has to be noted that the
minimum DC resistivity achievable in the composite is
governed by the electrical conductivity of the filler, when it
forms perfect interconnected networks. This was demonstrated
with the monosized PMMA composites that formed a nearly
perfect filler network, as shown in Figure 5d.

Figure 9 presents simulated impedance curves as a function
of frequency for pure PMMA and varying degrees of filler
interconnectivity. Electrical percolation was clearly shown when
the first continuous chain of filler was connected between the
top and bottom electrodes (port and terminal), similarly to
what has been examined in the real materials. The onset of the
first fully interconnected filler chain was described as the
“partially connected (65%)” in the 2D model. The impedance
was seen to decrease as additional percolation chains were
connected. The transition from the frequency dependent to the
frequency independent impedance can be estimated when the
filler chain is weakly connected, and was obtained by reducing
the conductivity of the chain.

Because there was good agreement between the experimental
and modeling results for the PMMA/ATO system, it is
promising that this simplified model may be able to estimate
the percolation threshold and impedance in various kinds of
insulator—conductor segregated network systems, provided that
the materials characteristics such as matrix and filler size and
electrical conductivity of the filler are known

22269
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Figure 9. FEA simulated impedance of PMMA/ATO nanocomposites
using different path lengths and different degrees of interconnected
nanoparticles.

Although the percolation threshold as a function of particle
size of the matrix and filler was able to be roughly estimated in
our previous studies,”>*° it needed to be modified to estimate
the percolation threshold more accurately. In the current
model, the matrix is assumed to be truncated octahedral, as
shown in Figure 1. The equivalent volume of the Voronoi types
of matrix in terms of initial spherical PMMA particles can be
estimated as

4
Zar3=1131a°
3 P

? (1)

where, 7, is the average radius of the PMMA microspheres and
a, is the edge length of the truncated octahedra. Because the
filler particles were assumed as cubes, the equivalent volume of
filler particle is

4 3 3

-’ =a

300 (2)
where r¢ is the average radius of filler nanoparticles and g is the
edge length of the filler cube. In the 2D model, the percolation
threshold can be estimated as area fraction of the network path
connected state, which is given by

3aP-af/1.5\/§aP2 (3)

Combining eqs 1—3, the area fraction for 2D percolation is
given by 2.588 ry/r,. This value is slightly smaller than the
percolation threshold in the previous geometric model**?¢
because the FEA model assumes perfect distribution of fillers in
a single wire rather than using the probability that the filler
particles will touch in a given configuration. In addition, the
total surface area of the matrix in 3D, an extension of the 2D
model, is slightly smaller than that of the real matrix.

Figure 10 displays the change of area fraction in the 2D
model, which is equivalent to the volume fraction in the 3D
model, as the size ratio between the matrix and the filler

dx.doi.org/10.1021/am5061239 | ACS Appl. Mater. Interfaces 2014, 6, 22264—22271
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Figure 10. Area fraction as a function of matrix and filler size derived
from FEA simulations of 2D idealized segregated network micro-
structures with truncated octahedral shapes.

changes. It increases as the ratio increases, in other words, the
percolation threshold increases as the size of the filler increases
and the size of the matrix decreases. These predicted values
show good agreement with the experimental results reported
above, especially in the case of the nanocomposites that were
fabricated with the monosize 100 ym PMMA particles, where
p. was found to be at 0.18 vol % or 0.0018 for a filler size of 40
nm.

5. CONCLUSIONS

The phase segregated PMMA and ATO nanocomposites were
made using the same ATO nanoparticles and monodisperse or
polydisperse PMMA matrix polymer. Electrical percolation was
achieved at very low concentrations of ATO filler (0.99 wt %
for the monosize materials and 1.48 wt % for the polydisperse
materials).

The finite element approach was selected for determining the
impedance of these insulator—conductor nanocomposites,
which have phase segregated microstructures. The 2D
simplified model was able to predict the percolation threshold
and the electrical conductivity of the composites. Good
agreement was obtained between the experimental results and
the modeling results by using a filler packing density model and
a realistic filler conductivity value. The modeling results
considered different electrical resistivity responses as well as
different states of filler distribution and thus the simulation
results are applicable to many different kinds of insulator—
conductor composite systems and not just those that were
presented here. It was also found that the minimum DC
resistivity of the composite is governed by the electrical
conductivity of the filler while the percolation threshold is
governed by the size ratio between the matrix and the filler.
Future simulation studies may include the effects of the surface
energy of the fillers and the filler/matrix interactions on the
electrical properties of phase segregated conductive composites.
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