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ABSTRACT

Conductive-filler-reinforced polymer nanocomposite (CPN) has become
increasingly popular because of the combined flexibility and low cost of the polymer paired
with the enhanced electrical and mechanical properties of the conductive nano-filler. The
presence of a conductive filler network is reconfigurable by applied strain. It can be used
in sensors such as strain gauges (for example, force sensors, pressure sensors). This
research seeks to identify the underlying mechanisms that govern the electrical and
mechanical properties of CPN, both theoretically and experimentally. The study
theoretically elucidates the electrical conductivity and experimentally demonstrates piezo-
resistivity of CPN based on phase morphological structure as well as types of polymers
and conductive fillers. Experiments with controlled processing conditions and material
compositions of popular polymers and conductive fillers were conducted. Comparisons
were made between the experimental and simulation results of nanocomposites’ electrical
conductivity. Consequently, adjustments were made to the simulation model until the
experimental outcomes agreed satisfactorily with the simulation results. The selected
fabricated samples are characterized in terms of their electrical conductivity and piezo-
resistivity. Experimental results showed that the materials developed possess enhanced
conductive networks and can be applied in the biomedical field where flexible non-invasive

sensors can be worn outside the body to monitor vitals such as heart rate and movement.
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Chapter 1 INTRODUCTION

Summary: This chapter presents an introduction to the application of CPNs and foams,
which provides justification for the research activities, defines the research objectives, and

outlines the research methodology. At the end, the structure of this dissertation is presented.

1.1 Conductive-filler-reinforced Polymer Nanocomposites and Foams

Polymers are popular and exist in many forms in modern life because it is cheap,
lightweight, and can be made either rigid or flexible. Common types of polymers have
good processability and are not electrically conductive. An insulating polymer can be
turned into conductive polymer nanocomposites (CPN) by filling polymer matrices with
conductive fillers such as carbon nanotubes (CNT) [3] and graphene nanoplatelets (GNP)

[4] above a threshold loading [5] as illustrated in Figure 1.1.

o T

LD

L 11
Polymer
Matrix §
=
Without )
Fillers With
Fillers

Figure 1.1 Demonstration of polymer turned to conductive by reinforcing with conductive fillers.



CNT, which possesses an extremely high aspect ratio, is a well-known effective
filler for enhancing multifunctional properties of polymer nanocomposites such as
sensitive temperature/strain sensors [6]; or electromagnetic-wave interference materials
[7], at low loading. Similarly, graphene nanoplatelet is popular in reinforcing polymers [8]
due to its low processing cost and high availability. These properties can further be
improved by foaming the nanocomposites to control the alignments of CNT in the polymer
matriX. In addition, nanocomposite foams are lighter than their solid counterparts and can
lower the manufacturing cost by saving materials [9]. For example, using carbon dioxide
(COy) to physically foam nanocomposites would alter the embedded conductive network,
leading to a change in its electrical conductivity [10]. Figure 1.2 demonstrates the different
configurations of fillers resulted from a different level of volume expansion during the
foaming process. The foam cell, i.e., void space, can either promote or disrupt the
conductive network and change the electrical conductivity of the nanocomposite. The
direction of change in its electrical conductivity depends on the size and shape of the

expanded void.

/J%::,—J:c/ —

Void Void
Space Space

\c//_\] ’:\/

Figure 1.2 Configurations of fillers changed during the foaming process.
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Furthermore, applying a mechanical strain to a conductive polymer nanocomposite
would disrupt its conductive network, leading to a change in its electrical resistivity. This
behaviour is commonly known as piezoresistivity, which is illustrated in Figure 1.3.
Piezoresistive materials are very promising in the field of robotics (e.g., used in skin
sensors) [11, 12]. Flexible polymers, such as thermoplastic polyurethane (TPU), are
popular choices of matrix materials to fabricate nanocomposites due to their flexibility. At
moderate loading of CNTSs as the filler, the electrical conductivity of TPU can be improved,
yet remain flexible [13]. These changes in material characteristics are one of the main

focuses in this research.

L

< _:/_”—\T |

Disconnected Connected
L]

L
Figure 1.3 By applying a strain, i.e., pressing, on the material, the configuration of fillers changes

and the material is conductive.

1.2 Justification of the Research

Understanding these extraordinary characteristics of polymer nanocomposites and

the underlying processing-structure-property relationships are critical to both the research
3



community and the industry. As a result, extensive research has been conducted both
experimentally and theoretically. Various research has extended simple simulation models
[14] to more sophisticated ones with the advancement in both assumptions and simulation
methodologies such as CNT deformation consideration [15], and/or agglomeration effect
[16], and they have been verified experimentally. In addition to electrical conductivity,
these models are able to explain other behaviours such as piezoresistivity when a composite
is being strained [17, 18], or electrical conductive property changes before and after
foaming processes [19]. It is noted that these studies use different approaches to model the
conductive CNT networks, leading to significant differences in the simulation results.
Various discrepancies and underlying bias in existing models may also lead to uncertainty

in the analysis of experimental results, especially at low loadings of CNT.

In the context of polymer nanocomposite foams, research was conducted by either
visualizing or simulating the foaming process and to evaluate the foaming-induced
alignments of fillers in the polymer matrix. However, existing theoretical research has
mostly been conducted by only simulating the ultimate stage of foaming processes [19,
20]. In these studies, the pores were introduced in the polymer matrix before the generation
of fillers in the numerical simulation. In other words, the evolution of the filler network
caused by the bubble expansion has been neglected. Furthermore, the phase morphologies
of polymer nanocomposite foams and the structures of the filler network are strongly
dependent on many processing and material parameters. These include the types of

polymer and blowing agents, the foaming temperature and pressure, as well as the

4



stabilization process at the end of the foaming process. This leads to a wide variety of foam
structures, which would significantly affect the electrical conductivity and the
piezoresistivity of the polymer nanocomposite foams. Therefore, a new model that can
account for the effect of foam expansion on filler alignment and dispersion and track the
evolution of the phase morphologies during foaming is needed to advance the research in
this field. While some of the recent researches have attempted to address this need [1, 2],
these models consider the voids in the polymer nanocomposite foams to be spherical in
shape. Such assumption is impossible to simulate the properties of polymer nanocomposite
foams with high volume-expansion ratios. Scanning electron microscopy (SEM) has also
revealed that the voids in polymer nanocomposite foams with high volume-expansion
ratios are polyhedral. Therefore, it is critical to conduct research to fill such knowledge gap
by developing a modified simulation model in order to elucidate the processing-structure-

property relationship of these multifunctional materials.

1.3 Objectives of the Research

The objectives of this study are to investigate, both theoretically and
experimentally, the mechanical and electrical properties of CPNs and their foams. This
research develops a modified simulation model that can address the challenges and
limitations of existing simulation models and methodologies. The developed models are
verified by experimental results of CPNs and their foams fabricated under various
experimental conditions. An overview of the research methodology of this research is

illustrated in Figure 1.4. The research uses two parallel streams to cross-validate
5



theoretical simulations with experimental testing.

Conductive Polymer
Modeling Nanocomposites Experiment
and Foams

Testified
Models

Validate and Improve

Figure 1.4 Model methodology.

Modeling: Develop models to characterize electrical properties of CPNs and their
foams; modify models to improve the precision and eliminate biases in simulations.
In the foaming process, the model takes into account high-volume-expansion-ratio
cases. Multiple simulations are configured based on factual dimension determined
experimentally.

Experimenting: Fabricate and characterize samples and compare experimental
results with simulation results for both foamed and unfoamed polymer
nanocomposites.

Validating: Analyze experimental measurements to compare, inform and enhance
various theoretical models.

Application: Fabricate CPNs and foams and use a dynamic mechanical analyzer to



reveal the predictive piezoresistive properties of the fabricated materials, and to

demonstrate their potentials use in force/pressure sensors.

1.4 Methodology

The initial phase of this research was an investigation of common biases when using
universal hypotheses in modeling CPNs. At first, conventional models of electrical
conductivity of CPNs were investigated to inspect the model biases and consider how to
eliminate them. Next, foaming effects were modeled based on different volume-expansion
ratios, and models were developed to simulate the electrical conductivity of the
nanocomposite foams. In particular, this research focuses on developing a modified model
to investigate nanocomposite foams with high volume-expansion ratios, which has never

been reported in existing literature to my best knowledge.

Since safety was a priority for the experimental activities, the conductive-polymer-
nanocomposite masterbatches, instead of dry MWCNT powders, were chosen and diluted
to desired MWCNT loadings by the melt-compounding technique. In particular,
commercially available HDPE/MWCNT nanocomposite masterbatch, loaded with 15 wt.%
MWCNT, and neat HDPE were melt-compounded to prepare HDPE/MWCNT
nanocomposites of lower MWCNT loadings. In addition, carbon dioxide (CO2) was used
as the physical foaming agent in this study to introduce voids in the nanocomposites, which
could reduce material consumption and therefore reduce the carbon footprint to the

environment. This technique was used throughout this thesis research, and the method of



the foaming process was thermodynamic instability. The solid samples were, at first,
soaked and saturated with CO> at high pressure and temperature. The gas was then rapidly
released, leading to a thermodynamic instability, and resulted in cell nucleation and the

growth of CO> bubbles in the polymer nanocomposite matrix.

1.5 Outline of this Dissertation

The dissertation is subdivided into eight chapters. Following the introduction and
justification of this thesis research in Chapter 1, a detailed literature review of the CPNs
and the state-of-the-art modeling of their electrical conductivity is conducted in Chapter 2.
Then, the modeling of CPNs is presented in Chapter 3, including the technical challenges
and the approaches developed in this research to eliminate the common biases. A foaming
model is reported in Chapter 4 to set up the initial hypothesis to simulate the foams of
CPNs at low and high volume-expansion ratios. In particular, modified foaming modeling
was developed to handle foams with high volume-expansion ratios, which had never been
reported in the literature to my best knowledge. Chapter 5 presents experimental studies
that help to validate and improve the models. The electrical conductivity of fabricated
nanocomposite samples, with and without foams, were characterized and the results were
compared with theoretical models in Chapter 6. Following the electrical conductivity
studies, the piezoresistivity of nanocomposites and their foams is considered in Chapter 7
to evaluate their applications as sensors. Finally, Chapter 8 concludes the contribution of

this work and some future research directions in this field.



Chapter 2 LITERATURE REVIEW

Summary: The literature on CPNs and foaming in both experimental and simulation
modeling are reviewed. Modeling approaches of solid CPNs and their foams are evaluated

and discussed.

2.1 Conductive-filler-reinforced Polymer Nanocomposites

Conductive-filler-reinforced Polymer Nanocomposites (CPNs), including,
polymer/carbon nanotube (CNT) nanocomposites, are of interest to researchers and
industry because of their low density, superior chemical resistance, good
manufacturability, and tunable multifunctional properties. This versatile material system
has been used in a wide spectrum of applications including electromagnetic interference
shielding [21-23], energy harvesting [24-26], energy storage [27, 28], sensing [6, 18, 29],
thermal management [30-32], force/pressure sensors [12, 33, 34], smart wearable textiles
and flexible electronics [35-38], and thin-film transistor [39]. CNT’s exceptionally high
intrinsic electrical conductivity (o) and high aspect ratio make it an ideal filler to prepare

CPNEs.

Recent studies have suggested foaming polymer nanocomposites as a promising
fabrication strategy to tailor their micro-and-nanostructures. Through foaming-induced
biaxial stress fields, it is possible to align both one-dimensional (1D) and two-dimensional

(2D) multifunctional fillers and thereby enhance the mechanical [40-42], electrical [42,
9



43], and thermal [44, 45] properties. The foaming process can be conducted by using
physical foaming agents such as supercritical carbon dioxide (ScCO.) [46], microspheres
expanded under high temperature [47], or chemical foaming agents, such as AIBN [22],

which decomposes and releases nitrogen gas under high temperature.

The electrical conductivity of a polymer/CNT nanocomposite can be drastically
improved once its CNT loading has been increased above a critical level, denoted as
percolation threshold (pc). While high CNT loading promotes nanocomposites’ electrical
conductivity, it is detrimental to the weight, processability, and mechanical properties of
polymer/CNT nanocomposites. Extensive studies were conducted to develop strategies for
promoting polymer/CNT nanocomposite’s electrical conductivity with lower CNT loading
and to investigate the effects of CNT’s dispersion, alignment, and aspect ratio on CPN’s &
and pc, which is the minimum CNT loading to initiate long-range connectivity among them
[48-50]. These include the utilization of hybrid conductive fillers with distinct types, sizes,
and/or shapes as well as using immiscible polymer blends. Park et al. [23] investigated the
effect of hybrid fillers on the electrical conductivity of the polypropylene (PP) composite.
In their investigation, the inclusion of both MWCNT and carbon fiber in the PP matrix led
to higher electrical conductivity than those filled solely with carbon fiber. In another study
[51], acrylonitrile butadiene styrene (ABS) was melt-blended with polycarbonate
(PC)/MWCNT nanocomposite. Due to the partial solubility of ABS in PC, the selective
dispersion of the MWCNTs in the ABS phase significantly promoted the electrical

conductivity while reducing pc.
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2.2 Modeling Conductive-filler-reinforced Polymer Nanocomposites

Extensive theoretical studies were conducted to improve the fundamental
understanding of the structure-to-property relationships of CPNs filled with CNT. They
commonly modelled CNT as random resistor networks in a polymer matrix. A
representative volume element (RVE), usually cubic, was used to model the CPNs by
simplifying the CNT conductive networks as if they follow a periodic pattern [15, 52].
CNT are randomly assigned their positions and orientations in the RVE. Any CNTs that
protrude out of the RVE’s boundary surface are cut and relocated to point into the RVE

from the opposite boundary surface.

Despite the periodic assumption, the size of RVE has been identified as a governing
factor to the accuracy and efficiency of the simulation. Hu et al. used a relatively large
cubic RVE (i.e., dimension ~5 times the CNT length (Lcnt)) to help achieve numerical
convergence [52], but a larger RVE would increase the computational demand. This led to
a challenge in simulating CPNs with high CNT loadings. In this context, Bao et al.
considered periodically connective paths on each pair of opposite boundary surfaces of
RVE [14]. Fang et al. proposed a two-box RVE model to account for the interconnectivity
of CNT across the boundary surface between two adjacent RVE [53]. Both approaches
could reduce the size of RVE without compromising simulation accuracy. While most
numerical studies adopted the “cut-and-relocate” approach to assign CNT into the RV, the
potential biases and impacts induced by such approach have yet to be investigated. The

present work aims to fill this gap and provide guidance to eliminate these biases.
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2.3 Foaming Model Approaches

Although modeling solid CPNs has been broadly studied and the results have
explained the variety of applications of CPNs, the foaming models of CPNs have not been
researched comprehensively. Foaming CPNs can be classified into two classes derived
from the changes in their morphologies, low and high volume-expansion ratios. VVolume-
expansion ratio is defined as the ratio of the volume of a foamed sample to that of an

unfoamed sample.

At low expansion, the shapes of voids are spherical because the foam cells do not
interfere with each other during the foaming process. Using a simple cubic (SC) model to
describe the distribution of spherical foam cells in the polymer matrix, the maximum
volume-expansion ratio is 2.1 times (note: the ratio of the volume of the spherical void to
the total volume of the cubic foam is 7t /6). However, considering the cases of other closely

packing schemes (e.g., face-centred cubic (FCC) and hexagonal close packing (HCP)), the

maximum ratio spherical void’s volume to the total volume is m/3v2 ~ 0.74. This
represents a foam with a maximum volume-expansion ratio up to 3.9 times [54, 55]. The
illustrations of these maximum values of expansion ratios are presented in Figure 2.1.
These volume-expansion ratios are smaller than most of the nanocomposite foam samples
fabricated in this study, which ranged between 5 and 20 times. Throughout this dissertation,
a volume-expansion ratio over 3.9 times is considered to be a high volume-expansion ratio,
which cannot be realistically modelled by considering the voids to be spherical. Details of

the experimental studies in the characterization of samples’ volume expansion can be found
12



in Section 5.4: Effects of Foaming Conditions on Volume-Expansion Ratios

Single sphere HCP, FCC lattices
¥ Vol 4 g3 Foam Volume T 0.74048
oam volume 3 —=—'_2 M 313
Total Volume ~ (2R)3 0.5236 Total Volume 3, /5

Expansion Ratio = 2.1 times Expansion Ratio = 3.9 times

Foamed volume

Vol Expansion Ratio =
otume Sxp Unfoamed volume

Figure 2.1 Maximum values of volume-expansion ratio in cases of spherical model

In the existing literature, the sizes of voids in polymer nanocomposite foams are
on a comparable scale to the length of conductive fillers, making it possible to be modeled
and simulated with manageable computational resources [19, 56, 57]. In the existing
literature, a common approach to model the dispersion of MWCNT in polymer
nanocomposite foam was to randomly introduce these conductive fillers in the matrix of a
foamed structure such that the fillers would not penetrate into the cell walls. The
distribution of fillers was not uniform because of the restricted generation of fillers. Since
MWCNT was introduced into a structure with pre-existing voids, these models could not
simulate the realistic situation and did not provide any information about the evolution of
the MWCNT network structures during the foaming process. As a result, a significant

knowledge gap exists in the use of foaming technology to alter the electrical conductivity
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of nanocomposite foams. Recently, some researchers have tracked the translational and
rotational motions of fillers during foaming based on the incompressible property of a
polymer matrix [1, 2]. However, the dependence of electrical conductivity on the micro-
and-nanostructures of CPN foams was not simulated. The existing technology gap has led
to the motivation of this dissertation to develop new approaches to simulate the dependence
of the electrical conductivity of CPN foams on their volume expansion behaviours during
the foaming process. The details about the development of such new simulation

approaches are reported in Chapter 4. Modeling Foaming of CPNs.

Furthermore, existing literature has not reported any theoretical studies of the
electrical conductivity of CPN foams with high volume-expansion ratios. It is believed that
there exist two major challenges that hinder researchers from such theoretical studies.
These challenges include the large dimension of a representative volume that can simulate
the CPN foam structure and the difficulty to handle the motion of fillers during foam
expansion. First, the dimension of a foam cell is much larger than the average length of the
fillers. This would lead to a severe demand on computing power in the simulation work.
Second, as the volume-expansion ratio increases to 3.9 times, the expanding voids are
closely packed. Further expansion would lead to the interference of these expanding cells
and thereby result in the distortions of their shapes in polyhedral (i.e., cubic, octahedral, or
dodecahedral). Such interference would affect both the translational and rotational motions

of the fillers, leading to additional challenges in related theoretical studies.

In this study, modified models were developed to overcome these challenges. The
14



incompressible property of the material is used as a basis to simulate the fillers before and
after the foaming process and is applied for modeling at both low and high volume-

expansion ratios.

2.4 Experimental Validation

Experimental validation is a critical step to develop models of CPNs and foams to
simulate the effects of their structures on their electrical conductivity. To address this,
experiments were set up to fabricate and characterize samples in order to provide data to

verify the simulation results obtained theoretically.

Experimental verification of simulation results was widely conducted by theoretical
researchers for both unfoamed and foamed polymer nanocomposites. For the case of
unfoamed nanocomposites, theoretical simulation of the electrical conductivity of polymer
nanocomposites filled with CNTs had been validated by experimental studies using
polymer nanocomposites with various matrix materials such as epoxy resins [16, 52, 58],
polystyrene (PS) [56, 57], polypropylene (PP) [2, 59]. In contrast, the theoretical studies
for polymer nanocomposite foams were limited and were focused on foams with low
volume-expansion ratios. Experimental verifications were done by characterizing polymer
nanocomposite foams prepared by different foaming techniques, including high-pressure
foam injection molding [2, 59], chemical blowing agent [56], and salt leaching method
[57]. In other words, there exists a clear technology gap regarding the theoretical studies

about the effect of foam morphology on the evolution of the conductive network during
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foam expansion and the resultant electrical conductivity of the foams with a high volume-
expansion ratio. In particular, this research would use high-density polyethylene
(HDPE)/multi-walled carbon nanotube (MWCNT) nanocomposites and their foams as case
examples for the study to fill the aforementioned knowledge gap. Supercritical carbon
dioxide (ScCO) would be used as the physical foaming agent. The outcomes of this
research would provide insights to elucidate the processing-structure-property relationship

of polymer nanocomposite foams with high volume-expansion ratios.
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Chapter 3 MODELING CONDUCTIVE-FILLER-
REINFORCED POLYMER NANOCOMPOSITES AND
BIASES

Summary: This chapter reports the modeling of CPNs in terms of their electrical
conductivities. The difficulties in simulations and the underlying biases in the common
simulation approach found in existing literature have been discussed. As a result, a

modified simulation approach is being suggested to avoid biases.

3.1 Introduction

Challenges to accurately model the electrical conductivity of carbon-nanotubes
(CNT)-polymer nanocomposites include the need for high computational power [14, 58].
A common approach to circumvent this challenge is by using a small cubic representative
volume element (RVE) to simulate CNT conductive network in a polymer matrix [14, 52,
53, 58, 60]. By assuming these networks follow a periodic pattern, researchers [14, 52] cut
any randomly dispersed CNT that protrudes outside the RVE and relocated it to point into
the RVE from the opposite boundary surface of the element. Representing dispersed CNT
by a random resistor network, Monte Carlo simulations revealed that this “cut-and-
relocate” approach led to significantly higher CNT concentration in the proximity of
RVE’s walls and shorter CNT length [61]. These biases result in an inaccurate

representation of CNT-polymer nanocomposites and affect the simulated electrical
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conductivity [61]. This work focused on effective strategies to eliminate the biases and to

improve the accuracy in modeling of CNT/polymer nanocomposites.

3.2 Technical Challenges

The simulation programs are developed from a program coded by Weiging Fang
during his master’s studies, supervised by Professor Siu N. Leung and reported in [17, 53].
Originally, the program was preliminary and limited. It could not perform a high loading
of CNTs due to the enormous size of the RVE and was only verified using experimental

studies of unfoamed polymer nanocomposites.

In this research, distinct boundary conditions were implemented to inspect the
effect of tube generation on the formation of resistor networks because of the finite size of
RVE while mimicking the actual CPNs. Furthermore, the program was optimized in the
resistor-network finder and conductance-matrix solver to improve the performance. Most
importantly, models that represent polymer nanocomposite were developed to investigate
the effect of the experimental process on the nanocomposite’s electrical conductivity. To
validate the models, simulation parameters (e.g., size of diameter and length of CNT) were

set to be consistent with those observed from the experimental studies.

3.3 Percolation Threshold of Electrical Conductivity

Experimental measurements of the electrical conductivity of conductive-
filler/polymer nanocomposites were found to follow the trend predicted by the exponential

percolation theory [62, 63]. The percolation-threshold value pc of the MWCNT
18



nanocomposites, which is the minimum MWCNT loading that would transform the
nanocomposites from insulating to conductive, was estimated by fitting the percolation

model (i.e., Equation (3.3.1)) to the experimentally obtained electrical conductivity data.

o =0o(p—pc) (33.1)
where 6 is the electrical conductivity of the nanocomposite and p is the volume fraction of
MWCNT; oo, pc, and t were fitting coefficients and achieved by curve fitting using the
root-mean-square-error method. The critical exponent t is relevant to the system
dimensionality. For example, in the system of three-dimension, the t value is expected to

be 2 [64, 65].

3.4 Modeling Conductive-filler-reinforced Polymer Nanocomposites

3.4.1 Simulation Volume

MWCNT nanocomposites were modeled by using the conventional cubic RVE and
the two-box RVE [53]. The dimensions of a cubic RVE or each box in the two-box RVE
were denoted as Ly, Ly, and L, where electrodes were on the opposite boundary surfaces
across the x-axis and illustrated in Figure 3.1. The flow of electric current is considered
propagating from the left boundary surface (i.e., high voltage electrode) to the right
boundary surface (i.e., low voltage electrode) that is parallel to the x-axis. Consequently,
the y- and z-planes are perpendicular to the current flow. The RVE is started from the origin
(i.e.,, © (0, 0, 0)) in the coordinate system spans towards the positive directions of individual

coordinate axes. In a two-box RVE model, the other child (i.e., the bottom RVE) spans
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towards the negative direction of the z-axis.

| |
| |
A
L,
N V4
! Y
: |£ Current flow
¥ X Ly’
®
R Ly----------- >

Figure 3.1 Schematic of randomly dispersed CNTSs.
3.4.2 Tube Generation
Each MWCNT was modeled as a rigid rod and its position was represented by a
line segment in the three-dimensional Cartesian coordinate system. The length of CNT was
approximated by a Weibull distribution [66]. A random function was used to determine the
starting coordinates as well as the azimuthal and polar angles of the line segment [17, 53]

as displayed in Figure 3.2. This mimicked the random distribution of MWCNT.

20



Figure 3.2 The generation of tube in coordinate system.

In the generation of a tube, the first endpoint is created randomly P1 (x1,y1,21) within
the RVE, equivalently, produced in Equation (3.4.1) where rand is the uniform-distributed-

random function which generates randomly between 0 and 1.

x1 =L, xXrand (3.4.1a)
y1 =L, Xrand (3.4.1b)
z, =L, xXrand (3.4.1¢)

Next, the other endpoint P2 (X2,y2,22) is generated based on the generation of cos(0)

=1 - 2xrand and angle ¢ = 2 # rand

X2 = X1+ Lyt X sin(0) X cos(@) (3.4.2a)
Y2 =¥1 + Leyr X sin(0) X sin(¢gp) (3.4.2b)
Zy = 7241 + LCNT X COS(B) (342C)

where Lcnt is the length of the CNT; @ is the azimuthal angle; and © is the polar angle. To
let CNTs occupy evenly and uniformly in space, the cos(0) is generated uniformly instead
of 0. Depending on the distribution of length of CNTs, the Lcnt can be fixed or different
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from each other.

3.4.3 Boundary Condition Handling

Simulations based on the cubic RVE were conducted with or without using the
“cut-and-relocate” approach. When this approach was used [14, 52], any MWCNT
protruding outside the RVE was cut and relocated to another opposite wall-side. In contrast,
simulations based on the two-box RVE were done only by the “cut-and-remove” approach
where any outside MWCNT was cut and just removed (i.e. ignoring the outer parts) [17,
53]. Figure 3.3 (a) through (c) illustrate the schematics for the original randomly distributed
MWCNT in a polymer matrix, and the resultant distribution after either the “cut-and-

relocate” or “cut-and-remove” approach has been adopted.

N ~N -
_—-/ — —

e —— | e,

(a) (b) (c)

Figure 3.3 Schematics of randomly distributed MWCNT in a polymer matrix:
(a) initial random assignment;
(b) “cut-and-relocate” approach for protruded MWCNT; and
(c) “cut-and-remove” approach for protruded MWCNT replaced by new

random MWCNT.
3.4.4 Identification of the Resistor Networks and Calculation of Resistance

In simulations, all interconnecting MWCNT that bridged the two electrodes in the
22



RVE were identified to be part of the random resistor network. The network consisted of
two types of resistances as illustrated in Figure 3.4: (i) intrinsic resistance (Rint) along a
MWCNT; and (ii) contact resistance (Rcont) between two interacting MWCNT [17, 53].
Equations (3.4.3) and (3.4.4) express the mathematical models to determine the Rint along
individual MWCNT and Rcont at the junctions between interconnecting MWCNT which
can be estimated by solving the Schrodinger equation with a rectangular potential barrier
or from the Wentzel-Kramers—Brillouin approximation [67, 68]. Two MWCNT are
considered connecting with each other when the shortest distance between them is shorter
than the cut-off distance (dcutotf). Detailed mathematical models and simulation procedures

to determine these resistances can be found in reference [53, 69, 70].

Figure 3.4 Types of schematic connections in resistor networks formed by connected CNTSs.

41
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h 1

doummel = o
tunnel Zﬂ_\/m

where acyr IS the intrinsic electrical conductivity of a nanotube itself, h is the Planck

(3.4.4c)

constant, e and me are the charge and mass of an electron, D is the diameter of a nanotube,
M is the number of conduction channels, d is the distance between CNTS, dvaw IS the
minimum distance between any pair of tubes which are separate by repulsive Van der
Waals force, and is AE the height of energy barrier when an electron jumps from a tube to

another tube, hence, T is the electron transmission probability.

To simplify, the following terminologies are used to describe the process of
simulation. First, a node in a network is the junction of any two tubes that are sufficiently
close to each other, i.e., smaller than the cut-off distance dcutott. Next, a cluster is a group
of nodes in which an electron can move from a tube to other tubes within the group. A
conductive path is represented by a set of nodes that forms a conductive path connecting

the two terminals. In other words, it is a cluster that connects the two electrodes.

3.4.5 Convergence Check of Iteration

The simulation was performed under the Monte Carlo method, meaning the
electrical conductivity is the average value of many trials. In each trial, the simulation starts
with the generation and distribution of tubes in polymer matrices and ends with the
calculation of electrical conductivity. After a trial, the convergence of outcomes is checked

before terminating the simulation. Despite the fact that the error reduces by a factor of

1/+/N where N is the number of trials [71]; the standard deviation was determined to
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observe its fluctuation over time. For nanocomposites loaded with a high volume-fraction
of MWCNT, the fluctuation among different trials was small and the average electrical
conductivity calculated from the trials approached to a constant value after hundreds to
thousands of iterations. In contrast, for composites loaded with a low volume-fraction of
MWCNT (i.e., close to percolation threshold), due to the frequent occurrence of trials that
did not possess any continuous conductive path that bridged the two electrodes, the
required number of trials to achieve convergence could surge to tens to hundreds of
thousands of trials. Figure 3.5 (a) and (b, c) illustrate the change of average electrical

conductivity versus the number of simulation trials for the two aforementioned cases.

0.04
0.03 -

0.02 -

0.01 - 1

Average electrical conductivity (S/m)

0 I | 1 |
10° 10" 10? 10°

Number of iteration

25



0.002 B T T
(b) (c)

0.0015

Average electrical conductivity (S/m)

0.001 -
0.0005 -
PEERETIT M EUTT | PERTTT| B SR TTT| B PSS S SR A T ST S S S T S S W SR
1w 10 1w 10 0 20000 40000
Number of iteration (log-scale) Number of iteration

Figure 3.5 Average value of electrical conductivity over iterations at cases of (a) high vf. and (b)

low Vvf. in both log-scale and (c) normal-scale axes of iterations.

3.4.6 Summary

Figure 3.7 illustrates a schematic that describes the flow of the simulation program,
including how the program initializes input parameters and runs, as well as how outcomes
are checked for convergence. The input configurations refer to the input parameters of the
simulation program, which are based on experimental values and relevant reported values
from literature. The input parameters refer to the choice of boundary condition and other
parameters such as volume-fraction, aspect-ratio of fillers, or scale of RVE. In each
simulation trial, a desired loading of MWCNT is first generated and distributed randomly
in the RVE. Consequently, the program searches and identifies all nodes on cut-off distance
and the resistance of resistor clusters were then calculated. Based on these clusters,

matrices of conductance values are constructed to be solved and converted to conductivity
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derived from the dimension of the RVE. Finally, a determination of convergence is made

for the simulation result by calculating its average value and evaluating its standard

deviation in which the Monte Carlo method is implemented.

Model of Conductive
Polymer Nanocomposites

Configurations

Experiment

Literature

Initialize inputs

Generate tubes

Find tube

connections

Build conductance

matrices

randomly

Find resistor
clusters

Solve conductance
matrices

Conductivity based

Conditions

Boundary

Loadings

Convergence
check

on dimension

Figure 3.6 Flow chart of simulation program modeling CPNs.

3.5 Biases in Simulation and Improvements

3.5.1 Dimension of Simulation Volume

In general, a larger RVE would help to improve the precision and accuracy of

simulation but it also leads to a surge in the required computational power. Therefore, in

order to relax the demand in computational power, this study investigates the effect of the
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length dimensions of the RVE in the X, y, and z-directions on the predicted electrical
conductivity of the nanocomposites. Simulation results using RVEs with different sizes are
plotted in Figure 3.7 and compared with experimental data reported by Y. Ono et al. [72]
and N. Grossiord et al [73]. Lx5.0_Ly2.0_Lz2.0 means the size of RVE [Lx, Ly, L ] isina
scale of [5.0, 2.0, 2.0] times of Lcnr in the three orthogonal directions. It is observed that
the simulation results have a higher dependence on the length scale in the x-direction than
on the y- or z-direction. Therefore, the electrical conductivity could be simulated precisely
with lower computational cost by reducing the length dimensions in the y- and z-direction

while keeping that in the x-direction to be at least five times longer than the length of
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Figure 3.7 Effect of dimension of RVE on electrical conductivity where (a) variation of x-axis; and

(b) variation of y- and z- axes. Lx1.1 means the Ly = 1.1 X Ly
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3.5.2 Boundary Conditions

Figure 3.8 (a) through (d) compare the simulated MWCNT’s length distributions
and the number of nodes (i.e., the interacting junction of MWCNT) in the resistor network
per unit volume, respectively, based on different approaches of boundary conditions and
RVE’s sizes. It can be observed in Figure 3.8 (a) and (b) that a smaller RVE size would
significantly reduce the MWCNT length in CPNs loaded with either 0.5 vf.% or 3 vf.%
MWCNT. The “cut-and-relocate” approach would also slightly reduce the average
MWOCNT length. Figure 3.8 (c) shows that at 0.5 vf.% MWCNT, by increasing the RVE’s
size, it significantly reduced the node density because of the lower probability for the
MWCNT network to span over a longer distance. Although the ‘“cut-and-relocate”
approach led to the shortest average MWCNT length, the simulated node density was in
fact slightly higher than the result obtained from the “cut-and-remove” approach. It is
believed the severe bias in the number of nodes on the electrodes when adopting the “cut-
and-relocate” approach compensated for the lower probability of shorter MWCNT to create
a conductive network. Therefore, despite the similar final simulated node density, the
biased phase morphology gave a false representation of CPNs and would lead to a

problematic interpretation of simulation results and fundamental understanding.
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Figure 3.8 Average MWCNT length in RVE loaded with different MWCNT: contents
(&) 0.5vf.% and (b) 3 vf.%;
and number of nodes per unit volume of RVE loaded with different MWCNT contents:
(b) 0.5vf.% and (d) 3 vf.%.
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Most importantly, Figure 3.9 (a) indicates that at low MWCNT loading (e.g., <0.6
vol.%), the simulated o obtained from the “cut-and-relocate” approach was an order of
magnitude higher than those obtained by the “cut-and-remove” approach. This confirms
the significant impact made by the bias of high MWCNT concentration in the proximity of
the boundary walls. Figure 3.9 (b) reveals that the “cut-and-relocate” approach also

doubled the number of conductive paths per unit volume. Since CPNs with low MWCNT
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loadings are an important class of multifunctional materials (e.g., piezoresistive CPNs), it
is important to eliminate the biases caused by the “cut-and-relocate” approach in the

simulation of CPN’s o
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Figure 3.9 (a) simulated o using the smallest RVE that yielded numerical convergence; and (b)

simulated conductive path density using different models and MWCNT loadings.

3.5.3 Length Distribution of CNTs

The fixed length of filler is widely adopted in modeling fillers in CPNs, which
simplifies the simulation and executes it faster. In fact, the length of CNT is not uniform
and was accurately measured in [74-76] which was elucidated to obey the Weibull
distribution [66]. The shape of the distribution looked like the Gaussian distribution, yet,
there is a difference in the tail on the right of the Weibull distribution indicating that the
length of CNT could be very long and it was difficult to measure the longest nanotubes
[74]. The effect of length distributions on electrical conductivity in different models was
graphed in Figure 3.10 which emphasizes the differences at low volume fractions. The
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Weibull distribution generates adequate CNTs, which are long enough to form connections
of CNTs between electrode terminals. These long CNTs impact explicitly on the “cut-and-
relocate” model which relocates the part of CNTs generated out of RVE. Therefore, the
length of tubes is retained and have greater chances to connect with other CNTs or
electrode terminals, leading to an abnormal increase of electrical conductivity at extremely

low volume fractions.
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Figure 3.10 Effect of length distributions, including (a) fixed-length distribution and (b) Weibull

distribution, on electrical conductivity in different models in a scale of RVE of [5.0, 2.0, 2.0].

Nevertheless, due to the finite size of RVE, there is a number of CNTSs, generated
randomly, which penetrate out of the RVE and need a boundary condition to handle these
outer parts, causing the changes in length distribution of CNTs as plotted in Figure 3.11
and Figure 3.12. Figure 3.13 illustrates that the “cut-and-ignore” or “cut-and-remove”, i.e.,
CAI, model preserves the average length better than the “cut-and-relocate”, i.e., CAR. The

breakage of CNTs creates more short tubes and the “cut-and-remove” approach leaves a
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chance for the next generated tube to have a longer length. Although the difference in
electrical conductivity is minor, the impact of modified length distribution should be

considered when simulating the CPNs.
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Figure 3.11 The comparisons of length distribution after generating tubes following the Weibull

distribution in different scales of RVEs: (a) scale of [1.1, 1.1, 1.1], (b) [2.0, 2.0, 2.0], (c) [4.0, 4.0, 4.0]
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Figure 3.12 The comparisons of length distribution after generating tubes following the fixed-
length distribution in different scales of RVEs:

(a) scale of [1.1, 1.1, 1.1],
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(b) [2.0, 2.0, 2.0],

(©) [4.0, 4.0, 4.0].
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Figure 3.13 Average lengths depending on models and distributions at scale of [5.0, 2.0, 2.0]. CAIl

model is “cut-and-remove” model, CAR model is “cut-and-relocate” model.

Furthermore, the average value and distribution of CNT length were changed
during the experiment process. For example, melt-compounding was revealed to
manipulate the lengths of CNTs [77-79]. The shear forces developed during melt-mixing
are enough to cause significant breakage of CNTs and reduction of length. Therefore, to
accurately simulate CPNs, the length reduction of CNTs should be vigilantly considered

and a new distribution of length should be established on experimental assessments.

3.6 Conclusions

A key challenge to model and simulate ¢ of the CNT-polymer nanocomposite is

the excessive demand of computational power. This study finds that it can be eased by
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choosing an appropriate size of simulation volume for a particular volume fraction. This
study also reveals that adopting the commonly used “cut-and-relocate” in simulation leads
to the shortened CNT lengths. Nevertheless, the effects of CNT dispersion-related biases
on simulation became predominant at low CNT loading. Furthermore, these biases would
disregard the reliability of using numerical simulation to elucidate the structure-to-property

relationship of CPNs.
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Chapter 4 MODELING FOAMING OF CPNSs

Summary: In this chapter, the models of foamed CPNs are constructed on the basis of the
incompressibility of polymer matrices. Since the shapes of voids strongly depend on the
volume-expansion ratios of the CPN foams, two models are used in the investigation. The
first one, being used to simulate CPN foams with a low volume-expansion ratio, is based
on an existing model reported in the literature. The second model, being used to simulate
CPN foams with a high volume-expansion ratio, is newly developed in this research to fill
the knowledge gap discussed in Chapter 2 of this dissertation. Furthermore, a solution to
overcome the challenge caused by the high demand in computing power to conduct such

studies is discussed.

4.1 Introduction

During the foaming experiment, the foam cells start from nuclei, and expand larger
and larger over time due to the thermodynamic instability in the HDPE/MWCNT/ScCO2
system as illustrated in Figure 4.1. At the beginning of the expansion, the foam cells are
free to grow radially. The growth is radial symmetric, leading to a spherical shape.
However, as the foam cells continue to grow, they start to interfere with each other, and
the expansions are constrained. Therefore, their shapes become polyhedron. These
progresses were observed in images taken by scanning electron microscopy (SEM)
technique for different volume-expansion ratios and also reported by other researchers
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[80].

As a result, depending on the volume-expansion ratio of the polymer
nanocomposite foams, different approaches would be required to realistically model and
simulate them in order to predict their electrical conductivity. For foams with low volume-
expansion ratios, the structures of foam cells are spherical [81]. In contrast, at high volume-
expansion ratios, the structures are polyhedrons, which could be up to tetrakaidecahedron
[80]. While existing literatures [1, 2, 19, 56, 57] have reported theoretical research of
polymer nanocomposite foams with low volume-expansion ratios using a spherical model
to represent the foam cell, theoretical research on polymer nanocomposite foams with high
volume-expansion ratios has not been conducted due to the complication caused by the
non-radial symmetry of the foam cells to my best knowledge. This represents a significant
technology and knowledge gap to advance the understanding of the structure-to-property
relationship of polymer nanocomposite foams. In other words, it leads to a strong

motivation in this dissertation research to fill the knowledge gap.
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Figure 4.1 Schematic expansion of foam cells during foaming depending on the size of foam cells.

4.2 Hypothesis

For polymer nanocomposite foams with low volume-expansion ratios, the physical
model (i.e., a spherical void in the polymer matrix) to represent such structures and phase
morphologies and the underlying assumptions in the simulation were based on those

reported in existing literatures [1, 2]. These assumptions are listed below:

(1) The tubes are rigid and do not slip over the adjacent polymer matrix during foaming;

(2) The midpoint of a tube is translated along a direction that connects the center of the
spherical foam cell and the original midpoint of the tube before foaming;

(3) The new position of the tube is determined based on two modes of motion, i.e.,
translation of its midpoint and rotation about it;

(4) The dispersed tubes do not interact with each other during foaming;

(5) The tubes are always contained in the polymer matrix and would not penetrate into
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the void after foaming;
(6) The polymer matrix is incompressible, and its volume remains unchanged during
foaming;

(7) The foam cell structure is modeled as a closed structure.

It must be noted that the spherical model and the aforementioned assumptions
reported in [1, 2] were only used in this dissertation for polymer nanocomposite foams with
low volume-expansion ratio, in which the spherical cell possesses its radial symmetry
during the foaming process. In contrast, for polymer nanocomposite foams with high
volume-expansion ratios, the foam cells started to deviate from spherical shapes due to the
interference of adjacent cells and become polyhedron. In order to more realistically
represent such structure while keeping the simulation complexity to a manageable level, a
new cubic model is developed and adopted in this dissertation. Due to the lack of radial
symmetry in the cubic cell, additional assumptions would be needed to handle the
simulation and the details are reported in Section 4.4 of this dissertation. Furthermore, new
mathematical approaches have been developed in this work to not only simplify the
simulation of the low volume expansion case but also to deal with the more complicated

situation in the high-volume expansion case.

While research reported in [1, 2] only provided a proposed model to simulate the
foaming-induced alignment of carbon nanotubes during the fabrication of polymer
nanocomposite foams but did not predict the resultant electrical conductivity. A recent

work [82] published in July 2020 (i.e., after the completion of the dissertation research) by
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the same research group applied the developed model to evaluate the electrical conductivity
of polymer nanocomposite foams. Nevertheless, the study was restricted to polymer
nanocomposite foams with low volume-expansion ratio that can be represented by the
spherical model. Hence, developing a new model that can realistically simulate the case of
polymer nanocomposite foams with high volume-expansion ratio represents an important
research question. In other words, one key contribution in this dissertation is the
development of such model to overcome the limitation of the existing models developed
by other researchers. In particular, modeling polymer nanocomposite foams with high
volume-expansion ratios and comparing the simulation results with experimental ones have

been two of the main focuses in this dissertation.

4.3 Modeling Polymer Nanocomposite Foams at Low Volume-Expansion

Ratios

At a low volume-expansion ratio, the growth of foam cells is radial symmetric.
Thus, considering the incompressibility of the polymer, a CNT will be moved radially
outward during foam expansion. Under this consideration, the volume of the polymer
matrix remains unchanged while the spherical foam cell grows, and the outer radius of the
polymer matrix increases. In the simulation, the final position of a CNT is determined by
two steps [1,2]. First, the CNT is translated radially outward along a direction defined by
connecting the center of the spherical RVE to the midpoint of the CNT. Then, the rotational

motion of the CNT is governed by having the endpoints of the CNT to be coincident to the
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two concentric spherical shells that represent the boundaries of the polymer matrix with

constant volume. A schematic that illustrates this idea is shown in Figure 4.2.

Center point
“. translation

Occupied volume Void foam cell
is unchanged

Occupied volume
is unchanged

Figure 4.2 Model of spherical expansion for incompressible material at different stages.

The work reported in [1, 2] provided a mathematic solution to get the new position
of a tube after foaming by considering the invariance of the polymer matrix’s volume in
three-dimensional space. Such approach gave a general solution yet required complicated
reversal calculations to determine the new positions of CNTs. Moreover, it is not applicable
to the cases of polymer nanocomposite foams with high volume-expansion ratios (i.e.,
polyhedron cells). Therefore, a new approach has been developed in this work to simplify
the procedures to handle the mathematics and be applicable in the cubic model proposed
in this work to simulate CPN foams with high volume-expansion ratios. In my approach,

3D coordinates of different characteristic points are first transformed into 2D ones. Then,
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the system of equations is solved in the 2D space, and the solutions are subsequently
transformed back to the 3D space. The 2D plane used to solve the translational and
rotational motion of the CNT contains the endpoints of CNT and the center of the foam
cell (i.e., in both the spherical and cubic models). A detailed explanation of how to apply

my new mathematical approach in a spherical model is described below.

Assuming the initial known parameters are the endpoints of the CNT (i.e., P1, and
P.); the center of the foam cell (i.e., Pc); the radius of the foam cell after foaming (i.e., Rc).
Based on these inputs, the final position and orientation of the tube can be determined, and
these can be represented by the new endpoints of the tube (i.e., Pin and P2n). These points

are labelled in Figure 4.3.

Figure 4.3 Labeled points in the spherical model.

Figure 4.4 illustrates the schematics that show a characteristic point of the spherical

model before and after foam expansion. First, the midpoint of the tube can be found by
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Equation (4.3.1).

Pm = (P1+ P2)/2 (4.3.2)
The midpoint of the CNT is translated to the new position (i.e., Pmn) upon foam
expansion, during which the volume of the polymer matrix is unchanged. The invariant

volume of the polymer matrix is described using Equation (4.3.2):

3 3 3
ZnR?,,,\, — ZnRE = anfn (4.3.2)

where Rm and Rmn are radii from the center of the foam cell to the midpoint of the tube

before and after foaming, respectively.
Consequently, Equation (4.3.2) can be simplified and rewritten as
R,.v = VR3, + R3 (4.3.3)

As aresult, the new position of the CNT’s midpoint (i.e., Pmn) can be obtained from

the radial translation of Pn, for a distance of Rmn.
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Figure 4.4 Point P, moves when the void expands to radius R

Similarly, it is possible to determine the new distances of the two endpoints to the

center of the foam cell using Equations (4.3.4) and (4.3.5).

Ryy = 3/R§ + R3 (4.3.4)

and

Roy = 3/R§ + R3 (4.3.5)

After the determination of Rin and Rzn, the new endpoints (i.e., Pin and Pan) of
CNT after the translational and rotational motion will be located on two concentric spheres

defined by Rin and Ran as shown in Figure 4.5.
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Figure 4.5 Occupied volume is unchanged during foaming expansion

It is noted that after the translational and rotational motion, the CNT will still stay
on the same plane defined by Pc, P1, and P2. Equivalently, Pin (or P2n) will be on the
intersection of two spheres, defined by radii from P¢ to Pin (or P2n) and that from Pmn to
Pin (or P2n), respectively, as illustrated in Figure 4.6. Therefore, the coordinates of P1 and
P> can be determined by finding the intersection between the aforementioned plane and

these two spheres.
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Figure 4.6 Equivalent solution to find Pin or Pan

Since all the characteristic points are on the plane defined by P, P1, and Py, it is
now possible to transform the three-dimensional problem into a two-dimensional one in
order to simplify the computation process. In other words, the problem is simplified to one
that requires the determination of two circles. The first circle has its center at P and its
radius of Rqy. The second one has its center at Pmn and radius equals half of the length of

CNT (i.e., L¢yr/2) as demonstrated in Figure 4.7.

Figure 4.7 Determining a new endpoint of CNT based on two intersecting spheres.
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In order to transform the 3D coordinates into 2D ones, a new coordinate system is
set up where the x-axis is parallel to Pc.Pmn and the Pcis set as the origin (0, 0) of this

coordinate system. Then, the coordinates of Pmn are (Rmn, 0) as illustrated in Figure 4.8.

Pmn(RmnN,0)

Figure 4.8 Problem of 2-sphere intersection

Under this new coordinate system, the coordinates of Pin can be determined by
finding the intersection of the two circles. The equations of the two circles are expressed

in Equations (4.3.6) and (4.3.7).

x? +y% = R%y (4.3.6)

and

2

(x —Rn)?+y% = (%) (4.3.7)

Solving the above system of equations, it is then possible to determine the

coordinates of Pin, which are expressed as:
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R,\7 — (LCNT)Z + R,

x = 2 (4.3.8)
2R..N
and
y? = R2, — x* (4.3.9)

It must be noted that there are two y coordinates when Equation (4.3.9) is solved.
The y-coordinate of Pin, has the same sign as that of P (i.e., the corresponding endpoint

before foam expansion).

After finding the coordinates of Pin in this 2D coordinate system, they must be
transformed to a new 3D coordinate system by setting the z-coordinates to be zero, where

the positive z direction is defined by Equation (4.3.10).

Z=P.Piy XX (4.3.10)
Consequently, the coordinates of each characteristic point will be transformed from this
new 3D coordinate system back to the original 3D coordinate system using an approach

reported in [83].

By considering the vector equation that represents a line parallel to the CNT and
the length of the CNT, the other new endpoint, P2, could be determined using Equations

(4.3.11) and (4.3.12).

L
Py =Py + 51 (4.3.11)

where
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U=— and ¥ =P,y — P1y (4.3.12)

Figure 4.9 illustrates the translational motion of CNTSs as a result of foaming. The
graph shows the number of tubes at a different distance from the center of the foam cell
before and after the foaming process at low volume-expansion ratios. The increase in
distance is consistent with the schematic shown in Figure 4.2. However, the distance of the
translational motion decreases as the initial distance between the CNT and the center of the
foam cell increases. The changes in the shape of histogram distributions before and after
the foaming process showed the non-uniform effect of foaming expansion on the tubes. In
conclusion, the further the tube is from the center, the less translational motion was induced

by the foaming expansion.
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Figure 4.9 Histogram of distances from the center of foam cell to tubes were before and after
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foaming process at low volume-expansion ratio.

4.4 Modeling Foaming at High Volume-Expansion Ratio

At a high expansion ratio, the shape of the foam cell is no longer spherical, and it
becomes polyhedral due to the interference among adjacent cells. In order to handle the
situation with manageable demand in computation power, a cubic model is adopted in this
study. The midpoint of the tube is still translated radially from the center of the foam cell
during foaming. The rotation of the tube is again based on the incompressible property of
the polymer matrix. Figure 4.10 illustrates a schematic to describe the rotational motion of
the CNT caused by foam expansion. The purple point in this figure is used to define the
direction of the reoriented CNT. This point is collinear with the center of the cube and one
of the endpoints of the CNT before foam expansion. Its position can be determined by the

following relationship as shown in Figure 4.10:

L, R,

= 4.4.1
L, R, (4.4.1)

Once the value of R2 has been determined, the coordinates of the two endpoints of
the CNT can be found by using its length and the direction defined by joining the midpoint

of the CNT and the purple point.
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Figure 4.10 Model of cubic expansion for incompressible material at different stages.

In addition, the rotation of the tube strongly depends on the volume-expansion ratio
as illustrated in Figure 4.11. It can be observed that a higher degree of reorientation would
occur as the volume-expansion ratio increases. Furthermore, at a high volume-expansion

ratio, the cell wall is very thin, and the CNT would become virtually parallel to the walls.
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Volume Expansion Ratio

Figure 4.11 Rotational motion of CNT as a result of different degrees of volume expansion.

Figure 4.12 illustrates the number distribution of CNTs with specific cos(0) (i.e.,
the cosine of the polar angle) and angle ¢ (i.e., the azimuthal angle) before and after the
foaming process at a high volume-expansion ratio (i.e., 20 times as a case example). The
large number of CNT with cos(0) close to -1, 0, and 1 indicates that most CNTs have been
reoriented to directions parallel to the cell walls. Furthermore, it can be observed that most
CNTs have their values of angle ¢ equal to -180 °, -90°, 0° 90° and 180° after foam
expansion. This indicates that most CNTs were aligned with the xz-plane and yz-plane. In
other words, this again reveals that CNTs would preferentially align along the cell walls

after the polymer nanocomposite has undergone large volume expansion.
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Figure 4.12 Histograms of ces(6) and angle ¢ before and after foaming process at high volume-

expansion ratio.

4.5 Alteration of Resistor Networks

Figure 4.13 and Figure 4.14 illustrate my work on the influence of foam expansion
on the CNT conductive networks (i.e., in terms of the number of (i) nodes; (ii) nodes per
cluster; and (iii) nodes per conductive path) embedded in the polymer matrix. It can be
observed that regardless of the initial MWCNT loading (in vol.%), there exists a higher
increase in the number of nodes after foaming relative to the original number of nodes in

the unfoamed nanocomposites as the volume-expansion ratio increases. It is because the
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foam expansion results in the compacting of the MWCNT in the thin cell walls, enhancing
the interconnectivity among them. Furthermore, the effect of foaming on the promotion of
the connectivity among MWCNT is more significant for nanocomposites loaded with

lower loading of MWCNT initially.
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Figure 4.13 Relative increase in the number of nodes after foaming for nanocomposites with
initial MWCNT loadings of 5.5 vol.% and 1.6 vol.%. (Note: Relate increase is the ratio of the number of

nodes after foaming to that before foaming)

Figure 4.14 presents the relative increases of the average numbers of nodes per
cluster and conductive path before and after the foaming process at different volume-
expansion ratios for nanocomposites initially loaded with 5.5 vol.% and 1.6 vol.%
MWCNT. The foaming process promotes both the number of nodes per cluster and that

per conductive path compared to the pre-foam cases. However, when the expansion is
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extremely large, the numbers of nodes per conductive path reduce, meaning the foaming
process breaks the conductive paths and creates more nodes per cluster. It must be noted
that clusters are groups of connected CNTSs, but they do not necessarily connect the two

electrodes and thereby may not contribute to the equivalent conductivity. The smallest
number of CNTSs per cluster is two.
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Figure 4.14 Ratios of nodes per clusters and conductive path before and after foaming process at

different volume-expansion ratio for vf. of 5.5% and 1.6%.

4.6 Strategy to Overcome the High Demand of Computation Power
In order to validate the model, the simulation results were compared to the
experimental data. It must be noted that some input parameters (e.g., cell size) for the
simulation had to be obtained from experimental observation in order to simulate the

realistic situation. Considering the nanocomposite has undergone a high-volume expansion
55



(e.g., 20 times) as a case example, Table 4.1 summarizes the length scale of the RVE and

the number of MWCNT required to simulate a hanocomposite foam with different cell

sizes, ranging from approximately tens to hundreds of times of the MWCNT length (i.e.,

0.8 um). It can be observed that as the cell size increases, the length scale of the RVE must

increase accordingly, this leads to a significant increase in the number of MWCNT to be

generated in the RVE. Since the number of computational steps is approximately

proportional to the square of the number of MWCNT in the RVE, this would dramatically

increase the demand in computational power, which may go beyond the computer capacity.

Table 4.1 Estimations of numbers of CNT needed in simulations at different RVE volume scales

Length RVE Volume- Foam- Wall Number of CNT generated

of CNT | length | expansion | Cell size | thickness Initial volume fraction (%)
(um) Scale ratio (um) (um) 1.60% 2.70% 5.50%
0.8 5 20 10.9 0.19 1.8E+04 3.1E+04 6.2E+04
0.8 10 20 21.7 0.37 1.4E+05 2.4E+05 | 5.0E+05
0.8 20 20 43.4 0.75 1.2E+06 2.0E+06 | 4.0E+06
0.8 30 20 65.1 1.12 3.9E+06 6.6E+06 1.3E+07
0.8 40 20 86.9 1.50 9.3E+06 1.6E+07 | 3.2E+07
0.8 50 20 108.6 1.87 1.8E+07 3.1E+07 | 6.2E+07

A sample of real measurement: Foam cell size 113 um and Expansion Ratio of 23

One strategy to overcome this challenge is described below.

e The simulation volume is subdivided into several partitions based on the

direction of current flow as shown in Figure 4.15 and these partitions have

their own electrical conductivity 61 and G2 as shown in Figure 4.15 (b).
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e Each partition can be considered as an individual resistor (i.e., R1 through
Rs) as shown in Figure 4.15 (a).

e Ri, Rz2 and Rz are parallel to the current flow. R4 and Rs are perpendicular
to the current flow.

e Resistors connect to form a resistor network (as shown in Figure 4.15 (c)).

e Solve the equivalent circuit to get equivalent resistance and calculate the

electrical conductivity based on the dimension of the RVE.

(a)
R2

R1

)

Figure 4.15 Partial simulation demonstrations for a large size of a foam cell:

(a) subdivided partitions considered as individual resistors;
(b) schematic anisotropic conductivity based on current flow;

(c) equivalent circuit.

Therefore, it is possible to generate two child RVEs (as shown in Figure 4.16),
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which are substantially smaller than the parent RVE, to simulate the electrical conductivity
of these two cases. Consequently, the conductivity of the child RVEs can be used to
determine the equivalent conductivity of the parent RVE (i.e., a unit cell of the
nanocomposite foam). This strategy will significantly reduce the required computational

power required by the simulation.
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Figure 4.16 Subdivisions of RVE
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In more detail, the o1 is extracted from the simulation of electrical conductivity of

the child RVE that is parallel to the current flow direction. The dimension of the child RVE
is Ls x Ls x Tw, where Ls is desired simulation size and Ty is the thickness of the cell wall
as illustrated in Figure 4.16 (b). Its conductive length is Ls and cross-sectional areas is Ls

x Tw. This child RVE can be used to represent resistors Ry, Rz, and Ra.

R1 and Rs are identical which have conductive length of Tw and cross-sectional
areas of [L? — (L — T,,)?] where L is the length of the parent RVE. Hence, their equation

is the Equation (4.6.1). In case of Ry, its conductive length is L — 2T, and cross-sectional
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areas of [L? — (L — T,,)?]. Therefore, its equation is the Equation (4.6.2).

T,
17 T ey x [L2 = (L-T,)?] (46.1)

R = L-2T, (4.6.2)
27 gy X [L2— (L —T,)?]

Similarly, o2 is extracted from the simulation of electrical conductivity of the child

RVE that is perpendicular to the current flow direction. The dimension of the child RVE
is Tw x Ls x Ls. Its conductive length is Tw and cross-sectional areas is Ls x Ls. This child
RVE can be used to represent resistors R4 and Rs which are identical and have conductive
length of Ty and cross-sectional areas of [(L — 2T,,)?]. Eventually, their resistances are

presented below.

R: = Tw
>~ o, x (L—2T,)?

The equivalent resistance Re is calculated based on the equivalent circuit as the
Equation (4.6.4) and the equivalent electrical conductivity Ge can be extracted as the

Equation (4.6.5).

R, = SaRs | o, RsRs (4.6.4)
E”R,+R, % R3;+Rs e
L L
Ry=—— - 4.6.
E=gox12 O PET R x L2 (4.6.5)

4.7 Conclusions

The simulation of foaming can be successfully performed in two cases. At the
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beginning, when the foam cell starts expanding, the shape is conserved as a sphere. In the
next phase, the shape is considered as a cube with thin walls. A comparison between the

simulation results and the experimental results will be presented in Chapter 6.
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Chapter 5 EXPERIMENTAL SETUP & RESULTS

Summary: In this chapter, we introduce the experimental fabrication of polymer
nanocomposites and their foam. The samples were characterized in terms of their electrical
conductivity. The effect of foaming on the electrical conductivity of polymer

nanocomposites was discussed.

5.1 Introduction

This study investigates the application of supercritical carbon dioxide (ScCO3)
foaming to tailor the nanostructure of high-density polyethylene (HDPE)/multi-walled
carbon nanotube (MWCNT) nanocomposites. In the previous study [24], the
HDPE/MWCNT nanocomposites were examined only at 15 wt.% of MWCNT loaded
originally by the material provider, leading to the incomplete understanding of
morphologies and electrical properties of nanocomposites and their foams. Hence,
parametric studies were conducted to elucidate the processing-structure-property
relationships of HDPE/MWCNT nanocomposites and their foams. The effects of initial
MWCNT loading and foaming temperature on the foam morphology and the MWCNT
networking of HDPE/MWCNT nanocomposites were studied. Further systematic studies
of the interrelations among HDPE/MWCNT nanocomposite’s foam morphology,
MWCNT localization and networking, as well as the material system’s electrical
conductivity and percolation threshold were completed.
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5.2 Material and Sample Preparations

5.2.1 Material Preparations

Commercially available HDPE/MWCNT nanocomposite masterbatch (Nanocyl,
Plasticyl HDPE1501), loaded with 15 wt.% MWCNT (Nanocyl, NC7000™), and neat
HDPE (NOVA Chemicals, SCLAIR® 2710) were used to prepare HDPE/MWCNT
nanocomposites of different MWCNT loadings. The constituent MWCNT had an average
length of 1.5 um and an average diameter of 9.5 nm. The physical foaming agent used in
this study was carbon dioxide (CO2) (Linde Gas Inc., 99.8% purity). The physical
properties of HDPE/MWCNT masterbatch, HDPE, and MWCNT are summarized in Table

5.1 to Table 5.3. All materials were used as received with no modification.

Table 5.1 Physical properties of HDPE/MWCNT masterbatch [84].

Property Value Unit
MWCNT Loading 15 wt.%
Density 977 kg/m3
Melting Temperature 135 °C
Resistivity 1.0 (max) kQ

Table 5.2 Physical properties of neat HDPE [85].

Property Value Unit
Density 951 kg/m3
Vicat Softening Temperature 125 °C
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Table 5.3 Physical properties of MWCNT [86].

Property Value Unit
Average Diameter 9.5 nm
Average Length 1.5 um
Carbon Purity 90 %
Surface Area 250-300 m?/g
Volume Resistivity 10 Q-cm

5.2.2 Solid Sample Fabrication

The HDPE/MWCNT nanocomposites with different MWCNT loadings were
prepared by diluting the HDPE/MWCNT masterbatch with calculated amounts of neat
HDPE. The dilution was done by melting the mixtures using a micro-compounder
(HAAKE™ MiniCTW Micro-Conical Twin Screw Compounder) in the circulating mode

for 5 minutes at 215°C, with the spinning speed set at 75 rpm as drawn in Figure 5.1 (a).

' Feeding (a) (b)

Mixing

l Circulating

Figure 5.1 Melt-compounding of HDPE/MWCNT masterbatch and (a) neat HDPE; (b) extrudates.

The extrudates, illustrated in Figure 5.1 (b), were pelletized and compression
molded into a circular disc sample of 115 mm in diameter and 0.50 mm in thickness using
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a compression molding machine (Craver Press, 4386 CH) as shown in Figure 5.2. The

compression molding procedure is summarized below:

Step 1.

Step 2.

Step 3.

Step 4.

Step 5.

Step 6.

A weighed amount of HDPE/MWCNT nanocomposite pellets was loaded into a

circular disc mold of 115 mm in diameter and 0.50 mm in thickness.

The compression molding machine was equilibrated at 155°C.

The heat platens of the compression molding machine were brought into contact
with the mold, which loaded with the nanocomposite pellet, for 5 minutes to ensure

the complete melting of the nanocomposite pellet as illustrated in Figure 5.2 (a).

The molding pressure was ramped up gradually to 27.6 MPa and held at this level

for 6 minutes as illustrated in Figure 5.2 (b).

The disc sample, which was still inside the mold, was transferred to a cooling
module with flowing water channels to solidify the disc sample which was

illustrated in Figure 5.2 (c).

The sample was cut into rectangular specimens with dimensions of 12 mm x 10
mm x 0.50 mm. The specimens would then be characterized using an electrical

conductivity analyzer or be foamed by ScCO2.
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(a) (b)

< Hotplates >
<: Circular disc mold

Pressurization handle = >

(c)

Figure 5.2 Demonstration of compression molding process: (a) preparing; (b) compressing; (c)

circular disc of sample of compressed mold.

5.2.3 Foaming Sample Fabrication

HDPE/MWCNT nanocomposite foams were fabricated by a batch foaming
chamber using ScCO: as the physical foaming agent as drawn in Figure 5.3. In the physical
foaming process, nanocomposite specimens were saturated with ScCO; for 30 minutes at
pre-set combinations of saturation pressure (Psa) and saturation temperature (Tsat).
Subsequently, an outlet valve of the batch-foaming chamber was opened to rapidly
depressurize it. This led to thermodynamic instability in the HDPE/MWCNT/ScCO-
system and thereby induced cell nucleation and subsequent cell growth in the HDPE
matrices. Table 5.4 summarizes the key parameters being studied in the physical foaming

experiments.
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Chamber:
Solid matter + CO,

Pressure and

Temperature control

7 m

Chamber -

Sample

Figure 5.3 Scheme of physically foaming process.

CO, cylinder

Table 5.4 Parameters studied in physical foaming experiments

Parameter Value Unit
MWCNT Loading 0,1,2,3,5 7,and 10 wt.%
Psat 8.3, 13.8, and 19.3 MPa
Tsat 123-135 °C
Saturation Time 30 (fixed) min

5.2.4 Sample Characterization

The apparent density of HDPE/MWCNT nanocomposite foams was determined in

accordance with ASTM D792. After measuring their masses in the air and in water, the

apparent density of a foam sample (pr) and the volume-expansion ratio (¢) can be

determined by Equations (5.2.1) and (5.2.2), respectively [87].

MyirPwater

Pr =

¢

Myir — Mygier

_Ps

Py

(5.2.1)

(5.2.2)
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where mair and Muater are the masses of samples measured in air and in water, respectively;
pwater 1S the density of water, and ps is the density of the solid HDPE/MWCNT

nanocomposite sample.

The phase and foam morphologies of the solid and foamed HDPE/MWCNT
nanocomposite samples were characterized by scanning electron microscopy (SEM) (FEI
Company Quanta 3D FEG). The cross-sections of all samples were exposed by cryo-
fracturing the samples under liquid nitrogen. The fractured surfaces were then sputter-
coated with gold (Denton Vacuum, Desk V Sputter Coater). The cell size and cell
population density of selected foam samples were obtained by analyzing the SEM
micrographs of the foams using ImageJ software (National Institute of Health). The cell
population density (No) with respect to the unfoamed volume was determined by Equation

(5.2.3) [88].

3

_ . [nME 5.2.3
NO—"’X[Al (5.2.3)

where n is the number of cells in the SEM micrograph; M is the magnification factor of the

micrograph; and A is the area of the micrograph.

5.3 Micro-and-Nanostructures of CPNs and Foams

Figure 5.4 (a) through (f) show the SEM micrographs of HDPE/MWCNT loaded
with 3 wt.% MWCNT before injected to ScCO> foaming at Psat 0of 8.3 MPa and after at

different Tsa. Experimental observation revealed that foam morphologies of
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HDPE/MWCNT nanocomposite foams had a strong dependence on Tsa. At 123°C, the
HDPE matrix, reinforced by MWCNT, was too stiff to achieve observable foam expansion.
As Tsat gradually increased, the foam morphologies evolved from having a high cell density
with fine cells to a reduced cell density with larger cells. The foam structure finally
deteriorated when Tsat was increased to 135°C. In other words, within the processing
window, varying Tsat would be an effective approach to tune the cell morphologies and

thereby the MWCNT network of HDPE/MWCNT nanocomposite foams.

) © ®
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Figure 5.4 SEM micrographs of HDPE/MWCNT nanocomposites and foams loaded with 3 wt.%
at Psy of 8.3 MPa and different Tsar: (a) solid nanocomposite; and foams at (b) 123°C,
(c) 125°C, (d) 127°C, (e) 130°C, and (f) 135°C;
at Tsa Of 127°C but different in Psa: (g) 8.3 MPa, (h) 13.8 MPa, (i) 19.3 MPa;
and at Psa 0f 8.3 MPa, Tsa: 0f but 127°C different in MWCNT loadings: (j) 3 wt.%, (k) 5

wt.%, (1) 10 wt.%.

5.4 Effects of Foaming Conditions on Volume-Expansion Ratios

The results for neat HDPE polymer and different initial loadings (i.e., in wt.%) of
MWCNT at two levels of P, are plotted in Figure 5.5. It can be observed that the foaming

behaviors of the neat HDPE depended strongly on both Py, and Ts... Regardless of the Psa,
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the optimal 7. to maximize the volume-expansion ratio was 124°C. The achieved volume-
expansion ratios were 17.7 and 8.7 for Py of 13.8 MPa and 8.3 MPa, respectively. For
foams prepared at Py, of 13.8 MPa, the higher level of dissolved CO> together with the
higher depressurization rate contributed to a higher degree of supersaturation. This led to
a more rapid foam expansion and a shorter period for gas loss to the surrounding. Both
factors contributed to the higher volume-expansion ratio achieved at higher Py.,. However,
the expansion of the neat HDPE was extremely sensitive to 7s., and the narrow processing
window limited the control of the foaming process. When the temperature was below the
optimal Ty, the polymer was too stiff and limited the expansion. In contrast, at a
temperature higher than the optimal 7., the weakened cell wall together with the high

diffusivity led to an increase of gas loss.

By reinforcing the HDPE matrix with MWCNTs, the stiffness of nanocomposites
increased, which shifted the optimal 7. to a higher level. Furthermore, the strengthening
of the cell wall, which increased the melt strength also widened the processing window
because of the suppression of cell rupture at high temperature. The maximum volume-
expansion ratios were 6 and 23 for nanocomposite foams prepared at 13.8 MPa and 8.3
MPa, respectively. It is noted that the volume-expansion ratio of nanocomposite foams
prepared at 13.8 MPa increased and achieved a plateau instead of decreasing as Ty
increased. This can be explained by the increase in cell nucleation rate and decrease in cell
growth of individual cells, which helped to suppress the rupture of the cell wall at high Tq:.

The minimum required 7s. to maximize foam expansion increased from 125°C to 127°C
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as MWCNT loading increased from 1 wt.% to 10 wt.%. This was caused by the increased
stiffness of the matrix, which led to the need of elevated T, to soften the matrix for
effective foam expansion. In contrast, for nanocomposite foams prepared at 8.3 MPa, the
foaming behavior was similar to that of neat HDPE. The volume-expansion ratio increased
as T« increased initially; however, when T4 continued to increase above the optimal Tar,
the volume-expansion ratio decreased. Due to the lower level of supersaturation, cell
nucleation rate decreased, and more CO; was used for cell growth instead of nucleation of
new cells. The more substantial expansion of individual cells led to the increase in cell wall
rupture at high T, This resulted in significant gas loss and thereby the reduced volume-

expansion ratio at Ty higher than the optimal level.

25

Fa =10 initial wi% MWCNT]

’ - - 5 initial wt% MWCNT
[ - - 3 initial wt% MWCNT

200's --- 1 initial wt% MWCNT
r % -~ pure HDPE2710

Volume Expansion Ratio (at 13.8 MPa)
Volume Expansion Ratio (at 8.3 MPa)

L 1 1 1 L 1 L L L L
123 125 127 129 131 133 135 123 125 127 129 131 133 135

Temperature ("C}) Temperature {°C)
Figure 5.5 Effects of Tsa on volume-expansion ratio of HDPE/MWCNT nanocomposite foams with

different initial MWCNT loadings at saturation pressure of (a) 13.8 MPa; and (b) 8.3 MPa.

5.5 Effects of Foaming Conditions on Foam Morphologies

The effects of foaming conditions on foam morphologies were further investigated
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by analyzing the cell size and the cell population density obtained under various foaming
conditions. Figure 5.6 (a) illustrates the effect of Psat on the cell size and cell population
density of nanocomposite foams, loaded with 3 wt.% of MWCNT, prepared at 127°C. As
Psat increased from 8.3 MPa to 19.3 MPa, the cell size reduced while the cell population
density increased. At high Psat, there was be a higher degree of supersaturation due to the
higher level of dissolved CO> and higher depressurization rate. Both led to higher cell
nucleation. In other words, more gas was used to form new cells instead of expanding the
nucleated cells. As a result, the nanocomposite foams yielded a higher number of smaller

cells.

Figure 5.6 (b) illustrates the effect of Tsat on the foam morphologies of
nanocomposite foams, loaded with 3 wt.% of MWCNT, foamed at Psa of 8.3 MPa. By
increasing Tsat from 125°C to 135°C, the cell population density monotonically decreased
while the cell size first increased to maximum when Tsat raised to the range of 127 to 131°C
and subsequently decreased as Tsat further increased to 135°C. At low Tsa, the
nanocomposite’s structure was very rigid, and this restricted the cell growth and suppressed
cell wall rupture. This led to a decrease in cell size and an increase in cell population
density. As Tsat increased continuously to an optimal level, the cell size increased while the
cell population density gradually decreased. This could be explained by the increase in gas
diffusivity, which led to faster cell growth, more rapid gas loss to the surrounding, and an
increased chance of cell wall. When Tsat continues to increase beyond the optimal Tsat,

severe cell wall rupture led to a significant decrease in cell population density.
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Furthermore, the cell size also decreased due to cell collapse caused by significant gas loss

to the surrounding.

Figure 5.6 (c) shows that the initial loadings of MWCNT (i.e., ranging from 2 wt.%
to 10wt.%) had insignificant effects on both the cell size and the cell population density for
nanocomposite foams prepared at Psat 0f 13.8 MPa and Tsat 0f 127°C. While nanocomposite
foams were successfully prepared at these MWCNT loadings, neat HDPE, or
nanocomposite with lower loading (i.e., 1 wt.%) were not able to foam due to the melting
and collapse of the resultant foam structures after the ScCO2 foaming process at this level
of 127°C. Experimental results revealed that at the optimal Tsa the cell size and cell

population density were not substantially influenced by the initial loading of MWCNT.
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Figure 5.6 Cell size and cell population density depending on:
(a) saturation pressure at Tss: of 127°C of the samples of 3 initial wt.% of MWCNT;
(b), saturation temperature of 3 wt.% of MWCNT initially at Psx of 8.3 MPa; and

(c) initial MWCNT wt.% at Psa 0f 13.8 MPa and T of 127 °C.

5.6 Measurement of Electrical Conductivity Methodologies

The electrical conductivity of solid HDPE/MWCNT nanocomposite samples was
measured by the two-probe technique using a multifunctional source meter (Keithley, 2450
Source Meter). The two-probe technique was performed in accordance with the ASTM
D257-07 standard. By printing conductive silver-epoxy paste as electrodes on both ends of
a sample, the voltage difference was introduced through the wires and the flowing current
was recorded to calculate the electrical conductivity of the nanocomposite sample. Figure
5.7 illustrates the nanocomposite samples prepared for the two-probe technique in two

different directions: through-the-thickness and in-plane.
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Figure 5.7 Protocol of nanocomposite samples prepared for electrical conductivity measurement

by two-wire technique in: (a) through-plane; and (b) in-plane directions.

In the measurement of electrical conductivity, there are two distinct directions of
current flow: in-plane and through-the-thickness of the specimen. The measured electrical
conductivities of in-plane and through-the-thickness were shown in Figure 5.8. The
samples demonstrated anisotropic electrical conductivity. The through-the-thickness
conductivity was several orders of magnitude lower than that of the in-plane conductivity.
This is in-line with previous works reported in the literature using other conductive fillers
such as graphene [89], and carbon fiber [90]. This demonstrated how fabrication processing
affects the electrical conductivity. Under compression-molding, the melted material flew
in-plane to fill the mold. The fillers tended to align in the in-plane direction, hence
promoting the electrical conductivity. Remarkably, the through-the-thickness data did not
follow the expected trend as the in-plane data did. There are two sets of measurements,
which have the same range of thickness but different in relative density (equivalently,
different in the volume-expansion ratio), listed in Table 5.5. The through-the-thickness
electrical conductivity was not only dependent on the volume-expansion ratio but also
strongly relied on the thickness of the foamed samples. Therefore, to be consistent with the

relative-density dependence, the electrical conductivity mentioned after this section was
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conducted in the in-plane direction.
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Figure 5.8 Electrical conductivity measurement by through-plane in-plane methods of 3-initial-

wt.% nanocomposite foams.

Table 5.5 Electrical conductivity of thick nanocomposite foam samples.

Thickness Relative Through-the-thickness In-plane electrical
(nm) density electrical conductivity (S/m) conductivity (S/m)
2.2 0.200 1.12x10°8 1.09x10°3
2.0 0.204 2.61x10® 1.62x107
2.3 0.196 7.76x10® 1.24x1073
2.1 0.045 8.45x1010 1.62x108
2.4 0.044 6.28x101! 3.60x108

The electrical conductivity for the rest of this study is in-plane.

5.7 Effects of Foaming Conditions on Electrical Conductivity

In order to compare the structure-to-property relationships of solid and foamed

nanocomposites, the loadings of MWCNT were converted from weight fraction to volume
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fraction by considering the MWCNT density to be 1.75 g/cm? [43, 88]. The volume fraction
of MWCNT in foamed samples was calculated with respect to the total volumes of the
solid part and the voids. Figure 5.9 presents the effects of volume fractions of MWCNT on
the electrical conductivity of HDPE/MWCNT nanocomposites and their foams at different
initial MWCNT loadings (i.e., 3, 5, and 10 wt.%). While the weight percent of MWCNT
in a nanocomposite was not affected by foam expansion, the volume percent of MWCNT
decreased as the volume-expansion ratio of the foams increased. Therefore, for
nanocomposite foams with the same volume percent of MWCNT, the one prepared with a
higher initial weight percent of MWCNT had a higher volume-expansion ratio.
Experimental results revealed that the electrical conductivity of both solid nanocomposites
and foamed nanocomposites increased with the final volume fraction of MWCNT
regardless of the initial weight percent of MWCNT as expected. It is most important to
note that for resultant foams with the same volume percent of MWCNT (i.e., the same
amount of MWCNT per unit volume of the structure), the initial weight percent of
MWCNT loadings significantly affected the nanocomposite foams’ electrical

conductivities.

Experimental results indicated that for nanocomposite foams, with a constant
resultant low volume percent of MWCNT (i.e., achieved by large volume expansion), the
electrical conductivity of foamed samples was remarkably higher than the solid samples.
This increase was more significant for nanocomposites with higher initial MWCNT

loading in weight percent. As shown in Figure 5.9 (b), for all nanocomposite foams filled
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with 0.3 vol.% of MWCNT in the resultant foams, the electrical conductivity of the
nanocomposite foam sample initially loaded with 10 wt.% of MWCNT (note: expanded by
18.1 times) was five orders of magnitude higher than that of the solid sample. This was
also two orders of magnitude higher than that of the nanocomposite foam sample initially
loaded with 3 wt.% of MWCNT (note: expanded by 5.3 times), and one orders of
magnitude higher than that of the nanocomposite foam sample initially loaded with 5 wt.%
of MWCNT (note: expanded by 9.1 times). In other words, at the same MWCNT vol.% in
the resultant nanocomposite foams, higher initial MWCNT loading together with higher
volume-expansion ratio could promote the electrical conductivity of the material system
with the same loading of MWCNT per unit volume, and thereby could reduce material
costs. This structure-to-property relationship can be explained by the initial phase
morphology of HDPE/MWCNT nanocomposite before foaming. At high initial loading of
MWCNT, uniform dispersion of MWCNT was virtually impossible. Therefore, higher
degrees of local MWCNT agglomeration were unavoidable in nanocomposites with higher
MWCNT loadings. Through biaxial stretching during foam expansion, these highly
entangled networks of MWCNT become more compact and aligned along with the three-
dimensional structures of the cell walls. This resulted in a highly interconnected three-
dimensional electrically conductive network throughout the entire nanocomposite foam
structure. In short, foaming nanocomposites with high initial loadings of MWCNT could
serve as an effective strategy to produce light-weight polymer nanocomposite materials

with a low loading of MWCNT per unit volume but enhanced electrical conductivity.
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Figure 5.9 Electrical conductivity of HDPE/MWCNT composites and their foams loaded at

different contents: (a) overview of all measurement; and (b) only at 0.3 vf.%.

5.8 Effects of Foaming Conditions on Percolation Threshold

Figure 5.10 illustrates the effect of the foaming process on reducing pc of
HDPE/MWCNT nanocomposites. Experimental results indicated that pc of
HDPE/MWCNT nanocomposites significantly decreased after foaming, while initial
MWCNT content was a critical factor in suppressing the pc of the nanocomposite foams.
By increasing the initial MWCNT loading of the nanocomposite specimens from 3 wt.%
to 10 wt.%, the nanocomposite’s pc decreased from 0.09 vol.% to 0.04 vol.%. While the
solid nanocomposite’s pc was estimated to be 0.67 vol.%, which was higher than the values
reported in the literature [16, 43], the pc of nanocomposite foams was much lower. This
significant reduction in pc suggests that a lower loading of MWCNT per unit volume in
nanocomposite foams was required to transform the nanocomposites from electrically

insulating to conductive. Such improvements via the foaming process result in cost-
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Figure 5.10 Fitted percolation threshold for nanocomposites and their foams with different
initial loadings.
efficiencies for the fabrication of electrically conductive-filler-reinforced polymer-based

nanocomposites.

5.9 Conclusions

In this chapter, the effects of physical foaming on the electrical conductivity and
the percolation threshold of HDPE/MWCNT nanocomposites were investigated. By
changing the saturation temperature, one of the governing physical foaming parameters,
the effects of foam morphology and volume-expansion ratio on the electrical conductivity
of the foamed samples were also explored. The foam morphology, including cell size and
cell population density, and the volume-expansion ratio of nanocomposite foams were
crucially dependent on both saturation temperature and initial loadings of MWCNTSs in
nanocomposites. The electrical conductivities of nanocomposite foams were significantly

higher than their solid counterparts with the same loading of MWCNT per unit volume,
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especially at low MWCNT volume percent. The enhancement of the electrical conductivity
was more pronounced for nanocomposites with higher initial MWCNT loadings before the
material systems achieve the reduced loading of MWCNT per unit volume after foaming.
This processing strategy also led to lower percolation thresholds in the material systems
than their solid counterparts and thereby represented a viable path to the cost-effective

fabrication of electrically conductive-filler-reinforced polymer nanocomposites.
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Chapter 6 EXPERIMENTAL VALIDATION

Summary: In this chapter, the models for simulating the electrical conductivity of CPNs
and their foams are verified by comparing the simulation results with the experimental
data. Furthermore, possible factors that contributed to the discrepancy between simulation

and experimental data are discussed.

6.1 Introduction

The models for simulating the electrical conductivity of both the polymer
nanocomposites and their foams are validated against experimental results. The goal was
to validate the new approaches of implementing existing models [1, 2, 53] (i.e.,
nanocomposites and their foams with low volume-expansion ratios) and the new model
(i.e., nanocomposite foams with high volume-expansion ratios). The input parameters were

obtained either from experimental measurements or from literature.

6.2 Electrical Conductivity of Polymer Nanocomposites before Foaming

The CPNs being considered in the comparison were HDPE/MWCNT
nanocomposites. The input parameters for the simulation were obtained from the technical
datasheet provided by the material manufacturers as well as literatures [15, 78, 79, 91].
These parameters are summarized in Table 6.1. The sensitivities of them in simulation were

reported in [14, 52, 92-94], and the intrinsic electrical conductivity of CNT was found to
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be the most sensitive parameter and can not measure directly in our experiment. Besides
the given aspect ratio, i.e., the average length and diameter of MWCNT, by the
manufacturer, the other unknown parameters were chosen to be similar to other authors’
simulations. Once the parameters were fitted in the simulation of CPNs before foaming,
this set of configurations is transferred without any modifications to use in foaming

simulation to maintain consistency.

Table 6.1 Input parameters of simulation before foaming.

Property Symbol Value Unit
Intrinsic  electric  conductivit of o
MWONT y CNT 1000 s/m
Average length of MWCNT Lent 800 nm
Average diameter of MWCNT [86] D 9.5 nm
Number of conduction channels [15] M 460
Density of MWCNT [43, 88] d 1.75 g/cm?®
The height of energy barrier [15] AE 1 eV
Cut-off distance [15] Oeutoff 1.4 nm
Van der Waals distance [15] Clvaw 0.34 nm

Figure 6.1 presents both the simulation and experimental results of the electrical
conductivity of CPNs as a function of MWCNT loading of 0 to 5.5 vol.%. Three models,
which were based on different boundary condition approaches, produced similar data.
Based on the one-order of magnitude analysis, it can be observed that the simulation and
experimental results were consistent with each other. It must be noted that the fabrication
of CPNs with desired MWCNT loading was in terms of weight fraction (i.e., wt.%). In

order to convert the MWCNT loading from weight fraction to volume fraction, the
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MWCNT density was considered to be 1.75 g/cm? [43, 88]. The number of conduction
channels as well as the values of the height of the energy barrier, cut-off distance, and Van
der Waals distance were obtained from literatures [14, 15, 53, 61]. Because the process of
diluting CNT loading broke CNTs and reduced the average length of CNTs [77, 91], the
average length of CNTs used in the simulation was 800 nm, instead of the original average

length of 1500 nm as stated by the masterbatch’s manufacturer [86].
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Figure 6.1 Electrical conductivity values simulated and measured experimentally.

Experimental data were used to obtain the fitting parameters of the predictive
equation (i.e., Equation (6.2.1)) for the percolation theory. These include 6o = 4077 S/m
and pc = 0.0067 or 0.67%, and t = 1.74. It must be noted that p. represents the percolation
threshold in volume fraction and the critical exponent t is related to the dimensionality of

the system (note: in a three-dimensional system, the value of t is expected to be
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approximately 2 [64, 65]). The percolation threshold was found to be 0.67 vol.%, which

was equivalent to 1.22 wt.%.

o=4077 x (p—0.0067)174 (6.2.1)
6.3 Electrical Conductivity of Polymer Nanocomposite Foams

The input parameters for the simulation of polymer nanocomposite foams were the
same as those used in the previous section. Other input parameters related to the foam
structures were obtained experimentally and they are summarized in Table 6.2. The most
important parameters were the average size of foam cells, which was determined from
SEM micrographs, and the volume-expansion ratio. These were important parameters and
were used to calculate the dimensions of RVE, which were in the length scale as a multiple
of Len, of the simulation before foaming. The last column of the table shows that the size
of the unfoamed RVE was substantially larger than the average length of MWCNT. In
contrast, the wall thickness of the foam cell was only a few times greater than the average
length of MWCNT. The conversion from weight fraction to volume fraction was discussed
in the previous section. During the foaming process, the weight fraction of MWCNT was
virtually unchanged as the mass of air in the void was negligible. However, the volume
fraction of MWCNT reduced as the volume-expansion ratio increased. It can be observed
that different degrees of volume expansion can lead to two nanocomposites, which have
significantly different initial MWCNT loadings, yield very similar post-foaming volume

fraction of MWCNT.
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Table 6.2 Experimentally parameterized configuration for foaming simulation.

Experimental input Calculated input

Volume- Cell Wall RVE in

w.t.% v.f.% | expansion size thickness | scale

ratio (nm) (nm) of Lovr
5 0.301 9.1 53 2.10 32
5 0.127 21.6 125 1.99 56
10 0.728 7.6 51 2.46 32
10 0.306 18.1 105 2.01 50
10 0.249 22.2 160 2.48 71

Figure 6.2 illustrates the simulation results and experimental data of the CPN
foam’s electrical conductivity versus the post-foaming volume fractions of MWCNT. It
can be observed that there exists a satisfactory agreement between the simulation results
and the experimental data. Using the percolation theory, the fitting curves for the electrical
conductivity were plotted for both sets of data. The simulation included both outcomes at
low volume-expansion ratios using volume fractions from 3.5% to 5% and at high volume-
expansion ratios with volume fractions below 1%. In the case of low volume-expansion
ratio, the model used the size of RVE of [5.0, 5.0, 5.0] x Lcnt and with a spherical cell. In
the case of high volume-expansion ratios, the cubic model was adopted in the simulation.
The simulation data yielded a smooth transition from the low volume expansion cases to
the high-volume expansion cases. They matched well with the experimentally measured

electrical conductivity.
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Figure 6.2 Electrical conductivity dependence of foamed CPNs on volume fractions.

As shown in Figure 6.3, there also exists a smooth transition from simulation results
for foams with low volume expansion and those with high volume expansion for
nanocomposites with an initial MWCNT loading of 2.7 vol.%. Although the magnitude
differences between the simulation results and the experimental results are less than an
order, it can be observed a more significant discrepancy when compared to the case of
nanocomposites foams with an initial MWCNT loading of 5.5 vol.%. This discrepancy will

be discussed in the next section.

87



Electrical conductivity (S/m)

[
=]

—
T

[
=
=

[y
=]

ot
=]

10

|
—

- @ nitial vf=5.5% simulation
| <> itial vf = 5.5% experiment

"t High volume expansion ratio

Initial vf=2.7% simulation
Initial vf= 2.7% experiment

L E3 | , , .

0 1 2 3 4
Volume fraction of MWCNT (%)

5

Figure 6.3 Electrical conductivity dependence of foamed CPNs on volume fractions at different

initial volume fractions of 5.5% and 2.7%

6.4 Discrepancies in Electrical Conductivity after Foaming

The SEM micrograph shown in Figure 6.4 reveals that the thicknesses of the walls

of foam cells were not uniform, with most of them being very thin, and few of them being

abnormally thick.
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Figure 6.4 Illustration of uneven thickness of cell walls.

Table 6.3 summarized the measurements of thin and thick walls of foam cells for
several initial volume fractions at various volume-expansion ratios. The range of cell wall
thicknesses for the thin walls was estimated to be from 0.08 to 0.14 um, which was
extremely small compared to the average length of 1.6 um of MWCNTS. The estimation
was done roughly due to the limitation of the resolution of SEM images at the nanoscale,
and some of them have high uncertainties. In comparison to the average diameter of 0.0095
pm of MWCNTS, the thin wall was stacked up approximately 10 CNTs. These conditions
absolutely impacted the total electrical conductivity contributed by other normal-thickness
walls of foam cells. The normal thickness is defined as the thickness calculated based on
the foam-cell size and the volume-expansion ratio only, which is presented in the third last

column in Table 6.3.
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Table 6.3 Measurements of thin and thick walls of foam cells.

| & | cellsize Thin wall Estimate | # of walls
E § (1m) measurement (um) Thick wall " ,f (Estimation.1)
o i @ Average | Average | measuremen ' nesls _ Thic
= CIEJ g Std each whole. t (um) (rtorma Thin k
2 5 ¢ | Dev expansio thickness | walls | wall
= E < sample n ratio ) (um) s
3 6.1 53 11 0.09 3+1 3.3 40 20
5 6 29 6 0.11 0.08 1.5+0.9 1.8 50 10
10 5.1 22 6 0.05 1.5%+0.5 1.7 50 15
5 9.1 54 16 0.11 01 N/A 2.1 40 20
10 7.6 51 14 0.09 ' 44+14 2.5 40 10
3 233 | 113 | 44 0.2 2+1 1.7 40 10
5 21.6 | 125 | 28 0.07 0.14 3.5+15 2 50 10
10 22.2 | 160 | 33 0.15 3+0.5 2.5 40 10

The effect of thin walls on electrical conductivity was simulated in Figure 6.5
plotted together with experimental data for the case of initial volume-fraction of 1.6%. The
normal thickness in simulation, in which no thin walls are considered, and the size of RVE
after foaming was based on experimental measurements. The electrical conductivity in

terms of normal thickness was a two-order-of-magnitude difference from the thin wall.
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Figure 6.5 Electrical conductivity dependences on thickness of walls of foam cells of both

simulation and experiment of an initial volume-fraction of 1.6%.

To determine the dependence of thickness on initial volume-fraction, the
differences in the order of magnitude of electrical conductivity were calculated for cases
of thin wall, referred to as normal thickness, and are illustrated in Figure 6.6. There were
two major conclusions about the impact of thin wall thicknesses of foam cells on the
electrical conductivity: the impact was more at lower initial volume-fraction and low
volume-expansion ratio, i.e., high volume-fraction. The impact of thin-thickness foam cell
is explained why the simulation of initial volume-fraction of 2.7% was less compared to
the experimental result that the case of 5.5% at high volume fraction as shown in Figure

6.3.
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Figure 6.6 Order differences of magnitude of electrical conductivity in cases of thin wall from

normal thickness for various initial volume-fraction.

6.5 Conclusions

Experimental results were used to validate the models that were used to simulate
the electrical conductivity of CPNs before and after foaming. The experimental data were
well matched to the simulation results. In particular, the foaming expansion of CPNs could
be modeled for both low and high volume-expansion ratio. The curve-fitting percolation
threshold showed a smooth transition of electrical conductivity from low to high volume-
expansion ratio, which clarified the two-case model for the foaming process. In addition,
the model is validated by the experimental data, especially at high initial vf. However, the
thickness of the cell wall was found to be heterogeneous experimentally, which caused
sharp drops of low initial vf. at the low expansion ratio. The explanation was discerned by

simulating cases of thin wall with the same size of foamed RVE.
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Chapter 7 PIEZORESISTIVITY OF CPNS AND
FoAms

Summary: In this chapter, the applications of CPNs and their foams as sensors are
demonstrated. A dynamic mechanical analysis was conducted on the fabricated samples

and experimental results were presented to highlight their piezoresistivity.

7.1 Introduction

Polymers, such as high-density polyethylene (HDPE) or thermoplastic
polyurethane (TPU), are insulating but can be turned into electrically conductive material
systems by dispersing more than one type of conductive fillers. The hybrid fillers are a
compound of carbon nanotube (CNT) and graphene nanoplatelet (GnP). These fillers form
conductive networks in a polymer matrix and the degree of networking depends on the type
of filler, the structure of the polymer, and the mixing process. Furthermore, the conductive
filler network can be reconfigured by applied strain and/or stress. These materials can be

used in sensors such as strain gauges [95-97], or wearable strain sensor [35, 98].

The dimensions of the filler also strongly impact the electrical properties of the
CPN [95]. CNT, which is one-dimensional at the nanoscale, would increase CPN’s
conductivity if it is uniformly dispersed in the polymer matrix. The disadvantage of CNT
has been its cost, which has limited its applications. In contrast, GnP is cheaper due to high

productivity. For the nanocomposite containing hybrid filler of CNT and GnP, it has been
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shown that their synergistic effect helps promote the material system’s electrical
conductivity. For example, the electrical conductivity of CPN comprised 1% GNP and 1%
CNT was found to be two orders of magnitude higher than that of nanocomposites filled

with 2 wt.% GNP alone [99].

This chapter provides the findings of a comprehensive study of the piezoresistive
behavior of HDPE/TPU nanocomposites filled with different loading ratios of CNT and
GnP and their foams, demonstrating their potential applications in the sensor field.
Furthermore, the effects of CNT-to-GnP ratio on CPN’s structural morphology, foaming
behavior, electrical conductivity, and piezo-resistivity were investigated. The study found
that the presence of GnP had dominant influences on the foaming behavior and the gauge

factors of CPN.

7.2 Material Preparations

Commercially available HDPE/MWCNT nanocomposite masterbatch (Nanocyl,
Plasticyl HDPE1501), loaded with 15 wt.% MWCNT (Nanocyl, NC7000™), and neat
HDPE (NOVA Chemicals, SCLAIR® 2710) were used to prepare HDPE/MWCNT
nanocomposites of different MWCNT loadings. The constituent MWCNT had an average
length of 1.5 um and an average diameter of 9.5 nm. The physical foaming agent used in
this study was carbon dioxide (CO.) (Linde Gas Inc., 99.8% purity). Commercially
available TPU (Estane® 2103-70A TPU, Lubrizol) was used as the second component in

the CPN. It is a block copolymer consisting of alternating sequences of isocyanate- and
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polyether-based polyol. Graphene nanoplatelets (GnP, Grade 2, CheapTubes,
Cambridgeport, MA, USA) were dispersed with MWCNT to desired ratios. All materials

were used as received without any modification.

TPU was blended with HDPE to soften the material [100] to enhance the
piezoresistive behavior. However, an extensive amount of TPU would cause challenges to
create good foam structures, due to the differences in the working-temperature range. The
ratio of HDPE-to-TPU ratio was maintained at 60:30 while the filler contents (i.e., GnP
and/or MWCNT) was fixed at 10 wt.%. The neat HDPE was added to maintain the ratio of
the blends. GnP in powder form is challenging to uniformly disperse in common polymer
matrices [101, 102]. The HDPE masterbatch was used to ease the distribution of GnP in
the polymer resin. The CNT-to-GnP ratios were set to 0:10, 2.5:7.5, 5:5, 7.5:2.5, 10:0 in

order to determine the effects of hybrid fillers on piezoresistive behavior.

7.3 Experiment and Foaming

First, calculated amounts of HDPE/MWCNT nanocomposite masterbatch were
weighed and the MWCNT content was reduced to various levels by adding different
amounts of neat HDPE to maintain the sample’s HDPE-to-TPU to be 60:30 and GnP. The
dilution was done by melt-compounding the mixtures using a micro-compounder
(HAAKE™ MiniCTW Micro-Conical Twin Screw Compounder) in the circulating mode
for 5 minutes at 215°C, with the screw speed set at 75 rpm. The extrudates were pelletized

and compression molded into a circular disc sample of 115 mm in diameter and 0.50 mm
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in thickness using a compression molding machine (Craver Press, 4386 CH). The

compression molding procedure is summarized below:

Step 1.

Step 2.

Step 3.

Step 4.

Step 5.

Step 6.

A weighed amount of polymer-based nanocomposite pellets were loaded into a

circular disc mold of 115 mm in diameter and 0.50 mm in thickness.

The compression molding machine was equilibrated at 160°C.

The heat platens of the compression molding machine were brought into contact
with the mold, which loaded with the nanocomposite pellets, for 5 minutes to

ensure the complete melting of the nanocomposite pellets.

The molding pressure was ramped up gradually to 27.6 MPa psi and held at this

level for 6 minutes.

The disc samples, which were still inside the mold, were transferred to a cooling

module with flowing water channels to solidify the disc samples.

The samples were cut into rectangular specimens with dimensions of 12 mm x 10
mm x 0.50 mm. The specimens were then characterized using an electrical

conductivity analyzer or be foamed by ScCO..

After that, the nanocomposite foams were fabricated by a batch foaming chamber

using CO: as the physical foaming agent. In the physical foaming process, nanocomposite

specimens were saturated with ScCO, for 30 minutes at pre-set combinations of saturation

pressure (Psat) and saturation temperature (Tsat). Based on the theoretical calculation of
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saturation time, 30 minutes were enough to achieve 99% content of CO; in the polymer
matrices. Subsequently, an outlet valve of the batch foaming chamber was opened to
rapidly  depressurize it. This led to thermodynamic instability in the
HDPE/TPU/CNT/GnP/ScCO, system and induced cell nucleation and subsequent cell
growth in the polymer matrices. Table 7.1 summarizes the key parameters being studied in

the physical foaming experiments.

Table 7.1 Physical foaming experiment parameters.

Property Value Unit
CNT:TPU 0:10, 2.5:7.5, 5:5, 7.5:2.5, 10:0 | wt.%
Psat 8.3, 11, 13.7 MPa
Tsat 126 - 136 °C
Saturation Time 30 (fixed) min

Last, all the samples were characterized as in Section 5.2.4 Sample

Characterization.

7.4 Characterizations of CPNs and Foams

Figure 7.1 presents the comparisons of samples before (a, c, e) and after (b, d, f)
foaming at different CNT-to-GnP ratios. More GnP resulted in agglomeration, hence,
preventing the cell expansion during the foaming period, eventually disordered the cell
structure of the foamed samples. The GnP amount also influenced the volume expansion
of the samples. In Figure 7.2 (a), high loading of GnP constrained the expansion of foamed

nanocomposites. When the CNT-to-GnP ratio was higher than 0.5, the volume-expansion
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ratio increased dramatically. In the extreme case, the volume-expansion ratio of CPN
consisted of only CNT was 10 times larger than that comprised of only GnP. Therefore, to

achieve the desired expansion, the maximum loading of GnP needed to be controlled.

Figure 7.1: SEM Micrographs of nanocomposites (left column) and their foams (right column) with

HDPE:TPU ratio of 60:30 and CNT:GnP ratio of (a, b) 10:0, (c, d): 5:5, and (e, f) 0:10.

Foaming temperature significantly affected the foam expansion, which was consistent
with findings in other studies [103]. There is a critical temperature at which the volume-
expansion ratio reached its maximum. As shown in Figure 7.2 (b), with CNT-to-GnP ratio
of 5:5, the optimal foaming temperature was found to be 128°C. When the temperature was
too low, the structure of matrices was too stiff for foam expansion. In contrast, when the
foaming temperature was too high, the structure was too weak to hold the gas, and the gas
loss was elevated due to high diffusivity. Contrary to temperature influence, the saturation

pressure had only slight impacts on the volume-expansion ratio as shown in Figure 7.2 (c).
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Figure 7.2 Volume-expansion ratio depends on (a) CNT:GnP Ratio at 132°C, (b) saturation

temperature in case of CNT:GnP of 5:5, and (c) saturation pressure in case of CNT:GnP of 5:5.

Next, the cell population density and average cell size values were estimated for
the different CNT ratios at the same saturation temperature of 132°C and pressure of
8.3MPa (Figure 7.3). A higher content of GnP decreased the cell size but increased the cell
density. The GnP agglomerated and prevented gas to flow freely, consequently, created

intervening structure as captured in Figure 7.1 (d) and (f).

99



6x10" 120

—m— Cell population density (Cells.’cm3) 1110
n'_‘ ™
§ sx10'- \ Jao
o —
@ . 190 €
3 T, ds0 3
> 4x10 - N
£ 470 ‘@
c -
g . 160 &
e 3x10 1 2
s U 450 ©
= =T &
3 e {40 ¢
§:2x107— I {30 <
3 ) 120
o --0-- Average cell size (um)
1x10" -— . — 10
0.0 0.5 1.0
CNT Ratio

Figure 7.3 Cell population density and average cell size dependences on CNT ratio.

7.5 Piezoresistive Behavior

In the next step, the samples were characterized by a rheometer and the changes in
resistance were tracked by a source meter. An example of relative resistance change over
time was plotted (Figure 7.4) and compared to the strain applied to the sample. The
resistance change was greatest in the first cycle, decreasing after, and the relative change

in resistance plateaued after 50 cycles.
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In addition, experimental results show the existence of a second peak in the graph

of relative change in resistance. This second peak was found between the loading-

unloading cycle and is usually known as the “shoulder peak” [96, 104-106]. The “shoulder

peak” was mainly caused by the conflict between the destruction and reconstruction of

conductive networks formed by fillers during the loading-unloading cycle. In spite of that,

the impact of the conflict was suppressed by foaming the CPN as demonstrated in Figure

7.5.
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CNT:GnP ratios of (a) 0:10 and (b) 5:5.

In summary, the average gauge factors were calculated for each CNT-to-GnP ratio

and the data is reported in Figure 7.6. The study found that the gauge factor increased with

GnP content. This may be explained by the uneven dispersion of the GnP fillers in the CNT

connections which weakened the conductive network formed by conductive fillers.
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7.6 Demonstrations of Applications as Sensors

Samples were used as sensors to track the change of current output while external
strains were applied to the samples. The first demonstration, illustrated in Figure 7.7, is the
tracking of a finger when it is bending. A sample sensor was stuck to the finger and
connected with electrical probes to track the change in resistance while bending the finger.
The output of the screen in the Figure 7.7 (a) shows the signal before bending the finger
and the change of the resistance was captured after the finger was bent in Figure 7.7 (b).
The demonstration was successful to prove the application of the material as a strain sensor

and presented quick responses of output signal between movements.

Figure 7.7 Demonstration of bending finger

Next, the material was demonstrated as a step-counting sensor. The setup is shown
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in Figure 7.8. The sample sensor was stuck underneath a shoe, and the output signal when
the shoe was stepping on the floor was illustrated in Figure 7.9. The repeated pattern of the

change in the resistance can be used to determine the steps and measure the frequency of

steps.

Figure 7.8 Setup of sensor which was stuck underneath the shoe.

KEITHLEY

Figure 7.9 Output signal while stepping on the floor.
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7.7 Conclusions

In this chapter, the effect of CNT-to-GnP ratio in CPN on its structural morphology,
foaming behavior, and piezoresistivity was researched, followed by a demonstration of its
suitability for use with sensors or various kinds. GnP was found to be the crucial factor in
these properties, especially, in the gauge factor. Nonetheless, the GnP content dragged the
electrical conductivity and required highly sensitive measurement. The agglomeration of
GnP also restricted foam expansion because of the rigidity of the polymer matrix, leading
to the formation of nonuniform cell morphology. The foaming did alleviate the “shoulder
peak” and elevated the gauge factor in cases where the contents of GnP were more than

CNT.

105



Chapter 8 CoNcCLUSIONS AND FUTURE WORK

Summary: This chapter summarizes the conclusions, contributions, and future research

directions for the continuation of the current work.

8.1 Summary of Conclusions

The objectives of this research were to model the CPNs and foams and simulate
their electrical conductivity. The models were verified experimentally by fabricating

samples in both solid and foamed forms and characterized their electrical conductivity.

Q) Firstly, unfoamed CPNs were modeled and the simulation of their electrical
conductivity was conducted. Parametric studies were done on factors including the
size of the simulation volume, the boundary condition, and the distribution of
length of MWCNTSs with a view to understand the underlying mechanisms that
govern electrical and mechanical properties of CPN. Past research assumed
particular theoretical configurations, and the differences from the real situation
contributed to the observed uncertainties in simulation. This research studied these
common biases in simulation generally existed in models reported in the literature,
then discussed and suggested improvements. It was demonstrated that the direction
of the current flow needs enlarging to a sufficient but not infinite expansion, and
that the ‘cut-and-remove’ was the best approach for boundary condition.

(i) In the second phase of this research, CPN foams were modeled based on the
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(iii)

incompressible property of a polymer matrix. The fillers were considered to move
with the expanded volume and be constrained in the same unchanged volume,
followed by the radial translation of the middles of the fillers from the central point
of the foam cell. Based on the existing model reported in literature [1, 2], the
foaming simulation performed at low volume-expansion ratios where the shapes
of foam cells were spherical because the foam cells were free to expand and did
not interfere with the neighboring cells kept growing symmetrically. Recently the
distribution of fillers after foaming has been investigated and a newly published
paper [82] in July 2020 also reported the use of such model to simulate the
electrical conductivity and conductive network formation. Nevertheless, the
model, due to the consideration of the spherical cell, was limited to cases where
the volume-expansion ratio of the foam was low. This dissertation revealed the
limitation of the existing model and developed a new model that can be applied
for cases where the volume-expansion ratios are large enough for the adjacent cells
to interfere with each other. Furthermore, a new mathematical scheme to solve the
equations that describe the motion of CNT during expansion has been developed
to simplify the simulation using the existing spherical model and also be applicable
in the newly developed cubic model.

A state-of-the-art model was constructed by taking into consideration the
underlying mechanisms that govern the electrical and mechanical properties of

CPN at high volume-expansion ratios. It provided a model that can be applied in
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(iv)

(v)

the extreme cases where the size of foam cells was greater than the average length
of MWCNTSs in several orders of magnitude. Large cells did not retain a spherical
shape but interacted with adjacent cells and possessed distorted cell walls, leading
to a polyhedral shape. As a result, one of the challenges for the theoretical studies
of CPN foams with high volume-expansion ratios is the high-performance
computing resources arising when the content of fillers exceeded the capacity of
the computer. A new simulation scheme that subdivides a unit representative
volume element into sub-units was implemented to overcome the difficulty. It
simulates two different parts of the foam cell and the results can be combined to
determine the effective electrical conductivity.

Ultimately, experiments were carried out and the characterization of CPNs was
conducted to validate the theoretical models and suggested modifications. Initially,
the samples were successfully fabricated in both foamed and unfoamed forms and
their nano-and-microstructures, morphologies, and electrical conductivity
behavior were analysed. Finally, the inputs for simulation were parameterized
based on the experimental findings, and the model was tuned until it satisfied the
actual configuration. There were uncertainties in electrical conductivity for
different initial loadings of MWCNTSs. These were explained by the uneven
thickness of cell walls and it was noted that the impact was worse at lower initial
content of fillers.

Another contribution of this work is the study of the piezoresistive behaviors of
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CPNs. The fabricated samples were oscillated by the dynamic stretching and
compressing periods. These results demonstrated that the potential applications of

CPNs and foams in the field of strained/pressure sensors.

8.2 Summary of Contributions

My first publication discussed the common biases in modeling the electrical
conductivity of carbon nanotube—polymer nanocomposites and how to eliminate them. The
findings provided insights into the uncertainties in simulation of CPNs, and investigations
combining underestimation and overestimation using different hypothesized input
parameters. The outcomes led to higher precision in the simulation of CPNs without

excessive high-performance computing requirements.

Further research was undertaken [107] to enhance the electrical conductivity and
determine the percolation threshold of microcellular HDPE/MWCNT nanocomposite
foams. Experimental studies were conducted to fabricate samples of CPNs and foams,
which were then characterized for morphology structures and electrical properties. Detailed
investigation on foaming was completed in various experimental conditions including
saturation temperature, pressure and the initial loading of MWCNTSs. Extremely high
volume-expansion ratios were achieved under low saturation pressure and adequate
temperature, leading to a challenge in simulation to mimic the actual dimensions of a foam
cell. This challenge has never been studied as a consequence of limited computing

resources and the methods of handling foaming expansion.
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This challenge was solved in this research using a state-of-the-art approach to the
introduction of expanding fillers during the foaming process and using simulation of
subdivided partition of the unit cell and later combined the result to determine the effective
electrical conductivity. This approach would be able to reduce the costs of computing. The
approach that addressed filler movements caused by cell growth during foaming was
proved to be suitable and was validated experimentally for both low and high volume-
expansion ratios. The low expansion cases were simpler due to the symmetric expansion
of the spherical model, which was based on an existing model reported in the literatures [1,
2]. The cases at high expansion ratios were considered to have foam cells with cubic
shapes, leading to asymmetric movements of fillers during foaming expansion. Simulated
results for both the low and high expansion ratio cases were comparable to experimental
measurements. The closest match was for CPN foams with higher initial filler loadings.
The discrepancy found at lower initial filer loadings could be due to the impact of uneven
thickness of the cell walls. The heterogeneous thickness of walls in foam cells was clearly
observed in SEM micrographs. They illustrate some cell walls were very thick and many
of the others were exceptionally thin and could be in the same magnitude of the diameter

of MWCNTSs.

Finally, an assessment of potential applications of CPNs and foams were studied
and presented in the summer-research conference organized by Lassonde School of
Engineering at York University, then the detailed work was published [108] at ANTEC

conference held in Detroit, USA. The study proved that CPNs and foams were suitable for
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use in fields of force and pressure sensors from their greater conductivity and a more cost-

effective form.

8.3 Scholarly Publication

(i)

(i)

(iii)

(iv)

(v)

L.T. Hoang, Kyra, M., Leung, S.N., Zheng, H. Z., "Piezoresistive polymer
nanocomposites and their foams as smart sensing materials”, SPE, ANTEC,
Conference Papers, Paper #261, Detroit, MI, USA, March 18-21, 20109.

L.T. Hoang, Siu N. Leung, and Zheng H. Zhu, “Enhanced Conductive Network
Formation in Carbon Nanotube-Polymer Nanocomposites via Supercritical Carbon
Dioxide Foaming”, 2018 6th International Conference on Mechanical, Automotive,
and Materials Engineering held in the Hong Kong Polytechnic University

L.T. Hoang, S.N. Leung, Z.H. Zhu, Eliminating Common Biases in Modelling
Electrical Conductivity of Carbon Nanotubes-Polymer Nanocomposites, PCCP
(2018).

L.T. Hoang, M. Aghelinejad, S.N. Leung, Z.H. Zhu, High density
polyethylene/carbon nanotube nanocomposite foams: electrical conductivity and
percolation threshold, CSME international congress, York University, 2018.

L.T. Hoang, Leung, S.N., Zheng, H. Z. Strategies to Enhance Electrical
Conductivity and Suppress Percolation Threshold of HDPE/MWCNT
Nanocomposite through Supercritical Carbon Dioxide Foaming. Composites Part

C: Open Access, 2020. submitted.
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8.4 Future Work

The research can be extended and continued addressing the following unresolved issues:

(i)

(i)

(iii)

(iv)

The effects of the curvature of fillers on electrical conductivity behaviors after
foaming. When the foam cells are expanding, the CNTs would be curved along
the adjacent cell wall.

The shapes of foam cells would be more complicated than the cubic shape being
considered in this study. The polyhedral structures can be octahedral,
dodecahedral. The structures of the foam cells have been shown to influence by
the expansion of CPNs and the distribution of conductive fillers.

Foaming and piezo-resistive behavior could be simulated for hybrid fillers,
including CNTs and GNPs. Separate types of fillers have been widely studied
[109] but the consequence of hybrid fillers has not been theoretically studied yet.
Because CNT is 1D filler and GNP is 2D filler, it is therefore a much more
complicated case that requires much more effort to develop a feasible model that
demands reasonable computational power.

Besides this Finite-Element analysis, a recent study [110] took advantage of an
artificial neural network to make predictions of the bulk conductivity of CPNs

which shows very promising for future works.
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