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ABSTRACT
Carbon nanomaterials such as carbon nanotubes (CNTSs) and graphite nanoplatelets
(GNPs) demonstrate remarkable electrical and mechanical properties, which suggest
promising structural and functional applications as fillers for polymer nanocomposites.
The piezoresistive behavior of these nanocomposites makes them ideal for sensing
applications. Besides, hybrid nanocomposites with multiple fillers like carbon nanotubes
(CNTSs) and graphite nanoplatelets (GNPs) are known to exhibit improved electrical and
mechanical performance when compared to mono-filler composites.
To comprehensively understand the mechanisms of electrical percolation, conductivity,
and piezoresistivity in hybrid nanocomposites, the author develops a two-dimensional
(2D) and a three-dimensional (3D) computational Monte Carlo percolation network
models for hybrid nanocomposites with CNT and GNP fillers.
In the experimental studies correlated to the computational models, the author fabricates
the hybrid nanocomposites made of both fillers using resin infiltration techniques and
show an improvement of their electromechanical performance when compared to CNT
nanocomposites. Due to the limitations of the resin infiltration techniques, the author
develops an inkjet printing procedure with a new water-based CNT ink to fabricated
printed nanocomposites on both polyimide film (Kapton) and paper with high device-to-
device reproducibility. The ink formulation, as well as the substrate surface treatment,
have been optimized to obtain conductive and piezoresistive devices. the author shows
the effectiveness of the printed devices as strain sensors and impact damage sensors
respectively under mechanical strains and hypervelocity impact damages. Devices printed

with the minimum number of ink deposited layers lead to the best sensing performance.
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1. Introduction

In this first chapter the author talks about the importance of carbon nanotube and
graphene nanoplatelets as well as their general applications while he discusses how that
motivates the work in this dissertation. He also discusses the main objectives of this work
and the different steps taken to achieve them.

1.1. Motivation

Electrically conductive nanofillers such as carbon nanotubes (CNTSs) and graphene
nanoplatelets (GNPs) exhibit outstanding mechanical (Changgu Lee, Wei, Kysar, &
Hone, 2008; Q. Wang & Liew, 2009), electrical (J. C. Charlier, Eklund, Zhu, & Ferrari,
2008; Schonenberger, Bachtold, Strunk, Salvetat, & Forro, 1999), and electromechanical
(Smith et al., 2013; Tombler et al., 2000) properties with unique morphologies. This
combination of properties makes the nanostructures, ideal fillers to transform insulating
polymers into conductive nanocomposites, enhancing both the mechanical and electrical
properties. The global carbon nanotubes market was estimated at USD 3.5 Billion in
2016 and is expected to reach 15.02 Billion by 2026 (Watson, 2019). This huge market
growth comes from the fact that CNTSs are suitable for applications demanding durability,
high strength, electrical conductivity, thermal conductivity, and lightweight. Also, their
applications in end-use industries such as electrical and electronics are predicted to drive
market growth. Graphene, the world’s thinnest and strongest material, has seen a market
size of USD 42.8 million in 2017 and is projected to reach USD 552.3 million by 2025
(Grand View Research, 2019b, 2019a).

Applications such as automotive and aerospace, for their need in high strength and

low weight composites; and semiconductors, energy storage, and sensors, for their need



in highly conductive polymer composites will witness the fastest growth. These specifics
applications of CNTs and graphene are primarily based on their nanocomposites which
exhibit high electrical and thermal conductivities as well as excellent piezoresistivity.
Conductive nanocomposites have found applications in advanced aerospace and medical
technologies (X. Huang et al., 2011; I. Kang, Heung, et al., 2006), flexible electronics,
anti-static coatings, sensors, batteries and solar-cells (Singh et al., 2011). Besides, the
electromechanical behavior of these conductive nanocomposites enables their use in
structural health monitoring as strain and damage sensors (Bae et al., 2013; Namilae &
Choudhary, 2018). Multi-Walled Carbon Nanotubes (MWCNT) and Graphene
Nanoplatelets (GNP) dominate the market due to the ease of their mass production. With
the aforementioned reasons, it is critical to understand the mechanisms that control the
electrical conductivity and the piezoresistivity of the nanocomposites made of one or both
of the two fillers. This will help optimize and predict the properties of the
nanocomposites and guide the production of the fillers as well as the fabrication
processes and the design of the devices made from the nanocomposites. Moreover, rapid,
scalable and affordable fabrication methods leading to high device-to-device
reproducibility and more control over the device’s electrical properties are needed to
make nanocomposites more competitive.

To understand the behavior of the nanocomposites, several numerical modeling and
simulation techniques have been utilized. Due to the hierarchical nature of
nanocomposites, ranging from molecular scale, mesoscale to macroscale, several
phenomena occurring simultaneously at different time and length scales have to be

studied (Masoud Safdari & Al-Haik, 2013; Zeng, Yu, & Lu, 2008). The molecular scale



techniques, also called atomistic techniques are mainly based on molecular dynamics
(MD) and study the time-evolution of atoms, molecules or their clusters. The formulation
is based on a set of initial conditions (positions, velocities ...), a potential field that
defines the interactions between the particles, and the time evolution of the clusters that is
governed by Newton equations of motion. The main advantage of atomistic models is
that they enable the study of fundamental properties of the nanocomposites such as the
formation kinetics of nanocomposites (Baljon, Lee, & Loring, 1999), the binding energy
between polymer matrix and fillers (Tanaka & Goettler, 2002) and the molecular
structure at the surface of nanoparticlea embedded in polymer matrix (Starr, Schrgder, &
Glotzer, 2002). Limitations of these techniques are mainly computational due to very
short time and length scales; thus they are very limited in scope (G. T. Pham, 2008). For
numerical stability, the simulations usually require short time steps (about 2 x 10~15s)
with up to millions to trillions of sequential time steps needed. In addition, the analysis of
systems with bigger size implies that each time step takes even a longer time.

At the upper end of the length spectrum, macroscale methods also called continuum
methods such as finite element methods (FEM) homogenize the behavior of the material
at the atomic and microscopic scales. FEM usually ignores the discrete and molecular
structure of the nanocomposites and assumes that the material is continuous through its
volume in order to predict its macroscopic behavior. It uses mesh generation to fully
capture the spatial discontinuities in the materials. These methods are generally
computationally efficient and very good at analyzing the thermo-mechanical behavior of
the nanocomposites due to their bigger time and length scales. Several works have used

FEM to study the electrical and piezoresistivity behaviors of nanocomposites (Oliva-



Avilés, Sosa, & Avilés, 2013; Prakash & Seidel, 2016). Their main disadvantage is the
fact that the microstructural of the nanocomposites cannot be controlled. Besides, the
fundamental properties of nanocomposites at atomistic scales cannot be examined.

The mesoscale techniques bridge the gaps between the atomistic methods and the
continuum methods to solve some of their shortcomings. In mesoscale techniques, the
material is modeled as a repetitive, representative volume element (RVE) with periodic
boundary conditions (PBC) to represent the full-scale materials. Different microstructure
phenomena at the microstructure levels such as agglomeration, tunneling effects, filler
orientations have been modeled in the RVE using these techniques (Shen Gong & Zhu,
2014; B. Hu et al., 2012). In this dissertation, the author modeled nanocomposites with
CNT and/or GNP fillers using and RVE with PBC enforced on all sides. Quantum
tunneling effects at the nanoscale coupled with conductive networks due to adjacent
fillers, at the microscale are both modeled in the RVE. Monte Carlo simulations are used
to generate random configurations of the nanofillers in the RVE, based on the topological
disorder in the microstructures of full-scale nanocomposites. Percolation theory
(Crawford, 1991; Kirkpatrick, 1973; Seager & Pike, 1974; Stauffer, 2009) is then used to
predict the electrical behavior of the RVE based on the tunneling effects and the
conductive networks. The effective properties of the nanocomposites, such as electrical
percolation onset, conductivity, and piezoresistivity are then derived from the RVE.

As explained earlier, applications in end-use industries such as electrical and
electronics are driving the market growth of both CNT and GNP (Watson, 2019). Many
deposition methods such as spray coating (S. Kim et al., 2010; V. H. Pham et al., 2010)

and dip coating (Andrew Ng, Hartadi, Tan, & Patrick Poa, 2008; J. Liu, Hua, Li, & Yu,



2015) have been studied as ways to deposit CNTs and graphene on different substrates.
However, these methods present limitations such as homogeneity and thickness control of
the deposited films as well as their industrial productivity (Kholghi Eshkalak et al.,
2017). Thus, alternative methods such as screen printing (Hyun, Secor, Hersam, Frisbie,
& Francis, 2015; Karuwan, Wisitsoraat, Chaisuwan, Nacapricha, & Tuantranont, 2017;
G. Zhang, Chen, Deng, She, & Xu, 2009), transfer printing (Abdelhalim, Abdellah,
Scarpa, & Lugli, 2013; D. Song et al., 2017), and aerosol printing (Jabari & Toyserkani,
2015; D. Zhao, Liu, Zhang, Chen, & Wang, 2012) for printed nanocomposites based on
CNTs or graphene have also been developed. However, recent developments in digital
printing have made inkjet printing the most favorable method for printed electronics
applications (Karim et al., 2017; Mattana & Briand, 2016; Torrisi et al., 2012; R.
Tortorich & Choi, 2013) because of several advantages it has over traditional methods.
Precise control of the electrical properties, thickness, and shape of the printed film is
possible while maintaining high edge sharpness (Kholghi Eshkalak et al., 2017; Kwon et
al., 2013). The possibility of using commercial or professional existing printers with no
modification for the printing of nanocomposites makes this technique more versatile.
Also, since no prefabrication of templates or masks and no post-printing steps are
required, due to the precision of the printing using a simple template in word processing
or CAD software, it facilitates rapid and low-cost printing (Abulikemu et al., 2014; R.
Tortorich & Choi, 2013). A wide variety of printing patterns and substrates can be
accommodated. Multiple nanomaterials can also be simultaneously deposited on the
substrates using the multiple cartridge setup that inkjet printers allow. All these

aforementioned parameters are more challenging to control using traditional fabrication



methods for nanocomposite. In this work, the author develops an inkjet printing
procedure to fabricate CNT nanocomposites devices deposited on Kapton (polyimide
films) and paper. The ink formulation, as well as the substrate surface treatment, have
been optimized to obtain conductive and piezoresistive devices used as strain sensors and
impact damage sensors.
1.2. Objectives of This Dissertation
In Chapter 2, the author reviews the current literature on conductive CNT or GNP
polymer nanocomposites with a focus on hybrid nanocomposites made of CNT and GNP.
While this area has attracted a lot of research, many questions on the fundamental aspects
of the structure-property correlation of hybrid CNT-GNP nanocomposites remain
unanswered. Particularly, the correlation between the microstructure (filler morphology,
alignment, agglomeration, etc.) and electro-mechanical properties (conductivity,
percolation, piezoresistivity), needs to be explored for the optimal design of materials.
The primary objectives of this dissertation are to:
Investigate the behavior of thin-film nanocomposites. The author develops a 2D
percolation based model in Chapter 3 to predict the performance of “thin films” CNT
nanocomposites. The improvement of both electrical conductivity and gauge factor of
the thin films, with the addition of GNP fillers to a CNT percolated network is
examined. The effect of the content, the size, the aspect ratio and the alignment of the
elliptical GNP filler on the percolation onset, the electrical conductivity, and the
piezoresistivity is also studied. A validation of the numerical model with
experimental works is also performed.

Study the effect of CNT agglomeration on the electrical properties of



nanocomposites. The author develops in Chapter 4 a novel agglomeration
formulation to study realistic microstructures with CNT agglomeratea with non-
uniform filler density, inhomogeneous distribution, and different agglomerate
morphologies. This allows better control of the microstructure of hybrid CNT-GNP
nanocomposites. Using a Monte Carlo model, the author studies the percolation
threshold, electrical conductivity and piezoresistivity of the nanocomposites in the
presence of agglomeration. The author finds the agglomeration parameters that can
improve the aforementioned electrical properties of both monofiller and hybrid
nanocomposites. The present results match the previous experimental and numerical
works on CNT agglomeration.

Understand the mechanisms of electrical conductivity and piezoresistivity in
hybrid nanocomposites with a focus on synergistic effects. In Chapter 5, a 3D
percolation-based numerical model is developed to study hybrid CNT-GNP
nanocomposites with different CNT-to-GNP volume content. The conditions that lead
to synergistic enhancement of the electrical percolation threshold and conductivity are
found while the microstructure parameters that control the behavior of hybrid
nanocomposites are revealed for the first time. Additionally, the effect of both planar
and transversal aspect ratio of elliptical GNP filler on the electrical performance of
the nanocomposites are discussed for the first time. A comparison to experimental
works is performed to validate the present results.

Evaluate current fabrication procedures of CNT/GNP polymer nanocomposites
and develop an effective procedure to fabricate more performant and tailored

conductive nanocomposites using inkjet printing technology. A wet layup or resin



infiltration fabrication procedure is initially used in Chapter 6 to fabricate hybrid
nanocomposite made of CNT buckypaper and GNP platelets. The electromechanical
behavior under different loading conditions as well as the thermomechanical behavior
under various temperature and frequency environments are studied. The limitations in
terms of nanocomposite’s performance and challenges due to the fabrication
technique are addressed. In Chapter 7, the author develops a procedure to fabricate
nanocomposites films printed on paper and Kapton substrates. A new ink formulation
for very conductive materials is developed while a surface treatment of hydrophobic
Kapton films is performed for improved quality and electrical properties of the
printed nanocomposites. The sheet resistance of the printed nanocomposites is studied
with respect to the number of deposited ink layers and compared to previous works in
literature.

Demonstrate the effectiveness of the nanocomposites for strain sensing and
damage sensing applications. The strain sensing performance, as well as the
sensitivity to static and low-velocity impact damage of the hybrid nanocomposites
fabricated through resin infiltration technique, are examined in Chapter 6. The strain
sensing and damage sensing performances of the hybrid nanocomposites and the
CNT monofiller nanocomposites are compared. In Chapter 7, the author uses inkjet
printing technology to fabricate conductive devices for strain sensing and damage
sensing. The performance of the strain sensors printed on Kapton films is evaluated in
function of the number of printed layers of ink. The performance of the damage
sensors printed on both paper and Kapton films is also evaluated in function of the

number of layers. The author demonstrates the effectiveness of the damage sensors



under static impact damage and hypervelocity impact damage to show their use as

MMOD damage sensors.
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2. Scientific Background and Literature Review

In this chapter, the author will discuss the fundamental properties of carbon
nanotubes and graphene nanoplatelets and their use in nanocomposites. He will review
the different fabrication processes, applications and numerical models for the behavior of
nanocomposites. Special attention is given to the electrical and piezoresistive
performance of the hybrid nanocomposites with CNT and GNP fillers.

2.1. Carbon Nanotubes

Carbon nanotubes (CNTS), specifically multi-wall carbon nanotubes (MWCNTS)
were discovered in 1991 by ljima (1991) as needle-like tubular carbon structures made of
2 to up to 50 concentric graphitic sheets, each separated by a distance of 0.34 nm. They
were deposited on the hot tip of carbon cathode by the arc-discharge evaporation of
carbon. Two years later, single-wall carbon nanotubes (SWCNTSs), grown in the gas
phase of carbon were discovered independently by two research groups (Bethune et al.,
1993; lijima & Ichihashi, 1993). A SWCNT is a sheet of graphene rolled up into a
seamless cylindrical tube. The diameter of SWCNT is usually in the range of 1-2nm.
MWCNT consists of several nested graphene cylindrical tubes, with an outer diameter
ranging from 5 nm to hundreds of nanometers (Njuguna, 2012). CNTs can be a million
times longer than their diameter.

The longest carbon nanotube reported so far is 550 mm long, grown on Si substrates
using an improved chemical vapor deposition method (R. Zhang et al., 2013). CNTSs price
vary in function of several parameters such as purity, production methods, and type of
CNT. MWCNTSs usually cost between $0.5-100/g while SWCNTSs, much more

expensive, cost between $20-2000/g. The global carbon nanotubes market was estimated
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at USD 3.5 Billion in 2016 and is expected to reach 15.02 Billion by 2026 due to their
unmatched mechanical and transport properties (Watson, 2019). MWCNTS are currently
the more used type of CNTSs due to their advantages over SWCNTSs such as the ease of
mass production, relatively low production cost per unit, enhanced thermal and chemical
stability and improved technical know-how among the end-users.

2.1.1. Mechanical Properties

Carbon nanotube’s unique molecular structure gives rise to, among others, impressive
electrical and mechanical properties. Carbon nanotubes are the materials with one of the
highest tensile strength and the highest elastic modulus, yet discovered. With their low
density of 1.3 g/cm?® for SWCNTs (Meyyappan, 2005) and 2.1 g/cm?® for MWCNTS
(Lehman, Terrones, Mansfield, Hurst, & Meunier, 2011) they have the best specific
strength of known materials. Their strong covalent carbon-carbon (C-C) sp? bonds give
them stiffness and axial strengths up to 100 times higher than steel (R. Zhang et al.,
2013). Several experimental and theoretical studies have examined the elastic, inelastic,
buckling, yield and fracture behaviors of both MWCNTs and SWCNTs (Chandra,
Namilae, & Shet, 2004; Krishnan, Dujardin, & Ebbesen, 1998; Namilae, Chandra, &
Shet, 2004; Nardelli, Yakobson, & Bernholc, 1998; Peng et al., 2008; Robertson,
Brenner, & Mintmire, 1992; Treacy, Ebbesen, & Gibson, 1996; Wong, Sheehan, &
Lieber, 1997; Yakobson, Brabec, & Bernholc, 1996; M. F. Yu, Lourie, et al., 2000; Q.
Zhao, Nardelli, & Bernholc, 2002).

Due to the difficulty to fabricate isolated SWNTSs, most of the reported mechanical
properties are obtained through experimental studies of ropes or bundles of SWCNTSs or

using theoretical and numerical techniques. CNTs are characterized by tensile strengths
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in the range of 60 GPa, Young’s modulus in the range of 1TPa, with good bending
behavior and easy recovery of their original shape after deformation. Also, they were
found to fail at tensile strain up to 12% (Walters et al., 1999; M. F. Yu, Files, Arepalli, &
Ruoff, 2000). The mechanical properties of CNTs can be affected mainly by their
diameter (Salvetat et al., 1999; Q. Wang & Liew, 2009) and the presence of defects
(Chandra et al., 2004; Namilae et al., 2004).

2.1.2. Electrical Properties

Due to their unique electronic graphitic structure and nanoscale tubular character
(one-dimensional), CNTs have superior electrical properties. Generally, the electrical
resistance (resistance to electron flow) in materials is enabled by electron collision with
defects in the materials, which scatter electrons from their path and hence lowers the
electrical conductance. With their 1-D structure, electrons can only travel forward or
backward in CNTs. Defect-free metallic CNTs allow ballistic electronic transport i.e.
without scattering and with essentially no heating (R. Zhang et al., 2013). Consequently,
CNTs can carry high currents without heating with a current density in the range of 10°
—10'° A/cm?, which is more than 1000 times greater than metals such as copper (Berger,
Poncharal, Yi, & De Heer, 2003; Hong & Myung, 2007; W. Liang et al., 2001).

The electronic properties of CNT are determined by their chirality. The direction in
which the graphene sheet is rolled up to obtain the CNT tube is determined by their chiral
vector and is described by a pair of integer indices (n, m). n and m denote the number of
unit vectors along the two directions in the crystal lattice of graphene. The chiral angle ¢
is the angle of the chiral vector. The CNT is a armchair CNT, ifn=mand ¢ =0. Itisa

zigzag CNT if m = 0 and 0°<$<30°. Otherwise, the CNT is called chiral. CNTs are
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metallic if 2n+m = 3k, and non-metallic/semiconducting otherwise, where k is a nonzero
integer (Bandaru, 2007). The lowest electrical resistivity of individual MWCNTSs
reported is 5 x 10~Qcm (Schonenberger et al., 1999). The maximum electrical
conductance of SWCNT is the double of the conductance of a single ballistic quantum
channel (Jean Christophe Charlier, Blase, & Roche, 2007). This leads to a resistivity
value as low as 10~Qcm (Meyyappan, 2005). Note that with the weak coupling between
MWCNTSs walls, the electronic properties of perfect MWCNTSs are similar to those of
SWCNTs.

With those exceptional electrical and mechanical properties, and due to the
limitations of copper interconnects current densities by electromigration, many
researchers are attempting to fabricate and commercialize highly conductive electrical
wire assembled from individual CNTs (Kurzepa, Lekawa-Raus, Patmore, & Koziol,
2014). The electrical properties of individual CNTs are mainly influenced (lowered by
orders of magnitude) by the presence of structural defects or impurities (W. Huang,
Wang, Luo, & Wei, 2003), gazes (Jung, Han, & Lee, 2014; J. Kong et al., 2000; Zettl,
2000), strain and distortions (Rochefort, Salahub, & Avouris, 1998). Distortions of CNTs
can happen when nanotubes tend to bend to conform to the morphology of the substrate,
or during dispersion in polymer composites.

2.1.3. Electromechanical Properties

Regarding their excellent mechanical and electrical properties, as well as the well-
known effect of strain and distortion on the electrical properties of CNTs, several authors
have focused their work on the electromechanical behavior of CNTSs. Piezoresistivity,

piezoresistive or electromechanical behavior are terms used interchangeably to describe
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the change in electrical resistance of CNT due to mechanical deformation or strain.
Tombler et al. (2000) used the tip of an atomic force microscope to deflect individual
SWCNTSs suspended over trenches fabricated on SiO2 surface while measuring its
electrical conductance. Both the deformation and electrical conductance of the CNTs
were highly reversible, as the tip retracts. A decrease by more than two orders of
magnitude of the electrical conductance was observed with a strain of 3%. Additionally,
non-orthogonal tight-binding molecular dynamic simulations were performed and
showed that strong local bonding deformation in the SWCNT is the cause of the
piezoresistive behavior. For small bending angles (strain less than 0.7%), the nanotube
retains its sp? bonding, however large bond distortion for the atoms under the tip creates
the initial decrease of conductance. With an increase of the strain (up to 3.4%), with
larger structural changes, the local bonding configuration changes from sp? to sp®.
Furthermore, at the tip vicinity of the bent CNT, an increase in the ¢ — electrons
was seen to contribute to the decrease of the density in m — electrons. Since delocalized
m — electrons are responsible for electrical conduction in CNT, the decrease of their
density leads to the reduction of the conductance (Rochefort et al., 1998). A second
mechanism behind the electromechanical behavior of CNT is the change or alteration of
their band gap due to mechanical strain (Crespi, Cohen, & Rubio, 1997; Minot et al.,
2003). Using an atomic force microscope tip, Minot et al. (2003) were able to
dramatically alter the band gap structure of CNTs (up to 60% reduction), through
mechanical strain. Under strain, the conductance of the CNT was seen to increase or
decrease, due to the increase or decrease in the band gap of the CNT under strain.

Different authors examined the performance of individual CNTs as nano
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electromechanical devices. R. C. Stampfer et al. (2006) fabricated a SWCNT pressure
sensors using individual CNTSs as the active transducer elements, deposited on top of an
alumina membrane. A gauge factor of 210 was achieved. In another related work, a
gauge factor of up to 2900 was obtained in their nano-electromechanical displacement
sensor, based on an individual doubly cantilevered SWCNT subject to bending forces
(Hierold, Jungen, Stampfer, & Helbling, 2007; C. Stampfer et al., 2006). Earlier works
have proven the potential of individual CNTs as piezoresistors. Grow, Wang, Cao, Wang,
and Dai (2005) investigated the electromechanical response of semiconducting and small-
gap semiconducting SWCNTSs used on silicon nitride membranes. Gauge factors up to
400 and 856 respectively for semiconducting and small-gap semiconducting were
achieved. The electromechanical response and gauge factors of CNT composites are
discussed later in Section 2.3.

With regard to their exceptional properties, there is a great interest in the use of
individual CNTs in application such as data store (Rueckes et al., 2000), relays (Kinaret,
Nord, & Viefers, 2003; Sang et al., 2004), oscillators (Nishio, Sawaya, Akita, &
Nakayama, 2005; Papadakis et al., 2004), thermometer (Popov, Bichoutskaia, Lozovik, &
Kulish, 2007), switches (Acquaviva et al., 2010; Cha et al., 2005), sensors (Fung, Zhang,
Chan, & Li, 2005; Fung, Zhang, Dong, & Li, 2005; Grow et al., 2005; R. C. Stampfer et
al., 2006), transducers (Miyashita, Ono, & Esashi, 2003; Walter et al., 2003; Williams et
al., 2003), actuators (Akita et al., 2001; Baughman, Zakhidov, & De Heer, 2002; Fraysse
etal., 2001; P. Kim & Lieber, 1999; J. Lee & Kim, 2005; Roth & Baughman, 2002;
Spinks et al., 2002) and electrical wiring (Kurzepa et al., 2014; Lekawa-Raus, Patmore,

Kurzepa, Bulmer, & Koziol, 2014).
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2.2. Graphene

Graphene, which is a single layer of graphite, is a two-dimensional single-atom-thick
structure of sp? bonded carbon atoms. It was discovered using a micromechanical
cleavage also called scotch tape technique (Novoselov et al., 2004). That discovery
resulted in the winning of the Nobel Prize in Physics, for “groundbreaking experiments
regarding the two-dimensional material graphene” (A. Geim & Novoselov, 2010).
Single-wall carbon nanotubes are one-dimensional objects obtained by rolling graphene
into a cylindrical tube. Graphite is a three-dimensional allotrope of carbon made of stacks
of graphene layers, weakly coupled by van der Waals forces. It became widely known
after the invention of pencils in 1564 (Gordon & Petroski, 1992). Before its discovery
and even though, it is the mother of all graphitic material (A. K. Geim & Novoselov,
2007), graphene was once thought impossible to exist in a free-standing or isolated form.
It was finally spotted using an optical microscope, decades after the discovery of
graphite, fullerenes, and CNTSs, due to the subtle optical effect it creates on top of a
chosen SiO substrate.

Graphene or graphite nanoplatelet (GNP) are made from graphene sheets stacked on
top of each other and separated by 3.8 Angstrom, to form a platelet morphology. In
general, GNPs are 0.35-100 nm thick and have almost identical properties as graphene
inside the graphitic planes and different properties along their stacking direction (Jang &
Zhamu, 2008). Also, GNPs are structurally more stable than graphene, less expensive to
produce and more versatile in size and aspect ratio (Masoud Safdari & Al-Haik, 2013).

2.2.1. Mechanical Properties

The theoretical specific surface area of graphene, of 2630 m?/g is much larger than
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that of CNTs (100 to 1315 m?/g) (Peigney, Laurent, Flahaut, Bacsa, & Rousset, 2001)
and similar to that of activated carbon (3100 m?/g) (Zhu et al., 2011). This allows
graphene to be used as supercapacitors (Zhu et al., 2011). Several experimental and
theoretical studies have examined the elastic properties of graphene (A. Geim &
Novoselov, 2010; H. Kim, Abdala, & MacOsko, 2010; Changgu Lee et al., 2008). With
an intrinsic strength of 130 GPa and Young’s modulus of 1 TPa, graphene is the strongest
material ever measured (Changgu Lee et al., 2008). It was illustrated by the Nobel
announcement by saying that a cat of 4 Kg could be held by a 1 m? of hammock made of
graphene, weighting only 1 mg which corresponds to the weight of one of the cat’s
whiskers (A. Geim & Novoselov, 2010).

Graphene is stretchable up to approximately 20% (Tomori et al., 2011). Graphene has
a density of 2.2 g/cm® (J. H. Lee, Loya, Lou, & Thomas, 2014), an area density of
0.77mg/ m?, and a breaking strength of 42 N/m (A. Geim & Novoselov, 2010). Despite
its strength, graphene is also relatively brittle, with a fracture toughness of 4 MPavm
measured as the critical stress intensity factor (P. Zhang et al., 2014), which is lower than
many metallic materials (15-50 MPay/m). In work led by Edwin, the ability of graphene
to absorb sudden impacts was studied. The specific penetration energy of multilayer
graphene was found to be 10 times greater than that of macroscopic steel sheets at 0.6
km/s (J. H. Lee et al., 2014). Graphene could then make an excellent choice for
lightweight ballistic body armor. Moreover large-angle-bent graphene was fabricated
through uniaxial bending. Negligible strains were observed in the bent graphene which

shows the mechanical robustness of graphene (Briggs et al., 2010).
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2.2.2. Electrical Properties

Unlike CNTSs, graphene is a zero band gap semiconductor, which charge carriers can
be tuned continuously between hole and electron. With a remarkable electron mobility at
room temperature around 15000 cm?V-s?, hole and electron mobilities are nearly
identical (J. C. Charlier et al., 2008). That mobility is independent of temperature in the
range of 10 — 100 K. By minimizing impurity scattering, exceptional mobilities over 200
000 cm?V-1s were achieved in suspended graphene (Bolotin et al., 2008) at a carrier
density of 10 cm, 10’ times greater than that of copper. The corresponding
conductivity of graphene is then 0.96 x 10°Q~1cm™1 which is higher than that of copper
(0.60 x 10°Q~1cm™1) (A. Geim & Novoselov, 2010). However, the charge transport of
graphene is affected by the adsorption of contaminants such as water and oxygen
molecules. Overall, transport is dominated by two modes: temperature-independent
ballistic and thermally activated.

2.2.3. Electromechanical Properties

As shown in the case of CNTs, alteration of band gap structure is the source of CNT
piezoresistivity. Despite its exceptional properties, graphene is inherently a zero-gap
semiconductor. This means that it has no band gap and hence its change in resistivity due
to strain is small (Castro Neto, Guinea, Peres, Novoselov, & Geim, 2009; Min, Sahu,
Banerjee, & MacDonald, 2007). Several studies focused on ways to open a band gap in
graphene in order to make it piezoresistive, such as fabrication of graphene nanoribons
(Han, Ozyilmaz, Zhang, & Kim, 2007; Son, Cohen, & Louie, 2006) and use of electric
field on bilayer graphene (Min et al., 2007). However, it was found that those techniques

lead to significant deterioration of the graphene electronic performance (Cheng et al.,
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2010; Han, Brant, & Kim, 2010).

Recently, several groups were able to induce a band gap in graphene through the
application of strain (Hosseinzadegan et al., 2012; Z. H. Ni et al., 2008; Smith et al.,
2013; Tomori et al., 2011). Graphene was deposited on a flexible substrate, and tensile
strain up to 0.8% was induced to the graphene through the strain loading of the substrate
(Z. H. Ni etal., 2008). A small bang gap opening of 300meV was achieved. Later on, a
method for inducing higher and non-uniform strain in graphene films using pillars made
of dielectric material was developed (Tomori et al., 2011). A maximum stretch of up to
20% in the graphene film was achieved; showing the possibility of opening graphene
band gap using this method. Using a similar technique, graphene membrane on a SiO>
film was fabricated and strain was induced through pressure in a vacuum chamber (Smith
et al., 2013). A gauge factor about 2.92 was obtained. Despite all the efforts, the gauge
factor obtained through those studies was very low compared to individual CNTs. The
highest gauge factor obtained with graphene was done using graphene films, two to three
layers thick (Hosseinzadegan et al., 2012). Graphene films were placed over SixNy
membranes using a film transfer method. The resultant graphene membrane was
deformed using a PZT actuator at resonance to obtain high strains. Using the resistance
change of the membrane, a gauge factor of 17980 was obtained at a very small strain.

Due to their excellent mechanical and electrical properties and lower cost when
compared to CNTs, individual graphene, more specifically GNPs offer an alternative to
CNTs. They have similar applications as CNTs such as electronics (Eda, Fanchini, &
Chhowalla, 2008; K. S. Kim et al., 2009), batteries, sensors, hydrogen storage and

supercapacitors (A. K. Geim & Novoselov, 2007; Z. S. Wu et al., 2009) and nanosensor
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(Hosseinzadegan et al., 2012; Smith et al., 2013).

2.3. Polymer Nanocomposites

Composites are materials made of at least two different components in order to utilize
the best properties of each component. Nanocomposites are composites where at least
one of the components has one dimension less than 100 nm (Ajayan, Schadler, & Braun,
2003). Polymer nanocomposites (PNCs) are a special type of nanocomposites where the
host matrix is a polymeric material. The filler phase of PNCs is usually nanomaterials in
the form of nanoparticles, nanofibers or nanoplatelets due to their ability to enhance the
overall properties of the polymer. In addition, the enhanced properties obtained with low
volume addition of the nanoparticles (1-5 vol%) into the matrix is comparable with the
properties obtained with higher loadings of traditional macroscale material (15-40 vol%)
(Erukhimovich & de la Cruz, 2004). This facilitates composites processing with very low
weight. Here, the author is only interested in PNCs comprising CNTs or/and GNPs as the
filler phase. With their exceptional mechanical and electrical properties, CNTs and GNPs
enhance the overall mechanical, electrical, and thermal properties of the obtained PNCs
and are also able to transform them into electromechanical polymers. Single filler phase
PNCs, as well as hybrid ternary (two different filler phases) PNCs made of CNTs and/or
GNPs, are reviewed in the following sections.

2.3.1. Carbon Nanotube Polymer Nanocomposites

The unique nanoscale tubular structure of CNTs (Bandaru, 2007; Baughman et al.,
2002; De Volder, Tawfick, Baughman, & Hart, 2013), provides them with impressive
intrinsic properties that make them very useful for many potential engineering

applications as a filler in composite materials (Coleman, Khan, & Gun’ko, 2006; Javey,
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Guo, Wang, Lundstrom, & Dai, 2003). They have exceptional mechanical properties due
to their high aspect ratios, and the fact that their surface, like each layer of graphene,
consists of strong carbon-carbon covalent bonds (Bandaru, 2007). Despite those
interesting properties, CNTs tend to agglomerate in their pristine form, which makes it
challenging to harness their full potential (\Vaisman, Wagner, & Marom, 2006). It is
understood from previous research that huge improvement of the electrical and
mechanical properties of carbon nanotubes (CNTS) can be obtained by dispersing them
into insulating polymer matrices (Bauhofer & Kovacs, 2009; Breuer & Sundararaj, 2004;
Gojny, Wichmann, Kdpke, Fiedler, & Schulte, 2004; Kovacs, Velagala, Schulte, &
Bauhofer, 2007). Depending on the polymer matrix and the type of CNTs, a conductivity
order of magnitude between 107> and 10 S m~? for the composites were observed
(Sandler, Kirk, Kinloch, Shaffer, & Windle, 2003). The application of these functional
nanocomposites varies from lightning strike protection for aircraft, damage sensing,
flexible and stretchable electronics, conductive coatings, electromagnetic shielding to
solar cells (Berson, De Bettignies, Bailly, Guillerez, & Jousselme, 2007; Chou, Gao,
Thostenson, Zhang, & Byun, 2010; Shang, Zeng, & Tao, 2011; C. Yu, Masarapu, Rong,
Wei, & Jiang, 2009).

2.3.1.1. Electrical Conductivity of CNT-PNCs

Generally, the electrical behavior of nanocomposites is characterized using either
their direct current (DC) properties or alternate current (AC) properties. For strain sensors
applications, for example, the DC resistance of the PNCs is used. However, in the case of
electromagnetic interference materials, AC impedance measurements are necessary. In

the past decades, several experimental and theoretical/numerical studies have been
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carried out to study the electrical properties of CNT-PNCs. The investigator will focus
this review on the DC electrical properties of PNCs.

The addition of very small loadings of CNT (0.1 wt% or less) to an insulating
polymer enhances its electrical conductivity by several orders of magnitude, through the
percolation process (Kirkpatrick, 1973). The percolation process is divided into three
stages. In the first stage, the electrical conductivity of the PNC is very low since they are
only a few fillers, and they are not able to form a conductive network (a path of filler
which spans both electrodes of the PNC) through electron tunneling. In the second stage,
as the amount of filler increases, the first conductive path is created and the conductivity
of the PNC increases drastically, following the percolation power law. The volume
fraction of filler at the sharp increase in conductivity is called the percolation threshold.
In the final stage, numerous conductive paths are formed with the addition of more fillers.
This leads to a further increase of the conductivity until its value converges at filler
saturation. Several experimental and numerical works have shown that the electrical
behavior of CNT-PNCs follows the percolation process (Behnam & Ural, 2007; C. Li,
Thostenson, & Chou, 2008; Rahman & Servati, 2012; Yin et al., 2011; W. Zhang, Suhr,
& Koratkar, 2006). With the huge amount of work done on the electrical conductivity of
CNT-PNCs, the investigator will focus this discussion on a brief review of the different
parameters that affect the electrical conductivity of CNT-PNC.

The fabrication process. Several fabrication processes such as bulk mixing (Y. Y.
Huang & Terentjev, 2012), melt mixing (McNally et al., 2005; Meincke et al., 2004;
Potschke, Abdel-Goad, Alig, Dudkin, & Lellinger, 2004; Seo & Park, 2004), curing/in

situ polymerization (Kymakis, Alexandou, & Amaratunga, 2002; Nogales et al., 2004;
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Ounaies, Park, Wise, Siochi, & Harrison, 2003; C. Park et al., 2006) and coagulation (F.
Du, Fischer, & Winey, 2003; G. Hu, Zhao, Zhang, Yang, & Wang, 2006; Ismail, Aziz, &
Jaafar, 2012) have been used in literature to fabricate CNT-PNCs. Different polymer
matrices can be used depending on the targeted application. Some common polymers are
epoxy resins (N. Hu, Masuda, Yamamoto, et al., 2008; Martone, Formicola, Giordano, &
Zarrelli, 2010; Montazeri, Javadpour, Khavandi, Tcharkhtchi, & Mohajeri, 2010),
polycarbonate (PC) (F. Du et al., 2003; I. Kang, Schulz, Kim, Shanov, & Shi, 2006; E. J.
Park, Kim, Park, & Shim, 2011; Pétschke, Bhattacharyya, & Janke, 2004), poly(methyl
methacrylate) (PMMA) (1. Kang, Schulz, et al., 2006; G. T. Pham, Park, Liang, Zhang, &
Wang, 2008) and polypropylene (Barber, Zhao, Wagner, & Baillie, 2004; Seo & Park,
2004). The choice of fabrication process depends also on the type of polymer. For
example, in situ polymerization is usually preferred in case of epoxy resins. Due to all
parameters involved in every fabrication process, which affect the formation of
conductive paths in each polymer, it is very difficult to make a comparison of electrical
properties across different polymers and fabrication processes (Bauhofer & Kovacs,
2009; N. Hu, Masuda, Yamamoto, et al., 2008). Nonetheless, using in situ polymerization
process, it was shown that the curing temperature, as well as the mixing conditions, are
the key factors in the fabrication process for highly conductive nanocomposites (N. Hu,
Masuda, Yamamoto, et al., 2008).

Besides these conventional fabrication methods, inkjet printing has recently been
used to fabricate conductive printed CNT nanocomposites (Beecher et al., 2007;
Benchirouf et al., 2012; Homenick et al., 2016; Michelis, Bodelot, Bonnassieux, &

Lebental, 2015). One of the main advantages is the ease of control of the electrical
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conductivity of the printed materials. The maximum filler content of the ink can be
controlled and depend on the solvent used, as well as the sonication and centrifugation
steps (R. Tortorich & Choi, 2013). In addition, the amount of ink ejected in each drop
from the printer nozzle can be controlled with some professional inkjet printers
(Castrejon-Pita et al., 2013). However, the main control of the electrical conductivity
comes from the fact that the sheet resistance of the material can be controlled by the
overwriting process where multiple layers of inks can be successively deposited on the
same area of the substrate for higher conductivity (da Costa, Song, Tortorich, & Choi,
2015; Kwon et al., 2013; Lesch et al., 2014).

The percolation threshold of CNT composites. The possibility to transform an
insulating polymer into a conductive one, with the lowest possible filler content is often
desired in conductive PNCs (Njuguna, 2012). Experimental percolation thresholds
ranging from 0.0021% to over 10 wt% for CNT in polymer matrix have been compiled
from the literature (Bauhofer & Kovacs, 2009; Sandler et al., 2003). The lowest
percolation thresholds have been obtained using epoxy matrix (Njuguna, 2012; Sandler et
al., 2003). The wide variation of the percolation threshold is due to its dependence on the
type of CNT and the fabrication process. A few papers focus on the influence of the
fabrication process on the percolation threshold (Faiella, Piscitelli, Lavorgna, Antonucci,
& Giordano, 2009; N. Hu, Masuda, Yamamoto, et al., 2008; Martin et al., 2004). Low
stirring rates, shear forces, and high temperatures helped to obtain uniformly dispersed
CNTs with lower percolation threshold and higher conductivity (Martin et al., 2004).
This is explained by the fact that high temperature increases the mobility of CNTs, which

leads to a dense conductive network with uniformly dispersed CNTs. Low stirring rates
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and shear forces limit the break-up of the conductive network.

The CNT aspect ratio. CNTSs inherently have a high aspect ratio due to their one-
dimensional structure. Several experimental works (Bai & Allaoui, 2003; M. J. Jiang,
Dang, Xu, Yao, & Bai, 2007; Jing Li, Ma, et al., 2007; Martin et al., 2004; Rosca & Hoa,
2009) and numerical simulations (S. Gong, Zhu, & Meguid, 2015; Shen Gong & Zhu,
2014; B. M. Lee & Loh, 2015; Takeda, Shindo, Kuronuma, & Narita, 2011) have focused
on the effect of aspect ratio on the percolation threshold and the electrical conductivity of
CNT-PNCs. Lower percolation thresholds are usually obtained with CNTs of higher
aspect ratio, for the same filler loading (Jing Li, Ma, et al., 2007). In addition, an increase
of the conductivity by almost 10 times was observed with an increase in the aspect ratio
of the CNT fillers (Rosca & Hoa, 2009). Those two experimental observations are
confirmed in the numerical studies cited above.

The alignment of CNTSs. Several techniques, including force, magnetic and electric
field, induced alignment are used to align CNT individually in polymer composites
(Akima et al., 2006; F. Du, Fischer, & Winey, 2005; Joselevich & Lieber, 2002; S. J.
Kang et al., 2007; Lu et al., 2011; Lynch & Patrick, 2002; Oliva-Avilés, Avilés, & Sosa,
2011; Ural, Li, & Dai, 2002). Theoretical and experimental reports (Behnam, Guo, &
Ural, 2007; F. Du et al., 2005; Qing Wang, Dai, Li, Wei, & Jiang, 2008; White, DiDonna,
Mu, Lubensky, & Winey, 2009) show that the electrical conductivity and percolation
threshold of CNT-PNCs are highly influenced by the alignment of CNT in the matrix. It
is understood that the electrical conductivity has a non-monotonic dependence with the
CNT alignment and reaches a maximum at a specific orientation, that varies with the

CNT loading (F. Du et al., 2005). Compared to randomly aligned CNT-PNCs, higher
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conductivity (up to three orders of magnitude higher) and lower percolation thresholds
were obtained in PNCs with CNTs aligned in specific directions (Qing Wang et al.,
2008). Those results are validated by several numerical simulations in the literature (W.
S. Bao, Meguid, Zhu, Pan, & Weng, 2012; Behnam et al., 2007; F. Du et al., 2005; S.
Gong et al., 2015; C. Li & Chou, 2009).

2.3.1.2. Piezoresistivity of Conductive CNT-PNCs

With the excellent electromechanical behavior of individual CNTs shown earlier,
several works have fabricated piezoresistive CNT-PNCs for strain sensing application
using SWNTs (Dharap, Li, Nagarajaiah, & Barrera, 2004; I. Kang, Schulz, et al., 2006;
Loh, Lynch, Shim, & Kotov, 2008; Nagarajaiah, Li, Dharap, & Barrera, 2008) or
MWCNTSs (Chang et al., 2010; M. Park, Kim, & Youngblood, 2008; G. T. Pham et al.,
2008; Wichmann, Buschhorn, Bdger, Adelung, & Schulte, 2008; Wichmann, Buschhorn,
Gehrmann, & Schulte, 2009). The piezoresistivity is usually described by the resistance

change ratio K (B. M. Lee, Loh, Burton, & Loyola, 2014):

2.1)

where R, is the unstrained electrical resistance and R the resistance at a given strain. It is

also described by the sensitivity or gauge factor GF:

CF = (2.2)

K
&
where ¢ is the strain, GF is measured at. A brief review of the parameters that affect
CNT-PNCs piezoresistivity will be done in this section. Note that the parameters are

generally the same as the ones affecting the electrical conductivity even though their

effect is usually different.
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The sensor’s unstrained resistance. Several experimental works have shown that
nanocomposites with higher resistivity lead to higher sensitivity to strain (N. Hu et al.,
2010; N. Hu, Karube, Yan, Masuda, & Fukunaga, 2008; I. Kang, Schulz, et al., 2006).
This is explained by the fact that higher resistivity is usually the sign of a more sparse
conductive network with very low CNT loading. Hence, the breaking of a conductive
network, with very few conductive paths, due to strain will result in a huge variation of
the resistivity (Alamusi et al., 2011). Inversely, for a conductive network with high CNT
loading, and hence several conductive paths, the loss of one path due to strain shows a
minor variation of resistivity.

The fabrication process. As in the case of electrical conductivity, the piezoresistivity
of the nanocomposites is highly dependent on the fabrication factors such as stirring rate
and curing temperature. N. Hu et al. (2010) showed that low curing temperature and high
mixing speed result in higher nanocomposites sensitivities. This is in agreement with
earlier results wherein high curing temperature and low stirring rate lead to
nanocomposites with higher electrical conductivity. With the multitude of factors
involved in a specific fabrication technique, with many different polymers studied in the
literature for CNT-PNCs, it is difficult to correlate the fabrication techniques to the
nanocomposite’s sensitivity. It is possible however, to find some specific examples of the
effect of processing. Using PMMA as the matrix, G. T. Pham et al. (2008) investigated
the effect of dry blending and solution casting on the CNT- PNC sensitivity. The results
show that a lower percolation threshold was observed for solution-based (1 wt%)
nanocomposites compared to the dry blended ones (6 wt%). This is explained by the

well-dispersed CNTs with the solution casting technique. However, the dry blended
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nanocomposites have much higher gauge factors than the solution based ones. It confirms
once again that sensors with lower percolation, hence higher conductivity, lead to lower
piezoresistivity.

The choice of the polymer matrix. The most significant effect of the polymer type
on the piezoresistivity of the nanocomposites comes from its viscosity. This is because it
has a huge effect on the mixing process and dispersion state of the CNT-PNCs depending
on the fabrication process used (Alamusi et al., 2011). In addition, the maximum strain
that the nanocomposites can reliably record depends on its polymer matrix. Polyurethane
infiltrated CNT forests have recorded maximum strains in the range of 1000% (Njuguna,
2012). However, most of the nanocomposites made using epoxy, PMMA, PC or PS could
only record small strain up to 1% (Anand & Roy Mahapatra, 2009; Bautista-Quijanoa,
Avilésa, Aguilara, & Tapia, 2010; Chang et al., 2010; N. Hu et al., 2010; N. Hu, Karube,
et al., 2008; Oliva-Avilés et al., 2011; M. Park et al., 2008; G. T. Pham et al., 2008; Rein,
Breuer, & Wagner, 2011).

The CNT content. In most of the experimental works, the sensitivity to strain of the
nanocomposites increases as the CNT loading decreases. The highest gauge factors are
commonly observed close to the percolation threshold (N. Hu et al., 2010; 1. Kang,
Schulz, et al., 2006; M. Park et al., 2008; G. T. Pham et al., 2008; Wichmann et al., 2009;
Yinetal., 2011). This can be explained by the fact that lower CNT loading leads to a
sparse conductive network with few conductive paths as discussed previously. However,
there have been some works which observed an increase of the piezoresistivity with the
increase of CNT loading (Loh et al., 2008). The numerical simulations so far, to the

author’s knowledge show that the decrease of CNT loading leads to an increase of the
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strain sensitivity of the CNT-PNCs (Shen Gong & Zhu, 2014; N. Hu et al., 2010; B. M.
Lee & Loh, 2015; Z. Wang & Ye, 2013).

The morphological characteristics such as alignment and aspect ratio of CNT.
There is little experimental work, characterizing the role of alignment (Oliva-Avilés et
al., 2011) and aspect ratio on the piezoresistivity of the nanocomposites. However, few
simulation studies have been performed to predict the effect of those parameters. The
piezoresistivity of CNT-PNCs increased monotonically with the decrease of the CNT
aspect ratio in highly dispersed nanocomposites (Shen Gong & Zhu, 2014). This
prediction is intuitively acceptable since composites with lower conductivity seem to
have higher piezoresistivity and CNTs with higher aspect ratio lead to lower percolation
threshold and higher conductivity of the nanocomposites. Using numerical simulations,
the piezoresistivity of the nanocomposites was very sensible to the orientation of the
CNTs (N. Hu et al., 2010). However, due to instability in the numerical algorithm,
maximum alignment of less than 50° could not be investigated in that study.

The piezoresistivity increases with the increase of the maximum alignment of CNTSs.
The nanocomposites with randomly aligned CNTs (maximum alignment of 90°) had the
highest gauge factor. In another numerical investigation, the gauge factor of the
composites with perfectly aligned CNTs (maximum alignment of 0°) had a higher gauge
factor than the composites with CNTs with a maximum alignment of 30° (Theodosiou &
Saravanos, 2010). The piezoresistivity of CNT-polysulfone (PS) composites as a function
of alignment was experimentally studied (Oliva-Avilés et al., 2011). The gauge factor of
the nanocomposites with CNTs aligned in the direction of the load (maximum alignment

of 0°) was two times higher than the one with randomly aligned CNT.
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The strain-loading mode of the nanocomposites. Several works have
experimentally studied the electromechanical behavior of CNT-PNCs under tensile
strains (N. Hu, Karube, et al., 2008; Paleo et al., 2010; M. Park et al., 2008; Wichmann et
al., 2009; Yasuoka, Shimamura, & Todoroki, 2007) and compressive strains (Dharap et
al., 2004; N. Hu et al., 2010; Loh et al., 2008; Yin et al., 2011). It was observed
experimentally that generally, for very small strain, about +1000 ue the piezoresistive
behavior was linear and anti-symmetric about zero strain in both tensile and compressive
loadings (Dharap et al., 2004; N. Hu et al., 2010; 1. Kang, Schulz, et al., 2006;
Nagarajaiah et al., 2008). However, for higher strain, the sensor gauge factor is higher in
tension than in compression (Alamusi et al., 2011; N. Hu et al., 2010). This is explained
by the fact that under tensile strain, the intertube distance between CNTSs can increase
indefinitely. The tunneling resistances between fillers will then most likely keep
increasing which leads to a good sensitivity for all strain range. However, in
compression, there is a minimum intertube distance constraint due to the non-overlapping
restriction between CNTSs.

As a result, for very small compressive strain, the sensor gauge factor is similar to the
one in tension. However, with increasing strain, the intertube gap will more likely
decrease until the CNTs come into contact and saturate (for strain greater than 1000 ue).
This will lead to almost no variation of the tunneling resistances due to saturation, and
hence lower sensitivity to strain (Alamusi et al., 2011; Njuguna, 2012). Those
observations were validated through several numerical simulations (S. Gong, Zhu, &

Meguid, 2014; Shen Gong & Zhu, 2014; N. Hu et al., 2010).
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2.3.2. Graphene Polymer Nanocomposites

CNTs have proven very effective as nanofillers for conductive and piezoresistive
polymer nanocomposites. One of the drawbacks of CNTs as filler is their higher
production cost, compared to GNPs (N. Liu et al., 2008; Y. Liu, Zhang, Wang, Liu, &
Shang, 2016). Hence, the mass fabrication of CNT-PNCs can be relatively expensive.
This difficulty is well explained by this thought: “When carbon fibers just won’t do, but
nanotubes are too expensive, where can a cost-conscious materials scientist go to find a
practical conductive composite? The answer could lie with graphene sheets” (Kotov,
2006, p. 254). Graphene with exceptionally good mechanical, thermal and electrical
properties as well as cheap manufacturing cost is quite suitable as nanofiller in polymer
matrixes for the development of high-performance nanocomposites (Kuilla et al., 2010).

2.3.2.1. Electrical Conductivity of GNP-PNCs

Similar to the review on CNT-PNCs, only the DC properties of the nanocomposites
are discussed here. The addition of a minute quantity of GNP (as small as 0.1 wt%) to an
insulating polymer enhances its electrical conductivity by several orders of magnitude
like in the case of CNT. However, the electrical performance of CNT-PNCs and GNP-
CNTs is not similar. Even though the conductivity of GNP-PNCs also follows the
percolation theory (Halperin, Feng, & Sen, 1985; Kuilla et al., 2010; Y. C. Li, Tjong, &
Li, 2010; Y. Li et al., 2011; Potts, Dreyer, Bielawski, & Ruoff, 2011), they usually result
in higher percolation thresholds compared to CNT-PNCs. It has been demonstrated
through theoretical and numerical studies that, for identical aspect ratio, disk-shaped
particles percolate in volume contents two folds more than rod-shaped particles

(Garboczi, Snyder, Douglas, & Thorpe, 1995; Jing Li & Kim, 2007). This is due mainly
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to the 2D shape of GNPs compare to 1D for CNTs.

Percolation threshold ranging from 0.1 to 15 wt% for graphene nanocomposites have
been reported (Kuilla et al., 2010; V. Mittal, 2014; Potts et al., 2011) with induced
composite electrical conductivity between 10719 to 3300 S/m. A comparison of the
lowest percolation threshold reported in the literature for CNT-PNCs (Bauhofer &
Kovacs, 2009) and GNP-PNCs (Potts et al., 2011) shows an advantage for CNT-PNCs. In
particular, epoxy-CNT composites have the lowest percolation threshold (0.0025 wt%) so
far reported (Martin et al., 2004; Sandler et al., 2003). To prove that fact, J. Du et al.
(2011) using the same polymer and same fabrication process for MWCNT-PNCs and
GNP-PNCs, observed a percolation threshold of MWCNT-PNCs 7 times lower (volume
fraction) with much higher conductivities compared to GNP-PNCs. Nonetheless, the cost
and ease of manufacturing of GNP-PNCs make them ideal candidates to replace CNT-
PNCs. Numerous experimental and numerical studies have focused on understanding and
controlling the parameters that affect the percolation and electrical conductivity of GNP-
PNCs (Biswas, Fukushima, & Drzal, 2011; Bora, Bharali, Baglari, Dolui, & Konwar,
2013; Filippone, Salzano De Luna, Acierno, & Russo, 2012; Gémez et al., 2011; Y. Li et
al., 2011; J. Liang, Xu, et al., 2009; Pang, Chen, Zhang, Zeng, & Li, 2010; P. Song et al.,
2011; Jialiang Wang et al., 2012; Jingchao Wang, Wang, Xu, Zhang, & Shang, 2011; J.
Wu et al., 2013; H. Bin Zhang et al., 2010). Note that the parameters are very similar to
the ones discussed in the case of CNT-PNCs.

They are generally four main fabrication techniques for incorporating graphene into a
polymer: template synthesis, in situ intercalative polymerization, solution intercalation

and melt intercalation (Kuilla et al., 2010; V. Mittal, 2009, 2014; Pavlidou &
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Papaspyrides, 2008). A variety of polymer matrix have been used in literature for GNP-
PNCs such as polystyrene (PS) (J. Liang, Wang, et al., 2009; Stankovich et al., 2006; W.
P. Wang & Pan, 2004; Ye, Meng, Ji, Li, & Tang, 2009; Zheng, Lu, & Wong, 2004), poly
(methyl methacrylate) (PMMA) (G. Chen, Wu, Weng, & Wu, 2003; Mutlay & Tudoran,
2014; Jialiang Wang et al., 2012), polystyrene sulfonate (PSS) (Kornmann, 2001),
polyimide (PI) (Moujahid, Besse, & Leroux, 2003), poly(ethylene terepthalae) (PET)
(Hsueh & Chen, 2003), polyethylene grafted maleic anhydride (PE-g-MA) (Hussain,
Hojjati, Okamoto, & Gorga, 2006) and epoxy (Hsueh & Chen, 2003; Monti et al., 2013;
Shen, Huang, Zuo, & Hou, 2005; J. Yu et al., 2007).

The conductivity of the GNP-PNC:s is sensitive to the fabrication process as well as
the type of polymer, even though the specific parameters affecting the sensitivity are
sometimes unclear (He & Tjong, 2013; Kalaitzidou, Fukushima, & Drzal, 2007; H. Kim
etal., 2011; Kuilla et al., 2010; Monti et al., 2013). Effect of different polymers and
fabrication techniques on the conductivity of the nanocomposites has been observed
(Gao, Picot, Bilotti, & Peijs, 2017; X. Jiang & Drzal, 2012; Jing Li, Vaisman, Marom, &
Kim, 2007; Mahmoud, 2011; V. Mittal, 2014; Sullivan et al., 2015). Specific parameters
such as coating (pre-mixing), or coating combined with compression molding lead to
lower percolation onset and higher conductivities (Kalaitzidou, Fukushima, & Drzal,
2010; H. Wu & Drzal, 2013). Percolation thresholds of composites prepared by the
solvent method using poly(ethylene oxide) were lower than that of melt blended method
(Mahmoud, 2011), while the use of three roll mill technique produced higher
conductivities and lower percolation thresholds than sonication (Chandrasekaran, Seidel,

& Schulte, 2013).
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Microstructural parameters like GNP aspect ratio and alignment affect its electrical
behavior. Analytical and numerical models (Hicks, Behnam, & Ural, 2009; Jing Li &
Kim, 2007; Mutlay & Tudoran, 2014; Sagalianov, Vovchenko, Matzui, & Lazarenko,
2017) and experiments (Eda & Chhowalla, 2009; Gao et al., 2017; He & Tjong, 2013;
Kalaitzidou et al., 2010; H. Wu & Drzal, 2013) suggest that filler aspect ratio affects the
percolation threshold and conductivity of the nanocomposites. Higher aspect ratio leads
to higher conductivity and lower percolation (Eda & Chhowalla, 2009; Jing Li & Kim,
2007; Potts et al., 2011), similar to CNT-PNCs. The aspect ratio is usually controlled by
varying the diameter or thickness of GNPs (Gao et al., 2017)

Similar to CNTs, GNPs alignment plays a major role in the percolation threshold.
Aligned fillers in the nanocomposites result in higher percolation threshold values
compared to randomly aligned fillers (Kalaitzidou et al., 2007, 2010; H. Kim & Macosko,
2008, 2009; Potts et al., 2011). Filler’s alignment was experimentally controlled by
injection molding, compression molding, and long term annealing. In addition, it was
observed that slight aggregation of the filler may also improve the electrical conductivity
(Potts et al., 2011).

2.3.2.2. Piezoresistivity of Conductive GNP-PNCs

The mechanism of the piezoresistivity of CNT-PNCs, which is governed by
modification of tunneling distance between filler and modification of percolating network
due to breaking of conductive paths or construction of new conductive paths due to strain
is the same for GNP-PNCs. Several experimental and numerical works have focused on
the piezoresistivity of graphene-based nanocomposites (Bae et al., 2013; Bonavolonta et

al., 2016; Das & Prusty, 2013; Eswaraiah, Balasubramaniam, & Ramaprabhu, 2011;
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Filippidou, Tegou, Tsouti, & Chatzandroulis, 2015; Moriche, Jiménez-Suarez, Sanchez,
Prolongo, & Urefia, 2017; Paek et al., 2017; Tian et al., 2014; Yan Wang et al., 2014;
Zha, Zhang, Li, & Dang, 2016; J. Zhao et al., 2015). To validate the experimental
findings, numerical simulations, that model the interaction between adjacent fillers were
used by different authors. The parameters that affect the strain sensitivity of GNP-PNCs
are somewhat similar to the one affecting CNT-PNCs.

The first parameter is the sensor unstrained resistance. Similar, to the case of CNT, it
was observed through experimental studies that higher piezoresistivity is usually
achieved in PNCs with higher unstrained resistance (Eswaraiah, Balasubramaniam, &
Ramaprabhu, 2012; Hempel, Nezich, Kong, & Hofmann, 2012; Y. Liu et al., 2016; J.
Zhao et al., 2012). The gauge factor increases monotonically with the unstrained
resistance. The same conclusion was obtained through numerical simulations (Hempel et
al., 2012). In addition, CNT-PNCs and GNP-PNCs with the same filler content were
compared. Both the unstrained resistances and gauge factors of GNP-PNCs were much
higher than the ones for CNT-PNCs (Y. J. Kim et al., 2011).

The second parameter is the GNP content. In the majority of experimental works, the
increase of the GNP loading or number in the nanocomposites, above percolation, leads
to the decrease of its unstrained resistance and sensitivity to strain (Eswaraiah et al.,
2012; Jeong et al., 2015; Y. Liu et al., 2016; Moriche, Sanchez, Jiménez-Suarez,
Prolongo, & Urefia, 2016; Ugarte et al., 2017; B. Wang, Lee, Kwak, & Lee, 2013; J.
Zhao, Zhang, & Shi, 2013). Those findings were validated using several numerical
analysis (Chiacchiarelli et al., 2013; D’ Aloia, Tamburrano, De Bellis, & Sarto, 2011).

The third parameter is the aspect ratio of GNP. Very few experimental works
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examined the effect of GNP aspect ratio on the piezoresistivity. Lower GNP aspect ratio
generally leads to higher unstrained resistance and sensitivity (Serra, Maeder, & Ryser,
2012). In the experimental investigation done by Sanchez, the aspect ratio was varied by
using thicker GNPs. GNPs with lower aspect ratio leads to higher sensitivities to strain in
both flexural, tensile and compressive load (Sanchez, Moriche, Prolongo, Rams, &
Urefia, 2014). Their observation was confirmed by numerical modeling (Maxian,
Pedrazzoli, & Manas-Zloczower, 2015).

The sensor sensitivity in tension was much higher than the one in compression,
shearing and torsion loadings, for very large strain (6 to 10%) (Chun, Choi, & Park,
2017; X. Lietal., 2012; Moriche et al., 2016). However, for smaller strain (less than
0.4%), the piezoresistive behavior was found to be linear and the antisymmetric
(Eswaraiah et al., 2012; Y. J. Kim et al., 2011; Moriche et al., 2016; B. Wang et al., 2013;
J. Zhao et al., 2012). In several works done for GNP-PNCs, strains higher than 6% were
achieved with gauge factors varying from 3 to more than 1000. On average, this indicates
a higher performance than that observed in CNT-PNCs.

2.3.3. Electrical Conductivity of Carbon Nanotube-Graphene Hybrid Polymer

Nanocomposites

The goal of hybrid composites is to be able to decrease the total filler loading,
while maintaining comparable performance, or increase the performance by
maintaining comparable total filler loadings, using a combination of two fillers. For
example, polyetherimide (PEI) filled with 0.25 wt% CNT and 0.25 wt% GNP was
found to have electrical conductivity significantly higher than that of 0.5 wt% CNT-

PEI or 0.5 wt% GNP-PEI nanocomposites (Kumar et al., 2010). That is called a
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synergy effect. Synergy happens when the mixing of two fillers gives hybrid PNCs with
performance greater than the performance obtained with mono-filler PNCs made of each
filler separately; the total filler content of the PNCs (hybrid or mono-filler) are the same
(Sagalianov et al., 2017). The cause of that synergy is related to the formation of a hybrid
conductive network in which the CNT particles create bridges between the isolated
GNPs. In addition, the presence of GNP may improve the dispersion of CNT and leads to
better electrical properties (Al-Saleh, 2015). However, that synergy does not seem to
happen for every conductive nanoparticle. In the fabrication of hybrid mixed copper
nanoparticle (CuNP)-CNT-polypropylene (PP) nanocomposites, the presence of CNT
was found to improve the dispersion of the CuNP particles but with no effect on the
electrical conductivity (Palza, Garzén, & Arias, 2012). Similar conclusions were
observed for mixed silver nanoparticle (AgNP)-CNT-PP nanocomposites (G. D. Liang,
Bao, & Tjong, 2007).

Al-Saleh (2015) fabricated mixed CNT-GNP-PP nanocomposites to study their
synergistic properties. The electrical percolation thresholds of CNT-PP was found to be
twice lower than the one of GNP-PP. The addition of CNT fillers drastically lowers the
electrical resistivity and percolation threshold of the hybrid composite. For example the
GNP:CNT weight fraction combination 2:1 in GNP-CNT-PP has the same resistance as
the 20 wt% GNP-PP nanocomposites. Note that the percolation threshold of GNP-PP
composites was 7 wt%. In addition, the effect of the GNP-to-CNT wt% ratio (GNP:CNT)
on the electrical conductivity of the hybrid nanocomposites with constant nanofiller total
volume fraction was studied. The electrical resistance decreases from its maximum

(resistance of GNP-PP) to its minimum (resistance of CNT-PP) as the GNP:CNT
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decreases from 5:0 to 0:5. Even though the addition of CNT, improves greatly the
electrical behavior of the CNT-GNP-PP hybrid composites compared to GNP-PP
composites, no synergistic effect was observed since the performance was still lower
than the one of CNT-PP composites. Similar observations were made for CNT-GNP-
epoxy with a ratio of 1:1 (Jing Li, Wong, & Kim, 2008) and for different ratios of
CNT:GNP for CNT-GNP-polycarbonate (PC) (Wegrzyn, Ortega, Benedito, &
Gimenez, 2015).

Ren et al. (2012), fabricated mixed CNT-GNP-polyethylene (PE) nanocomposites
with segregated network of CNT and graphene nanosheet (GNS) instead of well-
dispersed fillers. This is because, as explained above, segregated filler leads to lower
percolation threshold and higher conductivity compared to well-dispersed ones. The
percolation threshold and resistivity of segregated CNT-PE were lower than the ones
with randomly dispersed CNT and lower than the segregated GNS-PE ones. The
percolation thresholds of CNT-GNS-PE with GNS:CNT ratio of 1:1 and 1:3 are lower
than the one for CNT-PE and GNS-PE at the same content of all fillers. To
understand the effect of GNS:CNT ratios, the classification of the hybrid with lower
percolation threshold and electrical resistivity in decreasing order is the GNS:CNT
ratio 1:3, 1:1 and 3:1. Similar synergistic observations are reported for CNT-GNP-
polycarbonate (PC) with a GNP-CNT weight ratio of 3:2, where much lower
percolation threshold and resistivity was observed at lower fillers content compared
to CNT-PC or GNP-PC (Maiti & Khatua, 2016).

2.3.3.1. Piezoresistive Behavior

The goal of adding a second filler to a mono-filler composite for the piezoresistive
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performance is two folds. First, since for monofiller composites the highest gauge factor
happens close to the percolation threshold, it would be interesting to achieve much higher
gauge factors by adding a second filler to the existing monofiller percolated network.
Secondly, if the gauge factor of the hybrid CNT-GNP-PNCs at a CNT+GNP filler
content lower or equal to the percolation threshold of CNT-PNC and or GNP-PNC, is
higher than the gauge factor of CNT-PNC and GNP-PNC close to percolation, a
synergistic effect on the piezoresistivity exists. Very few works have been found in
literature, examining the piezoresistive behavior of hybrid CNT-GNP nanocomposites (S.
H. Hwang, Park, & Park, 2013; S. H. Hwang, Park, Park, et al., 2013; Curtis Lee, Jug, &
Meng, 2013; Luo & Liu, 2013)

The piezoresistivity of hybrid CNT-GNP-polyethylene terephthalate (PET) was
investigated and compared with the behavior of CNT-PET and GNP-PET composites
(Luo & Liu, 2013). The piezoresistivity and resistivity of GNP-PET close to its
percolation threshold is higher than the ones of CNT-PET close to its percolation
threshold (lower than GNP-PET percolation). The addition of more GNP to the CNT-
PET (CNT loading kept constant) increases the conductivities and gauge factors of the
hybrid composites, compared to CNT-PET conductivity and gauge factor. However, for
the same content of GNP, in GNP-PET and CNT-GNP-PET composites, the conductivity
and piezoresistivity of GNP-PET are always higher but decreases with the increase of the
GNP content. The improvement of piezoresistivity can be observed here by the addition
of GNPs to CNT-PET.

The investigator has shown in above discussions that increasing the CNT loading in

CNT-PNCs, after percolation leads to a decrease of the composite resistance and hence



the decrease of its sensitivity. However, after the percolation of CNT-PNCs the
addition of GNPs (instead of CNTSs) leads to the opposite behavior. Even though the
resistance decreases, the sensitivity increases. If for CNT-PET the highest gauge
factor is obtained close to the percolation onset, adding a GNP filler unlock that
limitation and allows for an even higher gauge factor. In the case of GNP-PET, no
improvement of piezoresistivity happens. The addition of a fixed amount of CNT to
the GNP-PET leads to the decrease of resistance and sensitivity of the CNT-GNP-
PET when compared to GNP-PET performance. Note that the addition of a second
filler is done here on an already percolated network of the mono-filler composites.
The effect of the addition of a second filler to a non-percolated mono-filler
network has been examined (Curtis Lee et al., 2013). Polydimethylsiloxane (PDMS)-
CNT and PDMS-GNP were fabricated with respective percolation threshold of 5 wt%
and 12.5 wt%. The two mono-filler composites are then compared to CNT-GNP-
PDMS composites with 2.5% wt% for each filler. The resistance and gauge factor of
the hybrid composites were at least four times higher than the ones for GNP-PDMS
but still slightly lower than the ones for CNT-GNP-PDMS. In this case, the addition
of CNT to GNP-PDMS enhanced the sensitivity of hybrid composites, with lower
fillers concentration, compared to GNP-PDMS. Similar experimental work was done
where the fillers’ total weight fraction was kept constant for CNT-PNCs and CNT-
GNP-PNCs. The GNP content was varied to see the effect on the piezoresistivity (S.
H. Hwang, Park, & Park, 2013; S. H. Hwang, Park, Park, et al., 2013). The resistivity
and piezoresistivity of the hybrid increases with the increase of the GNP content from

0 to 70 wt%. The addition of GNP to CNT-PNCs enhanced the piezoresistivity of the

40
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hybrid composites.

2.3.3.2. Numerical Simulations for Hybrid Nanocomposites

Hybrid nanocomposites consisting simultaneously of CNTs and GNPs fillers have
been fabricated to improve the performance and reduce the cost of fabrication for their
use as multifunctional materials (Sagalianov et al., 2017; A. Yu et al., 2008; Yue,
Pircheraghi, Monemian, & Manas-Zloczower, 2014). However, the existing experimental
data report disparate and sometimes contradictory information about the influence of
parameters such as CNT and GNP content on the different performance of the hybrid
nanocomposites (Maxian et al., 2015; Sagalianov et al., 2017). In addition, very little
attention is paid to parameters such as fillers aspect ratio and relative aspect ratio on the
results of the different experimental works. A combination of CNT and GNP with
different ratios have given different results in the literature. This calls for the
development of numerical models that can explain to some extent those observations and
guide researchers toward a good choice of hybrid microstructures. Few numerical and
theoretical works have been implemented for that purpose. They all model only the
percolation behavior of the hybrid nanocomposites, with no information on its
piezoresistive behavior (Yuli Chen, Pan, Wang, Liu, & Zhang, 2015; Maxian et al., 2015;
Masoud Safdari, 2012; Sagalianov et al., 2017).

A 3D Monte Carlo percolation model without tunneling interaction, with fillers
modeled with the softcore approach, was used very recently to study hybrid CNT-GNP-
PNCs (Sagalianov et al., 2017). For CNT and GNP of equal aspect ratio, the CNT length-
to-GNP diameter ratio was seen to have little effect on the percolation of the hybrid

composites. For CNT length-to-GNP diameter ratio of 1, the increase of the GNP aspect



ratio with a fixed CNT aspect ratio (and vice versa) reduces the percolation threshold.
For CNT length-to-GNP diameter ratio of 1, with CNT and GNP of equal aspect
ratio, percolation thresholds up to 35% lower than the one for CNT-PNCs and 60%
lower than the one for GNP-PNCs were obtained (presence of synergy). When the
difference between the aspect ratios of CNT and GNP increases, the synergy effect
degrades. For hybrid PNCs with CNT and GNP aspect ratio respectively of 200 and
50, the synergistic effect on percolation disappears. Even in that case small addition
of CNT to GNP-PNC:s leads to hybrid PNCs with percolation threshold 5 times
lowers than GNP-PNCs and almost equal to CNT-PNCs. The electrical conductivity
was not modeled in the study.

Maxian et al. (2015) performed a similar study, where the tunneling effect was
taking into account with fillers modeled with a hardcore approach. The effect of
different contents of CNT and GNP in the hybrid PNCs was examined. Hybrid PNCs
with percolation threshold values lower than the one of GNP-PNCs was obtained.
The percolation threshold decreases with the increase of CNT content in the hybrid
PNC but is still 16 times higher than the one of CNT-PNCs (no synergy effect). Also
increasing the aspect ratio of GNP in the hybrid PNCs decreases the percolation
threshold. The opposite happens with CNT. The electrical conductivity was not
included in the model.

M. Safdari and Al-Haik (2012) developed a numerical model, based on the
tunneling effect to predict both percolation threshold and electrical conductivity of
hybrid CNT-GNP nanocomposites. GNP is modeled as the main filler and CNT as the

auxiliary filler using a hardcore approach. The CNT-to-GNP volume fraction ratio
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was kept constant at 0.01. Increasing the aspect ratio of CNT leads to a huge decrease in
the hybrid percolation threshold, with values always lower than the one for GNP-PNCs.
This effect is dominant for small values of GNP aspect ratio. The conductivity follows
the same trend as the aspect ratio, with higher conductivity for the hybrid PNCs.

With regard to those numerical models, there is a need of numerical modeling that
studies both the electrical conductivity and percolation threshold of hybrid CNT-GNP
PNCs and that can predict the effect of the fillers aspect ratio, volume fraction as well as
CNT aspect ratio, relative to GNP aspect ratio. In addition, the specific hybrid
microstructures that can lead to a synergistic effect should be predicted by the model.
With the lack of piezoresistive models for CNT-GNP hybrid PNCs in literature, it is
urgent to develop a numerical framework capable to simulate the electromechanical
behavior of the hybrid PNCs.

Overall, this section demonstrates experimentally and numerically that it is possible
to effectively substitute a small amount of GNP by CNT and vice versa to obtain a hybrid
PNC with percolation better than any of CNT-PNCs or GNP-PNCs separately. However,
only specific CNT-GNP microstructures enable that synergy effect. Since CNT is usually
more expensive, and have better percolation threshold compared to GNP, it is possible to
gain in both cost and performance using the hybrid PNCs.

2.4. Fabrication Techniques of Nanocomposites

As explained in Section 2.3, several processing methods have been used in the
literature for the fabrication of nanocomposites made of CNT and/or graphene. The main
goal of the fabrication techniques is to incorporate uniformly, dispersed CNTs or GNPs

into the polymer matrix such that a good interfacial interaction or wetting between the



polymer and the fillers is obtained (Khan, Kausar, & Siddig, 2015). The most
common nanocomposites processing methods are solution processing, melt
processing and in situ polymerization. Depending on the desired properties
(mechanical, electrical, thermal) of the nanocomposites, the thermal and chemical
properties of the polymer as well as the ease of its synthesis from the chosen
monomer and the fabrication cost, a suitable processing method can be used.

2.4.1. Solution Processing

In this method, either the polymer or the nanoparticles or both are separately
dissolved into a solvent and then mixed using dispersion methods such as shear
mixing, magnetic stirring or sonication. The solvent is then evaporated or removed by
filtration to obtain the nanocomposites. The main advantage of this method is the
possibility to achieve a good dispersion of the nanofillers in the solvent before
incorporation into the polymer. In addition, the viscosity of the polymer can be
reduced with the addition of the solvent, which also facilitates the dispersion in the
nanocomposites (Breuer & Sundararaj, 2004). However, this technique cannot be
used for insoluble polymers (Byrne & Guin’Ko, 2010; Dey, Bajpai, Sikder,
Chattopadhyay, & Shafeeuulla Khan, 2016). Several CNT and GNP-based
nanocomposites have been fabricated with this method (Q. Bao, Tang, Zhang, & Loh,
2012; Breuer & Sundararaj, 2004; Coleman et al., 2003).

2.4.2. Melt Processing

Common alternative for insoluble polymers, melt mixing techniques are specially
developed for thermoplastics. A molten polymer is obtained by melting polymer

pellets and is mixed with nanoparticles. Compared to solution processing, melt
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processing lead to less contamination because of their solvent-free nature (Masoud
Safdari & Al-Haik, 2013). The advantages of this technique are its speed, simplicity,
affordability, while it is compatible with standard industrial techniques such as extrusion,
injection molding and compression molding (Andrews, Jacques, Minot, & Rantell, 2002).
However, the high temperatures needed for this method can lead to unexpected
degradation and oxidation of the polymer and damage to the nanofillers (Jordan, Jacob,
Tannenbaum, Sharaf, & Jasiuk, 2005). Examples of nanocomposites filled with CNTs or
GNPs using this method are (Kalaitzidou et al., 2010; Sennett et al., 2003).

2.4.3. In Situ Polymerization

Nanoparticles are first dispersed in a monomer or multiple monomers and the mixture
is polymerized under certain conditions (Coleman, Khan, Blau, & Gun’ko, 2006). One
main advantage of this technique is that unlike solution processing and melt mixing,
insoluble and thermally unstable polymers can be processed with in situ polymerization
(Saini, 2013, 2015). Also, this method allows the fabrication of composites with high
nanoparticle loadings (Byrne & Guin’Ko, 2010) because it improves dispersion state and
integration between the polymer and the fillers (Breuer & Sundararaj, 2004). This method
is also widely used for conductive polymers (G. Z. Chen et al., 2000; Maser et al., 2003).
However, because low viscosity polymer is usually needed for materials like elastomer
(Papageorgiou, Kinloch, & Young, 2015), this technique is not as popular as the others.
In addition, the macromolecular chains of the polymer may become attached to the
nanofillers, hence preventing the formation of conductive networks between fillers and
leading to lower electrical conductivity values (Ghaleb, Jaafar, & Rashid, 2019). Several

works have been done using this technique (Ma, Siddiqui, Marom, & Kim, 2010;
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Moniruzzaman & Winey, 2006; O’Neill, Bakirtzis, & Dixon, 2014; L. Zhang, Tu,
Wang, & Du, 2018).

2.4.4. Inkjet Printing

Applications in end-use industries such as electrical and electronics are driving
the market growth of both CNT and GNP composites (Watson, 2019). Printed
flexible electronics made of those fillers have demonstrated great potential in
applications in transistors (Beecher et al., 2007; C. Cao, Andrews, & Franklin, 2017;
Homenick et al., 2016), radio frequency identification tags (Chauraya et al., 2013; L.
Yang, Staiculescu, R. Zhang, Wong, & Tentzeris, 2009; Li Yang, Zhang, Staiculescu,
Wong, & Tentzeris, 2009), health industry (Abera & Choi, 2010; D. H. Kim et al.,
2011; Yeo et al., 2013), sensors (Kulkarni, Apte, Naik, Ambekar, & Kale, 2013;
Trichur, 2014; Varghese, Lonkar, Singh, Swaminathan, & Abdala, 2015; T. Zhang,
Mubeen, Myung, & Deshusses, 2008), energy storage (P. Chen, Chen, Qiu, & Zhou,
2010; Grande et al., 2012; Siliang Wang et al., 2015; Y. Xu et al., 2014) and
photonics (Azoubel, Shemesh, & Magdassi, 2012; Dodoo-Arhin et al., 2016;
Marquardt et al., 2010). Many deposition methods such as spray coating (S. Kim et
al., 2010; V. H. Pham et al., 2010) and dip coating (Andrew Ng et al., 2008; J. Liu et
al., 2015) have been studied as ways to deposit CNTs and graphene on different
substrates.

However, these methods present limitations such as homogeneity and thickness
control of the deposited films as well as their industrial productivity (Kholghi
Eshkalak et al., 2017). Thus, alternative methods such as screen printing (Hyun et al.,

2015; Karuwan et al., 2017; G. Zhang et al., 2009), transfer printing (Abdelhalim et
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al., 2013; D. Song et al., 2017) ,and aerosol printing (Jabari & Toyserkani, 2015; D. Zhao
et al., 2012) for printed nanocomposites based on CNTSs or graphene have also been
developed. Nonetheless, recent developments in digital printing have made inkjet printing
the most favorable method for printed electronics applications (Karim et al., 2017,
Mattana & Briand, 2016; Torrisi et al., 2012; R. Tortorich & Choi, 2013).

With inkjet printing, the thickness of the printed layer, its electrical conductivity as
well as its size is precisely controlled while maintaining high edge sharpness. This is
enabled by the fact that the amount of ink deposited in a single printed layer is
determined by the distance between two droplets of ink and the volume of the droplets
(Seifert et al., 2015), while the thickness and the conductivity of the layer can be
increased by printing in the same position on the substrate as many time as needed using
the overwriting method (da Costa et al., 2015; Kwon et al., 2013; Lesch et al., 2014).
These parameters are more challenging to control using the previous method of
nanocomposite fabrication discussed earlier. The possibility of using commercial or
professional existing printers with no modification for the printing of nanocomposites
made this technique more popular. In addition, since no prefabrication of templates or
masks and no post-printing steps are required, due to the precision of the printing using a
simple template in word processing or CAD software, it facilitates rapid and low-cost
printing (Abulikemu et al., 2014; R. Tortorich & Choi, 2013).

A wide variety of printing patterns and substrates can be accommodated. Figure 2.1
shows the printed logo of Embry-Riddle Aeronautical University (ERAU) on Kapton
film using several inkjet-printed layers of CNT ink. Multiple nanomaterials can also be

simultaneously deposited on the substrates using the multiple cartridge setup that inkjet
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printers allow. Inkjet printing is to some degree insensitive to irregularities of the
substrate surface, while the possibility of dispensing precise (from pico to nano liter)
volume droplet inks at high rates (kHz) makes it capable of fabricating tailored
nanocomposite devices with high device-to-device reproducibility (Dinh et al., 2016;
Michelis et al., 2015). The technology is considered environmentally friendly since it
generates very little or no waste (Secor, Prabhumirashi, Puntambekar, Geier, &

Hersam, 2013) and is compatible with mass production on an industrial scale.

Figure 2.1 Inkjet printing of Embry-Riddle Aeronautical University logo with CNT ink.

Despite the outstanding advantages and advances of inkjet printing, several
challenges related to the ink formulation and the printing have been dealt with,
mainly due to restrictions imposed by the print head (Castrejon-Pita et al., 2013). The
formulated ink must maintain a low surface tension and a low viscosity (in the
accepted range of the specific printer). This might limit the polymer or solvents used
for inkjet printing as high viscosity materials increase the risk of clogging and affect

the printing quality.
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For example, ink made of organic solvents which are usually volatile leading to
nozzle clogging if the cartridge is not sealed properly. The viscosity limitations also limit
the content of filler in the ink. The nanofillers in the ink should be well dispersed for
optimal mechanical and electrical performance of the printed device and should be free of
flocculation or big agglomerates to avoid clogging of the inkjet nozzle (R. Tortorich &
Choi, 2013). The corrosive nature of the solvent or polymer used might prevent the use of
inkjet printing depending on the materials of the cartridge. For optimal ejection of the
ink, a low surface tension is necessary, due to the extremely small volume of the ink
droplets. A high surface tension will make the ejection of the droplet very difficult.

Problems related to the inkjet printing of nanocomposites are mainly due to the coffee
ring effects and the contact angle of the ink on the chosen substrate for printing. The
coffee ring effect happens when after ejection of the droplet on the substrate, the
nanofillers are pushed towards the perimeter of the droplet due to an internal flux, during
drying (Deegan et al., 1997). To overcome that phenomenon, heating the substrates
during the printing of surface treatment of the substrates can accelerate the drying process
(J. W. Song et al., 2008). A good choice of the polymers and solvents used for the ink can
also minimize the coffee stain effect (Denneulin, Bras, Carcone, Neuman, & Blayo,
2011). For good print quality, the surface tension or contact angle of the ink should be
low for good adhesion on the substrates. Wetting agents or surfactants can be used in the
ink formulation to lower the surface tension. In addition, in the case of hydrophobic
substrates, surface treatment is often necessary for the printing of water-based inks (Fang

et al., 2016; Fang & Tentzeris, 2018).



2.5. Applications of Conductive Polymer Nanocomposites Examined in This
Dissertation

The first part of this chapter reviewed the current state of art about the properties
of CNT, GNP and the nanocomposites made with each of them. In addition, a
detailed review of the work done so far for hybrid nanocomposites comprising both
CNT and GNP was performed. With regard to the review, the different
nanocomposites were fabricated for two general applications: conductive
nanocomposites for use as resistor or electrodes and piezoresistive nanocomposites
for use as strain or gas sensor. In this dissertation, the investigator will manufacture
nanocomposites for the following applications: strain sensing and MMOD impact
detection. Since their use as strain sensor has been covered in the review above, the
state of research on MMOD impact detection and how polymer nanocomposites will
be used as MMOD impact detection sensors will be briefly discussed.

2.5.1. Space Debris Impact Detection in Inflatable Structures

Inflatable structures for space habitat are highly prone to damage caused by
micrometeoroid and orbital debris (MMOD) impacts. The size of orbital debris varies
from few microns to meters but the probability of an impact increases significantly
for particle diameter size of 0.001 cm to 1 cm due to their high flux. The velocity of
these MMOD is very high, i.e. of the order of 1 km/s to 15 km/s with an average
velocity of about 9 km/s in lower earth’s orbit (E. Christiansen et al., 2009). Due to
the high momentum, the material of the colliding particles has less significance, since
even soft materials such as foams can cause damage and rupture of the structure. The

disaster of the space shuttle Columbia is an example of such a case where a piece of
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insulating foam struck the left wing of the orbiter. Depending on the size of the colliding
particle, the induced damage may vary from micrometer size hole to rupture of the whole
structure.

Long term exposed space structures, such as ISS, face many such collisions
throughout their service life and therefore are shielded heavily against MMOD impacts.
Even with safety precautions of shielding and orientation change, several incidents have
been reported of damage to the ISS by MMOD, leading to the occurrence of a hole or a
crack (E. L. Christiansen & Rollins, 2012). If damage occurs to any of the pressurized
structure such as habitat modules, it may result in depressurization and leakage and can
be a serious threat to the life of the astronauts. Therefore, it is very important to know of
any event of impact occurrences as well as the severity of the damage as early as
possible. Previous space structures have been using different sensors for impact
detection. After the loss of Columbia, the Space Shuttle Orbiter was equipped with
WLEIDS impact detection system to qualitatively estimate the impact and location of
damage for a limited period of time (E. Christiansen et al., 2009; Studor & George,
2007). Currently, the techniques used by NASA and other space agencies to detect the
damage occurrences vary from pressure sensors for leak detection, monitoring cameras to
inspect the damage through images, ultrasonic testing to other NDE techniques (Koshti,
2015). There is a great need for a structural health monitoring system that can detect
impact damage, such as its location and severity, and keep the crew updated with the
health of the structure.

The current development of the space program is moving towards inflatable habitat

structures (de la Fuente, Raboin, Spexarth, & Valle, 2000). An active health monitoring



system for inflatable structures against MMOD impact damage would be needed. One
approach is to develop a blanket/layer that detects the impact damage. A second
approach can be the installation of sensors on the existing structure that can remotely
detect the event of an impact. Similar attempts have been made in the past. Brandon
et al. (2011) developed a blanket type layer with wireless communication, which
works on the principle of a capacitor. When a capacitor is damaged due to the hole
created by the impact, capacitance of the sensor changes due to change in the area,
and this can be used to get information about the event of an impact. The layer
consists of a number of such sensors installed in an array to cover the whole structure.

Similarly, Woodard et al. (2011) used an open-circuit electrically conductive
spiral trace sensor for damage detection. Due to damage, the magnetic field response
of the sensor changes that can be used for detection. Moreover, a piezoelectric film
sensor layer (E. Christiansen et al., 2009) and conductive traces (Patent No.
9,233,765, 2016) were used as a coating material or embedded between the laminates
for sensing purposes. Fiber optics (Cadogan et al., 2006) were also woven inside a
fabric, for strain sensing as an indication of damage. Imaging by scanning the habitat
walls with different electromagnetic radiation wavelengths has also been studied for
MMOD damage detection and yielded positive results (Madaras et al., 2008). More
complex techniques involved the use of acoustic and impedance tomography to
provide information about the location of damage in the layer (Cadogan et al., 2006).
It was shown in Chapter 2, that conductive CNT-PNCs, or GNP-PNCs exhibit a
change in their electrical resistance with strain, mainly due to the breaking of

conductive paths in the filler percolated network (Alamusi et al., 2011; Gbaguidi,
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Konduru, & Kim, 2016; Njuguna, 2012). Thus, those nanocomposites can be used to
detect MMOD impact, since the addition of a hole of any size onto the nanocomposites
would create the same change in electrical resistance because part of their conductive
network would be removed.

In this section, the different properties of CNT and GNP as nanofillers and their use
in monofiller and hybrid nanocomposites have been discussed. The investigator reviewed
the different works both experimental and numerical done in the literature about the
nanocomposites and examined the main parameters that affect their use as conductive and
piezoresistive materials. The conventional fabrication processes used so far for the
nanocomposites were discussed and it was shown that inkjet printing can overcome their
shortcomings with the goal of producing more performant nanocomposites with
controllable properties. Various applications of the nanocomposites were also discussed
and it was explained that their electrical behavior could be used for damage sensing as

shown in the coming chapters.
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3. 2D Numerical Simulation on Electrical Conductivity and Piezoresistivity of
CNT/GNP Hybrid Nanocomposites

Hybrid nanocomposites with multiple fillers like carbon nanotubes (CNT) and
graphene nanoplatelets (GNP) are in the forefront of nanomaterials studies due to their
synergistic effect. Several reports have established a decrease of the percolation
threshold, and an enhancement of the electrical and mechanical properties of the hybrid
composites when compared to mono-filler composites. In this chapter, the investigator
showed using numerical simulations that the addition of graphene fillers to CNT-
nanocomposites improves the electrical conductivity and the piezoresistivity of the
obtained hybrid nanocomposites. In literature, CNT nanocomposites are usually
classified into CNT thin films and CNT polymer nanocomposites. Thin films composites
are thin enough that there is essentially a single layer of CNTSs lying relatively flat in the
plane of the film (Maxwell, 2013). Those films exhibit two-dimensional (2D) network
percolation behavior, because similar to percolation results from 2D numerical
simulations (L. Hu, Hecht, & Gruner, 2004; Ishida & Nihey, 2008; Kumar, Pimparkar,
Murthy, & Alam, 2006; Maxwell, 2013; Topinka et al., 2009).

The thickness of polymer nanocomposites, on the other hand are usually much
greater than the length of the incorporated CNTSs; hence, they exhibit three-dimensional
(3D) percolated network behavior (Maxwell, 2013). CNT thin films (usually made of
SWCNTSs) are mostly used as transistors (Simien et al., 2008; Snow, Novak, Campbell, &
Park, 2003), electroluminescent devices (Yu Wang et al., 2008) and strain sensors (Loh et
al., 2008; Nagarajaiah et al., 2008). 2D numerical models are computationally more

efficient (less intensive) than their 3D counterparts (Maxwell, 2013; Theodosiou &
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Saravanos, 2010). More importantly, (Theodosiou & Saravanos, 2010) showed that the
percolation results predicted by a fast and simpler 2D model can be scaled and calibrated
to match a more complicated and time consuming 3D model percolation.

Taking advantage of the computation efficiency of the 2D model, in this chapter, the
author has developed a 2D Monte Carlo model to estimate the electrical conductivity and
the piezoresistivity of hybrid nanocomposites. To model the fillers in an RVE, two main
approaches are available in literature. In the softcore model, geometric and electrical
contacts occur simultaneously, because the fillers are allowed to overlap or to occupy the
same space. That leads to cases where no tunneling resistance exists between fillers even
though they are electrically connected. In hardcore model, an impenetrable core,
surrounded by a soft penetrable shell, represents the filler. Electrical contact can occur
only inside the soft shell through tunneling resistance. Using the hardcore model for
CNTs, which are the primary fillers in this chapter, in a two-dimensional RVE, will result
in a very small number of particles generated due to space restriction. Hence, in this
chapter, the author used a modified softcore approach to model CNTs. He specifically
consider that there is a tunneling resistance between the CNTs even if they overlap. This
reduces the underestimation of tunneling resistance occasioned by softcore modeling.

In this chapter, using the modified softcore model for CNT and the hardcore model
for GNP, the author has developed a two-dimensional Monte Carlo model to estimate the
electrical conductivity and the piezoresistivity of nanocomposites, with microstructures
consisting of elliptically shaped GNPs, mixed in with a two-dimensional CNT network.
Stochasticity is naturally inherent in these microstructures; consequently, there is

uncertainty in the constituent model parameters. The author studies the uncertainty in the
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model outputs by simulating a large number of samples (Monte Carlo simulations) and
address the uncertainty due to model assumptions as well as parametric uncertainty due
to the input parameters in simulating the microstructures. Some of the parameters
considered include filler geometry, aspect ratio, orientation, CNTs to GNPs volume
fraction ratio and mechanical loading. The effect of these parameters on the percolation
threshold, electrical conductivity and piezoresistivity is examined with the objective of
designing responsive microstructures of hybrid nanocomposites. Part of this chapter
previously appeared in (Gbaguidi, Namilae, & Kim, 2018b).

3.1. Model Formulation

3.1.1. Modeling of the Hybrid Filler Network

A percolation based model was simulated by first generating a random
distribution of CNT network in a two-dimensional (2D) representative volume

element (RVE) of size L, X L,,. Every CNT added in the model can be described by a

line segment with a starting point (x%, yi) and an ending point (x5, y%) such that:

bl _[x] g [cos O, (3.1)
Vs yi sin 6*
where [ and @' are the length and polar angle of the i"" CNT, respectively, as shown in

Figure 3.1(a) x¢ , yi and @* follow a uniform distribution while i* follows a Weibull

distribution such that:

xi L, X rand
i L, X rand

Vil = Y

g - 21 X rand

1 3.2
11l lax (—in(1l —rand))p (3.2)

where ‘rand’ indicates uniformly distributed random numbers in the interval ]0,1[ and
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(a, b) are the parameters of Weibull distribution. The Weibull parameters are determined
by the nominal and standard deviation of experimental CNT lengths (Shiren Wang,
Liang, Wang, & Zhang, 2006). Some of the earlier modeling studies consider CNTs of
uniform length (B. M. Lee & Loh, 2015; Rahman & Servati, 2012; Z. Wang & Ye,
2013); however, including the length distribution according to experimental parameters
results in a more realistic representation of the microstructure.

This CNT generation procedure was performed continuously until the desired CNT
volume fraction was reached. Even though CNTSs are represented as one-dimensional
structures, a fixed diameter D is assigned to the CNTs to facilitate computing the
intersections and volume fraction. Here the volume fraction is simply defined as the ratio
of the total area of all the CNTs ({; x D) and the area of RVE (L, X L,). Periodic
boundary conditions (PBC) (B. M. Lee & Loh, 2015) were used to reposition the CNTs
when the end points of CNTs generated by Equation 3.1 were located outside of the

RVE.

Figure 3.1 Parameters to generate (a) i"" CNT and (b) j"" GNP particle in Representative
Volume Element.

Next, the author considers the incorporation of elliptical graphene platelets to form a

hybrid filler network. Most studies on percolation of graphene based nanocomposites



58

modeled graphene as circular particles because of the simplicity in geometry
definition, and ease in computation of the distance between particles (Oskouyi,
Sundararaj, & Mertiny, 2014b, 2014a; Masoud Safdari, 2012). Note that the two
fillers generated in this work are in plane with the 2D RVE.

Elliptical particles are a more realistic assumption because they are not equiaxed
and allow for rotation in the particle plane. Moreover, elliptical shape enables
parametric studies of the aspect ratio and texture distribution. Nonetheless, there is no
closed-form solution available for distance computation between elliptical particles
(Yi & Tawerghi, 2009), which makes the implementation more difficult and
computationally intensive. The i" graphene particle, generated in the RVE is
described by an ellipse with a center (x§, y$), and direction angle 6§, a semi-major

axis a, and a semi-minor axis b, (see Figure 3.1(b)) such that:

yé Ly, X rand
6% m X rand

x4 L, X rand
[ ] @
The elliptical particles were added to the RVE until the desired graphene volume

fraction was reached. Equation 3.3 suggests that the center of the ellipse is always

located inside the RVE. However, the ellipse may intersect with one or two of the

RVE boundaries. Periodic boundary conditions were used in such cases. Note that the

implementation of PBCs for elliptical particles has additional steps compared to

circular particles (W. Xu, Chen, & Lv, 2010). If an ellipse intersects with a single

boundary segment, one additional ellipse (x5™, y5*1, 8%) was compensated (Figure

3.2(a)). If the ellipse intersects with two boundary lines, on or outside the segments,
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two additional ellipses (xtY, y5tt, 0¢) and (xi+2, yit?, 64) were compensated (Figure
3.2(b) and (c)). If one of the RVE corner is located inside the ellipse, three additional
ellipses(x5t, y5t, 88), (x5T2, y5t2,08) and (x5t3, yb3, 68) were compensated (Figure
3.2(d)). Figure 3.2(c) can happen only with radially asymmetric shapes like ellipses. As a
modeling constraint, the ellipses are impenetrable, i.e. not allowed to overlap. This

constraint is needed to make the 2D model closer to a three-dimensional microstructure.
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Figure 3.2 Periodic compensation procedure.
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Equation 3.4 represents the standard equation for an ellipse with the five parameters
(ag, by, xq, Yo, 8), that describe its size, position, and rotation. Equations 3.5 and 3.6 are

compact form of Equation 3.4 for computation purpose. They are obtained by expansion
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and rearrangement of Equation 3.4 following the procedure in (W. Xu et al., 2010).

A C D
C B E
D E F
cos?@, sin?6, 1 1
in@ 0| ——— —Axy —C 3.6
" b2 sin 8, cos 6, (aoz boz) xo — CYy, (3.6)
=lsing 0 1 1 sin? 4, N cos? 6, c B
sin 6, cos 8, 2 b2 o b2 Xo Yo
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Suppose that during the simulation, the j* elliptical particle (a,, bo,xé,yg, 0({) IS
generated after the i'" particle (aq, bo, x5, ¥5, 8%). The impenetrability of i and j

ellipses can be ascertained if:

o At ¢t DY [x)
[x/ y/ 1]|ct B E!||y/|>0 (3.7)
pt E' Fil1

In order to reduce computational effort, the author used an algorithm wherein a
small number np of equidistant points (x,i,y,{) on ellipse j satisfy Equation 3.7, with
k=12, ey M.

3.1.2. Tunneling Junctions Between Fillers

Percolation network conductivity models use either softcore or hardcore
approaches to determine the junctions between filler particles. Softcore approach
assumes fully permeable fillers wherein geometric and electrical contact occur
simultaneously (B. M. Lee & Loh, 2015). In hardcore approaches, a soft shell
encompasses impenetrable hardcore and tunneling intersections occur in the soft
shell. Most of the 2D numerical studies (Behnam & Ural, 2007; Rahman & Servati,

2012) as well as many 3D modeling studies (W. S. Bao, Meguid, Zhu, Pan, et al.,
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2012; W. S. Bao, Meguid, Zhu, & Weng, 2012; S. Gong et al., 2015; Shen Gong & Zhu,
2014), use a softcore model for determining junctions between fillers. Berhan and Sastry
(2007) show that softcore model reduces the contribution of tunneling, due to the
overestimation of the number of chemically bonded junctions and thereby introduces
non-negligible error in percolation modeling. Hardcore approach is more accurate and

realistic but computationally more intensive, especially for fillers with complex

geometries.
m — m rm R( v,
ud
(u) H '
— ") (d)
\ ‘
"
(b)
\"-"‘\
[ -
m m rm -
i Re gewr
‘ Sy, ©
(c) R(;v\‘T

Figure 3.3 Schematic of (a) a transformation of direct nanotube-to-nanotube contact,
from junction point m to tunneling segment of length d,,,,,, randomly generated, (b)
tunneling effect when d,,;, < D + dyeopr, (€) CNT resistor network conductive path,
(d) graphene-to-graphene tunneling contact and (e) graphene-to-nanotube tunneling
contact, with tunneling segment of length d,,,, into resistor network conductive path
(solid gray, dotted gray, and thin solid black lines represent intrinsic resistance, tunneling
resistance, and fillers parts not involved in the conductive path, respectively).

In his model, the author used a modified softcore approach for CNT-CNT and CNT-
GNP interactions. Tunneling effect happens between two filler particles when the shortest

distance between them is less than the maximum effective distance (dcy¢off) for
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tunneling effect (see Figure 3.3(b)). The geometrical contact between CNTs in the
model was transformed into a tunneling junction for resistance calculation. For any
CNT-CNT intersection, a random tunneling distance, d,,, (D < dpp < D +
dcutorr), Was generated, to create two distinct contact nodes m and n (one on each of
the two CNTSs in contact) such that the distance between those points (m and n) was
equal to the generated tunneling distance d,,,, (see Figure 3.3(a)). This tunneling
distance is used for percolation and resistance calculations, thereby reducing the error
in softcore method due to underestimation of tunneling junctions, without adding
significant computation. A similar approach was used for the intersection between
GNPs and CNTs as shown in Figure 3.3(e). The junctions between two GNPs were
treated using a hardcore approach. Note that geometrical overlap of graphene
particles is not allowed as a modeling constraint.

For resistance calculation, the major axis segment of each ellipse was used as a
resistor segment of resistance equal to the graphene intrinsic resistance for resistance
computation. The tunneling junctions between i and j" GNPs was determined as
follows. The semi-minor axis and semi-major axis of the i ellipse were transformed

to incorporate a tunneling softcore such that:

ae' = ao + deutors (3.8)

bei = bO + dcutoff (39)

The parameters of i ellipse were obtained by replacing a, and b, in Equation 3.6

by ae® and be’. Then, overlapping between the i ellipse’s tunneling softcore and the

j™ ellipse was checked using n, points (x,’(',y,f) and applying Equation 3.7, with k =
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1,2,...,n,. In the case of overlapping, the shortest distance between (x,{, y,{) points on the

j™ ellipse and (x%, y) points on the i ellipse (not its softcore) were used to generate a
tunneling resistor segment with a tunneling distance d,,,,, as shown in Figure 3.3(d). The
tunneling segments between the filler particles along with the filler particles were used to
create clusters that lead to percolation networks. Note that all the nodes created due to
tunneling on GNPs are projected on the GNP resistor segment (see Figure 3.3(d) and (e),
from left to right).

3.1.3. Network Percolating Resistance

The network resistance and percolation effects were computed using both, intrinsic
resistance of fillers and tunneling junction resistance between fillers. The intrinsic
resistance of CNTs, along a CNT between two nearest contact points j and k, created by
two adjacent fillers through tunneling, was evaluated as (W. S. Bao, Meguid, Zhu, Pan, et
al., 2012).

4l

RENT = R, = —
OcntTD

int j

(3.10)

where L, is the CNT length between the contact points j and k, D is the diameter of the

CNT and o.,; is the CNT intrinsic electrical conductivity. In this study, the author used
an experimentally determined effective mean conductivity as o.,; (Shen Gong & Zhu,
2014). Note that the electrical conductivity of the polymer matrix is neglected.

In literature and in vendor datasheets, graphene particles are usually described by
their sheet resistance, R, since they are 2D particles. For a conductive rectangular particle
of dimension L x W, with current, assumed to be flowing in the direction parallel to L,

the electrical resistance is:
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R=R,— (3.11)

For an ellipse’s resistor segment of length L=2a,, Equation 3.11 was modified as:

4a,

R = Ry—
GNP S hg

(3.12)

For GNPs, several nodes might be created on the resistor segment of each ellipse
due to tunneling junctions (i.e. one node created for each tunneling junction the filler
is part of). The region between two consecutives nodes i and k on the filler can be
defined as a resistor segment and the corresponding intrinsic resistance of the resistor

segment in the case of GNP could be computed as:

R
RGN == L (313)

where L;;, is the distance between the nodes i and k and L is the sum of all the L;; on that
specific ellipse resistor segment. The Landauer-Buttiker equation was followed to
compute the current at a tunneling junction (W. S. Bao, Meguid, Zhu, Pan, et al., 2012;
W. S. Bao, Meguid, Zhu, & Weng, 2012). The equation to compute the contact resistance
of an undeformed particle junction is described as in (W. S. Bao, Meguid, Zhu, Pan, et

al., 2012).

h

R = ——— 3.14
¢ 2e2MT (3.14)

where e is the electron charge, h is the Planck constant, T is the elctron transmission
probability and M is the total number of conduction bands for CNT walls. The

transmission probability T could be estimated by solving the Schrodinger equation with a
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rectangular potential barrier or from the Wentzel-Kramers-Brilloing (WKB)
approximation (Simmons, 1963a, 1963b). T is expressed by Equations 3.15, 3.16 and
3.17, respectively, for contact between CNTSs, between graphene particles and between

CNT and graphene particles:

d
exp (_ vew ) 0 < dpn < D + dyqy
T = dtunnel
_ et (3.15)
exp (_ d—> D+ dvdw < dmn <D+ dcutoff
tunnel
d
exp (_ vaw ) O S dmn S dvdW
T = tunnel
; (3.16)
exp (— 7 ki ) dvaw < dmn < deutorr
tunnel
d D
l(exp(_ vdw) 0 < dyn < 5+ dyaw
dtunnel 2
T = D
o -2\ b (3.17)
exp __m 2 —+dygw < dpn <=+ dcutoff
dtunnel 2 2

dtunner = h/(2m\/8m,AE) (3.18)

where m,, is the mass of electron, AE (1 eV) is the height of the barrier (the difference of
the work functions between the CNT and the polymer), d,,4,, is the van der Waals
separation distance. Examples of resistance network between fillers are shown in Figure
3.3(c), (d) and (e), with the different type of electrical resistances.

Following (W. S. Bao, Meguid, Zhu, Pan, et al., 2012; B. M. Lee & Loh, 2015), the
percolation threshold and the electrical conductivity were evaluated by recognizing the
connective percolating network linking two opposite faces (or electrodes) of the RVE

(y = 0and y = L,). The percolation of the composite was evaluated using the
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percolation probability, which is the probability that there is at least one conductive
path spanning the two electrodes of the RVE, transforming the insulating polymer to

a conductive material. The percolation probability is defined as:

Ny (3.19)

where n,, is the number of simulations with the existence of at least one conductive path,
in a total of N simulations. The electrical percolation threshold corresponds to a
percolation probability of 0.5.

Once a conductive network, which spans both electrodes was found, the segments
that did not participate in conducting current were removed for computational
efficiency using the Dulmage-Mendelsohn decomposition method (Pothen & Fan,
1990). Then the remaining conductive network was transformed into a resistor
network by calculating the resistance between the different nodes ( RENT = —d%

int UcntTsz !

RENP = %Lik and R, = 262%). The final step was to calculate the resistance of that
percolating network from the positive semi-definite matrix equations representing
Kirchhoff’s current and Ohm’s laws (W. S. Bao, Meguid, Zhu, Pan, et al., 2012;
Rommes & Schilders, 2010). Cholesky decomposition algorithm for sparse matrices
(Rommes & Schilders, 2010) was used to solve these matrix equations and find the
conductance of the RVE. Monte Carlo simulations on several representative
rectangles were performed to obtain the averaged conductance of the networks.
3.1.4. Piezoresistivity of Hybrid Nanocomposites

Several experimental studies confirm that nanocomposites with CNTs or graphene

particles exhibit a change in resistance when subject to mechanical deformation (C.
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Lietal., 2008; Yin et al., 2011; W. Zhang et al., 2006). The author studies this
phenomenon by subjecting the RVE to uniaxial tensile deformation. Consider a CNT-
graphene nanocomposite under an incremental uniaxial strain Ae along the y-axis of the
RVE. Any applied strain resulted in a change in position and orientation of the particles.
The re-orientation model for the piezoresistivity for CNTs in (B. Hu et al., 2012) was
applied for both CNTs and graphene particles in this study. In the reorientation model
described in Equations 3.20 and 3.21, a uniform strain field and a constant Poisson’s ratio
is assumed in the polymer. In addition, a perfect interface between the polymer matrix
and the fillers is assumed. Hence, all points in the RVE including fillers are assumed to
deform under mechanical strain with elastic properties of the matrix. Since the intrinsic
piezoresistivity of the fillers are not considered in this work, the effects of this
assumption on the accuracy especially for small strains is expected to be very small.

The coordinates of the two end points of the i"" CNT segment or the GNP resistor

segment in the RVE, (x4, y1) and (x5, %) became:

(xl,¥)) = (x{(l —vAe), yi(1 + Ae)) (3.20)

(7, 72) = (xi(1 - vae), yi(1 + Ae)) (3.21)

where (i}, ¥) and (x5, %) are the updated coordinates of the two end points of the i™"
CNT segment or graphene resistor segment after strain is applied, and v is the Poisson’s
ratio. This resulted in a new state of microstructure in the RVE with increase or decrease
in number of conducting paths in the percolated network. Further, there were changes in
the tunneling junction locations on the resistor segments, as well as changes in the

tunneling distance between particles. All those phenomena changed the resistance of the
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new percolating network. The new electrical resistance for the network was then
computed as a function of applied strain to characterize the piezoresistivity of the hybrid
nanocomposite. Piezoresistivity is characterized using the resistance change ratio (K) and
the gauge factor (GF), described in Equations 2.1 and 2.2.

3.2. Results and Discussion

The author uses Monte Carlo simulations based on the model described above to
compute the percolation probability and the electrical conductivity, first with only
CNTs as fillers and then with CNTs and GNPs as fillers. The different parameters
(size, content and aspect ratio) of GNP as well as CNT content are kept constant to
specific set of values, while the position and alignment of GNP and CNT as well as
the length of CNT are randomly generated using Monte Carlo simulations, as shown

in Equations 3.2 and 3.3.
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Figure 3.4 Convergence of average conductance value with Monte Carlo simulations.

To have a conductive nanocomposite, after the application of strain, the
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percolation network should remain after deformation. The present simulations show that
when the CNT volume fraction is less than 0.10, the percolation network becomes
discontinuous (i.e. the percolation path does not hold all the time) at a strain of 0.6% or
less. Therefore, to study the piezoresistivity of hybrid composites, the CNT volume
fraction was fixed at 0.10 in all the piezoresistivity simulations and only the GNP
parameters were varied for determining optimal microstructures. This ensures that a

percolated network of CNTSs per se exists before and after the application of strain.

Table 3.1

Physical parameters used in numerical analysis.

Parameters Values

Polymer Poisson’s ratio, v 0.3

Van der Waals distance, d,4,, 0.34 nm

Cut-off distance, d¢y¢orf 1.4 nm
MWCNT Diameter, D 50 nm

Nominal length, L 19.5 um

Conduction channel, M 460

Weibull parameters, (a, b) (5.6403 um, 2.4)

Intrinsic conductivity, o, 1x10* S/m
Graphene Nanoplatelets (GNP)  Sheet resistance, Re 2.8 X 10% Q/sq

Note. The parameters of CNT are obtained from (Shen Gong & Zhu, 2014). The
electrical property of GNP is obtained from Graphene Supermarket vendor’s data sheet
(Graphene supermarket, n.d.).

The simulation parameters for the fillers are tabulated in Table 3.1. Statistical
variation in microstructures is reduced by averaging over a large number of randomized
microstructures. RVE cell of size 25 um x 25 um is used. Figure 3.4 shows the
convergence study over 10000 Monte Carlo simulations. Convergence of the electrical
conductivity is reached after 2000 simulations. A minimum of two thousand Monte Carlo

simulations were performed for each variation of geometric features or fillers loading for
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both conductivity and piezoresistivity calculation.

3.2.1. Effect of GNP Content on Electrical Conductivity and Piezoresistivity

In order to investigate the effect of GNP content on the behavior of hybrid
nanocomposites, the GNP size was kept constant while the content of GNP
(controlled by the GNP-to-CNT volume fraction ratio) was varied. GNP-to-CNT
volume fraction ratios (GNP/CNT) of 0.5, 1 and 2 were considered. Three different
elliptical graphene dimensions were studied: the ellipses with semi-major and minor
axes, a=4 pum and b=2 pm, a=2 um and b=1 pm, and a=1 pum and b=0.5 pm named
respectively as GNP (4,2), GNP (2,1) and GNP (1,0.5). Figure 3.5(a) reveals that the
addition of GNP (4, 2) to the CNT nanocomposites, for any GNP-to-CNT volume
fraction ratio, increased the percolation threshold of the hybrid nanocomposites,
compared to nanocomposites with only CNT fillers. Moreover, an increase of the
GNP-to-CNT volume fraction ratio led to a steady increase of the percolation
threshold.

Figure 3.5(b) shows that the addition of GNP (4, 2) for any GNP content
increased the conductivity of the nanocomposites. It also shows that a higher GNP-to-
CNT volume fraction ratio led to a higher conductivity of the nanocomposites. Since
the size of the GNP was constant while the GNP-to-CNT ratio was increased, more
GNP particles were being added to the nanocomposites. Increase of the number of
GNP particles might have increased the possibility of forming more junctions
between the fillers. Figure 3.5(c) shows that the addition of GNPs to the
nanocomposites increased the piezoresistive performance of the nanocomposites for

all three graphene contents, compared to the CNT mono-filler nanocomposites.
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Figure 3.5 Effect of addition of GNP (4, 2) with different GNP-to-CNT volume fraction
ratios (GNP/CNT) on (a) percolation probability (b) electrical conductance and (c) the
piezoresistivity (CNT volume fraction of 0.10) of the hybrid nanocomposite.

The simulations for the piezoresistivity were all performed for a CNT volume fraction
of 0.10. Figure 3.5(c) also shows that when the content of GNP was increased the
piezoresistivity also increased for all the values of applied mechanical strains. It means
that the hybrid nanocomposite with increased GNP content is more sensitive to the
applied strain. A similar trend for percolation, conductivity and piezoresistivity was
observed for the other two graphene sizes (GNP (2, 1) and GNP (1, 0.5)). It is known that
the piezoresistivity of CNT-based nanocomposites with lower CNT content is more
sensitive to the applied strain (Shen Gong & Zhu, 2014). This limits the gauge factor

because of the limit imposed by the percolation threshold. The present result indicates



that the gauge factor of hybrid CNT-GNP nanocomposites does not have that
limitation (the GNP content can be increased for better piezoresistivity). In addition,
the addition of GNP (4, 2) at a GNP/CNT ratio of 2 doubled the piezoresistivity of the
hybrid nanocomposite compared to a pure CNT nanocomposite.

3.2.2. Effect of GNP Size on Electrical Conductivity and Piezoresistivity

This section investigates the impact of the size of GNP particles on the hybrid
nanocomposite. The GNP aspect ratio and content were kept constant. Only the size
(surface area) of the GNP particles was changed. The three sizes of graphene particles
mentioned above (range of semi-major axis from 1 um to 4 um), were used in the
simulations. The electrical conductivity of the nanocomposites was determined for
varying CNT volume fractions. The results in Figure 3.6(a) shows that an increase of
the size of GNP led to a steady decrease of the percolation threshold of the hybrid
nanocomposites. Also, Figure 3.6(b) reveals that nanocomposites with bigger
graphene particles have higher conductivity. Bigger GNP fillers in smaller number
worked better than smaller particles in larger number. Hence, the effect of GNP size
on the conductivity of hybrid nanocomposites is similar to the effect of CNT length
on the conductivity of CNT-based nanocomposites (Shen Gong & Zhu, 2014). The
probability of forming more junctions between the fillers seems to increase with
larger particles.

The piezoresistivity behavior of the hybrid nanocomposites was modeled for a
fixed CNT volume fraction of 0.10, in all the simulations. Figure 3.6(c) shows that
the increase of the GNP particles size increased the piezoresistivity of the hybrid

nanocomposites. A similar trend for percolation, conductivity and piezoresistivity
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was seen for the two other GNP-to-CNT volume fraction ratio values (0.5 and 1).
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Figure 3.6 Effect of addition of three type of graphene of different sizes with a GNP-to-
CNT volume fraction ratio (GNP/CNT) of 2 on (a) percolation probability (b) electrical

conductance and (c) the piezoresistivity (CNT volume fraction of 0.10) of the hybrid
nanocomposites.

3.2.3. Effect of GNP Aspect Ratio on Electrical Conductivity and Piezoresistivity

To investigate the impact of the aspect ratio of the GNP particles on the hybrid
nanocomposites, the GNP particles size (surface area) and content were kept constant
while the aspect ratio of the GNP was varied. The simulations were performed for two
aspect ratios (2 and 8) with GNP (2, 1) and GNP (4, 0.5). The percolation threshold

decreased (Figure 3.7(a)) with an increase of the electrical conductivity (Figure 3.7(b))
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when the GNP aspect ratio of the hybrid nanocomposites is increased from 2 to 8.
The simulations on the piezoresistivity of the hybrid nanocomposites, in Figure
3.7(c), with a CNT volume fraction of 0.10, show that the piezoresistivity increased
when the aspect ratio of GNP was increased. Since the size of the GNPs was the

same, the same number of GNPs is present in the RVE for the two aspect ratios.
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Figure 3.7 Effect of addition of two types of graphene of different aspect ratio, with
equal size on (a) percolation probability (b) electrical conductance and (c) the
piezoresistivity (CNT volume fraction of 0.10) of the hybrid nanocomposites. The GNP-
to-CNT volume fraction ratio (GNP/CNT) is 2.

The author now analyzes the effect of aspect ratio for varying GNP size. The

major axis length and the content of the GNP particles were kept constant for two
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aspect ratios, 2 and 8 corresponding to GNP (4, 2) and GNP (4, 0.5) fillers. Figure 3.8
confirms that a higher aspect ratio leads to a better percolation, electrical conductivity

and piezoresistive performances.
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Figure 3.8 Effect of addition of two types of graphene of different aspect ratio, with
different sizes on (a) percolation probability (b) electrical conductance and (c) the
piezoresistivity (CNT volume fraction of 0.10) of the hybrid nanocomposites. The GNP-
to-CNT volume fraction ratio (GNP/CNT) is 2.

However, since the major axis length of the two types of GNP were all equal, it is
seen that the GNP particle with a bigger size (GNP (4,2)) did not lead in this case to the
higher conductivity or piezoresistivity (unlike in Section 3.2, where the aspect ratio was

constant). The electromechanical properties appear to exhibit a higher sensitivity to



aspect ratio compared to GNP size. This can be a useful pointer in designing
microstructures for optimal behavior. The trend in Figure 3.7 and Figure 3.8 was
observed for the two other GNP-to-CNT volume fraction ratio values (0.5 and 1).

3.2.4. Effect of GNP Alignment on Piezoresistivity

It has been shown in previous studies that CNT alignment could have a huge
effect on the piezoresistivity of CNT-based nanocomposites (S. Gong & Zhu, 2015).
In this section, the author investigates the influence of the alignment of GNP particles
on the piezoresistivity of the hybrid nanocomposites. Firstly, the GNP (4, 0.5) fillers
were randomly generated with different orientations with the angle bounded by 6,,,,
i.e. graphene particles were oriented at an angle between 0 and 6,,,,,.. Figure 3.9(a)
shows the effect of the alignment of GNP (4, 0.5) on the piezoresistivity of the hybrid
nanocomposites for values of 8,,,, (30°, 60°, 90°, 120°, 180°). It also shows the
direction of measurement of the conductivity and of the fillers orientation. For small
values of 6,,,,, lower piezoresistivity was observed. The resistance ratio reached its
minimum for values of 6,,,, of 30° and 60°. There is an increase in piezoresistivity at
higher angles of 6,,,, but there is no linear or monotonic correlation between
piezoresistivity and 6,,,,. Note that smaller angle results in more transversely
oriented particles while larger angles denote a more random orientation. The author
however observes a significant increase (five times compared to 6,,,,, 0of 30°) in
piezoresistivity when all GNPs were oriented longitudinally i.e. at a 90° angle.

A second set of simulations for GNP alignment was performed where GNP (4,
0.5) were randomly generated with orientations chosen from equal adjacent ranges of

angle, of amplitude 30° as shown in Figure 3.9(b). It was observed that angle values
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adjacent to 90° gives the highest piezoresistivity values (60°-90° and 90°-120°) while the
angle ranges adjacent to 0° or 180° gives the lowest piezoresistivity values (0°-30° and
150°-180°). Moreover, the piezoresistive performance of the hybrid nanocomposite in
function of GNP orientation seems to be symmetric to 90° orientation and decreases
monotonically when away from 90°. A similar trend was found when the simulations

were repeated with GNP (4, 2) fillers.
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Figure 3.9 Effect of alignment of GNP (4, 0.5) with GNP-to-CNT volume fraction ratio
(GNP/CNT) of 2 on the piezoresistivity of the hybrid nanocomposites with CNT volume
fraction of 0.10.

3.2.5. Discussion and Validation

Figure 3.10 shows the different parameters of GNP examined as well as their effect
on the piezoresistivity of the hybrid nanocomposites with CNT and GNP content kept the
same for all microstructures. The resistance change ratio of a nanocomposite purely
based on CNT at 0.6% of strain is shown to be about 0.32%, with a corresponding gauge

factor of 0.53. To validate the present 2D model for CNT-PNCs, the author compared the
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present results with previous experimental results of CNT thin films in literature.
Table 3.2 shows that the gauge factor obtained for different CNT thin films
nanocomposites varies from 0.299 to 1.13, which is comparable to the present
numerical simulations. Moreover, B. M. Lee and Loh (2015) performed a 2D
percolation-based numerical simulation to characterize the gauge factor of CNT thin
films. A maximum gauge factor of 0.48 was obtained for randomly dispersed CNT
near percolation. This is very close to the gauge factor of 0.53 obtained in this work.
Unfortunately, no information about the percolation threshold, as fraction of the CNT
was available in the study. However, Theodosiou and Saravanos (2010) through their
2D percolation models obtained a percolation threshold around 1.5 — 2 vol.% for
randomly dispersed CNT, with no information about the CNT geometry. Their
percolation threshold is however close to the computed value of 4.5 vol.% in the

present work.

Table 3.2

Gauge factor of different CNT thin films nanocomposites.

Type of polymer and  Parameters studied Strain range  Gauge Factor
reference

MWCNT/Polysulfone ~ Weight fraction (0.2% 0.1-1% 0.48/0.73
(Bautista-Quijanoa et 11%)

al., 2010)

MWCNT/Polysulfone ~ Random Lessthan 1.5% 0.70/1.49
(Oliva-Avilés et al., orientation/aligned

2011) (wt% = 0.75)

SWCNT/polyelectrolyte Number of Deposition 0 - 0.50% 1.13/0.421/0.299

(Loh et al., 2008) layers (50 /100/200)
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Figure 3.10 Effect of different GNP microstructures with GNP-to-CNT volume fraction
ratio (GNP/CNT) of 2 on the piezoresistivity of the hybrid nanocomposites with a CNT
volume fraction of 0.10.

With the addition of the smallest size of graphene particle examined in this study,

GNP (1, 0.5) to the CNT nanocomposites, the gauge factor of the hybrid nanocomposites



increased 1.6 times. Shen Gong and Zhu (2014) showed that the addition of more
CNT (instead of graphene particles) to the initial CNT nanocomposites decreased the
gauge factor of the nanocomposite, because an increase in CNT volume fraction leads
to the decrease of the rate of change of junction numbers between fillers after strain
was applied. Thus, the improvement of the piezoresistivity of the hybrid
nanocomposite means that the rate of change of the junction number between fillers
after strain, might have increased, with addition of GNP particles. This might be due
to the fact that GNP as two-dimensional particles are able to make more junctions
with neighboring fillers in the RVE, compared to one-dimensional CNTSs.

The next microstructure simulated was with bigger graphene particles (GNP (4,
2)), with the same graphene content as before. A gauge factor 1.5 times greater than
with the smaller GNP was observed. This improvement with a bigger particle size
might be explained by the fact that, with a network of CNTs already existing, smaller
particles, even though in bigger number are more likely to fall in between the CNTs
or to overlap CNTSs that do not participate in the percolated network. However bigger
GNP particles, even in smaller number, are more likely to overlap more neighboring
fillers, some of which will be part of the percolated network. This allows the bigger
GNP particles to increase, more effectively the number of fillers in the percolated
network, compared to smaller GNP particles.

A microstructure with the same content of GNP, but with higher aspect ratio
(GNP (4, 0.5) fillers, is compared to the previous microstructure. An increase of the
gauge factor up to 1.7 times was observed for the same strain of 0.6%. This indicates

that piezoresistivity is more sensitive to aspect ratio than to size of the particles.
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Finally, GNP (4, 0.5) fillers, at the same GNP content as in the previous microstructure
are used but all oriented parallel to the loading direction. The gauge factor is shown to
double when compared to the randomly oriented microstructure of GNP (4, 0.5). This
might be due to the fact that with an existing percolated network of CNTs, GNP fillers
oriented in the direction of the conductivity measurements are able to form junctions and

span the existing CNT fillers to a greater extent.
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Figure 3.11 Effect of different GNP microstructures with GNP-to-CNT volume fraction

ratio (GNP/CNT) of 2 on (a) percolation probability and (b) electrical conductance of the
hybrid nanocomposites.

Effect on the electrical conductivity of the same microstructures is shown in Figure
3.11. In these simulations CNT volume fraction is also varied along with GNP
parameters. Figure 3.11 shows that the improvement of the percolation threshold, and of
the electrical conductivity, when the GNP parameters are varied, follows the same trend

as the one of the piezoresistivity. The reason behind those improvements are the same as
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the one mentioned for the piezoresistivity i.e. rate of change of the number of CNT-
GNP tunneling junctions.

Ranking the parameters, it is found that GNP alignment (all 90° orientation) had
the highest influence resulting in 5.94 times increase in gauge factor compared to
CNT mono-filler composite. Other factors in the decreasing order are aspect ratio,
GNP size, and simply the effect of adding the second phase (GNP) enhanced the
gauge factor up to 3.75, 2.21 and 1.83 times that of CNT mono-filler composite
respectively.

3.3. Summary

The author developed a new CNT-GNP percolation network model, and used it to
investigate the mechanisms of electrical percolation, conductivity and piezoresistivity
of hybrid CNT-GNP nanocomposites, where tunneling is the electron transport
mechanism. This model considers for the first time, the effect of addition of GNP on
the piezoresistivity behavior of hybrid nanocomposites. The GNP fillers are modeled
as ellipses in the Monte Carlo simulations. The author finds that the addition of GNP
particles to CNT nanocomposites enhances significantly the electrical conductivity
and piezoresistive behavior of the nanocomposites. Furthermore, parametric analysis
has been conducted to investigate the impact of different GNP parameters on the
piezoresistivity of the hybrid nanocomposites.

The author shows that: (i) a conductive network with higher GNP loadings, has a
higher percolation threshold, and a higher electrical conductivity and piezoresistivity,
(i1) an increase of the GNP size or aspect ratio decreases the percolation threshold and

increases the conductivity and piezoresistivity of the hybrid nanocomposites, (iv)
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alignment of the GNP particles has a big effect on both the piezoresistivity and electrical
conductivity, and (v) GNPs uniformly aligned in the direction of electrical conductivity
measurements (or in a direction close to that) lead to a significantly higher piezoresistive
behavior, up to 6 times greater than that of nanocomposites based on only CNT. The
author also attempts to elaborate on the reasons behind the improvement of

piezoresistivity behavior observed in the different microstructures in this study.
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4. Effect of Nanotube Agglomeration on Electrical Conductivity and Piezoresistivity
of CNT/GNP Hybrid Nanocomposites

The reported percolation thresholds for CNT nanocomposites range from 0.001 wt.%
to more than 10% for different polymeric matrix materials, fabrication techniques and
type of nanotubes used (Kymakis et al., 2002; Sandler et al., 2003). In addition, the
electrical conductivities usually vary from 10-5 to 10-2 S/m beyond percolation, with the
value reaching as high as 481 S/m for high content of nanotubes (Kilbride et al., 2002;
Ramasubramaniam, Chen, & Liu, 2003). Large variations in the reported properties are
mainly attributed to the dispersion state, and aspect ratio of CNT used (N. Hu, Masuda,
Yamamoto, et al., 2008; Jing Li, Ma, et al., 2007; Martin et al., 2004; Ounaies et al.,
2003). CNTs tend to agglomerate into bundles due to van der Waals attractions and
Coulomb forces (Ma et al., 2010). The low bending stiffness of CNTs, their high aspect
ratio, and the incompatibility of their surfaces with most solvents makes it difficult to
obtain homogenous dispersion during composite processing (Ramasubramaniam et al.,
2003). Besides, commercially available CNTs are usually supplied in the form of heavily
entangled bundles, which need further processing to create a dispersed network of
nanotubes in composites (Ma et al., 2010).

Conventionally, it is accepted that CNT agglomerates have a negative effect on the
effective mechanical properties of CNT-polymers, because they act as defects, rather than
reinforcements by creating matrix rich areas (Haslam & Raeymaekers, 2013; Y. S. Song
& Youn, 2005). Similarly, it was observed that agglomeration is detrimental to the
electrical conductivity of CNT nanocomposites, since it leads to high percolation

threshold values, compared to well dispersed CNT nanocomposites(Blanchet, Fincher, &
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Gao, 2003; Jing Li, Ma, et al., 2007; Ramasubramaniam et al., 2003; Y. S. Song & Youn,
2005). However, some experimental studies showed that limited CNT agglomeration
could reduce the nanocomposites percolation threshold and enhance its conductivity
through an easier formation of a percolating network in the polymer (Aguilar, Bautista-
Quijano, & Avilés, 2010; N. Hu, Masuda, Yamamoto, et al., 2008; Jing Li, Ma, et al.,
2007; Martin et al., 2004; Seidel, Boehringer, & Lagoudas, 2008). In this context, it is
necessary to understand and quantify the effect of CNT agglomeration on the percolation
network formation to design the nanocomposites for optimal electrical and
electromechanical performance.

A few modeling studies take CNT agglomeration into account in investigating the
electrical (W. S. Bao, Meguid, Zhu, Pan, et al., 2012; S. Gong et al., 2014; Grujicic, Cao,
& Roy, 2004; N. Hu, Masuda, Yan, et al., 2008; Jing Li, Ma, et al., 2007; Ounaies et al.,
2003) and piezoresistive (S. Gong et al., 2014; Prakash & Seidel, 2016) behavior of CNT
nanocomposites. Primarily, two agglomerate morphologies are considered in these
studies: agglomerates formed by aligned CNTs (denoted rope-like agglomerates in the
rest of the paper) and agglomerates formed by randomly oriented CNT (denoted equiaxed
agglomerates in the rest of the paper). Only one of the two agglomerate morphologies is
modeled in all of the above studies; further, in most of the studies, the agglomerate size,
location, filler density (CNT content within an agglomerate) and number are
predetermined and are not varied. However, experimental observations and micrographs
indicate presence of both rope-like (Jarali, Basavaraddi, Kiefer, Pilli, & Lu, 2014,

Prakash & Seidel, 2016) and randomly oriented (Ma et al., 2010; Yue et al., 2014; X.
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Zhang et al., 2007) agglomerate morphologies with large variations in agglomerate size,
number and density (Kasaliwal, Pegel, Géldel, Pétschke, & Heinrich, 2010).

In this chapter, the author utilizes a two-dimensional Monte Carlo model to
comprehensively investigate the effect of agglomeration on the electrical percolation,
conductivity and piezoresistive behavior of CNT monofiller and CNT-GNP hybrid
nanocomposites. Agglomeration levels ranging from a perfectly dispersed microstructure
with no agglomerates to a very high level of agglomeration are studied. The model
formulation presented in Section 4.1 is novel in the following aspects. The first is its
ability to model all agglomerate morphologies ranging from equiaxed to rope-like
agglomerate. The second is that the number and location of agglomerates are not
predefined, and are random for a given agglomeration level. This leads to realistic
agglomerates with non-uniform filler density and inhomogeneous distribution. The third
is the ability to model agglomerates in both CNT monofiller composites and/or CNT-
GNP hybrid composites. Utilizing this Monte Carlo model, the author analyzes the
electrical and piezoresistivity properties of nanocomposites with various microstructures
and identify the conditions in which low levels of CNT agglomeration improve these
material behaviors. The results, discussion, and conclusions are presented in Sections 4.2,
4.3 and 4.4 respectively. Part of this chapter previously appeared as (Gbaguidi, Namilae,
& Kim, 2019b).

4.1. Model Formulation

4.1.1. Modeling of CNT and GNP in Polymer Nanocomposites

Conductive nanocomposites can be obtained by adding electrically conductive

nanofillers into a polymer. The fillers are able to form a conductive path that imparts
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conductivity to the insulating polymer. This is due to the formation of quantum tunneling
junctions at electrical contacts between adjacent fillers. A two-dimensional continuum
percolation model and Monte Carlo simulations as described in Section 3.1 are used to
predict the conductive behavior of nanocomposites filled with CNT and GNP particles.
The fillers generation and modeling is the same as in Section 3.1.

4.1.2. Modeling of CNT Agglomeration in Polymer Nanocomposites

In realistic microstructures of nanocomposites, the fillers are not uniformly dispersed
in the nanocomposites; instead, they form entangled clusters or agglomerates loosely
bonded by van der Waals interactions. Microstructures with varying quantity and
morphology (rope vs equiaxed) of agglomerates are generated for the Monte Carlo
simulations. First a seed layer of completely randomized and uniformly distributed fillers
is generated according to Equations 3.1 to 3.7. Additional fillers are then generated such
that they form agglomerates around a fraction of the initial seed layer. The total volume

fraction of CNTSs, V¢ in the RVE is the sum of the agglomerated and non-agglomerated

volume fractions (respectively V:*99 and V;*"~%%9).

_ agg non—-agg
Ve = V299 4+ (4.1)

The following procedure is followed to generate the microstructures:

First generate a seed layer of non-agglomerated uniformly distributed CNTs of

volume fraction, V"~
Let N? be the number of agglomerated CNTs. Choose randomly, N CNTs, of mid-

point C* and orientation ¢*, from the non-agglomerated seed layer (a CNT can be



chosen more than once). The mid-point C* of those CNTs will represent the
agglomerate centers of the N° clusters (1 < k < Nand N¢ < N¢), see Figure 4.1,
The new CNTSs generated to be part of the agglomerates (say k' CNT) are placed
such that their mid-point is randomly positioned inside the circle of center C* and
radius 7,44. In addition, the agglomerated CNT orientation 6% is random, such as
0% € [¢p* — ayyy, ¥ + agyy]. @y, defines the orientation of CNTs within the
agglomerate and also the morphology of the agglomerate ranging from a rope like
agglomerate (a,4,~0) to a completely equiaxed entanglement (a,4,~180°).
The k' agglomerated CNT is described as a line segment of length, I,
orientation, 6%, with mid-point (x¥, y¥), starting point (xf, y{) and ending points

(x%, y¥) such that:

1] _ (x| _l_k[COS 0% 4.2)
il &l 2 lsing* '
[k [ k] k

xi _ x(;{ + l_k I:C(.)S ek] (43)
V2 Ve 2 lsin 6

k ck cos(2m x rand¥
[xil = IC’;] + Tagg /randfl _ ( ;) (4.4)
Ve y sm(Zn X randz)
where (C,’f, CJ’,‘) are the coordinates of C*, rand¥ and rand¥ are two random

numbers and 744 is the cluster radius (W. S. Bao, Meguid, Zhu, Pan, et al., 2012).

Equations 4.2 to 4.4 are derived from (W. S. Bao, Meguid, Zhu, Pan, et al., 2012) to
fit the present formulation. The second and third steps of the above procedure enable
creation of microstructures with agglomerates in non-predetermined positions and

numbers with non-uniform filler density. In addition, agglomerate morphologies

88
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varying from rope-like to equiaxed can be modeled utilizing this procedure. This is the
first modeling study to consider these variations to the best of the author’s knowledge.
The non-agglomerated CNT seeds chosen to generate the agglomerates are accounted

inside V*99, and new uniformly distributed CNTs (non-agglomerated) are generated to

compensate for V" ~%%9.

Figure 4.1 Schematic of a CNT agglomerate with the cluster radius, 7,4, (Left) for
random agglomeration alignment @, ,, = 180° and (Right) for cluster angle @, 4, = 45°.

Black lines represent the agglomerated CNTSs, red lines represent the non-agglomerated
CNT that define the agglomerate.

Three parameters are introduced to describe the state of CNT aggregation: the
agglomeration level or volume fraction of agglomeration (Eagg = Igcagg/Vf) (S. Gong et
al., 2014), the cluster radius (r,4,) and the cluster angle (a4 ) as shown in Figure 4.2,
When &,44 = 0, the CNTs are uniformly dispersed in the RVE with no aggregation and
with the increase in &4, the aggregation level is more severe. 14, is inversely
proportional to the filler density of the aggregates or clusters. When ,,, is on the order

of the size of the RVE, the CNTs in the agglomerates are randomly positioned anywhere

in the RVE, hence no aggregation. With the decrease of 7,4, the aggregates have higher
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filler density and form inclusions in the RVE. The CNTs are randomly oriented in the

agglomerate when a4, = 180° but form a bundle of ropes with a4, = 0°.

Figure 4.2 Microstructures with parameters (Left) £,,, = 0.9, a4, = 0°, (Middle)
$agg = 0.9, ag4, = 180°%nd (Right) &,45 = 0.5, g4 = 0° With 1,5, = L, /50 at their
respective percolation onset.

4.1.3. Modeling of Percolation, Electrical Resistance and Piezoresistivity in CNT-
GNP Hybrid Network

The percolation of the composite is evaluated using the percolation probability,
which is the probability that there is at least one conductive path in the RVE spanning
the two electrodes. It is defined in Equation 3.19. The percolation threshold or onset
corresponds to the volume fraction (V1) where the RVE transitioned from insulator to
a conductor at P = 50% (B. M. Lee et al., 2014). Additionally, the volume fraction
(V100), where the material is a conductor, at P = 100% will also be computed. To
compute the conductivity of the RVE, the tunneling distances (distance between
adjacent fillers less than the tunneling cutoff) are first transformed in resistors of
resistance (tunneling resistance) proportional to the distances. Assuming a square

tunneling barrier height A, the tunneling resistance is approximated in (Simmons,
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1963b) by:

h2

Rt - AeZ\2mA ex

p (22V2mi) (4.5)

where h is Planck’s constant, d is the tunneling distance, € is the quantum of electricity,
m is the mass of electron, and A is the cross section area of the tunnel (approximated as
cross section area of CNT here). In addition, the fillers inside the percolated network are
transformed in resistors of resistance (intrinsic resistance) proportional to their size and
inversely proportional to their conductivity as described in Equations 3.12 and 3.13. With
the percolated network, transformed into resistors, Kirchhoff’s current and Ohm’s laws
are used with the incomplete Cholesky conjugate gradient method (Rommes & Schilders,
2010) to calculate the resistance of the RVE.

To simulate the piezoresistivity of the nanocomposites, the RVE is subject to uniaxial
deformation. Due to the high Young’s modulus of the fillers compared to the polymer
matrix, and with the weak interface between fillers and matrix, the change of the fillers
position follows affine transformation (Taya, Kim, & Ono, 1998). The size of the RVE

(Lx, Ly), the center (%, y) and orientation angle 8¢ of the i filler, after an incremental

strain Ae along the y — axis are derived from (Taya et al., 1998):

(L Ly) = (Le(1 = vde), Ly(1 + 46)) (4.6)
(J‘cé',j/,f) = (xé'(l —vAe), yt(1 + Ae)) 4.7
tan6' = = tan ! (48)

v is the polymer Poisson’s ratio, (Lx, Ly), (xé', yé) and @' are respectively the size of the

RVE, the center and orientation angle of the i*" filler, before strain. The change of
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position and orientation of the fillers due to strain will lead to a modification in the
tunneling distances. The resistance of the RVE (R) at a fixed strain is then re-evaluated in
an iterative way and compared to the resistance (R,) of the unstrained RVE. The
piezoresistivity is characterized using the resistance change ratio (K) and the gauge factor
(GF), described in Equations 2.1 and 2.2.

Square RVE cell of length L=25 um is used in this numerical study, with polymer
and fillers parameters summarized in Table 4.1. This approach can be used as a tool
to model more realistic agglomerates of different morphologies in nanocomposites,
which have applications as conductors or strain and damage sensors. In addition, the
state of CNT agglomeration experimentally observed using scanning electron

microscope (SEM) images could be reproduced using this formulation.

Table 4.1

Physical parameters used in numerical analysis.

Parameters Values
Polymer Poisson’s ratio, v 0.3
tunneling barrier height, A leVv
MWCNT Diameter, D 50 nm
Nominal length, L 5um
Weibull parameters, (a, b) (5.6403 pm, 2.4)
Cutoff distance, dyrorf 1.4 nm
Intrinsic conductivity, o, 1x10* S/m
Van der Waals distance, d,,4,, 0.34 nm
Graphene Nanoplatelets (GNP)  Sheet resistance, Re 2.8 X 10% Q/sq
Semi-major axis, a, 4 pm
Semi-minor axis, b, 0.5 pm

Note. The parameters of CNT are obtained from (Shen Gong & Zhu, 2014). The
electrical property of GNP is obtained from Graphene Supermarket vendor’s data sheet
(Graphene supermarket, n.d.).
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4.2. Results

The author uses Monte Carlo simulations based on the model described above to
compute the effective percolation probability, electrical conductivity and piezoresistivity
of the nanocomposites, first with only CNTs as fillers and then with CNTs and GNPs as
fillers. The statistical variation of the measured properties of the nanocomposites was
reduced by averaging over a large number of randomized microstructures. The effective
value of the measured properties (each data point) in all the plots below is the average
value over 5000 microstructures. Most of the properties converged after 2000 Monte
Carlo simulations. In the following subsections, it will be shown in details the effect of
agglomeration level on first the percolation, then the conductivity and finally the
piezoresistivity of the nanocomposites. For each of those properties, the results will be
presented in two categories. First, the effect of agglomeration level, when the

agglomerate radius, 7,4, (inverse of agglomerate filler density) is varied, while the
agglomerate morphology is kept to entangled clusters (aagg = 1800). Second, the effect
of agglomeration level, when the agglomerate morphology, a4 is varied, while the
agglomerate radius is kept constant (7,4, = 2L/100).

4.2.1. Effect of Agglomeration on the Percolation Threshold of CNT Monofiller

Nanocomposites
4.2.1.1. Effect of Agglomerate Filler Density on Percolation for a Fixed Cluster
Angle

The author starts by simulating the effect of agglomeration level, £,,, and cluster

radius, 7,44 0N the percolation probability for entangled clusters (aagg = 1800). Figure

4.3(a) and 3(b) show the plots of agglomeration level (§,4,) vs volume fraction of fillers
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needed to reach percolation threshold with 50% and 100% percolation probability
respectively. For a data point on Figure 4.3(a), 50% of the stochastically varying

microstructures with a corresponding ¢, 4, and 7,44 have a percolated network.
Figure 4.3(a) shows that for low filler density agglomerates (high 7,,,), the
percolation threshold is the same for low agglomeration level (Eagg < 40%), as that for

the microstructures without any agglomeration. The effect of agglomeration is more

pronounced for high filler density agglomerates (low 7,,,). In these cases, the percolation
threshold starts increasing for &,,, = 20%. Nonetheless for high agglomerate level

(Eagg > 60%) the percolation threshold values increases drastically, for all values of

Fagg » COMpared to microstructures without agglomeration. Figure 4.3(b) shows that the

trend of both percolation probability of 50% and 100% are similar. However, at low
agglomeration level (Eagg < 30%), the percolation threshold of microstructures with

low filler density agglomerate is lower than the ones without agglomeration.
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Figure 4.3 Impact of agglomeration level (¢,4,) and cluster radius (7;44) on percolation
thresholds, at percolation probability of (a) 50% and (b) 100%.
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This suggests that low level of agglomeration (small ¢,,,) has no negative effect on
percolation, on the contrary, it lowers the percolation threshold especially at low filler
density (high r,,4,). Note that several experimental studies have reported lower
percolation threshold in presence of limited agglomeration (Aguilar et al., 2010; N. Hu,
Masuda, Yamamoto, et al., 2008). In general, for high agglomeration level, the increase
of the agglomerate filler density (decrease of ;,4,) leads to the increase of the percolation
threshold.

4.2.1.2. Effect of Agglomerate Cluster Angle on Percolation for a Fixed Cluster

Radius

Here the author simulates the effect of agglomeration level, ¢,,,and cluster angle,
@q44 ON the percolation probability for a fixed cluster radius (1,44, = 2L/100). In Figure
4.4, the effect of agglomerate morphology, from bundle like agglomerates to entangled
agglomerates is investigated by varying the cluster angle (aagg). The Y-axis is again the
volume fraction of fillers needed for percolation at percolation probabilities of 50% and
100% in Figure 4.4(a) and Figure 4.4(b) respectively. Both plots suggest that a4, has
little or no effect in increasing the percolation, for low agglomeration levels
(Eagg < 30%). Here again the percolation threshold is lowered in some instances due to
agglomeration. However, for higher values of £, the effect of cluster angle is very
pronounced. The agglomerates modeled as ropes or bundles of aligned nanotubes
(aqg4 < 10°) lead to very high percolation thresholds, compared to agglomerates
modeled as equiaxed entanglements (a, 4, = 180°).

In general, the percolation threshold increases with the decrease of the cluster angle.

In modeling literature, agglomerates have been modeled either as randomly oriented
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CNTs in a cluster or as rope of perfectly aligned CNTs. The present simulations show
that these two modeling abstractions lead to very different percolation predictions and

the necessity to choose appropriate agglomerate morphology.
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Figure 4.4 Impact of agglomeration level (¢,4,) and cluster angle (a444) On percolation
thresholds, at percolation probability of (a) 50% and (b) 100%.

4.2.2. Effect of Agglomeration on the Conductance of CNT Monofiller
Nanocomposites

To fully understand the percolation behavior of nanocomposites with
agglomeration, the author shows the percolation probability and conductance of the
nanocomposites, from low to very high filler content. Figure 4.5(a) and (b) show the
results for the lowest density (highest 7, ;) of equiaxed agglomerates analyzed in this
work. First, it is seen that the agglomeration level does not have a big effect on the
conductance curves for low density of equiaxed agglomerates, even though it affects
the percolation probability. In addition, for low content of CNT (less than 5%), the

conductance of most agglomerated microstructures is better than the uniformly
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dispersed ones. With the increase of the filler content, the conductance of most
agglomerated structures becomes lower than the dispersed microstructures. However, the
conductance of the microstructures with 10% agglomeration level remains better than the
fully dispersed state (see inset Figure 4.5(b)).

For the same microstructures, but with the highest density (lowest 7,4 ,) of
equiaxed agglomerates, Figure 4.5(c) and (d) show that agglomeration level (§,44)
has an important effect on both the conductance and percolation probability of the
nanocomposites. In this case, agglomeration was seen to hinder the conductance of
the nanocomposites, for all agglomeration level. Low agglomeration levels (10% and
20%) lead to conductance very close to the uniform microstructures. In Figure 4.5(e)
and (f) the author analyzes high density (lowest r,4,4) of rope-like agglomerates. It is
seen that the effect of agglomeration levels on conductance and percolation
probability is even more pronounced in these microstructures. Here, agglomeration
levels less than 10% lead to slightly higher conductance values, but all agglomeration
levels higher than 10%, reduce the conductance of the nanocomposites.

4.2.3. Effect of Agglomeration on the Piezoresistivity of CNT Monofiller

Nanocomposites

Many functional applications of CNT nanocomposites are based on their
piezoresistive behavior, which is the change in resistance as a function of the
deformation state. It is commonly accepted that piezoresistivity in CNT composites is
due to the modification of the percolated network with application of strain (Namilae
& Choudhary, 2018). In order to compare the piezoresistive behavior of all

microstructures examined, tensile and compressive strains of 0.6% are induced to all
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microstructures at their percolation thresholds for both percolation probabilities of 50%
and 100%.

4.2.3.1. Effect of Agglomerate Filler Density on Piezoresistivity, for a Fixed

Cluster Angle

Figure 4.6 shows that low agglomeration levels (&,,, < 40%) have very little effect
on the piezoresistivity for all filler densities. Increasing the agglomeration levels leads to
a noticeable reduction of the piezoresistivity for high filler density (low 7,,4,) while, the
piezoresistivity of low filler density (high 7,,) agglomerated microstructures is not
sensitive to agglomeration levels up to 70%. Figure 4.7 shows that the piezoresistivity at
percolation threshold P = 100% follow the same trend as for P = 50%. However, it can be
seen that for low filler density agglomerates, low levels of agglomeration improves the

piezoresistivity.
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Figure 4.6 Impact of agglomeration level (¢,,44) and cluster radius (7544) on RVE
piezoresistivity under (a) tensile and (b) compressive strains. Microstructures at their
respective percolation threshold (P = 50%).
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This is similar to the observations in Figure 4.3 for percolation thresholds. In addition
Figure 4.6 and Figure 4.7 shows that the piezoresistivity at P = 100% is three times lower
than the one at P = 50%. This is due to the fact that an increase of filler content in CNT
monofiller composites usually decreases the piezoresistivity (I. Kang, Schulz, et al.,

2006; M. Park et al., 2008; Yin et al., 2011).
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Figure 4.7 Impact of agglomeration level (¢,,4,) and cluster radius (7,44) on RVE

piezoresistivity under (a) tensile and (b) compressive strains. Microstructures at their
respective percolation threshold (P = 100%).

4.2.3.2. Effect of Agglomerate Cluster Angle on Piezoresistivity for a Fixed
Cluster Radius
The author now examines the effect of agglomerate morphology and cluster angle
on piezoresistivity, for the highest filler density of agglomerate. Figure 4.8 and
Figure 4.9 show that the agglomerate cluster angle have very limited effect on the
piezoresistivity, even though it affects the percolation threshold. However, increasing

the agglomeration level, leads to a noticeable decrease of the piezoresistivity. In
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general, the piezoresistivity of rope-like agglomerates is lower than that of equiaxed

agglomerates.
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Figure 4.8 Impact of agglomeration level (¢,44) and cluster angle (a444) 0N RVE

piezoresistivity under (a) tensile and (b) compressive strains. Microstructures at their
respective percolation threshold (P = 50%).
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4.2.4. Impact of Addition of Graphene Nanoplatelets to CNT Nanocomposites

In this section, the author studies the effect of CNT agglomeration in CNT-GNP
hybrid nanocomposites. Twenty percent (20%) of GNPs is added to each CNT
microstructures at their percolation threshold (P = 100%). All GNPs are modeled as
elliptical platelets with dimensions (semi major and minor axes) 4um x 0.5um and are
randomly oriented. In Figure 4.10 the conductance of the CNT nanocomposites is

compared to the one of the hybrid composites after the addition of GNPs.
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Figure 4.10 Impact of addition of GNP fillers on the conductivity of CNT
nanocomposites with different (a) CNT densities in equiaxed agglomerates and (b)
cluster angles in high density agglomerates. CNT microstructures at their respective
percolation threshold (P = 100%).

Figure 4.10(a) shows an increase of the conductivity in all cases of agglomerate
density, for equiaxed agglomerates with the addition of GNPs. The addition of GNPs
to CNT microstructures with the highest agglomerate density leads to a similar
increase in conductance, for all the different agglomerate cluster angles, as shown in

Figure 4.10(b). It is interesting to note that the conductance of the CNT
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nanocomposites with and without GNPs follows the same trend, which is identical to the
trend of percolation threshold in Figure 4.3(b) and Figure 4.4(b). Hence, the addition of
GNPs only increases the conductivity of the nanocomposites without modifying the

effect of the different agglomeration parameters on the nanocomposites.
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Figure 4.11 Impact of addition of GNP fillers on hybrid nanocomposites piezoresistivity
with varying CNT density in equiaxed agglomerates under (a) tensile and (b)
compressive strain. CNT microstructures at their respective percolation threshold (P =
100%).

In his previous work (Gbaguidi et al., 2018b; Gbaguidi, Namilae, & Kim, 2018a), the
author showed using both 2D and 3D simulations that piezoresistivity of CNT
nanocomposites after percolation decreases with the increase in CNT content. However,
if GNPs are added instead, an improvement of the piezoresistivity is observed. In this
section, the author studies three types of microstructures. The first are CNT
microstructures at the volume fraction corresponding to the percolation probability of
100%, denoted CNT (P =100%). To obtain the second type of microstructures, the author

adds 20% CNT to the CNT microstructures at their percolation. This is denoted CNT
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(P=100%)+20% CNT. In the last microstructures, denoted CNT (P=100%)+20%
GNP, 20% GNP are added to the CNT microstructures at their percolation. The
piezoresistivity before and after addition of GNPs is then compared. The author first
starts evaluating the piezoresistivity on microstructures with equiaxed agglomerates

and varying agglomerate filler density.
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Figure 4.12 Impact of addition of GNP fillers on hybrid nanocomposites piezoresistivity
with varying cluster angles in high-density agglomerates under (a) tensile and (b)
compressive strain. CNT microstructures at their respective percolation threshold (P =
100%).

Figure 4.11 shows that the addition of more CNTSs decreases the piezoresistivity
of the composites for both tensile and compressive deformation. It is also seen that at
that high content of CNT filler, the piezoresistivity is almost the same for all
agglomeration levels and agglomerate filler densities. This suggests, as in the case of
conductivity, that at high content of CNT fillers, the effect of agglomeration on
piezoresistivity is very limited. However, if GNPs are added instead of CNTSs, there is

an improvement of the piezoresistivity, for all levels of agglomeration and all filler
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densities. Modification of CNT network by two-dimensional GNPs is responsible for this
behavior. Figure 4.12 shows the same improvement with the addition of GNP to CNT
microstructures, where the cluster angle is varied from equiaxed to rope-like
agglomerates. In addition, for the highest level of agglomerate, it can be seen that the
addition of GNP actually leads to piezoresistivity higher than the piezoresistivity of
uniformly dispersed CNT nanocomposites at percolation. This shows that it might be
possible to reduce the negative effect of agglomeration on piezoresistivity by adding a
second filler.

4.3. Discussion

Many experimental studies indicate that agglomeration is detrimental to electrical
properties of nanofiller composites (Blanchet et al., 2003; Jing Li, Ma, et al., 2007,
Ramasubramaniam et al., 2003; Y. S. Song & Youn, 2005). For example, Y. S. Song and
Youn (2005) found the electrical conductivity of the well dispersed composites to be an
order of magnitude higher than the agglomerated composites at percolation. Blanchet et
al. (2003) shows that the poor dispersion of CNT in ethylcellulose leads to a high
percolation threshold while the good dispersion in polyaniline leads to a percolation
threshold ten times lower. In contrast, some experimental studies show that limited CNT
agglomeration reduces the nanocomposites percolation threshold and enhance its
conductivity (Aguilar et al., 2010; N. Hu, Masuda, Yamamoto, et al., 2008; Jing Li, Ma,
et al., 2007; Martin et al., 2004; Seidel et al., 2008). Experimental observations by
Aguilar et al. (2010) indicate that percolation threshold for the uniformly dispersed CNT

composites is higher than the composites with small level of agglomeration. This has



been explained by the increased density of CNT-to-CNT junctions in the
agglomerated composites, after percolation, which favors the formation of conductive
networks.

The present model qualitatively matches most of the above observations and
identifies the parameter space in which limited agglomeration leads to improved
electrical properties. Firstly, the author finds that when agglomeration levels are
moderately high, i.e. when 50% or more of the fillers are in agglomerates, in general
the author observes an increase in percolation threshold and decrease in conductivity
and piezoresistivity. There is however improvement in some electrical properties at
low agglomeration levels. The most significant factor affecting this improvement is
the density of nanofillers within the agglomerate. Figure 4.3 shows that, the decrease
of percolation threshold at low agglomeration levels (Eagg < 30%) is observed
primarily in lower density agglomerates (high ,,44). Similarly, the conductance of the
composite due to agglomeration increased only for low density agglomerates (Figure
4.5 (d)) and not for high density agglomerates (Figure 4.5(b)). Also, the
piezoresistivity of low filler density (high 7,,,) agglomerated microstructures is same
as dispersed microstructures and higher than those with high density agglomerates
(Figure 4.6 (a) and (b)).

These results indicate that small amount of low-density agglomerates are better
than uniformly dispersed microstructures in generating conducting networks. Some
experimental studies indicate the possibility of tailoring the microstructures to vary
the filler density within agglomerates. Socher, Krause, Muiller, Boldt, and Potschke

(2012) have observed agglomerates with different internal filler densities in
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polyamide 12 (PA12) matrix nanocomposites and associate lower density agglomerates
with lower viscosity matrix. Jing Li, Ma, et al. (2007) list different treatments that lead to
varying packing density within agglomerates and identify specific treatments that reduce
density. Such methods used in conjunction with the present numerical model could lead
to optimally agglomerated microstructures.

Specifically, a close look at the critical points in the different plots in Figures 4(b),
5(b), 8 and 10 can help designing target microstructures to test experimentally for
optimum performance. Per example in applications where equiaxed agglomerates are
desired, microstructures with agglomeration level less or equal to 20% (preferably at
10%) and with low filler density in the agglomerates will lead to lower percolation
threshold and optimum conductivity and piezoresistivity. However, in case of
nanocomposites, where only high filler density in agglomerates are possible, due to the
viscosity of the matrix used, it is more desirable to have microstructures with
agglomeration level of 20% to have lowest percolation threshold with optimum
conductivity and piezoresistivity.

Another experimental observation is that both agglomerated and dispersed
composites have similar conductivity values at very low and very high CNT content,
whereas the conductivity of the agglomerated composites is higher around percolation
(Aguilar et al., 2010). Similar behavior as in the experimental study can be observed in
Figure 4.5(d) and (f). The conductive networks are densely packed with fillers at high
CNT content, and completely disconnected at low CNT content, which limit the effect of
any agglomeration. However, close to percolation the effect of agglomeration on

enhancing connectivity between fillers is most pronounced.
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Review of different analytical and numerical works on CNT agglomeration for electrical

properties

Modeling Approach

Agglomerate Morphology

Extent of Agglomeration

Excluded volume
approach (Ounaies et al.,
2003) (Analytical)

Rope of 1, 7 or 19 aligned
CNTs in hexagonal
arrangement

Either 0 or 100% (uniform
agglomerate size and distribution)

Improved interparticle
distance (Jing Li, Ma, et
al., 2007) (Analytical)

Entangled bundle in
spherical inclusion

Varies (uniform agglomerate size
and distribution)

Statistical percolation
Monte Carlo (N. Hu,
Masuda, Yan, et al., 2008)
(Numerical)

Randomly oriented CNTs in
sphere-like agglomerate

100% (4 equidistant aggregates
with uniform agglomerate size,
density and distribution)

Excluded volume
(Analytical) and Statistical
percolation Monte Carlo
(Gruijicic et al., 2004)
(Numerical)

Rope of 3, 7 and 19 aligned
CNTs in hexagonal
arrangement

Either 0 or 100% (uniform
agglomerate size, density and
distribution)

Statistical percolation
Monte Carlo (W. S. Bao,
Meguid, Zhu, Pan, et al.,
2012) (Numerical)

Randomly oriented CNTs in
sphere-like agglomerate

Either 0 or 100% (uniform
agglomerate size, density and
distribution)

Statistical percolation
Monte Carlo (S. Gong et
al., 2014) (Numerical)

Randomly oriented CNTs in
sphere-like agglomerate in
multiscale modeling

Varies (uniform agglomerate size
and density)

Peridynamics (Prakash &
Seidel, 2016) (Numerical)

Rope of 7 aligned CNTSs in
hexagonal arrangement

100% (uniform agglomerate size,
density and distribution)

Another important factor that affects the electrical and electromechanical

properties of the nanocomposites is agglomerate morphology (see Figure 4.4, Figure

4.5, Figure 4.8, Figure 4.9, Figure 4.10 and Figure 4.12). In terms of experimental

studies, most micrographs in agglomeration studies suggest a more equiaxed sphere-

like entangled structure for agglomerates (Ma et al., 2010; Yue et al., 2014; X. Zhang

et al., 2007), while studies on nanoropes or aligned CNT exhibit rope-like

configurations (Jarali et al., 2014; Prakash & Seidel, 2016). From a modeling

perspective, there have been no study that compares the electrical or electro-
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mechanical behaviors in these two kinds of agglomerates. The modeling studies tend to
focus on one or the other type of agglomerate morphology (see Table 4.2), dictated
primarily by model capabilities assumptions. For example, excluded volume approach
was used to model CNT agglomerates as ropes of 3, 7 or 19 aligned nanotubes in
hexagonal arrangement (Ounaies et al., 2003).

Similar hexagonal construct for agglomerate is used in peridynamics model (Prakash
& Seidel, 2016) and in statistical (stochastic) percolation model (Grujicic et al., 2004).
Models based on stochastic percolation networks (W. S. Bao, Meguid, Zhu, Pan, et al.,
2012; S. Gong et al., 2014; N. Hu, Masuda, Yan, et al., 2008) tend to model the
agglomerates as equiaxed sphere-like entanglements. When the agglomerates

morphology is varied from rope like (low a,,4) to equiaxed entanglements
(aagg = 1800) in this study, the author observes some interesting trends. The author

finds that in general percolation threshold (Figure 4.4) is higher for rope-like
agglomerates compared to equiaxed agglomerates. Similarly, piezoresistivity (see Figure
4.8 and Figure 4.9) is lower for rope-like agglomerates. Aligned nanofillers are expected
to have higher mechanical properties, and efforts to align nanotubes often result in rope
like agglomerates (Jarali et al., 2014). The decrease in electrical properties for these
composites presents an additional consideration in the design and fabrication of
multifunctional nanocomposites. Further, the results indicate the need to select
appropriate agglomerate morphology to represent realistic microstructures.

Both experimental studies (I. Kang, Schulz, et al., 2006; M. Park et al., 2008; Yin et
al., 2011) and numerical simulations (Gbaguidi et al., 2018a, 2018b) indicate that

piezoresistivity and gauge factor of monofiller CNT composites is highest around
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percolation and reduces if additional CNTs are added. Likely reason for this is that
the increased number of contacts at high CNT content results in lesser rate of change
of tunneling junctions under deformation. The results for monofiller composites
confirm this observation for agglomerated CNT composites. For example, adding
20% CNT to percolated composites with different agglomeration parameters still
results in decreased resistance change ratio in Figure 4.11 and Figure 4.12. However,
addition of 20% GNP as second filler increases not only the conductivity but also the
piezoresistivity in hybrid composites with agglomerated CNTs. Notice that the
difference between CNT monofiller and CNT-GNP hybrid resistance change is more
at higher agglomeration levels (see Figure 4.11 and Figure 4.12) indicating a more
prominent effect of GNP addition when large portions of CNT are in agglomerates.

The improvement of the piezoresistivity of the hybrid nanocomposite implies that
the rate of change of the junction numbers between fillers after strain increased with
addition of GNP particles. This is because GNPs as two-dimensional particles are
able to bridge CNTSs that are further apart in the RVE, compared to one-dimensional
CNTs. At high agglomeration content, this bridging happens between agglomerates
leading to a more prominent effect of GNP addition.

4.4, Summary

A stochastic percolation network model was developed to quantify the effect of
CNT agglomeration on the percolation threshold, electrical conductivity and
piezoresistivity of both CNT monofiller and CNT-GNP hybrid nanocomposites. The
main contributions of the new model formulation are to consider the following: (i) the

effect of different agglomerate morphologies varying from rope-like to equiaxed, (ii)



111

more realistic agglomerate features such as non-uniform filler density and non-
homogeneous distribution, and (iii) the effect of adding GNP as a second filler, on the
electrical and piezoresistive behaviors. One of the new findings in the present results is
that the agglomerate morphology (equiaxed vs rope-like) has an important effect on the
electrical and piezoresistive properties of both CNT monofiller and CNT-GNP hybrid
nanocomposites.

The author finds that in general, percolation threshold and piezoresistivity are
respectively higher and lower for rope-like agglomerates compared to equiaxed
agglomerates. The present results correspond with experimental observations, which
show that high agglomeration level is detrimental to the electrical percolation threshold
and conductivity as well as the piezoresistivity of the nanocomposites, for all the different
agglomerate morphologies. However, it is found that small levels of agglomeration
enhance the aforementioned properties, especially when the CNT density within the
agglomerates is low. It is also shown that while the addition of more CNTSs, after
percolation reduces the piezoresistivity of CNT nanocomposites with or without
agglomeration, the addition of GNPs leads to higher piezoresistivity. This implies that the
negative effect of high agglomeration level on the conductivity and piezoresistivity of
CNT nanocomposites could be counterbalanced by the addition of GNP. Finally, the
author identifies the microstructures that achieve the optimal agglomeration level for

improved electrical and piezoresistive behaviors.
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5. Synergy Effect in Hybrid Nanocomposites Based on Carbon Nanotubes and
Graphene Nanoplatelets

Carbon nanomaterials such as graphene nanoplatelets (GNPs) and carbon nanotubes
(CNTSs) exhibit excellent electrical, mechanical (G. Mittal, Dhand, Rhee, Park, & Lee,
2015) as well as electromechanical (L. Kong & Chen, 2014) properties, and are ideal
fillers for functional nanocomposites. The low percolation threshold in CNT composites
coupled with their high conductivity (Bauhofer & Kovacs, 2009; Sandler et al., 2003) has
led to extensive work directed towards the fabrication and testing of these materials (De
Volder et al., 2013). However, because of the relatively higher production cost of CNTSs,
compared to GNP, GNP nanocomposites have attracted considerable interest as a
replacement to CNT composites in recent years (N. Liu et al., 2008; Y. Liu et al., 2016).
This is explained by this thought, “When carbon fibers just won’t do, but nanotubes are
too expensive, where can a cost-conscious materials scientist go to find a practical
conductive composite? The answer could lie with graphene sheets” (Kotov, 2006, p.
254). Despite a percolation threshold lower than that of traditional macroscale fillers and
carbon black, GNP nanocomposites usually exhibit higher percolation and resistivity
compared to CNT nanocomposites (J. Du et al., 2011). Conductive nanocomposites filled
with CNTs or/and GNPs have been used in medical and advanced aerospace
technologies, and for sensors, solar cells and flexible electronics (De Volder et al., 2013;
L. Kong & Chen, 2014; Curtis Lee et al., 2013; Luo & Liu, 2013; Maiti & Khatua, 2016).

To overcome the limitations of both CNT and GNP monofiller nanocomposites,
hybrid composites filled simultaneously with both CNTs and GNPs have been

increasingly investigated as performant multifunctional materials (Al-Saleh, 2015; Anees,
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Gbaguidi, Kim, & Namilae, 2017, 2018; Gbaguidi, Anees, Namilae, & Kim, 2017;
Gbaguidi, Namilae, & Kim, 2019a, 2017; S. H. Hwang, Park, & Park, 2013; S. H.
Hwang, Park, Park, et al., 2013; Kumar et al., 2010; Curtis Lee et al., 2013; Jing Li et al.,
2008; W. Li, Dichiara, & Bai, 2013; Luo & Liu, 2013; Maiti & Khatua, 2016; Ren et al.,
2012; Masoud Safdari, 2012; Wegrzyn et al., 2015; Yue et al., 2014). Even though the
cost reduction of the polymer nanocomposites is the main objective, achieving synergistic
improvement in the electrical properties of the hybrid CNT-GNP nanocomposites will
lead to increased performance. Thus far, the experimental works exhibit unclear trends as
of the effect of different parameters of the two fillers on the electrical properties of their
hybrid composites, compared to their monofiller composites.

Two main trends are observed for the electrical properties of hybrid composites:
additive effects (Anees et al., 2017; W. Li et al., 2013) and synergistic effects (Gbaguidi,
Namilae, et al., 2017; Maiti & Khatua, 2016; Masoud Safdari & Al-Haik, 2013). The
additive effect happens when the hybrid composite leads to a performance (e.g.,
conductivity, percolation threshold) that is better than one of the monofiller, but worse
than the second monofiller, similar to the rule of mixtures. By synergy, the author implies
that the hybrid composite performs better than both monofiller composites, therefore the
synergistic effect is more desirable than the additive effect. For example, the 8:2 weight
ratio mix of CNT and GNP of specific aspect factors in an epoxy matrix causes
synergistic enhancement of electrical percolation and conductivity, i.e. better properties
than the weight ratios of 10:0 and 0:10 (Yue et al., 2014). This is attributed to GNPs
improving the CNT dispersion. In another experimental work, the mix of CNT and GNP

in propylene leads only to additive effects in the electrical properties (Al-Saleh, 2015).
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Increasing the CNT: GNP ratio leads to a monotonous increase in the conductivity
between its lowest value at a weight ratio of 0:10 to its highest value at a ratio of 10:0.
These reports suggest that the morphology, as well as the relative volume content of the
two fillers, affect the likelihood of a synergistic enhancement.

Much work has been done in the literature to extensively study the electrical and
piezoresistive performance of CNT and GNP monofiller composites using mostly
percolation-based Monte Carlo models (Abad, Ganjeh, Zolriasatein, Shabani-Nia, &
Siadati, 2017; S. Gong et al., 2014; Shen Gong & Zhu, 2014; Hicks et al., 2009; N. Hu et
al., 2010; Javidjam, Hekmatshoar, Hedayatifar, & Abad, 2019; B. M. Lee et al., 2014;
Oskouyi & Mertiny, 2011; Rahman & Servati, 2012). In the case of hybrid composites
made of CNT and GNP fillers, only a few numerical works studied the electrical
performance of hybrid composites (Gbaguidi et al., 2018a; Maxian et al., 2015; X. Ni,
Hui, Su, Cutler, & Liu, 2019; X. Ni, Hui, Su, Jiang, & Liu, 2018; M. Safdari & Al-Haik,
2012; Sagalianov et al., 2017). Despite the novelty of those works, several modeling-
related limitations exist in their formulation. The main limitation comes from the fact that
their formulation can only predict the additive effects, or that the synergy improvement in
the hybrid composites is observed by comparison only to GNP monofiller composites
(Maxian et al., 2015; X. Ni et al., 2019; M. Safdari & Al-Haik, 2012).

However, CNT composites usually have better electrical properties than the GNP
ones due to their 1D geometry; hence, synergy should be analyzed with respect to both
monofiller composites. Another limitation is the use of softcore (sometimes hardcore)
particles without tunneling interactions (X. Ni et al., 2018; Sagalianov et al., 2017).

While this enables computational efficiency, the models are limited to computing only
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the percolation threshold and cannot compute the electrical conductivity of the
composites. Note that tunneling is considered the primary mechanism for conductivity in
nanocomposites (Kirkpatrick, 1973). Also, only GNP with circular planar geometry
(instead of ellipses) is usually modeled, not considering the unsymmetrical lateral
dimensions of GNP after exfoliation. While the aforementioned limitations are modeling-
related, the most important feature lacking in the existing numerical works is the
fundamental understanding of the mechanisms of electrical conductivity and synergy
improvement in hybrid nanocomposites. So far, to the author’s knowledge, the present
work is the first modeling study to examine the synergistic effects in both electrical
percolation and conductivity, and the underlying mechanisms that lead to synergy in
hybrid CNT-GNP nanocomposites. It is also the first study to evaluate the effect of the
type of CNT, its chirality and its intrinsic conductivity on the electrical properties of
hybrid nanocomposites.

In this section, the author develops a three-dimensional (3D) Monte Carlo model to
examine the microstructures and the mechanisms that lead to synergy in the electrical
behavior of CNT-GNP hybrid nanocomposites, beyond the simple additive
improvements. The content of both fillers, as well as the planar and transversal aspect
ratios of GNP, were parametrically varied to examine the hybrid microstructures that
exhibit synergistic enhancement in percolation threshold and conductivity. The effect of
aspect ratio, intrinsic conductivity, and chirality of CNT is also studied. The author
utilizes this model to study the parameters related to tunneling junctions that control the
hybrid electrical properties, and the mechanisms responsible for the synergistic behavior.

The author analyzes the experimental work from the literature in the context of the
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findings of the present model. Part of this chapter previously appeared as (Gbaguidi,
Namilae, & Kim, 2020).

5.1. Model Formulation

5.1.1. Three-Dimensional Modeling of the Hybrid Composites

The author simulated a percolation-based model with the generation of a random
distribution of CNTs and GNPs, as shown in Figure 5.1, in a Representative VVolume

Element (RVE) of size L, X L, X L,. Every CNT is modeled as a cylinder of diameter
Dcyr represented by its centerline segment, with midpoint (x%,y/, zb), starting point

(x}, vk, zh) and ending point (x4, y&, z5) such that:

x% xé |sin 6% cos @ . |sin 6 cos @
y5| = |¥é| + 1" |sin#!sin @ | and = |yé[ —U"[sin 6! sin @* (5.1)
zi| |z cos 6" L cos 6"
Xt L, x rand}
yi Ly, % rand}
Zi|= L, X rand} (5.2)
o' 21 X rand};
6 lcos™(1 -2 x rand})

I, @' and B° are the length, polar angle and azimuthal angle of the i"" CNT, respectively.
In his previous works (Gbaguidi et al., 2018b, 2019b), the author modeled CNTs with a
variable length that follows a Weibull distribution, similar to experimental observations
of CNT micrographs. In this work, to study the effect of the CNT aspect ratio on the
properties of the hybrid nanocomposites, CNTs with fixed length I* were used. Every

GNP is modeled as an elliptical platelet of thickness t, represented by its mid-plane

elliptical disk, with center C; (xc,yc, C) major axis length and vector a and U;, minor
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axis length and vector b and V;, and orthonormal vector W; = U; X V;, where

[U;,V;,W;] = R.T, such as:

o) [ L, X randi
j L, X randé
Ye j (5.3)
zl|= L, X rand3' :
o) 2 X rand,
971 |cos™1(1 — 2 x rand})|
cos @/ cos@®’ —sin@’ sin 6/ cos @’ (5.4)
R =|cos@/sin@®’ cos@®’ sin@/sin@’
—sin 6/ 0 cos 67

R is the rotation matrix for random orientation, T is the Cartesian unit vector, and ¢’ and
0/ are the polar angle and azimuthal angle of the j™ GNP. rand is a uniformly distributed

random number in ]0,1[.

@ 7

Figure 5.1 Schematics of (a) line segment of the i"" CNT and (b) the mid-plane elliptical
disk of the j"" GNP.

To obtain realistic microstructures, fillers” interpenetration is prevented by computing

the minimum distance d,,;,, between either adjacent elliptical disk and line segment,
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adjacent line segments or adjacent elliptical disks, depending on the fillers in
consideration. The algorithm to compute the minimum distance between line segments
(CNTSs) is relatively simple and easy to implement. However, computing the minimum
distance between two elliptical curves is more involved, and can be reduced to the
numerical computation of the real-valued roots of a degree 16 polynomial. The author has
previously derived the minimum distance between two adjacent elliptical disks (GNPSs)
and the distance between adjacent elliptical disk and line segment (GNP and CNT) in
(Gbaguidi et al., 2018a). These require additional calculations, compared to the case of
two elliptical cures as shown below:

Let the plane of each of the two adjacent elliptical disks (GNPs) have coordinate
systems {Cj; u,v; Wj}, where C; is the plane’s origin and j = 0, 1. The coordinate’s
axis directions are the three specified vectors that form a right-handed orthonormal set.
Let a; and b; be respectively the semi-major and semi-minor axis lengths of the ellipse.

The elliptical disks are described by:

where the parameters (s;, t;) are constrained by:

<i> + <i> <1 (5.6)
aj b;

To compute the interaction between two ellipses the author defines:

p=1I[So to s1 t]"k;=[0 0 0 0]",d;=-1/2,forj=1,2and
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Now, the constraints in Equation 5.6 are written in the form of Equation 5.7, while

the function to be minimized is written in the form of Equation 5.8.

1
EpTij + ijp + dj <0 (57)
1
Q= EpTQp +fTp+c (5.8)

Half of the squared distance between elliptical disks X, (s, ty ) and X;(sq,t; ) is

defined as @:

1
Plortorsti) = 2Ry (s0,t0) = Xa(su, 1)1 (5.9)

1
= 3 (sZ +t3+s?+t3) —s051(Up" - Ug) — st (Up" - Vy)
- tosl(VoT : U1)
— tot;(Vo" - V1) +50(Up" - A) + to(Vo" - 4) — 5,(U4" - 4)

1
(Vi 8) + 5 114112

1 0 -Up" U, —Uy" v,
_ 1 pT 0 1 Vo' U, —Vp' vy b
2 —UOT * U1 —VOT * Ul 1 0
-Uy" vy =" vy 0 1

1
+ [UT-A Vo'-A —UT-A —VlT-A]p+§||A||2

1
= Spep+fip+c

where f = [U,"-A V,7-A —U,"-A —V,7-A]",A=Cy—Cy, Qisthe 4 x4

matrix on the third line of Equation 5.9 and ¢ = %IIAIIZ.
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To compute the minimum distance between elliptical disks, the author utilizes an
inbuilt MATLAB function ‘fmincon’ which finds the minima of @ (Equation 5.9),
subject to the quadratic constraints in Equation 5.7, using predefined initial conditions
(so, to, 1, t1 ). The distance between an elliptical disk (GNP) and a line segment (CNT)
follows a similar procedure.

Interpenetration between fillers happens if: (2) dnin < dpaw + t In case of adjacent
GNPs, (b) dppin < dyaw + Denr Tor adjacent CNTs and (€) dipin < dpaw + % + @ in
case of adjacent GNP and CNT. In the case of interpenetration, the new particle is
discarded and another one is generated until there is no interpenetration. d,,,;,, is stored as
the tunneling distance between the two fillers, if din < deyrors- deutory 1S the tunneling
cutoff distance and is assumed to be 2.6 nm. For faster computation, in the case of
adjacent CNTs, the RVE is partitioned into uniform grids. Every CNT is assigned to all
the bins it intersects. Only the CNTSs inside the assigned bins of the newly generated CNT
or the bins directly adjacent to those are checked for distance calculation. Bins of size

five times smaller than the CNT length are used, following (Vink & Schilling, 2005).

Figure 5.2 Periodic Boundary Conditions (PBC) procedure. Particles in red color with a
full curve are initial particles and those with green color and a dashed curve are
compensated particles.
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Periodic Boundary Condition (PBC) was implemented on all sides of the RVE when
part of a filler is outside of the RVE. PBC for CNT in 3D is relatively simple and similar
to the procedure in 2D (B. M. Lee et al., 2014). PBC in 3D for elliptical GNP filler
requires additional steps compared to linear or circular particles. If an elliptical particle
intersects one (or two) boundaries, one (or two) additional elliptical particles are
compensated back on the opposite boundaries, as shown in Figure 5.2(a) and (b). If the
particle intersects two boundaries with their common edge, three particles are
compensated, as shown in Figure 5.2(c). If the particle intersects boundaries, with one of
their common edges, four particles are compensated. If it intersects three boundaries,
with two of their common edges, five particles are compensated. In the case of three
boundaries with their common three edges, six particles are compensated as shown in
Figure 5.2(d). Figure 5.3 shows nanocomposites at their percolation onset, filled with

different amounts of CNT and GNP, generated using the current modeling approach.

Figure 5.3 Hybrid RVE simulation cells filled with (a) only GNPs, (b) 20% of CNTSs, (c)
80% of CNTs and (d) only CNTs at their respective percolation onset (10.80, 10.26, 9.91
and 10.35 vol.% respectively).
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5.1.2. Electrical Percolation and Conductivity Modeling for Hybrid
Microstructures
From section 5.1.1, hardcore hybrid microstructures were obtained with all the
tunneling distances between adjacent fillers computed. Fillers with an inter-particle

distance less or equal to the tunneling cutoff distance, d,, s are assumed electrically

connected and form a cluster. When a cluster of connected fillers bridges the two
electrodes of the RVE (planes z = 0 and z = L,), there is percolation in the RVE, and the
conductance of the nanocomposites is equal to that of the cluster. The percolation of the
composite is evaluated using the percolation probability, which is the probability that

there is at least one conductive path in the RVE spanning the two electrodes. It is defined
asP = r;—p where n,, is the number of microstructures with the existence of at least one

conductive path in a total of N microstructures (B. M. Lee et al., 2014). The percolation
threshold or onset (Vso) corresponds to the total volume fraction of fillers (V1= Vent +
Venp) When P =50% (B. M. Lee et al., 2014). Vcnt and Venp are respectively the
volume fraction of CNT and GNP inside the nanocomposites.

Additionally, The author also computes the volume fraction (V100), which is the
minimum volume fraction of fillers needed to have percolation in all N microstructures,
when P = 100%. To compute the conductivity of the RVE, the tunneling distances, d,,i»
between fillers are first transformed into resistors of resistance (tunneling resistance)
proportional d,,,;;,,. Assuming a square tunneling barrier height, A = 0.5 eV, the tunneling

resistance is approximated in (Simmons, 1963b) by:

h2d 4md
J

R, = ex VZmA) 5.10
‘ Ae?\2mA h ( )



123

where h is Planck’s constant, d is the tunneling distance, ¢ is the quantum of electricity,
m is the mass of an electron and A is the cross-section area of the tunnel. In addition, the
fillers inside the percolated network are transformed into resistors of resistance (intrinsic
resistance) proportional to their size and inversely proportional to their intrinsic
conductivity. The calculations for intrinsic resistance R;,; for CNT and GNP are
provided elsewhere (Gbaguidi et al., 2018b). Kirchhoff’s current and Ohm’s laws are
used with the incomplete Cholesky conjugate gradient method (Rommes & Schilders,
2010) to calculate the resistance of the RVE.

5.2. Results for CNT-GNP Hybrid Composites

Carbon nanotubes of constant length L.y = 100 nm and diameter Doy = 10 nim
are modeled as multi-walled CNTs (MWCNT) unless stated otherwise in a cubic RVE of
length Lz, = 1000 nm for all the nanocomposites studied. GNP modeled as an
elliptical cylinder with major axis length kept constant a = 100 nm is used as second
filler. GNPs of different morphology are simulated, controlling the planar aspect ratio
(ARp) and the transversal aspect ratio (AR¢) such that: ARp = a/b and AR = a/t, where b
and t are respectively the minor axis and the thickness of the GNP. ARp=1 results in
circular GNPs with the diameter equal to a = b. The following procedure is adopted for
this section. First, a morphology of GNP is chosen by either fixing ARp or AR:. The
chosen GNP is then mixed each time with CNT of different CNT volume ratios (X =
Vent/VT) to obtain eleven different nanocomposites, each corresponding to a value of X
=0,0.1,0.2, ..., 1.

The first nanocomposite is filled with only GNP, the second nanocomposite is filled

with 10% vol. of CNT and 90% vol. of GNP and so forth. X=1 corresponds to CNT
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monofiller composite. For each of the 11 nanocomposites, their percolation threshold Vsg
and the minimum filler content for 100% percolation probability V,,, were calculated.
The percolation of the hybrid nanocomposites made with the GNP morphology is the
curve connecting the 11 data points of Vso. Next, the electrical conductivity of each of the
11 nanocomposites is computed at the same filler content, to allow for comparison.
Hence, V1 oomax, Which is the maximum of the 11 values of V;,, was found and V, =
1.03 X Vipomax Was computed. The conductivity of each of the 11 nanocomposites is
computed at the same filler content V... Finally, the total number of tunneling junctions
between adjacent fillers in each of the 11 nanocomposites is computed at the same filler
content V. and plotted. The same procedure is followed for each morphology of GNP
studied to obtain three 11-data-points curves (for percolation threshold, conductivity and
number of tunneling junctions) for their hybrid composites.

The author uses Monte Carlo simulations based on the model described in section 2 to
generate fillers with a random position and orientation and compute the effective value of
the properties of the nanocomposites (percolation threshold and electrical conductivity)
following the procedure described above. The statistical variation of the measured
properties was reduced by averaging over 70 randomized microstructures. Seventy Monte
Carlo sample microstructures were used due to computational limitations since the
generation of each hardcore hybrid microstructure takes usually at least between 4 to 7

days.
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5.2.1. Effect of GNP Transversal Aspect Ratio on Electrical Properties of Hybrid
Microstructures

The exfoliation of graphite during the nanocomposite’s fabrication usually leads to a
reduction of both the thickness and the lateral size of graphite. In this section, ARy =1
was fixed to model circular GNPs with a fixed diameter a = b =100 nm. Only the
transversal aspect ratio AR is varied from 15 to 34. For each value of ARy, the
percolation threshold, conductivity, and the number of tunneling junctions at all hybrid
compositions (all values of X) are computed as described above. The percolation
threshold curves for each value of AR; are plotted and compared in Figure 5.4(a) while

the conductivity curves are compared in Figure 5.4(b).
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Figure 5.4 Synergistic and additive effects in (a) percolation threshold and (b) electrical
conductivity in function of CNT volume ratio, X for different transversal aspect ratio of
GNP mixed with CNT of aspect ratio AR =10 in hybrid composites. Full lines for the
presence of synergy and dotted lines for additive effects.

Some of these curves in Figure 5.4 vary monotonically with respect to X, reflecting

the additive effects while others exhibit a critical point, showing the synergy effects.
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Figure 5.4(a) shows that the hybrid composites with GNP of AR values 15, 17, and 20
exhibit additive effect (dashed lines) in percolation onset. This implies that the monofiller
composite with only CNT (X=1) has a lower percolation threshold compared to all the
hybrid composites with GNPs of these aspect ratios. For all the other values of ARy, the
hybrid composites exhibit synergistic improvement (represented by solid lines) in
percolation onset at some values of X. It is seen that increasing AR helps transition from
hybrids with only additive effects in percolation to hybrids with synergistic effects. In
addition, increasing AR: too much seems to lead back to hybrids with additive effects, as
shown in the plot for AR=34 in Figure 5.4(a).

Increasing AR: similarly affects the presence of synergy in the conductivity of the
hybrid composites, as shown in Figure 5.4(b). In general, increasing AR; of the GNP
systematically leads to lower values of percolation. Note that in Figure 5.4(b), for a
chosen AR, conductivity is computed at the same filler content Vc. However, V¢ is not
the same for all the values of AR:. Hence, a comparison between the conductivity curves
of two different ARy is not effective if their V¢ is different. However, since the
conductivity for the hybrids with GNP of AR: = 27, 29, 32, 34 are computed at the same
V¢, a comparison is possible. Comparing the four conductivity curves for AR = 27, 29,
32, 34,it is seen that increasing the AR; of GNPs in the hybrid composites increases the
conductivity and lowers the percolation threshold for all values of X. In addition, synergy
in the percolation threshold usually leads to synergy in electrical conductivity.

Experimental studies on CNT-GNP hybrid composites have explained both
synergistic and additive enhancements by the improved state of CNT dispersion in the

presence of GNPs (Yue et al., 2014) and the ability of CNTSs to easily bridge the distance
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between GNPs (Al-Saleh, 2015), leading to an easier formation of the percolated network
in the composites. However, numerical studies have been unable to capture the
microstructure’s parameters that control the performance of hybrid composites thus far. It
is generally accepted, based on numerical simulations results, that the total number of
tunneling junctions between fillers is a primary indicator of the electrical performance of
CNT and GNP monofiller composites (Shen Gong & Zhu, 2014). A higher number of
junctions leads to better electrical properties. Hence, for the first time, the author
examined four different parameters related to the number of tunneling junctions in all the
hybrid microstructures to understand which one of the parameters controls the electrical

performance.
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Figure 5.5 Variation of the number of tunneling junctions (a) in the entire microstructure
(N¢) and (b) in only the percolated network, (Nt). Variation of the number of tunneling
junctions per filler (c) in the entire microstructure (Rt) and (d) in only the percolated
network (Ry). (a)-(d) are for ARy = 17 and 25, which exhibit additive and synergistic
properties respectively. (e) Variation of Ry, for all transversal aspect ratios of GNP mixed
with CNT of aspect ratio AR =10 in hybrid composites. Full lines for the presence of
synergy and dotted lines for additive effects.
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Figure 5.5(a) to (d) show the plots respectively for (a) the number of tunneling
junctions (between the fillers) in the entire RVE, N, (b) the number of tunneling
junctions only in the percolated network in the RVE, Ny, (c) the number of tunneling
junctions per filler (ratio), in the entire RVE, Ry, and (d) the number of tunneling
junctions per filler only in the percolated network in the RVE, Ryp. It is seen that Ry in
Figure 5.5(d) is the only microstructure’s parameter that correlates with the electrical
performance of the hybrid composites because it shows the same trend as the curves for
conductivity in Figure 5.4(b), for GNP with ARt = 17 and 25. Figure 5.5(¢) shows the
plots of Ry, for all the AR values, computed at their respective filler content Vc.
Increasing AR leads to the improvement of Ry and the transition between additive and
synergistic effects in Ry, like what was observed for percolation and conductivity.

5.2.2. Effect of GNP Planar Aspect Ratio on Electrical Properties of Hybrid

Microstructures

In this section, to characterize the effect of the lateral dimensions of GNPs, the value
of ARt was fixed and the planar aspect ratio (ARp) of GNP was varied from 1 to 2, 3, and
4. This changes the planar dimensions of the GNP from a circle to different ellipses, by
varying the minor axis b, while the thickness t and major axis (a = 100 nm) are kept
constant. This allows us to model GNPs with radially unsymmetric lateral dimensions.
The same procedure in section 5.2.1 is followed here to examine the effect of AR, on the
electrical performance of the hybrid composites. The author starts with hybrids made of
GNP AR = 25, which exhibit synergy in percolation and conductivity in Figure 5.4.
Figure 5.6 shows that increasing AR, systematically decreases the percolation threshold

and increases the conductivity, as well as Ry. The percolation threshold of the GNP
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nanocomposites (X=0) decreases from 10.80 to 8.73 vol.% when ARy is varied from 1 to
4. A two order of magnitude increase (from 8.20 x 107> S/m to 1.5 X 1072 S/m) is
observed in the conductivity of GNP nanocomposites (X=0) when AR, is varied from 1
to 4. While most of the hybrid composites with GNP ARp = 1 exhibit synergy in
percolation, all of them show synergy with GNP ARp = 2. Increasing ARp more to 3 and
then 4 leads to fewer hybrids (fewer values of X) that exhibit synergy. Similar trends are

observed in conductivity and Ry values.
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Figure 5.6 Variation of (a) percolation threshold (b) conductivity and (c) tunneling
junctions per filler, Ry in function of CNT volume ratio, X for GNP with different ARp
when AR:= 25 and CNT aspect ratio is AR =10 in hybrid composites. Full lines for the
presence of synergy and dotted lines for additive effects.

In Figure 5.7, the author studies hybrids made of GNP AR:= 17, which exhibit
additive effects in percolation and conductivity (in Figure 5.4), to examine the effect of
varying AR, from 1 to 4 with an increment of 1. As in the case of GNP AR; = 25,
increasing ARp from 1 to 4 leads to the decrease in percolation threshold and the increase

in conductivity.
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Figure 5.7 Variation of (a) percolation threshold (b) conductivity and (c) tunneling
junctions per filler, Ry in function of CNT volume ratio, X for GNP with different ARp
when AR¢= 17 and CNT aspect ratio is AR =10 in hybrid composites. Full lines for the
presence of synergy and dotted lines for additive effects.

However, in the case of AR:= 17, none of the hybrid composites with GNP AR, =1
shows synergy in either percolation, conductivity, or Ryp. Increasing AR, to 2 and 3 still
does not lead to synergy in any of the hybrids (all values of X). Only an increase of AR,
to 4, finally leads to synergy in percolation, conductivity, and Ry, in many of the hybrid
microstructures. Compiling the results in Figure 5.4, Figure 5.6, and Figure 5.7, it can be
concluded that decreasing the values of the GNP aspect ratios (AR; and AR;) does not
directly lead to synergy. Only values of GNP aspect ratio in a specific range (e.g., ARt =
22, 25, 27, 29 and 32 in Figure 5.4(a)), lead to hybrid with synergistic improvement.
When looking at the percolation results for GNP aspect ratio in that range, it is seen that
synergy happens only if the percolation threshold value of the chosen GNP in its
monofiller composite (X=0) is very close to the one of the CNT composite (X=1). The
closer the percolation threshold values of the two monofiller composites (X=0 and X=1)
are, the more hybrid composites (more values of X) exhibit synergy (see AR=25 and

ARp=2 in Figure 5.6). Hence, it can be confirmed that the synergy effect in the electrical
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properties of hybrid composites is directly related to the closeness of the percolation
threshold values of their GNP monofiller and CNT monofiller composites.

5.2.3. Effect of Chirality of CNT and CNT Intrinsic Conductivity on Electrical

Properties of Hybrid Microstructures

The results presented so far are computed using CNTs with intrinsic conductivity
ocnr = 10* S/m as MWCNTS since they are a cheaper alternative to single-walled
CNTs (SWCNTSs) and hence lead to cost-saving in addition to the synergistic
enhancement when combined to GNP. In this section, the author studies how the intrinsic
conductivity of CNT affects the conductivity as well as the presence of synergy and
additive effects in the conductivity of hybrid nanocomposites. ooy = 2 X 107S/m is
used for armchair SWCNTs and o.y; = 10 S/m for zig-zag SWCNTSs, following the
work done in (Doh, Park, Yang, & Raghavan, 2019). In this section, only the intrinsic
conductivity value of the CNT is changed. Changing the diameter from MWCNT (10
nm) to SWCNTSs (1 — 2 nm) would increase the aspect ratio of CNTs (decrease the
percolation threshold) as studied in section 5.2.4. Thus, in this section, the percolation
threshold values are not changed, only the conductivity of the nanocomposites is then
studied. Figure 5.8(a) shows the conductivity of CNT monofiller nanocomposites when
the intrinsic conductivity of CNT is varied. It is seen that for low content of CNT (<
12%) the conductivity of the composites is the same. With a higher content of CNT
fillers, the conductivity of both MWCNT and armchair SWCNT composites becomes
much higher than that of zig-zag SWCNT. The conductivity of MWCNT and armchair

SWCNT composites remains very similar up to a CNT content of 16% even though the
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conductivity of armchair SWCNT composites is slightly higher than the one of MWCNT
as shown in Table 5.1.

It can be predicted from Table 5.1 that increasing the content of CNT will lead to the
conductivity of armchair SWCNT composites being much higher than the one for
MWCNT composites. This is explained in (Doh et al., 2019; N. Hu, Karube, et al., 2008)
by the fact that at low content of CNT, connectivity happens mainly due to tunneling
effects because the fillers are apart and only a few of them are present in the percolated
network; hence the conductivity of the composites is dominated by tunneling resistance.
At high content of CNTs, the fillers are closer to each other and the percolated network is
filled with CNTs, hence the conductivity of the composites is dominated by the CNT

intrinsic resistance.
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Figure 5.8 Effect of CNT chirality or CNT intrinsic conductivity on (a) the conductivity
of CNT monofiller composites and (b) the conductivity and synergy/additive effects in
hybrid CNT-GNP nanocomposites.
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Table 5.1

Effect of CNT intrinsic conductivity and chirality on the electrical conductivity of CNT
monofiller nanocomposites

CNT content (%) 10 11 12 13 14 15 16
= Armchair
1S _ _ - _
g5 |swent 8e-7 | 3.22e-5 | 4.295¢-4 | 3.167e-3 | 0.0164 | 0.0694 | 0.2407
8 >
Q
£ 2 | MWCNT 8e-7 | 3.22e-5 | 4.290e-4 | 3.160e-3 | 0.0163 | 0.0680 | 0.2299
83 |-
§ 5 |Ziszag 79e-7 | 3.04e-5 | 3.477e-4 | 1.745¢-3 | 0.0053 | 0.0122 | 0.0232
2 o SWCNT . . . . . . .

In the case of hybrid CNT-GNP nanocomposites, Figure 5.8(b) shows that increasing
the intrinsic conductivity of CNT leads to the increase of the conductivity of the entire set
of hybrid (all values of X) for each morphology of GNP used. Note that the curves for
hybrid composites made of armchair SWCNT and MWCNT overlap since the
conductivity of their monofiller composites is very similar. In addition, it is seen that
hybrid composites exhibiting synergy (hybrid with GNP of AR = 25) still exhibit
synergy, while hybrid composites exhibiting additive effects (hybrid with GNP of AR =
17) still exhibit additive effects when the intrinsic conductivity of CNT is varied.

In summary, increasing the intrinsic conductivity of CNT leads to the increase of the
conductivity of CNT monofiller composites and that of the hybrid CNT-GNP composites.
Also, the effect of the intrinsic conductivity of CNT is more pronounced at higher filler
content. However, the intrinsic conductivity of CNT does not affect the presence of
synergy or additive effects in the hybrid composites. This proves as suggested in the
previous section that synergy in hybrid composites is directly linked to the improved

connectivity between the fillers in the hybrid microstructures.
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5.2.4. Effect of CNT Morphology on Electrical Properties of Hybrid
Microstructures

The results presented so far are computed using CNTs (Loyr = 100 nm) of aspect
ratio AR = 10 as primary fillers, leading to the use of GNPs with transversal aspect ratio,
ARt between 15 to 50 in order to have hybrid composites exhibiting synergistic electrical
properties. While CNT and GNP fillers with higher aspect ratios ~ 100 to 10000 are
commonly used experimentally for nanocomposites, several works also exist with fillers
of low aspect ratio ~10 to 50 (Yong Chen, Li, Tu, & An, 2012; Hassoun et al., 2014;
Hernandez et al., 2008; I. H. Kim & Jeong, 2010; Kwon et al., 2013; Secor et al., 2013;
Soum et al., 2019; H. Wu & Drzal, 2013; Zhou, Han, Xiao, Chang, & Zhai, 2015). In
general, conductive nanocomposites fabricated using inkjet printing rely on CNT and
GNP fillers of low aspect ratio to avoid clogging the printer nozzle (Kwon et al., 2013;
Mejias-Morillo, Gbaguidi, Kim, Namilae, & Rojas-Nastrucci, 2019; Secor et al., 2013;
Soum et al., 2019). In addition short CNTs (low aspect ratio) are increasingly used to
reduce the extent of agglomeration in the nanocomposites (Zhou et al., 2015). The results
presented so far correspond to such situations.

In this section, The author examines the effect of using CNTs with higher aspect
ratios (by decreasing the diameter D) 0on the electrical properties of the hybrid
nanocomposites, mainly in term of the morphology of GNP fillers needed for synergistic
behavior. Figure 5.9 and Figure 5.10 respectively show hybrid nanocomposites made of
CNTs of AR =50 (Deyr = 2 nm) and AR = 100 (Deyr = 1 nm) as primary fillers. The
CNTs fillers can also be assumed to be SWCNT which diameter is usually about 1-2 nm

(Doh et al., 2019). It can be seen that for higher AR of CNTs, GNP fillers with higher
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ARt (compared to the case of CNTs with AR = 10) are needed to obtain hybrid
composites exhibiting synergy in their electrical properties. While mixing GNPs of AR; =
22 - 32 to CNT of AR = 10 leads to hybrids with synergy in Figure 5.4, GNPs of ARt =

350 - 450 and GNPs of AR = 1000 — 1600 are needed respectively for CNT AR =50 and

CNT AR = 100.
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Figure 5.9 Synergistic and additive effects in (a) percolation threshold and (b) electrical
conductivity in function of CNT volume ratio, X for different transversal aspect ratio of
GNP mixed with CNT of aspect ratio AR =50 in hybrid composites. Full lines for the
presence of synergy and dotted lines for additive effects.

In addition, the percolation curves for all hybrids that exhibit synergy decrease when
the aspect ratio of CNT filler increases. Specifically, percolation threshold values of
hybrids with synergy decrease from a range of 8.5 — 12%, for CNT AR = 10 (Figure
5.4(a)) to a range of 0.9 — 1.2%, for CNT AR =50 (Figure 5.9(a)) and finally to a range
of 0.27 — 0.53%, for CNT AR = 100 (Figure 5.10(a)). As explained in the previous
sections, CNT and GNP fillers with close values of percolation threshold in their

respective monofiller composites lead to synergy in their hybrid composites. Hence, a
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higher aspect ratio of CNTs (with lower percolation threshold in their monofiller
composites) will require a much higher AR: of GNPs with similarly low percolation
threshold. This information in the context of the comparison between SWCNT and
MWCNT means that using CNT fillers of same length, SWCNT will require higher ARy
of GNPs fillers to achieve synergy in the hybrid composites compared to MWCNTS. In
addition, SWCNTs will lead to hybrids with lower percolation threshold and much higher
conductivity. Hybrids with armchair SWCNTs will be more conductive than the ones

with zig-zag SWCNTS.
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Figure 5.10 Synergistic and additive effects in (a) percolation threshold and (b) electrical
conductivity in function of CNT volume ratio, X for different transversal aspect ratio of
GNP mixed with CNT of aspect ratio AR =100 in hybrid composites. Full lines for the
presence of synergy and dotted lines for additive effects.

There are some numerical issues related to the modeling of high aspect ratio fillers. In
general, the relative size of the RVE to the length dimension of filler (major axis of
elliptical cylinder for GNP and length of cylinder for CNT) is a key input for percolation

onset. In multi-filler composites, this ratio (RVE size-to-filler length) should be similar
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for both GNP and CNT fillers in order to accurately compare the percolation properties of
the two fillers. This has been shown in (Sagalianov et al., 2017) and has been observed in
the present study as well. The author has also shown that percolation onset of the two
fillers in their monofiller composites should be similar to achieve synergy in the hybrids.
When combined with the limitation on the ratio of RVE size-to-filler length, this imposes
certain limitations on the GNP dimensions. Since high aspect ratio of CNT requires a
much higher aspect ratio (ARt) of GNP to obtain synergy in hybrid composites, the
thickness of GNP in the simulations could become unphysically low. Within the
computational limitations, this could be addressed by non-dimensionalizing the system
(e.g. (Sagalianov et al., 2017)), or by using low aspect ratio fillers with equal particles’
length (X. Ni et al., 2019; Plyushch, Lamberti, Spinelli, Macutkevi¢, & Kuzhir, 2018; M.
Safdari & Al-Haik, 2012; Sagalianov et al., 2017).

5.3. Results for GNP Monofiller Composites

Graphene nanoplatelets due to its ease of mass production is one of the cheapest
carbon nanomaterials and hence has been extensively used in conductive nanocomposites
(Cataldi, Athanassiou, & Bayer, 2018). However due to its 2D geometry, it usually leads
to lower electrical properties in the composite, compared to CNTs of similar aspect ratio
(J. Du et al., 2011). Nonetheless, conductive GNP nanocomposites have been used as
sensors in advanced aerospace and medical technologies (X. Huang et al., 2011), flexible
electronics, anti-static coatings, sensors, batteries and solar-cells (Singh et al., 2011),
While several manufacturing methods have been used to produce GNPs, they usually
result in a large variety of thickness and lateral size within the same batch (Svedberg &

Pedersen, 1940). Several works have used additional centrifugation/ultracentrifugation
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steps to separate GNPs (sedimentation-based separation) by their lateral size and
thickness in order to only retain the fillers leading to nanocomposites with optimum
electrical properties (Hassoun et al., 2014; Svedberg & Pedersen, 1940).

Thus, there is a need for numerical simulations to guide researchers on GNP
morphologies for nanocomposites with excellent electrical properties. On another note,
despite the affordability of GNP, CNT composites are still very popular due to their good
electrical properties. While it has been increasingly shown that combining both fillers in
hybrid composites can lead to a more conductive and cost saving alternative (Al-Saleh,
2015; Jing Li et al., 2008; Yue et al., 2014), there is not much information about the
fillers compositions that lead to best improvement and affordability when compared to
GNP composites. In this section, the author shows using the present percolation based
Monte Carlo numerical model that using GNP with less number of layers or with smaller
width leads to better electrical properties. Reduction of number of graphene layer is more
efficient compared to the reduction of the GNP width. The author also shows that
substituting minimal amount of GNP by CNT in the GNP composite leads to substantial
improvement of conductivity in the obtained hybrid composite.

5.3.1. Effect of GNP Transversal and Planar Aspect Ratios on the Electrical

Properties of GNP Nanocomposites

Figure 5.11(a) and (b) present the percolation probability and the electrical
conductivity of graphene nanocomposites with circular GNP of same planar dimensions
but different thicknesses. Increasing AR of GNP leads to a systematic decrease of the
percolation threshold and increase of the conductivity of the nanocomposite. This means

that using graphite fillers with very few number of layers leads to lighter and more
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conductive nanocomposites. This trend has been observed in many experimental works

(Gao etal., 2017; I. H. Kim & Jeong, 2010; Ravindran et al., 2018).
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Figure 5.11 (a, d) Percolation probability (b, €) conductivity and (c, f) number of
tunneling junctions between GNP fillers. Effect of (a-c) GNP transversal aspect ratio and
(d-f) GNP planar aspect ratio on nanocomposites properties. Comparison of the
improvement in (g) percolation and (f) conductivity due to ARt and ARy increase.
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Next, the author starts with circular GNP fillers with ARt = 17 and decreases their
minor axis length, while keeping the thickness constant, to obtain slender elliptical GNP.
Figure 5.11 (d) and (e) show an improvement in the electrical properties when AR, of
GNP is increased. To the author’s knowledge only the experimental work in (Kalaitzidou
et al., 2010) has studied the effect of AR,. They observed trends similar to the present
work.

Figure 5.11 (c) and (f) show that the improved electrical performance, obtained by the
change of the GNP morphology is enabled by the improved connectivity between the
fillers in the nanocomposites. Specifically, a 500% and 300% improvement in the number
of tunneling junctions between fillers is obtained respectively with the increase of ARt
and ARp. Finally the author compares in Figure 5.11 (g) and (h) the improvement
respectively in percolation and conductivity obtained by reducing the number of layers
and the width of GNP (ARt =17 and ARp = 1). It is seen that thinner graphite leads to
higher property improvement with exponential increase compared to the linear increase
observed with slender graphite of same size. Specifically, reducing the number of
graphite layers by a third (AR: = 50 to 17) decreases the percolation threshold by 2.3, and
the amount of fillers to reach a conductivity of 10-5 S/m by half.

5.3.2. Effect of the Substitution of GNP by CNT Fillers on the Electrical

Properties of GNP Nanocomposites

Mixing CNT and GNP fillers to fabricate hybrid nanocomposites has proven to be an
effective way to improve both the percolation and the electrical conductivity of
nanocomposites (Al-Saleh, 2015; Jing Li et al., 2008; Yue et al., 2014). Figure 5.12(a)

and (b) show that the substitution of the smallest amount of circular GNP with ARt = 17
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by CNT (Xcnt = 0.10) leads to the highest improvement in percolation and conductivity.
Higher amount of CNT leads to smaller improvement.

Figure 5.12(c) shows the conductivity of hybrid nanocomposites made of different
GNP morphologies and with different compositions of CNT and GNP fillers (XcnT)
analyzed numerically against previous experimental works. It can be confirmed that in all
the composites, the highest improvement in conductivity (slope of conductivity curve)
due to substitution with CNT always occurs with the smallest amount of substituted
CNTs, Xcnt. Higher content of CNT in the hybrids leads to either smaller improvement

or decay of the conductivity.
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Figure 5.12 Percolation probability and (b) conductivity of hybrids nanocomposites
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Comparison of numerical results with experimental works.
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5.4. Discussion

All the experimental studies on the electrical properties of CNT-GNP hybrid
nanocomposites indicate that the relative content of each of the fillers in the hybrid (X),
controls the percolation and electrical conductivity of the hybrid nanocomposites. Some
observed a synergistic improvement in percolation and /or in conductivity at some
specific values of X (Kumar et al., 2010; Ren et al., 2012; Yue et al., 2014), while others
only experienced an additive effect (Al-Saleh, 2015; Curtis Lee et al., 2013; Jing Li et al.,
2008; Masoud Safdari, 2012). The present numerical model is able to predict those two
effects in percolation and conductivity for CNT-GNP hybrid nanocomposites, by varying
the CNT volume ratio (X) and also the morphology (planar and transversal aspect ratios)
of the GNP filler.

The author shows that increasing either the planar or transversal aspect ratio of the
GNP filler in the hybrids leads to a decrease in the percolation threshold and an increase
in the conductivity of all the hybrid composite compositions (all values of X).
Nonetheless, it is shown that no direct correlation exists between the variation of any of
the GNP aspect ratios and the existence of synergy or addictive effects in the hybrid
composites. It is also shown that the type of CNTs used, specified by the CNT aspect
ratio, its chirality, and its intrinsic conductivity also affects the electrical properties of the
hybrid nanocomposites. While the aspect ratio of CNTSs (also the choice of MWCNT or
SWCNT) affects the percolation threshold values as well as the morphology of GNPs
required to achieve synergy, it is shown that the CNT intrinsic conductivity (also the
chirality of SWCNT) only affect the electrical conductivity of the hybrids and does not

affect the presence of synergy.
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Figure 5.13 Synergy effect in (a) percolation threshold and (b) conductivity based on
difference ratio between percolation threshold of GNP and CNT nanocomposites.
Contour plot showing synergy zone.

To understand the property of the nanocomposites that creates synergy in the hybrids,
the author analyzed all of the percolation and conductivity obtained in this study in
Figure 5.13. To do so, the author first chooses a GNP morphology and compute the
difference ratio between the percolation values of its GNP and CNT monofiller
composites, (Pg;np — Pent)/ Pent- This represents the y-coordinate in Figure 5.13 for the
hybrids with that GNP morphology. Next, for each of the 9 hybrid composites (X=0.1,
0.2, ...,0.9), either synergy (filled marker) or additive effects (empty marker) are present.
Figure 5.13(a) and (b) analyze the synergy or additive effects in percolation threshold and
conductivity using the data from varying both the GNP planar (triangle marker) and
transversal (square marker) aspect ratios. For example, for hybrid composites with

circular GNPs with ARt = 17, the percolation values, Vso of CNT and GNP
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nanocomposites are Poyr = 10.35 vol.% and P;yp = 14.40 vol.%, as shown in Figure
5.4(a). The y-coordinate for the 9 hybrids (X=0.1, 0.2, ..., 0.9) made of that GNP is
(Pgnp — Pent)/Pent = 38%. Figure 5.13 shows the presence of additive effects (empty
square markers), respectively for percolation (Figure 5.13 (a)) and conductivity (Figure
5.13 (b)) for the hybrid composites with GNP of ARt = 17.

Additionally, the author computes a synergy contour that encompasses all the
instances of synergy in percolation and conductivity, respectively, in Figure 5.14(a) and
(b). It shows that when the percolation threshold of the GNP monofiller composite (X=0)
is close (x20%) to that of the CNT monofiller composite (X=1), the hybrids made of
those two fillers will likely achieve synergistic improvement. In addition, the closer the
values of the two percolation onsets are, the more hybrid compositions (more X) will
exhibit synergy.

Figure 5.14(a) and (b) show the improvement in percolation and conductivity
obtained from the hybrid composites examined in this work. To obtain the numerical
value for the improvement in conductivity, the conductivity of each hybrid at a given
CNT volume ratio (X) is compared to the highest of the conductivity values between
monofiller CNT (X=1) and monofiller GNP (X=0) composites. For the improvement in
percolation, the percolation value of each hybrid is compared to the lowest of the
percolation threshold values between monofiller CNT and GNP composites. An
improvement of 800% in conductivity was obtained through synergy, as shown in Figure

5.14(b).
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Figure 5.15 Synergy effect based on the difference ratio between the percolation
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Figure 5.15 shows a comparison of the data from the present numerical simulations
and several experimental works. It is seen that indeed synergy happens in hybrid
nanocomposites filled with GNP and CNT fillers, if and only if, both fillers have

percolation threshold values very close to each other in their monofiller composites.
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When their percolation threshold values are far apart, only the additive effect is observed.
To the author’s knowledge, this is the first time that the synergy effect in hybrid
composites is linked to the percolation threshold of their monofiller composites. Note that
some of the experimental works used molecular weight fraction instead of volume
fraction. For comparison sake, their results are converted to volume fraction, assuming
that the density of CNT and GNP is 2.1 g/cm®.

In addition, some of the experimental studies have explained the improvement of
electrical performance in CNT-GNP hybrid composites by the improved state of CNT
dispersion in the presence of GNPs (Yue et al., 2014). The author has studied the effect
of agglomeration on the electrical and piezoresistive performance of both monofiller and
hybrid composites elsewhere (Gbaguidi et al., 2019b). The present numerical formulation
considers the fillers to be uniformly dispersed in the composites. However, using this
formulation, the author was able to isolate the microstructural mechanism which leads to
synergy effects in hybrid nanocomposites. It is shown in Figure 5.5 that the number of
tunneling junctions per filler, in the percolated network, Ry, controls the electrical
performance of the hybrid composites. Further, the author also identifies that synergy
occurs in hybrid composites only for compositions where the monofiller composites have
similar percolation thresholds.

5.5. Summary

In this chapter, the author developed a three-dimensional (3D) Monte Carlo model to
understand the mechanisms and microstructural features that control the electrical

behavior of monofiller GNP composites; that of hybrid nanocomposites filled with CNT
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and GNP, and potentially lead to a synergistic effect. The primary conclusions of the
study are as follows:

Very high conductivity and low percolation threshold are obtained using GNP fillers
with high transversal or planar aspect ratios. However, higher exponential improvement
in electrical properties is observed with thinner GNPs while only a linear improvement is
obtained with slender GNPs with similar size.

Increasing either the planar or transversal aspect ratio of the GNP filler leads to the
improvement of both percolation threshold and electrical conductivity of all the hybrid
composites.

When the percolation threshold of the GNP fillers in its monofiller composite is
within 20% of the percolation threshold of the CNT fillers in its monofiller composite,
the hybrid composites made of those two specific fillers achieve synergistic improvement
in electrical properties. The present model suggests an improvement in electrical
conductivity as high as 800% in hybrid nanocomposites due to the synergy achieved
using the above combination of fillers.

Increasing the aspect ratio of CNT leads to the increase of the planar aspect ratio of
the GNP fillers required to achieve synergy and also leads to hybrids with lower
percolation and higher conductivity.

Using CNT with a higher value of intrinsic conductivity increases the conductivity of
the hybrids but does not affect the presence of synergy or additive effects.

Using SWCNT instead of MWCNT will require GNPs with a higher planar aspect
ratio in order to achieve synergy in the hybrid composites. It will also lead to hybrids

with better electrical properties. A change in the chirality of SWCNT will only affect the
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conductivity of the hybrid composites without altering the presence of synergy or
additive effects.

A review of past experimental data matches the present numerical results and
confirms the correlation between the closeness of the percolation threshold values of the
two monofiller nanocomposites and the synergy effects in the corresponding hybrid.

The author also shows using both present numerical results and previous
experimental works that substitution of GNP by CNT fillers to obtain hybrid
nanocomposites improves the electrical properties, where the optimum improvement
happens with the minimal amount of CNT.

The author finds that a key microstructural parameter that controls the electrical
performance of the hybrid composites is the number of tunneling junctions per filler, in
the percolated network. Improvement or synergy of that parameter leads to an
improvement or synergy in percolation threshold and electrical conductivity in the hybrid

nanocomposites.
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6. Fabrication and Testing of Hybrid Nanocomposites made of CNT and GNP for
MMOD detection and Piezoresistive Strain Sensors

Among many applications of polymer nanocomposites, the development of a strain
sensor with good sensitivity and a relatively simple fabrication process has received
much attention through several experimental works. The literature review regarding the
successful use of CNT nanocomposites as piezoresistive sensors has been covered in
Chapter 2. However, because the maximum gauge factor of CNT composites is obtained
closed to percolation threshold, and decreases with addition of more CNTSs, several works
have been dedicated to the addition of GNP fillers to CNT nanocomposites in order to
produce much higher sensitivity in the hybrid composites (S. H. Hwang, Park, & Park,
2013; S. H. Hwang, Park, Park, et al., 2013; Curtis Lee et al., 2013; Luo & Liu, 2013).
Some of those works were able to successfully fabricate hybrid nanocomposites with
better piezoresistive performance, compared to CNT mono-filler composites. In addition,
the present numerical simulations described in the previous chapters show that the
addition of GNP filler to CNT nanocomposites increases the piezoresistivity of the
hybrid-PNC and that the increase of the GNP content leads to higher sensitivity in the
hybrid-PNCs.

As a proof of concept for aerospace applications, the hybrid nanocomposites sensors
are used in inflatable space structures. Inflatable structures for space habitat are highly
prone to damage caused by micrometeoroid and orbital debris (MMOD) impacts. The
size of orbital debris varies from few microns to meters but the probability of an impact
increases significantly for particles that have a diameter less than 1 cm due to their high

flux in low earth orbit. Although the inflatable structures are effectively shielded against
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these impacts through multiple layers of impact-resistant materials, there is a necessity
for a health monitoring system to monitor the structural integrity and damage state within
the structures. Assessment of damage is critical for the safety of personnel in the space
habitat, as well as predicting the repair needs and the remaining useful life of the habitat.
There have been several works on the development of sensors that can detect damage due
to the presence of holes created by impact on the inflatable structure. However, most of
those works are based on techniques such as fiber optics (Cadogan et al., 2006),
electromagnetic radiation (Madaras et al., 2008), impedance tomography (Cadogan et al.,
2006), magnetic field (Woodard et al., 2011) and piezoelectricity (E. Christiansen et al.,
2009).

In the first part of this chapter, hybrid CNT-coarse graphene platelets (GP)
nanocomposites were fabricated using a resin infiltration (wet layup) process and
characterized. CNT in form of buckypaper alone as well as CNT-buckypaper with coarse
GPs is mixed separately with epoxy using wet layup fabrication technique to obtain CNT
nanocomposites and hybrid CNT-GP nanocomposites. In previous works (Jiukun Li,
2016; Jiukun Li & Namilae, 2016), the highest gauge factor was obtained with a 5 wt%
of coarse GP. The piezoresistive response of the two types of sensors under uniaxial
loadings was first characterized and then the hybrid CNT-GP nanocomposites with 5
wt% of coarse GP were shown to exhibit higher gauge factor (GF ~3.6), compared to the
CNT nanocomposites (GF~0.5). The performance of the hybrid sensor under transverse
dynamic loadings is later evaluated, with an even higher gauge factor (GF~24) at very

small strains. In addition, the thermomechanical behavior of the nanocomposites is



151

studied using Dynamic Mechanical Analyzer (DMA) to obtain the effect of temperature
and frequency on the damping and storage modulus of the nanocomposites.

In the second part of this chapter, a unique impact detection and health monitoring
system based on the hybrid nanocomposites fabricated was proposed. A thin flexible
sensing layer is developed that can be incorporated into the layers of the inflatable
structure in the form of a blanket. It consists of flexible 2.5 in X 2.5 in piezoresistive
sensors composed of carbon nanotubes sheet and coarse graphene platelets, with an
epoxy matrix material. The electrical conductivity of these flexible nanocomposite
sensors is highly sensitive to strains as well as the presence of holes in the structure. An
array of these sensors, when sandwiched between soft good layers in a space habitat, can
provide MMOD detection capability. A schematic of such a layer in the inflatable
structure and sensing array is shown in Figure 6.1. The sensors’ sensitivity to the
presence of 3mm holes due to an event of impact is evaluated through four-point probe
electrical resistivity measurement.

In the event of an impact, a hole could be created in the sensor, which would change
the resistance of that particular sensor. This change is measured and fed to the computer
algorithm that determines the severity of damage by measuring the amount of change in
electrical conductivity. The entire layer is scanned (electrical resistance measurement)
after a preset amount of time, which provides the interval of impact occurrences. The
damaged sensor’s identification can provide information about the location of the
damage. The sensing layer is sandwiched between Kapton layers for protection and

insulation. These sensing layers can be stacked among the material layers at multiple
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locations, which can provide the depth perception of the damage. Part of this chapter

previously appeared in (Anees et al., 2017; Gbaguidi, Anees, et al., 2017).
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Figure 6.1 (a) Schematic of sensor array on inflatable structure and (b) tile and grid
sensing patterns.

6.1. Fabrication and Characterization of Hybrid Nanocomposites to Study Their
Electromechanical and Thermomechanical Behaviors

Through several studies, CNTs in form of buckypaper have shown great potential in
the fabrication of high performance nanocomposites. Due to its brittleness, buckypaper is
usually infiltrated with epoxy to achieve the desirable strength and stiffness for strain
sensing application (Bahr et al., 2001).

In this chapter, neat epoxy resin and epoxy modified with coarse graphene platelets
(GPs) were used with the CNT buckypaper to prepare the nanocomposites. The epoxy
resin matrix is a combination of West System # 105 Epoxy resin with West System # 206
Slow Hardener at a ratio of 5:1 with a 20 minute working time. The multi-wall carbon
nanotube sheet (buckypaper) consisting of 100% free standing nanotubes, with an area

density of 21.7 g/m? and surface electrical resistivity of 1.5 o/m? was obtained from
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Nano Tech Labs. The coarse (GPs) used as second filler were obtained by finely
chopping graphene sheet obtained from Graphene Supermarket (see Figure 6.2(b)). The
surface resistivity of the graphene sheet was 2.8 x 1072Q/m?2. Another silver epoxy
resin with high conductivity and adhesive properties, obtained from MG Chemicals is

used to attach electrodes (copper plates) to both ends of the nanocomposites.

Figure 6.2 (a) Hybrid CNTs-GPs nanocomposites under vacuum, (b) chopped graphene
sheet.

The hybrid CNTs-GPs nanocomposite specimen used for the experiments are strips,
6.35 cm long and 1.27 cm wide cut from the buckypaper sheet with laser blade. Copper
plates gauging 32, 1.27 cm long and 1.27 cm wide are attached at both ends of the strips
to serve as electrodes. The strips are then placed on a peel-ply on a flat aluminum mold.
They are infiltrated, on both surfaces, with evenly mixed resin-coarse GPs, with coarse
GPs of 5 wt%. The author’s previous experimental results indicate that the
piezoresistivity in hybrid composites is higher for this combination of graphite platelets
and CNTSs (Gbaguidi & Kim, 2014; Jiukun Li, 2016). Another piece of peel-ply with a

breather film on top of it is then used to cover the strips, in order to remove the excess of
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resin. The resin nanocomposite is then cured at room temperature for 12 hours, sealed in
vacuum bag with a pressure of 88.05 kPa, as shown in Figure 6.2(a). After curing, two
wires are soldered, one to each copper plate. Figure 6.3 shows the nanocomposite strips
and a Scanning Electron Microscope (SEM) micrograph of the hybrid nanocomposite

sample.

Figure 6.3 (a) Buckypaper infiltrated with pure epoxy resin (Left) hybrid CNTs-GPs
nanocomposites (Right), (b) SEM micrograph showing graphene platelets and CNTs
interactions.

Four point probe testing method was used to measure the resistance of the hybrid
CNTs-GPs nanocomposites specimen before and during mechanical deformation,
following IEEE (2009) and ASTM (2007, 2011) standard test methods. A constant
intensity current of 0.5 Amperes is forced through the specimen and the resulting voltage
drop is measured using the four point probe method. Ohm’s Law is then used to compute
the specimen electrical resistance. In this study a LabVIEW code is used along with a
DAQ system to monitor the drop of voltage and calculate the change in resistance before

and during deformation.
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6.2. Electromechanical Behavior of Hybrid Nanocomposites

The experimental results of the piezoresistivity performance of the hybrid CNTs-GPs
nanocomposites, with 5 wt% of coarse graphene platelets are presented in this section.
The experiments measure the electrical resistivity of the nanocomposites with application
of strain. The electrical resistivity of nanocomposites strips of length L, width w and

thickness t can be calculated as follow:

p=Rwxt)/L (6.1)

The thickness of the samples is obtained using SEM micrographs of the specimen cross
sections. An average thickness value of 100 um is used to compute Equation 6.1. The
piezoresistive behavior of the nanocomposites is usually quantified by calculating either
the gauge factor or strain sensitivity or the resistance change ratio. The resistance change
ratio (K) and the gauge factor (GF) are computed as shown in Equations 2.1 and 2.2.
Experimental studies show that gauge factors of individual SWCNTSs ranges from 60 to
1000 (J. Cao, Wang, & Dai, 2003). In comparison, copper and aluminum have
respectively a gauge factor of 2.2 and 2.5. However, gauge factor for CNT based
nanocomposites sensors are usually lower compared to an individual CNT.

6.2.1. Electromechanical Behavior Under Uniaxial Tensile Loading

The experimental results of the piezoresistivity performance of the hybrid CNTs-GPs
nanocomposites under static uniaxial tensile loading are presented in this section. The
experiments also measure the stress induced in the nanocomposite with the application of
mechanical strain. The test is conducted in the CS-225 Digital Force Tester at constant
displacement speed of 1 cm/s, while simultaneous measurement of the specimen

electrical resistance is performed.
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Figure 6.4 shows an increase of the piezoresistivity response of the hybrid CNTs-GPs
nanocomposites with 5 wt% of coarse graphene platelets, with increasing mechanical
strain. A resistance change ratio of 20 % was achieved for a strain of 0.06. A young
modulus of 163 MPa was measured for the nanocomposite specimen. The gauge factor
increases from a relatively low value of 0.49 with 0 wt% of coarse GPs (pure CNT
nanocomposites) to 3.6 with a coarse GPs content of 5 wt% (hybrid CNTs-GPs

nanocomposite), at a strain of 6.5%.
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Figure 6.4 (a) Resistance change ratio Vs strain and (b) stress Vs strain curves for hybrid
CNTs-GPs nanocomposites with 5 wt% of coarse graphene platelets, under uniaxial
tensile loading.

6.2.2. Electromechanical Behavior Under Transverse Loading

The purpose of this experiment is to perform a transverse cyclic loading test on the
nanocomposite and to examine the change in its sensing performance. Both ends of the
nanocomposites strip are gripped horizontally, at the copper electrodes as shown in

Figure 6.5. A function generator is used to send a square wave signal, which is amplified
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by a DC power supply amplifier, to control a woofer magnet. A vertical rod is placed
vertically between the woofer magnet and the strip, to apply a transverse load at a
frequency of 1 Hz, with a vertical displacement from 0.1 to 0.6 mm at the center of the
strip. A displacement sensor, connected to the DAQ is then used to measure the vertical
displacement of the center of the strip. The four point probe measurement explained

earlier is used to monitor the change in resistance of the hybrid nanocomposites.

DAQ assistant

Figure 6.5 Experimental set-up for transverse cyclic loading.

Figure 6.6 shows the resistance variation along with the flexural strain with respect to
time. An increase of electrical resistance is shown with the application of strain. The
investigator was only able to apply small strains (compared to the uniaxial test) through
this experimental set up. The resistance change correlates with the applied deformation,
with a maximum resistance change ratio of 0.95 % at a flexural strain of 400 micro strain.

That corresponds to a gauge factor of 23.75. Figure 6.6 shows that the piezoresistive
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sensing performance under transverse dynamic loads is consistent and repeatable.
Moreover, the sensitivity of the nanocomposites is much higher at small strain when
compared to the uniaxial tensile test. Overall, Figure 6.4 and Figure 6.6 show that the
hybrid nanocomposite has good strain sensing performance in both uniaxial and
transverse cyclic loadings. Also the gauge factor of the nanocomposites is much higher

for small strains (23.75 for 0.04% of strain) compared to much larger strain (3.6 for 6.5%

of strain).
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Figure 6.6 Variation of resistance change ratio and flexural strain of the hybrid
nanocomposite with respect to time.

6.3. Thermomechanical Behavior of Hybrid Nanocomposites

After proving, the capability of the hybrid nanocomposites as strain sensor in
different loading conditions, the effect of temperature and different loading frequencies
on the nanocomposites was examined. A PerkinElmer Dynamic mechanical analyzer

(DMA) 8000 was used for the thermomechanical tests, following ASTM standard (2015),
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to determine the storage modulus and the damping properties of the hybrid

nanocomposites.
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Figure 6.7 (a) Modulus and (b) tan 6 for temperature sweep at four frequencies.

Specimens of length 40 mm, width 6 mm and thickness 0.1 mm, without copper
electrodes attached were used for the DMA experiments, to examine the viscoelastic
behavior of the hybrid nanocomposites. The sample was first mounted in the dual
cantilever bending clamps and a multi-frequency temperature scan of the nanocomposites
was performed. Temperature rate of 1.5 °C/min was observed from room temperature up
to 140 °C. Figure 6.7(a) shows the thermal scan of the material for the frequency values
of 1Hz, 10 Hz, 25 Hz and 50 Hz. A clear frequency dependence is observed in both the
modulus and tan J data indicating a relaxation event. As the material passes through the
glass transition temperature, Tg a cure reaction also takes place. The material gets less
stiff (decrease of modulus) as a result of the increasing temperature. Figure 6.7(a) shows

that the storage modulus evolves in a nonlinear fashion with respect to the frequency. At
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room temperature, the modulus first increases from 1 Hz to 10 Hz, remains constant from
10 Hz to 25 Hz and then decreases at 50 Hz. Figure 4(b) shows that the frequency
dependence of the material leads to higher glass transition temperatures with higher
frequencies. Tg values of 59 °C, 63.6 °C, 70 °C and 85.3 °C respectively for frequencies
of 1, 10, 25 and 50 Hz are observed on Figure 6.7(b), as the peak on tan & curves.

An isothermal frequency scan at room temperature of the nanocomposite is then
performed. Figure 6.8 shows the modulus and tan & data for the nanocomposites as a
function of frequency at a temperature of 24.2 °C. The values of modulus and tan 6 are
relatively similar in magnitude for low frequencies (less than 100 Hz). However, a jump
in the values of tan § followed by a sudden drop of the modulus is observed at 111 Hz.
This merely reflects the sample undergoing resonance. Also, the modulus of the material

after resonance goes to zero which indicates a total loss of stiffness of the material after

resonance.
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Figure 6.8 Modulus and tan & for frequency sweep at room temperature.
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6.4. Electrical Performance of Nanocomposites Under Static Damage Tests

In this second part of the chapter, the three type of sensors made of carbon nanotubes
(CNT) in the form of buckypaper, with and without addition of graphene particles in
form of fine nanoplatelets or coarse platelets fabricated in Section 6.1 are tested as impact
sensors. First, their performance under static damage testing was observed in order to
choose the sensor with the highest sensitivity of holes. For that preliminary study, smaller
sensors of size 2.5 in x 0.5 in are fabricated. 0.5 in x 0.125 in copper electrodes are
attached at the two ends of the sensors with the help of conductive silver epoxy and

electrical wires are attached on the electrodes for electrical resistance measurements.

Figure 6.9 Sensors made of (a) neat buckypaper, (b) fine graphene nanoplatelets and (c)
coarse graphene platelets of size 2.5 inx0.5 in with Kapton tape and after addition of four
3 mm holes.
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The sensors are then covered with Kapton tape for protection. The resistivity of the
nanocomposite sensors is measured using a four-point probe method by passing 0.05A
current at 12V while subjecting them to static damage (indentation). NI USB 6001 DAQ
and LabVIEW software are used to interface with the circuit and to collect and analyze
the sensor signals.

Figure 6.9 shows the three type of sensors with their Kapton protective tape and their
electrical wires, with four 3 mm holes, as induced static damage. The change of
resistance of every specimen is continuously recorded throughout the experiment. A
period of 1 min to 5 min is observed before the addition of any new hole, in order to

capture the stability of the resistance measurements.

o T . . - i : 1 1
N —— Buckpaper :

o 30 —— Buckypaper + fine graphene 4™ Hole il
© o5 | —— Buckypaper + coarse graphene q
S 3" Hole

220} q
@©

¥ o

15 2" Hole |
o)

O

5O e [ T
%)

(7) 5 | |
o)

(1 0! | | | _

0 200 400 600 800 1000 1200 1400 1600
Time (second)

Figure 6.10 Variation of resistance change ratio with time and with addition of 3 mm
holes to the three type of sensors.

Figure 6.10 shows a clear and noticeable increase of the sensor resistance, for each

type of sensors after the addition of every hole. A resistance increase of 2%, 3% and 5%
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was observed after addition of a hole respectively for the neat buckypaper sensor, the fine
graphene sensor and the coarse graphene sensor. Also the resistance of the sensors remain
constant before and after the addition of holes, which proves the effectiveness of the

sensors in detecting damage.

W
o

—— Buckpaper
—— Buckypaper + fine graphene T
—— Buckypaper + coarse graphene

N
(&)}
T

N
o
T

1

-l
(@

Resistance change ratio (%)
o o

o

| 1 1 -

2 2
Number of holes

o
—d
S
(&)

Figure 6.11 Variation of resistance change ratio with addition of 3 mm holes to the three
type of sensors using the average of three samples per sensor type.

Figure 6.11 shows the overall performance of the sensors with the average of three
specimen tested per sensor type. An average increase of 2.5%, 3.2% and 5% was
observed after addition of a hole respectively for the neat buckypaper sensor, the fine
graphene sensor and the coarse graphene sensor. As observed in (Jiukun Li & Namilae,
2016), when the sensors were used as strain sensors, the addition of any type of graphene
to the neat buckypaper sensor, increases the sensitivity of the sensors, to damage (holes).
Figure 6.10 and Figure 6.11 also show that the sensor with the coarse graphene platelets

exhibit the highest sensitivity to damage and hence is more suitable for MMOD impact
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detection.
6.4.1. Static Damage Tests on Hybrid CNT-Coarse GP Nanocomposites
Following the observations from the preliminary study in the previous section,
2.5 in X 2.5 in coarse graphene platelets (5 wt%) sensors with 2.5 in X 0.25 in copper
electrodes, are fabricated and tested under static damage, while a current of 0.5 A is used
for resistance measurements. Figure 6.12 shows the MMOD sensor with its Kapton

protective tape and the electrical wires, with six 3 mm holes, as induced static damage.

Figure 6.12 2.5 inx2.5 in coarse graphene sensor with Kapton tape, after addition of six
3 mm holes.

Figure 6.13 and Figure 6.14 show a clear and noticeable increase of the sensor
resistance, with an average increase of 0.75%, after the addition of every hole. It is also
noticed that the resistance change with the 2.5 in x 2.5 in specimen is much lower than
the one obtained with the 2.5 in X 0.5 in specimen, due to the fact that the length-to-

width ratio of the specimen has been decreased which decreases the resistance of the
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specimen itself.
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Figure 6.13 Variation of resistance change ratio with time and with addition of 3 mm
holes to MMOD damage sensor.
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Figure 6.14 Variation of resistance change ratio with addition of 3 mm holes to MMOD
sensor using the average of three samples.
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Finally, the performance of the sensor with a very large number of holes was studied.
Twenty, 3 mm holes were successively introduced to the specimen to see its sensitivity.
Figure 6.15 shows that the sensor performance in detecting static damage is not altered

with a very large number of damages.
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Figure 6.15 Variation of resistance change ratio with addition of very large number of 3
mm holes to MMOD sensor.

6.4.2. Low Velocity Impact Damage on Hybrid CNT-Coarse GP Nanocomposites

In the previous sections, the performance of the MMOD sensor was evaluated under
static damage, where it is assumed that the damage is induced slowly enough such that
the sensor remains in equilibrium. However, to guarantee the detection of damage in the
event of impact, the Instron Dynatup 9250 drop tower is used to simulate a low velocity
impact damage on the sensors. To simulate the sensor placement in between the soft
goods layer of an inflatable habitat structures, during the MMOD impact, the sensor with

its protective Kapton tape is bonded to a dry fiberglass cloth, which is attached to a
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metallic rectangular fixture. The clamp fixture creates a nearly fixed boundary condition
at the edges of the layer. Two type of impact tests are performed, the first with a single
layer and the second with a double layer of sensors.

6.4.2.1. Low Velocity Impact Damage on Single Layer of Nanocomposites

To induce the damage to the sensor layer, a 3 mm diameter indenter is used with an
impact velocity of 1.38 m/s. The resistance measurements of the sensors are recorded
continuously before and after the impact damage. The variation of the resistance of the
sensor through a low velocity impact damage is shown in Figure 6.16. A spike in the
resistance curve, which corresponds to the combined action of the sensor deformation
(elastic) and a damage/hole in the sensor is ovserved. This is followed by a steady state of
the resistance, of value higher than the resistance of the undeformed sensor but lower
than the spike value. It corresponds to the permanent damage in the sensor, after the

impact. Also, the resistance of the sensor, before and after impact remains stable.
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Figure 6.16 Variation of resistance after one low velocity impact damage, induced by 3
mm diameter indenter, to MMOD sensor layer.
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Figure 6.17 show the overall performance of the sensors, after five successive impact,
with the average of three specimen tested. An average change in resistance of 0.8% - 1%
after every low velocity impact damage is observed, which clearly demonstrates the

effectiveness of the sensor for MMOD impact damage detection.
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Figure 6.17 Variation of resistance change ratio with five consecutive low velocity
impact damages to the MMOD sensors using the average of three samples.

Figure 6.18 shows the variation of the load and the energy absorbed during the impact
of the sensing layer. The load is induced by the sensor layer to the indenter tip. It
increases monotonically with contact of the indenter and the layer and then drops quickly
after total penetration of the indenter through the sensor layer. The energy absorbed by
the layer depicts the work perform by the indenter on the layer. It increases until a

maximum value, which represents the work performed during impact.
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Figure 6.18 Variation of load and energy absorbed during impact.

6.4.2.2. Low Velocity Impact Damage on Double Layers of Nanocomposites

In the previous section, the performance of the sensor in a sensing layer was
evaluated under low velocity impact damage to simulate MMOD impact detection.
However, to determine how deep the MMOD penetrate the structure, multiple layers of
sensors will be needed in between the soft goods layer of the inflatable structures. To
simulate damage detection and depth perception, two layers of sensor, as described in the
previous section are stacked on top of each other, with a separation distance of 4 inches
between them, as shown in Figure 6.19(a). An indenter with thickness following a step
function is used. It has a diameter of 3 mm at its lower part and a diameter of 6 mm on its
upper part, as shown in Figure 6.19(b). This will induce a large damage on the top
sensing layer and a smaller one on the bottom sensing layer, during the low velocity

impact test. This replicates the decreasing size of damage created by MMOD through
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multiple layers, after impact. The test setup is shown in Figure 6.19(c).

Figure 6.19 Double layer impact setup: (a) two sensors layers mounted on fixture, (b)
indenter with two thicknesses along its length and (c) test setup with two sensor layers.

The variation of the resistance of each of the two sensors through a low velocity
impact damage is shown in Figure 6.20. The resistance change of the top layer sensor is
much higher than the bottom layer one. This is due to the fact that a damage of bigger
size is induced in the top layer sensor. Also, the resistance of the top sensor increases
suddenly, when the indenter tip hits the top sensor. A slight increase of the resistance is
followed, when the top portion of the indenter (with bigger diameter) touches the top
layer. A sudden drop of resistance is then observed when the top portion of the indenter
penetrates the top layer. Next, the figure shows that the resistance of the bottom layer
suddenly increases, followed by a drop of its value, due to the contact of the tip of the
indenter with the bottom layer followed by its penetration, while the resistance of the top

layer remains constant.
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Figure 6.20 Variation of resistance change ratio with time, induced by one low velocity
impact damage on a double sensing layer setup.

Figure 6.21(a) shows the induced damage (bigger size in top layer) in each of the two
sensing layers, after impact. Figure 6.21(b) shows the variation of the load and the energy
absorbed by both sensing layers, during the impact of the sensing layers. The three peaks
observed in Figure 6.21(b) correspond respectively, to the penetration of the top layer by
the indenter tip (3 mm diameter), then by the top portion of the indenter (6 mm diameter)

and finally the penetration of the bottom layer by the top portion of the indenter.
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Figure 6.21 (a) Damaged double sensing layers and (b) Variation of load and energy
absorbed by double layer during single impact.
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Next, three low velocity impact damages were successively introduced into the two
sensing layers to observe their performance. Figure 6.22(a) shows the damaged top
sensing layer. Figure 6.22(b), the resistance of each of the two sensing layers increases
with addition of new impact damage. Average resistance changes of 0.8% and 4% are
observed respectively in the bottom layer and the top layer, with three specimen tested.
This section clearly demonstrates the effectiveness of the two sensing layers setup in

detecting MMOD impact as well as depth perception in the soft goods of the structure.
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Figure 6.22 (a) Damaged top sensing layer and (b) Variation of resistance change ratio
on each of the two sensing layers after three consecutive impact damages, on double
sensing layer, using the average of three samples.

6.5. Summary

In this chapter, a simple fabrication process using resin infiltration was presented for
hybrid nanocomposites, in order to evaluate their electromechanical and
thermomechanical performance under different conditions. The piezoresistive
nanocomposite sensors were used to prove their effectiveness in detecting impact
damages has been developed, which potentially can be used in inflatable space habitat

structures. An array of these sensors can form a soft blanket that can be incorporated into
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the composite laminates of the habitat structure as a sensing layer. The sensors can detect
holes as small as 3 mm and the damage can be localized based on the location of the
sensors. The sensor system with multiple impacts of different sizes and in multiple

sensing layers has been demonstrated.
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7. Multifunctional Inkjet Printed Sensors for MMOD Impact Detection of Inflatable
Structures

The sensitivity of the electronic properties of carbon nanotube to gases, chemicals,
temperature, and mechanical strain enables their use as fillers in nanocomposites for
sensing applications. The strain sensing behavior of CNT nanocomposites is mainly due
to the breaking and modification of conductive paths in the percolated network (Alamusi
et al., 2011; Njuguna, 2012) due to induced strain. That mechanism in the
nanocomposites could potentially be used in applications where the nanocomposites will
experience stimuli that would change the percolated network of its microstructure, such
as damage or material deterioration sensing (H. Liu, Liu, Chen, Heider, & Thostenson,
2016; Loh, Hou, Lynch, & Kotov, 2009; Loyola et al., 2013). Structural health
monitoring of space inflatable structures is one challenging application where flexible
printed nanocomposites could be used since conventional strain gages and fiber optics
may not be suitable.

In this chapter, a framework based on inkjet printing technologies is developed to
fabricate printed flexible sensors. This approach could result in a low-cost and high speed
fabrication procedure for CNT nanocomposite sensors with tailored sensing performance.
Further, the application of such sensor for micrometeoroid and orbital debris (MMOD)
impact damage detection is demonstrated. To improve the printing quality of the sensors,
a surface modification of the flexible substrates is performed before printing the
conductive ink layers. The effectiveness of the printed devices as strain sensors and static
damage sensors is then examined. The effect of the number of deposited ink layers, the

type of substrate and the device’s fabrication parameters on the strain and damage
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sensing behaviors of the sensors is investigated. Finally, the application of the inkjet-
printed sensors is demonstrated for strain sensing and for MMOD damage detection,
under hypervelocity impact. Part of this chapter previously appeared as (Gbaguidi,
Madiyar, Kim, & Namilae, 2020).

7.1. Materials and Methods

7.1.1. Materials

The materials used for this work were carboxyl functionalized multi-walled carbon
nanotubes, MWCNT-COOH (20-30 nm outer diameter, >95 wt% purity, 10-30 um
length, Cheap Tubes, Inc); sodium n-dodecyl sulfate (SDS, 99% dry wt., Alfa Aesar);
potassium hydroxide (reagent grade, 90%, flakes from Sigma-Aldrich); isopropyl alcohol
(91%, off the shelf); acetone (99.5%, off the shelf); silver conductive epoxy adhesive
(8331-14G, MG Chemicals); deionized water (DI water, Milli-Q plus 185 model); and
500 FPC (0.005 in) Kapton film (American Durafilm CO., Inc). The polyimide film was
treated on both sides. Regular copy paper was also used and referred as paper in the rest
of this work.

7.1.2. Preparation of Carbon Nanotube Ink

Da Costa et al. (2015) developed a water-based conductive ink formulation with 1
wt% of CNT, 0.7 wt% of SDS and DI water, for printed electrochemical sensors on
paper. The ingredients were sonicated for 30 minutes and centrifuged for 5 minutes at
12,000 rpm. The same ink’s ingredients, with the same content of CNT was used and the
sonication time, the centrifugation speed and duration as well as the content of SDS and
DI water were iteratively varied in order to obtain a more conductive material. To obtain

the ink formulation used in this work, which has the highest conductivity, 0.2 g (1 wt%)
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of carbon nanotubes was added to 0.16 g (0.8 wt%) of SDS and DI water to obtain 20 g
of solution into a 22 mL glass vial. The solution was sonicated for 5 hours using an
ultrasonic bath (SharperTek®, SH-150-6L), with magnetic stirring (5 minutes) every 30
minutes. The dispersed solution was centrifuged (Denville 260D) at 3000 rpm for 10 min.
The centrifugation step can be repeated several times to remove the large agglomerates of
CNT to avoid the clogging of the cartridge’s nozzle during printing. The supernatant was
recovered from the centrifuge tubes using a syringe to obtain the final ink.

7.1.3. Kapton Treatment

Kapton films made of polyimide polymer generally have chemically inert and highly
hydrophobic surfaces. To facilitate the inkjet printing of the water-based ink on Kapton
films, the Kapton surface is modified using a wet chemical treatment. X. D. Huang,
Bhangale, Moran, Yakovlev, and Pan (2003) reported a surface modification procedure
for 125 um Kapton HN and 50 um Kapton H using a solution of potassium hydroxide.
The films were cleaned with acetone, then DI water and dried in air. They were immersed
in a 1M solution of KOH for a maximum of 30 minutes, washed twice for 3 minutes with
water and then with isopropanol, dried with air and stored in vacuum for 12 hours. Since
a different Kapton film is used in the present work, a similar approach as reported earlier
was performed while the different steps of the approach were iteratively varied to find the
recipe that leads to the printed ink on Kapton FPC with the best conductivity. In this
work, the Kapton films were first cleaned in acetone for 10 min and an additional 10 min
in DI water using an ultrasonic bath and dried in air. The dried films were immersed in a

1M aqueous solution of KOH for 45 min and rinsed with water (for 3 min twice) and then
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isopropyl alcohol (for 3 min twice) to remove the excess of KOH. The films were dried
in air and stored under vacuum for 14 hours before the printing.

7.1.4. Inkjet Printing

A standard commercial office HP Deskjet D4260 printer with a maximum resolution
of 1200 x 1200 dots per inch (dpi) was used to print on the substrates. The ink was
injected into a previously cleaned HP 74 ink cartridge with a syringe. The patterns were
designed using Microsoft Word and printed on both paper and Kapton film substrates
using the best printing quality settings. During printing, submicron-sized (from 4 to 15
picoliters) drops are ejected from the nozzle of HP 74 cartridges in a few microseconds.
The printed specimens were dried in an ambient atmosphere after every printed layer for
3 min.

7.1.5. Device Fabrication

To be able to print on a large area of the substrate using a millimeter size printhead,
the printer uses a bi-directional raster setting where the cartridge together with the
printhead is belt-driven in the y-direction by a stepper motor while the nozzles fire ink
droplets on the substrate to form an array of dots in the y-direction. To cover rectangular
areas, the pickup rollers move the paper forward a little, in the x-direction, into the main
rollers while the printhead deposits a new successive array of dots in the y-direction.
Because of the bi-directional printing, two resistance measurements are performed, in the
x-direction and the y-direction respectively called Rx and Ry. Figure 7.1 shows a
schematic of the different motions involved in the printing.

For the sheet resistance measurement and scanning electron microscopy (SEM)

observations, several rectangular patterns of 1.3 mm x 13 mm (x by y dimensions) were
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printed on paper and Kapton substrates. The number of printed ink layers for each of the
rectangular patterns was varied from 2 to 34 with an increment of 2. The printed ink was
allowed to dry in air for at least 3 min after each print. At the end of the printing step, the

substrates are then heated in an oven at 90°C for 15 min to dry the ink.
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Figure 7.1 Schematic of inkjet printing with bi-directional raster printing with paper and
ink cartridge motions.

For the damage sensors, rectangular patterns of 2 in x 2 in were printed on the paper
and Kapton substrates. The ink drying process is the same as above. 3/16 inch wide
copper foils were attached as electrodes to the four edges of the printed sensors using
silver adhesive, with sufficient gaps between the electrodes. The sensors are then put
inside a composite press with a pressure of 0.5 Torr and at 90°C for 45 min for the
electrodes to adhere to the substrates.

For the strain sensors, rectangular patterns of 0.5 in x 3.5 in (x by y dimensions) were
printed on Kapton substrates. The ink drying process and the fabrication of the electrodes

are the same as above. In this case, electrodes were attached only on the two edges,



179

across the y-direction, 2.5 in apart. Fiberglass grips were attached on top of the electrodes
for tensile testing.

7.1.6. Device Characterization

7.1.6.1. Device Characterization Under Static Load Environments

In this section, the devices are characterized under no mechanical loads, for the sheet
resistance measurements and under static/quasi-static loads in case of sensitivity to static
damage or strains. The devices fabricated for sheet resistance measurements are
microstructurally characterized using SEM. The sheet resistance, Ry is measured using a

2-probe ohmmeter following (Mikkonen, 2017).

3 mm damage hole

Electrical wire

1018 IR L

Figure 7.2 Fabrication process for inkjet-printed damage sensors with 2, 10 and 20
printed layers (Left to right) on Kapton. It includes (a) printing on Kapton, (b) addition of
electrodes and (c) damaged sensors with 8 holes with electrical wires soldered.
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For the damage sensors, to perform resistance measurements, electrical contact was
achieved by soldering thin copper wires to each of the four copper electrodes. The
electrical resistances Rx and Ry of the damage sensors were measured, separately, in the
x and y directions. Damage is introduced to the sensors as four 3 mm size holes
respectively for Rx and Ry measurements, using a power drill. The KIKUSUI DME 1600
was used with a computer to record the variation of the resistance of the sensors with

time.
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Figure 7.3 (a) Test setup for electromechanical characterization of strain sensors. (b)
Surface color change due to inkjet-printing of strain sensors with 2, 10, 20 and 25 printed
layers on Kapton.

For the strain sensors, longitudinal tensile deformation (along the length) is applied to
the sensor between the fiberglass grips using the Chatillon CS225 Series Digital Force
Tester (capacity up to 1 kN). The displacement-time data is obtained and converted to
strain-time data. The electrical resistance, Ry of the sensors was simultaneously measured

using the KIKUSUI DME 1600 with a computer to record the resistance-time data.
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7.1.6.2. Device Characterization Under Hypervelocity Impact Damage

A report from the National Aeronautics and Space Administration, NASA, describes
that the impact velocity for space debris can reach up to 15 km/s and up to 70 km/s for
meteoroids (E. Christiansen et al., 2009). Hence, to characterize the damage devices for
MMOD impacts, hypervelocity impact tests were necessary. The damage sensors
described earlier, but with only the two electrodes perpendicular to the y-direction were
used. The test was performed on Range 4, a 50 mm/20mm two-stage, light-gas gun, in
near-vacuum environment, in the Impact Physics Laboratory at the University of Dayton

Research Institute.

Figure 7.4 Test Range 4 (Left) at UDRI hypervelocity impact laboratory.

Figure 7.4 shows the picture of the gas gun used, where Range 4 can be seen on the
left. The test article supporting the damage sensor was mounted to the target support
frame inside the gas chamber, shown in Figure 7.5(a). Since the characterization of
damage sensors under static damage hole gives a clear indication of the sensing behavior

of the sensors before and after the damage, the main goal of the instrumentation was to
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measure the dynamic behavior of the sensor during the high-velocity impact. A four-
point probe measurement was performed to monitor the voltage signal (in the y-direction)
of the printed device on an oscilloscope using a triggering system from the gas gun
chamber. All the instrumentations for electrical measurements were connected to the

sensor through BNC feedthroughs as shown in Figure 7.5(b).

< = |
Target Support Frame

Figure 7.5 (Left) Gas gun chamber range 4 and (Right) BNC feedthroughs for
instrumentation during impact test.

7.2. Results and Discussion

Functional inkjet-printed devices are composed of a substrate, usually an insulator
and the deposited conductive fillers from the functional ink. The insulating substrate is
transformed into a conductive material following the percolation process (Kirkpatrick,
1973). When conductive CNT ink is printed on the substrate, the solvent evaporates,
leaving a random network of dry CNTs (R. P. Tortorich, 2014). Percolated paths made of
high number of CNTSs are needed on the substrate to obtain a conductive material for

electronics and sensing applications as discussed in numerical models (Gbaguidi et al.,
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2018b, 2019b). The percolation threshold is the minimum amount of CNT needed to
transition the substrate from and insulator to a conductor.

In the case of inkjet printing a few printed layers are needed to achieve percolation. It
was observed that agglomeration leads to high percolation threshold values with reduced
electrical conductivity and piezoresistivity (Blanchet et al., 2003; Gbaguidi et al., 2019b;
Jing Li, Ma, et al., 2007; Ramasubramaniam et al., 2003; Y. S. Song & Youn, 2005).
Hence it is necessary to reduce the extent of agglomeration in the fabricated CNT ink. In
the present ink’s fabrication procedure, a longer sonication time was used to reduce the
size and number of the agglomerates. In addition, the lower centrifugation speed helps
retain the small agglomerates in the final ink, leading to a solution of higher CNT
concentration. This combination of processing steps was shown to produce
nanocomposites with improved electrical properties (Jing Li, Ma, et al., 2007; Socher et
al., 2012). The present ink formulation similarly results in a more conductive material
with a lower percolation threshold as shown in Figure 7.7.

Even though paper is one of the most used substrates in the literature of inkjet-printed
devices (da Costa et al., 2015; Kwon et al., 2013), aerospace grade Kapton is more
attractive for space applications because of its good outgassing properties. Good
outgassing properties are required to qualify materials for their suitability for space
applications (Secretariat, 2008). Poly(pyromellitic dianhydride-oxydianiline),
commercialized by DuPont under the name Kapton is made of polyimide polymer and,
contains a slip additive based on calcium phosphate, dibasic in the case of Kapton FPC.
Kapton is a flexible substrate and has a high elongation before failure, coupled with good

mechanical properties at elevated temperatures which makes it a highly desirable material
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for sensing applications. However, Kapton features inert and highly hydrophobic
surfaces, which prevent the deposition of water-based inks.

Water-based inks are desirable because they are non-corrosive, environmentally
friendly, easy and safe to store, handle and discard. Several surface modification
techniques have been used in literature to improve the wettability of Kapton films (Fang
et al., 2016; Guo, Dai, Gong, Qu, & Helseth, 2015; X. D. Huang et al., 2003; Inagaki,
Tasaka, & Hibi, 1992). For example, immersing a Kapton film into an aqueous solution
of KOH, leads to the modification of a thin layer of the polyamide film into polyamate.
The depth of the polyamate layer increases up to a maximum value with increasing
immersion time. The polyamate thin layer on top of the unmodified polyimide leads to
better wettability properties (X. D. Huang et al., 2003). However, the immersion time
should be carefully chosen to avoid excessive etching of the film, since it leads to the
degradation of the film properties. The present surface modification procedure was
successfully able to improve the wettability of Kapton FPC with limited etching. This
resulted in good electrical and sensing performance of the printed Kapton sensors as
shown in the following section.

7.2.1. Morphology and Electrical Conductivity of the Printed Carbon Nanotube

Network

From previous work on CNT inkjet-printed composites, the electrical resistance of an
ink layer deposited onto a substrate in a single print is usually too high for electronic
applications due to the inhomogeneous CNT network in the printed material (Kwon et al.,
2013; Michelis et al., 2015). Thus the printed material is usually printed in the same

position on the substrate as many times as needed, using the overwriting method (da
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Costa et al., 2015; Kwon et al., 2013; Lesch et al., 2014). This leads to a conductive
material with a homogeneous and densely packed CNT network. To investigate the
morphology of the printed MWCNT, SEM images of the ink printed on paper and
Kapton with different number of deposited layers are examined in Figure 7.6.

With a single deposited layer on paper, Figure 7.6(a) shows that a decent number of
closely packed CNTs are printed; which indicates that a well-concentrated ink with well-
dispersed fillers is obtained through the present ink formulation. However, the non-
uniformity/homogeneity of the print, revealed by the presence of areas of the substrate
not covered by CNTs shows the necessity of more deposited layers to have uniform and
conductive printed materials. The homogeneity of the printed materials is seen to
improve when the number of deposited layers is increased, leading to full coverage of the
paper surface by the CNTSs. Figure 7.6(b) shows that with only four printed layers, the
paper substrate is fully covered with very uniform, homogenous and dense deposition of
CNTs. In the case of Kapton’s surface, the same improvement of the homogeneity of the
printed material is observed with the increase of the number of deposited layers.
However, a better coverage of the entire surface is observed with a single printed layer,
compared to paper substrate.

Figure 7.7 presents the sheet resistance of the printed CNT on paper as a function of
the number of deposited layers. The sheet resistance is extremely high for 1 to 2 printed
layers. A decrease in resistivity is observed with the deposition of each additional layer
due to the improvement in the uniformity of conductive materials. It decreases rapidly
until the 16 printed layers and then decreases slowly until it reaches a minimum of 500

Q/sq with 34 layers.
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(b)

Figure 7.6 SEM images of CNT ink printed on paper (left) and Kapton (right) with (a)
one, (b) four and (c) ten deposited layers.
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Figure 7.7 Sheet resistance (Ry) of printed CNT ink on paper with respect to the number
of deposited layers. Comparison with previous works in literature, for a paper substrate.

The ink formulation used in this work is obtained by modifying the work in (da Costa
et al., 2015) in order to obtain a more conductive material. A comparison of the sheet
resistance of both inks, which have the same initial content of CNT, printed on paper
shows that the modification added to the formulation leads to a more conductive ink. The
longer sonication time in this work, with the addition of stirring steps, leads to a more
homogeneous ink with better dispersion and fewer agglomerates. Combined with a much
lower centrifugation speed, a supernatant with higher CNT concentration is obtained as
the final ink. Figure 7.7 shows that the printed ink in this work reached electrical
percolation with 2 printed layers compared to 10 layers for the previous authors. In
addition, the conductivity of the present ink is generally greater than the one in (da Costa
et al., 2015). Current work is also compared to the work of Kwon (Kwon et al., 2013). A
lower content of CNT (1g/200ml) was used and the ink was printed on both paper and
glossy-finished photo paper. The sheet resistance values shown here are the ones on

paper which were ten times higher than the ones on photo paper. The better surface finish
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of the photo paper due to the coated resin layer was linked to the improvement in
conductance.

7.2.2. Strain sensors Performance

CNT nanocomposites are known to be sensitive to mechanical strain due to the
tunneling mechanism in their microstructures. Sensing devices of 3.5 in by 0.5 in were
printed on Kapton and their performance under longitudinal tensile strains was examined.
Four devices with 2, 10, 20 and 25 printed layers were fabricated. The electrical
resistance, Ry was monitored while tensile strain up to 8% was induced. The strain was
obtained using € = (L-Lo)/Lo, Where Loand L are respectively the un-deformed length and
the length during deformation of the devices, between the grips. Figure 7.8(a) shows the
average initial resistance of the sensing device, which decreases with the increasing
number of printed layers. The variation in the resistance values of the devices with the

same number of printed layers is higher when the number of printed layers is smaller.
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Figure 7.8 Effect of the number of printed layers on (a) average resistance of unstrained
sensors and (b) sensitivity to tensile strain. Sensors printed on Kapton.
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Due to the high resistance value of the devices with 2 printed layers, inducing strains
leads to the increase of the resistance to values above the limit of the digital multimeter
used in this work. Hence only devices with 10, 20 and 25 layers are tested for their strain
sensing behavior as shown in Figure 7.8(b). The resistance of the three types of sensors
increases nonlinearly due to the applied strain. Increasing the number of printed layers
leads to a decrease of the strain sensing performance of the devices. In addition, Figure
7.9 shows that the gage factor of each of the devices, varies nonlinearly, unlike strain

gages which have a constant gage factor.
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Figure 7.9 Gage factor of strain sensors with different printed layers on Kapton.

This nonlinearity is explained in numerical simulations by the nonlinear (exponential)
relationship in Equation 4.5 between the tunneling resistance and the tunneling distance
between adjacent CNTs (B. Hu et al., 2012). Hence several experimental works observed
nonlinear gage factor in the nanocomposites (Gbaguidi, Anees, et al., 2017; N. Hu et al.,

2010; N. Hu, Karube, et al., 2008; J. Hwang et al., 2011). It is however possible to
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calibrate the gage factor vs strain plot into an approximate linear form with a log-log plot
(N. Hu, Karube, et al., 2008). In Figure 7.9 the gage factor increases rapidly as the strain
increases to about 6% and asymptotically reached its maximum around 8% strain.

7.2.3. Damage Sensors Performance Under Static Damage Holes

From the literature on CNT nanocomposites, the conductivity or the resistance of the
devices vary due to mechanical strain, temperature or some chemical solutions (J. Kong
et al., 2000; Rochefort et al., 1998; Zettl, 2000). In this section, the resistance is shown to
also vary due to damages and the use of the devices for damage sensing is demonstrated.
Compared to lager particles, the probability of MMOD impact is higher for particles of
size between 0.01 mm to 10 mm, due to their high flux (E. Christiansen et al., 2009).
Hence, 3 mm holes were chosen to represent average damage size in the static testing.
Eight 3 mm holes are consecutively added to each sensor, while the resistance is
measured in x and y directions (four holes for each measurement’s direction).

7.2.3.1. Effect of the Number of Deposited Layers and Damage Holes on the

Electrical Resistance of Printed Sensors

Damage sensors of size 2 in by 2 in were printed on Kapton and a 3 mm hole was
added every 2 minutes to the sensor area, except on the copper electrodes using a power
drill. Since the devices are sensitive to strain, deformation in the device was prevented by
applying Kapton tape all over it, to keep it flat during the application of holes. Three
types of damage sensors, with 2, 10 and 20 layers were fabricated. The resistance signal
of the sensors was measured in the x-direction, Rx and then in the y-direction, Ry. Figure
7.10(a) shows the resistance signal (Ry) of the three types of damage sensors as the

damages are added.
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The resistance of each of all three types of devices is sensitive to the damage with a
clear increase of the resistance with each addition of hole. Also, the resistance change
value induced by the damage varies for each hole for the same device. For example, a
resistance change variation from 7 % to 22% is observed for damage holes of the same
size on the device with 2 layers. Finally, the resistance signal of the three types of sensors
is fairly stable before and after any damage, proving their effectiveness to be used as
damage sensors. Figure 7.10(b) shows the average resistance (Ry) change of each of the
three types of devices with the corresponding standard error, over five specimens per
device type. Increasing the number of printed layers leads to devices less sensitive to
damage holes, but with smaller standard errors. Hence the devices with microstructure
closer to electrical percolation (in this case 2 layers) have the highest resistance change

due to damage.
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Figure 7.10 Sensitivity in the y-direction of damage sensors on Kapton to the number of
printed CNT layers with the addition of four 3 mm holes. (a) Resistance (Ry) change

ratio to time. (b) Resistance (Ry) change ratio to each damage hole, with standard error
bars.
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7.2.3.2. Effect of Resistance Measurement’s Direction on the Electrical
Performance of Printed Sensors

As explained in Section 7.1.5, the deposition of ink on substrates happens in two
directions. First, the cartridge, controlled by the step motor, deposits the ink as a line of
serially well-connected drops in the y-direction. Then a feeding of the paper in the x-
direction, controlled by the rollers moves the paper a little forward and allows the
cartridge to deposit another line of well-connected drops in the y-direction until the
needed area is fully covered. In this section, to understand the effect of this bi-directional
motion of the printer on the sensor performance, the difference of the resistance
measurement, in the X (Rx) and y (Ry) directions was examined. Figure 7.11(a) shows the
average electrical resistance of the devices fabricated in function of the number of printed
layers and the direction of resistance measurement. The resistances of the devices in both
directions (Rx and Ry) decrease when the number of printed layers increases. This makes
sense since the conductivity of the material increases with more content of CNT. Also,
the standard error of the resistance values within the same device type (same number of
printed layers) is higher when the number of printed layers is smaller. Besides, for each
type of device, irrespective of the number of printed layers, the resistance Rx is always
higher than the resistance Ry.

Figure 7.11(b) shows that in general, the resistance sensitivity (denoted sensitivity in
the rest of the paper) of the devices due to damage increases with a decrease of the
number of printed layers, for both resistances Rx and Ry. However, the standard error of
the resistance change values due to the randomness of the location of the damage holes

and the variability between samples is higher with a smaller number of printed layers.
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Note that four 3 mm holes are introduced for the resistance measurement in each
direction, with a total of eight holes per sensor. Moreover, the resistance sensitivity of the
devices is higher with Ry than with Rx. Kwon studied the fixation of ink drops on paper
substrates using an inkjet printer (Kwon et al., 2013). Using a transmission optical
microscope, they show that the ink drops serially connected in the y-direction overlap
each other perfectly to form a continuous path (line) of conductive material. However,
micrometer gaps (less than 10 um) in the x-direction exist between two consecutive lines

of ink drops in the y-directions.
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Figure 7.11 Effect of the number of printed layers and resistance measurement direction
onto (a) the resistance of undamaged sensors and (b) the sensitivity of damage sensors to
four 3 mm holes, with standard error bars. Sensors with 2, 10 and 20 layers on Kapton.

This is because the digital motion of the cartridge in the y-direction, controlled
electronically by a step motor is much precise than the motion in the x-direction of the
substrate, controlled by mechanical friction between the substrate and the rollers. Also

due to the overwriting process, any tilt or wear of the substrate due to its feeding inside
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the rollers will lead to a much lower resolution of the printing in the x-direction. This
difference in print resolution and continuity of ink drops in the x and y directions
explains the lower values of Ry resistance of the devices and better sensitivity of the Ry
resistance to damage holes compared to Rx resistance measurements. The ease of
formation of a percolated path in the y-direction between the electrodes is directly linked
to the fixation of ink drop on the substrates and dictates the improvement of the electrical
and sensing performance of the devices in that direction.

Figure 7.11(a) and (b) also shows that the difference in the resistance and sensitivity
measurements between Rx and Ry directions decreases drastically from two printed
layers to 10 printed layers and then decreases more slowly with 20 printed layers. This is
explained by the overwriting process where the addition of more ink drops and the
irregular motion of the substrate through the rollers reduce the gaps in the x-direction
between the ink drop lines. After 10 printed layers a homogenous material of high print
resolution with reinforced inter-connections between ink drops is formed (Kwon et al.,
2013). Hence, inkjet-printed devices should be carefully designed so that the electrodes
are placed in the optimum direction depending on the type of printer used. Advanced
inkjet printers incorporate printheads that can move anywhere in the x-y plane, where the
print quality can be optimized in terms of velocity of printing, the temperature of the
substrate and the volume of an ejected ink drop. Thus devices with improved resolution,

homogeneity and electrical performance in both x and y directions can be obtained.
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7.2.3.3. Effect of Type of Substrate on the Electrical Performance of Printed
Sensors

To examine the influence of the substrate on the inkjet-printed device performance,
damage sensors were also printed on paper, since it is one of the most used substrates in
the literature of inkjet-printed devices (da Costa et al., 2015; Kwon et al., 2013). The
same procedure as for the Kapton device was followed for fabrication, characterization,
and testing. Figure 7.12 shows how the resistance and the sensitivity to damage of the
paper devices vary with respect to the resistance measurement direction and the number
of printed layers. The effect of resistance measurement direction and number of layers is
the same for both the paper and Kapton devices. However, the variation of the resistance
values within the same device type is very small compared to Kapton devices. When the
Kapton and paper devices with the same number of printed layers are compared, the
resistance of the device on paper, with 2 layers is 10 times higher, while its resistance
change to damage is lower. However, with 10 layers (and also 20 layers), both the
resistance and the resistance change to hole values are very similar when the devices on
the two substrates are compared. Kwon et al. (2013) reported a sheet resistance ten times
lower on photo paper substrate compared to a paper substrate for their inkjet printed CNT
materials. This was explained by the difference in surface roughness and finish between
the two substrates.

While the ink should percolate into the empty spaces between the cellulose fibers in
the paper substrates, it only has to penetrate the resin layer on the photo paper which
leads to a better homogeneity of the printed material. The same can be said with the

Kapton substrate where a more homogeneous finish is obtained after the surface
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treatment and allows for uniform deposition of the ink. Figure 7.7(a) shows that after one
deposited ink layer, the paper substrate was not entirely covered. However, a more
uniform spread of the ink on Kapton surface was observed for the same number of ink
layers. Printed devices on substrates with a better finish is then necessary for high

conductive materials and sensors with high electrical performance.
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Figure 7.12 Effect of the number of printed layers and resistance measurement direction
onto (a) the resistance of undamaged sensors and (b) the sensitivity of damage sensors to
four 3 mm hole, with standard error bars. Sensors with 2, 6, 10 and 20 layers on paper.

7.2.4. High Impact Velocity Damage Sensing

During the characterization of the sensors under static damage holes in the previous
section, the devices were very sensitive to 3 mm impact holes with a clear and consistent
increase in their resistance for every damage. However, to be used for MMOD impact
damage, which can happen at velocities up to 15 km/s or 70 km/s depending on the debris
type, the sensors should be tested under high-velocity impact. The high flux of the debris

usually leads to damage much bigger than the debris size. In this section, a four-layer test
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article consisting of three sensors layers and one structural layer was used. Each of the
three sensor layers was composed of sensors attached to thin fiberglass fabric, which
were held along their perimeters between two aluminum frames. The four layers were
placed two inches apart but held together by four all-thread rods through the corners of
the frames. Only the first layer of the frame consisting of one damage sensor with 2

printed CNT ink layers on Kapton is examined in this work.

Figure 7.13 Four-layer test article mounted in the gas chamber. Damage sensor with 2
printed layer on Kapton attached on the first layer.

Figure 7.13 shows the top and side views of the four-layer test article. For the
hypervelocity test, a 3/16 inch (4.760 mm) 2017-T4 aluminum spherical projectile of
mass 0.1583 g was fired at 6.88 km/s to hit the test article. All three layers of the test
article were penetrated. A damage of size 6.07 mm was observed on the damage sensor
on the first layer. Figure 7.14 shows the damage induced to the printed sensor. Despite
the high velocity of the impact, the integrity of the sensor and of the fabric layer was not

compromised. During the impact, an oscilloscope triggered by the gas gun was used to
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record 500 milliseconds of the voltage signal of the damage sensor to see the sensor
behavior right at the time of impact. Figure 7.15 shows the resistance signal Ry of the

sensor during the hypervelocity impact.

Figure 7.14 Hypervelocity impact damage on the damage sensor with 2 printed layers on
Kapton. (a) Front side and (b) backside.

Unlike the static impact damage testing, where the sensor was held flat with tape to
limit induced mechanical strain, in the hypervelocity test, the sensor layer (fiberglass +
sensor) experience both elastic (mechanical strain) and permanent (hole) damage. That is
shown in Figure 7.15 where a sudden increase in the resistance is seen, followed by
fluctuations in the resistance reading due to the induced strain on the sensor substrate. As
examined in Section 7.2.2, the printed sensors are also very sensitive to mechanical
strain. For comparison, the maximum value of resistance change observed in the static
damage testing, with the peak value included is about 26%, while in the hypervelocity
case a resistance increase of up to 150% is observed. This is due not only to the bigger

size of damage in the hypervelocity test (6 mm against 3 mm for static impact) but also to
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the strain induced to the sensor layer during impact.

The resistance is then seen to start decreasing 200 milliseconds after the impact once
the layer is unstrained and would most likely reach a steady-state higher that the initial
unstrained resistance value of the sensor but lower than the resistance value at the signal
peak. That steady-state value as shown in Figure 7.10(a) represents the change in
resistance due to the permanent damage hole. Both the strain sensitivity as well as hole
sensitivity of the printed CNT nanocomposites as examined in Sections 7.2.2 and 7.2.3

are important to understand the performance of the sensor under MMOD impact damage.
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Figure 7.15 Resistance change ratio (Ry) of the damage sensor during the hypervelocity
impact test.

7.3. Summary

A well dispersed and conductive MWCNT water-based ink was formulated and used
to print conductive materials on both paper and Kapton substrates. SEM images showed
that a very homogeneous, uniform and conductive material was deposited on the

substrates only after four printed layers. A minimum sheet resistance of respectively 3
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kQ/sq and 500 €/sq was obtained with 10 and 34 layers printed on paper. The author
demonstrated the applicability of the printed device as strain and damage sensors.
Devices with less printed layers and close to percolation lead to sensors with improved
electrical performance. The author showed that due to the restrictions on the printer,
mainly the difference in the printing precision and resolution in the two in-plane
directions, the direction of the electrical resistance measurement affects the resistance and
sensing performance of the sensors. Also, the author showed that the type of substrate
used for the devices also affects the conductivity and sensitivity to strain and damage. A
substrate with a better finish through optimum surface treatment or a coating layer leads
to a device with improved electrical performance. The inkjet-printed sensors were finally
used to detect MMOD impact damage under hypervelocity impact using their sensitivity

to both elastic strain and permanent damage.
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8. Conclusions and Future Work

8.1. Conclusions

In this dissertation, the author developed an experimental and numerical framework
to study CNT and GNP monofiller nanocomposites and their hybrid nanocomposites. A
review of the fabrication methods, behavior, performance, and applications of
nanocomposites made of the two fillers is first performed. Several applications of the
nanocomposites were considered to examine their effectiveness as multifunctional
sensors. The outcome of the dissertation is discussed below.

A two-dimensional percolation based numerical model was developed to study
nanocomposites made of both CNT and GNP fillers. The tunneling effect between the
fillers was modeled as the main mechanism of electrical percolation and conductivity.
This model considered for the first time, the effect of the addition of GNP on the
piezoresistivity behavior of hybrid nanocomposites. The author found that the addition of
GNP particles to CNT nanocomposites enhanced significantly the electrical conductivity
and piezoresistive behavior of the nanocomposites. Furthermore, the author showed that
higher GNP loading and the increase of the size and aspect ratio of the GNP particles led
to an improvement of the percolation threshold, of the electrical conductivity and the
piezoresistivity of the hybrid nanocomposites. The author showed that the alignment of
the GNP particles had a big effect on both the piezoresistivity and the electrical
conductivity of the hybrid nanocomposites. GNPs uniformly aligned in the direction of
electrical conductivity measurements (or in a direction close to that) led to a significantly
higher piezoresistive behavior, up to 6 times greater than that of nanocomposites based

on only CNT. The present results were discussed and validated against experimental
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observations of thin film nanocomposites.

A new agglomeration model, using the two-dimensional model was developed to
quantify the effect of CNT agglomeration on the electrical behavior of the hybrid
nanocomposites. One of the new findings in the present results was that the agglomerate
morphology (equiaxed vs rope-like) had an important effect on the electrical and
piezoresistive properties of both CNT monofiller and CNT-GNP hybrid nanocomposites.
The author found that in general, the percolation threshold and piezoresistivity are
respectively higher and lower for rope-like agglomerates compared to equiaxed
agglomerates. The present results match experimental observations, which showed that
high agglomeration level was detrimental to the electrical percolation threshold and
conductivity as well as the piezoresistivity of the nanocomposites, for all the different
agglomerate morphologies. However, the author found that small levels of agglomeration
enhanced the aforementioned properties, especially when the CNT density within the
agglomerates was low. The author also showed that while the addition of more CNTSs,
after percolation reduced the piezoresistivity of CNT nanocomposites with or without
agglomeration, the addition of GNPs instead, led to higher piezoresistivity. This implied
that the negative effect of high agglomeration level on the conductivity and
piezoresistivity of CNT nanocomposites could be counterbalanced by the addition of
GNP. Finally, the author identified the microstructures that achieved the optimal
agglomeration level for improved electrical and piezoresistive behaviors.

The author developed a three-dimensional Monte Carlo model to understand the
mechanisms and microstructural features that control the electrical behavior of hybrid

nanocomposites filled with CNT and GNP and potentially lead to a synergistic effect.



203

Unlike the two-dimensional model, this model allowed for the substitution of GNP fillers
with CNT fillers and vice versa. The primary conclusions of the study were as follows:
(a) Increasing either the planar or transversal aspect ratio of the GNP filler led to the
improvement of both percolation threshold and electrical conductivity of all the hybrid
composites. (b) When the percolation threshold of the GNP fillers in its monofiller
composite was within 20% of the percolation threshold of the CNT fillers in its
monofiller composite, the hybrid composites made of those two specific fillers achieved
synergistic improvement in electrical properties. The present model suggested an
improvement in electrical conductivity as high as 800% in hybrid nanocomposites due to
the synergy achieved using the above combination of fillers. (c) A review of past
experimental data matched the present numerical results and confirmed the correlation
between the closeness of the percolation threshold values of the two monofiller
nanocomposites and the synergy effect in the corresponding hybrid. (d) The author found
that a key microstructural parameter that controlled the electrical performance of the
hybrid composites was the number of tunneling junctions per filler, in the percolated
network. Improvement or synergy of that parameter led to an improvement or synergy in
percolation threshold and electrical conductivity in the hybrid nanocomposites.

The author used a resin infiltration technique to fabricate hybrid nanocomposites
made of CNT buckypaper and GNP platelets. The electromechanical behavior of CNT
sheet-Graphite platelet hybrid nanocomposites under static and dynamic loading
conditions was examined. Also, dynamic mechanical analysis of the nanocomposites
specimen was performed to characterize the thermal and dynamic behavior of the

nanocomposites. The present results indicated that these hybrid nanocomposites exhibit a
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distinct piezoresistive response under a wide range of dynamic loading conditions. The
changes in piezoresistive behavior at low frequencies were correlated to the changes in
elastic behavior observed in the DMA testing. Next, the hybrid nanocomposites, in
addition to monofiller nanocomposites made of CNT buckypaper were used as damage
sensors to detect damage holes. Static and low-velocity impact damages were introduced
to the sensors. Both sensors were able to detect the existence and location of the damage
holes, through the sudden increase in the electrical resistance. The author showed that the
hybrid nanocomposite sensors were more sensitive to damage holes than the CNT
nanocomposite ones.

The author developed a fabrication framework based on inkjet printing technique,
substrate surface modification and conductive ink fabrication to design low-cost and very
performant CNT printed devices. A well dispersed and conductive MWCNT water-based
ink was formulated and used to print conductive materials on both paper and Kapton
substrates. A very homogeneous, uniform and conductive material was deposited on the
substrates only after four printed layers, from SEM observations. Sheet resistance as low
as 500 €/sq was obtained on paper. Surface treatment of the hydrophobic Kapton surface
was performed for good resolution of the printed devices. The author demonstrated the
applicability of the printed device as strain and damage sensors. Devices with less printed
layers and close to percolation lead to sensors with improved electrical performance. The
author showed that due to the restrictions on the printer, mainly the difference in the
printing precision and resolution in the two in-plane directions, the direction of the
electrical resistance measurement affects the resistance and sensing performance of the

Sensors.
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Also, the author showed that the type of substrate used for the devices also affects the
conductivity and sensitivity to strain and damage. A substrate with a better finish through
optimum surface treatment or a coating layer leads to a device with improved electrical
performance. The inkjet-printed sensors were finally used to detect MMOD impact
damage under hypervelocity impact using their sensitivity to both elastic strain and
permanent damage. A computational framework and an experimental fabrication
methodology were developed and validated in this study to evaluate the electrical and
piezoresistive properties of monofiller and hybrid polymer nanocomposites with CNT
and GNP fillers. While many important features where included in the present numerical
models, few additions could be added to make the model more realistic.

8.2. Future Work

A computational framework and an experimental fabrication methodology were
developed and validated in this dissertation to evaluate the electrical and piezoresistive
properties of monofiller and hybrid polymer nanocomposites with CNT and GNP fillers.
While many important features were included in the present numerical model, few
additions could be made to make it more realistic. Similarly, an improvement of the
inkjet fabrication process with additional testing of printed devices will increase the
effectiveness and readiness of the sensors for space applications. Some of those additions
would be to:

Incorporate CNT curvature and entanglement. While many important features
such as filler’s alignment and agglomeration were included in the present numerical
models, the control of the CNT curvature will allow a more realistic microstructure’s

model. An inspection of SEM images of CNT polymer nanocomposites usually features
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entangled and curved CNTs. This can be modeled by breaking each CNT tube in many
consecutive tubes of different orientation. Even though the curvature of the CNTs has
been previously shown to affect the electrical properties of the nanocomposites, the
computational requirements are much higher than with straight CNTSs.

Develop an accurate fillers’ reorientation model during mechanical deformation.
So far in the literature, to characterize the piezoresistivity of nanocomposites, the
analytical fiber reorientation model has mostly been used to update the location and
orientation of the fillers after deformation of the composite. This model works well for
CNT fillers (1D geometry), despite several assumptions such as a uniform strain field, a
perfect interface between polymer matrix and fillers, affine transformation, and
incompressibility of the polymer matrix. However, it has several limitations for hardcore
particles with 2D or 3D geometry such as GNP. The planar geometry of GNP fillers is
not taken into account in the current fiber reorientation model and there is no way to
enforce the impenetrability of CNT and GNP fillers during the fillers’ reorientation after
the polymer deformation. A multiscale framework using the current Monte Carlo model
for fillers’ generation and electrical properties calculation, coupled with a realistic FEM
model for the reorientation of the fillers during the mechanical deformation of the
nanocomposites can be developed. This will help for an accurate analysis of the
piezoresistivity of monofiller GNP and hybrid CNT-GNP nanocomposites.

Understand the wetting process of inks on polymer substrates using atomistic
models. While the filler’s content and dispersion state of the ink are important parameters
affecting the inkjet-printed sensor’s properties, the author showed in this work that the

type of substrate through the wetting process also dictates the electrical properties of the
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printed devices. A molecular dynamics model could help understand how different
parameters related to the ink fabrication and the surface finish and surface modification
of the substrate affect the contact angle of the droplets of ink on the substrate.

Develop a hybrid ink with CNT and GNP fillers for fully inkjet-printed devices.
Hybrid polymer nanocomposites made of CNT and GNP have been fabricated using
various processes. However, to the author’s knowledge, it has never been done using
inkjet printing technology, so far. Challenges such as, finding the right solvent with low
contact angle for both fillers, for their exfoliation in an hybrid ink, or using monofiller
inks for CNT and GNP into separate cartridges for effective printing of hybrid devices
need to be solved. Also, an inkjet printing framework for the fabrication of fully printed
devices is still challenging due to the need for copper foil as electrodes to allow
soldering. Using the multi-cartridge option of most inkjet printers with a solder-able
silver or copper inks, the devices’ electrodes could also potentially be printed to obtain
fully inkjet-printed nanocomposites.

Investigate the microstructure - electrical properties dependence of hybrid
printed nanocomposites in comparison to the present numerical model results. The
author has shown in this work that the different steps of inkjet printing technique and ink
fabrication affect the nanocomposites’ microstructure morphology such as
agglomeration, filler aspect ratios, and filler content. It is then important to study how
those fabrication steps control the electrical properties of hybrid inkjet-printed
nanocomposites. With the help of SEM images and the present numerical simulations, an
experimental framework for the fabrication of hybrid printed devices with optimum

sensing performance can be obtained.
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Perform more comprehensive hypervelocity testing on the inkjet-printed devices
for space applications. Even though static and hypervelocity impact tests were
performed in this dissertation, additional testing is necessary to fully qualify the printed
devices for space application. Testing of arrays/grids of the sensors inserted as layers
through the thickness of the structures will be useful. Also, degassing testing of the

printed sensors will help make sure that they are space compliant.
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