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Abstract

The chemically functionalized carbon nanotubes (f-CNTs) and hydrogen bonding modified
polymer composites (CPCs) exhibit unique chemical, mechanical, electrical, and thermal
properties and are emerging as promising materials to achieve extraordinarily high electrical
and thermal conductivity, lightweight and anticorrosion, superior strength and stiffness for
potential applications in the aerospace and automotive industries, energy conversion, and
optical and electronic devices, therefore, attracting considerable research efforts over the
past decade. In this review, the fundamentals of the topics on f-CNTs, hydrogen bonding, and
CNT directional alignment have been briefly introduced. The research on the electrical,
thermal, and mechanical properties have been reviewed. The effects of the CNT morphology,
hydrogen bonding, CNT alignment and aspect ratio, and the interactions between the
constitutes on the CPC performance is critical to understand the fundamentals and challenges
of designing such materials with desired properties and their potential applications. However,
to gain a comprehensive and quantitative understanding of the effects of these factors on the
performance of CPCs, further studies by computer modeling, especially MD simulations, will
be highly needed for effective new/novel material design and development.
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1. Introduction

Carbon nanotubes (CNTs) exhibit excellent electrical, thermal, and mechanical properties. CNTs
are well-known nanofillers that can be used to produce high-performance CNT-modified polymer
nanocomposites (CPCs) [1]. The chemically functionalized CNTs (f-CNTs), incorporating hydrogen
bonding and appropriate solvents, facilitate the formation of well-dispersed CNT networks as
electronic pathways in polymer nanocomposites [1-7]. Furthermore, it extends the CNT length to
enhance the directional performance, together with proper design to create desired properties for
desired applications [7]. It has shown promise in aerospace, electrical and automotive industries,
energy conversion, ultra-high-strength nanocomposites and high-performance composites, surface
engineering, and promising devices in the field of optics and electronics, including energy storage,
energy harvesting, mobile phones, optical coatings and antistatic coatings, integrated circuit chips,
flexible electrodes in displays, electronic paper, bullet-proof vests, protective clothing, etc. [1-8].
However, polymers are generally considered effective insulators due to their low thermal and
electrical conductivity [9]. Research has been actively conducted to improve their electrical,
mechanical, and thermal properties, and to develop new functionalities by adding nanoscale fillers
to polymeric materials. The choice of nanofillers depends on the properties of the nanocomposite
to be designed, the polymer matrix used, their composition, size and shape, their functional groups,
their amount, their dispersion in the polymer matrix, and interfacial interactions. Examples of
nanofillers include carbon-based nanofillers, layered nanoclays, porous and hollow nanoparticles,
nanocellulose, and metallic alloy nanoparticles, to name a few [10, 11]. Among various nanofillers,
carbon-based fillers have attracted much attention due to their excellent physical properties.

Carbon materials are unique, and surprise s of the scientific community are constantly escalating
their unigueness, whether it is the structure of benzene, the complex behavior of polymers, or the
popular materials such as graphene and its derivatives. The exceptional properties of carbon exist
in every phase of matter, which is the most important reason why carbon materials dominate our
daily lives. In the past 3-4 decades, carbon nanomaterials have flourished, and nearly 60% of
research results in chemistry, physics, materials science engineering, and chemical engineering are
directly or indirectly related to carbon nanomaterials. Among various materials, 2D and 3D carbon
materials have been rigorously studied in the past 10 years. These materials have made great
contributions to modern science, technologies, and industries. Nanomaterials composed of
heteroatoms have been extensively explored worldwide, especially in the fields of electrochemical
sensing, solar cells, batteries, and catalysis. For energy applications and catalysis, heteroatom-
doped carbon nanostructures are considered as potential candidates due to their high surface area,
low density, good electrical conductivity, thermomechanical stability, and densely dispersed
tunable active sites. Several excellent reviews and books on key carbon materials such as graphite,
carbon black, graphene oxide, graphene, porous carbon, and carbon nanotubes composed of
nitrogen, sulfur, etc. have been published by renowned research groups around the world. For
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example, lanthanum aluminate was used for the first time as a thermal barrier coating material for
internal combustion engines, transforming standard engines into low-heat-exhaust engines. The
piston crowns, cylinder heads and valves of the engine are coated with lanthanum aluminate with
a thickness of about 200 um to reduce the emission of harmful nitrogen oxides [12]. Carbon-based
multilayer films for electronic applications such as charge-trap flash memories, flexible organic
resistive memory devices, photovoltaic devices, flexible and transparent electronics, heat sinks in
electronic materials, liquid crystal displays (LCDs), thin-film solar cells, flexible touch-screen panels,
electronic papers, micro-batteries, electrochemical micro-capacitors, humidity sensors,
optoelectronic device, etc. [13]. Furthermore, the development of topological defects induced by
heteroatoms doping and its impact on the intrinsic activity of carbon nanostructures has been
extensively studied recently. Various active sites have been created in carbon nano-catalysts to
enhance their activity [14-17].

Since their discovery, CNTs have been studied as fillers in polymer composites due to their one-
dimensional geometry, outstanding mechanical properties, efficient thermal conductivity, and
unique electrical properties. As promising materials, their poor solubility in aqueous and organic
solvents hinders the application of CNTs. To date, controlled dispersion of CNTs in solutions or
polymeric matrices has remained a challenge due to the strong van der Walls binding energy
associated with the CNT aggregates. Altering the sidewalls of CNTs may affect the solubility
characteristics. The solubility of CNTs can be significantly enhanced by radical grafting, as the large
functional molecules facilitate the dispersion of CNTs in various solvents even at low
functionalization [18, 19]. Altering the sidewall of CNTs means functionalizing the nanotube. The
good part is that it could increase the solubility and dispersion. But the functionalization may break
the perfect conjugated structure of nanotube, then decrease physical properties such as thermal,
electrical, and mechanical of nanotube. It is always challenging, need to be balanced. Several
functionalization methods are chemical [20], electrochemical [21], mechano-chemical [22], and
plasmonic [23] in nature. The most common chemical functionalization method is to use strong acid
to remove the end caps and shorten the CNT length [6, 24]. In addition, oxide groups were added
at the ends and defect sites of CNTs to improve the surface characteristics [25-32].

According to these high expectations, the ultimate practical applications seek CPCs with physical
properties closing to the theoretical maximum values of an individual CNT in a polymer matrix. The
initial interest in CNT alignment in polymer matrices was described by Ajayan et al. [30], who
demonstrated conceptually that the remarkable properties of CNTs could be transferred to a
polymer matrix. The physicochemical properties of nanocomposites are mainly determined by the
macro- and microstructures generated during the fabrication and processing of the composites.
There are several identified factors that affect these properties and the subsequent performance of
the resulting nanocomposites. The alignment of CNTs in polymer matrix composites yields more
practical properties that fully meet the needs and expectations of innovative applications.
Alignment has been recognized as a crucial structural parameter for one-dimensional materials such
as CNTs with high aspect ratios. The mechanical properties of the final composite depend on the
degree of CNT alignment, particularly when the composite is loaded parallel or perpendicular to the
CNT orientation. Alignment can also provide effective conductive pathways for electrons and
phonons, which can greatly improve electrical and thermal properties. For composites, highly
aligned fillers typically represent dense packing and minimize the lateral degrees of freedom within
the bulk matrix; thus, the material is more likely to exhibit similar anisotropic properties to the
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individual components. These findings pave the way for the development of various approaches for
the incorporation and arrangement of CNTs into host matrices [30-32].

A comprehensive understanding of the impact of composition, hydrogen bonding, CNT
orientation, and their interactions on the material system responses for the development of new
materials is both scientifically appealing and technologically important. The co-existence of f-CNT
structures and networks, matrices, and interfaces from nano- to macro-scales results in these
heterogeneous and multifactorial anomalous responses. The broad interest of the scientific
community in the development of advanced nanomaterials is evident in the numerous annual
international conferences, dedicated journals, and publications on the topic. Examples of potential
applications of nanomaterials include:

Hydrogen bonds formed between f-CNTs serve as electronic pathways in highly electrically and
thermally conductive erosion-corrosion-resistive nanostructured composite coatings and greases
[33, 34]. The areas of applications are in hydro turbine blades, coal-fired boilers, cutting tools,
nanofluids (in heat exchangers to increase the heat transfer rate of fluids), the automotive industry,
rechargeable batteries, mechanical wear and tear prevention and many specialized applications
such as the next generation electric vehicles, super electric motor bearing protection, and electrical
contact improvement, to name a few [33, 34]. Hydrogen bonding is believed to be attributed to the
best performing samples. With further studies, this finding can be extended to other nanomaterials
with functional groups such as OH, COOH, F and NH; [8, 33, 34].

Due to their excellent mechanical properties and high aspect ratio, CNTs are envisioned as
attractive nanofillers in polymer composites. However, detrimental CNT aggregation is often
observed in polymer nanocomposites due to strong van der Waals interactions. Moreover, only
limited reinforcement can be obtained due to the low stress transfer between the matrix polymer
and the nanotube filler. The mechanical properties of CPCs are still far behind the theoretical
predictions. A critical issue in solving this dilemma is to align CNTs in a polymer matrix. One such
protocol is electrospinning followed by hot stretching. Another approach is to use functionalization
strategy to obtain CNTs with pendant self-complementary hydrogen bonding groups [4, 35-40].

As electronic devices tend to become thinner and more integrated, thermal management
becomes a core task in device design and application. Using high thermal conductivity polymer-
based composite materials instead of metallic materials as traditional heat dissipation materials has
the advantages of lightweight, corrosion resistance, easy processing, and lower manufacturing cost.
Hydrogen bonding is a special type of secondary bonding that is widely present/adopted in
composites. The effect of hydrogen bonding on thermal transport is found at the
electrode/electrolyte interface of solid-state lithium-ion batteries. The structure, orientation and
bonding pattern can greatly affect thermal conductivity. As the size of electronic and mechanical
devices decreases to the micro- and nanoscale, it becomes more important to predict the thermal
transport properties of components [9, 41-55].

CNTs have excellent electrical conductivity and flexibility and are suitable for chemical delivery
and touch screen devices for aerospace and defense applications. Understanding the pathways of
charge transport within the networks is crucial for developing new functional materials and
improving existing devices. The hydrogen-bonded CPCs offer have significantly lower electrical
resistance. The hydrogen bonding formed between f-CNTs acts as electronic pathways and
dramatically enhances the electrical conductivity of the CPCs [9, 54-61].

Nevertheless, these findings show that very few of the nanocomposite architectures developed
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to date achieve their ideal performance, especially in mechanical, electrical, and thermal [31]. A vast
portion of research is still struggling to meet target expectations. The challenges of transferring CNT
properties to polymer matrix composites and the difficulties of the reproducibility of CNT properties
with different preparation methods must be addressed. Incorporating an organized CNT
architecture into a well-chosen polymer matrix and engineering the interface between the two
constituents is crucial. When considering a CNT/polymer composite, the two critical issues related
to CNTs and the CNT-polymer interfacial chemistry are the dispersion and alignment of CNTs in the
polymer matrix. While the former is highly desirable to obtain a unform system and a higher CNT
density for more capillary distribution in the polymer matrix [33], the latter is of particularly
important for anisotropic thermal and electrical properties as well as mechanical strength and fluid
transport characteristics. However, in order to enhance the anisotropy of CNTs and attain the
optimal performance, it is essential to develop directionally aligned CNT structures and extend the
length of CNTs, incorporate hydrogen bonding, in composites and obtain the highest possible to
exploit the excellent intrinsic axial properties of CNTs in an actual material [30, 31, 33, 34, 36, 38,
39, 56, 62-64].

In this review, research conducted in the recent decades on the effects of the CPC composition,
CNT morphology and aspect ratio, hydrogen bonding, CNT alignment, and interactions among the
constitutions on CPC performance will be reviewed to understand how to design such CPCs with
desired properties and their potential applications. The research reviews in the relative areas
include highly electrically and thermally conductive erosion-corrosion-resistive nanostructured
composites, alignment of CNTs in polymer matrix composites for enhanced mechanical, electrical,
and thermal applications, thermal management as a core task of a device design and application,
and the excellent electrical conductivity and flexibility for chemical transmission and touch screen
devices for aerospace and defense applications. Further research method by computer modeling on
these topics will be discussed.

2. Concepts of CNT Functionalization, Hydrogen Bonding, and CNT Alignment

The emergence of CNTs has created new opportunities for fabricating polymer composites with
potential for a wide range of applications. Numerous significant advances have been attained to
date, and more technological challenges await the optimization of the system to fill the gap between
expectations and practical performance. Despite this tremendous progress, challenging issues
related to CNT functionalization, CNT directional alignment, and assembly within a polymer matrix
incorporating hydrogen bonding still remain. This section presents the concepts and fundamentals
of these contemporary approaches.

2.1 CNT Functionalization

According to the various technologies are involved in fabricating CNTs/polymer nanocomposites,
achieving reproducible, precise and economical nanocomposite remains challenging [65, 66]. It has
been reported that functionalization of CNTs can enhance the uniform dispersion of the conductive
nanofiller in non-conductive polymers. Azizighannad and Mitra [67] fabricated f-
CNTs/polydimethylsiloxane (PDMS) pressure sensors and reported that the functionalization of
CNTs can enhance the piezo-resistive behavior of the nanocomposite due to the uniform
distribution of the CNTs and the better interfacial interaction between CNTs and the polymer. This
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is because of the electrostatic repulsion of the functional groups on the CNTs, which in turn
increases the adhesion at the interface between the polymers. This results in enhanced mechanical
properties such as initial modulus and thermal degradation compared to the pristine CNTs. McClory
et al. [68] analyzed the distribution behavior of f-CNTs through the rheological properties of
CNTs/poly (methyl methacrylate) (PMMA) nanocomposites, showing its ability to form a highly
rheologically percolated network in PMMA. Although an excellent dispersion with enhanced
mechanical properties is achieved, the addition of functional groups degrades the electrical
properties of the hanocomposites. This is due to the introduction of sp3 hybridization inside the
nanotubes and the simultaneous loss of the pi-conjugated system of the graphene layer, thereby
disturbing the graphitic structure of the nanotubes [69]. The sp® hybridization can increase the
electronic bandgap and act as defect sites in terms of electron transport through CNTs and lead to
a decrease in the tunneling mechanism. It was also noticed that the high interfacial adhesion of the
functionalization CNTs between the non-conductive polymers would impede the electron flow
between CNTs, i.e., hopping mechanism. Chemical functionalization is based on the covalent linkage
of functional entities on the CNT surfaces [67, 70].

Functionalization is to generate functional groups on the surface of CNTs. These functional
groups help reduce the long-range van der Waals attraction and increase the CNTs-matrix/solvent
interaction and produce a uniform dispersion or lead to CNT solubilization. The effect of CNT
functionalization on properties includes enhanced solubility and stability in aqueous and organic
solvents. Further functionalized derivatives can be used as molecular linkers to interconnect CNTs,
can be soluble in water and capable of trapping water-soluble metal ions and then enhance
dispersion of CNTs in a wide variety of polar and non-polar solvents and polymer matrices, etc. [71-
77].

There are many well-reported methods for the synthetic functionalization of f-CNTs, which is the
primary prerequisite for applying CNTs to any area. Both covalent and non-covalent approaches for
functionalization have been reported [76]. Broadly speaking, they can be classified as either
exohedral or endohedral, depending on whether the modifications are made on the outer walls of
the CNTs [77]. The exohedral functionalization is further subdivided into two categories: (a) covalent
functionalization, and (b) non-covalent functionalization, which may be filled with tailored materials
to meet specific needs, etc. [77].

In addition to the nanofiller functionalization, there are also many ways to functionalize polymer
matrices. Many studies have reported the oxidation of organic synthetic alcohols using polymer-
supported reagents. New functional materials have been developed through coordination of
polymers, which have a wide range of applications. For the oxidation of alcohols, several oxidizing
agents are used. Coordination of polymers via catalyst is more advantageous due to high stability
and many active metals. Recently, many nanomaterials have been used as catalysts to increase the
oxidation rate in the base matrices. The synthesis of base matrices can also be used to enhance
alcohol oxidation [78].

2.2 Hydrogen Bonds

According to IUPAC journal Pure and Applied Chemistry, the hydrogen bonding definition
specifies: The hydrogen bonding is an attractive interaction between a hydrogen atom from a
molecule or a molecular fragment X-H in which X is more electronegative than H, and an atom or a
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group of atoms in the same or a different molecule, in which there is evidence of bond formation
[79]. Such an interacting system is generally denoted as Dn-H*Ac, where Dn denotes a more
electronegative “donor” atom or group, and Ac denotes another electronegative atom with a lone
pair of electrons — hydrogen bond acceptor, the solid line denotes a polar covalent bond, and the
dotted or dashed line indicates the hydrogen bond. Hydrogen bonds can be intermolecular or
intramolecular. The energy of a hydrogen bond depends on the geometry, environment, and the
nature of the specific donor and acceptor atoms and can vary more than two orders of magnitude
between about -0.2 to -40 kcal/mol [80]. This makes them somewhat stronger than van der Waals
interactions, but weaker than fully covalent or ionic bonds. This type of bond can occur in inorganic
molecues such as water and organic molecules such as DNA and proteins.

Hydrogen bonds are responsible for holding materials like paper and felted wool together and
cause individual sheets of paper to stick together when they get wet and then dry. Hydrogen
bonding is due in part to the high electronegativity difference between a hydrogen atom and an
atom of one of the elements fluorine (F), oxygen (O), or nitrogen (N) [81, 82]. Since the ¢ bond that
causes this is linear and polar, a positive charge will be exerted through the hydrogen atoms in a
direction parallel to the bond. A second vital requirement for hydrogen bonding to occur is the
presence of a lone pair on the local species. The negative charge of a lone pair of electrons acts in a
direction away from the atom with which it is associated. Combining these factors, it is easier to see
that due to charge attraction, the strength of the hydrogen bond will be the strongest when the two
forces act in as different directions as possible, which is the case when the original electronegative
atom, the hydrogen atom, the atom with lone pair, and the lone pair itself, are all aligned with one
another [72, 83-87]. A schematic diagram of H-bond examples is shown in Figure 1.

e

| Hydrogen fluoride ‘

F
F &
-
-~

Figure 1 Examples of hydrogen bonds.

Compared with other similar structures, hydrogen bonding is responsible for many physical and
chemical properties of compounds of N, O and F that seem unusual. It also plays an important role
in the structure of both synthetic and natural polymers. It plays an important role in determining
the three-dimensional structures and properties adopted by many synthetic and natural proteins.
Compared to the C-C, C-O, and C-N bonds that make up most polymers, hydrogen bonding is much
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weaker, only about 5%. Thus, hydrogen bonding can be broken by chemical or mechanical means
while retaining the basic structure of the polymer backbone. This hierarchy of bond strengths
(covalent bonds, which are stronger than hydrogen bonds, are stronger than van de Waals forces)
is key to understanding the properties of many materials [88].

2.3 CNT Directional Alignment

Materials with high electrical and thermal conductivity as well as lightweight are highly desired
for applications in aerospace and electronics [56]. The most common materials used for these
applications are metal-based and conductive polymer-based materials. However, metal-based
materials are heavy, and polymer-based materials cannot be used in ultra-high temperature
environments. Although some advanced ceramics have applications at high temperatures, they are
still not ideal choices for aerospace applications due to their high specific weight. On the other hand,
carbon materials such as CNTs, graphene, fullerene, graphite, carbon nanofibers and carbon/carbon
composites are lightweight materials that can not only be used at high temperatures (non-oxidizing
environments), but also have excellent conductive properties. Carbon materials have emerged as
suitable candidates for lightweight and high conductive aerospace applications. The crystal-packed
structure of CNT assemblies can limit contact resistance and facilitate charge transfer among
individual nanotubes and bundles of CNT assemblies. For example, the electrical conductivity of the
composite material reaches 7.70 x 102 S'‘m™ through the vapor-phase infiltration of carbon to
densify the alighed CNT films [87]. Recently, an electrical conductivity of ~1.3 x 10° S-m™! for aligned
CNT sheets was achieved by using mechanical stretching of CNT sheets and surface chemical iodine
doping [51, 87]. A schematic diagram of CNT aligning and assembling under electric field is shown
in Figure 2 [88].
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Figure 2 Schematic model of CNT aligning and joining in liquid medium in the direction
of electric field. (a) Initial state. (b) Schematic diagram of a polarized CNT in an electric
field. (c) CNT aligning in the electric field direction. (d) The polarized CNTs align and
assemble into a network.

The physicochemical properties of nanocomposites are primarily dictated by the macro- and
microstructures generated during the fabrication and processing of the composites. There are many
identified factors that affect these properties and the subsequent performance of the resulting
nanocomposites. The alignment of CNTs in polymer-based composites yields more practical
properties that perfectly meet the needs and expectations of innovative applications [31].

Since the CNT alignment has a significant impact on the properties of the resulting polymeric
composites, tailoring the degree of CNT alignment to the composite is a fundamental issue,
particularly during the synthesis stage of the material [31]. In general, CNTs can be aligned
horizontally or vertically to the surface of the polymer composite films, which largely depends on
the application of the resulting composite. It is generally accepted that vertically aligned
configurations are more challenging and complex to achieve than horizontally aligned CNTs [31]. In
most established methods, an external force such as a magnetic or electric field, mechanical
stretching, or shear force is applied to orientate the CNTs [31].

Based on the predictability of the nonlinear stress-strain constitutive relationships, elastic
hysteresis, hygro-thermo-mechanical properties, and elastic damping response of CNT-modified
polymeric composites, there are many studies based on the stochastic nature of the constituent
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parameters, elastic energy release approach based on stick-slip analytical method, and multi-scale
computational method based on finite element method for understanding the effects of the CNT
alignment, constituent and process parameters on the performance of the CNT-modified polymeric
matrix composites [89-93].

Through a fundamental understanding of the strongly dependent processing—structure—
performance relationships, the creation of aligned CNT/polymer multi-functional nanocomposites
with controlled hierarchical structures offers a wide range of applications [31]. Aligned CNT/polymer
nanocomposites fabricated by various methods exhibit many outstanding properties that have been
extensively explored for applications in electronic nanodevices, chemical and biological sensors,
actuators, and energy sources [31].

The incorporation of CNTs into polymer matrices offers a viable route to extend the interesting
properties of CNTs from the nanoscale to the macroscopic level. However, the most important
limitation for practical applications in the fields of composite science and technology comes from
the fact that randomly oriented CNTs embedded in bulk samples exhibit much lower performance
(especially in mechanical, electrical, and thermal) than expected [31]. Therefore, it has been
proposed to incorporate an organized CNT architecture (align CNTs) into a carefully selected
polymer matrices and engineer the interfaces between the two constituents to extend the
interesting properties of CNTs from the nanoscale to the macroscale [62, 87, 88, 94-99].

3. Research Summary on f-CNTs, CNT Alignment, Hydrogen Bonding, CPCs

Understanding how the addition of CNTs to polymer composites and how to effectively transfer
the unique properties of CNTs from the nanoscale to the macroscale into CPCs is vital which is
related to the mechanical, thermal, and electrical performance of CPCs. The primary focus of our
review on the relative topics is to understand why the thermal, electrical, and mechanical properties
of polymers can be improved using nanofillers. The CPC material design involves manipulating the
material system composition, including chemically f-CNTs, hydrogen bonding, various structures of
CNTs (chirality, number of wall layers, aspect ratio, etc.), and interactions among the constitutes
and matrices based on chemical physics and materials science.

3.1 Electrical Properties

Electrical resistivity and/or conductivity is an important property of materials. Conductivity and
resistivity are inversely proportional to each other. Electrical conductivity is based on electrical
transport properties. Polymers offer distinguished advantages as dielectrics over traditional
inorganic materials. Suitable applications may vary, for example, polymers with a low dielectric
constant are ideal for communication cable insulation. The electrical characteristics of CPCs have
been receiving much attention. However, evaluating the electrical conductivity of CPCs by
experiments for the development of CPCs with desired properties is an expensive and inefficient
method. It is certainly more efficient and economical to preform computational evaluations by using
mathematical models of the physics governing charge transport in CPCs. To obtain the electrical
conductivity of the CPC, Figure 3 depicts the geometrical configuration of the computational
modeling domain of a specimen, where the test voltage, Viest, is applied throughout the cross-
sectional area A of the entire specimen length Lo [100]. Therefore, the electrical conductivity can be
calculated by
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€y

where ¢ and p are conductivity and resistivity, respectively. E and J are the electrical field and the
current density, respectively.

CNT/Polymer Nanocomposite

(V gna)

Ground Voltage

Applied test
voltage (V i)

3
2ary

ST aelgs
-9:__

Electron
Pathway

Figure 3 Schematic model of CPC electrical property test.

An interesting finding is that the voltage distribution on the CNTs belonging to the percolation
network follows a nearly linear distribution from top to bottom. Since the uniformly distributed
CNTs are interconnected by electron tunneling, it is likely to form a linear voltage distribution across
the entire CNT/polymer composite region. Otherwise, more locations/points may need for higher
accuracy to take the measurements along the length of the model. It was found that the electrical
properties of the CPCs depended on the state, geometry, and processing of CNTs. Table 1
summarizes some electrical properties of CPCs with various polymer matrices, different
morphological CNT fillers and aspect ratios, fabrication processes, and percolation thresholds [57].
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Table 1 The electrical properties of some CPCs from literatures.

) . . L. *Electrical Percolation
Matrix CNTs Filler Aspect Ratio Fabrication Process . L. Ref.
Conductivity/Resistivity ~ Threshold

Multi-walled CNTs D =50 nm,

Polyester Stirrin 3.9x 102 (Q':m)? 0.6% 101
y (MWNTS) L= 10-20 um 8 (xm) ° [101]
. D=8-15nm, Co-coagulation and compression % 4
Polyurethane Amino-CNT . <4.48 x 10° S-cm 0.337 vol% [102]
50 nm molding method
D=1.34nm, . 6 0.2~0.5
Epoxy SWNTs Solvent processing in acetone ~4.74 x 10° S-cm’? [103]
L=1-10 um wt.%
Melting mixing and compression
PVDF MWNTs ng mixing P AR/Ro ** = 84.7% 1.25-8wt.% [104]
molding
ID =5-10 nm,
OD =60-100 L
PMMA MWNTs Solvent mixing in chloroform 1.6-107 Q/sq. 0.8-1% [105]
nm, L =0.5-500
pum
D=10-20nm,  CNTs treated with nonionic 6 4 0.05-0.08
Epoxy MWNTSs >10° S-cm [106]
L=10-15 um surfactant wt.%
6.5x 101! S.cm™?
D="~6.9 nm, .
PMMA SWNTs L = ~310 nm Hot pressing as coagulated (random) to 2.7 x 1073 2 wt.% [107]
- S-cm (aligned)
D=1.2-1.8 nm, . . 1.2x103-1.7x 103 Q-cm’
PA SWNTs Electric arc discharge 1 9.3 vol.% [108]

L/D = 100-1000

BuckyPearls™ from

Polyamide film SWNTs . 10°~3.2 x 107 Q-Y! 0.1-0.2 wt.% [109]
Nanotechnologies Inc.

PEDOT/PSS SWNTs Doped VP 3Q-cm’ 2 wt.% [110]

PEDOT/PSS SWNTs Doped VP 1.2x103Q-y? 1wt.% [110]
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glycerol
SWNTs-
PEDOT HiPCO and Electric arc discharge ~160 Q-Y! [111]
buckypaper
SWNTs- By lljin
N/A v Acid treatment 40-70 Q-Y! 100% [112]
buckypaper Nanotech., Inc.
Poly(allylamine CNTs by CVD, f-CNTs b
(allylam MWNTs D =10-30 nm o y 104 Q 8 wt.% [113]
hydrochloride) oxidation
Polyelectrolyte
(co:lton) y SWNTs & MWNTs Dipping technique 20 Q-cmt >0.002 wt.% [114]
Cellulose paper CNTs 0.53 Q-cm? 8.32 wt.% [115]
Inert particulate fillers CaCo3,
PE MWNTs Filmt =250 nm P . 5x10*Q-y? 0.8 vol.% [115]
talc and wollastonite
Graphene and D =~20-60 nm,
Cellulose P Fluorinated CNT/Nanofibrillated  Film 10'° Q-cm 35 wt.% [116]
CNTs L ="~afew um
P(VDF-TFE) SWNTs + rGO b=1.2-2.2nm, 12.2 S-m-t 1 wt.% [117]
L/D = 10%-10% ' e
From Hyperion
DMA(b) CVD-MWNTs Catalysis Int., In situ polymerization ~10 Q-cm 1-15 wt.% [118]
Inc.
D~5.6 nm, L .
BP SWNTSs Sheets 1.7-3 times® 48 wt% [119]
~547 nm
(BPDA/PDA) D~10nm, L . 10°-183.3 S/cm, 10*8
L. CVD-CNTs CVD + aligned . 4.5 wt.% [120]
Polyimide ~700 um times
D~9.5nm,L=  Compression molding + blown
HDPE MWNTs . P ) 8 ~10%-10 Q-cm 10 wt. % [121]
1.5 um film extrusion
D =10-100
PP CVD-MWNTs (ave.25.8) nm,  Melt mixing and extrusion 0.001-0.01 S/cm 15 wt. % [122]
L=1.5-9.5 um
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Epoxy

EG/MPD/BDO

TPU-acetone

CPU
Epoxy

Epoxy

PEEK

PEEK

Epoxy

PDMS

MWNTs
MWNTs
MWNTs

MWNTs
MWNTs

MWNTs

CVD-MWNTs

MWNTs

CNTs

S-MWNT(L/D~60),
M_
MWNT(L/D~173),
L-MWNT(L/D~400)

D=8-15nm, L
~50 um

DO =8-15 nm,
L ~50 um
D~9.5nm,L
~1.5 um

DO ~20nm, L=
5-10 pm

D~9.5nm,L
~15.5 um

DO =13-16 nm,
DI=4nm, L=
1-10 pm

D~15nm, L~1-
10 pm

SWNT: D =0.8-
2nm, L=5-30
pum, MWNT: D
=10-20 nm, L=
10-30 um
S-MWNT:D =
12.5 nm
M-MWNT:D =
12.6 nm

Sonication and stirring

Solution mixing and sintering

Sonication

Sonication and stirring

Tannic acid and PEI/MWNTSs
Epoxidation and chemical
treatment

Shear mixing by calendaring

technique

Mechanically mixed with PEEK
and then melt

f-CNT by hydroxyl

Three-roll milling process

10716-0.16 S/cm by 15
orders

1.6 x 10° S/cm
~1000-10000 S/m

1.1 x10*S/cm

Remarkably enhanced
1.5x 10 t0 5.7 x 103
S/cm

From 10* to 107, 10
(S/cm)

From 10 to >107
(S/cm),

contact resistance from
10 to 10° Q

Up to 0.1S/cm

75-310 S/m

1.5 wt.%

1.5 wt.%

10-60
wtwt. %

-0.65 wt%
0.4 wt.%

7.5-16 wt.%

3.5, 10 wt.%

1, 10 wt.%

0.8 wt.%

10 wt.%

[123]

[124]

[125]

[126]
[127]

[128]

[129]

[130]

[54]

[55]
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L-MWNT:D =
17.0 nm
SWNT:D <1 nm
PS SWNTs/MWNTs MWNT:D >20 Latex-based process
nm
D=2-30nm, L . .
PMMA MWNTs f-CNT by carboxylic acid
<1-10 um
SWNT:D~1.4
nm, L=0.5-3
um,
SBS CNTs f-CNT by covalent/non-covalent
MWNT:D~10-
16 nm, L~10
pum
Grease (I-)I}/-ldroxyl MWNT- Petro-Canada N650HT oil
D =20-40 nm,
Polyurethane MWNT-OH L >>% aspect 75%polyurethane/25%ethanol
ratio

10%°-0.1 S/m
1010-~2 S/m

Up to 10*times

1012 up to >102 S/m

10.0-7880 Q-cm

6.8 Q:cm

2.0 wt.%
4.0 wt.%

0.5 wt.%

2 wt.%

4.5-8.4 wt.%

4.5 wt. %

[60]

[67]

[68]

[36]

[35]

* Note: unit for electrical conductivity S/cm or Q-Y%, electrical resistance Q-cm.
** Note: the electric resistance change rate.
81 - indicating increasing.

8 >> - indicating much larger than.
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3.2 Thermal Properties

For the thermal property measurements, the schematic diagram is similar to Figure 3, where the
heat (phonons) flows through the CNTs instead of electrons through the CNTs, with heat flux applied
on one side (hot region) and heat sink applied on the other side (cold region). The heat flux J can be
calculated by

dq

]=m 2)

where dq is the heat added to the hot region duing the time incremental dt, and A is the cross-
sectional area over which the heat is transferred. Then the thermal conductivity k can be calculated
as

] dq
k= = ()
dT /0L 2Adt(0T/dL)
The coefficient of thermal expansion a(T) can be calculated as
(T) = 1 dL 4
A= dr )

where Lo is the original length of the specimen in the direction of heat transfer and T is the
temperature in the specimen. Table 2 summarized some thermal properties of CPCs with various
polymer matrices, different morphological CNT fillers and aspect ratios, fabrication processes and
percolation thresholds.
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Table 2 The thermal properties of some CPCs from literatures.

. . . L. *Thermal Percolation
Matrix CNTs Filler Aspect Ratio Fabrication Process . Ref.
Conductivity Threshold
D =~20-60 nm, Fluorinated .
Cellulose Graphene and CNTs o Film 14.1 W-m1 K 35 wt.% [116]
L="afew um CNT/Nanofibrillated
. . iPP 3.5 wt.%
iPP & sPP CVD-MWNTs D<10nm, L=5-15 um Acid-treated MWNTSs 10% 1 [119]
sPP 2.5 wt.%
BPDA/PDA 0.027-18.4 W/(mk),
( . / ) CVD-CNTs D ~10 nm, L ~700 um CVD + aligned /mk) 0.13 wt.% [120]
Polyimide 681x
Epoxidation and
Epoxy MWNTs D ~9.5 nm, L~15.5 um ) >10x 7.5-16 wt.% [131]
chemical treatment
3-dimensional network 0.19-1.35.11 10% of s-
PVDF s-MWNTs/GE (1:1) DO ~10nm, L=10-20 um [132]
structure 711.1%1 MWNT/GE
SWNTs/MWNTs/MW D =20-40 nm, L=10-30 163.3% 1T, 5 wt.%,
Nano grease / / f-MWNT by hydroxyl e ° [50]
NT-OH pm 545.9% 1 12 wt.%
MWNT- 89.7%1T, 73.1%
PEG400-fluids From Lower Friction Inc.  -MWNT by hydroxyl e e 7.5 wt.% [51]
OH/CNFs/BWNTs @2wWt%CNF/2wt.
390% 35wt%BN,
) CNFs/Bo nitrde L T@ ° 0-20 wt.%
PU fluids . From Lower Friction Inc. OH-BN by H-bonds 480%™ @20wWt%BN + [52]
nanoparticles CNFs
5we%CNF
SWNT:D =0.8-2 nm, L =5-
Epoxy CNTs 30 um, MWNT:D =10-20  f-CNT by hydroxyl 0.22-0.40 0.8 wt.% [54]
nm, L=10-30 um
S-MWNT(L/D~60), S-MWNT:D =12.5 nm, .
Three-roll milling
PDMS M-MWNT(L/D~173), M-MWNT:D =12.6 nm, 0.41-0.47 10 wt.% [55]

L-MWNT(L/D~400)

L-MWNT:D=17.0 nm

process

*Note: unit for thermal conductivity W/(m-K).
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3.3 Mechanical Properties

For the mechanical property measurements, the schematic diagram is similar to Figure 3, where
the stresses are transmitted through the CNTs instead of electrons through the CNTs. The
model/specimen can be defined as a cubic shape whose dimensions can be defined by the initial
length Lo and the cross-sectional aera A, and the tensile force F or tensile stress can be applied on
the area, so that a uniaxial tensile test can be performed on the model. The Young’s modulus of the
CPC specimen can be calculated by

Ao FlL :
T Ase AAL ®)

where Ao and Ae are the incremental stress and strain, respectively, in the elastic deformation
region (the stress and strain data at the beginning part of the uni-axial tensile test). AL is the
incremental length of the specimen in the tensile direction after the tensile force is applied. The
Poisson’s ratio can be calculated by

Vij = — = (6)

where & and g are the strains in the tensile force applied direction and the lateral direction,
respectively.

Other mechanical properties can be determined accordingly according to American Society for
Testing and Materials (ASTM) standards. Table 3 summarizes some mechanical properties of CPCs
with various polymer matrices, different morphological CNT fillers and aspect ratios, fabrication
processes, and percolation thresholds.
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Table 3 The mechanical properties of some CPCs from literatures.

) . . . . . Percolation
Matrix CNTs Filler Aspect Ratio Fabrication Process Mechanical Properties Ref.
Threshold
Polyelectrolyte SWNTs & L. . E=0.140t00.342,
Dipping technique >0.002 wt.% [114]
(cotton) MWNTSs *TS=41.6t087.8
f-CNTb
Methyl/ethyl oo E2.3135% 1,
CVD-MWNTSs Octadecylamine. 10 wt.% [133]
P(MMA-co-EMA) . . TS 73.4 49% 1
Solution casting
f-CNT by large organic  E=2.03-3.40 TS = 83-
Epoxy SWNTs L="~0.25um groups. Solution 104, 30-70% T 1-4 wt. % [134]
casting and curing Her=17-72%
Polyamide 6 (PA6) SWNTs D="omm L= eNTby swNT-coon - 044120, T5= 0.1-1.5wt%  [135]
y 0.5-2 um y 40.9-92.7 Ao Wh
Poly(vinyl alcohol) D =0.80-1.26 f-CNT by hydroxyl. E=2.4-4379% T, TS Upto0.8
SWNTs . . [136]
PVA nm Solution casting =69-107 47% T wt.%
f-CNT by ferritin
. . E=3.4-7.2100-110%
PVA CVD-MWNTs protein. Solution N 1.5 wt.% [137]
casting
f-CNT by Epoxide.
PC CVD-MWNTs D="~30nm Solution casting and E=2.0-3.8 5 wt.% [138]
injection molding
f-CNT by coated
D=20-50 nm, L
PMMA MWNTs - 5920 um PMMA/PECVD. Melt E=2.7-29 3wt.% [139]
- H mixing and extrusion
f-CNT with CPP.
PVC CVD-MWNTSs D=~14 nm . . E=0.56-0.9 1wt% [140]
Solution casting
PS CVD-MWNTSs D=~14 nm f-CNT with CPP. E=1.48-2.63 1wt% [140]
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Copolymers of
PSVPh

PU

Sythetic spider silk

PAMAM

Kevlar

Epoxy

PS

Polystyrene

PVA/PVK films

s-PS films

CVD-MWNTs,
HiPCO-SWNTs

CVD-MWNTs

SWNTs

SWNTs

CVD-MWNTs

CVD-MWNTs

CVD-MWNTs

MWNTs

MWNTs

CVD-MWNTs

From Carbon

Nanotechnologi

es, Inc.

From lljin Nano

Tech, Korea

From Carbon
Solutions Inc.

From Sigma-
Aldrich

D=12-37 nm

D =40-60 nm,
L=5-15pum

D=~30nm, L=

15-50 um

L/D = 40-800

D =40-140 nm,
L=2-10 um, L/D

Solution casting

f-CNT by carboxylic
acid. Solution cating

f-CNT by carboxylic
acid. Solution casting
f-CNT by
octadecylamine.
Solution casting

f-CNT by epoxy.
Solution casting and
curing

f-CNT by PVC. Solution
casting

f-CNT by TETA. Cast
molding

f-CNT by butyl.
Solution casting

Solution casting

Solution casting

Melt processing

E=1.5-2.1, TS=16-27,
g =1.2-1.6%

E =0.05-0.42 740% 1,
TS=7.6-21.3 180% T

E=1.58-1.92 21.5%
higher

E=2.76-3.49,TS =
64.1-85.3,
**Kic=0.56-0.75
(MPa m%/?)
E=1.5-2.470% 1, TS
50% M

E=1.56-2.438% T, TS

30% 1

E=1.29-1.63 25% 1,
TS 50% M
E=1.19-1.69 36-
42%1, TS =12.8-16.0
~25%

E 180%1, ***H
160%" in PVA; E
280%1, H 200% in
PVK
E=0.52x103-3.54 x
103

5 wt.%

Up to 20 wt.%

~0.125 wt.%

1wt%

2 wt.%

0.6 wt.%

0.25 wt.%

1wt%

1wt%

15 wt.%

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]
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PS films

High density PE

Poly(vinyl alcohol)

PVA

CI-PP

PVA

PS

P(VDF-TFE)

Polyethylene (PE)

MWNTs

CVD-MWNTs

SWNTSs,
DWNTs,
NMWNTSs
OHWNTSs
OMWNTs
AMWNTSs

CVD-MWNTs

CVD-MWNTs

Annealed
SWNTs

SWNTs + rGO

MWNTs

=~100
D=30nm, L=
50-55 um, L/D =
1471
D=15nm,
L/D >100
D=9 nm,

L >10 um;
D=25nm,
L=2.2 um;
D=14 nm,
L=2.1pum;
D=15nm,
L=1.6 um;
D=16nm,
L=3.8 um;
D=24nm,
L=0.8 um;

D=1.2-2.2nm,
L/D = 103-10%.
D=40-70nm, L
= ~ums

Melt processing

Melt processing

Melt processing

Melt processing

Melt processing

Melt processing

Melt processing

E double

E=0.98-1.35

E=2-3.6

E=0.22-0.68; Ex 3.1,
TSx3.9,Kx4.4
E=1.9-7.04;Ex 3.7,
TSx4.3,Kx1.7

E=2.23-2.275

E=0.3787, 14% 1

E=0.682-1.24 82%
higher,

2.5 vol.%

1wt%

1wt.%

1wt%

1wt%

2 wt.%

1wt%

5 wt.%

[151]

[152]

[153]

[154]

[154]

[155]

[117]

[156]
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PHB

PHO

PMMA

PS

DMA(b)

PMMA

PAG6 blend

Nylon

PP

PBO

PMMA

PMMA

SWNTs

SWNTs

Arc-MWNTs

CVD-MWNTs

CVD-MWNTs

CVD-MWNTs

CVD-MWNTs

CVD-MWNTs

Arc-SWNTs

SWNTs

Arc-MWNTs

MWNTs

D=1.2-1.4 nm,
L=5-100 nm
D=1.2-1.4 nm,
L=5-100 nm
From
Laboratory
Mixing Molder
(Atlas, USA)
CNT alignment
by extruding
From Hyperion
Catalysis
International,
Inc.

Oriented by
extrusion

MD simulation
Varying, D ~20
nm, L~10 s um
D=1.3-1.5nm,
7-12 nm

D ~0.95 nm,

Provided by
MER
Corporation
D=16.6nm, L=

Melt processing

Melt processing

In situ polymerization

In situ polymerization

In situ polymerization

In situ polymerization

In situ polymerization

In situ polymerization

Melt processing

In PPA polymerization

f-CNT by chemical

f-CNT by CVD MWNT-

E=5.66-11.74,H =
0.31-0.35
E=0.12-0.53,H =
0.00056-0.00137

E=0.73-1.63

E=2.3-2.6, E, @Sy and
TS 5 times

E=0.8-1.04

E=2.7-3.728%", K
170%1, Sy 25%
E=2.6-4.2
E=0.4-1.24214% 1,
Sy 162%

E=0.12-0.53
E=138-167,TS =
2600-4200 50% 1, @ @
CS = 350-500
E=1.5-2.51135%"1

E=0.71-1.38 94% 1,

10 wt.%

10 wt.%

17 wt.%

5wt.%

15 wt.%

1wt.%

12.5 wt.%

2 wt.%

10 wt.%

10 wt.%

1wt%

0.3 wt.%

[157]

[157]

[158]

[159]

[118]

[160]

[161]

[162]

[163]

[164]

[165]

[166]
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Polyimide

Benzyl peroxide-

PP

iPP & PP

PVA

Resin

PC

PU

PC

PA6

Poly(1-butene) PB

PE

SWNTs

SWNTs

CVD-MWNTs

SWNTs

SWNTs/MWNTs

SWNTs

SWNTs

SWNTs

MWNTs

CVD-MWNTs

CVD-MWNTs

1.2 um

D=1-2nm

D <10 nm, L=5-
15 um

D="~0.8 nm

L=~1mm,L/D
=~10,000-
100,000
D~5.6 nm,L
~547 nm
HiPCO SWNTs,
high L/D
D=6-14nm, L
~547 nm

D =50-80 nm, L
=5-20 um

D =10-20 nm,
from Shenzhen
Nanotech Port
Co. Ltd.

D =10-20 nm,
from Shenzhen

OH

Debundling of SWNTSs

f-CNT by benzoyl
peroxide

Acid-treated MWNTSs

Soak in polymer
soltion sheets

f-CNT by m-CPBA

Sheets

f-CNT by PEG-SWNT

Multi-step dispersion

f-CNT by diamine and
acid modified

PP-g-MWNTSs

f-CNT by surfuric and
nitric acid, PE-g-

TS 360% M, K
1282%1, € 526% T
E=3.8-7.2
E=0.452-1.372
133.7%, TS
173.1%",
E=1.2-1.6525%"1
iPP, E = 0.38-0.635
66%" sPP
E=2.3-6.93xM,TS
9%, K 9x

E =2.55-15.10
429%1,

E =2.29-5.08 220% 1,
TS6.49-19.7

E =0.004-3.4,K 240
x at 40 wt.%

E=1.86.23.4x]

E 123.9%1, Sy
115.3% 1 at 1 wt.%
E=0.72691%1, Sy =
0.0282 83% M, TS =
50.1 61%, K = 88.9
67% 1

E75%1, TS 33% 1, K
61%

1wt%

7.5 wt.%

0.1(iPP)-
0.4(sPP) wt.%

~70 wt.%

31.3 wt%

48 wt%

100%

20 wt.%

0.5-8.2 wt.%

1.5wt.%

1.5wt.%

[167]

[168]

[169]

[119]

[170]

[171]

[172]

[173]

[174]

[175]

[120]
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Natural rubber
(NR)

(BPDA/PDA)
Polyimide

Shell EPSON 828

epoxy

PMMA

PC

HDPE

PP

PLA/ESO

Epoxy

EG/MPD/BDO

UHMWPE

CVD-CNTs

CVD-CNTs

CVD-MWNTs,
SWNTs

(5,5) CNTs

MWNTs

MWNTs

CVD-MWNTs

Cu-MWNTs

MWNTs

MWNTs

CCVD-MWNTs

Nanotech Port
Co. Ltd.

D=20-50 nm, L
=0.1-1 ym

D~10 nm, L
~700 pm

D ~15 nm, L/D
~1000

L/D=17.23,
14.21, 22.01, «©

D =10-15 NM, |
=1.6 um

D~9.5nm, L=
1.5 um
D =10-100

(ave.25.8) nm, L

=1.5-9.5 um
from Grafen
Chemical
Industries
D=8-15nm, L
~50 um

DO =8-15nm, L

~50 um
D~9.5nm,L

MWNTs

pretreated by HF +
with HRH bonding
systems

CVD + aligned

Melt processing +
polymer grafting +
alignment

By MD simulation

Grafting extrusion,
MWNTs-OH, PC-g-
MWNTs

Compression molding
+ blown film extrusion

Melt mixing and
extrusion

Mechanical stirring
and sonication

Sonication and stirring

Solution mixing and
sintering

Solution and sonicated

E=1.8-12.5,TS=7.2-

24.8, H=41-63

E12xM, TS 2.73 x

E=4.5-29, TS = 41-
4200

E=3.90,4.73, 6.85,
46.73 MPa

E=1.45,TS=61
26% 1T

E=2.3163%1T,TS=
18,34% 1 TS 239%™

E=0.37,TS=47
38% 1

E=0.9733%1,TS=

0.8 54% "M

E=1.57-1.97,TS =
135-1511
E=0.025-575,TS =
8.4--63

E=0.2520%1T, TS =

25 phr

0.6 vol.%

1-7 wt.%

2 wt.%

8 wt.%

15 wt.%

2 wt.%

1.5wt.%

1.5 wt.%

0.02-10 wt.%

[176]

[177]

[177]

[121]

[122]

[178]

[123]

[125]

[179]

[180]

[181]
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WBPU

TPU-acetone

CPU

PMMA

Epoxy

PP

Epoxy

Epoxy

Epoxy

PEEK

PEEK

PEEK

Amide-MWNTs

MWNTs

MWNTs

Acid-SWNTs

ZnO-MWNTs

CNTs

MWNTs

MWNTs

a-SWNTs

CNTs (armchair)

MWNTs

Bamboo
MWNTs (B-

~1.5 um

D =40-60 nm, L
~20 um
D~9.5nm,L
~1.5 um

DO ~20nm, L=
5-10 um

DO =5-10 nm,
DI=1-5nm, L=
5-30 um

D~9.5nm,L
~1.5mm

D~9.5nm,L
~15.5 um

From Hexcel
Corporation IM7
D=0.678 nm, L
=2.951 nmor
4,92 nm

D variation

Commercially
purchased, not

Sonication and stirring
Sonication
Sonication and stirring

Solution mixing,
COOH-SWNTs

Sonication

Solid phase molding

Tannic acid and
PEI/MWNTSs
Epoxidation and
chemical treatment
0.5 wt.% amine f-
SWNTs

Molecular dynamics
(MD)

Fuseddeposition
modeling (FDM)
PEEK/B-CNT-Synthetic-
Diamond composite

22 37%

E=0.07 10%1, TS =
12 20%
E=1.27950%", TS =
41 20% "1

E=14100%"T

E~1.3188%, TS = 30
200%

E=3.651%1T,TS=61
20% 1

TSC 133% M, EC
65%1, TST 74% 1, ET
130%™

K =40.51154%1, TS =
80.83 148% 1
E=8.4144%", TS =
203 50% T

E=62-74, TS = 681-
747

E=4,04 GPa T 10%
and interface
properties

TS slightly improved

Coefficient of friction
and specific wear rate

0.5 wt.%

35 wtwt.%

-1.5 wt%

5 wt.%

1.7 wt.%

5wt.%

0.4 wt.%

7.5-16 wt.%

0.2-0.5 wt.%

1wt%

1,5wt%

0.75-1 wt.%

[126]

[182]

[183]

[184]

[124]

[127]

[128]

[131]

[185]

[186]

[187]

[188]
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PEEK-grafting

PEK-
C/Tetrahydrofuran
(THF)

PEK-C

PEEK

PEEK

PEEK

CNTs)

Acylated CNTs,
and glass fibers
(GFs)

MWNTs

MWNTs

MWNTs

MWNTs

MWNTs

identified. High
aspect ratio

D=20-30nm, L
=10-20 um

Commercially
purchased and
intergratly
laminated as
sandwich
Commercially
purchased
without
identifying

D ~40 nm, L ~30
um

D ~40 nm, L/D
~150

D ~40 nm, L/D
~100

was fabricated by a
hot compression
sintering technique

GF/PEEK by
immerse/stir,
rinsed/dried,
----stacking

Ultrasonic
homogenizer and
laminated

Spin coating method
for preparing
interleaving film

FEA based on RVE?®

Shear lag analysis
considering stick-slip

Shear lag analysis
considering stick-slip

reduced by 30% and
39%

Interlaminar shear
strength, TS, and E

improved by 75%(~35
MPa), 23%(~338 MPa),

12% (~18 GPa),
respectively

Gic and Gjg improved
by 138.1% and
127.3%, respectively

Flexure strength and
flexure modulus
changes within 20%

AU =(5.1,1.3,0.2) x
1070 mJ/cycle %8
Max sliding zone
length = (420, 290,
160) nm

Nonlinear stress-strain

curves, well agree to
the experiments

Nonlinear stress-strain

curve, stick-slip

GFs ~40 vol.%

PEK-C/THF 12
wt.%, PEK-
C/CNTs 3
wt.%

0.1, 0.3, 0.5,
0.7 wt.%

1, 3,10 vol.%

6, 10 vol.%

6, 9 vol.%

[189]

[190]

[191]

[90]

[91]

[92]
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PAN MWNTs
Epoxy CNT bundles
PEHMA-co-

MWNTs
UPYMA

AO-MWNTs
PU AA-MWNTSs

AU-MWNTs

D =15-20 nm,
L/D =55
Aligned CVD-
CNTs

DO =20-40 nm,
DI=5-10nm, L
=10-30 um

DO =10-30 nm

Aligned PAN-graftred
MWNTs

Hotcuring epoxy based

on bishenol

Multiple H-bonding

Acid oxidation coupled
with a surpant

unloading behavior
and critical interfacial
shear strength, well
agree to the
experiments

E 204.5% 1, TS
320.7% T
E=2.1-473,TS =
124.5-514

E =0.00564-0.068,
TS >100% " €f 1054%
™at4 wt%
E=0.170-0.270, TS =
26.6-63.4 at 1.8%
MWNTSs

2 wt.%

30 vol.%

1.4-7.4 wt.%

0.18-10 wt.%

[38]

[39]

[4]

[5]

Note: *TS is the ultimate tensile strength (MPa). #g¢ is the elongation at break. ** Kc is the mode-I fracture toughness. ***H is the hardness. @ Sy is

the yield strength (MPa). @ @CS is the compressive strength (MPa). ¢ Finite element analysis (FEA) based on representative volumetric element (RVE).

% The dissipated energy per RVE.
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3.4 Other Properties

The review so far has focused on the general electrical, thermal, and mechanical properties of
CPCs and factors influencing them. In this subsection, recent advances in various fields/topics, such
as applications in flexible and stretchable CNTs/polymer films for realizing high-performance strain
and pressure sensors, and transparency in tough screens, are precented. Table 4 summarizes some
additional properties of CPCs with various polymer matrices, different morphological CNT fillers and
aspect ratios, fabrication processes, and percolation thresholds.
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Table 4 The other properties of some CPCs from literatures.

. . . — . Percolation
Matrix CNTs Filler  Aspect Ratio Fabrication Process Other Properties Ref.
Threshold
. BuckyPearls™ from 0.1-0.2
Polyamide film SWNTs . Transparency 83-95% [109]
Nanotechnologies Inc. wt.%
SWNTs- HiPCO and Electric arc
PEDOT . Transparency 87% [111]
buckypaper discharge
SWNTs- By Iljin .
N/A Acid treatment Transparency 70-80% 100% [112]
buckypaper Nanotechnology, Inc.
Poly(allylamine CNTs by CVD, f-CNTs b
v(allylan MWNTs D = 10-30 nm Sy y Transparency 70% 8 wt.% [113]
hydrochloride) oxidation
. Inert particulate fillers CaCos,
PE MWNTs Filmt =250 nm . Transparency 80% 0.8 vol.% [116]
talc and wollastonite
Electromagnetic
CNTs- 1
Cellulose paper shielding 30-40 GHz,  8.32 wt.% [133]
buckypaper . .
yet highly flexible
Methyl/ethyl CVD- f-CNT by Octadecylamine.
vi/ethy Py ctadecy *T, from 89 t0 106°C  10wt.%  [133]
P(MMA-co-EMA) MWNTs Solution casting
CVD- f-CNT by ferritin protein. .
PVA . . Tg from 79 to 102°C 1.5 wt.% [137]
MWNTs Solution casting
D~9.5nm, L~1.5 . . EM shielding 48.3 dB
PP CNTs Solid phase molding . 5wt.% [127]
mm at 2.2 mm thickness
D =20-40 nm, . Anticorrosion
. Coating, . .
Polyurethane MWNT-OH L =substantial aspect protective efficiency 3.0 wt.% [35]

ratio

75%polyurethane/25%ethanol

99.5%

Note: *T, is the glass transition temperature.
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4. Discussion

As can be seen from the data in the tables above, the material properties of the CNT-modified
nanocomposites depend on many factors, including the type of CNT filler (morphology and aspect
ratio of CNTs), fabrication process, functionalization type, and percentage of the CNT addition, etc.
For example, the electrical conductivity generally increases with increasing CNT length, diameter,
or number of CNT wall layers. There are similar trends for other properties. The fabrication
processes have been adopted/chosen according to the material synthesis requirements. However,
there is still a lack of quantitative analysis and comparison. The effects of these factors are usually
not in a monotonically changing pattern (monotonically increasing or monotonically decreasing).
There is usually an inflection point (threshold value) where the material performance is at a
maximum or minimum point that can be fully accounted for when we conduct effective new/novel
material design.

However, it is not yet fully quantitively clear how the chemical f-CNTs incorporating hydrogen
bonding can effectively transfer the unique attributes exhibited by CNTs at the nanoscale to the
macroscale, and it is vital to comprehensively understand the ways in which CNTs are added to
polymer composites correlates with the mechanical, thermal, and electrical performance of CPCs.
CPC material design involves the accurate prediction of desired material properties by manipulating
the material system composition including hydrogen bonded f-CNTs, CNT morphology (chirality,
number of wall layers, aspect ratio, etc.), CNT hydrogen bonding forms (end-to-end alignment or
overlapping connections, etc.), the interactions among the constitutions and matrices based on
chemical physics and materials science.

Depending on the problem and spatial and time scales of interest, various approaches to
materials design based on computer modeling exist, from quantum mechanics to continuum
simulations. Molecular dynamics (MD) or first principles simulations are ideal for studying nanoscale
material properties. MD is an atomistic scale simulation that describes the interactions between
atoms through interatomic potentials. In the MD method, electronic effects are averaged, and the
time evolution of atomic positions and velocities is calculated from Newton’s equations of motion.
The electron-dependent approximation is based on the Born-Oppenheimer theory, and the MD
time step used to describe atomic motion is long enough for electrons to achieve their ground stable
state, as compared to nuclei due to mass differences. The interatomic potentials (force fields) are
established from the first principles or experiment to describe the interactions between the atoms,
including the effect of electrons, in terms of reproducible forces. The reliability of the interatomic
potentials determines the accuracy of the MD simulations is furthermore related to the ability to
bridge the effectiveness of mesoscale methods [40, 42, 192-197]. The polymer matrices and CNTs
can interact through strong covalent or electrostatic interactions or hydrogen bonding. These
chemical interactions lead to strong coupling at the interface. Alternatively, polymer matrices can
interact with CNTs through weak electrostatic interactions, such as van der Waals forces [29, 198-
201]. These detailed considerations are very important when considering the design and
optimization of the load/electron/phonon transferring/passing through across the interface.

Because there are too many factors involved in the preparation, fabrication, and post-processing
of the matrix, the CNT reinforcement, and the composite material, too complex and too strongly
coupled, it is difficult to quantitatively draw the summary research results of this topic as each
individual factor changes. Fortunately, there are some specific examples or case studies that can
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demonstrate the effective applications of CNT-modified polymeric nanocomposites. Those findings
were obtained by MD simulations, which outlines the effects of factors, such as CNT chirality, CNT
length, CNT volume fraction, and CNT overlap length, individually on the thermal and electrical
properties of CNTs and CNT-modified polymeric composites, respectively. Furthermore, those
guantitative results provide tangible evidence for the potential of these materials and guidelines for
material design [202].

5. Conclusions

CNTs are well-known nanofillers that can be used to produce high-performance polymer
nanocomposites. The chemically f-CNTs, incorporating hydrogen bonding and appropriate solvents
help to create well-dispersed CNT networks as electron pathways in polymer nanocomposites, in
addition to extending the length of CNTs to enhance directional performance, and by proper design
to create desired properties to fit desired applications and show promise in energy storage, energy
harvesting, mobile phones, surface engineering, optical coatings, and integrated circuit chips.
However, multiple factors and strong coupling among CNT nanofillers and matrix materials pose
difficulties in designing and optimizing such CPCs using traditional experimental trial and error
approaches. The lack of a comprehensive understanding the effects of the composition, f-CNTs
nanofillers, hydrogen bonding, CNT alignment and morphology, and interactions between the
constitutions, on the CPC performance limits both the knowledge of designing CPCs with desired
properties and their potential applications. This paper presents research in recent two decades in
the relative areas, including CNT-modified highly electrically and thermally conductive erosion-
corrosion-resistive nanostructured composites, chemically f-NCTs, incorporating hydrogen bonding,
and CNT directional alignment in a polymer matrix for reinforcement in mechanical, electrical, and
thermal applications. However, to gain a comprehensive and quantitative understanding of the
effects of these factors on the performance of CPCs, further studies by computer modeling,
especially MD simulations, will be highly needed for effective new/novel material design and
development.
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