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Abbreviations

GO — Graphene Oxide

MWCNT — Multiwalled carbon nanotube
C60 — Fullerene

PANI - polyaniline

DBSA - dodecylbenzenesulfonic acid

DVB — divinylbenzene

TGA — thermogravimetric analysis

SEM — Scanning Electron Microscopy
Xrd- X-ray powder diffraction

TEM - Transmission Electron Microscopy

DPD - Dissipative particle dynamic



Chapter 1

General Introduction

Carbon fiber composite material has been widely used in aerospace, clean
energy vehicles, civil engineering, wind turbine blades, sports equipment due to
their high-strength, high modulus, corrosion resistance, high temperature resistance,
fatigue resistance, conductive, heat transfer and other excellent features[1-3]. In
recent years, carbon fiber composites with the functional properties like stealth,
electrostatic protection, electromagnetic shielding and other unique features get
more and more attention. However, since the carbon fiber composite material
usually contains about 30% of the insulating polymer matrix as showed in Fig. 1.1,
resulting in the through thickness conductivity of the traditional carbon fiber
composite material is very poor, which has become a fatal defects of composites as
shown in Fig 1.2. Therefore, the research and development of functional polymer
composite material system has turned into an important branch in the field of

materials.
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Fig. 1.1 The sandwich structure of carbon fiber composites




Fig 1.2 The defects of carbon fiber reinforced composites

[Source: https://image.baidu.com]

Several techniques have been devised to improve the through-thickness electrical
conductivity, e.g. using conducting polymers (as indicated in Fig 1.3), conductive fillers [4-8],
and carbon nanofillers into polymer for electrical functional applications develop[9, 10]. For
example, Weikang Li et al [11] added 0.5 wt.% CNT-AlLO; into the glass fabric/epoxy
composites, increased AC conductivity 4-5 orders of magnitude for both in-plane and
through-thickness directions at 10> Hz. Growing CNTS on the carbon fiber can enhance the
in-plane electrical conductivity of the CF/epoxy composites by 170% [12]. The
throughthickness electrical conductivities of the CFRP were improved by two orders of
magnitude to 1S m’ through the addition of CNTs [13]. However, this still cannot meet
requirements of some unique applications. For example, the electrical conductivity of
electromagnetic shielding material claims higher than 10 S/m [14]. No investigations have
been reported on the enhanced effect of carbon-based nano-fillers/polyaniline
hybrids on the through-thickness electric conductivity of carbon fiber reinforced

polymer, to the best of our knowledge.
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Fig. 1.3 The commonly used conduct polymer

In this work, GO/PANI, MWCNT/PANI and C60/PANI hybrids were
employed into polymers by dispersing them into the divinylbenzene (DVB) solution.
The conductivity tests were conducted to investigate the difference of three
carbon/PANI hybrids. It is observed that the max AC conductivity of CFRP made of
MWCNT/PANI was measured to be 22.4 S/m, which has been improved by more
than 3 orders of magnitude compared to CF/DVB, and more than 2 orders of
magnitude compared to CF/epoxy. GO/PANI hybrids show a cooperative
improvement of through-thickness electrical conductivity and interlaminar shear
strength (ILSS). For the C60/PANI hybrids reinforced polymer composites, the AC
electrical conductivity increased from 9x107° S/m to 63.7 S/m at the frequency of
1Hz, more than 10 orders of magnitude. On the contrary, the thermal conductivity
was reduced to extremely low of only 0.164W/m. K from 0.579 W/m. K. This
decoupling of electrical and thermal conductivity of polymer bulk composites opens
diverse opportunities for new materials and systems.

These outstanding results make the carbon/PANI hybrids reinforced
composites become a competitive material for EMI shielding material, light strike
protection material and thermal electrical materials. This work provides us with a

novel vision to design functional materials by utilizing synergetic effects of different
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ingredients.

1.1 Nanofiller Reinforced Polymer Conductive Composites

At present, the main way to improve the interlayer conductivity of carbon fiber
reinforced composites are to add nanocomposites with excellent electrical
properties, such as carbon nanotubes, graphene and metal nanowires, to the
polymer matrix. Among them, the carbon nanotubes reinforced insulating polymer
system conductivity is more typical. Such as A.H.Windle, Liu, Lei, Gojny[15-17]
added carbon nanotubes to the epoxy resin system to increase the conductivity of
the epoxy to 107 S / m; Sundararaj [18] studied the electrical properties and
electromagnetic shielding properties of multi-walled carbon
nanotubes/polycarbonate composites. It was found that the electromagnetic
reflectance and absorption of the composites increased with the increase of the
addition of carbon nanotubes. Jihua Gou of the University of Central Florida Task
group [19] made nanofibers paper with carbon nanofibers and nickel nanowires.
Carbon nanofibers paper was attached to the surface of CFRP laminates under the
resin transfer molding process, replacing the existing lightning protection surface
and significantly.

The carbon fiber composite material surface conductivity, and thus effectively
reduce the material lightning damage;; Jinbo Bai et al. [11] added 0.5 wt%
CNT-ALO3; mixed nanofillers to the fiber composites, increasing the conductivity
of the fiber composites by 4-5 orders of magnitude. In addition, graphite reinforced
conductive composites seem to have a lot of research, the conductivity of polymer
materials after adding graphite to show a few orders of magnitude to improve. For
example, Novak et al. [20] studied the effect of graphite powder on the electrical
properties of epoxy resin and polyurethane composites. It was found that the limit
concentration of the packing was 22 vol% and the maximum conductivity was close
to 107 S / m. Recently, with the extensive application of graphene materials,
graphene nanosheets enhance the polymer conductivity research has also made
progress. Yousefi [21] introduced graphene into the epoxy resin system to obtain a
new composite material with anisotropic conductivity; Macosko, Christopher W

[22] prepared a conductive polyurethane by adding 0.5 wt% thermal reduction of
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graphene oxide to a polyurethane material system; Seung Hyun Hur [23] designed a
graphene/silver nanowire reinforced epoxy composite, which has greatly improved
the conductivity of the composites because the silver nanowires reduce the
tunneling resistance between graphene; Chandrasekaran [24] investigated the
conductivity of graphene nanosheets/epoxy composites, and the conductivity

reached a maximum of 1.8 * 10 S / m when the addition was 1 wt%.

c60

Fig. 1.4 The commonly used carbon-based nanofillers

https://image.baidu.com

In general, we can discover that material scientists have more interest in
designing polymer-based conductive composites by adding carbon-based
nanofillers (in Fig. 1.4). However, it is noted that the research of polymer-based
conductive composites reported is usually simple to add conductive filling
measures, the mechanism of the conductivity of the composite material is relative
lack of research. The strategy by addingnano-filler to improve the polymer
conductivity still has the following questions:

(1) The addition of nanofillerscannot infinitely increase the conductivity of the
composites due to the presence of percolation thresholds. For example, when the
carbon nanotubes is added 1 wt%, the conductivity in the thickness direction of the
carbon fiber / epoxy composite material achieves a maximum of 1 S/m, and the
increase in the conductivity of the carbon nanotubes is not significant. The presence
of this bottleneck makes it easier add conductive nanofillers that cannot meet the
needs of highly conductive applications. For example, electromagnetic shielding
materials require conductivity to be greater than 10 S/m.

(2) Simple physical addition of nano-material dispersion is hard to control.

(3) Although the carbon nanotubes have a large gap between them and cannot

effectively form a conductive network.



1.2 Conductive Polymer

Conductive polymer, refers to the doping or other means can make the
conductivity between the conductor and the insulator inside the polymer [25]. Usually
refers to the intrinsic conductive polymer, this type of polymer main chain contains
alternating single and double bonds, thus forming a large conjugated m electronic
system. Flow of & electrons creates the possibility of conduction. The first conductive
polymer was discovered in 1977, when American Scientist Alan J. Heeger, Alan G.
MacDiarmid and Japanese scientist Hideki Shirakawa found that the polyacetylene
film after iodine doping had a room temperature conductivity of 10°S/m, and
compared with the conductivity before the increase compared to nearly 10" times
[26]. This discovery completely broke the "polymer is the insulator," the inherent
concept. Since then, a new field - conductive polymer was born. As a result of the
discovery and development of conductive polymer field has made outstanding
contributions, Three Scientists Professor Heeger, Professor MacDiarmid and
Professor Shirakawa jointly earned the 2000 Nobel Prize in Chemistry [27].
Conductive polymer combines the performance of traditional polymer materials and
semiconductor materials, have received rapid development. After more than 30
years’research and development, conductive polymer has become a set of chemical,
solid physics and materials science in one of the latest interdisciplinary.

Conductive polymer materials can usually be divided into composite and
structural.

(1) composite conductive polymer material refers to the ordinary polymer
materials, a variety of conductive substances through the filling compound, surface
composite, and other ways to produce conductive composite materials [25, 28, 29].
The principal varieties are conductive rubber [30-32], conductive plastic [33, 34],
conductive fiber fabrics [35, 36], conductive coatings, conductive adhesives and
conductive film. Its performance is closely related to the type, particle size, dosage,
state and the dispersion state of the conductive filler. Commonly used conductive

fillers are carbon black, metal powder, metal fiber, metal foils, metal oxides, carbon
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fibers, carbon nanotubes, and the like [37, 38].

(2) Structural conductive polymer material [39] refers to the intrinsic conductive
polymer, chemical or electrochemical doping through the conjugated m electronic
structure [25]. Doping of conductive macromolecules refers to the oxidation or
reduction of polymers, which correspond to migration of « electrons in the conjugated
chains. Therefore, the doping of conductive polymers is divided into p (positive) and
n(negative) type doping, also known as oxidative doping and reduction doping. The
departure or entry of m electrons in the conjugated structure results in free radical ions
in the conjugated chains. In order to keep electrical neutrality of the polymer, it is
necessary to confine ions with oppositely charged ions around the conjugate chain,
which is called the ion. Under the action of an applied electric field, these charged
carriers move along the conjugate m bond, thereby achieving electron transfer, making
the polymer conductive. Self-conductive polyacetylene (PA) [40] has been discovered
since conductive polymers have attracted much attention due to their unique physical
and chemical properties. Compared with ordinary polymers, conductive polymers
have the following salient features[25, 41-43]: 1) large & electron conjugate structure;
2) the conductivity is strongly dependent on the main chain structure of the polymer,
the nature of the dopant and the doping rate and other factors; 3) doping and
de-doping process are reversible; 4) The conduct polymer has excellent physical and
chemical properties, such as higher conductivity, reversible redox properties, doping
or de-doping. Based on the above distinctive performance, conductive polymer in the
forefront of electronic technology has a considerable application value.

Conductive polymer materials play an important part in the field of materials
science. At present, conductive polymers have been widely used in electronic devices
[44, 45], such as field-effect transistors, light-emitting diodes and solar cells, etc.
However, compared with ordinary polymers, the conductive polymer has poor
environmental stability, poor machinability and poor mechanical properties. At
present, there are more mature, more sensitive intrinsic conductive polymers [46-50]
such as polyacetylene, polythiophene, polypyrrole, polyaniline and their

derivatives( in Fig. 1.5).
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Fig. 1.5 Chemical structures of conductive polymer

Primary studies on conductive polymers focused on the conductivity of their
doped states. Then, after nearly three decades of progress, the study of conductive
polymer performance is in the ascendant. The conductive polymer has turned out to
be the hotspots of materials science because of its unique structure and excellent
physical and chemical properties. Conductive polymer materials in the thermoelectric
materials, optoelectronic devices, conductive materials, sensors, and other fields get a
wide range of application prospects [51-57].

(1) The conductive polymer has excellent conductivity between the insulator and
the metal conductor, low thermal conductivity, easy to improve and modify the
structure, light weight, low cost and other excellent performance, and thus in the field
of organic thermoelectric materials has great application prospects [56, 57].
Thermoelectric materials are an environmentally friendly "green" energy conversion
materials, can directly achieve the thermal energy and energy conversion. Inorganic
semiconductor, as a traditional thermoelectric material, is at a bottleneck. The
emergence of conductive polymer materials for thermoelectric materials research has
opened up a fresh space. Compared with inorganic thermoelectric materials,

conductive polymer as a new type of thermoelectric materials has the following
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advantages: low thermal conductivity, easy synthesis and processing molding,
lightweight, rich raw materials are simple to obtain, no poison. In addition, the
conductive polymer material also has a unique chemical inert, conductive, rich
electronic energy band structure, and its structure and performance can be introduced
through the various functional groups to modify. Therefore, it is extremely important
to study the thermoelectric properties of conductive polymer materials.

(2) Conductive polymers also can be used in electromagnetic shielding [58-61],
printed circuit boards [62], microwave absorbing materials [63, 64], antistatic
materials [50, 65], anticorrosive materials [66, 67] etc. However, the simple structure
of the conductive polymer material make it has poor stability and poor processing
formability, poor mechanical properties, has not yet entered the practical stage. For
example, iodine-doped polyacetylene has a comparable conductivity to that of a metal
conductor, but becomes less stable and cannot replace copper, aluminum, silver and
other metals in applications.

(3) The conductive polymer has reversible dedoping-doping property, and there
are a few reversible changes in the performance of the conductive polymer
accompanying the reversible process. So it can apply to secondary batteries [68-70],
electrochromic devices [71-73] and the like.

(4) Conductive polymer materials have similar properties with semiconductor
materials [74, 75]. Therefore, the conductive polymer material in the electronic
components has got rapid development. After the first conductive polymer was
discovered, A. J. Heeger invented an ultra-thin and flexible electronic device, a
light-emitting diode, using a conductive polymer to achieve the first application of

conductive polymers.

1.3 Conductive Mechanism

1.3.1 Electrical conductive mechanism
The conductive mechanism of filled composite conductive polymer materials is

very complex. There are many factors influencing the formation of conductive
12



pathways, such as the size and shape of the conductive filler’s particles, the
distribution of fillers in the resin, the kind of the matrix resin, the interfacial effect of
the conductive filler particles and the matrix resin, and the composite material
processing technology, curing conditions.The experimental results demonstrate that
when the content of conductive filler in the composite system increases to a certain
critical content [76], the resistivity of the system decreases abruptly, and the change
range is about 10 orders of magnitude. In order to clarify this phenomenon of
conductive properties of the mutation, people put forward a lot of theory [77-80],
including the percolation theory, tunneling theory and field emission theory.

At present, the percolation theory, known as the conductive channel theory has
been proposed, which supposes that the system of conductive particles are connected
to each other into a chain, electrons go through the chain to produce the conductivity.
It is primarily used to explain the relationship between resistivity and filler
concentration. For example, the percolation theory can explain the abrupt change of
resistivity at the critical concentration of conductive filler [81]. At present, all kinds of
percolation models can only describe the laws of some targeted systems. Theoretical
research and practical results are still large deviation [82-84], so the research in this
area needs to be further refined.

The tunneling theory [85]introduce the quantum mechanics into the study of the
relationship between the resistivity and the gap. The tunneling theory considers that
conduction is not decided by direct contact of conductive particles, but by the
vibration of electron [86]. The tunneling effect theory can reasonably explain the
conduct behavior of the polymer matrix and the conductive filler. This theory can be
consistent with the experimental data of various conductive composite systems.
However, the tunneling mechanism can only analyze and discuss the conductive
behavior of the composites in a certain concentration range of the conductive filler.
The conventional conductive mechanism of filled polymer composites is combing the
three mechanisms of percolation theory, tunneling and field emission. When the
content of conductive filler and the applied voltage are small, the distance between the

conductive particles is larger. The probability of forming the chained conductive
13



channel is smaller. In this situation, the tunneling mechanism plays a dominant role.
When the content of the conductive filler is low and the applied voltage is high, the
field-emission mechanism can explain. While the content of conductive filler is high,
the distance between conductive particles is small, the probability of forming
chain-like conductive channel is large, and the mechanism of percolation theory

becomes remarkable.

1.3.2 Thermal conductive mechanism

Heat is transferred from a higher temperature to a lower contact object, or a portion
of a high temperature to a lower temperature part in an object called heat conduction.
The simple thermal process is due to the movement of microscopic particles such as
molecules, atoms and electrons in the object, transferring energy from the high
temperature region to the low temperature region.The basic law of heat conduction
was proposed by the French mathematician Fourier in 1822. On the basis of
experiment, Fourier made a scientific summary of the steady-state thermal
phenomena in the same homogeneous objects, and established the connection
between the temperature field and the heat flux density inside the object, which is
called the elementary law of thermal conductivity. The mathematical expression of

Fourier's law is showed in formula.1-1.
q= —Kg—z = —Kgradt (1-1)

Where q is the heat flux, in units of W/m?; grad ¢ is the temperature gradient; K is

the thermal conductivity, with the unit of W/m.K.

The response of the polymer material always lags behind the stimulus because of
the viscoelasticity of the polymer, so the thermal conductivity of polymers is more
complex than metal. There are numerous factors that affect the thermal conductivity
of polymer materials, such as the temperature, pressure, crystallinity, orientation, and
degree of crosslinking. All the atoms in the system are assumed to vibrate at the same

frequency, and these vibrations have a fixed phase relationship with each other, so
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there is a plane wave in the lattice. These waves are called lattice waves [78]. And the
energy of the grid wave is quantified, and we call it the phonon.

The thermal conductivity of the phonon can be expressed as Formula.1-2:
Kf =2 ChugAg (1-2)
Cl'is phonon heat capacity;v is the speed of the phonon in the material; A; is

the phonon average free path.

The thermal conductivity of photons can be expressed as Formula.1-3:
K ==Clv, 2 (1-3)
Clis radiant heat capacity;v, is the speed of the photon in the material; 4,is the

photon average free path.

The thermal conductivity of electronics can be expressed as Formula.1-13:
K¢ = Cfvele (1-4)

C¢ is electronic heat capacity;v,is the speed of the electronics in the material; A, is
the average free electronic path.

In order to predict thermal conductivity of filled thermal polymer composites, many
scholars have proposed various theoretical models: Maxwell-Eucken model [87],
Bruggeman model [88], Russell model [89], Jefferson model [90], and Peterson
model [91] are used to predict the thermal conductivity of composite materials. Agari
[92] proposed a new mathematical model (1-5) by studying the thermal conductivity
of high-filled and ultra-high-filled polymer composites. In his model, it is assumed

that the particles are uniformly dispersed

lgk =V Cylgk, + (1 - Vf)lg(Clrcl) (1-5)

C; 1is the factors affecting the matrix crystallinity and crystal size,C, is the free
factors; «is the thermal conductivity of the composites, k;is the thermal conductivity

of polymer; «, is the thermal conductivity of the filler; V¢ is the volume fraction of

the filler.
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1.4 Object of this research

Enhanced electrical conductivities also can be achieved in polymer composites
by integrating carbon nanofillers and conduct polymers (CPs) [93, 94]. Besides this,
CPs like polyaniline (PANI) addition is also reported increasing the CFRP’s
conductivity [6, 95]. However, no investigations have been reported on the design of
multifunctional material based on the hybrids of carbon-based nano-fillers/polyaniline
hybrids, to the best of our knowledge.

In this work, MWCNT/PANI, GO/PANI and Cgo/PANI hybrids were employed
into the polymer matrix to improve the different functional polymer composites by
dispersing them into the divinylbenzene (DVB) solution. As far as we are concerned,
this is the first attempt to study the difference of the functional materials obtained by
carbon-based nano-fillers/polyaniline hybrids.

The present research focus on the development of the functional polymer
composites by adding carbon-based nano-fillers/polyaniline hybrids into the polymer.
The objectives of this research are (1) to develop an conductive polymer system; (2)
to gain a better understanding of the conductive mechanism of the polymer
composites; (3) to provide a feasible and economical method for the design of

polymer nanocomposites.
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Fig. 1.6 The flowing chart of the Ph.D thesis

There are in total 4 main chapters in this thesis not including the introduction and
summary as showed in Fig. 1.6. Chapter 2: graphene oxide (GO) was added to a
polymer composites system consisting of surfactant-wrapped/doped polyaniline
(PANI) and divinylbenzene (DVB). The nanocomposites were fabricated by a simple
blending, ultrasonicdispersion and curing process. New composites show higher
conductivity (0.02-9.8 S/cm) than the other reported polymer system filled with PANI
(10°-107'S/cm). With as low as 0.45 wt% loading of GO, at least 29% enhancements
in electric conductivity and 29.8% increase in bending modulus were measured.
Besides, thermal stability of the composites was also improved. UV—Vis spectroscopy,
X-Ray diffraction analysis (XRD) and scanning electron microscopy (SEM) revealed
that the addition of GO improves the dispersion of PANI in the polymer composite,
which is the key to realizing high conductivity.

Chapter 3 targets the conductivity enhancement effect and its mechanism for
different types of carbon-based nano-fillers/conduct polymer hybrids in carbon fiber
reinforced polymer (CFRP). Multi-walled carbon nanotubes (MWCNT) /polyaniline

(PANI) and graphene oxide (GO) /PANI hybrids were separately dispersed into
17



divinylbenzene (DVB) to make the CFRP composites. The alternating current (AC)
electrical conductivity results show that both the binary MWCNT/PANI and
GO/PANI hybrids have significant enhancement on AC conductivity of the CFRP
composites, while MWCNT/PANI gives better improvement over GO/PANI hybrids.
The mechanism for the conductivity enhancement was studied in details by SEM,
XRD, UV-Vis and nanoindenter. From the experimental results, circuit models of the
CF/DVB, CF/DVB-MWCNT-PANI and CF/DVB-GO-PANI systems were proposed
for the first time. An “interfacial excess energy” and quantum tunneling effect were
supposed to account for the enhance conductivity. The max AC conductivity of CFRP
made of MWCNT/PANI was measured to be 22.4 S/m, which has been improved by
more than 3 orders of magnitude compared to CF/DVB, and more than 2 orders of
magnitude compared to CF/epoxy. Thus, CF/MWCNT-PANI composites can be
considered as promising candidates for multifunctional material where high
conductivity is demanded.

Chapter 4 targets hybrid nanoparticles, fullerene (Cgp) and polyaniline (PANI),
were incorporated into the polydivinylbenzene (PDVB), and their decoupling effect of
electrical and thermal conductivity was investigated. The hybrid particles were
fabricated through a simple one-step process in the solution of divinylbenzene (DVB)
monomer. The morphology and structure were characterized by TEM, SEM and FTIR.
After the incorporation of Cgo/PANI hybrids into DVB monomer, the electrical
conductivity was improved significantly while the thermal conductivity was reduced
simultaneously, resulting in effectively decoupling thermal/electrical conductivity.
The AC electrical conductivity increased from 9x107'° S/m to 63.7 S/m at the
frequency of 1Hz, more than 10 orders of magnitude. On the contrary, the thermal
conductivity was reduced to extremely low of only 0.164W/m. K from 0.579 W/m. K.
Dissipative particle dynamics (DPD) simulations were also conducted to gain further
understanding about the decoupling effect and mechanisms related to dispersibility of
Ceo in the polymer system. The DPD results exhibited better agreement with the
experiment results of electrical and thermal conductivity. These results suggest that

DPD can be a versatile method for designing functional polymer composites.
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Simultaneously, the decoupling of electrical and thermal conductivity of polymer bulk
composites opens diverse opportunities for new materials and systems.

Chapter 5 targets the comparative study of 3 different carbon/PANI hybrid
systems will be discussed in this part. The doping action in three systems is different
and the system of PANI/Carbon hybrid system appears as a uniform network structure.
GO has a smaller y parameter than MWCNT and C60. GO/PANI and Cgy/PANI
samples have higher decomposition temperature and lower thermal loss, while the
MWCNT/PANI hybrids reinforced composites have lower decomposite temperature
and thermal loss, that mean MWCNT cannot improve the thermal stability of the
composites. The electrical conductivity of MWCNT-PANI/PDVB can fit the law of
LANDAUER model. However, the electrical conductivities of GO-PANI/PDVB and
C60-PANI/PDVB systems cannot fit the law at all. The calculated results of
PANI/DVB have the perfectly consistent with the experiment results. After addition of
GO and MWCNT, the calculated results also have perfect consistence with the
experiment results. But for the calculated result, after the addition of C60, it
introduces a huge difference with the experiment results. Voigt-Reuss model was
chosen to explain the modulus’s change. For GO-PANI/PDVB, there are hardly
differences between Voigt-Reuss model and experimental values. However, in
systems of MWCNT-PANI/PDVB and C60-PANI/PDVB, great divergence exists

between the theoretical model and the experimental data.
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Chapter 2

GO/PANI hybrid reinforced polymer nanocomposites

Abstract:

Graphene oxide (GO) was added to a polymer composites system consisting of
surfactant-wrapped/doped polyaniline (PANI) and divinylbenzene (DVB). The
curing process. New composites show higher conductivity (0.02-9.8 S/cm) than the
other reported polymer system filled with PANI (10°—10"'S/cm). With as low as 0.45
wt% loading of GO, at least 29% enhancements in electric conductivity and 29.8%
increase in bending modulus were measured. Besides, thermal stability of the
composites was also improved. UV-Vis spectroscopy, X-Ray diffraction analysis
(XRD) and scanning electron microscopy (SEM) revealed that the addition of GO
improves the dispersion of PANI in the polymer composite, which is the key to
realizing high conductivity. Utilizing synergetic effects of different ingredients is an
important strategy to design new multi-functional composites. In this work,
high-strength graphene oxide (GO) and conductive polyaniline (PANI) were selected
to introduce into divinylbenzene (DVB) to fabricate a new type carbon fiber
reinforced polymer (CFRP) laminates, where a cooperative improvement of
through-thickness electrical conductivity and interlaminar shear strength (ILSS) was
observed. With addition of 15wt% of PANI-GO at the optimized weight ratio of 60:1
to the hybrid CF/DVB-PANI-GO, a 150% enhancement of the electrical conductivity
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(from 2.5%x107 S/cm to 6.36x107 S/cm at the frequency of 10 Hz) compared to the
CF/DVB-PANI, and a 76% enhancement of the ILSS (from 15.3 to 27.0 MPa)
compared to the CF/DVB-GO were realized. The mechanism for such a synergic
enhancement for both electrical and mechanical performance was investigated by
rheology measurement and scanning electron microscopy (SEM), where uniform 3-D

network formed by PANI/GO has been clearly observed.

2.1 Introduction

Conductive polymer composites are at the forward position of materials science
research owing to the large number of applications that have been developed utilizing
their interesting and unique features integrating the good mechanical, electrical [6],
and thermal properties [96]. Polyaniline (PANI) is one of the most promising
conducting polymers for industrial application mainly for its easy preparation, low
cost, excellent electrical, optical, magnetic properties and environmental stability
[97-102]. However, due to poor mechanical properties and processiblities, blending
PANI with another polymer matrix has been shown to be a good strategy to develop
conducting  structural  composites  [103-105].  For  example, epoxy
resin/PANI-DBSA(Dodecylbenzenesulphonic acid) composite with the electrical
conductivity in the range for electrostatic discharge (ESD) applications (107 to
1072 S/cm) have been reported by Tsotra [106], Jia [107] and Massoumi [108] et al.
Afzal [109] used a solution blending technique to synthesize poly-vinyl
chloride/PANI-DBSA blends with the highest tensile strength of 37.7 MPa. Our group
has also reported a simplified one-step method to prepare PANI/DVB conductive
composites, where doping of PANI and curing of the composite take place
simultaneously [105].

Graphene oxide (GO) is an attractive nanomaterial because of its low cost, mass
production and solution processability. One the one hand, GO can help to get a better
dispersion of other additives in the polymer matrix by synergetic effects due to its

extremely high aspect ratio and surface area [110, 111]. Good dispersion of the
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components leads to the formation of efficient networks for strain, electrical and
thermal transfer in composite materials [110, 112-114]. On the other hand, as an
oxidized derivative of graphene, GO has diverse chemical functional groups: carbonyl,
epoxide, carboxylate and alcohols [115], which can reduce restacking, enhance
interfacial interactions between the dispersed GO and the polymer matrix. At the same
time, the templating effect of the GO can also improve the electrical conductivity,
which is reported by Tkalya, E. As a result, GO has been used as multiscale
reinforcement fillers to fabricate polymer composites. For example, Hussain reported
multiscale polymer composites by using aramid fibers and GO nano-sheets, where the
tensile strength of the material improved significantly [116].

In this chapter, we investigated the effect of GO added to a polymer composites
system consisting of surfactant-wrapped/doped polyaniline (PANI) and
divinylbenzene (DVB), where simultaneous improved conductivity and mechanical
properties were obtained in the new nanocomposites. The nanocomposites are
prepared by using DVB as solution-phase premixed with GO for different
concentrations, which were then mixed with the part-doping PANI to form an
all-organic composite and then followed by curing at higher temperature. The
morphology of nanocomposites, dispersity and doping process was studied by SEM,
UV-Vis and XRD. We report a new type of CFRP laminates utilizing our original
thermosetting polymer system. The synergistic effects combining the high-strength of
GO and the conductivity of PANI were confirmed by rheology measurement and
scanning electron microscopy (SEM). Cooperative improvement of through-thickness
electrical conductivity and interlaminar shear strength (ILSS) was realized by the

addition of 15 wt% of PANI-GO at the optimized weight ratio of 60:1.

2.2 Experimental details

2.2.1 Materials

PANI Powder in Fig. 2.1a, supplied by Regulus Co. Ltd., Tokyo, Japan; DBSAin
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Fig. 2.1c, Kanto Chemical Co. Inc., Tokyo, Japan; DVB in Fig. 2.1b, supplied by
Sigma-Aldrich Co., St. Louis, USA. GO was synthesized based on Hummers method

[23] The detailed process was reported elsewhere [24].

Fig. 2.1 The material used in the design of the material system

2.2.2 Processing of composites

The process for preparing DVB nanocomposites is shown in scheme 1. The
composites were prepared by the following 3 main steps. Firstly, fine-grinded GO was
dispersed into a DVB solution using a centrifugal mixer Fig. 2.2a and a sonicator in
Fig.2-2 b (scheme 1:a-c;). In parallel, PANI and DBSA were mixed thoroughly in a
centrifugal mixer to obtain a homogeneous paste (scheme 1: c;), which was then
added to the GO/DVB solution. The suspension was again mixed thoroughly (scheme

1: d) and then poured into the mould for curing in a hot-press machine (scheme 1: e).

Fig. 2.2The centrifugal mixer and sonicator used in this system
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Scheme 1. Schematic illustration of the preparation process for DVB

composites with PANI and GO

Ca) (b
GO
GO in DVB :
)
== %
(cy) (ep)
PANI+DBSA Ultrasound
y
8 =
(e) (d)

Curing

Blends
(a) Grinding GO into small particles; (b) Centrifugal mixing GO in DVB; (c))

Dispersing GO in DVB by sonication; (c;) Centrifugal mixing of PANI with
DBSA; (d) Final centrifugal mixing; (¢) Curing under hot-press machine.[94]

Preparation of PANI-DBSA doping paste
PANI was kept in an oven(Fig. 2.3a) for 2 h at 40°C to eliminate moisture
content. Dried PANI and DBSA were mixed to form the PANI-DBSA paste by

physical mixing(Fig. 2.3b) in the ratio of 30:70 by weight percentage which is

2.3c) of PANI-DBSA was made by a centrifugal mixer with speed of 2000 rpm for 5

minutes 3 times.
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Fig. 2.3 The process for making PANI paste

Preparation of DVB-GO solution

GO was dispersed in by sonication for inconsecutive 10 h in the ice bath to get
good disperse suspension. The content of the suspension is 0.15%, 0.3%, 0.45%, 0.6%.
Dispersion stability against Vander Waals aggregation of GO in DVB was monitored
at 10 min, 12 h and 24 h in Fig. 2.4. We can find that GO stayed homogenous in the

DVB suspension at least for 24 h during which no obvious settlement was observed.

10 minutes 12 hours 24 hours
o —— o .

Fig.2.4 Stability monitoring of the GO dispersions in DVB(A) After 10 min, (B) after
12 h and (C) after 24 h[94].

Preparation of PANI-DBSA/DVB-GO

Paste of PANI-DBSA and DVB-GO was then mixed by a centrifugal mixer
(Fig.2-5a) and poured into a mold (Fig.2-5b), cured using a Hot-press machine
(Toyoseiki Minitest press.10, Fig. 2.5¢). Samples were put into the Hot-press machine
at 120°C for 2 h [105]. Samples (Fig. 2.5d) of different dimensions were obtained for

various measurements.
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Fig. 2.5The process of the fabrication of the polymer composites

Processing of the composites

CF/DVB-PANI-GO laminates were prepared by applying the polymer matrix to
the carbon fabric(Fig.2-6a). The fabrication process included two steps: (1)
Preparation of DVB-PANI-GO hybrid polymer matrix; (2) Impregnation of the
suspension into the carbon fabric to get the carbon fiber laminates. CF/DVB-PANI
and CF/DVB-GO laminate as reference samples (Fig. 2.6¢) were also fabricated by a

cutting machine(Fig. 2.6b) according to the same procedure as above.

Fig. 2.6 The fabrication process of CFRP

PANI-DBSA doping paste and DVB-GO solution was firstly prepared according
to our reported procedures [117]. Then paste of PANI-DBSA and DVB-GO was
mixed by a 3-roller mill. The contents of each component are as follows: DVB 50
wt%, DBSA 35 wt%, PANI-GO 15 wt%. The mass ratio between PANI and GO

varied from 300:1, 100:1, 60:1, to 45:1 for comparison.

26



The polymer suspension was spread uniformly on each fabric layer by using
hand lay-up technique. The fabric layers were properly stacked into 12 plies and the
fibers were aligned by (0/90)¢. Then, the laminates were cured in a hot-press machine
under 4 MPa following the curing route as showed in Scheme 2a. Finally, cured
laminates was taken out and cut into the required testing samples as showed in
Scheme 2b. The volume fraction of carbon fiber is 60 vol%. For comparison, a
conventional CF/epoxy laminate was also fabricated using the identical carbon fiber
fabric accordingly. The fabricated baseline CF/DVB, CF/Epoxy samples and
CF/DVB-PANI-GO samples are depicted in Scheme 2¢ and Scheme 2d.

Scheme 2. Preparation of carbon fiber reinforced polymer: (a) Curing process for
the CFRP, (b) Picture of the CF/DVB-PANI-GO laminates; Micro-schematic
representation of CF/DVB (c¢) and CF/DVB-PANI-GO (d).
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2.2.3  Characterizations

UV-Vis absorption spectra (Fig. 2.7a) of PANI-DBSA, PANI-DBSA/DVB,
PANI-DBSA/DVB-GO films were obtained using a U-4100 spectrophotometer.
Spectra were recorded from 250-1100nm. Wide-angle X-ray, scattering (WAXS, Fig.
2.7b) measurements were performed on a MicroMax007, RAXIS-IV + with a copper

X-ray tube (CuK, wavelength A=0.15418nm). The data were collected in the
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step-by-step mode of 0.038 from 5°to 45°n 20. Thermogravimetric analysis was
performed with a SDT Q600 V20.9 Build 20 instruments (Fig. 2.7¢) under a 100 mL
measurement) of the polymer composites was measured using LCR meter
(3522-50LCR HIiTESTER, Hioki E.E. Corporation, Ueda, Japan) by a four-probe
method. DOTITE conductive adhesive paste (supplied by Fujikura Kasei Co. Ltd.
Tokyo, Japan) and aluminum tape have been used to measure the conductivity. The
flexural properties of Polymer composites were investigated according to ASTM
D790, using Universal Testing Machine (Instron-5582, Fig. 2.7d) by three-point
bending method. Scanning electron microscopy (SEM, Fig. 2.7¢) images were
acquired using a JSM-6700F cold field-emission gun scanning electron microscope

using a SEI detector at 15 kV.
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Fig. 2.7 Devices used in the research

The nanocomposite bulk of 10x20x2mm’ in the plane perpendicular to the
thickness were glued onto the stage of a nanomechanical testing instrument (Hysitron
Inc., TriboIndenter 950. Fig. 2.8a). The samples (Fig. 2.8b) were mechanically ground
and polished with 4000 grit silicon carbide papers and 1 pm diamond suspension.
Subsequently, the samples were brought into contact with the diamond tip (Berkovich

probe of 50nm radii) at a basic QS trapezoid with a max force of 3000 uN.
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Fig. 2.8 The measure of nanoindentation

The alternating current (AC) electrical conductivity of the CFRP specimens
(2%20%20.0 mm) were tested on a CHI660D electrochemical workstation (CHI660D,
Shanghai Chenhua instrument Co., Ltd) in the out-of-plane (perpendicular to the
fiber-plane) directions by applying an AC voltage of 5 mV in the frequency range

from 10* to 10° Hz at room temperature.

Fig. 2.9 The CHI660D electrochemical workstation used in this paper

ILSS were tested according to the ASTM D2344. CFRP specimens were cut
from the composite panel using garnet-abrasive-assisted water-jet and their surface
was polished prior to measurement. At least three specimens were tested.

High quality SEM pictures were obtained on a SUS010/EDX using a SEI detector at 5
kV.

Dynamic rheological measurements of the DVB-PANI-GO nanocomposites were
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performed using a rheometer (Fig.2-10, Discovery Hybrid Reometer-2, DHR-2, TA,
USA) with parallel plate—plate geometry with a diameter of 40mm, a gap of 500 pm.
Rheological experiments were performed in the angular frequency range [10 '—10%]
rad/s at 25°C. The shear modulus (G’ for storage modulus and G” for loss modulus)
and the viscosity were measured as a function of angular frequency. Samples were
stirred by ultrasound and then allowed to equilibrate for 5 min before each frequency

sweep performed.

Fig. 2.10The measurement of dynamic rheological properties

2.3 Results and discussion

2.3.1 Properties of the polymer composites
The doping process analysis

The UV-Vis spectroscopy has been successfully employed to investigate the
dispersion behavior of carbon nanomaterials [118, 119]. Solid-state UV—-Vis samples
were prepared by heating the blends films in between two layers of glass plates over 2
h at 120C. The spectra for PANI in DVB, PANI-DBSA/DVB and
PANI-DBSA/DVB-GO are shown in Fig. 2.11. The two absorption peaks at below
350 and 630nm are attributed to the characteristic peaks of undoped PANI [120]. For
the PANI-DBSA/DVB and PANI-DBSA/DVB-GO, the peak 630nm disappears. This
indicates that PANI is in a fully protonated state. The position of the peak at below

350nm still exists, whereas two new peaks at 450 and 810nm occur, which can be
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attributed to delocalized polarons, relating to the doping process and conductivity of
PANI [121, 122]. The peaks lying in these regions are found in all the films of the
blends.

UV-Vis spectra of PANI-DBSA/DVB composite and PANI-DBSA/DVB-GO
with different GO content in DVB are plotted in Fig. 2.12. It can be observed that
peaks are shifted to longer wavelength after addition of GO from 0.15% to 0.6%,
which might be due to the change of polarons’ state from localization to
delocalization, proving that the PANI molecular chains changed from compact to
extend conformation [123]. In addition, the red-shift of the PANI-DBSA/DVB-GO
composites was more obvious when added more GO, indicating that more extended

PANI molecular chains were achieved in the PANI-DBSA/DVB-GO composite.

452 PANI-DBSA/DVB-GO|
446 PANI-DBSA/DVB
3 811
_5 350 630
°
S}
28
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Fig. 2.11. UV-Vis spectra of PANI, PANI-DBSA/DVB and
PANI-DBSA/DVB-GO[94]
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Fig. 2.12 UV-Vis spectra of PANI-DBSA/DVB composite and PANI-DBSA/DVB-GO
with different GO content in DVB[94].

Characterization of fillers and composites

The structures of various fillers and the process products in each stage were also
investigated by XRD measurements. Fig. 2.13 shows the XRD patterns of GO, PANI,
PANI-DBSA and PANI-DBSA/DVB-GO. The XRD pattern of GO exhibits a sharp
reflection peak (002) at 20 = 7.714°, corresponding to an layer to layer distance of
1.15 nm, indicating that the interlayer distance increases obviously because of the
intercalation of oxide functional groups compared to pristine graphite (only has a
d-spacing of 0.34 nm). In contrast to the XRD patterns of GO, the peaks
corresponding to GO were not observed in PANI-DBSA/DVB-GO composites. The
PANI is a lack of obvious crystalline character which shows a very broad reflection
peak with the 26 from about 16° to 26°. After doping with DBSA, the reflection peaks
of PANI-DBSA become a little sharper, indicating an increase of crystallinity that
means doping between PANI and DBSA formed salt. After addition of GO, The

conduct element PANI-DBSA salt can keep its form and its conductivity.
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Intensity(a.u.)

20 °)
Fig. 2.13 X-ray diffraction patterns of GO, PANLPANI-DBSA and
PANI-DBSA/DVB-GO[94]

Thermal properties

TGA is one of the thermal analysis techniques used to quantify the weight
change and thermal decomposition of the sample. Thermal stability analysis was
further used to study the composition and structure of various materials. Fig. 2.14
shows the TGA curves of PANI, PANI-DBSA, PANI-DBSA/DVB,
PANI-DBSA/DVB-GO. The composition of PANI-DBSA is 30% of PANI and 70%
of DBSA. The PANI-DBSA/DVB composite is made of 15% PANI, 35% DBSA and
50% DVB. The content of GO is set at 0.45%. All the weight loss below 100 C can
be attributed to the deintercalation of water [124]. The weight loss of
PANI-DBSA/DVB is about 70% after heating up to 600°C, but after the addition of
GO, the weight loss of PANI-DBSA/DVB-GO is about 63%. A shift of 20C (from
310°C to 330°C) in the decomposition temperature is observed in Fig. 2.14,
suggesting an improvement in thermal stability. The enhancement in thermal stability
is observed because RGO/PANI acts as ordered barrier [125] to minimize the
permeability of volatile degradation products from the DVB composites. The TGA
results demonstrated that a small quantity of GO can apparently improve the thermal

stability of the composites. Mobility of PANI and poly DVB was restricted by the
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good-disperse GO which may act as “efficient heat sinks” [126].
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Fig. 2.14TGA curves of PANIL, PANI-DBSA, PANI-DBSA/DVB and
PANI-DBSA/DVB-GO [94]

Fig. 2.15 shows that when the content of GO increase from 0.15% to 0.6%, the
initial decomposition temperature increase from 250°C to 270°C. The end
decomposition temperature and the weight-loss have no big difference when the
content of GO increases. From 0.15% to 0.3%, the end decomposition temperature
has an increase of 10 C from 520°C to 530°C and a 5% reduction of weight-loss

showed from 60% to 55%.
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Fig. 2.15TGA curves of PANI-DBSA/DVB-GO with different GO contents [94]

Morphology

Fig. 2.16. TheSEM-image of the (a) PANI-DBSA/DVB composites and (b)
PANI-DBSA/DVB-GO composites [94]

In order to observe the dispersion change, after the addition of GO, the
cross-sections of PANI-DBSA/DVB and PANI-DBSA/DVB-GO were characterized
by SEM. As showed in Fig. 2.16 (a), a lot of PANI-DBSA particles (blue circle) with
an average size of 20 um and 10 um DVB holes (orange square) were observed in
PANI-DBSA/DVB composites. In contrast, the PANI-DBSA/DVB-GO composites
appear a uniform network structure as showed in Fig. 2.16(b), indicated that the GO
layers can improve the dispersity of doped PANI particles. It is suggested that the

good dispersion of the GO/PANI particles in DVB matrix could enhance the
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surface-to-volume ratio and interfacial factors, which could on the whole contribute to
potent electrical and mechanical properties of polymer composites. Because of this
especial structure, the interfacial affinity of the GO/PANI with the DVB matrix

increased and led to an ensured thermal stability too.

Electrical properties

The electrical conductivity (DC measurement) of the polymer composites was
measured using LCR meter by the four-probe method, where very high conductivity
(0.02-9.8 S/cm) were measured for all the PANI-DBSA/DVB-GO nanocomposites. To
the best of our knowledge, this stands for the highest values reported so far for
conducting polymer composites, which usually fall in the range of 10~ to 10" S/cm
[108, 127, 128].

Fig. 2.17 shows that the electrical conductivities of the blend composites ranged
from 0.21 to 0.4 S/cm with the same PANI-DBSA content of 50%. In the same
content of DBSA acid-doped PANI-DVB polymer, the conductivity improved at least
29% from 0.21 to 0.27 S/cm when the content of GO in DVB is only 0.15%. The
highest conductivity is up to 0.4S/cm for DBSA-doped PANI composite when the
content of GO in DVB is 0.3%. However, the electrical conductivity declined when
the GO is 0.45% that maybe because of the aggregation of GO can lead to bad
dispersity and destroyed the uniform network.

Fig. 2.17 is the comparison of the electrical conductivity between different
composites prepared with GO and without GO. The content of GO is set at 0.45%.
The content of PANI-DBSA in the composite is 30%, 50%, 70% and 90%. It is
obvious to notice that the electrical conductivity go up with the increase of
PANI-DBSA content. The electrical conductivity was improved by the addition of GO
in all the composite with different PANI-DBSA content. The highest conductivity is

up to 9.8 S/cm when the content of PANI-DBSA is 90%.
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Fig. 2.17The nanocomposites’electrical conductivitywith different GO contents [94].
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Fig. 2.18 The composite conductivity before and after GO addition with different

PANI-DBSA contents [94].

Mechanical Properties

Three-point bending tests were performed to investigate the effect of GO on the
mechanical properties. The results are presented in Fig. 2.19. In Fig. 2.19 all the
content of PANI-DBSA is set at 50%, and DVB is 50%. Content of GO in DVB is
from 0.15%, 0.3%, 0.45% and 0.6%. From the Fig. 2.19, we can see that the flexural
modulus increase with the increase of GO’s content. When the GO’s content is 0.45%,
the bending modulus reach to the highest 1.42GPa, respectively, which are increased

by 29.8% compared with those of the neat PANI-DBSA/DVB composites when the
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PANI-DBSA is 50% and DVB is 50%. The bending strength also shows an overall
increasing trend as the content of the GO increases. The bending strength reaches to

the highest 46.6 MPa when the GO’s content is 0.6%.
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Fig. 2.19 Bending strengths and modulus of the PANI-DVB nanocomposites
with different GO content [94].

In Fig. 2.20 and Fig. 2.21, content of GO in DVB was set at 0.45%. The flexural
modulus and strength were compared with and without GO in different PANI-DBSA
content, which respectively is 30%, 50%,70% and 90%. The flexural modulus and
strength were improved after the addition of GO in all different content of
PANI-DBSA. The highest flexural modulus and strength were 2.01GPa and 39.2MPa,
respectively, which are increased by 12.5% and 2% compared with those of the neat

PANI DVB composites, when the PANI-DBSA is 30% and DVB is 70%.
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Fig. 2.20The bending strength of the PANI-DVB nanocomposites with different
content of PANI-DBSA [94].
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Fig. 2.21. The bending modulus of the PANI-DVB nanocomposites with different
content of PANI-DBSA [94]

2.3.2 Properties of CFRP
Nano indentation surface mapping

An array of 10 by 10 indentations separated by 2 um, covering an area of 20x20
um’, was mapped for the composites. Fig. 2.22(a-c) illustrates the results of the
modulus map obtained three composites for DVB-PANI, DVB-PANI-GO and
DVB-GO, correspondingly. The modulus values for the DVB-PANI composites lie in
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a large range from 0.3 to 2.06 GPa, with large blue areas with low modulus observed
(Fig. 2.22a), which means PANI agglomerates or low degree of polymerization of
DVB happened [129]. While the DVB-GO composites modulus map (Fig. 2.22c¢) also
shows a lager modulus range from 0.3 to 3.4 GPa, and a clearly high modulus region
of enhanced mechanical properties was observed, the modulus values within this
region approach 3.4 GPa, which is almost 70% higher than the highest values in Fig.
13a and Fig. 2.22b, which usually can attribute to the aggregation of GO. In spite of
this, 3.4 GPa is a significantly low value compared to that usually attributed to pure
GO (E =32 GPa [130]. GO agglomerates result in a multi-layers GO platelet may be
a reason. Secondly, DVB chains attached to the GO sheets as part of the strategy
adopted to enhance their dispersion are also expected to decrease the modulus. The
sample of DVB-PANI-GO (Fig. 2.22b) shows a relatively small modulus range from
1.1 to 2.2 GPa, indicating fairly homogenous distribution of mechanical properties at

the submicron scale along the sample surface.
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2.22 Modulus contour plots constructed by the indentation data for DVB-PANI (a),
DVB-PANI-GO (b) and DVB-GO (c) composites [131].

Through-thickness AC electrical conductivity properties
The through-thickness AC conductivity of the multiscale CF/DVB-PANI-GO
laminates with the same fraction (50 wt%) of PANI-DBSA mixture but different GO:
PANI ratio were measured in the frequency range from 10% to 10° Hz. CF/Epoxy was
measured as contrast sample. The conductivities of the laminates as a function of
frequency in the through thickness were measured.
As showed in Fig. 2.23, the through-thickness conductivity of CF/DVB-GO is only
7.37x10" S/cm, while the conductivity of CF/DVB-PANI is much higher
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(2.5%x107S/cm). This is expected as GO is known to be poorly conductive but PANI is
a highly conductive polymer. Surprisingly, the fabrication of CFRPs combined with
hybrid PANI-GO fillers all showed much higher conductivities than the CFRP with
either GO or PANI only in the frequency range from 10° to 10° Hz. As showed in Fig.
14b, the conductivities at the frequency of 10° Hz for the CF/DVB-PANI-GO hybrid
increased from 3.5x107 to 6.36x10 S/cm while at ratio of PANI and GO varied from
300:1 to 60:1, which is about 86 times higher than the CF/DVB-GO laminates, 103
times higher than CF/Epoxy and 2.5 times higher than CF/DVB-PANI laminates.
Such observations clearly confirmed the synergetic enhancement of electrical
properties for the hybrid CFRP laminates. Further addition of GO to a ratio of 45:1
resulted in a drop in conductivity, indicating the aggregation of the redundant GO

which will breakdown the uniform 3-D networks.
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Fig. 2.23 The through-thickness AC electrical conductivity of CFRP with different
ratio of PANI: GO plotted to frequency (a) and plotted to the ratio of PANI: GO at the
frequency of 107 Hz (b) [131].

Interlaminar shear properties

ILSS tests were also measured to quantify the synergistic effects of GO and PANI
on the interlaminar properties. Fig. 2.24 shows the relationship between ILSS of the
laminate and the PANI-GO ratio. With addition of 15 wt% of PANI-GO at the
optimized weight ratio of 60:1 to the hybrid CFRP, a 76% enhancement of the ILSS
(from 15.3 to 27.0 MPa) compared to the CF/DVB-GO laminates and 73% increase
(from 15.6 to 27 MPa) compared to the CF/DVB-PANI laminates were observed.
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When the ration of GO increased to 45:1, the ILSS fells to 20.98 MPa, in consistent

with the AC conductivity drop observed above.

30 |-

Interlaminar shear strength (MPa)

PANI only 300:1 100:1 60:1 451 GO only
The ratio of PANI and GO

Fig. 2.24 The ILSS strength the CF/PANI-DVB laminates with different ratio of
PANI/GO and the corresponding SEM images for the fracture surfaces of the

laminates after short beam shear tests [131].

In order to understand the interface behavior and the mechanism responsible for
the enhanced ILSS, the fracture surfaces of the laminates after short beam shear tests
were examined by scanning electron microscopy (SEM). The SEM image for the
CF/DVB-PANI laminates shown in Fig. 2.24a reveals that carbon fiber is completely
detached from the matrix due to a weak adhesion interaction without GO. Meanwhile,
the DVB matrix between the fibers is uniform, with a lot of PANI particles observed.
It means that the fiber/matrix debonding is the dominant mechanism for the shear
failure. In contrast, Fig. 2.24(b-e) show that the carbon fibers do not display a
complete matrix debonding at the fiber surface. Especially in the Fig. 2.24d, a lot of

GO sheets can be found on the surface of carbon fibers, probably because GO sheets
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can cause the increasing strength and toughness of the interfacial region surrounding
the carbon fiber [132].

Insight into the influence of hybrid PANI-GO on the electrical conductivity and
the ILSS of the CFRP laminates

Rheology properties

Rheology were used to offer insight into the micro structural changes occurring
within composite systems, depending on the fille—matrix interactions and the method
of preparation [133]. Rheological properties of the DVB-PANI-GO hybrid composites
with varying ratio of PANI: GO were investigated. Fig. 2.25(a-c) show the dynamic
shear behavior, the storage modulus G’, loss modulus G” (Fig. 2.25b) and viscosity
(Fig. 2.25c) at 25°C as a function of shear frequency (x) plotted to the different
PANI-GO ratio. Both G’ and G” increased for the DVB-PNAI-GO composites over
the whole frequency range, without following a typical newtonian fluid behavior with
scaling properties of approximately G’~»” and G”~w®. The DVB-PANI-GO behaves
like solid by the formation of a mechanically stable network structure [134, 135].
Thus, the combination of PANI and GO can form a stronger and stable network in
DVB matrix [135], which provides a precondition for the enhanced electrical
conductivity and ILSS of composites.

Suspensions all show an apparent shear thickening, which may be attributed to
an increase in geometric confinement of the GO with increasing concentration.
Additions of GO caused a higher viscosity over the entire range of shear rate. Unlike
in the epoxy matrix [136], the viscosity of the composite only shows a maximum
viscosity of 2.82 Pa-S, which can provide a better infiltration of the polymer matrix to
carbon fiber. Usually, mixing nanofillers into the poly matrix will result in a
significant increase in the viscosity of the resin [137]. For example, the incorporation
of CNTs into the resin will increase the viscosity of matrix. The viscosity of E20 is as
high as 4000Pa-S [138], five orders of magnitude higher than that of the matrix, 1400
times of our system. Such high viscosity will introduce very high make the infiltration
of carbon fiber fabrics become much more difficult in the resin infusion process. On

the other hand, in our system, resin viscosity does not increase compare to the high
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viscosity of epoxy after dispersing the nanofillers. The processing for fabricating
composites, like resin infusion molding, can be performed with the traditional
procedure. The infiltration of carbon fiber fabrics will become much easier in resin

infusion process and obtain high quality CFRP laminate with low porosity finally.
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Fig. 2.25 Effects of GO and PANI fillers in DVB on storage modulus (a), loss

modulus (b), and complex viscosity (c), at the frequency of [10~'=10] rad/s[131].

Microstructure comparison of DVB-PANI and DVB-PANI-GO

Thin films made by DVB-PANI and DVB-PANI-GO solutions were
characterized by SEM in order to confirm that 3-D network structures are formed by
the hybrid PANI-GO fillers. As showed in Fig. 2.26a, a lot of PANI particles are
observed in DVB-PANI composites. In contrast, in the DVB-PANI-GO composites
appear as a uniform 3-D network structure as showed in Fig. 2.26b, indicating that the

GO layers can form a 3-D frame with the inserted PANI particles.

v b eadl
50.0um (UL) 50.0um

Fig. 2.26 The SEM-images for (a) DVB-PANI composites and (b) the DVB-PANI-GO
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composites [131].

Hypothesis for the dispersion status

In summary, a synergetic effect between PANI and GO is proposed to count for
the cooperative enhancement of ILSS and AC conductivity. To the randomly
distributed PANI (Fig. 2.27a) and GO (Fig. 2.27¢), they tend to form big particles and
agglomerations that leads to poor dispersity of the matrix. However, with an
appropriate mixture of PANI and GO hybrid, the self-aggregation are hindered
possibly due to multi-point electrostatic interactions between the carboxylate groups
on GO and the ammonium groups on PANI, which is responsible for the good

dispersity of the hybrid fillers (Fig. 2.27b).

Carbon Fiber

Fig. 2.27 Schematic representations for the dispersion status of (a) randomly

distributed PANI, (b) PANI-GO hybrids, (¢) GO only in the CFRP laminates [131].

2.4 Conclusion

In conclusion, a high conductive PANI/GO hybrid polymer nanocomposite
system was obtained with a maximum electrical conductivity of 9.8 S/cm in a very
low GO content of 0.45% at 90wt % of the PANI-DBSA with the corresponding
bending strength is 14 MPa and the bending modulus is 0.72 GPa. The highest
flexural modulus and strength were 2.01 GPa and 39.2 MPa with 0.45% of GO, 30%

of PANI-DBSA. The polymer nanocomposites showed 29% improvement of electric
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conductivity after the addition of GO. Also a significant enhancement in the
mechanical properties of PANI-DBSA/DVB polymer composites was obtained. The
characterizations reveals that the GO disperses well in the DVB polymer matrix, and a
3D conductive network composed of GO sheet and PANI chains was also formed. On
the other hand, thermal stability of the GO/PANI/DVB nanocomposites is also
improved. The present research introduces a novel conductive composites material
with potential applications in electromagnetic shielding, lightning protection materials
et al.

A synergistic enhancement of both ILSS and AC conductivity has been realized
in the hybrid CFRP laminates system incorporating PANI and GO nanofillers, which
can form a homogeneous 3-D network as confirmed by rheology measurements and
SEM observations. A multi-point electrostatic interactions between the carboxylate
groups on GO and the ammonium groups on PANI are proposed to account for the
good dispersity of the hybrid fillers. Electrical conductivity and interlaminar shear
strength enhancement of CF/DVB-PANI-GO show dramatically improved through
this synergetic effect compared with CF/DVB and a conventional CF/epoxy
composite.

Further study along this line is currently underway. We also envision that many
other types of specific functional CFRP materials can be created by taking advantage

of such a positive cooperative effect.

47



Chapter 3

MWCNT/GO hybrid reinforced polymer composites

Abstract:

Overall goal of this research is to study the conductivity enhancement effect and
its mechanism for different types of carbon-based nano-fillers/conducting polymer
hybrids in carbon fiber reinforced polymer (CFRP). Multi-walled carbon nanotubes
(MWCNT) /polyaniline (PANI) and graphene oxide (GO) /PANI hybrids were
separately dispersed into divinylbenzene (DVB) to make the CFRP composites. The
alternating current (AC) electrical conductivity results show that both the binary
MWCNT/PANI and GO/PANI hybrids have significant enhancement on AC
conductivity of the CFRP composites, while MWOCNT/PANI gives better
improvement over GO/PANI hybrids. The mechanism for the conductivity
enhancement was studied in detail by SEM, XRD, UV-Vis and nanoindenter. From
the experimental results, circuit models of the CF/DVB, CF/DVB-MWCNT-PANI
and CF/DVB-GO-PANI systems were proposed for the first time. An “interfacial
excess energy”’ and “quantum tunneling effect” were assumed to account for the
enhancement of conductivity. The maximum AC conductivity of CFRP made up of
MWCNT/PANI was measured to be 22.4 S/m, which has been enhanced by more than
3 orders of magnitude compared to CF/DVB, and more than 2 orders of magnitude
compared to CF/epoxy. Thus, CF/MWCNT-PANI composites can be considered as
promising candidates for multifunctional materials where high conductivity is in

demand.

3.1 Introduction

Carbon fiber reinforced polymer composites (CFRP) have been widely used in
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the aerospace, military, automotive and sporting goods industries in recent decades
owing to their high specific strength and stiffness [139-141]. However, one of the
main drawbacks is their low through thickness electrical conductivity, which has
limited their applications, especially in aircraft, wind turbine blade, strain/stress
sensing, health monitoring, damage detecting, chemical and thermal sensing and the
electromagnetic shielding material fields [6, 142-144].

Several techniques have been devised to improve the through thickness electrical
conductivity, e.g. by using conducting polymers (CPs) or designing 3-d network with
conductive fillers [4-8]. Carbon nanotubes (CNT) possess exceptionally high
electrical and thermal conductivity [9, 10], making them ideal fillers for polymer
matrix composites for electrical functional applications [145]. For example, Weikang
Li et al [11] added 0.5 wt.% CNT-ALOs; into the glass fabric/epoxy composites,
increased AC conductivity 4-5 orders of magnitude for both in-plane and
through-thickness directions at 10° Hz. Growing CNTS on the carbon fiber can
increase the in-plane electrical conductivity of the CF/epoxy composites by 170%
[12]. The through-thickness electrical conductivities of the CFRP were improved by
two orders of magnitude to 1S m’ through the addition of CNTs [13]. However, this
still cannot meet requirements of some special applications. For example, the
electrical conductivity of electromagnetic shielding material claims higher than 10
S/m [14].

Enhanced electrical conductivities also can be achieved in polymer composites
by integrating them with CPs and graphene oxide (GO) [93, 94]. Besides this, CPs
like polyaniline (PANI) addition is also reported increasing the CFRP’s conductivity
[6, 95]. However, no investigations have been reported on the enhanced effect of
carbon-based nano-fillers/polyaniline hybrids on the through-thickness electric
conductivity of carbon fiber reinforced polymer, to the best of our knowledge.

In this work, both MWCNT/PANI and GO/PANI hybrids were employed into
CFRP by dispersing them into the divinylbenzene (DVB) solution. AC conductivity
tests were performed to investigate the difference of the enhancement effect between

MWCNT/PANI and GO/PANI hybrids. Moreover, thermal stability was also studied.
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The enhancement mechanism of MWCNT/PANI and GO/PANI hybrids was also
studied in detail by SEM, XRD, UV-Vis and a nanoindenter. As far as we are
concerned, this is the first attempt to study their different enhancement effect for the

carbon-based nano-fillers/polyaniline hybrids on the electric conductivity of CFRP.

3.2 Experimental details

Materials

PANI powder, DBSA and DVB used same one with 2.2.The conductivity of the
prepared emeraldine salt was in the range of 10°-2*10°S/m; GO was synthesized
based on the hummers method [146], and the detailed process was reported elsewhere
[147]; MWCNT with 10-30 um in length and 10-20 nm in diameter are obtained from

Chengdu Organic Chemistry Co., Ltd.

Processing of the composites

CF/DVB-PANI(DBSA), CF/DVB-MWCNT-PANI(DBSA) and
CF/DVB-GO-PANI(DBSA) laminates were prepared by applying the polymer matrix
to the carbon fabric. The process for preparing CFRP composites is shown in Fig. 3.1,
which includes two main steps: (1) Preparation of DVB-PANI(DBSA),
DVB-MWCNT-PANI(DBSA) and DVB-GO-PANI(DBSA) hybrid polymer
matrix(Fig. 3.1: a-1); (2) Impregnation of the suspension into the carbon fabric to get

the CF laminates(Fig. 3.1j).
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Fig. 3.1 Preparation of carbon fiber reinforced DVB-MWCNT-PANI(DBSA) and
DVB-GO-PANI(DBSA) system

Firstly, MWCNT or GO was dispersed into DVB solution by a centrifugal mixer
and a sonicator (Fig. 3.1: a-d). In parallel, PANI was kept in a vacuum oven for 2 h at
40°Cto eliminate the moisture content. Dried PANI and DBSA were mixed to form the
PANI(DBSA) paste by a 3-rolled machine in the ratio of 30:70 by weight percentage
which is equivalent to the molar ratio of 1:0.69 of PANI: DBSA [105]. PANI(DBSA)
paste was made thoroughly in a 3-rolled machine [129], which was then added to the
GO/DVB solution (Fig. 3.1e). Contents of PANI(DBSA) are set at 50%, and
DVB(Carbon Nanofillers) is 50%. Secondly, the suspension was again mixed
thoroughly (Fig. 3.1: f-1) and applied to the carbon fiber fabric by using hand lay-up
technique. Then, the fabric layers were properly stacked into 8 plies and the fibers
were aligned by (0/90),. The laminates were cured in a 120 ‘C hot-press machine for
2 h under 4 MPa. Finally, cured laminates were taken out and cut into the required
testing samples, where the volume fraction of carbon fiber is 60 vol% by density

measurement.
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Characterizations

UV-Vis  absorption  spectra of DVB-PANI, DVB-PANI(DBSA),
DVB-MWCNT-PANI(DBSA) and DVB-GO-PANI(DBSA) films were obtained using
a U-4100 spectrophotometer. Spectra were recorded from 250-1100 nm; Wide-angle
X-ray scattering (WAXS) measurements were performed on a MicroMax007,
RAXIS-IV++ with copper X-ray tube (CuK, wavelength A=0.15418 nm), the data
were collected in the step-by-step mode of 0.038° from 5° to 45° in 26;
Thermogravimetric analysis (TGA) was performed with a SDT Q600 V20.9 Build 20
instrument under a 100 mL min™' N; at the heating rate of 10 °C min™'; High quality of
scanning electron microscopy (SEM) pictures were obtained on a scanning electron
microscope machine (SU8010/EDX), using a SEI detector at 5 kV; The
nanocomposite bulks of 10x20x2 mm’ in the plane perpendicular to the thickness
were glued onto the stage of a nanomechanical testing instrument (Hysitron Inc.,
Tribolndenter 950), the samples were mechanically ground and polished with 4000
grit silicon carbide paper and 1 um diamond suspension. Subsequently, the samples
were brought into contact with the diamond tip (Berkovich probe of 50 nm radius) at
a basic QS trapezoid with a max force of 1000 uN; The alternating current (AC)
electrical conductivity of the CFRP was tested on a CHI660D electrochemical
workstation (Shanghai Chenhua instrument Co. Ltd.) in the out-of-plane
(perpendicular to the fiber-plane) directions, by applying an AC voltage of 5 mV in
the frequency range of 10°-10° Hz at room temperature. CFRP laminates were

measured based on ASTM D150.

3.3 Results and discussion

AC electrical conductivity

AC impedances
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Measurement results of AC impedances are shown in Fig. 3.2, where Z is
expressed as a Nyquist plot, Z’ and Z” are real and imaginary part of the complex
impedance (Z). Z’ represents the resistive part of the system and Z” represents the

reactance arising due to the capacitive or inductive nature of the system.
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Fig. 3.2. Measured through-thickness impedance: (a) CF/DVB, (b)
CF/DVB-PANI(DBSA), (c) CF/DVB-MWCNT-PANI(DBSA) with different
MWCNT content and (d) CF/DVB-GO-PANI(DBSA) samples with different GO

content.

Baseline samples of CF/DVB (Fig. 3.2a) show an insulating capacitive behavior
as expected. Z” is negative, and |Z”|reaches the highest value when the frequency is
5.62*10* Hz, decreases rapidly as the frequency increases; Z’ decreases in the full

scale as the frequency increases. This behavior can be attributed to the CFRP of
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insulating DVB matrix sandwiched by conductive carbon fibers. As showed in Fig.
3.2b, when 50 wt% of PANI(DBSA) is introduced, the capacitive behavior
disappeared and a smaller resistance (4.6 Q at 100 Hz) in sharp comparison to that of
the baseline sample (680 Q at 100 Hz) was observed. These results illustrate that the
CFRP laminates transformed from insulating to conductive by the introduction of
PANL

In Fig. 3.2¢c-d, the AC impedances of CF/DVB-PANI(DBSA) with different
MWCNT or GO content are plotted. In both cases, the Z’ stays at a very low constant,
indicating that the resistance portion further decreased. However, the Z” increase with
frequency, suggesting that and the capacitance effects diminish and the inductance
effects become the main contribution. This can be explained on the basis of electron
hopping mode of conduction [148]. Introducing nanofillers like MWCNT and GO
results not only in hydrodynamic interactions but also leads to complex
physical-chemical interactions between the polymer matrix and the filler surface;
Because of the high surface area of the MWCNT and GO, the polymer-filler
interaction is very high, which leads to the formation of a strong interphase. Such
interphase leads to higher stiffness of the bound polymer matrix layer than that of the
bulk polymer and hinders molecular mobility [149]. As a result, a stable real
impedance is obtained in both CF/DVB-MWCNT-PANI(DBSA) and
CF/DVB-GO-PANI(DBSA) composites.

In Fig. 3.2¢c, it can be observed that AC impedances further decrease as the
content of MWCNT increase from 0.2% to 0.8%, which might be due to the
conductivity of MWCNT. The smallest AC impedance is only 0.57 Q when the
content of MWCNT is 0.8%. In Fig. 3.2d, the content of GO in DVB is from 0.1%,
0.3%, 0.5% and 0.7%. We can see that the AC impedance increase with the increase
of GO’s content. When the GO’s content is 0.5%, the AC impedance reaches to the
lowest 1.79 Q, which is decreased by 61% compared with those of the neat
CF/DVB-PANI(DBSA) composites (4.6 Q). This decrease in resistance can be
attributed to the increased charge transport capability enabled by the m—m stacking

interaction between the carbon nanofillers and the PANI chains. The smallest AC
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impedance of CF/DVB-GO-PANI(DBSA) is still 3.1 times higher than the
CF/DVB-MWCNT-PANI(DBSA) composites (only 0.57 Q).

Circuit models

Two combining models are proposed to account for the different AC impedance
between CFRPs with and without carbon nanofillers/PANI hybrids. The CF/DVB
system can be presented as a model shown in Fig. 3.3a, where the total AC impedance
is composed of a parallel combination of a resistance R; and capacitance Cg4, which is
then in a series combination with resistance R;. This is consistent with the sandwich
structure of CFRP laminate, where the conductive carbon fibers are embedded in an
insulating matrix [150]. The carbon fiber can be responsible for the resistance. The
impedance spectra show a semi-circle which may be due to the contribution of the
insulating PDVB, behaving a capacitor action.

The resistance element R1 corresponds to the resistance of carbon fiber itself. On
the other hand, the resistance elementRO means contact area of carbon fiber Fig.
3.3(c). The places where carbon fibers are not in contact with each other can be
represented as captors. However, the matrix with monohybridbecomes conductive by
the 3D conductive networks, which bridge the carbon fibers, so that the current can
transfer easily in between carbon fibers as shown in Fig. 3.3(d). In this situation, the
resistance becomes smaller than the tunneling resistance. So, in the hybrid system, R2
represents the combined resistance of carbon fiber, contact resistance and the
conductive matrix. The reactance, L, corresponds to the obvious inductive behavior of

the network formed by PANI, which has been reported [151].
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Fig. 3.3 Circuit models of (a) CF/DVB; (b) CF/DVB-MWCNT-PANI or
CF/DVB-GO-PANI.

According to the model in Fig. 3.3a, the overall impedance of the circuit can be
described by Equation (3 —1). The definition of Z'and Z" by Equation (3 —4) and
(3 —5) fits very well with the characteristics observed for Z'and Z" in Fig. 3.2a. On
the other hand, the CF/DVB-MWCNT-PANI and CF/DVB-GO-PANI systems can be
modeled as Fig. 3.3b, where the total AC impedance, as described by Equation (3 —6),
can be regarded as a series combination of a resistance R2 and a reactance of L. The
disappearance of capacitance can be due to the formation of conductive networks after
the addition of hybrids, while the inductive behavior of PANI [151] make the CFRP
exhibit a inductive reactance L. In this case, the definition of Z'and Z" by Equation

(3 =7) and (3 —8) can explain the experimental plots shown in Fig3-2: (c-d).

For model (a):
Z=R, +— = R, + Ro ORyCa G-1)
o Ri+ide 14 (@ReCy)? 1+(wR0Cd)Zl
0
Z=7+iZ" 3-2)
w = 2nf (3-3)
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For model (b):

Z =R, +

le —

Ro Ro

wRy’Cq Ry%C,

Z =R, +iwl
Z' =R,
7" = 2nflL

1+ (wRoCq)? ﬁ + (2mRyCy)?f

— - R +
14 (wRyCy)? U1 4+ (2R, CY)%f?

B3-4)
(3-5)
(3-16)
B-=7)
(3-8)

Where: Z’ is the real part, Z” is the imaginary part, i is the imaginary unit, R; and Ry

is the resistance, Cy is the capacitance and L is the reactance, w is the angular

frequency, fis frequency.

Table 1 gives the values for the model parameters that are generated by the AC

impedance results in Fig. 3.2. According to table 3-1, we can see that the smallest

resistancebelongs to the CF/DVB-MWCNT(0.8%) -PANI sample, which is less than

one-third of CF/DVB-GO(0.8%) PANI.

Table 3-1 - Parameters evaluated from the results of AC impedance

Parameters Value
CF/DVB
R; 10.2 Q
Ry 662 Q
Cyq 5.2 nF
CF/DVB-MWCNT/PANI
MWCNT% 0.2 0.4 0.8 1.2
R 2.76 Q 1.53Q 0.57Q 0.98 Q
L 1.04 uH 1.69 uH 2.08 uH 1.22 yH
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CF/DVB-GO/PANI

GO% 0.1 0.3 0.5 0.7
R 330 2410 1.79 Q 2.02Q
L 1.01 uH 1.46 uH 2.08 pH 1.80 uH

According to the establishment of the circuit models, the through-thickness
conductivity of the CFRP can be explained more quantitative, a smaller R2 represents
a more conductive material with a better interphase properties. Simultaneously, it also
can supply a simple way to distinguish the insulating material and conductive
material.So Establishing of a circuit model is a better way to compare the enhanced

effect of conductive nanofillers.

AC conductivity

The  through-thickness AC  conductivity of the CF/DVB-PANI,
CF/DVB-MWCNT(0.8%) -PANI and CF/DVB-GO(0.5%) -PANI were calculated by
the equation 9 in the frequency range from 10 to 10° Hz. CFRP laminates are in the
same fraction (50 wt%) of PANI-DBSA mixture. CF/Epoxy and CF/DVB were also

measured as a control sample.
1
7= p Z'S

Where: o_is the AC conductivity, p_is the resistivity, S is the cross-sectional

B3-9)

area, l is the thickness of the sample.
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Fig. 3.4 Thethrough-thickness AC conductivity of CFRP with different matrix

As showed in Fig. 3.4, the through-thickness conductivity of CF/Epoxy and
CF/DVB are only 6.04x107 and 1.75x10 S/m, respectively, while the conductivity
of CE/DVB-PANI(DBSA) is much higher (2.5 S/m at the frequency of 10* Hz). The
highest conductivity up to 22.4 S/m was measured in the MWCNT/PANI hybrids
reinforced CF/DVB system, which is 3.52 times higher than the GO/PANI hybrids. It
needs to be pointed out that, the conductivity of CF/DVB-MWCNT-PANI(DBSA)
system has been improved by more than 3 orders of magnitude compared to CF/DVB,
and more than 2 orders of magnitude compared to CF/epoxy. In>10 S/m of electrical
conductivity, this new CFRP can potentially be employed as electromagnetic
shielding material [14].

The conductivity enhancement mechanism of carbon/PANI hybrids can be
explained in terms of “interfacial excess energy” [152] and quantum tunneling effect
[153]. It is well known that with the increase of the conductive filler’s content, the
interfacial excess energy caused by nanofillers into the polymer matrix will reach a
critical point, then the fillers begin to coagulate so as to avoid any further increase of

the energy and form networks which facilitate electrical conduction. When PANI
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particles were introduced into DVB, the PANI surface became infiltrated with DVB
and form polymer-filler interphase. Meanwhile, the extraordinary high surface area of
MWCNT and GO [154, 155] are believed to contribute to much higher interfacial
excess energy to facilitate the formation of conductive networks, which in turn lead to
a higher quantum tunneling effect, therefore improving the electrical conductivity of

the CFRP composites.

Mechanism of enhanced conductivity

In order to study the enhancement mechanism of MWCNT/PANI and GO/PANI
hybrids, UV-Vis, XRD, SEM and interphase properties were also studied in this part.
The CF/DVB-PANI, CF/DVB-MWCNT(0.8%) -PANI and CF/DVB-GO(0.5%)
-PANI were measured, where the CFRP laminates are in the same fraction (50 wt%)

of PANI-DBSA mixture. CF/DVB was also measured as a control sample.

UV-visible analysis

UV-Vis spectroscopy is considered as an important tool for the investigation of
the electronic structure of PANI and more specifically the charge -carrier
delocalization in DVB composites. Fig. 3.5 shows the UV-Vis spectra of DVB-PANI,
DVB-PANI(DBSA), DVB-MWCNT(0.8%) -PANI(DBSA) and DVB-GO(0.5%)
-PANI(DBSA). It should be noted that the related peak values are marked in this
diagram. Two absorption peaks in DVB-PANI at below 350 and 630nm are attributed
to the characteristic peaks of undoped PANI [156]. For the doped PANI in the
DVB-PANI(DBSA), DVB-MWCNT(0.8%) -PANI(DBSA) and DVB-GO(0.5%)
-PANI(DBSA) samples in Fig. 3.5, peaks in 630nm disappeared. This indicates that
PANI is in a fully protonated state. Two new peaks at 450 and 810nm occur, which
can be attributed to the delocalized polarons, relating to the doping process and

conductivity of PANI [121, 122].
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Fig. 3.5. UV-Vis spectra of DVB-PANI, DVB-PANI(DBSA), DVB-MWCNT(0.8%)
-PANI(DBSA) and DVB-GO(0.5%) -PANI(DBSA) system

X-ray diffraction
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Fig. 3.6 XRD patterns for PANI, MWCNT, DVB-MWCNT(0.8%) -PANI(DBSA) and
DVB-GO(0.5%) -PANI(DBSA)

Fig. 3.6 shows the XRD patterns of original PANI and MWCNT, and the
composites with the best conductivity of DVB-PANI(DBSA) -MWCNT(0.8%) and
DVB-PANI(DBSA) -GO(0.5%). We can see that pure PANI(DBSA) show a very
broad reflection peak. After introducing MWCNT and GO, the reflection peaks
become a little sharper and right shift, indicating an increase of orders that may be due
to the increase of dispersion uniformity of conductive PANI. This means a better and
more stabilized dispersion formed by introducing the MWCNT/PANI and GO/PANI
hybrids, which would enhance the electron charge transfer in the CFRP composites,

thereby leading to an increase in conductivity.

Dispersity

Cross-sections of DVB-PANI(DBSA), DVB-MWCNT(0.8%) -PANI(DBSA) and
DVB-GO(0.5%) -PANI(DBSA) were characterized by SEM in order to observe the
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dispersion change after the addition of carbon-based nanofillers. As showed in Fig.
3.7 (a), a lot of big PANI-DBSA particles are observed in DVB-PANI(DBSA)
composites. In contrast, the DVB-MWCNT(0.8%) -PANI(DBSA) and
DVB-GO(0.5%) -PANI(DBSA) composites appear as a uniform network structure as
shown in Fig. 3.7(b-c), which clearly indicated that both MWCNT and GO can
improve the dispersity of conductive PANI particles. This is consistent with the results
of X-ray test. While the “quantum tunneling” effect usually happens at very small
distances (below 10nm) between conductive fillers [157]. In the MWCNT/PANI and
GO/PANI reinforced DVB system, the inlaid MWCNT or GO acted as bridges
connecting the PANI particles throughout the DVB matrix, which helped to form a
conductive path between both fillers by increasing the quantum tunneling effect. On
the other hand, the dopant DBSA is the anionic surfactant simultaneously [158],

which can benefit for the dispersion of MWCNT and GO in DVB/PANI system.

Fig. 3.7The SEM-images for (a) the DVB-PANI(DBSA) composites, (b) the

DVB-MWCNT(0.8%) -PANI(DBSA) composites and (c) DVB-GO(0.5%)
-PANI(DBSA)

Interphase properties

In order to prove that the hybrids move to the surface of the carbon fiber because
of high “interfacial excess energy”’, the transition areas for the samples of
DVB-PANI(DBSA), DVB-MWCNT(0.8%)-PANI(DBSA) and
DVB-GO(0.5%)-PANI(DBSA) were tested by a nanoindenter.The results are shown
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in Fig. 3.8.

Fig. 3.8 Optic images and the image of an array of 0.15*667 grid nanoindentations on
(a) CF/DVB-PANI(DBSA) (b) CF/DVB-MWCNT(0.8%) -PANI(DBSA), (c)
DVB-GO(0.5%) -PANI(DBSA)

Fig. 3.8(a-c) shows the areas of interest considered on each test specimen. In Fig.
3.8(a’-c’), a line of 330 indentations were performed on each selected area, using a
15nm spacing between indents. Each indentation was programmed to apply a force of
1000 pN following the Fig. 3.9a. The representative load—displacement curves (Fig.
3.9b) was then analyzed according to the method described by Oliver and Pharr [159],
from which the hardness and elastic modulus (Er) of the indented material can be

calculated.
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Fig. 3.9. The load curve of the indentation (a) and the example of load
vs.displacement curve obtained from the indentation of CF/DVB-MWCNT(0.8%)
-PANI (b).

The modulus profiles and hardness profiles calculated by individual line scans
across the center of the fiber are shown in Fig. 3.10, including CF/DVB-PANI(DBSA)
(Fig. 3.10a), CF/DVB-MWCNT(0.8%) -PANI(DBSA) (Fig. 3.10b) and
DVB-GO(0.5%) -PANI(DBSA) (Fig. 3.10c). We can see that polymer matrix, carbon
fibers, and their interphase can be easily distinguished in the modulus and hardness
scan result. We can also see that the big particle of the PANI cannot affect the
modulus of the matrix in Fig 3-9a. That may be because PANI and PDVB have
similar low modulus compared to carbon fiber. The comparison clearly shows that the
modulus and hardness of the DVB matrix are much lower than that of the carbon fiber
and that intermediate regions exist in the interphase between fiber and matrix.

The transition region shows a gradual increase in modulus and hardness from the
matrix to fiber. From the load-depth curve, hardness can be obtained at the max load

in formula 3-10.

Pmax
H = —max (3-10)

Where A is the contact area, the indenter is with a three-sided pyramid Berkovich
diamond indenter (radius of the indenter probe was (50 nm), the elastic modulus E

can be expressed as follows according to formula 3[160]:
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Fig. 3.10 Modulus and Hardness profiles obtained for composites (a)
CF/DVB-PANI(DBSA) (b) CF/DVB-MWCNT(0.8%) -PANI(DBSA), (¢)
CF/DVB-GO(0.5%) -PANI(DBSA)
of

thicknesses

3.10a, interphase

the modulus

In profile in Fig.
CF/DVB-PANI(DBSA) is smaller. As a consequence, there is a sharp spatial gradient
(steeper slope) between the fiber and the matrix that can easily cause the fiber to
depend from the matrix under stress, which may result in poor overall conductive
properties.

It is also apparent that the interface is between the carbon fiber-reinforcement
(75 GPa) and the PDVB matrix (5 GPa). P.A.Smith[161] proposed that indentations
on the edge of thecarbon fiber may lead to modulus values that are between that of the
fiber and the matrix, giving the impression of an interphase. But the transition region
within two to three times the indentation diameter is associated with restriction of the
indentation. But in our system, the thickness of the smallest transition area is at least

650nm, which is more than 11 times to the indenter’s diameters, which shows the

effective results regarding the increase of the interphase region of the hybrid system.
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While addition of MWCNT or GO as shown in Fig. 3.10(b-c) was found to
significantly increase the interphase thickness, indicating that the high “interfacial
excess energy” of the hybrids tend to gather around the surface of carbon fiber, which
results in a more gradual gradient in modulus from fiber to the matrix. This is

consistent with the presumption of conductivity enhancement mechanism.
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Fig. 3.11 Scheme of the morphology of the conductive composites: (a)
CF/DVB-PANI(DBSA) (b) CF/DVB-MWCNT(0.8%) -PANI(DBSA), (¢)
CF/DVB-GO(0.5%) -PANI(DBSA)

Based on the above results, structural models for our CFRP composites were
proposed. Fig. 3.11: (a-c) show a schematic representation of the
CF/DVB-PANI(DBSA), CF/DVB-MWCNT(0.8%) -PANI(DBSA) and
CF/DVB-GO(0.5%) -PANI(DBSA) systems respectively. As showed in Fig. 3.11(b-c),
the system with binary MWCNT/PANI and GO/PANI hybrids form a gradient
network from the carbon fiber surface due to their higher “interfacial excess energy”,
increasing the quantum tunneling effect, which helps to form a conductive path not
only between fillers in the DVB matrix but also between carbon fiber and matrix
interphase. Therefore, the electrical conductivity of the system is greatly improved by

the addition of carbon-based nanofillers.
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3.4 Conclusion

In this study, the enhancement effect and its mechanism of carbon-based
nano-fillers/PANI hybrids on the electrical conductivity of CFRPs were systematically
investigated. The experimental results demonstrated that both MWCNT/PANI and
GO/PANI have a significantly positive influence on the AC conductivity properties of
the composites. TheAC conductivity of the CF/DVB composites are 22.4 S/m by
using MWCNT/PANI as fillers, which are 364 times higher than CF/Epoxy, 1280
higher than CF/DVB system, 3.52 times higher than the GO/PANI hydride
system.Circuit models of CF/DVB, CF/DVB-MWCNT-PANI and
CF/DVB-GO-PANI system were proposed for the first time. Meanwhile, TGA results
prove that the stability of PDVB molecular chain is not reduced but reinforced by
MWCNT and GO. Furthermore, the enhancement mechanism was explained by the
“interfacial excess energy” and quantum tunneling effect. The significance of this
paper is that the analysis here can be used to develop many other types of specific
functional CFRP materials by taking advantage of the unique characteristics of

carbon-based materials and conducting polymers.
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Chapter 4

Ceo/PANI hybrid reinforced polymer composites

Abstract:

Hybrid nanoparticles, fullerene (Cg) and polyaniline (PANI), were incorporated
into the polydivinylbenzene (PDVB), and their decoupling effect of electrical and
thermal conductivity was investigated. The hybrid particles were fabricated through a
simple one-step process in the solution of divinylbenzene (DVB) monomer. The
morphology and structure were characterized by TEM, SEM and FTIR. After the
incorporation of Cgo/PANI hybrids into DVB monomer, the electrical conductivity
was improved significantly while the thermal conductivity was reduced
simultaneously, resulting in effectively decoupling thermal/electrical conductivity.
The AC electrical conductivity increased from 9x10'° S/m to 63.7 S/m at the
frequency of 1Hz, more than 10 orders of magnitude. On the contrary, the thermal
conductivity was reduced to extremely low of only 0.164W/m. K from 0.579 W/m. K.
Dissipative particle dynamics (DPD) simulations were also conducted to gain further
understanding about the decoupling effect and mechanisms related to dispersibility of
Ceo in the polymer system. The DPD results exhibited better agreement with the
experiment results of electrical and thermal conductivity. These results indicate that
DPD can be a versatile method for designing functional polymer composites.

Simultaneously, the decoupling of the electrical and thermal conductivity of polymer
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bulk composites opens diverse opportunities for new materials and systems.

4.1 Introduction

Decoupling thermal and electrical conductivity is a very challenging work due to
their strong correlations, but this work still attracts a lot of attention of scientists
because of their broad application prospects. For instance, low thermal conductivity
and high electrical conductivity and are necessary for thermoelectrics materials,
which have huge potential applications for clean and renewable energy sources
[162-165].

Some attempts have been done to add all kinds of conductive fillers into the
matrix, but composites usually demonstrated inseparable electrical and thermal
conductivity [166]. Fullerene(Csp) is a 60-atom carbon molecule. The strong phonon
scattering of the Cg¢omolecule can decrease the thermal conductivity by amplifying the
oscillation amplitude of random Cgy [167]. Therefore, C¢y can decrease the thermal
conductivity and thereby decouple the thermal and electrical performance [168]. On
the other hand, C¢p doped materials have also been reported to have the high
possibility as excellent thermoelectric materials [169]. Also, Cg has been reported
with low thermal conductivity of 107~0.16 W/m. K[169, 170].

Conductive polyaniline (PANI), as one of the most excellent conductive
polymers, has been widely used because of their lightweight, simple synthesis, low
cost, and very low thermal conductivity [171-173]. Our lab has reported a new PANI
polymer composites with high mechanical and electrical conductivity properties made
by a simple single step method [6, 95, 105, 117, 129]. As far as we know, no study has
been published on the decoupling effect of Cgy/PANI reinforced polymer bulk
material, only several reports reported the decoupling electrical and thermal
conductivity of polymer composites [174, 175].

In this work, we innovatively filled the PANI/C¢y hybrids into PDVB composites
for decoupling electrical and thermal conductivity. Polyaniline (EB) acts as an
electron donor due to the nitrogen’s non-pair electron, Cg and

dodecylbenzenesulfonic acid (DBSA) as an electron acceptor. The doping process and
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polymerization were completed simultaneously. The Cgonanoparticles were employed
to reduce the thermal conductivity. Cooperative effect of PANI and Cg is expected to
decouple thermal and electrical transport. Ce/PANI hybrids were finally filled into

the PDVB and their decoupling effect of electrical/thermal conductivity was studied.

4.2 Experimental details

Materials

Ceo (purity >95%), 1.61 g/cm’, was bought from Xiamen Funano New Material
Technology Co. Ltd. PANI powder, 0.804 g/cm’, supplied by Yuan Cheng Group.,
Wuhan, China. DBSA, Aladdin Industrial Corporation, Shanghai, China. DVB,

provided by Aladdin Industrial Corporation, China.

Preparation of the polymer composites

Typically, Csp was added into DVB, and then dispersed by a sonicator. PANI
(DBSA doped) paste with the weight ratio of 30:70 was prepared according to the
procedure we reported before [6, 131]. The volume fraction of PANI is set at 20%.
The volume fraction of Cgg is controlled in 0.35vo0l%, 0.7vol%, 1.05vol%, 1.4vol%.
Secondly, the suspension was poured into the mold and cured in a 120 ‘C hot-press

machine for 2 h.

Characterizations
Fourier transform infrared (FTIR) spectra in the wave range from 400 cm’ to
3700 cm™ were collected on Perkin Elmer Spectrum One spectrometer (USA) with a

resolution of 2 cm™.
Transmission Electron Microscopy (TEM) was conducted using a JEM-2010
(JEOL, Japan). The particles were dispersed in DVB with sonication and then
deposited on a copper grid. Scanning Electron Microscope (SEM) was performed on a

HITACHI SU8010/EDX electron microscope, coupled with an energy of 15 kV.
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Fig. 4-1Transmission Electron Microscopy (TEM) used in the research

Thermogravimetric analysis (TGA) was carried out using a STA449C instrument
from 100 to 800°C under a N, flow of 100 mL min™' at a heating rate of 10 'C min™.
Thermal conductivity was obtained by a DRL-II Xiangtan thermal conductivity
tester. The top surface was set at 50 ‘C. The alternating current (AC) electrical
conductivity was performed on a Chenhua CHI660D electrochemical workstation

under an AC voltage of 5 mV.

Simulation Details

MD and DPD simulation was adopted to investigate dispersibility of Cg in
PANI(DBSA) -DVB composites. The dispersed state and aggregate state of PANI,
DBSA, DVB, and Cgy were calculated by MD simulation. Solubility parameters,
parameters, and interaction parameters were calculated from energies of materials.
The DPD simulation was conducted using the interaction parameter. Dispersibility of
Ceo was evaluated by the radial distribution function. The calculation process is
performed according to Fig. 4-2. The models of the chemical component are shown in

Fig. 4-3.
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Fig. 4-2 The calculation process of DPD simulation [176].

In the molecular orbital calculation, the firefly quantum calculation package,
which is one of the initial molecular orbital methods was used. As a force field
parameter, the DREIDING force field was used. Unlike other force fields like
AMBER, the DREIDING force field parameter is not defined by the combination of
atoms. The force field parameter is determined by hybridized orbital of atoms. The
detail of the force parameter is as follows [177]. The energy of materials was
calculated by MD simulation to investigate solubility of PANI, DBSA, DVB and Cy.
In the MD simulation, each 40 materials were included in 1000nm’
(10nm*10nm>10nm) unit cell. Repeating units of PANI and DVB were inserted in
each unit cell. The cell was pressured in NPT (300K, 10° Pa, 10 ps). After
compressing, unit cell was relaxed in NPT under pressure of 10° Pa for 100 ps.

Particles in DPD are in accordance with Newton's equation of motion in formula 4-1.

dl‘i
dt

dvj
= v, m—=f (4-1)

Forces of particles are conservative force, dissipative force, and random force as

formula 4-2.
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fi = Yisj(F§ + FL +Ff (4-2)

Dissipative force, and random force is written as the formula4-3.

Fiy = —yo (ry) (8- viy) (85), Fij = oo ()& (4-3)

The r;; is the distance between particle 1 and j. Parameters y and ¢ are material factors.

The o is weight function to determine the cutoff distance and random variable.

Dissipativeforce and random force are written in formula 4-4.

pe = )il =TTyt 4-4
Y { 0 I'i]' =>1 ( )

tis the unit vector from particle i to j. Conservative force is proportional to interaction

parameters a;j. The more ajjincrease, the more aggregation occurs in DPD

simulation. Interaction parameter ajjis determined by solubility parameter & of

material in formula 4-5.

5= \/A—E (4-5)

The AE is the energy gap between the vacuum state and the bulk state. The parameter
V is molar volume of material. The y parameter is determined by the gap of solubility

parameter in formula 4-6.

Yse8 (55 — 8p)? (4-6)
Kp

XAB

The v is molar volume per segment. The kg is Boltzmann constant. The more
ajjincrease, the more y parameter increases.
aj; = (16n—1)/0.202/p + 3.268xi]. (4-7)

In formula 4-7, the p is density. PANI, DBSA, DVB and Cg are inserted in 64000
nm’(40nmx40nm=40nm) unit cell. The unit cell was relaxed for 1.8ns. The ratio of

PANI, DBSA and DVB is the same as the experiment.
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Fig. 4-3 Scheme of component from MD to DPD model [176].

4.3 Results and discussion

Morphologies and Structures of composites

In order to confirm the change of the structure after the adding of Cgp, the
morphology of PANI and PANI/C¢y were observed by TEM. From the Fig. 4-4, it can
be found that the PANI and PANI/Cs hybrids have a similar size, indicating that
Cgocannot change the integral structure of PANI. While the PANI-Cg hybrids show a
rougher surface than individual PANI due to the presence of Cgy. This can be due to
the possibility of doping interaction happened between the amine groups of PANI and
Ceo (reaction 1), leading to the injection of Cgp on the surface PANI, so that formed
Partial ground-state charge transfer inside this system. PANI+Cgs—PANI "+Cg [178].
Such doping behavior can increase the thickness of PANI and reduce the aggregation

of PANI and thus improve the electric conductivity of the composites.
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Fig. 4-4 TEM photographs of PANI (a) and PANI-Cg (b) [176].
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Reaction 4-1. The reaction between PANI and C60

I—2=

Elemental mapping measurements were performed to investigate the existence
and distribution of PANI and DBSA in the PANI-C4/DVB composites. Fig. 4-5
shows the SEM image and EDX mapping of the PANI-C¢0/DVB composite. It is
clearly that those elementals of N (Fig. 4-5b) and S (Fig. 4-5d) are well dispersed on
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the surface of composites, indicating that PANI and DBSA disperse well in the

composites.

Fig. 4-5 SEM image of PANI-C¢/DVB (a) and corresponding elemental mapping of
N (b), N-S (c) and S (d) [176]

As showed in Fig. 4-6, the characteristic peaks of PANI base form are detected at
1595 cm™ ,1503 cm™’ and 1270 cm” homologous to quinine, benzene ring
deformation and C-N stretching. Cg has four strong intermolecular modes at 525, 571,
1185, 1427 cm™. The characteristic peak for conducting PANI form is also observed
at 1241 cm™ in PANI-Cgy samples. A blue shift (1287 cm™) is found in Cgo-PANI
hybrids reinforced composites, indicating that the doping reaction between PANI and

Ceo occurred by doping with N atom of PANI [178].
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Fig. 4-6 FTIR spectra of PANI base, Cgp and PANI-Cg hybrids in DVB solution
[176].

Thermal performance

The thermal stability of Cg, PDVB-PANI nanocomposites with different Ce
content was measured by TGA under a N, flow of 10°C/min. In Fig. 4-7, the Ce
sample has no major mass loss until 800°C, the only 4% weight loss can due to the
presence of impurities in Cgy sample. In the case of PDVB nanocomposites, the Cg
has a visible effect in delay the PDVB decomposition. According to the DTG curve, it
is obvious that the composites have small exothermic peak after the addition of C60.
At the same time, C60 tends to increase the decomposition temperature, especially in
PDVB/Cgy-1.05v01%, which has a 15 C increase in the decomposition temperature.
This can attribute to the physical block effect of C¢p which mitigates the proliferation
of thermal, same as other carbon materials like carbon nanotube and graphene
[179-181]. Thus, the thermal stability is improved by the addition of Cgp. In the case
of the Cg-PANI/PDVB nanocomposites, the PANI/Cgp hybrids are more stable, that
can due to the fact that Cg) has a low heat conductivity [182] and the highly effective

free-radical-trapping effect of Cgo [183], causing it hard to improve the thermal
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deliver, therefore the thermal stability is improved only a little after the addition of

C60.
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Fig. 4-7 TGA curves of C¢p and PDVB-PANI nanocomposites with different Cg

content [176].

Dissipative Particle Dynamics Simulation

The radial distribution function G(r) of Cg in the PANI (DBSA) /DVB system
was calculated and shown in Fig. 4-8. It exhibits the probability distribution of the
distance between Cqo and DVB centers; the content of Cg is 0.35v01%, 0.7vol%,
1.05vo0l1%, and 1.4vol%. The blue lines and the yellow lines represent the dispersion
state before and after the equilibrium, respectively.

Flory-Huggins parameter y were calculated from atomistic simulations of mixing
energies in Table 4- 1. Generally, the smaller the value of y, the better mutual
solubility between the polymer. The y-parameter between PANI and other chemicals
is smaller than the y-parameter between C60 and the chemicals. DVB/PANI has the
smallest y, indicating the best mutual solubility between DVB and PANI. On the other

hand, C60 has the smallest y-parameter with PANI compare to with DBSA and DVB.
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This indicates that C60 would have a relatively more contact with PANI compare to
DBSA and DVB, resulting in better electrical network in the polymer. Thus, although
the y-parameter between C60 and other chemicals is much bigger than 0.5, which
means insoluble [184]. While in our system, there are no significant precipitates of

C60, this might be due to the doping reactionl happened.

Table 4-1. Dissipative particle dynamics (DPD) used for y parameters of components

[176].

materials yparameter

DVB/C60 3.648
DVB/DBSA 0.283
DVB/PANI 0.189
C60/DBSA 5.963

C60/PANI 2.177
DBSA/PANI 0.934

G(r) indicates that uniform distribution after equilibrium, which is almost same
as the distribution before equilibrium, irrespectively of C60 contents. This means that
no significant agglomerates of C60 in DVB-complex solutions. We can find that G(r)
indicates the obviously higher peaks after the equilibrium, but there are no large
clusters of Cgy found in the simulation process.The first peak is free Cgo disperse in
equilibrium, the first peak for the sample with 0.35vol% and 0.70vol%content of Ce
is smaller, indicating that the free Cgp is more. The second peak has the further
distance when the content of Cgg is 1.05vol%. This means that the Cg is doped with
PANI, which can prevent the accumulation of Cgp and enlarge the distance between
Ceo and DVB. But when we add more Cg to 1.40vo1%, the first peak becomes higher
and the second peak is not changed much. It means, when we add more Cg, the free
Ceo become more, but the Cgy doped with PANI has already saturated. This result is in

consistent with the experiment results of electrical and thermal conductivity.
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Fig. 4-8 Radial distribution functions between Cgy and DVB [176]

Electrical conductivity

PANI, as a promising conduct polymer, was introduced into the PDVB polymer
as conductive additives. Herein, the electrical conductivity of PDVB composites was
measured and showed in Fig. 4-9. According to Fig. 4-9, the conductivity for the
composites with additives can keep stable in all frequency. For pure PDVB and
dependence is in accordance with the Eq4-8 [185].

Gac = Opc + 2ufs’ (4-8)

In the formula, €'is the loss factor, fis the frequency, opc is the DC
conductivity.cpcis the AC conductivity.

While after addition of PANI and Cg, the AC conductivity of composites does
not indicate any frequency reliance in the full frequency. This means that the
dispersion of PANI is improved, resulting in better conducting 3-D networks. At the

whole frequency, the AC conductivity increased with increasing Cgy concentration
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Fig. 4-9. Composites’ electrical conductivity with different amount of C60 [176].

The electrical conductivity of pure PDVB is only 7.9x107 S/m and the electrical
conductivity is not improved by the addition of Cgy only. Both show the same
increasing trend as the frequency increase. While after the addition of PANI, the
conductivity was increased more than 10 orders of magnitude. This can attribute to
the doping reaction (1 and 2) happened and the formation of PANI conductive
network in PDVB composites. Because the PANI is with high conductivity, the
introduction of PANI can increase the electrical conductivity of PDVB. After the
PANI fraction in PDVB up to the percolation threshold for electronic movement, the
continuous conductive path will form and lead to the substantial increase in electrical

conductivity.
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The conductivity of PDVB-PANI is 18.9 S/m, while the conductivity was
improved by the addition of Cgp, the highest conductivity of the composites with
C60/PANI hybrids is up to 63.7 S/m, which is 3.37 times higher than the
PDVB-PANI composites. This might be owing to the formation of Cg
interpenetrating conductive passage in the PDVB composites, suggesting that the new
conductive passages generated by Cgp, which can effectively make up blank between
the PANIL. On the other hand, polyaniline (EB) can act as an electron donor and Cg as
an electron acceptor, we can suppose that Cg changes the electronic distribution of
PANI. This redox doping is illustrated by reaction 1.

The electrical conductivity also can be approximated by Eq 9 [186]:
c = enu (4-9)

In the formula, e, n and p represent the electron charged quantity, concentration
and speed. Obviously, increasing of carrier concentration could help to improve the
electrical conductivity. The increase of Cgp’s content results in the increase of hole in
p-type polymer and decrease of electron content in n-type polymer. As the filler load
increases, an improvement of electrical conductivity comes from the growth of carrier
concentration in the composites. While when Cg content increases up to 1.4vol%, the

extra free Cgy behaves like an electron barrier so that reduce the electrical
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conductivity.

Thermal conductivity

The thermal conductivities of PDVB composites are shown in Fig. 4-10,the
result shows 0.58 W/m K for the pure PDVB. The PANI and Cgonanoparticles were
employed to obtain a low thermal conductivity. The doped PANI and Cgy have been
reported with low thermal conductivity of 0.08 W/m. K [187] and ~0.16 W/m.K
[170].

0.7 H L

PANI-C60 hybrids
with different C60 content

Thermal conductivity (W/m. K)

=

PDVB  PANI  |0.35% 070%  1.05%  1.40% C60
PDVB and fillers in PDVB

Fig. 4-10 The thermal conductivity of PANI/Cs-PDVB composites [176]

In Fig. 4-10, the introduction of the PANI and Cgy decreases the thermal
conductivity. In addition, the addition of hybrid PANI-C¢ promotes a further
reduction of the composite thermal conductivity. The minimum thermal conductivity
is only 0.164 W/m K for PDVB composites with 1.05vol% of Cg, cutting down the
thermal conductivity as high as 70%. And the thermal conductivity decreases as the
Ceo concentration increases in hybrids. Therefore, we conclude that the reduction of
thermal conductivity in the presence of Cgp is because Cgy supply extra phonons

scattering [188]. On the one hand, Cgp may break direct PDVB-PDVB contact and
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prevent the heat transfer from PDVB to PDVB. Therefore, Cgy/PANI could
significantly break the paths of thermal transport through increasing phonon scattering.
On the other hand, the introduction of Cgy would increase the content of the doped
PANI which has very low thermal conductivity. We expect that these Cgo/PANI grain
barriers would affect carrier scattering when the amount of Cg reaches a certain level.
Therefore, we conclude that Cgy provide extra phonon scattering by large thermal

defects.

4.4 Conclusion

In this work, the hybrid PANI/Csy was incorporated into PDVB composites in
order to obtain the material with decoupling electrical and thermal conductivity. The
hybrid particles were fabricated through a simple one-step process in the solution of
DVB monomer. The doping process of PANI and polymerization of DVB was
completed simultaneously. The morphology and structure were characterized by TEM
SEM and FTIR. The results indicated that the doping interaction occurred between
PANI and Cgp, homogenous network of Cg/PANI was formed in the PDVB polymer.
The thermal stability is obviously improved by the addition of Cg. The electrical and
thermal conductivity were investigated. The results showed obvious decoupling effect.
The AC electrical conductivity was improved significantly from 9x107'° S/m to 63.7
S/m, more than 10 orders of magnitude. On the contrary, the thermal conductivity was
reduced to extremely low of only 0.164W/m. K from 0.579 W/m. K. Dissipative
particle dynamics (DPD) results exhibited better agreement with the experiment
results of electrical and thermal conductivity. These results indicate that DPD method
can be a new option for designing new functional polymer composite. Simultaneously,
the decoupling of the electrical and thermal conductivity of polymer bulk composites

may open potential routes for new functional composites.
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Chapter 5

Comparative study of the carbon/PANI hybrid system

Abstract:

Doping actions in three systems are different and the system of PANI/Carbon
hybrid system appears as a uniform network structure. GO has a smaller y parameter
than MWCNT and Cgp. GO/PANI and Cgo/PANI samples have higher decomposition
temperatures and lower thermal losses, while the MWCNT/PANI hybrid reinforced
composites have lower decomposition temperature and thermal loss, that is, MWCNT
cannot improve the thermal stability of the composites. The electrical conductivity of
MWCNT-PANI/PDVB follows the law of LANDAUER model. However, the
electrical conductivities of GO-PANI/PDVB and Cg-PANI/PDVB systems do not
follow the law at all. The calculated results of PANI/DVB are perfectly consistent
with the experiment results. After addition of GO and MWCNT, the calculated results
also have good agreement with the experimental results. Nevertheless,for the
calculated result, there is a huge difference with the experimental results after the
addition of Cgp. Voigt-Reuss model was chosen to explain the modulus’change. For
GO-PANI/PDVB, hardly differences are found between the Voigt-Reuss model and
experimental values. However, in systems of MWCNT-PANI/PDVB and
C60-PANI/PDVB, great divergence exists between the theoretical model and the

experimental data.
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5.1 General Introduction

Graphene oxide, Mutiwalled carbon nanotubes and fullerene, are different style
of carbon. Graphene has a sheet-like structure consisting of one atom. Fullerene has a
ball-like structure, and carbon nanotube has a cylindrical shape with graphene
rounded. Both have a high specific surface area, mechanical properties, thermal
conductivity as well as electric conductivity.

Researchers indicate that the Young's modulus of graphene oxide (GO) decreased,
but it is still as high as 207.6 GPa [160]. Other carbon nanofillers with high modulus
are MWCNT, whose modulus ranges from 270 to 950 GPa [161]. Another carbon
nanofillers is Cgp with the high modulus of 874 GPa [1]. Carbonnanofillers also have
special electrical and thermal conductivities.

The comparative study of 3 different carbon/PANI hybrid systems will be

discussed in this part.

5.2 Study of the hybrid system

Doping Action in 3 hybrid systems

The doping action in Reaction. 5-1 took place in all these systems, although
among these 3, carbon nano fillers, only GO and Cgy were reported to be capable of
doping with polyaniline as showed in Reaction. 5-2. This is why the GO/PANI and
Ce0o/PANI systems have better dispersion state which will be discussed in 5.2.2.
Electrical enhancements of the GO/PANI and Cgo/PANI systems are different with the
MWCNT system. In the GO/PANI and Cgo/PANI systems, the introduction of carbon
nanofillers does not only lead to high conductivity of the systems, but also increases

the content of PANI, so that improves the conductivity of PANIL
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Reaction. 5-2The doping action of PANI with carbon nanofillers

Morphology comparison of 3 hybrid systems

In order to check the change of the microstructure after the addition of carbon
nanofillers, morphology of PANI and PANI with different carbon nanofillers were
observed by SEM.

As showed in Fig.5.1, many large PANI-DBSA particles are observed in PANI
system. While the system of PANI/Carbon hybrid system appears as a uniform
network structure as showed in Fig.5.1, which clearly indicated that both MWCNT,

GO and Cg can improve the dispersity of conductive PANI particles.
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Fig.5.1 SEM image of PANI and PANI/Carbon hybrids.

Comparison of Flory-Huggins parameter

The Flory-Huggins parameter x parameter and the binary interaction parameter
a;j was calculated and compared. GO has a smallest y parameter comparing
toMWCNT and Cgp. Table 5.1shows the calculation results of binary interaction
parameters. This is probably because GO has a sheet-like structure composed of
hexagonal carbon. It attempts to take a structure in which hexagonal mesh structures
are piled up by n-m interaction. Because MWCNT and Cgo have a graphene rounded
structure and the m-m interaction is also hard to work, the cohesive energy becomes
larger than that of graphene. Therefore, they parameter becomes bigger than that of

graphene.

Table 5.1The calculation results of binary interaction parameters.

Materials ¥ parameter ajj
PANI/MWCNT 3.331 35.885
PANI/GO 0.739 27.416
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PANI/Cq 3.648 36.922

Thermal Stability of 3 hybrid systems

The thermal stability of nanocomposites with nanofillers was calculated and
compared. In Table 5.2, the GO/PANI and Cg/PANI samples have higher
decomposition temperature and lower thermal loss while the MWCNT/PANI hybrids
reinforced composites have lower decomposition temperature and thermal loss. That
means MWCNT cannot improve the thermal stability of the composites. Because the
addition of MWCNT is very low, if the MWCNT cannot affect the whole structure of
the PANI or the polymer, it will not be able to improve the thermal stability. However,
the introduction of GO and Cgp can be dope with PANI. This behavior enables the
formation of a more stable 3D PANI network inside the nanocomposites, which can

improve the thermal stability.

Table 5.2The TGA results of composites with different nanofillers

Decomposition
Material Thermal Loss(%)
Temperature('C)
PANI/PDVB 310 70
GO-PANI/PDVB 330 63
MWCNT-PANI/PDVB 315 68
C60-PANI/PDVB 325 65

Analysis of Electrical Conductivity

The conductivity comparisonof Carbon/PANI hybrids reinforced polymer was
presented in Table 5.3. We can see that the pure DVB have low electrical conductivity
in contrast to the doped PANI. The doped PANI can improve the electrical
conductivity definitely. Furthermore, the dispersion state can also have an effect on

the conductivity of the composites.
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Several developments of this homogenization scheme to physical problems have
been widely applied in the literature. This method was first employed by Landauer to
study the effective conductivity of a composite with spherical fillers [189]. He
developed the effective medium theory (EMT) [189] for a two-phase statethat
provides another estimator. This theory considers each individual inclusion as
surrounded by a homogeneous medium. It assumed that the total conductivity was
induced by all elements. Thereby, in order to analyze our system, we then directly
systems.

According to Landauer model [189]for the composites with different mixtures,
none of a theory can explain all situation. Among this, the most frequently used theory
in the literature is showed in formula 5-1,

Pc = P1Vi +p2Va (5-1)

where p. is the resistivity of the composites, p,is the resistivity of component 1, p,
is the resistivity of component 2,V;is the volume fraction of component 1, and V,is
the volume fraction of component 2. In this model, the components of composites are
supposed as random dispersion. Therefore, this equation supplies an upper limit for

the resistivity, indicating the lower limit of the conductivity in formula 5-2.

1 \% \%
=—=+2 (5-2)
O¢c 01 (0]

where o, is the electrical conductivity of the composites. s, is the electrical
conductivity of component 1, and o, is the electrical conductivity of component 2,
The alternate hypothesis,
6. =0,V; +0,V, (5-3)
Formula 5-3gives the maximum upper limit of the plain mix of the composites
which can be expressed as the formula 6.1.LANDAUER propoesed that these two
expressions were the upper and lower limits of the conductivity of the mixed system.
In PANI/PDVB system, PDVB is consideredas component 1 and PDVB is considered
as component 2; In GO-PANI/PDVB, MWCNT-PANI/PDVBand Cg-PANI/PDVB

systems, PANI/PDVB system is supposed as component 1 and the carbon nanofillers
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is supposed as component 2. According to the above formulations,the upper and the

lower limit of the composite’s conductivity are achieved in the Table 5.3.

Table 5.3The electrical conductivity of material and composites

Lower limit by Upper limit by Experiment
Electric Conductivity
Calculated (S m™) Calculated (S m™) (Sm™)

DVB — — 107

GO — — 0.14
MWCNT — — 10°

C60 — — 107
PANI(DBSA) — — 10°
PANI/PDVB 1.25%10” 220 22
GO-PANI/PDVB 8.58 21.78 40
MWCNT-PANI/PDVB 22 8021 78

C60-PANI/PDVB 0.099 21.78 63.7

Depending on the calculation results, we can find that only PANI/PDVB and
MWCNT-PANI/PDVB systems can fit the law of LANDAUER model. The electrical
conductivity of PANI/DVB system is 22 S m” which is between the lower limit
(1.25x10° S m™)and the upper limit(220 S m™). The electrical conductivity of
MWCNT-PANI/PDVB is 78 S m™ which is between the lower limit (22 S m™)and the
upper limit(8021 S m™). However, the electrical conductivities of GO-PANI/PDVB
and C60-PANI/PDVB systems cannot fit the law at all. The electrical conductivities
of both systems are much higher than the upper limit calculated by the LANDAUER
law. This also confirms that the doping action happened inside the system and the
introduction of GO or Cg can improve the dispersion of PANI. It cannot be assumed

as a simple mix in these two systems.

6.2.6 Comparison of Thermal Conductivity
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A number of theoretical models have been proposed to predict the effective
thermal conductivity of filled composites. Thermal conductivity and diffusion in a
solid are governed by Fick’s law. Hatta [138] calculatedthe thermal conductivity of
short fiber reinforced composites using Eshelby theory. The MTM has proven that this
approach is an effective way to predict the thermal conductivity for composites[137].
Therefore, in this study, Hatta and Taya’s theory is applied for the discussion.

Because the thermal conductivities of graphene and carbon nanotube have been
reported to possess similar values (3000 W/mK) [190], the doped PANI and Cgy have
been reported with low thermal conductivity of 0.08 W/mKJ[187] and 0.16 W/mK
[170]. Therefore,the thermal conductivity may be enhanced by GO and MWCNT, by
reducing with PANI and Cg. In this part, the thermal conductivity of composites were
calculated according to Hatta and Taya’s theory [138] and compared with the
experimental results.

In the case of completely random distribution, the thermal conductivity can be
expressed as a formula. MWCNTcan be considered as short fiber,and GOcan be
supposed as short fiber with wired cross-section.Hence,the system for MWCNT and
GO reinforced polymer composites and the thermal conductivity can be expressed as

the formula 5.4.

(5.4)

m_f f_pm m
Ky, = Kgg = KM (1 _ V(K™ -K)[(K'-K™)(2S33+511)+3K )

3(Kf—KM)” (1-V{)S14 533 +KM (Kf—KM)R+3(KM)2
where K;;, K33 is the thermal conductivity of the composites in different direction,

K™ is the thermal conductivity of the matrix, K! is the thermal conductivity of the

fillers, V¢ is the volume fraction of the fillers andS;jis tensor and depends on the

shape of the filler.

For the sphere of PANI and C60, the thermal conductivity can be expressed as

follows:
1
S11 =S33 = 3 (5.5)
A%
Kll = K33 = K™ {1 + (1—Vf)—f}(m} (56)
3 +Kf_Km

Calculation of S
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GO, penny shape can be given in follows.

Tagz

S11 =82 = E (5.7)
Sz =1— ;Tj (5.8)

where a is the length in three directions.
MWCNT

Aspect ratio

_a
o = = (5.9)
1
aZag az (a3 2 as
Sll = Szz =3\ > 1 - COSh_l_
2la;\a a
2(a% —aj)z (1\93 1
1
— E{oc(ocz - 1)z — cosh‘la} (5.10)
2(a?-1)2

833 =1- 2522 (511)

According to formula 5.3-5.11, the calculated results of the composite’s

conductivity were set in Table 5.4.

Table 5.4 Thermal conductivities by experiment and theoretical calculated modulus

Thermal
Experiment( W/mK) Calculated( W/mK)
conductivity
PDVB 0.58 _
Doped PANI 0.08 _
PANI/PDVB 0.43 0.45
GO 3000 _
MWCNT 3000 _
C60 0.16 _
GO-PANI/PDVB 0.42 0.427
MWCNT-PANI/PDVB 0.43 0.427
Cs0-PANI/PDVB 0.16 0.426
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According to the calculated results, the calculated results of PANI/DVB are
perfectly consistent with the experimental results. After addition of GO and MWCNT,
the calculated results also have good agreement with the experimental results.
However, the calculated results after adding Cgo cause a huge difference with the
experimental results. That means the introduction of Cg results in some change,
which could be due to the change of dispersion state of doped PANI or the doping

action between Cgy and PANI.

Comparison of Mechanical Properties

In this work, the geometry and orientation of the particles in the matrix are the
maximum disparity during the 3 different nanofillers: GO, MWCNT and C60. Thus,
we only considered the geometry and orientation of the particles. The inclusions are
summed straight and full load transfer between particles and matrix and the system is
restricted as a two-phase composite. The included materials for each phase are
assumed as linearly elastic and isotropic.

Micromechanical modeling comes from the properties of various components of
the composite. Their arrangement is a very convenient method for understanding and
predicting the composite behavior. The well-knew Weng’s model is used to calculate
the theoretical Young's modulus of the composites. MWCNT is considered as the
micro fibers, while the GO can be assumed as discs andCg is assumed as a sphere.
Under this hypothesis, the results were presented in Fig.5.2.

Before applying the models, the mechanical properties of the matrix and the
nanofillers are checked and showed in Table 5.5. Graphene is one of the strongest
materials with the Young's modulus of E = 1.0 TPa. Researchers indicate that the
Young's modulus of graphene oxide (GO) decreased, but it ranges from 130 to
1000GPa [160]. Other carbon nanofillers with high modulus are MWCNT, with the
modulus range from 270 to 1000GPa [161]. Another carbon nanofillers is Cgy with the

high modulus of 874 GPa [1].

Table 5.5 The original property of MWCNT/PANI hybrid systems
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Material parameter Value

Ey(GPa) 52
o 0.35
E,(GPa) 1000
Vg 0.25
Ecomp _ KcompHcomp (3Ko+Uo) (5.12)
Ep Koo (3Kcomp+Hcomp)

where, Eomp is the modulus of the composites, Ej is the modulus of the fillers, Komp is
the bulk modulus of the composites,icomp 18 the shear modulus of the composites, kyis the

bulk modulus of the composites, and p, is the shear modulus of the composites.

Kecomp _ 1
Ko  1+cp (5.13)
Hcomp _ 1
e = Tred (5.14)
_p
p=2 (5.15)

P1 = 1+ c[2(S1122 + S2222 + S2233 — D(az + ay) + (S1111 + 252211 — D(ay — 2a,)]/3a
(5.16)

p2 = [a; — 2(a; —az —a,4)]/3a (5.17)

Moreover, the fiber-like inclusions can be expressed as follows.

Siy11 = ﬁﬁ — 2vy + 3a— [1 —2vp + }(5 18)

S2222 = S3333 = 8(1:/0) a(;il T—vo) 1-2vy+ ﬁ] g (5.19)
S2233 = S3322 = 4(111/0) {2(0:2 5 [1 2vy + ﬁ] g} (5.20)
S2211 = S3311 = = 2(1:/0) a(;il + 4(111/0) {az -1) [1 Zvo + 2(05—1)]}*9 (5.21)
S1122 = S1133 = o ve)[ —2vp + %1)] o ve)[ — 2vy + ﬁ] (5.22)
S2323 = S3232 = 4(1:/0) {2(;2_1) + [1 — 2vy — ﬁ] g} (5.23)
S1212 = S1313 = 4(%1/0){1 —2vp — sz - % [1 —2vp — 35117;21-11)] g} (5.24)

Where,
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g= az+)3/2{a(a2 — 1)Y2 — cosh™1a} (5.25)

(
a=1/d (5.26)

For MWCNT 1 =20um, d =15nm. a = 1333,g can be obtained as 1 by the formula.

Kcomp

Combing the formula 5.13 and the formula 5.15 to 5.26, a series of 0 will be obtained.
0

_1_ -2 2512121 1 2523231 _ 1 _ .
%=1 C{5 2S1212+Mo/(M1—Ho) 3 2S2323+Uo/(H1—Ho)  15a * [(51122 S2233)(2a;
ay + asa) + 2(S1111 — Sz211 — D(ag + az) + (S1122 — S2222 + D(2az — ay —
asa) (5.27)

2 1 1 1 1

=—= —- +—=x[2(a; +a, —az) +a, +
12 52S1212+1o/(M1—Ho) 3 2S2323+tHo/(H1—Ho)  15a *[2(a1+a; —as) +a,
asal (5.28)
q=9q2/q (5.29)

a; = 6(r; — ko) (1 — to)(S2222 + S2233 — 1) — 2(koly — Kqlp) + 6K;  (5.30)

az = 6(r; — ko) (M1 — Ko)S1133 + 2(Kopy — K1fho) (5.31)
az = —6(ry — Ko) (U1 — Uo)S3311 — 2(Kot1 — K1Ho) (5.32)
ay, = 6(ry — Ko) (U1 — o) (S1111 — 1) + 2(kopy — Ky pto) + 604 (1 — o)  (5.33)
as = 1/[S3322 — S3333 + 1 — (mu—luo)] (5.34)

a =60k, — o) (g — Ho)[2S113353311 — (S1111 — 1) (S3322 + S3333 — D] +
2(roty — K1Ho)[2(S1133 + S3311) + (S1111 — S3322 — S3333)] — 681 (11 —
ﬂo)(51111 — 1) — 61 (rey — ko) (S2222 + S2233 — 1) —6K14 (5.35)

u
<P can also be

Combining the formula 5.14 and the formula 5.27 to 5.35, a series of

Ho

Kcomp and Ucomp comp

. E
into the formula 5.12, —
Ko Ho Eg

obtained. Substitute can be obtained in

Fig.5.2.
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Fig.5.2 Ec;:ﬂ of MWCNT/PANI hybrids reinforced polymer composites

0

In the GO/PANI hybrid reinforced polymer system, GO can be assumed as

randomly oriented discs.

Table 5.6 The original property of GO/PANI hybrid systems

Material parameter Value
E,(GPa) 52
g 0.35
£,/(GPa) 300
Vg 0.3

—c 2k1+ll—3K0 _1[(2k1+ll—3l€0)(2k1+ll—3Kv)
1 3(ky+1o) 9(k1+Ho)

Keomp = Ky — €1[1 (5.36)

ki—li—u 2 mi—u 2 P1—Uoq—1r(kK1—l1—Uo)(kK1—=l1—1
1—li—lo 10__C10]1[(110)(11V)+

comp Vs Listkytuo) 5 1matye 5 L pitho 3(k1t+uo)

2(mq—po)(Mmy—uy) + 2(p1—Ho)(P1—Hv) (5.37)
mi1+Yo p1tio ’
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where the Voigt bounds k;; and py are given in formula 5.38 and 5.39.

Ky = CgKyp + C1Kq (538)
C

Uy = Colo + ?1(111 +2my + 2py) (5.39)

Bulk modulus of k and shear modulus of u can be obtained in 5.40 and 5.41.

Ep

Ko = s (5.40)
— __Eo

Ho = 3d+vo) (5.41)

k1 = Kq + 1/3#1 (542)

ll = Kl - 2/3[11 (5.43)

For isotropic material, m;=p;=u,

Ecomp

Combining the formula 5.36 to the formula 5.43, a series of can be obtained in Fig.5.3.
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Fig.5.3 @ of GO/PANI hybrids reinforced polymer composites
0

In the Cgo/PANI hybrid reinforced polymer composites systems, the composite’s bulk

modulus of Kymp and the shear modulus of fi4mp are given in the formula 5.44 and 5.45.

99



Table 5.7 The original property of C60/PANI hybrid systems

Material parameter Value
Ey(GPa) 52
g 0.35
E(GPa) 870
Vg 0.3
~IE = 1+ (5.44)
Ko 3Kkp+4Up K1—KQ
Hecomp __ C1
W I+ 6co(ico+210)  _ Ho (5.43)

5 3Kko+4Ho  H1—Ho

where c, and c; are the volume fractions of the matrix and inclusion phase.

Combining the formula 5.12, formula 5.40, 5.41, 5.44 and 5.45, a series of Ecgﬂ can be
0

obtained in Fig.5.4.
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Fig.5.4 —— of C60/PANI hybrids reinforced polymer composites
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Table 5.7 The comparable results of E; in three systems
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Modulus MWCNT GO C6()

E1(GPa) 1000 300 -

Reference(GPa) 300-1000 130-1000 600-900

Then we applied the GO/PANI system models into the 3-pointbending results in Fig.5.5.
In Fig.5.5, we can find that the 3-point bending modulus obtained by theoretical models
established in formula 5.12 have a good consistent with the experiment. Therefore, Weng’s

models can be applied in our systems.

2.41
2.0
< 1.6-
al ]
Q 1.2
0 “l
W .8
0.41

— Theoretical

-~ Experiment

30 40 50 60 70 80 90
PANI (%)

Fig.5.53-point bending modulus for GO/PANI hybrids reinforced polymer composites

5.3 Conclusion

Doping actions in three systems are different and the system of PANI/Carbon
hybrid system appears as a uniform network structure. GO gets a smaller y parameter
than MWCNT and Cgp. GO/PANI and Cgo/PANI samples have higher decomposition
temperature and lower thermal loss, while the MWCNT/PANI hybrid reinforced
composites have lower decomposition temperature and thermal loss, which mean
MWCNTs cannot improve the thermal stability of the composites. The electrical
conductivity of MWCNT-PANI/PDVB can fit the law of LANDAUER model.
However, the electrical conductivities of GO-PANI/PDVB and Cg-PANI/PDVB
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systems cannot fit the law at all. The calculated results of PANI/DVB are perfectly
consistent with the experimental results. After addition of GO and MWCNT, the
calculated results also have perfect consistence with the experimental results.
However, the calculated result after the addition of Cg introduces a huge difference
with the experimental results. Voigt-Reuss model was chosen to explain the modulus
change. For GO-PANI/PDVB, hardly differences are found between the Voigt-Reuss
model and experimental values. However, in systems of MWCNT-PANI/PDVB and
Ce0-PANI/PDVB, great divergence exists between the theoretical model and the

experimental data.
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Chapter 6

Summary and Perspective

The present thesis focuses on the enhancement effect of carbon-based
nano-fillers/polyaniline hybrids on the conductivity of the polymers. The objectives of
this thesis are (1) to develop conductive polymer system; (2) to gain a better
understanding of the conductive mechanism of the polymer composites; (3) to provide
a feasible and economical method for the design of polymer nanocomposites.

There are in total 4 main chapters in this thesis not including the introduction and
summary. Chapter 2 targets graphene oxide (GO) added to a polymer composites
system consisting of surfactant-wrapped/doped polyaniline (PANI) and divinylbenzene
(DVB). The nanocomposites were fabricated by a simple blending, ultrasonic
dispersion and curing process. The new composites show higher conductivity
(0.02-9.8 S/cm) than the other reported polymer system filled with PANI
(10-9-10-1S/cm).

Chapter 3 focuses on the conductivity enhancement effect and its mechanism for
different types of carbon-based nano-fillers/conduct polymer hybrids in carbon fiber
reinforced polymer (CFRP). Multi-walled carbon nanotubes (MWCNT) /polyaniline
(PANI) and graphene oxide (GO) /PANI hybrids were separately dispersed into
divinylbenzene (DVB) to make the CFRP composites. The alternating current (AC)
electrical conductivity results show that both the binary MWCNT/PANI and GO/PANI
hybrids have significant enhancement on AC conductivity of the CFRP composites.
The maximum AC conductivity of CFRP made of MWCNT/PANI was measured to be
22.4 S/m, which has improved by more than 3 orders of magnitude compared to

CF/DVB, and more than 2 orders of magnitude compared to CF/epoxy. Thus,
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CF/MWCNT-PANI composites can be considered as promising candidates for
multifunctional material where high conductivity is demanded.

Chapter 4 aims at hybrid nanoparticles, fullerene (Cgp) and polyaniline (PANI),
were incorporated into the polydivinylbenzene (PDVB), and their decoupling effect of
electrical and thermal conductivity was investigated. The hybrid particles were
fabricated through a simple one-step process in the solution of divinylbenzene (DVB)
monomer. Dissipative particle dynamics (DPD) simulations were also conducted to
gain further understanding about the decoupling effect and mechanisms related to
dispersibility of Cgo in the polymer system. The DPD consequences exhibited better
agreement with the experimental results of electrical and thermal conductivity.

Chapter 5 targets the comparative study of 3 different carbon/PANI hybrid
systems. The doping actions in three systems are different and the system of
PANI/Carbon hybrid system appears as a uniform network structure. GO has a smallest
y parameter than MWCNT and Cgp. GO/PANI and Cg/PANI samples have higher
decomposition temperatures and lower thermal losses, while the MWCNT/PANI
hybrids reinforced composites have lower decomposition temperature and thermal
loss,that means MWCNT cannot improve the thermal stability of the composites. The
electrical conductivity of MWCNT-PANI/PDVB can fit the law of LANDAUER model.
However, the electrical conductivities of GO-PANI/PDVB and C60-PANI/PDVB
systems cannot fit the law at all. The calculated results of PANI/DVB are perfectly
consistent with the experiment results. After addition of GO and MWCNT, the
calculated results also have perfect consistence with the experimental results.
Nevertheless, the calculated result after the addition of Cg introduces a huge difference
with the experimental results. Voigt-Reuss model was chosen to explain the modulus
change. For GO-PANI/PDVB, there are hardly differences between Voigt-Reuss model
and experimental values. However, in systems of MWCNT-PANI/PDVB and
C60-PANI/PDVB, great divergence exists between the theoretical model and the
experimental data

“How far can we push the design of multifunctional polymer composites? ” This

was the question we consider from now on. It highlighted the quest for hybrid strategies
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toward multifunctional materials. I believe that by transplanting new features learnt
from conducting polymer systems into the design of carbon/conduct polymer hybrid
system. Significant progress has already been, and will continuously be made in the

creation and manipulation of complex multifunctional polymer composites.
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Attachment: DPD Simulation

Computer simulation method is based on reasonable molecular structure model
and physical principles to calculate the change in the process. That is, the use of
molecular mechanics, molecular dynamics and quantum mechanics theory and other
theoretical mechanisms directly calculated or by means of experimental data to
determine the molecular conformation or related molecules and molecules, molecules
and systems, molecular and atomic interaction or dynamic behavior and through
computer graphics. The visualization model shows this spatial model or interaction. It
is distinct from the experimental and theoretical method of the third scientific research.
The classical molecular dynamics (MD) is a study of the atomic details of the system
from the microscopic scale. It is necessary to obtain a positive solution by the
classical Newton's motion equation of each particle in the system, which is limited by
the current computer computing ability, which leads to not only the time scale and
limits the possibility of research on a spatial scale. It is not possible to use the MD
method to simulate a slightly more complex point of the system, which makes it
necessary to introduce the dynamic simulation method on the scale. In the
microscopic simulation method, the system is subjected to a certain degree of coarse
granulation, ignoring the information on the atomic scale, which can be used to reflect
the physical properties of the reaction system on larger time scales and larger spatial
scales. In 1992, Hoogerbrugge and Koelman proposed a new mesoscopic simulation
technique, which is called dissipation particle dynamics (DPD), based on molecular
dynamics (Mn) and lattice gas automata; a spring model was used to study the
hydrodynamic behavior. In 1995, Espanl and warren introduced the
fluctuation-dissipation theorem into the DPD method, introducing a new dissipation
particle dynamics formula. In their model, the interaction between all the particles is
divided into three parts: the conservative force, the dissipation force, and the random
force. The dissipation force and the random force must satisfy the certain relation so
that the system satisfies the regular rule of the regular ensemble. These two forces
together, play the role of a hot bath. Compared with the atomistic simulation method,

106



DPD simulation can study the larger spatial scale and time range, so that at present,
DPD has been successfully applied to block copolymer, surfactant, colloid and other
systems.

In the DPD method, beads or particles represent the real system of atomic
clusters. Each particle is evolved under the action of Newton's motion under three

pairs of forces, as showed in the formula. 1 and formula. 2.

d‘)"i

il (1)
dvj

m;— = %ix(F§ + FP + Ff 2)

where m; is the particle mass, r; and viare the particle position vector and the

velocity vector.

Fi = ajw (), 3)
FD = —yw?(rij) (@) - Oy (4)
Ff = ow(ri;)07, (%)
o

In the three pairs of forces: (1) the conservative force Fi(]; (Formula.3), aj;
represents the exclusion between the particles 1 and j, we can use it to distinguish the

type of particles; (2) Dissipation force Fi’])- (Formula.4), representing the consumption

of mesoscale scale energy: (3) The random force Fi’f-(Formula.S), represents the

energy flow from the microscopic, ais the intensity of the random force, and@;; is

the stochastic variable satisfying the Gaussian statistics:

(0;;(1))=0 (7

(6 ())Brr(t)) = (8161 + 858 )8(t — t') (8)
Weight function w(r) shows that the interaction between the system particles is

a soft interaction and can overlap each other, where 7, is the truncated radius.

Through the relationship o? = 2ykgT, dissipative force FiL} and random force

107



Fi’;- together to play a hot bath thermostat effect, where kg is the Boltzmann constant.

For simplicity, all physical quantities in the DPD simulation are dimensionless, 7, is
the length unit, and the particle mass m for the mass unit, the kgT is the energy unit.
At the same time, using the energy equalization theorem to normalize the temperature

of all particles, time unit is,

ST ©

In the mesoscopic simulation, researchers focused on several different
integration algorithm to explore.Verlocity-Verlet algorithm are a relatively simple and
effective one, which is based on the classic Verletalgorithm, does not introduce any
adjustment parameters.

Chenet al. studied the phase behavior and microstructure formation of
cetyltrimethylammonium bromide (CTAB) /octane/butanol/water mixed system, and
obtained the phase diagram consistent with the experimental results [191]. The unique
properties of nanomaterial carbon nanotubes composites make them aware of the
focus of the material industry. Liba et al. proposed a dissipative particle dynamics
model. The dissipative particle dynamics can be used to characterize and optimize the
experimental conditions, and also to study the thermodynamic equilibrium properties
of the system and the dynamics of the non-equilibrium process. In recent years, its
application in the polymer system has developed rapidly, also shows a certain
application potential in the nano-scale fluid movement at the same time. The
morphology and kinetics of the polymer system are in the mesoscopic scale, using a
simple bead-spring model, the polymer segments can be represented by DPD particles,
in addition to the actual polymer rheology and other properties of the study [192].
Block copolymers and their mesoscopic phase separation, biofilm morphology and
transformation and polymer brush are the front of the current research [193].
Dissipative particle dynamics are the first to be applied to the study of small molecule
hydrodynamics [194]. The current work is mainly on the study of the flow
characteristics of complex systems such as amphoteric molecules in an external force

field or special boundary condition. Chen for simulating monolayer carbon nanotubes
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and discussed the applicability of this model at the level of suitability for simulating
carbon nanotube mechanical devices [195]; Wang et al. reported the volume fraction,
degree of functionalization and length of polyethylene segments on the phase
separation and properties of polyethylene / carbon nanotube systems; his group
studied the self-organization behavior of polymer chain-linked nanorods [196]. The
morphology and transformation of the polymer nanotubes can be controlled by the
topological structure, segment structure and solvent selectivity [196]. Angelikopoulos
studied the adsorption of surfactants on a pair of cross-carbon nanotubes and found
that at the appropriate concentration and nanotube spacing, the surfactant will form a
central aggregation at the intersection of carbon nanotubes and stabilize the whole

structure [197].
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