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Abstract

As the earliest applied elastomer material, natural rubber has undergone development
for nearly 100 years, and its performance has become a bottleneck. With the
development of technology, industry increasingly needs higher performance natural
rubber as a new generation of shock absorbing materials to improve the ride comfort of

various vehicles, such as automobiles, trains, and aircraft.

The performance of natural rubber is mainly related to the fillers and filling
amounts used. Even though traditional fillers such as carbon black and silica have been

well studied, improving the performance of natural rubber composites is difficult.

This study used carbon nanomaterials as a new generation of fillers to prepare high-
performance natural rubber composites. Since nanoparticles have strong van der Waals
forces, carbon nanomaterials such as graphene and carbon nanotubes need to be
modified before preparing the composite material so that they can be uniformly
dispersed into the natural rubber matrix. This study used various modification methods,
such as acidification, acyl chlorination, and ammoniation to modify the surface
property of these carbon nanomaterials. After a variety of different polymers were
grafted onto the nanomaterial surface, the modified carbon nanomaterials achieved

good compatibility with the natural rubber matrix.

Subsequently, different fillers (carbon nanotubes, graphene, and carbon nanotubes
& graphene) were mixed with natural rubber, and composites with different filling
amounts were prepared by mechanical blending. The process, mechanical, fatigue and
crack propagation properties of the natural rubber composites were investigated under

dynamic and static conditions.

The results show that only a small filling amount is required and that carbon
nanomaterials have better reinforcing effects than conventional fillers, revealing that as
a new rubber filler, carbon nanomaterials have superior enhancement efficiency. As the
filling amount increases, the mechanical strength of the natural rubber composite
material is significantly improved. However, due to factors such as hysteresis loss and
tearing energy, overfilling may cause a decrease in the fatigue resistance of natural
rubber composites. The experimental results show that when the loading mass ratio of
carbon nanotubes to rubber is 1:3, the overall performance of the natural rubber

composites is optimized. For graphene, when the loading mass ratio is 1:1, the overall
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performance of the natural rubber composite material is optimal. This study also shows
that carbon nanotubes and graphene have synergistic effects when they are

simultaneously used as fillers to prepare natural rubber composites.
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Chapter 1. Introduction

1.1. Background

I.1.1. Developments of the rubber industry

Natural rubber (NR) is a polymer consisting of isoprene units linked together at the 1-
4 positions and arranged in a cis configuration [1]. Among the many types of
engineered polymers, NR is one of the most fascinating and important industrial
polymers. NR is widely used in modern society because of its high elasticity, low
conductivity, plasticity and other superior characteristics under dynamic conditions
(Figure 1-1). It contributes a large variety of antivibration products to the automotive,
aerospace, and constructing fields, which clearly have a wide range of products and
downstream industries. However, NR materials hardly show any value without
reinforcement because of their inferior mechanical strength and elasticity as well as
their short lifetime. Therefore, rubber for commercial uses requires different reinforcing

fillers, antioxidants and related additives to achieve a high value after processing [2].
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Figure 1-1 (A) Consumption of natural rubber (NR). (B) Carbon nanomaterials in
different fields. (C) Fillers in rubber products.

1.1.2. Filling materials for rubber reinforcement

Filler distribution affects the properties of the rubber, as the distribution controls the
molecular weight and dispersion of the NR in each phase and the chemical interaction
between the rubber matrix and fillers [3]. Fillers can be differentiated from each other
based on several parameters, such as color, source, and activity. Fillers, therefore, can

be natural or synthetic and reinforcing or inert. Currently, many types of fillers are used






with longer lifetimes and better performance than those obtained from the conventional
NR blending system can be achieved by adjusting their physicochemical structures [12].
Using carbon nanomaterials as the reinforcing fillers to prepare rubber-based
composites is an important strategy to improve the lifetime, mechanical properties,
wear resistance, damping properties, heat insulation, etc., of NR [12-14]. However,
carbon nanomaterials have strong n-n bonding interactions and a high specific surface
area, which may lead to their easy agglomeration when used as the rubber fillers during

actual production [3, 4].

1.2. Aim and objectives

Functionalization of carbon nanomaterials

* Functionalization by covalent bonding

* Functionalization by noncovalent bonding .
* Dispersibility/Cross-linking/Functional requirements Feedback &

Preparation of Carbon-Reinforced Rubber Composites
* Mechanical blending strategy
= Emulsion blending strategy

"’ Feedback &
Performance Appraisal Optimization
» Physiochemical characterization ' '
* Fatigue test
* Optimization of carbon/rubber design

Figure 1-2 Framework of the project

The overall aim of this thesis is to develop long-lifetime carbon-reinforced rubber
composite materials by evenly dispersing nanostructured carbons into a rubber matrix,
followed by strong crosslinking between the two components (Figure 1-2). The
interaction between NR and carbon nanomaterials as well as its impact on the
physicochemical properties of rubber composite materials will be investigated in depth
to enhance the performance of new rubber products. More specifically, the aims of this

thesis are as follows:

(1) Developing innovative synthetic strategies that can provide functionalized carbon

nanomaterials with controllable morphologies and functional groups;

(2) Combining carbon nanomaterials and NR by mechanical and emulsion blending

































properties than traditional composites due to their large specific surface area, aspect
ratio, thermal conductivity and electrical conductivity [81]. Graphene oxide (GO) has
a large specific surface area and abundant surface functional groups, endowing it with
excellent composite properties. After modification and reduction, a nanoscale
dispersion of graphene is formed in a polymer matrix. Graphene can change the
mechanical properties, barrier properties and thermal stability of the polymer matrix.
[8, 82, 83]. In recent years, many graphene/polymer composite patents in applications
such as fuel cells, the synthetic chemical industry, microporous catalyst carriers,
conductive plastic, conductive coatings and fire-resistant materials for the construction
industry have been reported [84-87]. The applications of graphene for the preparation
of lightweight, low-cost and high-performance multifunctional nanofiller/polymer
composite materials provide new methods and opportunities for the development of

high-performance rubber.

Because of its excellent electrical conductivity, thermal conductivity, and
mechanical properties, graphene can function as a great reinforcing filler for the
preparation of composite materials. Furthermore, when graphene is dispersed in
solution, it can also polymerize with a monomer to form a composite material. The
addition of graphene can endow composites with different functionalities, providing
them with not only excellent mechanical and electrical properties but also excellent
processability, and thus expanding the application scope for nanocarbon composite

materials [88-91].

Compared with those of the pure polymer, the mechanical, thermal, electrical and
flame-retardant properties of graphene/polymer composites are significantly improved
[92-95]; these properties are even superior to those of clay-based or other carbon-
reinforced polymer-based composites [96, 97]. Although the mechanical properties of
carbon nanotubes are comparable to those of graphene, studies have found that

graphene is a better nanofiller with excellent thermal and electrical properties [8, 88].

However, the intrinsic properties of the composites are closely related to the
dispersion of graphene sheets in the matrix and their interaction with the matrix [98].
Because it has no unstable bonds, graphene has high chemical stability and an inert
surface. Moreover, graphene has weak interactions with other media (such as solvents).
In addition, there are strong van der Waals forces between graphene layers, leading to

agglomeration and thus making it difficult to dissolve graphene in water and common
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prepared by an ultrasonic latex method has better thermal conductivity than natural
rubber [102, 103]. The effects of functionalized graphene and CNTs on the composites
were investigated by means of X-ray diffraction (XRD) and other tests. The results
show that graphene/natural rubber composites have high strain under uniaxial tension,
that the stress-strain curve of the modified rubber with a 1% mass fraction of graphene
is equivalent to that with 16% mass fraction of CB, and the ultimate tensile strength is

even 40% better [104, 105].

To investigate the effect of surface chemistry on the properties of graphene/natural
rubber composites, it is very important to control the degree of reduction of GO and
change the content of oxidized groups (COx). The results show that when the X value
1s 0.2, the dispersion and interfacial interaction in the graphene/natural rubber

composites are optimized [42].

The GO-reinforced composites were prepared by the emulsion aggregation and
aggregation methods. Studying the relationship between the fatigue properties and GO
addition led to the finding that the composites exhibited the best antifatigue properties
when the addition amount of GO was 1 part. Graphene-reinforced natural rubber
composites were prepared by emulsion mixing and an in situ reduction method, and the
results show that when 0.5 parts of graphene is added, 48% and 80% increases in tensile
strength and tensile, respectively, compared to those of raw gum are observed, showing

the excellent mechanical properties of the composite [106].

The effect of the morphological structure of reduced graphene oxide (rGO) on the
gas barrier properties of graphene/natural rubber composites was studied. The results
showed that rGO affected the vulcanization process of natural rubber and crosslinked
network construction. The barrier properties of composite materials to oxygen and
water vapor were significantly improved, confirming that the morphological structure

of the reinforcing fillers is crucial to composite performance [107].

Graphene/natural rubber composites were prepared with multilayer graphene (4 ~
8 layers) mixed via an emulsion method. The results show that the introduction of
multilayer graphene significantly improves the thermal conductivity of the rubber

composites [55].

To enhance the reinforcing effect, many nanofiller composites containing

graphene have been prepared and applied to the preparation of graphene/natural rubber
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composites, including the use of a nano-ZnO/Graphene composite filler (nano-ZnO-
GE) to prepare graphene/natural rubber composites. This filler improves the low rolling
resistance of graphene/natural rubber composites and is expected to replace ZnO fillers

for producing low fuel consumption tires [108].

Graphene/natural rubber composites were prepared using zinc dimethacrylate-
functionalized graphene as a filler through liquid phase separation and an in situ
reduction process. The performance tests showed that when the addition amount of
graphene was 1.4%, the tear strength and modulus were increased by 142% and 76%,
respectively. The thermal conductivity is correspondingly improved. The interfacial
bonding between graphene and a natural rubber matrix is enhanced by the ionic
crosslinking network. The partial replacement of CB with GO or rGO was performed
to prepare graphene/natural rubber composites containing two kinds of fillers
(NR/CB/rGO and NR/CB/GO), The research findings show that NR/CB/rGO has better
flex cracking resistance and lower fatigue heat generation than NR/CB/GO. The
graphene and natural rubber substrates were electrically modified and then
electrostatically self-assembled to prepare the graphene/natural rubber composites. The
percolation threshold of the composites was only 0.21% (volume fraction), while the
graphene filled up to 4.16% (volume fraction). Moreover, the composite had a
conductivity of 7.31 S/m. The hydrophilicity of GO and the lipophilicity of the matrix
were utilized to induce self-assembly and reduction at the water/oil interface in order
to prepare a well-dispersed natural rubber composite with a mass loading of 11%. High-
loading (30 PHR) graphene/natural rubber composites were prepared by a vacuum-
assisted self-assembly method. The test results show that the rubber composites have
high conductivity (104S/m) and excellent mechanical properties (tensile strength of 48
MPa, tensile modulus of 1.2 GPa) [109].

The relevant research studies present the following trends:

(1) To prepare graphene/rubber composites, an increasing number of self-assembly
experimental design concepts have been introduced to solve the problem of harsh

mixing conditions and poor process economy;

(2) To solve the problem with the internal interfacial interaction in composite materials,

modified graphene composite fillers have been synthesized,;

(3) Researchers have found that latex can be mixed with natural rubber, styrene-
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factors that affect the performance of composite materials.

Both SWCNTs and MWCNTs can be used to enhance thermosetting polymers
such as epoxies, polyurethanes, and phenolic resins [16]. CNTs can also be used to
reinforce thermoplastic polymers such as polypropylene (PP), polystyrene (PS) and
nylon. CNT composites can be regarded as a particulate composite material with
nanoscale size and a high aspect ratio. Compared to the mechanical properties of CNT
fillers and resin, the dispersion state of the CNTs is an even more important issue. This
article will focus on how to use CNTs to improve the properties of composites. The
aspect ratio, the orientation, and the interfacial forces between a CNT filler and a matrix

resin are also important considerations in the preparation of composites.

The elastic modulus and tensile strength of PS/CNT composites prepared by
dispersing carbon nanotubes with a high aspect ratio of 1.0 wt% in a PS resin matrix
are increased by 35% and 25%, respectively [112]. Similar enhancements can also be
seen in other literature reports. Some studies have shown that to improve the modulus
and strength of composites, the aspect ratio of CNTs should be large. When MWCNT-
reinforced epoxy resins with two different aspect ratios are used, only the MWCNTs
with a higher aspect ratio can improve performance of matrix [113]. However, the
corresponding tensile modulus and strength are only marginally increased (<5%),
possibly due to the agglomeration of the CNTs and the poorer interfacial forces with

the polymer matrix.

In fact, the dispersion state of CNTs is the most important factor in the preparation
of CNT/polymer nanocomposites. Good dispersion not only allows the filler to have a
sufficient surface area to bond with the polymer matrix but also prevents agglomerated
CNTs from becoming stress concentrators. Therefore, to obtain uniformly dispersed
CNTs, the content, length, entanglement, and viscosity of the matrix resin in the
composite must be considered. A large number of reports show that CNTs have a key
effect on the preparation of CNT composites [114, 115]. When the content of CNT is
below the critical filling content, the reinforcing effect of the composite increases with
as the CNT content increases. In contrast, when the content of the filler is above the
critical filling content, the mechanical properties of the composites will decrease as the
CNT content increases and even become worse than the mechanical strength of the pure

matrix resin.
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The results of these studies lead to the following conclusions:
(1) A high content of CNTs makes it difficult to achieve uniform dispersion;

(2) A high content of CNTs will affect the polymerization reaction. When
functionalized CNTs are used to prepare polymer composites, the influence of factor 2

is more obvious.

Different CNT dispersion methods greatly affect the mechanical properties of
CNT/polymer nanocomposites. The calendaring machine method can achieve the best

dispersion of CNTs and therefore can provide the best bending properties.

The use of "uniform dispersion" or "good dispersion" to evaluate the dispersion of
CNTs without any distinctive description is inaccurate. For traditional composites,
"dispersion" means that the filler is uniformly dispersed in the matrix resin without
agglomeration. Geometrically, the free orientation and orientation of the CNTs can
cause a large change in the properties of the composite. For example, freely oriented
and oriented CNT composites have 10% and 49% increases in storage modulus
compared with that of aligned CNT composites [11, 116, 117]. The directional

arrangement of CNTs is a special case of CNT dispersion.

Mechanical stretching, melt-spinning, dielectrophoresis, electric and magnetic
fields and other experimental methods can be used to achieve the orientation of CNTs

in a polymer matrix.

The orientation of CNTs depends on two factors: the CNT diameter and content.
Due to their improved stretching fluidity, CNTs with a small diameter can show an
increased degree of orientation, whereas large amounts of CNTs can cause
agglomeration, resulting in a decrease in the degree of orientation of the CNTs. The
orientation of CNTs can maximize the strength and modulus of the composites because
the mechanical properties of the composites are anisotropic. That is, the mechanical
properties along the orientation direction of the CNTs are increased, but the mechanical
properties perpendicular to the orientation direction of the carbon nanotubes are
sacrificed. For fiber-reinforced polymer composites, the external force loaded on the
CNT/polymer composite must be transferred to the CNT filler to provide the filler with
the primary load. The efficiency of load transfer depends on the interfacial forces
between the filler and the polymer matrix. It has been reported in the literature that

using physical or chemical methods to functionalize carbon nanotubes is an effective
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way to increase the interfacial forces between CNTs and the polymer matrix.

The use of CNTs with excellent mechanical properties as a reinforcing filler and
polymer matrix composite material can greatly improve the performance of composite
materials. At the same time, the excellent electrical, thermal and optical properties of
CNTs render CNT/polymer composites very useful. However, the perfect surface of the
CNTs makes it difficult to form a good combination between them and macromolecules.
The reason is that it is hard to effectively transfer the matrix load to the reinforcing
body through the interface. Moreover, obtaining CNTs with excellent mechanical
properties 1s difficult [12, 50, 118]. CNTs are also prone to agglomeration, and their
nonpolar surface makes it challenging to achieve good wetting with the polymer,
rendering the uniform dispersion of the carbon nanotubes in the polymer matrix
extremely difficult and thus affecting the performance of the composite. Problems with
the interface and dispersion are consistently the bottlenecks in the development of CNT-
reinforced polymer-based composites. CNT/polymer composites are ideal structural
materials due to their excellent mechanical properties, light weight, and resistance to
chemical and environmental corrosion. However, as noted earlier, their weak interface

limits their performance.
2.4.2.1. Mechanical properties

CNTs have a maximum modulus of 1 TPa, a tensile strength 100 times greater than
steel, and a density of only 1/6 of that of steel. The good mechanical properties and

unique structure of CNTs make them an ideal reinforcing filler for rubber composites.

Natural rubber usually has a modulus at 300% elongation of 1.8 MPa, a tensile
strength of 7.1 MPa and an elongation at break of 690%. After 25 parts of ball-milled
CNTs were added, the 300% modulus and tensile strength of natural rubber were
increased to 12.3 and 25.5 MPa, respectively, whereas the elongation at break decreased
to 490%. Lu et al. found that with the addition of MWCNTs, the tensile strength of
hydrogenated nitrile butadiene rubber (HNBR) increased from 13.3 MPa to 21.6 MPa,
and the 300% modulus increased from 1.30 MPa to 6.63 MPa [119]. The synergistic
effect between CNTs and silica greatly impact the mechanical properties of rubber
composites. As the amount of CNTs was increased and the amount of silica was
decreased, the tensile strength of rubber composites increased from 14 MPa to 17 MPa,

but the elongation at break was almost unchanged. When the amount of carbon
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nanotubes reached 10 parts compared to 80 parts of silica, the elongation at break of

the rubber composites was reduced from 400% to 300% [120].
2.4.2.2. Electrical properties

CNTs have not only good electrical conductivity but also a large aspect ratio. Therefore,
as long as a small amount of CNTs are added to the rubber matrix, a completely
conductive network structure can be formed to improve the electrical conductivity of

the rubber material.

The volume resistivity of rubber decreased from 10 Q « ¢cm to 10°Q « cm when 2
to 4 parts of CNTs were added to styrene-butadiene rubber. Therefore, the threshold
value of styrene-butadiene rubber composites is considered 2 to 4, which is far below
the 30 ~ 40 copies required for CB/styrene-butadiene rubber nanocomposites [121].
When the amount of CNTs is 1 to 2 parts, the electrical conductivity of CNT/rubber
composites is increased from 10"* S/cm to 10* S/cm, and there is a clear conductive
"threshold permeability” phenomenon [44]. The electrical conductivity and dielectric
constant of natural rubber increase as the amount of CNTs are increased. When the
amount of carbon nanotubes reaches or exceeds 6, however, the growth trend
disappears. The addition of CNTs can increase the conductivity of rubber materials, and
the required amount of carbon nanotubes is generally less than 5, which can effectively

avoid the problem of excessive cost [122].
2.4.2.3. Thermal properties

CNTs have high thermal conductivity and oxidation resistance, and a large number of
functional groups exist on their surface and fracture after acid treatment. These
functional groups can be directly bonded with the rubber molecular chain to increase
the crosslinking density in the matrix. Therefore, mixing CNTs and rubber can not only
improve the thermal degradation temperature of rubber but also reduce its heat

degradation rate.

After the addition of CNTs, the thermal degradation temperature of styrene-
butadiene rubber increased from 447.4°C to 455.1°C, and the thermal degradation
temperature of nitrile rubber increased from 445.7°C to 452.7°C [123]. The synergistic
effect between clay and CNTs on the thermal stability of HNBR has also been
investigated. When the amounts of clay and CNTs added were 5.0 and 0.8, respectively,

the temperature corresponding to the maximum thermal degradation rate of HNBR
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increased from 452°C to 457°C [124]. No significant initial difference in thermal
degradation temperature among the natural rubber, CB/natural rubber composites and
CNT/natural rubber composites were observed. However, during thermal degradation,
the CNT/natural rubber composites have the highest remaining mass among the
samples at every temperature [125]. A comparative test of high-temperature, high-
pressure performance between CNT/fluorine rubber composites and CB/fluorine
rubber composite shows that the former did not crack or leak when kept at 260°C and
239 MPa for 14 h, whereas the latter had broken and leaked when kept at 260°C and
165 MPa for the same operating time [126]. This result shows that the addition of CNTs
helps improve the stability of rubber composites in extreme environments such as high

temperatures and high pressures.

Rubber, as a traditional insulation material, usually has a thermal conductivity of
0.1~0.2 W/(m*K). By contrast, CNTs have good thermal conductivity. The maximum
thermal conductivity of SWCNTs is predicted to be 6600 W/(m*K), and the thermal
conductivity of MWCNTs is 3000 W/(m*K) [25]. A larger aspect ratio can help form a
complete and effective heat conduction network structure in the rubber matrix.
Therefore, CNTs are ideal fillers for the preparation of thermally conductive rubber

composites.

The effect of the amount of CNTs on the thermal conductivity of rubber has been
investigated. When the amount of carbon nanotubes is four parts, the thermal
conductivity of the rubber increases from 0.08 W/(m*K) to 0.14 W/(m*K) [127]. When
the addition amount of carbon nanotubes increases to 20%, the thermal conductivity of
thermoplastic polyurethane can reach 0.5 W/(m*K), which is three times greater than

that of pure thermoplastic polyurethane [128].

The excellent mechanical, electrical, and thermodynamic properties of CNT/rubber
composites give them potential applications in many fields, such as the automobile and
aerospace industries. However, although the addition of CNTs can improve the tensile
strength and modulus of rubber composites to a certain extent, the improvement has
been found to not be obvious, and the enhancement effect of CNTs 1s not better than
that of CB or silica. Moreover, CB and silica are much less expensive than carbon

nanotubes.

For example, when CNTs are added to a rubber composite, the elongation at break
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remains unchanged or is even reduced. This behavior may due to the "agglomeration"
and the poor interface between the matrix and filler. The structure of the CNTs is
another major contributing factor. In addition, although CNT/rubber composites have
fairly improved thermal conductivity compared with that of raw rubber, they does not
show the obvious phenomenon of "threshold infiltration", which may mainly be due to

the poord association between the rubber and CNT filler.

The heat conduction in composites of rubber and CNTs is dominated by the
"phonon conduction mechanism". When the CNTs are dispersed in a rubber matrix, the
phonon vibration among the scattered CNTs is weakened due to obstruction by the
polymer molecular chain. Therefore, to study the thermal conductivity of CNT/rubber
composites, we can research the structure of the thermal conductivity network in

composites and the thermal interface between CNTs and rubber matrices [129-131].

At present, the traditional thermal conductive fillers used for preparing thermally
conductive insulating polymer composites can be mainly divided into the following

categories:
(1) Metal filler, such as copper, silver, gold, nickel, and aluminum.
(2) Carbon filler, such as amorphous carbon, graphite, diamond, CNTs and graphene.

(3) Ceramic filler, which is the most widely used type, such as boron nitride, aluminum
nitride, silicon nitride, silicon carbide, magnesium oxide, beryllium oxide, aluminum

oxide, zinc oxide, and silicon oxide.

Commonly used carbon fillers are carbon fiber, graphite, diamond powder, CNTs
and graphene. Carbon has many different allotropes, and different allotropes have very
different thermal conductivities. For example, the thermal conductivity of amorphous
carbon is only 0.01 wm'k’!, whereas the thermal conductivity of diamond at room

temperature can exceed 2000 wm k!,
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Recently reported thermal conductivity values of carbon allotropes and the most

widely used thermal fillers are shown in Table 2-1.

Table 2-1 Thermal conductivity of various fillers at room temperature

Material Thermal conductivity [Material Thermal conductivity
Ag 417 BecO 240

Au 315 MgO 36

Al 240 A1,05 30

Ca 380 NiO 12

Fe 63 Si0; il

Mg 103 7n0O 21

Ni 01.4 CaO 15

Pt 71.4 SizNy 180

Sn 67 BN 290

Be 219 AIN 300

7Zn 121 SiC 80-120
Ti 22 Mica 0.71

Pb 35 Clay 0.15-2.5
Cu 398 MWCNTs 3180
Graphite 209 SWCNTs 3500
Graphene 14840-5300 Diamond 2000

Diamond has extremely high thermal conductivity and is now used in the

semiconductor industry to help dissipate heat.
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Figure 2-1 Thermal conductivity of various carbon allotrope fillers

Molecular dynamics simulation analysis of a functionalized CNT composite shows
that CNT functionalization can reduce the thermal interface of the CNTs and then
reduce their thermal conductivity. When the percentage of functionalized carbon
reaches 1%, further CNT functionalization will no longer affect the thermal
conductivity; that is, the thermal conductivity will be close to a constant value [132].
When different types of CNTs are used as a thermal conductivity filler in an epoxy
composite, the MWCNTSs have a smaller specific surface area than the SWCNTs, the
interface between the two phases in the composites is weakened, and the effect of
scattering on phonon conduction is weaker. Thus, the thermal conductivity of the
composite will be increased more. Another reason is that except for the outermost layer,
the inner wall of the CNTs does not interact with the epoxy matrix and therefore has a
lower coupling loss of the phonon conduction. This method is also useful to improve

the thermal conductivity of the composites [133].

The purification of CNTs has a great influence on the thermal conductivity of
composites. One study found that acid treatment of CNTs may cause defects, which
greatly affect their thermal conductivityy During the preparation of
polymethylmethacrylate matrix composites using MWCNTs or SWCNTs, the thermal
conductivity of the unpurified CNT composites is much higher than that of purified
CNT composites. The length and mixing state of CNTs also have a great influence on

the ultimate thermal conductivity [121].
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interface, the load can be effectively transmitted.

Polymer Mechanical interlocking

Figure 2-2 Sketch of mechanical interlocking at the interface

2.5.2.2. Chemical combination

Polymer chains

Chemical
bonding

Figure 2-3 Sketch of chemical bonding at the interface

The matrix reacts chemically with the reinforcing filler, forming a chemical bond
at the interface (see Figure 2-3). This reaction occurs with surface wetting control. At
the same time, we generally cannot think that the chemical reaction itself is chemical
binding, and the interface system can be described as a chemical combination only after
the chemical reaction. If the interface has a large number of brittle compounds after the
reaction, which results in the interfacial embrittlement, it cannot become a chemical
combination but instead should be considered a reaction inhibited combination. To
achieve a good chemical combination, researchers must choose the best preparation

parameters to control the extent of the interfacial reaction.
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orientation structure. However, the current technology for heat-conducting polymer
processing technology is complex and is inadequate for large-scale production.
Therefore, according to the modern microscopic theory of solid-state heat conduction,
preparing a thermally conductive polymer-based composite material by doping a
polymer matrix material with a metal oxide or an inorganic nonmetal powder is

currently still one of the main method to obtain a high-thermal-conductivity material.

For thermally conductive polymer-based materials, the thermal conductivity
depends on the synergistic effect of the polymer matrix and the thermally conductive
filler. The thermal conductive filler dispersed in the resin has various shapes, such as
granular, fibrous, and sheet-like. When the filler is added in a relatively low amount,
the filler particles are mainly present in an isolated form in the polymer matrix without
mutual contact with other particle. In this case, the continuous phase is also a polymer
matrix, and the filler is coated as a dispersed phase, much like the "island two-phase
system" structure in a polymer blend. However, when the filler is added at the
percolation threshold, the filler or filler aggregates will contact each other in the local
conductive chain, or a thermally conductive network will be formed in the composite
material. If the amount of filler is increased further, the local heat conduction chain or
the heat conduction net will be connected and will penetrate each other to form a heat
conduction network that runs throughout the whole polymer matrix. Then, both the
polymer and the filler will become a continuous phase, and the heat conduction network
of the filler aggregates and the polymer matrix will form a mutual penetration network
structure. As a result, the thermal conductivity of filled composites is significantly
improved. As shown in the figure, when the heat-conductive filler is added in a specific
amount, the particles come into contact with each other to form a path, and the polymer
will transition from a poor conductor of heat to a good conductor of heat. This
transformation is the so-called "percolation”; thus, the percolation theory applies to the
research and development of filled thermally conductive composites. Notably, the
thermal conductivity of the material can be greatly and rapidly improved only when the
conduction direction of the heat flow is exactly the same as the orientation direction of
the heat conduction net chain. If the conduction direction of the heat flow and the
orientation direction of the heat conduction net chain are not the same (e.g., the
direction of the heat conduction net chain is perpendicular to the conduction direction

of the heat flow), the filler will become an obstacle to heat conduction and cause high






functionalization by aromatics, surfactants, or polymers or the incorporation of ketones.
With the above methods, noncovalent modification can maintain the excellent inherent
properties of the carbon nanomaterials while significantly improving their solubility.
However, physical modification of the surface of the carbon nanomaterials can be a

problem when creating a load-bearing structure [144, 145].

Modified noncovalent carbon nanomaterials have been fabricated based on the
principle of gel stabilization. Researchers used charged inorganic ZrO; nanoparticles
as a stabilizing medium and found that the solution of ZrO; in the carbon nanotubes
was very stable. This stability is due to the electrical repulsion between ZrO; particles,
which allowed the carbon nanotubes to disperse uniformly in aqueous solution [32,

146].

Aromatic molecules such as pyrene, porphyrin, and their derivatives can be bonded
to the surface of carbon nanomaterials through the stacking effect of n-n bonds. Thus,
they constitute a new method for the noncovalent modification of carbon nanomaterials.
Conjugated polymers are considered the best species for the noncovalent modification

of carbon nanomaterials because of their aromatic rings and van der Waals forces [147].

At the same time, a surfactant can also induce surface modification, and the
physical adsorption of surfactants reduces the surface energy of carbon nanomaterials
through electrostatic repulsion, thereby effectively preventing carbon nanomaterial

agglomeration [143, 148, 149].

The efficiency of this method depends directly on the nature of the surfactant, the
chemical medium, and the polymer matrix. The following surfactants have been used

in combination with carbon nanomaterials [150, 151]:
(1) Nonionic surfactants such as polyoxyethylene lauryl ether and Triton X-100

@ Anionic surfactants such as sodium dodecyl sulfate (SDS) and sodium
dodecylbenzenesulfonate (SDBS)

(3) Cationic surfactants such as dodecyltrimethylammonium bromide (DTAB) and
cetyltrimethylammonium 4-vinylbenzoate(CTVB)

Surfactants are very effective in dispersing carbon nanomaterials, but because of
their toxicity, they cannot be applied in the biomedical field and thus limit the potential

of surfactants in biomedical applications [34, 111, 137, 152].












emission.

The orientation effect of the carbon nanotubes has been observed to be enhanced
after argon RF plasma treatment, and argon plasma is also used to excite the surface of

the carbon nanotubes in preparation for subsequent grafting [176].

Using hydrogenation by performing RF plasma treatment under hydrogen
increased the number of defects and improved the field emission properties, which is
due to the appearance of nodules produced by the bending of the graphite layer along
the sidewalls of the material. In hydrogen RF plasma processing, hydrogen ions
bombard the surface of carbon nanomaterials to remove carbon from the surface in the
form of methyl groups. However, a small portion of the methyl groups are redeposited
on the surface. The electrical properties of carbon nanomaterials (the formation of sp?
defects in the sp* graphite network) and the changes in their geometry lead to improved

field emission properties.
2.6.4.2. Plasma chemical modification

Carbon nanomaterials can be fluorinated by plasma treatment. Fluorination is one of
the most effective ways to modify carbon nanomaterials, as it can be followed by
derivatization [177, 178]. Unlike other fluorination reactions [179], CF4 plasma
treatment can enhance the activity of carbon nanomaterials and aliphatic amine
compounds at room temperature. It has been reported that two minutes of CF4 plasma
treatment can increase the field emission current of materials [180]. When carbon
nanomaterials are subjected to the CF4 plasma, fluorine atoms are grafted onto the
surface of the material. The quantity of grafted fluorine atoms was determined by X-
ray photoelectron spectroscopy (XPS), and the Raman spectrum reflected the change
in the structure of the surface-treated carbon nanomaterials. High-resolution TEM
shows that the outer wall of the materials is grafted with fluoride. Carbon nanomaterials
treated with NH3 glow discharge plasma are superhydrophobic [181]. Hydrophobic
carbon nanomaterials are obtained in less than one minute of processing time. Work on
grafting oxygen-containing groups by plasma treatment has been extensively reported.
Carboxyl and hydroxyl groups are grafted onto the surface of carbon nanomaterials by
02 and CO; RF plasma treatment to form polar groups and increase the binding of
carbon nanomaterials to polymer resins [182]. The oxygen content, as calculated by

XPS, is up to 14%. The oxygen grafting efficiency during the plasma treatment can be









2)

3)

4)

long-chain alkyl groups, PS, styrene-ethylene/butylene-styrene (SEBS) and PP
chains. This process will greatly improve the dispersion of carbon nanomaterials in

the rubber matrix.

Using different chemical treatments to modify the surface of MWCNTSs, such as
acid oxidation and amination. In addition, we study and explore the effect of
different treatments on the morphology, structure and dispersion of carbon
nanotubes. We also explore the interfacial bonding strength between carbon

nanotubes and rubber matrices.

The J-integral is used to characterize the antifatigue properties of rubber composites.
We also characterize the process of crack initiation and crack propagation by the J-
integral. The strain energy density, which can predict the fatigue lifetime of rubber
composites, is calculated from the area under the stress-strain curve. In addition, we
explore how to use the strain energy density to measure the crack growth rate in the

constant tensile strain condition.

Using a fracture method to explore the dynamic fatigue properties of rubber
composites. First, we prepare rubber composites by mechanical blending. Then,
precut specimen are used to test fatigue properties of the rubber composites. In
addition, we explore the synergies between different key factors in carbon
nanomaterials and the effect of the dispersion state, filler network, strain-induced

crystallization and tearing energy on rubber composites.
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Chapter 3. Materials and Methods

3.1. Materials and reagents

The materials and reagents used in this thesis are as follows.

Table 3-1 Materials and reagents

Materials and Reagents Standard Company

MWCNTs Shenzhen Nangang Port Technology
Sulfuric acid AR Sigma-Aldrich Co., Ltd

Nitric acid AR Sigma-Aldrich Co., Ltd

Thionyl chloride AR Sigma-Aldrich Co., Ltd
Dimethylformamide (DMF) AR Sigma-Aldrich Co., Ltd
Ethylenediamine AR Sigma-Aldrich Co., Ltd
Tetrahydrofuran (THF) AR Sigma-Aldrich Co., Ltd
Dichloromethane (DCM) AR Sigma-Aldrich Co., Ltd

Ethanol AR Sigma-Aldrich Co., Ltd

Sodium hydroxide AR Sigma-Aldrich Co., Ltd
Hydrochloric acid AR Sigma-Aldrich Co., Ltd

Sodium carbonate AR Sigma-Aldrich Co., Ltd

Sodium bicarbonate AR Sigma-Aldrich Co., Ltd

Potassium hydrogen phthalate AR Sigma-Aldrich Co., Ltd

GO Shenzhen Nangang Port Technology
Graphene Shenzhen Nangang Port Technology
Octadecylamine 07% Sigma-Aldrich Co., Ltd
Dicyclohexylcarbodiimide 99% Sigma-Aldrich Co.. Ltd

Thionyl chloride AR Sigma-Aldrich Co., Ltd

Propargyl alcohol 99% Sigma-Aldrich Co.. Ltd
Tricthylamine AR Sigma-Aldrich Co.. Ltd
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Chloroform AR Sigma-Aldrich Co., Ltd
CuBr AR Sigma-Aldrich Co., Ltd
PMDETA AR Sigma-Aldrich Co., Ltd
Styrene AR Sigma-Aldrich Co., Ltd
IChlorobenzene AR Sigma-Aldrich Co., Ltd
Styrene-cthylene/butylene-styrene  |G1651 Shell Co., Ltd

(SEBS)

Dioxane AR Sigma-Aldrich Co., Ltd
Trimethylchlorosilane AR Sigma-Aldrich Co.. Ltd
SnCly AR Sigma-Aldrich Co., Ltd
NaN; AR Sigma-Aldrich Co.. Ltd
Diaminodiphenylmethane (DPA) 99% Sigma-Aldrich Co., Ltd
Xylene AR Sigma-Aldrich Co., Ltd
NR | Hainan Nature Rubber Co., Ltd.
INR latex 60 wt% Hainan Nature Rubber Co., Ltd.
Carbon black N234 Guoyao Company
Carbon black N330 Guoyao Company

Si0; Guoyao Company
Graphite Sigma-Aldrich Co., Ltd
Hydrazine hydrate 80wt% Sigma-Aldrich Co., Ltd
Sulfuric acid O98wt% Sigma-Aldrich Co., Ltd
KMnO, AR Sigma-Aldrich Co., Ltd
NaNOQ; AR Sigma-Aldrich Co., Ltd
HCl 36~38% Sigma-Aldrich Co., Ltd
NH;-H-0 25 wt% Sigma-Aldrich Co., Ltd
H,0- 30 wt% Sigma-Aldrich Co., Ltd
CsHs AR Sigma-Aldrich Co., Ltd










graphene (Modified-Graphene-1).
A suspension of 5 mg of Modified-Graphene-1 was prepared by dispersion in 20 mL
of xylene. The Modified-Graphene-1 suspension was suction-filtered with a PTFE filter

(0.22 um pore size, 47 mm diameter) to give a paper-like substance.
3.2.2.2. Polymer-modified GO
1) Preparation of alkyne-containing GO (Modified-GO-1) at the tail

GO (100 mg) was refluxed in 20 mL of thionyl chloride at 70°C for 24 h. After swirling
to remove the thionyl chloride, the resulting solid was dried overnight in a vacuum oven
at room temperature. Then, the product was slowly mixed with 3 mL of alcohol, 3 mL
of purified chloroform and 1 mL of purified triethylamine at 0°C. After the reaction had
proceeded in an ice-water bath for 1 h, stirring was continued for 24 h at room
temperature. After the reaction was terminated, the reaction solution was filtered with
a 0.22 um pore size PTFE membrane. The filter cake was washed with ethanol four
times and with deionized water twice and then dried in a vacuum oven at 35°C to obtain

Modified-GO-1
2) Synthesis of azido-modified monodisperse polystyrene (N-PS)

AEBIB (an azide-bearing ATRP initiator, 45.4 mg), 27.61 mg of CuBr, 80 ul of
PMDETA, 2 g of purified styrene and 2 g of purified chlorobenzene were mixed. After
3 "freeze-pump-thaw" cycles, the reaction was sealed and heated to 90°C for 8 h. The
product was diluted with THF, and the catalyst was removed through a neutral alumina
column. Next, the product was precipitated in methanol. The collected solid was dried
in a vacuum oven at room temperature overnight to give N-PS. The gel permeation
chromatography (GPC) results show that N-PS has a molecular weight of 4600 and an

excellent monodispersity of 1.04.

3) Synthesis of azido-modified styrene-ethylene/butylene-styrene triblock copolymer
(N-SEBS)

The synthesis of N-SEBS involves two steps: the chloromethylation of SEBS and the
azidation of chloromethyl SEBS. SEBS is placed in an ice-water bath with the mixing
of12 mL of trimethylchlorosilane and 2 mL of SnCls. The reaction proceeded at 0°C
for 0.5 h and then was placed at room temperature for 6 h. Next, 50 mL of a mixed
solvent of methanol/water was added to stop the reaction. The product CH,CI-SEBS

was obtained by suction filtration, washed repeatedly with chloroform and then dried
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in a vacuum oven overnight.
4) Preparation of monodisperse PS on GO (PS-GO)

Modified-GO-1 (20 mg), 200 mg of N-PS, 6.2 mg of CuBr, and 10 pL of PMDETA
were dissolved in 15 mL of purified DMF. After 3 “freeze-pump-thaw” cycles, the flask
was sealed and stirred at room temperature for 48 h. The product was washed with THF
and isolated via filtration with a 0.22 pum pore size PTFE filter. The filter cake was
washed with THF five times and dried in a vacuum oven overnight at room temperature

to provide PS-GO.
5) Preparation of SEBS grafted onto GO (SEBS-GO)

Modified-GO-1 (40 mg) was mixed with 400 mg of N-SEBS. After 3 “freeze-pump-
thaw” cycles, the reaction flask was sealed and reacted at room temperature for 24 h.
After completion of the reaction, the reaction mixture was suction-filtered with a PTFE
filter having a pore size of 0.22um. The filter cake was washed with THF five times

and dried in a vacuum oven at 40°C to obtain SEBS-GO.
3.2.2.3. Grafted polypropylene chain onto GO
1) Preparation of tail-end amino-containing GO (NH2-GO)

GO (500 mg) was dispersed in 200 mL of THF by sonication. Then, 500 mg of
diaminodiphenylmethane (MDA) was added. The mixture was heated to 80°C and
refluxed for 6 h. After termination of the reaction, the reaction product was collected
via suction filtration with a 0.22 pm pore size PTFE membrane. The filter cake was

washed with ethanol four times and dried in a vacuum oven at room temperature to

obtain NH2-GO.
2) Preparation of PP grafted onto GO (PP-GO)

NH2-GO (400 mg) was sonicated in 80 mL of xylene. Then, 800 mg of maleic
anhydride-grafted polypropylene (MAPP) was added. The mixture was heated to 140°C
and refluxed for 3 h. After the reaction was terminated, the reaction mixture was
suction-filtered (using a 0.22 um pore size PTFE filter). The filter cake was rinsed with

toluene for 48 h and then dried in a vacuum oven at 90°C to obtain PP-GO.
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The curing temperature was 143°C, and the pressure was 15 MPa. The curing time was

the optimum curing time too

Table 3-3 Experimental formula of composites

Samples |Graphene -Graphene- (Graphene -Graphene -(Graphene 4Graphene +Graphene A
0 0.5 1 3 5 7 0
Graphene |0 0.5 1 3 5 7 9
Natural ~ |100 100 100 100 100 100 100
rubber
7ZnO 5 5 5 5 5 5 5
4010 NA 2 2 2 2 2 2 2
Wax 1 1 1 1 1 1 |
Stearic 2 2 D D D 2 2
Acid
Sulfur 1.8 1.8 1.8 1.8 1.8 1.8 1.8

3.3. Characterization

3.3.1. Thermogravimetric analysis

Thermogravimetric analysis (TGA) of the samples was carried out by a TGA-DSC
analyzer from Mettler-Toledo under Nz protection. The temperature ranges were set

from 50 to 600°C with a heating rate of 10°C/min.
3.3.2. Raman spectroscopy

A Renishaw inVia Reflex micro-Raman spectrometer was employed to obtain Raman

spectra at an excitation wavelength of 514 nm.
3.3.3. Fourier transform infrared (FT-IR) spectroscopy

MWCNTs and KBr were ground into tablets, and spectra were obtained from a Nicolet-
6700 FT-IR infrared spectrometer (Thermo Instruments, USA) with a resolution of 2
cm. The test range was 4000 ~ 400 cm.

Regarding the graphene and paper-like material of Modified-Graphene-1 (obtained

by suction filtration), IR spectroscopic analysis was performed in total reflection mode.
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g of potassium hydrogen phthalate were accurately weighed.

NaOH standard solution calibration: 0.013 g of potassium hydrogen phthalate was
dissolved in 40 mL of boiled deionized water. Then, two drops of phenolphthalein were
added as an indicator. The solution was titrated to a pink color with NaOH solution.
The volume of the NaOH solution consumed was recorded, and this procedure was
repeated twice. A blank experiment was conducted via the same method. With the
equation listed below, the concentration of the NaOH standard solutions can be

calculated.

m
(V1 = V:) % 0.2042

c=

Equation 3-1
c¢: Actual concentration of NaOH standard titration solution in mol/L;
m: mass of potassium hydrogen phthalate in g;
V1: dose of NaOH standard titration solution in L;
V2: dose of NaOH standard titration solution in the blank experiment in unit L;

0.2042: mass of potassium hydrogen phthalate in g equivalent to 1.00 mL of NaOH

standard titration solution [C (aomy=1 mol/L].
3.3.8.2. Preparation of HCI standard solution

Preparation of hydrochloric acid standard solution: 0.91 mL of 38% hydrochloric acid
was added to a 1000 mL volumetric flask. Deionized water was added to the mark on

the flask. After shaking, the resulting solution was called the standard solution.

Anhydrous sodium carbonate pretreatment: 1 g of anhydrous sodium carbonate

was placed in a vacuum oven and dried under vacuum at 100°C for 12 h.

Hydrochloric acid standard solution calibration: 0.010 g of anhydrous sodium
carbonate was dissolved in 40 mL of deionized water. A total of 3 drops of methyl
orange was added as an indicator. The as-prepared solution was titrated with
hydrochloric acid solution until the color turned orange-red. The volume of
hydrochloric acid solution consumed was recorded, and this procedure was repeated
twice. The same method was used to conduct the blank experiment. The concentration

of the standard hydrochloric acid solution can be calculated with the following formula.

i, .78



m
v, — v, )x 0.0530
(M -w)

c=

Equation 3-2
c¢: Actual concentration of the hydrochloric acid standard titration solution in mol/L;
m: mass of anhydrous sodium carbonate in g;
Vi: volume of hydrochloric acid standard titration solution in L;

Va: dose of hydrochloric acid standard titration solution used in the reagent blank

experiment in L;

0.0530: mass of reference anhydrous sodium carbonate in g equivalent to 1.00 mL of

hydrochloric acid standard solution [C @en=1 mol/L].
3.3.8.3. Preparation of Na2CO; standard solution

Anhydrous sodium carbonate was dried under vacuum at 100°C for 12 h. Anhydrous
sodium carbonate (1.060 g) was dissolved in deionized water in a 1000 mL volumetric

flask. The concentration of the as-prepared Na2COs solution is 0.01 mol/L.
3.3.8.4. Preparation of NaHCOj3 standard solution

Preparation of NaHCOs solution: 0.860 g of dried sodium bicarbonate was dissolved

with an appropriate amount of deionized water in a 1000 mL volumetric flask.

Calibration of the NaHCOs3 solution: 10 mL of NaHCO3 solution was titrated by
calibrated HCI solution with one drop of methyl orange as an indicator. The volume of
HCI solution consumed was recorded. The procedure mentioned above was repeated
twice. From the formula below, the concentration of the NaHCOs standard solution can

be calculated.
c=cv [v
Equation 3-3
c¢: Concentration of NaHCO3 solution in mol/L;
¢2: Concentration of HCI solution in mol/L;
v1: volume of HCI solution in mL;

v: volume of NaHCOs liquid in mL.
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3.3.9. Oxygenated functional groups on acidified CNTs

Boehm pointed out that NaOH solution can react with all acidic groups on the surface
of MWCNTs, including carboxyl groups, carbonyl groups and hydroxyl groups.
NazCOs solution can react with carboxyl groups and hydroxyl group, while NaHCO3
solution can react only with carboxyl groups. Therefore, the content of oxygen-
containing functional groups on the surface of MWCNTs can be determined by
dissolving the Modified-MWCNTs-1 in excess NaOH solution, Na;COs solution and
NaHCO3 solution, respectively. Then, hydrochloric acid (HCI) was used to titrate the

amount of the corresponding substance left.

Modified MWCNTs (0.100 g) prepared with different mixed acid doses and
acidification times were placed in a 100 mL beaker. A certain amount of NaOH solution,
Na2COj3 solution or NaHCOj5 solution was added to formulate mixed solutions. The as-
prepared solution was reacted for 24 h. The volume of HCI solution needed to titrate

the solution to pH=7.00, pH=3.89 and pH=3.89, respectively, was recorded.
3.3.10. Vulcanization characteristics

The vulcanization characteristics of samples were determined by a rotorless vulcanizer

to obtain an optimum cure time tog at 143°C.

3.3.11. Mechanical behavior

Figure 3-1 Universal testing machine

-54 -



Figure 3-2 Dynamic fatigue testing machine

The mechanical properties of rubber were tested with a universal testing machine based
on testing standards ISO 37:2011 and ISO 34-1: 2010. Additionally, the Shore A
hardness of samples was tested via the standard ISO 868: 2003.

3.3.12. Rubber processing analysis

Figure 3-3 Rubber processing analysis RPA2000
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The composite material shear storage modulus and strain amplitude relationship was
determined by an Alpha Technologies RPA2000 rubber processing analyzer (USA).
The rubber mixture was first placed on a sample stage of the RPA2000 for vulcanization

at a temperature of 143°C for a time of too. The temperature was then decreased to 60°C.
3.3.13. Dynamic mechanical thermal analysis

The dynamic thermomechanical properties of the composites in tensile mode were
characterized by a dynamic mechanical thermal analyzer (DMTA) manufactured by
Metravib Company. The sample size was 15x15%2 mm, the temperature range was -80

to 40°C, the dynamic strain amplitude was 0.1%, and the frequency was 5 Hz.

Figure 3-4 Dynamic mechanical thermal analyzer

3.3.14. J-integral test

3.3.14.1. J-integral calculation for single-notch tensile specimens (SNTSs)

1
] = ~(0U10A) = — 5 (0UI0a),

Equation 3-4

For the natural rubber composites, we used single-notch tensile specimens (SNTSs) to
conduct the J-integral test. The width W of the SNTSs with different crack lengths was
15 mm. A sharp blade was used to cut cracks of different lengths in the middle of one
side of the specimen. The lengths of the cracks ranged from 1 mm to 12 mm with 1 mm
intervals. The stretching rate was 20 mm/min. The tensile curves of SNTSs with precut

cracks of different lengths were obtained. The function of the strain energy “U” and the
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precut length “a” under a fixed displacement was obtained through calculation. The
relationship between “U” and “a” under a fixed displacement is exhibited in Figure 3-5.
A quadratic function and a linear function were used to fit the relationship between the
strain energy and the precut length. Notably, R? is significantly greater for the linear

function than for the quadratic function.
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Figure 3-6 Function of displacement

Therefore, in this study, we used a quadratic function to fit and calculate the J-

e



integral according to the above equations. The J-integrals calculated under different
displacements are shown in the Figure 3-6. For SNTSs under a constant displacement,

€LY

the J-integral value increases as “a” increases.
3.3.14.2. J-integral calculation on pure shear specimens (PSSs)

For the composites prepared in the experiment, we also performed J-integral tests on
the pure shear specimens (PSSs). The cut sample had a length of 40 mm, a width of 10
mm and a thickness of 2 mm. The cut length was approximately 3-24 mm. The details
of the J-point calculation are described above. In short, after removing the Mullins
effect on the sample, a sharp blade is used to cut different length cracks in the middle
of the samples. The stress-strain curves of specimens with different precut lengths were
recorded at a stretching rate of 3 mm/min. The J-integral value is calculated according
to the above equation. The “U” and “a” of the shear specimen show a strictly linear
relationship, as shown in Figure 3-7. Therefore, for PSSs, the J-integral at a constant

strain is independent of the crack length “a”.
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Figure 3-7 Linear relation between the strain energy and precut length
3.3.14.3. Critical J-integral Jic and tear modulus Tr

In this study, the crack-tip opening displacement (CTOD) was used as the starting point
of the crack tip, and the J-integral at the CTOD was used as the critical J-integral Jic to
characterize crack initiation behavior. During the test, the critical displacement

corresponding to CTOD=0.1 mm can be determined. In addition, the corresponding Jic
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value can be determined. The tear modulus Tr, which characterizes crack resistance,
was calculated according to the following equation

aJ

T, = \CTOD € [0.1mm,0.5mm)
dCTOD

Equation 3-5

To observe crack initiation and crack propagation more easily, the sample was
spread over a uniform layer of silver powder. A digital camera was used to observe the
size of the CTOD over time. Photoshop software was used to measure the exact value
of the CTOD. The curves of the ratio of the J-integral to the CTOD for different precut

length samples were obtained. In addition, the corresponding Tr values were obtained.
3.3.15. Dynamic fatigue crack propagation test

3.3.15.1. Dynamic fatigue testing on SNTSs

Figure 3-8 Dynamic and fatigue testing systems

For the composites prepared in this study, a dynamic fatigue test was performed on
SNTSs with a precut length of 1 mm. Before cutting composite coupons, the specimens

were prefatigued 2000 times to eliminate the Mullins effect and residual deformation.
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The specimens were subjected to fatigue testing under constant strain conditions on an
8802 dynamic and fatigue testing system manufactured by INSTRON Co., Ltd. The

test strain was 30%-100% with a sine wave at a frequency of 5 Hz at room temperature.
3.3.15.2. Dynamic fatigue testing on PSS

For the composites prepared in this study, we prepared shear specimens for fatigue
testing. The PSSs had a length of 40 mm, a width of 10 mm and a thickness of 2 mm.
The precut length was 3 mm. The test was performed using a DMA+450 dynamic
fatigue tester manufactured in France with a frequency of 20 Hz with a sine wave at a
temperature of 23°C. The fatigue crack growth rate, da/dN, was tested under different
tearing energies (500, 1000, 1500 and 2000 J/m?). The specimen should be damaged
prior to the test. Then, the constant tearing energy was determined with the
corresponding constant strain. To find da/dN, the length of the crack was observed by
a microscope fitted to a fatigue tester after the sample underwent the fatigue cycle N

times.

3.3.16. Strain energy density (SED) and hysteresis energy density (HED)

Hysteresis Energy Density(HED)

Stress

Strain Energy Density(SED)

Strain

Figure 3-9 SED and HED schematics

Figure 3-9 shows a cyclic stress-strain curve. A sample without a precut crack was used
for our testing. As shown in the figure, the strain energy density (SED) is calculated
from the integrated area below the recovery curve of the fifth cycle to exclude the

Mullins effect. Then, we can see the hysteresis energy density (HED), which is a
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parameter that characterizes the energy dissipated during cyclic deformation. In
addition, the HED was obtained by measuring the hysteresis loop. The hysteresis loss

H (%) at a given strain is the percentage of the HED over the total area of the integral.
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Chapter 4. Composites of Natural Rubber and Carbon

Nanotubes

4.1. Introduction

Carbon nanotubes (CNTs) have excellent mechanical properties, electrical properties,
thermal conductivity and optical properties, making them a very attractive prospect in
the field of high-performance composites. However, CNTs are highly polarized and
have a smooth surface. There are strong van der Waals forces between CNT particles;
thus, CNTs are prone to agglomeration, which often leads to the formation of bundles
of dozens or even hundreds of nanotubes. As a result, the applications of CNTs are
limited [65, 79, 190]. The purpose of using CNTs as a filler to enhance composites is
ensure the effective dispersion of the CNTs. However, CNTs tend to agglomerate. Due
to the lack of active groups on their surface, CNTs are hardly soluble in water. Their
poor solubility limits the commercialization of CNTs despite their superior physical and
chemical properties. If CNTs used as a reinforcing filler can be uniformly dispersed in
the natural rubber and form good interfacial compatibility with the natural rubber
matrix, then the mechanical properties and thermal conductivity of composites can be

effectively improved.

At the same time, the surface of CNTs is highly nonpolar, making them insoluble
in all solvents and polymers [80, 119]. Therefore, to improve the dispersibility of CNTs
in rubber matrices and enhance the interfacial compatibility between CNTs and rubber
matrices, improving the surface activity of CNTs by grafting functional groups onto
their surface is necessary. Recently, many studies on functionalization of CNTs have
focused on the macroscopic properties of polymers. Additionally, many studies have
confirmed that grafting organic functional groups onto the surface of CNTs can
effectively functionalize CNTs. Functionalization results in a reduction in the surface
energy of the CNTs, which prevents aggregation and improves their dispersibility
performance in matrices. Thus, the interfacial adhesion between CNTs and polymers
can be enhanced. To establish a good binding force between the CNTs and the natural
rubber matrix, the CNTs were modified with reactive amine groups. The specific

research ideas are listed below:

The diamine-grafted CNTs can react with the active groups in natural rubber, which
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atoms with amine groups by placing Modified-MWCNTs-2 in ethylenediamine. A

schematic diagram of the reaction process is shown in Figure 4-1.

Q
—C-Cl NH,(CH,),NH,
-
—c-cl
o]

0

—HTen — C~NH(CH,),NH,

socl,

H,S0./HNO,
= i
(.:': OH DMF

-C~NH(CH;);NH,
o}

Figure 4-1 Scheme for the preparation of amine-functionalized MWCNTs

A variety of characterization techniques are used to investigate the morphology and
structure of functionalized CNTs before and after the modification process.
Additionally, the modification grafting efficiency is evaluated to determine the best
modification conditions for the preparation of high-performance CNT/rubber

composites.
4.2.1.1. Reaction parameters for the acidification of carbon nanotubes

1) Effect of mixed acid dose on the structure of carbon nanotubes

100nm

Figure 4-2 (a) MWCNTs treated at S0°C for 2 h with different amounts of mixed acid:
(b) 60 mL, (c¢) 80 mL, (d) 120 mL, (e) 160 mL, and (f) 200 mL.

Figure 4-2 shows SEM images of MWCNTs-0 and Modified-MWCNTs-1 obtained
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after mixed acid treatment with various volumes of mixed acid at 50°C for 2 h. The
multiwalled carbon nanotubes (MWCNTs) show an irregular winding state,

demonstrating there was no adhesion and no agglomeration between the MWCNTs.

When the amount of mixed acid was 60 mL, the MWCNTs were uneven in
thickness and irregular in winding state. Figure 4-2 ¢ and d show that when the mixed
acid amount is 80 mL and 120 mL, the MWCNTs have a uniform thickness and good
dispersibility. Importantly, in these figures, some of the MWCNTs are cut off, and many
short tubes appear, which greatly reduced the degree of MWCNT entanglement and
improved the dispersibility of the MWCNTs in solution. When the volume of the mixed
acid solution increased to 160 mL and 200 mL, most of the MWCNTSs became thinner,
and the dispersion of the MWCNTs worsened, indicating that the structure of the
MWCNTs was greatly damaged. Therefore, when the amount of mixed acid is 80 mL
and 120 mL, the MWCNTs can be effectively reduced, and the dispersion of the
MWCNTSs can be improved.

Weight/%
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Figure 4-3 TGA curves of MWCNTs. (a) MWCNTs-0 and MWCNTs treated with
different volumes of mixed acid at 50°C for 2 h: (b) 60 mL, (¢) 80 mL, (d) 120 mL, (e)
160 mL, and (£)200 mL.

Thermogravimetric analysis (TGA) was performed before and after modification
to confirm the effect of the mixed acid dose on the modification of the MWCNTs.
Figure 4-3 shows the TGA curves of MWCNTs-0 and Modified-MWCNTs-1 treated
with 60, 80, 120, 160 and 200 mL of mixed acid at S0°C for 2 h. All the TGA tests were
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conducted under an inert atmosphere at a heating rate of 10°C/min. From the curves, it
can be seen that under an inert atmosphere, MWCNTs-0 hardly decompose during TGA.
Regarding all the MWCNT samples modified by acidification, obvious weight losses
appear. The weight loss comes from the decomposition of oxygen-containing functional
groups grafted onto the surface of the MWCNTs. Curve b shows that when the volume
of mixed acid used is 60 mL, the weight loss rate of the MWCNTs is the lowest.
Combined with the SEM images, the TGA results reveal that when the amount of mixed
acid is too small, fewer oxygen-containing functional groups are grafted onto the
surface of the MWCNTs, and there is less damage to the MWCNTs. Thus, the weight
loss rate is also small. When the mixed acid dose is 80 mL or 120 mL (see curves ¢ and
d), the weight loss rate of the MWCNTSs obviously increases. In addition, the initial
weight loss temperature moves to a lower temperature. The weight loss rate also
increases as the content of oxygen groups introduced on the surface of the MWCNTs
increases. With increasing mixed acid dose, the weight loss rate tends to decrease.
Moreover, the SEM images show when too much mixed acid is used, a large adhesion
area between the MWCNTs appears, indicating that too many oxygen-containing
functional groups were grafted onto the surface of the MWCNTs because of the excess
acid. On the other hand, excessive etching will remove some reactive carbon. This loss
of reactive carbon causes the remaining carbon structure to be extremely stable, which

makes it difficult for the structure to lose weight during TGA analysis.

To quantitatively analyze the effect of different mixed acid doses on the
modification of MWCNTs, acid-base titration was used to characterize the samples.
The results are shown in below in Table 4-1. It can be seen that as the volume of mixed
acid increases, the total content of oxygen-containing functional groups on the
MWCNT surface first increases and then decreases, which is consistent with the TGA
results. When the 80 mL of mixed acid is used, the total content of oxygen-containing
functional groups on the MWCNT surface is 1.416x10° mol/g. The reason is that, as
the volume of mixed acid increases, the oxidation capacity is enhanced. Thus, at the
same oxidation time, more of the dangling bonds (unsaturated carbon atoms) on the
surface of MWCNTs are oxidized to -COOH. The number of -C=0 and -C-OH groups
also increases. Overall, the total content of oxygen-containing functional groups
increased. The following table also shows that when the mixed acid dose is 80 mL, the

MWCNT surface carboxyl content is the largest, which is 5.260 x 10*mol/g.



Table 4-1 Results for Modified-MWCNTs-1 treated with different mixed acid volumes

Volume ofi60 30 120 160 200

mixed acid/mL

Total  acidic[l.132x107 1.416x107 1.4111x10°  [1.374x107 1.281x107
groups (mol/g)

Carboxyl 4.002x10* 5.150x10* 4.962x10* 4.583x10* 4.044x10*
groups (mol/g)

The combination of the SEM images, TGA curves and acid-base titration results
indicate that when the volume of mixed acid is 80 mL or 120 mL, the MWCNTs show
good dispersibility, a small degree of entanglement, a large weight loss rate and an
increased content of oxygen-containing functional groups. From economic and

environmental points of view, the final choice for the optimal mixed acid dose is 80 mL.

2) Effect of mixed acid treatment time on the composition and structure of carbon

nanotubes

Figure 4-4 SEM images of MWCNTs: (a) MWCNTs treated at S50°C with 80 mL of
mixed acid for (b) 1 h, (¢) 2 h, (d) 3h and (¢) 4 h.

The SEM images in Figure 4-4 are images of MWCNTs-0 and Modified-
MWCNTs-1 treated for 1, 2, 3 and 4 h with 80 mL of mixed acid at 50°C. Figure 4-4

shows that the MWCNTSs are not uniform in thickness and that there is no obvious
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change in the degree of entanglement when the acidification time is 1 h. This result
indicates that when the acidification time is too short, the damage to the structure of

MWCNTs is minor, and the degree of acidification is not uniform.

Figure 4-4 ¢ shows that MWCNTs prepared with an acidification time of 2 h have
a uniform thickness and good dispersion. In addition, some of the MWCNTs are
truncated, and many short tubes appear. The degree of wrapping of the MWCNTs is
also greatly reduced. This change is conducive to improving the dispersion of the
MWCNTs in solution or in a polymer. With further prolongation of the acidification
time to 3 h and 4 h, serious agglomeration and agglomeration, respectively, appear. The
structure of the MWCNTs was severely damaged, and many broken and thin tubes
appeared. In addition, their dispersion became worse. To further evaluate the effect of
acidification time, the MWCNTs modified for different acidification times were

characterized by TGA.

Figure 4-5 shows TGA curves for MWCNTs-0 and Modified-MWCNTs-1 obtained
after 1, 2, 3 and 4 h of treatment with 80 mL of mixed acid at 50°C under an inert
atmosphere. It can be concluded that the MWCNTs obtained after different acidification
times show obvious weight loss under an inert atmosphere. In addition, the weight loss

comes from the decomposition of the oxygen-containing functional groups grafted onto

the MWCNT surface.
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Figure 4-5 TGA curve of MWCNTs: (a) MWCNTs treated at S0°C with 80 mL of mixed
acid solution for (b) 1 h, (¢c) 2 h, (d) 3 h and (e) 4 h.
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Curve b shows that the weight loss rate of the MWCNTs with the acidification time
of 1 his the lowest. Combined with the SEM images, these results reveal that when the
acidification time is too short, the weight loss rate is small, indicating that the surface
of the MWCNTs have fewer oxygen-containing functional groups. In curves ¢ and d,
compared with that of the MWCNTSs treated for 1 h, the weight loss rate of the
MWCNTs prepared with acidification times of 2 h and 3 h increased obviously.
Combined with the SEM images, the TGA suggest that the surface of these MWCNTs
was grafted with more oxygen-containing functional groups. In addition, their structure
was destroyed to a certain extent as the rate weight loss increases. Regarding the 3 h
acidification time sample, although there was significant weight loss, the MWCNT

surface was still grafted with a certain content of oxygen-containing functional groups.

However, the SEM images of these MWCNTs showed that they were aggregated. In
addition, the weight loss rate decreased with increasing mixed acid treatment time. The
longer the mixed acid treatment time was, the greater the adhesion between the
MWCNTs. Furthermore, the thickness of the MWCNTSs became small and uniform,
indicating that the acidification treatment time is too long. This resulted in serious
damage to the structure of the MWCNTs themselves, increasing the content of surface

hydrogen bonds, decreasing the weight loss rate and making their dispersion uneven.

Table 4-2 Results for Modified-MWCNTs-1 treated for different times

Reaction time/h 1 2 3 4

Total acidic groups (mol/g) [7.713x10*  [1.416x10°  [1.224x10  [9.117x10*

Carboxyl groups (mol/g) [2.054x10*  [5.150x10*  [3.493x10* [2.151x10*

From Curve b shows that the weight loss rate of the MWCNTs with the
acidification time of 1 h is the lowest. Combined with the SEM images, these results
reveal that when the acidification time is too short, the weight loss rate is small,
indicating that the surface of the MWCNTs have fewer oxygen-containing functional
groups. In curves ¢ and d, compared with that of the MWCNTs treated for 1 h, the
weight loss rate of the MWCNTs prepared with acidification times of 2 h and 3 h
increased obviously. Combined with the SEM images, the TGA suggest that the surface
of these MWCNTs was grafted with more oxygen-containing functional groups. In
addition, their structure was destroyed to a certain extent as the rate weight loss

increases. Regarding the 3 h acidification time sample, although there was significant
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weight loss, the MWCNT surface was still grafted with a certain content of oxygen-

containing functional groups. However, the SEM images of these MWCNTs showed

that they were aggregated. In addition, the weight loss rate decreased with increasing
mixed acid treatment time. The longer the mixed acid treatment time was, the greater
the adhesion between the MWCNTSs. Furthermore, the thickness of the MWCNTs
became small and uniform, indicating that the acidification treatment time is too long.
This resulted in serious damage to the structure of the MWCNTs themselves, increasing
the content of surface hydrogen bonds, decreasing the weight loss rate and making their

dispersion uneven.

Table 4-2 above, it can be seen that with increasing acidification time, the total
content of oxygen-containing functional groups first increases and then decreases. In
addition, the carboxyl group content also increases first and then decreases. When the
acidification time is only 1 h, the total content of acid groups in the Modified-
MWCNTs-1 is the lowest, which is 7.713 % 10* mol/g. This is because the reaction
between the mixed acid and MWCNTs is incomplete when the acidification time is
short. When the acidification time is 2 h, the MWCNTs are oxidized by the mixed acid,
and the content of oxygen-containing functional groups on the surface of the MWCNTs
increases to 1.4 16 x 10mol/g. The MWCNTs are overoxidized as the acidification time
is increased further. The structure of MWCNTs is destroyed, leading to the detachment
of the oxygen-containing functional groups introduced onto the surface of the
MWCNTs. This detachment resulted in a lower content of acidic groups. When the
acidification time is 2 h, the content of carboxyl groups on the surface of the MWCNTs
is the largest, which is 5.50 x 10*mol/g. The combination of the SEM images, TGA
curves and acid-base titration results indicates that when the acidification time is 2 h,
the MWCNTs have good dispersity, a small degree of entanglement, a high weight loss
rate, and an increase content of surface acidic oxygen-containing functional groups is

more. Therefore, 2 h of acidification is considered the most suitable treatment time.

Through analysis of the volume of mixed acid and the acidification time, the
following optimized acidification conditions of MWCNTs were obtained: 1 g of
MWCNTs were dispersed in 80 mL of mixed acid solution for a reaction time of 2 h at
a reaction temperature of 50°C. The obtained Modified-MWCNTs-1 have good
dispersibility, a low degree of entanglement, a high grafting rate and abundant surface

acidic oxygen-containing functional groups.
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attraction between the Modified-MWCNTs-3. On the other hand, due to the steric
hindrance effect of ethylenediamine, the gap between the CNTs enlarges in the
Modified-MWCNTs-3, causing the Modified-MWCNTs-3 to show loose accumulation
and reduced adhesion. When the volume of ethylenediamine was increased to 84 mL
(see Figure e), the dispersibility of the Modified-MWCNTs-3 became worse. In
addition, a large amount of sticking and entanglement occurred due to the increased
hydrogen bonding with the terminal amino groups resulting from the excess amount of
ethylenediamine used. This leads to reappearance of adhesion between Modified-
MWCNTs-3. Graphs ¢ and d show that the optimal volumes of ethylenediamine are 60
mL and 72 mL.

To further determine the effect of the volume of ethylenediamine on the amination
reaction, SEM analysis and Fourier transform infrared (FT-IR) spectroscopy were used
to characterize the Modified-MWCNTs-3 prepared with different amounts of

ethylenediamine.

Figure 4-7 shows the IR spectra of Modified-MWCNTs-3 treated with different
amounts of ethylenediamine. It can be seen that the characteristic amide absorption
appeared at 1637 cm™'. Curve d shows that when the amount of ethylenediamine is 72
mL, the absorption peak of the CN bond in amides appeared obviously at 1070 cm™.
The bending and stretching vibrational peaks of CH bonds appeared between 2800 and
3000 cm™!, while the -COOH absorption peak at 1730 cm™! disappeared. Considering
the changes in these peaks, we can conclude that when 72 mL of ethylenediamine is
used to treat the MWCNTs, many amine groups linked through an amide bond form on
the surface of the MWCNTs.
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Figure 4-7 FT-IR spectra of Modified-MWCNTs-3 treated with different volumes of
ethylenediamine at 100°C for 48 h : (a) 36 mL, (b) 48 mL, (c) 60 mL, (d) 72 mL and (e)
84 mL.

The SEM and FT-IR characterization results led to the selection of 72 mL as the

amount of ethylenediamine to use in the optimized amination reaction

2) Effect of ethylenediamine treatment time on the composition and structure of

carbon nanotubes

Considering that the different reaction times may have an impact on the amination
reaction, an experiment in which the reaction time of this process was adjusted was
carried out. The reaction time was selected as 12, 24, 48 and 72 h. In addition, a series

of characterization analyses were conducted on the resulting products.
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N bond in the amide group at 1070 cm’! was most obvious when the reaction time was

48 h.

Bending and stretching vibration peaks of weaker C-H bonds also appeared
between 2800 and 3000 cm™, and no -COOH absorption peak was observed at 1720
cm™'. Thus, the carboxyl groups were considered totally substituted by the chloride
groups and by the subsequent amination reaction. In addition, the amino group is
grafted to the surface of the MWCNTSs with amide bond formation. Moreover, when
the reaction time is 48 h, many more amide groups were observed on the surface of the
Modified-MWCNTs-3. According to the SEM and FT-IR characterization results, the

optimum amination reaction time was 48 h.
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Figure 4-9 FT-IR spectra of MWCNTs treated with 72 mL of ethylenediamine at 100°C
for different times: (a) 12 h, (b) 24 h, (¢c) 48 h and (d) 72 h.

Therefore, SEM and FT-IR analysis of Modified-MWCNTs-3 shows that the best
amination reaction time and conditions are as follows: 0.3 g of Modified-MWCNTs-2
were dispersed in 72 mL of ethylenediamine and reacted for 48 h at 100°C. Then, we
obtain Modified-MWCNTs-3 with the best dispersibility, a lower degree of

entanglement and more surface-grafted amide groups.
4.2.1.3. Structure of functional carbon nanotubes

1) FT-IR analysis of differently modified carbon nanotubes
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FT-IR spectra of MWCNTs at different modification stages are shown in Figure 4-10.
In the figure, MWCNTs-0 showed no obvious absorption except for the -OH absorption
peak at 3449 cm™'. The appearance of this peak is related to the strong water absorption
of MWCNTs-0. The Modified-MWCNTs-1 showed two new absorption peaks at 1730
and 1634 cm™', which originate from the stretching vibrations of -COOH and C=0
groups, respectively. Moreover, a C-O absorption peak appeared at 1400 cm™'. After
amine functionalization, the -COOH and C-O absorption peaks at 1720 and 1400 cm™!
disappear. Symmetrical and asymmetric stretching vibrational absorption peaks of C-
H bonds at 2925 and 2851 cm! appeared, and a peak corresponding to the N-H bonds
was observed at 1637 cm™. In addition, the absorption at 1070 cm™! was attributed to
the C-N stretching vibration. FT-IR analysis shows that amide functional groups were

introduced into the MWCNTs through amine functionalization.

MWCNTSs-0

Modified-MWCNTs-1

3449

Modified-MWCNTs-3

Transmittanccs/a.u.

AR EENE RN NEE NI AN AN AR R

LINET TS OV N PR T R R N L UL L L LA

4,000 3,500 3,000 2,500 2,000 1,500 1,000 500
Wavenumber/cm-

Figure 4-10 FT-IR spectra of modified MWCNTs
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2) TGA of differently modified carbon nanotubes
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Figure 4-11 TGA curves of modified MWCNTSs

Figure 4-11 shows TGA curves of MWCNTs in different modification stages under an
inert atmosphere. Under an inert atmosphere, the weight loss rate of MWCNTSs can be

calculated by the formula:
y =W, W)/,
Equation 4-1
where Wy is the original weight before warming and W is the weight after warming

The weight loss rate of MWCNTs-0 at 600°C, which was calculated from the curves
in the figure above, is only 1%. MWCNTs-0 show almost no decomposition under an
inert atmosphere. By contrast, the Modified-MWCNTs-1 and Modified-MWCNTs-3
show significant weight loss. The weight loss stems from the decomposition of
functional groups on the surface of the MWCNTs. Among all the samples, Modified-
MWCNTs-1 have a relatively smooth weight loss curve with a weight loss rate of 4.6%.
This behavior derives from the decomposition of the surface oxygen-containing
functional groups. The weight loss curve of Modified-MWCNTs-3 shows two distinct
steps between 100 and 300°C. In addition, the main weight loss peak appears at 220°C,
while the second weight loss peak appears near 340°C. This second peak can be
attributed to the decomposition of alkane segments on the surface of the Modified-

MWCNTs-3. Importantly, the peak appears above 120°C, indicating that it was not



caused by ethylenediamine, which has a boiling point of 117°C. If ethylenediamine was
simply adsorbed on the surface of the MWCNTSs, the peak should appear below 120°C
(the boiling point of ethylenediamine). Thus, the TGA results further illustrate that
ethylenediamine is chemically grafted onto the MWCNT surface. According to the

formula, the ethylenediamine grafting rate is 12.4%.

3) XPS analysis of differently modified carbon nanotubes

S1D

SIN
S10

Modified-MWCNTs-3

Counts/s

PR TR T [N TN SN Y N W TN T [N TN WY TN A Y T |

Modified-MWCNTs-1

MWCNTSs-0

T T T T T T T T T T T I T T 1 I T T T T T T T

0 200 400 600 800 1,000 1,200
Binding Energy/eV

Figure 4-12 XPS survey spectra of modified MWCNTs

To further investigate the surface functional groups of MWCNTs treated by different
modification methods, XPS survey analysis of the MWCNTSs was carried out as shown
in Figure 4-12. As seen from Figure 4-13 and Figure 4-14, in all the XPS spectra of the
MWCNTs, the Cls peak appeared at 284 eV. In addition, there was no impurity peak
from the catalyst, such as Fe or Ni. After mixed acid modification, the Ols peak of the
oxygen atom in the O-H groups appeared at 532 eV. This result demonstrated that the
acidification process introduced oxygen-containing functional groups onto the surface
of the MWCNTs. Furthermore, after amination modification, the Nls peak
corresponding to nitrogen in the amide group appeared at 402 eV. The lack of a Nls
peak at 399 eV corresponding to the nitrogen atom in an amine group demonstrated that
ethylenediamine is grafted onto the surface of the MWCNTs via amide bond formation.
To analyze the change in oxygen-containing functional groups on the surface of

differently modified MWCNTs, the Cls and Ols peaks were analyzed.
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Figure 4-13 Cls spectra of modified MWCNTs: (a) MWCNTs-0, (b) Modified-
MWCNTs-1, and (c) Modified-MWCNTs-3

As shown Figure 4-13 above (the Cls peak spectra), the intensity of the Cls peak
of MWCNTs-0, Modified-MWCNTs-1 and Modified-MW CNTs-3 decreases gradually,
indicating that a modified layer is formed on the surface of the MWCNTSs. From Figure
4-14, for the O1s peak, the peak of Modified-MW CNTs-1 was the strongest, indicating
that more oxygen-containing functional groups were grafted onto the surface of the
MWCNTs after acidification. Compared with that of the Modified-MWCNTs-1, the
Ols peak intensity of the Modified-MWCNTs-3 is weaker. Moreover, the binding
energy of the Ols peak of the Modified-MWCNTSs-3 is reduced. This change is due to
the substitution of the hydroxyl groups in the carboxyl groups on the surface of the
Modified-MWCNTs-1 by amine groups during the amination process, which leads to a
decrease in the oxygen content. At the same time, the amino groups have a strong

electron-donating effect and cause a shift in the O1ls peak to a lower binding energy.

-79-



9,000 5329

Ols

531.

E c
: a
3,000

1

Counts/s
[+2]
S
o

L |

o
8
(=]
|
l=n

1

8
|

LI | l L I I LI i LI L I LI I LI 1 LI I LI

540 538 536 534 532 530 528 526 524
Binding Energy/eV

Figure 4-14 Ols spectra of modified MWCNTs: (a) MWCNTs-0, (b) Modified-
MWCNTs-1, and (c) Modified-MWCNTs-3

4) SEM analysis of differently modified carbon nanotubes

Figure 4-15 shows SEM images of differently modified carbon nanotubes. The figure
reveals that the packing of MWCNTs-0 is relatively loose. After mixed acid treatment,
the length of the MWCNTSs became shorter, and polar functional groups were formed
on the surface of the MWCNTs. Thus, hydrogen-bonding interactions were generated,
leading to the adhesion and aggregation of the MWCNTs. Due to the enhanced force
between MWCNTs, the MWCNTs are not easily redispersed even after repeated
grinding. This finding shows that after mixed acid treatment, the structure of the
MWCNTs is changed. Furthermore, carboxyl functional groups are grafted onto the
surface of the MWCNTSs, which enhances the interaction between MWCNTSs. After
amination, the distance between MWCNTSs increased, making them fluffy again.
Moreover, the amine functional group also has a steric hindrance effect, which weakens
the hydrogen-bonding interaction between the MWCNTs and forms amide groups on
the surface of the MWCNTs. This helps improve the dispersibility of the MWCNTSs in

the matrix and enhance the interfacial phase between the MWCNTs and the matrix.
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Figure 4-15 SEM images of modified MWCNTs: (a) MWCNTs-0, (b) Modified-
MWCNTs-1, (c) Modified-MWCNTs-2, and (d) Modified-MWCNTs-3

4.2.2. Properties of carbon nanotube/natural rubber composites
4.2.2.1. Dispersion state and hybrid filler network of Modified-MWCNTs-3

The dispersion of the filler in the polymer matrix is an important factor affecting the
mechanical properties of composites. The uniform dispersion of carbon nanotubes and
the formation of hybrid filler networks ensure efficient stress transfer and additional
energy dissipation under deformation conditions. These factors are conducive to
improving the mechanical properties of rubber composites. The nonlinear viscoelastic
properties of composites with shear strain were studied. In general, the absolute value
of the storage modulus G' in the low-strain region can characterize the filler network

strength and the interaction between the filler materials.

As shown in Figure 4-16, the storage modulus of the composites nonlinearly
decreases with increasing strain, which is also known as the Payne effect. These results
show that the Payne effect of the natural rubber composites prepared in this experiment
follows the order CNT-9, CNT-7, CNT-5, CNT-3, CNT-0, and CNT-1, indicating that
an effective hybrid filler network forms only when the CNT filler amount in the

composites is equal to or greater than that of CNT-3. Although CNT-9 was filled with
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the lowest amount of filler, it exhibited the highest storage modulus and Payne effect,

indicating the formation of the strongest filler network.
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Figure 4-16 Shear storage modulus G "versus dynamic strain amplitude
4.2.2.2. Mechanical properties

The natural rubber composites prepared in this study have similar hardness. In addition,

the mechanical properties of the composites are shown in the Table 4-3 below.

Table 4-3 Mechanical properties of different CNT/NR composites

CNT-0 | CNT-1 [CNT-3 CNT-5 [CNT-7 |CNT-9
Tensile Strength/MPa 23.1 26.3 27.1 29.1 29.0 28.1
Tear Strength/kN m™! 92.1 100.1 102.9 101.4 102.3 101.1
100% Modulus /MPa 2.1 2.6 2.9 3.9 3.3 3.1
300% Modulus /MPa 9.1 10.7 12.1 14.2 133 12.2
Elongation at Break/% 643 633 603 585 550 330

Due to the introduction of defects and crack randomness, different rubber materials
can have different crack propagation behavior. Tear strength may provide erroneous
results and information if the fracture toughness behavior of the material is determined

only by the deformation.

As the amount of CNTs increases, the 100% modulus and 300% modulus of all the
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corresponding samples increase significantly, especially for the CNT-5 composites.
Compared to those of CNT-0, the 100% and 300% modulus of CNT-5 increased by 64%
and 57%, respectively. The tensile strength and tear strength are also improved,
indicating that as the amount of CNTs increases, the mechanical and fatigue properties
are improved. Fibrous CNTs have higher enhancement efficiency than spherical CBs.
This result can be attributed to the significant enhancement effect of CNTs. The tensile
strength and tear strength of rubber materials are determined by the maximum breaking

force.

4.2.2.3. Hysteresis loss
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Figure 4-17 HED of CNT/NR composites under varied strains

There are two main sources of energy dissipation in elastomeric materials. Many
scholars have studied the relationship between hysteresis loss and crack propagation.
One mathematical formula shows that hysteresis loss can increase the energy at break.
For dynamic cyclic conditions, hysteresis loss can lead to increased crack propagation

resistance, which means that the fatigue resistance of the composites is improved.

The hysteresis energy density (HED), a parameter that characterizes the hysteresis
loss of composites, can be found directly over the hysteresis loop. The HEDs of
CNT/natural rubber composites at different strains are shown in Figure 4-17. Although
the CNT-9 composite is filled with the lowest amount of filler, it exhibits the highest

HED, especially at higher strain. The tearing energy G(v) on the crack tip at a fixed
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crack growth rate v can be expressed by the following equation:

@

_ 2 2avia F(C‘)) s !
G(v) =G, [1+;Z o] do—=2J }

Equation 4-2

where Go is the critical energy of crack propagation and F(w) is a function. The
viscoelastic loss parameter J" can be found from the storage modulus E' and the loss
modulus E" according to the following equation:

n— E"
}_“,_,3 i wa‘-.

"

Equation 4-3
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Figure 4-18 Dependence of the loss compliance J” on the temperature for CNT/NR

composites

A dynamic mechanical thermal analyzer (DMTA) was used to test the natural rubber
composites. Figure 4-18 shows that composites with a lower J" value have higher
values of G(v), indicating higher hysteresis loss at the same crack growth rate. All the
composites were studied at different temperatures. It can be seen that CNT-9 has the
lowest J" value, indicating the greatest hysteresis loss on the crack tip. The combination
of the HED and J" results indicates that CNT- 9 exhibits the highest hysteresis loss in
the matrix. For natural rubber composites filled with unmodified carbon nanotubes, the

high hysteresis under cyclic strain is due to the weaker interfacial interaction between
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the unmodified carbon nanotubes and the rubber molecular chains. The highest
hysteresis loss under dynamic conditions of CNT-9 leads to significant heat build-up
and a temperature increase, promoting breakage of the rubber molecular chain and
inhibiting the strain-induced crystallization (SIC). This eventually leads to a reduction

in the fatigue crack propagation resistance of the composite.

4.2.2.4. Dynamic fatigue properties
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Figure 4-19 Crack length versus the number of dynamic cycles

Singe-notch tensile specimens (SNTSs) with a precut crack length of 1 mm
specimens were used for dynamic fatigue testing over a wide range of strains (30% to
100%). Fatigue crack growth curves of various samples at 70% strain are shown in
Figure 4-19. In the initial stage of crack propagation, i.e., when the crack length ranged
from 1 mm to 3 mm, the crack propagation behavior can be considered a stable
expansion process. Above this range, crack propagation becomes unstable, and failure
occurs. The crack growth rate da/dN is obtained by measuring the linear slope of the
curve between the crack length (crack range from 1 mm to 3 mm) and the number of

cycles.

The fatigue lifetime of natural rubber composites is shown in Figure 4-20. CNT-3
exhibits the longest fatigue lifetime, followed by CNT-1 and CNT-0. This result
indicates that CNT-3 has the best antifatigue crack propagation properties. However,

the fatigue lifetime of CNT-5 is significantly lower than those of CNT-3, CNT-1 and
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CNT-0, especially under large strain conditions, which is inconsistent with the

mechanical and J-integral test results.
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Figure 4-20 Fatigue lifetimes of natural rubber composites
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Figure 4-21 Crack growth rates for natural rubber composites

The logarithmic relationship between the crack growth rate da/dN and the tearing
energy G at different strains for the composites is shown in Figure 4-21. The da/dN and

G of the four composites are all fit well with the power law within the range of the



tearing energy. The fatigue parameters B and 3 are listed in Table 4-4. It can be seen
that at a given tearing energy, CNT-3 exhibits the weakest da/dN and the lowest J,
indicating that it has the strongest antifatigue properties. In addition, CNT-9 has the

highest da/dN and f, indicating that it has the weakest antifatigue properties.

Table 4-4 Fatigue parameters and the correlation coefficient R? of the rubber

composites
B B R

CNT-0 5.3E-15 2.21 0.97
CNT-1 2 4E-14 1.74 0.99
CNT-3 9.1E-14 1.53 0.98
CNT-5 8.4E-16 2.31 0.97
CNT-7 9.1E-16 2.01 0.98
CNT-9 9.7E-16 2.46 0.97

4.2.2.5. Strain-induced crystallization (SIC) properties

We characterized the SIC behavior of the carbon nanotube/natural rubber composites
by their stress-strain curves. For crystalline rubber materials, the sharp rise in the stress-
strain curve 1s mainly due to two factors: limited molecular extensibility and SIC. The
classic Mooney-Rivlin equation cannot distinguish between the two factors. Thus, we
studied a new kind of modification of the parameters to exclude the limited elongation

of the rubber molecular chain as follows:

=26+ 2-
A

Equation 4-4

Jr

1
}b2

Equation 4-5

where o is the nominal stress, A is the draw ratio, A is the maximum draw ratio at

break, and C; & C; are constants. The boundary conditions range from (A—2%)r(2)

to £ (). The plot for the reciprocal A" of the draw ratio A should produce a linear

B



region.

The critical turning point Ayp of the draw ratio is considered the point of SIC and is

obtained from the equation:

/13 = 32’!2(_‘2
up 2(:‘(]
Equation 4-6
4.5 -
40 3
3.5
3.0 é
-
o ]
£2.5 3 Black: CNT-0
< x
£20 — Red: CNT-1
15 é Deepblue: CNT-3
103 Green: CNT-5
3 Blue: CNT-7
0.5 4
3 Orange: CNT-9
0-0 A T T T | T T T | T T T { T T T ; I T 1
0.0 0.2 0.4 0.6 0.8 1.0
1/A

Figure 4-22 Modified Mooney-Rivlin plots of rubber composites

The relationship between o/F(L) and X! for natural rubber composites is shown in
Figure 4-22. The resulting Ci, C; and critical Aup values are shown in Table 4-5. C;
reflects the modulus of elasticity and crosslinking density of the corresponding samples.
CNT-9 shows the largest C; value. The o/F(L)~L! curves of all the composites showed
large and sudden drops in the low A'! region. CNT-9 has the lowest Ay, indicating that
the addition of CNTs enhances the SIC of natural rubber composites. There are two
main reasons for this enhancement. First, fibrous CNTs with a high degree of anisotropy
are easily oriented in the stretching direction. Oriented CNTs reduce the entropy of the
mixed system, resulting in easy orientation and crystallization of the rubber molecular
chains. Second, the fibrous CNTs produce more pronounced crack-tip strain
amplification effects than spherical CBs. Highly oriented rubber molecular chains and
CNTs at the crack tip increase the crack deflection, passivation and branching ability.

The morphology of the fracture specimen under 70% strain is shown in the Figure 4-22.
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The deflection tendency of the crack is found to gradually increase as the CNT content

increases, which indicates that the crack propagation resistance gradually increases.

Table 4-5 Values of C and A4

Samples & (MPa) G (MPa) '{w

CNT-0 0.353 0.407 4.50
CNT-1 0.474 0.414 4.17
CNT-3 0.631 0.451 3.91
CNT-5 0.732 0.431 3.51
CNT-7 0.791 0.451 3.32
CNT-9 0.809 0.403 321

4.2.2.6. Tearing energy
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Figure 4-23 SED of carbon nanotube/natural rubber composites under different strains

Tearing energy directly affects the fatigue crack growth performance and fatigue
lifetime of rubber materials. The tearing energy can be proportional to the strain energy
density (SED) for an SNTS with a specific crack length at a particular strain. The SED
values for different composites at different strains are shown in Figure 4-23. Compared
to the other composites, CNT-9 shows a higher SED at all strains. However, the gap
between the SEDs is very small. For example, the SED gap between CNT-0 and CNT-
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9 at 100% strain is only 9%. Here, we can assume that under certain strain conditions,
the input of tearing energy with a repetitive fatigue cycle with the increase in CNT
fraction can be similar, which means that the "driving forces" of the four composites

are almost equal in terms of fatigue crack growth.

4.2.2.7. J-integral test
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Figure 4-24 .J-value versus crack-tip opening displacement

We preparaed samples with a 4 mm precut crack. The relationships between the J-
integral and the crack-tip opening displacement (CTOD) of the composites are as
shown in Figure 4-24. The critical energy Jic is an evaluation criterion for crack

initiation behavior,

Table 4-6 Jic and Tr of composites

Samples Tr(MPa) Jie(kJ » m™) R?

CNT-0 11.1 4.04 0.97
CNT-1 153 4.65 0.99
CNT-3 17.3 5.34 0.98
CNT-5 194 6.32 0.99
CNT-7 20.3 7.33 0.99
CNT-9 20.2 7.98 0.99
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The Jic, Tr and correlation coefficient R? values are shown in Table 4-6. Based on
the results of the J-integral test, we believe that the partial replacement of CB with

CNTs can indeed improve the resistance against crack initiation and crack propagation.
4.3. Summary

By studying the effects of different mixed acid treatments on the structure and
properties of MWCNTs, we found that mixed acid treatment time and volume have a
great influence on the surface grafting rate of MWCNTs. In addition, as the mixed acid
treatment time and amount increase, the content of oxygen-containing functional
groups on the surface of the MWCNTs first increases and then decreases quickly. This
behavior is observed because of the damage to the MWCNTs by the acid treatment.
According to the SEM and TGA results, the optimal conditions for the acidification
were as follows: 1 g of MWCNTs were treated with 80 mL of mixed acid at S0°C for 2
h. The Modified-MWCNTs-1 resulting from the optimal acidification conditions were
then reacted with ethylenediamine in a two-step procedure. The effects of the
ethylenediamine amount and amination time on the surface amidation of Modified-
MWCNTs-1 were investigated. The results show that under the optimal reaction
conditions, the Modified-MWCNTs-1 can be effectively acylated and amidated to form
the amidated product (Modified-MWCNTs-3). According to the SEM and FT-IR results,
the optimal parameters of the amination process were the reaction of 0.3 g of Modified-
MWCNTs-2 with 72 mL of ethylenediamine at 100°C for 48 h. Through SEM, TGA,
FT-IR, and XPS analyses, it was proved that the diamine group could be grafted onto
the surface of the MWCNTSs through amination.

The combination of CNTs and CB has synergistic effect on the mechanical
properties and crack propagation resistance of natural rubber composites. Adding a
small amount of CNTs can significantly improve anti-crack-initiation performance and
anti-crack-propagation performance. CNT-3 shows the strongest antidynamic fatigue
performance. The addition of CNTs will increase the SIC of natural rubber, which tends
to cause crack deflection. CNT-9 shows the weakest dynamic fatigue performance
because its hysteresis loss is much higher than those of the other rubber composites.
Severe fatigue heat can significantly reduce the dynamic fatigue resistance of
composites. Therefore, finding the best method to modify CNTs and the best formula
for rubber composites is essential for achieving the synergistic effect between CNTs

and CB.
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Chapter 5. Composites of Natural Rubber and Graphene

5.1. Introduction

Graphene and graphene oxide (GO) have great potential for industrial application.
However, there are still many problems with the processing of graphene and GO [82].
For example, graphene and GO are hardly dispersible in nonpolar solvents.
Furthermore, the compatibility between graphene and nonpolar polymers such as
natural rubber, polypropylene (PP), and polystyrene (PS) is poor. To solve these
problems, we need to modify and functionalize graphene and GO. The most important
method is chemical modification, which can not only enhance the weak interaction of
graphene and GO but also improve the performance of graphene and GO, which can
expand their application scope. For example, GO-grafted clay nanoparticles can
provide GO with red fluorescence. This red fluorescent GO can be used in the fields of

biolabeling and cytochemistry [8].

GO has oxygen-containing functional groups, such as carboxyl groups, hydroxyl
groups and epoxy groups, that can serve as reaction sites to facilitate the covalent
modification of GO. For example, the carboxyl groups on GO can be amidated with
amino groups, and the epoxy groups on GO are easily substituted by nucleophilic
groups. Grafting graphene and GO through covalent bonds to a polymer can improve
their dispersion in solvent, which can greatly enhance compatibility between graphene

or GO and rubber composites.

Moreover, due to the chemical diversity of polymers, we can control the intrinsic
properties of graphene and GO by changing the molecular weight and type of the
grafted polymers.

In this chapter, we improve the dispersibility of modified graphene or GO in
nonpolar organic solvents such as xylene. Subsequently, we use the modified graphene

in the next step: preparation of high-performance rubber composites.

In this chapter, we prepared 7 kinds of rubber composites. The influence of
modified graphene loading on the mechanical properties and crack propagation

performance of natural rubber composites is investigated.
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5.2. Results and discussion

5.2.1. Functionalization of graphene
5.2.1.1. Structure and performance of Modified-Graphene-1

The reaction to prepare Modified-Graphene-1 is shown in Figure 5-1. We use the
carboxyl group on graphene to react with octadecylamine (ODA) via amindation, and

then we obtain long-chain alkyl-grafted graphene.

0 DMF,DCC 'Y
GS-C +  NH(CH;)17CH4 - GS-C
OH N,,90°C,Reflux NH(CH,){7CH,

Figure 5-1 Reaction to synthesize Modified-Graphene-1

The grafting of octadecyl amine considerably changes the surface properties and
solvent dispersibility of graphene. To demonstrate the difference in solvent
dispersibility between graphene and modified graphene, we disperse them in ammonia
solution (concentration of approximately 0.1%, pH 10) and toluene. After the
ultrasonication step, the mixed solvent will be in two phases due to the immiscibility
of the ammonia solution and toluene. While graphene was mainly dispersed in the
ammonia solution, modified graphene was dispersed in the toluene solution. The ability
of modified graphene to be dispersed in nonpolar solvent such as toluene indicates the

successful grafting of ODA onto the surface.
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Figure 5-2 FT-IR spectra of graphene
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Figure 5-3 FT-IR spectra of Modified-Graphene-1

FT-IR spectroscopy provides evidence for the successful grafting of ODA onto
graphene. As shown in Figure 5-2, graphene has two peaks at 1727 and 1581 cm!
corresponding to the stretching vibration peak of C=0 in the carboxyl group and the
stretching vibration peak of C=C in the conjugated system, respectively. Figure 5-3
shows that after reaction with ODA, the peak at 1727 cm™ corresponding to the
carboxyl group disappeared and was replaced by the peak at 1639 cm! corresponding
to the C=0 stretching vibration of the amide group. In addition, several new peaks

appear in spectrum, such as the peak at 3297 cm™,

corresponding to the stretching
vibration peak of N-H in the amide group, and the bending vibration peak of N-H at
1542 cm!. The IR results indicate that ODA was grafted onto graphene via the

amidation reaction.
5.2.1.2. Structure and performance of PS-GO

The preparation route for monodisperse polystyrene (PS) on GO (PS-GO) is shown in
Figure 5-4. First, the carboxyl groups on GO are activated with SOCl; to form acid
chloride groups, which then react with the hydroxyl groups on propargyl alcohol. At
the same time, the ATRP polymerization of styrene was initiated by AEBiB (an azide-
based ATRP initiator) to afford azido-modified monodisperse PS (N-PS) with a
molecular weight of 4600 and a monodispersity of 1.04. The tail-alkyne-containing GO
underwent a "click" reaction with N-PS to obtain modified PS-GO. The "click" reaction

can be carried out at room temperature, and the reaction conditions are very mild. The
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experimental route is shown in Figure 5-4. This reaction can adjust the molecular
structure of the grafted polymer. In this work, we successfully grafted PS with a uniform

molecular weight onto GO.

0}
i)
Na \/\O Br -

_ii) i) iv)

Figure 5-4 Strategy for grafting PS onto GO; i) CuBr, PMDETA, styrene,
chlorobenzene, 90°C; i1) SOCl,, 70°C; ii1) Propargyl alcohol, TEA, CHCl3, rt; iv) CuBr,
PMDETA, DMF.

The easiest way to test whether PS is grafted onto GO is to test the solvent
dispersibility of PS-GO. We can conclude that PS-GO disperses well in
dimethylformamide (DMF), tetrahydrofuran (THF), methylene chloride and toluene
but cannot be dispersed in water and methanol. The above results show that PS is

grafted onto GO and determines the solvent dispersibility of the product PS-GO.

FT-IR spectroscopy can also inform us whether PS is grafted onto GO. As shown
in Figure 5-5, N-PS has a stretching vibration peak of N3 at 2100 ¢cm™, indicating that
the N3 group has not been destroyed during the ATRP polymerization of styrene. In
addition, GO has two peaks at 1725 and 1615 cm™ corresponding to the stretching
vibration peak of C=0 in the carboxyl group and the stretching vibration peak of C=C
in the conjugated structure, respectively. After being grafted with PS, the spectrum of
PS-GO had several new peaks at 2920, 2850 and 1615 cm’'. These new peaks
correspond to the C-H stretching vibration peaks and bending vibration peaks on PS.

Therefore, FT-IR spectroscopy confirms that PS was grafted onto GO.
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Figure 5-5 FT-IR spectra of N-PS, GO and PS-GO

To quantitatively determine the grafting rate of PS-GO, we performed TGA tests
of PS-GO under a nitrogen atmosphere. As seen from the TGA curves in Figure 5-6,

Figure 5-7 and Figure 5-8, PS-GO has two weight loss peaks.
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Figure 5-6 TGA and DTG curves of PS-GO

The first peak for GO at 170°C, which can also be seen in the corresponding
derivative thermogravimetric analysis (DTG), is consistent with the thermal cracking

of the oxygen-containing functional groups on GO. The second peak at 410°C,
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corresponding to the thermal decomposition of PS, can also be seen in the DTG curve
of N-PS. For PS-GO, the second peak, which is also the thermal decomposition peak
of PS, corresponds to a weight loss of 20%; i.e., we can determine that the content of

PS on PS-GO is approximately 20 wt%.
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Figure 5-8 TGA and DTG curves of N-PS

Because the molecular weight of grafted PS is 4600, this result indicates that there

is one PS chain grafted onto GO for every 1500 carbon atoms. In other words, the
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reaction has very high efficiency, and the molecular structure of the grafted polymer is

controllable.

Figure 5-9 shows the X-ray diffraction (XRD) curves of GO and PS-GO. GO has
a diffraction peak at 10.7° corresponding to a layer spacing of 0.83 nm in GO. There
are no obvious diffraction peaks in the XRD curve of PS-GO, indicating that all the

layers in PS-GO are disorganized.
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Figure 5-9 XRD curves of GO and PS-GO

The disordered structure of PS-GO should favor its complete stripping in solvent.
In addition, the grafting of polymers onto GO often leads to an increase in the thickness

of the sheet.

5.2.1.3. Structure and performance of styrene-ethylene/butylene-styrene (SEBS)
grafted onto GO (SEBS-GO)

Block polymers are composed of two or more different polymer chains and have unique
segment structures. Block polymers have wide range of applications in many areas,
such as polymer reinforcements and polymer compatibilizers. Grafting block polymers
onto nanoparticles can often give the nanoparticles multiple properties. This strategy is
also a popular research direction. However, block polymers have a complicated
structure, and it is difficult to obtain the block polymer-grafted nanoparticles by a
grafting method. On the other hand, the traditional "grafting-to" method suffers from

low graft efficiency. Therefore, we use the highly efficient "click" reaction to graft the
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block polymer styrene-ethylene/butylene-styrene (SEBS) onto GO in this study. The
SEBS-GO preparation route as shown Figure 5-10. The tail alkynyl group-modified
GO has been prepared in the previous experiment. In addition, azido-modified SEBS
(N-SEBS) was obtained by a chloromethylation reaction. By comparing the FT-IR
spectra of SEBS, CH2CI-SEBS, and N-SEBS shown in Figure 5-11, we can see that
CH,CI-SEBS has a peak at 1265 cm’! corresponding to the stretching vibration peak of
C-Cl, indicating that the chloromethylation of SEBS was successful. Compared to
CH,CI-SEBS, N-SEBS has a distinct peak at 2095 cm™. This peak corresponds to the
stretching vibration peak of N3, indicating that the azidation of CH2CI-SEBS was also
successful. Moreover, the appearance of this peak means N-SEBS can be used for the
subsequent grafting reaction, in which the tail-terminated alkynyl GO is reacted with

N-SEBS to afford SEBS-GO.

TMCS, Trioxane,
SnCly,CH4Cl.rt,6h
NaN;,DMF rt,24h
SOCI,,70°C,24h
Propargyl alcohol,
TEA,CHCl,,rt,24h
1,CuBr,PMDETA,
DMF rt,24h

SEBS-GO

Figure 5-10 Strategy for grafting SEBS onto GO

This study explores the dispersion of SEBS-GO. The modified graphene can be
uniformly dispersed in dimethylformamide (DMF), tetrahydrofuran (THF), and N-
methyl-2-pyrrolidone (NMP). The above results show that SEBS was successfully
grafted onto GO and demonstrated the solvent dispersibility of the product. Because
most organic solvents are good solvents for SEBS, we can recognize that modified

SEBS-GO will disperse well in most organic solvents.

Figure 5-12 shows FT-IR spectra of GO and SEBS-GO. Compared to GO, SEBS-
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GO has two sharp peaks at 2924 and 2854 cm™! corresponding to the stretching vibration
peak of C-H on SEBS. At the same time, there is also a peak at 1647 cm™! corresponding

to the peak of the triazoles formed in the grafting reaction. These FT-IR data indicate

that SEBS is grafted onto GO successfully.
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Figure 5-11 FT-IR spectra of SEBS and modified SEBS
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Figure 5-12 FT-IR spectra of GO and GO modified with SEBS

As can be seen from Figure 5-13, SEBS-GO has two weight loss peaks in TGA. The

first peak at 473°C, corresponding to the thermal decomposition of SEBS, can also be
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seen on the DTG curve of N-SBES shown in Figure 5-14. The second peak at 577°C,
corresponding to the combustion of the carbon material, can also be seen on the DTG
curve of GO shown in Figure 5-15. The first peak of SEBS-GO, that is, the thermal
decomposition peak of SEBS, corresponds to a weight loss of 35%; i.e., the SEBS
content in SEBS-GO is approximately 35 wt%. This value is higher than weight of the
PS group on PS-GO (20 wt%),

100 - -
] )
80 —| L ¥
: &2
o i : g
S 6] -
5 B )
o2 - —-10 &=
@ = w
= - @
40 t L %
: 155
8 L 5
20 C
. 20
O LR [ LR l LR F I I | | LI I LI L | LI 3
100 200 300 400 500 600 700
Temperature/ °C
Figure 5-13 TGA and DTG curves of SEBS-GO
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Figure 5-14 TGA and DTG curves of N-SEBS
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which is probably due to the higher molecular weight of SEBS (about 170,000). We
note that SEBS-GO has no weight loss peak near 200°C that corresponds to the thermal
cracking of the oxygen-containing functional groups on GO. This result indicates that
the reduction of GO occurred during the preparation of SEBS-GO and that this

reduction may be solvent-induced thermal reduction.
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Figure 5-15 TGA and DTG curves of GO

In general, both oxidative modification and covalent modification introduce
defects in graphite materials, and these defects are reflected well in Raman spectra.
Figure 5-16 shows the Raman spectra of graphite, GO and SEBS-GO. In all samples,
there are two peaks at 1350 and 1580 cm™'. These two peaks are called the D band and
G band, respectively, For graphite, the intensity ratio of the D band to the G band can
be used to calculate the lattice size. The calculation was based on the formula La(nm)=2.4
x10°1%x X *x(Ip/lc)!, where L, is the lattice size and A is the wavelength of excitation light
(514 nm in this study). Based on the data in the figure, we can estimate that the crystal
sizes of graphite, GO, and modified GO are 120.8,21.3 and 17.1 nm, respectively. This
result indicates that there are so many defects that the crystal size is greatly reduced.
After SEBS was grafted onto GO, the number of defects increased, indicating that GO
and SEBS have covalently bonded with each other.

Figure 5-17 shows the XRD patterns of graphite, GO, and SEBS-GO. Graphite has
a strong diffraction peak at 26.5°. According to the Bragg equation, the interlamellar

spacing of each layer in graphite can be calculated as 0.34 nm. At the same time,
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compared with that of graphite, the diffraction peak of GO is obviously weakened,
indicating that GO is more porous than graphite. However, SEBS-GO does not show
any diffraction peak, indicating that all SEBS-GO is disordered.
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Figure 5-16 Raman spectra of graphite, GO and SEBS-GO
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Figure 5-17 XRD spectra of graphite, GO and SEBS-GO
5.2.1.4. Structure and performance of polypropylene (PP) grafted onto GO (PP-GO)

The preparation route for polypropylene (PP) grafted onto GO (PP-GO) is shown in

Figure 5-18. First, the epoxy group on GO undergoes a nucleophilic substitution
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reaction with the amino group on diaminodiphenylmethane (MDA) to graft MDA onto
GO. Then, the other amino group on MDA reacts with the acid anhydride on maleic
anhydride-grafted polypropylene (MAPP) to form an amide group, achieving covalent
grafting of PP chains onto GO. The product is modified PP-GO.

= HEE0 PP-GO

Figure 5-18 Strategy for covalently grafting PP chains onto GO
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Figure 5-19 XRD patterns of GO, NH2-GO, and PP-GO

Figure 5-19 shows XRD patterns of GO, NH2-GO, and PP-GO. GO has a
diffraction peak at 11.1°, which corresponds to a layer spacing of 0.80 nm. In general,
GO and small molecules will undergo a nucleophilic substitution reaction, and the small
molecules will be inserted into the layers of the film, causing the layer spacing to
change. The XRD results of NH2-GO confirm this conclusion. The diffraction peak at
8.9° corresponds to a layer spacing of 0.99 nm, demonstrating that MDA indeed

underwent a nucleophilic substitution reaction with GO. However, after the reaction
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between NH2-GO and MAPP, the peak corresponding to the interlayer distance of GO
disappeared, indicating that all the layer in PP-GO are disorganized. In place of this
peak, peaks appeared at 14.0, 16.8, 18.5, 21.1 and 21.8°. These peaks correspond to the
diffraction peaks of the a-crystal form of PP, indicating that the PP chains will still fold
into their a-crystal form after being grafted onto GO.

FT-IR spectra can give us direct evidence for the covalent grafting of MAPP. The
FT-IR spectra of GO, NH2-GO and PP-GO are shown in Figure 5-20. GO has a peak at
1000-1150 cm™!, which corresponds to the stretching vibration peak of C-O in the epoxy
group. After the nucleophilic substitution reaction with MDA, the same peak in the
spectrum of NH;-GO became significantly wider. The nucleophilic substitution
reaction produces C-OH and C-N bonds, and the stretching vibration of these two bonds
will peak at 1000 ~ 1300 cm™!, which will make this peak appear very wide. In addition,
NH2-GO showed two peaks at 2924 and 2860 cm™!, corresponding to the stretching
vibration peak of the methyl groups on MDA. For PP-GO, there are two peaks at 2924
and 2860 cm™' that became large because there are a large number of methyl and
methylene groups in the PP chain. In addition, there are three new peaks at 1653, 1572
and 1464 cm! in the spectrum of PP-GO. These three new peaks correspond to the C=0
stretching vibration, N-H bending vibration and C-N stretching vibration in the amide

bonds, respectively. The FT-IR data indicate that MAPP was grafted onto GO.
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Figure 5-20 FT-IR spectra of GO, NH2-GO and PP-GO

To quantitatively determine the extent of grafting of the PP chain, we performed
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TGA under nitrogen conditions. As can be seen from Figure 5-21, PP-GO has only one
weight loss peak at 492°C. This weight loss peak, corresponding to the thermal
decomposition of the PP chain, can also be seen on the DTG curve of MAPP (curve b).
For PP-GO, this peak corresponds to a weight loss of 67 wt%, which means that 1 mg
of GO was grafted with 2 mg of PP. The grafting efficiency of this method is very high.
Importantly, the PP-GO weight loss peak at approximately 200°C, which corresponds
to the thermal cleavage of the oxygen groups on GO, shows that the reduction of GO
occurred during the preparation of modified PP-GO.
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Figure 5-21 TGA and DTG curves of MAPP
5.2.2. Properties of graphene/natural rubber composites
5.2.2.1. Mechanical properties

The mechanical properties of rubber composites are shown in Table 5-1, and the
corresponding stress-strain curves are shown above in Figure 5-22. It can be seen that
as the loading of modified graphene increases, the 100% modulus, 300% modulus,
tensile strength, tear strength and Shore A hardness of the composites are significantly

increased.

Compared with Graphene-0, the Graphene-5 composites showed 100% and 257%
increases in 100% modulus and 300% modulus. However, for composites, which filled

with 5 parts of CB N330, the 100% Modulus was increased only 24% and the 300%

Modulus increase only 40%. Therefore, the composites filled with the same content of
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graphene achieved a more significant increase in tensile modulus.
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Figure 5-22 Stress-strain curves of graphene/natural rubber composites

Table 5-1 Mechanical properties of graphene/natural rubber composites

Samples Graphene- Graphene- Graphene- Graphene- Graphene- (Graphene- Graphene-
0 0.5 1 3 5 7 9

100% Modulus0.7 0.8 0.9 1 1.3 1.4 1.5

(MPa)

300% Modulus]1.4 2.0 .3 3.5 5.1 5.3 5.5

(MPa)

Elongation at744 720 710 685 660 620 590

Break (%)

Tear Strength26.4 29.3 31.7 38.9 46.9 48.6 49.9

(kKNm™)

Tensile 21.6 23.9 25.1 26.8 28.9 30.2 31.4

Strength (MPa)

Shore A35 37 39 45 48 49 50

Hardness

Strain-induced crystallization (SIC) has a very important effect on the
enhancement of natural rubber. We used the modified Mooney-Rivlin equation to

investigate the effect of graphene on the SIC properties. According to the equation, we
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convert the stress-strain curve to a modified Mooney-Rivlin curve to eliminate the finite

elongation of the rubber molecular chains.

o= 2[(7, i C}][g—
A

Equation 5-1

Jrn=a(e+Z e

1
/12

o: nominal stress, A: the draw ratio, Ci, and Cz: Mooney-Rivlin constants, f(A): the

function of A. The equation is as follows:

[ 1A
f()o):[l+3)vi]

Equation 5-2

Am: maximum draw ratio at break. The transition of the o/F(A) and X! curves is mainly
due to the SIC effect of natural rubber. The critical turning point Ay of the draw ratio

of SIC can be obtained by the following equation.

s _ 346,

20,

Equation 5-3
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Figure 5-23 Modified Mooney-Rivlin curves of graphene/natural rubber composites

The relationship between o/F(A) and X' is shown in Figure 5-23. The

corresponding Ci, C2, and Aup values are presented in Table 5-2. As the content of
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modified graphene increases, we can see that the C; value gradually increases,
indicating there is an increase in elastic modulus and crosslinking density. In addition,
as the graphene content increases, the turning point gradually moves toward a high A™!
(lower strain), and the critical Ay, value gradually decreases, indicating that the initial
strain of SIC gradually decreases. Thus, the addition of modified graphene improves

the SIC ability of natural rubber.

Table 5-2 Values of C and 4 obtained from modified Mooney-Rivlin plots

Samples G, (MPa) C, (MPa) jvp

Graphene-0 0.143 0.067 3.69
Graphene -0.5 0.163 0.070 3.51
Graphene -1 0.215 0.079 3.29
Graphene -3 0.258 0.078 3.03
Graphene -5 0.295 0.073 2.77
Graphene -7 0.310 0.070 2.73
Graphene -9 0.320 0.069 2.72

5.2.2.2. Hysteresis loss

0.040 —
] Red: Graphene-0
00897 Green: Graphene-0.5
0.030 _E Blue: Graphene-1
] Pink: Graphene-3
~0.025 -
& ] Black: Graphene-5
= ]
50'020 3 Deepblue: Graphene-7
£ 0.015 = Orange: Graphene-9 -
0.010
0.005 —
O-wo_[IIII[IIlI]Illlllllllllllllll[llll
20 30 40 50 60 70 80 90

Strain(%)

Figure 5-24 Hysteresis energy density for graphene/natural rubber composites

The viscoelastic dissipation mechanism is important to fatigue properties. In
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addition, hysteresis loss has an important effect on crack propagation; i.e., hysteresis
loss can improve anti-crack-propagation performance by dissipating energy. However,
hysteresis loss can also adversely affect dynamic crack propagation because it is
translated into heat energy. However, heat energy cannot dissipate quickly, and the
increase in heat will accelerate the expansion of fatigue cracks. The different hysteresis
energy density (HED) values of the composites are shown in Figure 5-24. As a typical
example, Table 5-3 lists the HED and H (%) values at 50% strain. The results show that
both the HED and H (%) of the composites significantly increase with the graphene
content. Compared to Graphene-0, the Graphene-5 composites show approximately 3.5
and 1.9 times increases in HED and H (%), respectively, at 50% strain. A significantly

increase in hysteresis loss will have an adverse effect on dynamic fatigue performance.

Table 5-3 Hysteresis energy density and hysteresis loss

Samples  Graphene- Graphene- (Graphene- (Graphene- Graphene- [Graphene- Graphene-
0 0.5 1 3 5 7 9
HED 0.006 0.007 0.008 0.016 0.018 0.020 0.021
(MPa)
H (%) 4.53 4.91 5.32 8.02 8.41 8.62 8.71
AR 7 Orange: Graphene-0 4
0.12 —: Green: Graphene-0.5 Ifr
1 Black: Graphene-1
0.10 —
1 Pink: Graphene-3
% 0-08 7 Blue: Graphene-5
o -
= - . X
=006 Red: Graphene-7 /
? - Deepblue: Graphene-‘)j
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Figure 5-25 Loss compliance/temperature of graphene/natural rubber composites

HED and H (%) reflect the viscoelastic hysteresis loss of rubber composites. In

contrast, the loss compliance J" indicates the hysteresis behavior at the crack tip under
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dynamic conditions. The J" values of the rubber composites at different temperatures

were measured by a dynamic mechanical thermal analyzer (DMTA).

0 @

-1
= 2 2avia Flo 4
G(v):GD|:1+;EOI 2 5

Equation 5-4

In the above Equation 5-4, F(w) is a function of frequency ®. Thus, at the same
crack propagation rate, more energy dissipation is required at the crack tip. The
relationship between the J" value of the rubber composites and the temperature is shown
in Figure 5-25. At room temperature, the J" value gradually decreases as the graphene
content increases. We can see that the Graphene-7 and Graphene-9 composites have
significantly lower J" values than the other composites. Therefore, the hysteresis energy
near the crack tip increases significantly with the graphene content. In addition, the
significantly increased hysteresis energy is mainly attributed to the interfacial frictional
slippage between the graphene sheet and natural rubber molecular chains, which

adversely affects the dynamic fatigue performance.

5.2.2.3. Dynamic fatigue properties
Fatigue Life(Kilo Cycles)

Graphene-9
Graphene-7
Graphene-5

Graphene-3

Graphene-1
Graphene-0.5 |
Graphene-0 |

o

20 40 60 80 100 120 140

Figure 5-26 Fatigue lifetime of graphene/natural rubber composites

-112 -



16
4 Orange: Graphene-0
o 4 Blue: Granphene-0.5 /
12 Green: Granphene-1 |
€ 1 Black: Granphene-3 /
E10
£ 1 Red: Granphene-5 f
o il J
§ ©7J Deepblue: Granphene-7 / /
2 N f/
8 6 Pink: Granphene-9 } /
5 /
4 —: , /
0 I I I 1 i 1 T | T T I I 1 I I T I 1 T I 1 I I T 1 I 1 1
0 15 30 45 60 75 90 105 120 135
Numbers of thousand cycles
Figure 5-27 Crack length/fatigue cycles
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Figure 5-28 Fatigue lifetimes N of graphene/natural rubber composites under different

strains

The dynamic fatigue behavior of rubber composites in the strain range of 30% ~
80% is studied, and the results are shown in Figure 5-26 and Figure 5-27. We observed
in Figure 5-28 and Figure 5-29 that the Graphene-1 composites exhibited the best
fatigue performance and the lowest da/dN values under all strain conditions. This result

indicates that the Graphene-1 composite has the best fatigue resistance.
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For example, compared to pure natural rubber, the natural rubber composite filled
with 1 part modified graphene shows a 38% increase in the fatigue life at 50% strain
and a 40% decrease in the da/dN value. It is unusual for such a low filler loading (1
part) to achieve such a significant improvement in fatigue resistance. Under constant
strain conditions, the Graphene-3, Graphene-5, Graphene-7, and Graphene-9
composites exhibit better fatigue resistance than natural rubber, which is consistent with
the previous crack propagation test results. If we want to obtain the best fatigue crack
propagation resistance, we should determine the optimal composite formula. If the filler
loading exceeds the optimum formula, the fatigue resistance will rapidly decrease.
Based on the above results, we consider the tearing energy and hysteresis loss to explore

the failure mechanism of the rubber composites.
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Figure 5-29 Crack growth rates of graphene/natural rubber composites

We find that the fatigue crack propagation resistance can be controlled by the input
tearing energy. As an example, the tearing energy at 50% strain is shown in Table 5-4.
The results shows that when the graphene content increases, the tearing energy input
also significantly increases. Under 50% strain, compared to pure natural rubber, the
Graphene-3 composite had a 55% increase in tearing energy. The crack growth rates
for different tearing energies are shown in Figure 5-30. Under constant tearing energy
conditions, pure rubber exhibited the weakest antifatigue properties, and the Graphene-
1 composite showed the strongest antifatigue properties. We can also compare the

fatigue properties of the composites from an energy point of view.
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Figure 5-30 Fatigue crack growth

Table 5-4 Tearing energy of rubber composites under a strain of 50%

Samples  Graphene- (Graphene- (Graphene- (Graphene- Graphene- Graphene- (Graphene-
0 0.5 1 3 5 7 9

Tearing 812 953 1112 1254 1405 1503 1543

Energy

G(J * m?)

5.2.2.4. J-integral test

The anti-crack properties of the graphene/natural rubber composites are

characterized by the J-integral test. In addition, the J-integral curve is shown in Figure

5-31. The corresponding Jic and Tr values are given in Table 5-5. We can see that under

the same crack-tip opening displacement (CTOD) value, the corresponding J-integral

value will increase with the loading of graphene. The significant increases in Jic and Tr

indicate that graphene can significantly improve the anti-crack performance of

composites. We can recognize that the improvement in crack propagation resistance is

mainly due to the passivation of the crack tip, which is because of tensile orientation

and tensile crystallization.
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Figure 5-31 J-value versus crack-tip opening displacement

Table 5-5 Critical value Jic and tearing modulus Tr of graphene/natural rubber

composites

Samples  (Graphene- Graphene- (Graphene- Graphene- Graphene- (Graphene- Graphene-
0 0.5 1 3 5 7 9

Jic(kJ *m™)0.77 0.92 1.22 157 1.97 2.03 2.11

Tr(MPa) [2.94 327 4.73 6.14 7.73 7.83 8.03

5.3. Summary

This chapter focuses on the covalent modification of graphene and GO to improve their

surface activity and solvent dispersion.

(1) Using the carboxyl groups on graphene, performing an amidation reaction with the
amino group on ODA, and then grafting ODA onto graphene. The resulting Modified-

Graphene-1 can be uniformly and stably dispersed in nonpolar solvents such as xylene.

(2) In this chapter, polymers were also grafted onto GO. First, we connect an alkynyl
group to graphene, Then, we obtain Modified-GO-1 grafted with an azido-modified
polymer by a cycloaddition reaction. This method can graft polymers with certain
structures onto GO, and the reaction has very high efficiency. We also prepared different
modified GO derivatives by grafting GO with PP, PS, SEBS and MAPP.

In this chapter, a rubber composite material was then prepared by using modified
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graphene. Modified graphene is uniformly dispersed in the natural rubber matrix.
Compared to pure natural rubber, the rubber composites have significantly improved in
mechanical properties, crack initiation resistance and crack propagation resistance. In
this chapter, we also studied the dynamic fatigue performance of the composites. The
Graphene-1 composite shows the strongest crack propagation resistance, indicating that
there is an optimal graphene filling amount for the composite in terms of its dynamic
fatigue. Graphene-3, Graphene-5, Graphene-7 and Graphene-9 have very weak
dynamic fatigue performance due to the increased graphene loading, which causes a

rapid increase in hysteresis loss.
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Chapter 6. Synergistic Reinforcing Effect Between

Carbon Nanomaterials

6.1. Introduction

The distribution of the local strain field is closely related to the crack propagation
behavior of composites. High-modulus filler particles will lead to local stress
concentration and strain amplification effects, which will significant affect the
properties of composites. Therefore, studying the distribution of the local strain field is

necessary [192-194].

Many factors have been proven to affect the fatigue properties of rubber composites.
Some of the most important factors that significant affect the fatigue properties of
composites include force loading, viscoelasticity and composites formulations.
Different fillers have different particle sizes, specific surface areas, shape factors, and
surface activities. These factors will have different effects on the failure behavior of
rubber composites. Recently, due to their excellent reinforcing efficiency, carbon
nanotubes (CNTs) and graphene have attracted extensive interest from academic.
Fillers with a high shape factor have been found to tend to orient along the tensile
direction, which will increase the passivation, deflection, and branching at the crack tip.

Such behavior will improve the crack growth resistance of composites [195-197].

In this chapter, we prepared natural rubber composites with same hardness and

different carbon nanofillers. The formulas and components are shown in Table 6-1

The J-integral was used for characterizing fatigue performance. In addition, the
dynamic fatigue test is used to study the dynamic fatigue resistance of the composites.
The energy input and hysteresis losses of the rubber composites were analyzed. The
purpose of this chapter is to explore the effect of carbon nanofillers with different shape
factors on the mechanical properties and fatigue resistance of rubber composites and to

determine whether there is synergistic behavior between different fillers.
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Table 6-1 Formulas of natural rubber composites

Samples INR-0 Graphene-3  [CNT-3 G-C-1 G-C-3
Graphene 0 3 ) 1 3
MWCNTs 0 0 3 1 4
Natural rubber 100 100 100 100 100
Stearic Acid 2.1 2.1 0.1 2.1 2.1
Solid Wax 1 | 1 1 1
Zinc Oxide 6 6 6 6 6
Sulfur 2 2 D 2 2

6.2. Results and discussion

6.2.1. Carbon nanofiller network
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Figure 6-1 Shear storage modulus of different composites

The shear storage modulus of different composites made with different carbon
nanofillers is shown in Figure 6-1. It can be seen that all of composites, namely, G-C-
3, G-C-1, CNT-3, and Graphene-3, exhibit a similar Payne effect, indicating that all the

composites have same filler network strength.
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6.2.2. Vulcanization and mechanical properties
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Figure 6-2 Vulcanization curves of NR composites

The vulcanization curves and vulcanization properties of the five natural rubber
composites are shown Figure 6-2 and Table 6-2. We can see that as the amount of
carbon nanofiller increases, the scorch time and optimum vulcanization time are
significantly reduced, and the vulcanization of natural rubber is promoted. The lowest
torque and highest torque for the G-C-1, G-C-3, CNT-3, and Graphene-3 composites
are approximately same, which means that the four composites have the same modulus

and crosslink density.

Table 6-2 Vulcanization properties of NR composites

Samples INR-0 G-C-1 G-C-3 CNT-3 Graphene-3
Scorch time £ (min) 3.1 2.4 2.6 3.5 4.9
Optimum cure time foo(min) |[11.4 6.1 6.3 7.4 3.4

M (dNm) 6.7 7.4 7.8 8.6 7.4

My (ANm) 20.9 31.1 32.5 31.2 33.2

AM (dNm) 14.2 24.6 4.7 22.6 25.8

We note that the natural rubber composites filled with two types of carbon
nanomaterials have the same hardness (both 52, Table 6-3). The reason for the rubber

composites having the same hardness is that the improvement in the performance of the
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Figure 6-3 J-integral value of the natural rubber composites
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Figure 6-4 Tearing energy of the natural rubber composites

For rubber composites, we know that hysteresis loss is one of the most important
factors, as it affects dynamic fatigue performance. In addition, all of the dynamic energy
will turns into heat energy. As a result, heat energy will have an adverse effect on the
dynamic fatigue properties of rubber composites. The hysteresis energy density (HED)
is used to characterize the dynamic hysteresis loss of natural rubber composites. The

cyclic stress-strain curve at a tearing energy of 1.5 kJ/m? is shown Figure 6-5.
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Figure 6-5 Cyclic stress-strain curves of natural rubber composites

The HEDs calculated for different tearing energies are listed in Table 6-4. It can be
seen that at any tearing energy, the CNT-3 composite always shows a higher HED than
the other composites. The significantly higher HED of the CNT-3 composite is mainly
caused by the weaker interfacial interaction between the CNTs and natural rubber
matrix. The slippage of CNTs increases the internal friction and hysteresis loss,
resulting in significant heat production and accumulation and thereby reducing the

dynamic fatigue properties of the CNT-3 composites.

Table 6-4 HED for different tearing energies

).6 kl/m’ 1.2 kJ/m’ 1.8 kJ/m’ 2.4 kJ/m?
Graphene-3 6.7 12.8 18.1 24 .5
ICNT-3 7.7 15.1 20.7 29.1
G-C-1 6.1 1222 18.1 027
NR-0 3.2 6.3 8.7 10.9
G-C-3 7.9 13.3 20.6 5.6




6.2.4. Crack initiation/crack propagation resistance
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Figure 6-6 J-CTOD relationships of natural rubber composites

J-integral tests are used to investigate the crack initiation and crack propagation
resistance of natural rubber composites. As previously described, the J-integral Jic is
used for characterizing the anti-crack performance and Tr. As shown in Figure 6-6, we
noticed that when the crack-tip opening displacement (CTOD) is the same, the G-C-3
composite has the highest J-integral value, followed by the G-C-1, CNT-3 and
Graphene-3 composites. In addition, when J-integral value is same, the G-C-3

composite has the lowest CTOD value.

Table 6-5 Jic and Tr of natural rubber composites

Samples NR-0 Graphene-3  |CNTs-3 G-C-1 G-C-3
Urc/kJm™ 0.84 3.80 447 4.78 5.18
T=/MPa 2.40 3.08 5.17 8.42 10.42
R’ 0.97 0.99 0.99 0.99 0.99

At the same time, the critical J-integral Jic values (Table 6-5) show that the G-C-3
composite exhibits the best crack initiation performance, followed by the G-C-1, CNT-
3 and Graphene-3 composites. We can also find that pure natural rubber has the lowest
crack initiation resistance. We can see the J-integral value and CTOD show a linear

correlation. The tear modulus Tk is listed in Table 6-5. We know that composites with
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higher Tr value have better crack propagation resistance. We also note that the law of
crack propagation resistance is consistent with crack initiation. The J-integral test
showed that the G-C-3 composite exhibited the best crack initiation and crack

propagation resistance
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Figure 6-7 Typical stress-strain curves for PSSs

The stress-strain curve of precut specimens is used to indirectly characterize the
anti-crack-propagation properties. Typical curves are shown in Figure 6-7. In the
process of uniaxial stretching, rapid crack propagation will occur under a critical strain,
which will result in a sudden decrease in stress, as shown in Figure 6-7. It is easy to
understand that a higher critical strain indicates better crack propagation resistance. The
critical strains of NR-0, Graphene-3, and CNT-3 are 100%, 125%, and 150%,
respectively. However, there is no rapid stress reduction in the stress-strain curve of the
G-C-3 and G-C-1 composites. This results indicates that the G-C-3 and G-C-1
composites are much superior to the other composites in anti-crack-propagation

performance.
6.2.5. Strain distribution and amplification

The maximum strain at the crack tip of the sample is shown in Figure 6-8. It can be
seen that there is a linear relationship between the maximum strain and overall strain.
The G-C-3 composite exhibits higher crack-tip strain amplification levels than the other

composites. At the same time, nonfilled pure natural rubber (NR-0) also exhibits
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relatively weak strain amplification effects due to the crystallization effect. The G-C-3
composite has strongest strain amplification effect, which is mainly attributed to it
having the highest filler loading. In addition, the results for the G-C-3 composite
indicate that there will be more polymer chains that can withstand the input energy,

which will help improve the crack propagation resistance.
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Figure 6-8 Different strains of NR composites
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Figure 6-9 Crack direction for natural rubber composites

The distribution of strain for the natural rubber composites is shown in Figure 6-9.
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The figure shows that the presence of singular strain regions. We note that the G-C-3
composite shows higher strain amplification and has a higher amplification effect than
the other composites. The length of the region affected by the strain amplification effect
of the G-C-3 composite is approximately 1.6 mm. As shown above, all three rubber
composites exhibit almost the same energy input during crack propagation. However,
the strain amplification area of the G-C-3 composite, which is the largest, dissipates the
most energy, resulting in a reduction in energy for molecular chain breakage and crack
propagation. As a result, we can see the excellent crack propagation resistance of G-C-

3 composites.
6.2.6. Dynamic fatigue properties

Table 6-6 Fatigue crack growth rate

0.6 kJ/m’ 1.2 kJ/m? 1.8 kJ/m* 2.4 kJ/m*
NR-0 28.8 (1438 59.9 82.6
Graphene-3 17.6 29.3 44.6 56.8
CNT-3 134 21.6 37.9 48.6
G-C-1 8.2 18.2 20.6 27.6
G-C-3 9.2 15.2 26.6 34.6

The dynamic fatigue properties were also studied. In addition, the fatigue crack
propagation rate at tearing energies of 0.5, 1.0, 1.5, and 2.0 kJ/m? is shown in Table 6-6.
We note that the da/dN value also increased with increasing tearing energy. The G-C-3
composite exhibited the lowest da/dN value under any tearing energy condition,
indicating that it has the best dynamic crack propagation resistance, followed by G-C-
1, CNT-3 and Graphene-3. We can also see pure natural rubber NR-0O has the weakest
dynamic crack propagation resistance. The dynamic fatigue result is consistent with the

crack propagation result.
6.3. Summary

In this chapter, the effects of different carbon nanomaterials used as a filler for natural
rubber composites were studied. All composites have the same hardness. In addition,
mechanical blending ensures uniform dispersion of the filler in the natural rubber
matrix. The results showed that the G-C-3 composite, which contains of mixture of

CNTs and graphene, shows the best fatigue resistance performance, followed by G-C-
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1, CNT-3 and Graphene-3. In addition, we found that the energy input is not the cause
of the difference in crack propagation resistance. The CNT-3 composite has the highest
hysteresis loss and the lowest dynamic fatigue performance. In addition, the crack
distribution shows that the G-C-3 composite exhibits the best strain amplification effect,
which will greatly enhance the dissipation of the local input tearing energy and improve

the crack propagation resistance.
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Chapter 7. Conclusions

In this study, we improve the antifatigue performance of natural rubber as a shock
absorbing material. Different kinds of natural rubber composites are prepared by a
mechanical blending method. We also prepare different surface-modified CNTs and
graphene to improve their dispersion in a rubber matrix. We search for the best way to
modify the carbon nanomaterials and confirm the best formula for rubber composites.
By testing the crystallization and mechanical properties of the rubber composites, we
determine the influence of the loading amount on the fatigue resistance. The findings

are as follows:

1) Surface modification of MWCNTs was achieved by grafting them with carboxyl,
hydroxyl, carbonyl and amide groups by acidification and amination. The acidification
conditions were as follows: 1 g of MWCNTs were dissolved in 80 mL of nitro-sulfuric
acid (volume ratio of 3:1) at 50°C, and oxygen-containing functional groups were
grafted onto the MWCNTs after 2 h of ultrasonication. The carboxyl content was
characterized by acid-base titration. The amination conditions were as follows: 0.3 g of
Modified-MWCNTs-2 were reacted with 72 mL of ethylenediamine for 48 h; this
process enabled the grafting of amide groups. Then, the MWCNTs will disperse

uniformly.

2) The amidation reaction can add carboxyl groups to graphene. In addition, alkyl
groups improve the lipophilicity of graphene. GO was modified by propargyl alcohol,
and these alkyne groups were used to graft polymers onto graphene or GO. This study
grafted different polymers onto graphene or GO, such as PS, SEBS, and MAPP.

3) Aseries of carbon nanomaterial/natural rubber composites were prepared by using
a two-roll miller. The results show that functional groups improve the compatibility
between the filler (CNTs and graphene) and the natural rubber matrix. Thus, carbon
nanomaterials can disperse uniformly in the rubber matrix. The results show that the
addition of modified carbon nanomaterials does not change the chemical structure of
natural rubber. However, due to the addition of carbon nanomaterials, the strength and

fatigue resistance of natural rubber composites are improved greatly.

4) This research finds that combining CNTs or graphene with a conventional filler
such as CB will greatly improve the mechanical properties and crack propagation

resistance of natural rubber composites. This behavior is due to the synergistic effects
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between different fillers. The result shows that CNT-3 has the strongest dynamic fatigue
resistance. Carbon nanomaterials make the natural rubber more susceptible to SIC,
which will promote the ability to deflect microcracks. CNT-9 shows the weakest
dynamic fatigue performance because its hysteresis loss is much higher than that of the
other composites. Therefore, finding the best amount of filler is essential for obtaining

high-performance natural rubber composites.

5) This research also studies the effects of different shapes of carbon nanomaterials.
We tested the crack propagation resistance and synergistic effects of the as-prepared
composites. The results show that the G-C-3 composite has the best fatigue resistance
performance, followed by G-C-1, CNT-3 and graphene-3. We also found that energy
input is not the most important factor in crack growth. Our research shows that the G-
C-3 composite has highest strain amplification effect and amplification area, which will

help dissipate the local input tearing energy.
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