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ABSTRACT

In this research, the properties of 50/50 NR/NBR blends containing
MWCNT/NR masterbatches prepared using the predispersing method (P) and
conventional method (C) were studied. The amount of MWCNT in both blends was
varied from 0 to 6 phr. Additionally, the properties of NR/NBR blends at various
blend ratios prepared from the MWCNT/NR masterbatch (mNR) and MWCNT/NBR
masterbatch (MNBR) were compared. The amount of MWCNT for both mNR and
MNBR blends was kept constant at 4 phr. Furthermore, the properties of 50/50
NR/NBR blends filled with 4 phr of MWCNT, OH-MWCNT, and SiOH-MWCNT
were determined.

The results show that modulus, tensile strength, tear strength, and
electrical and thermal properties of the P blends are significantly higher than those of
the C blends. This is simply due to the better MWCNT dispersion in the P blends. At 4
phr MWCNT, modulus, tensile strength, tear strength, and electrical conductivity of
the P blend in the milling direction (MD) are higher than those of the corresponding
transverse direction (TD) sample. Moreover, the anisotropic properties of the P blends
are clearly observed when 4 phr MWCNT is loaded. This is because most of the
MWCNTSs in the P blends are aligned along the MD when MWCNT is not more than 4
phr as confirmed by dichroic ratio. Also, SEM images show that the number of
MWCNT agglomerates increases when MWCNT is more than 4 phr.

It was also found that hardness, modulus, tensile strength, tear strength, oil
resistance, and thermal and electrical conductivities of the mNR blends are superior to
those of the corresponding mNBR blends. Additionally, the results show that 100%
modulus, storage modulus at 30 °C, tensile strength, tear strength, and electrical
conductivity of both mNR and mNBR blends in MD are higher than those of the
corresponding TD samples. Moreover, the 50/50 mNR blend gives the best overall
properties. Furthermore, it can be seen that modulus, tensile strength, tear strength,
and oil resistance of the 50/50 NR/NBR blend containing SIOH-MWCNT are greater
than those containing OH-MWCNT and MWCNT. Also, 300% modulus, storage
modulus at 30 °C, tensile strength, tear strength, and electrical conductivity of these
blends in MD are higher than those of the corresponding TD samples. However,
modification of the MWCNT surface does not affect the electrical and thermal
conductivities of the blends.

KEY WORDS: NR/NBR BLENDS/MULTI-WALL CARBON
NANOTUBE/MECHANICAL PROPERTIES/THERMAL
CONDUCTIVITY/ELECTRICAL CONDUCTIVITY
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CHAPTER I
INTRODUCTION

Rubber blend is commercially important because it gives a balance of
properties and cost which one rubber alone cannot provide [1]. In order to obtain the
rubber having both good tensile strength and oil resistance, natural rubber (NR) and
acrylonitrile butadiene rubber (NBR) are blended [2-4]. However, other mechanical
properties such as tear strength and abrasion resistance have to be improved by adding
reinforcing fillers [3-6]. Among reinforcing fillers, carbon nanotube (CNT) is
currently attractive class of inclusions because of its excellent mechanical, thermal,
and electrical properties [7, 8]. Thus, the incorporation of CNT into the rubber matrix
is expected to obtain the rubber composites having the above properties [9-15].
Generally, carbon nanotube can be divided into three main types which are single-wall
carbon nanotube (SWCNT), double-wall carbon nanotube (DWCNT) and multi-wall
carbon nanotube (MWCNT). However, MWCNT is frequently used as reinforcing
filler in the rubber composites because it gives higher electrical conductivity than
other types of CNT. It is known that the degree of reinforcement is extremely
dependent on the degree of filler dispersion [16-18]. Previous studies have shown that
the dispersion of MWCNT in the rubber matrix is rather poor because MWCNT tend
to form highly entangled agglomerates like felted thread leading to poor mechanical
properties [16, 17]. However, it has been reported that the incorporation of MWCNT
suspension, prepared by using ultrasonic process, into SBR/BR blends can enhance the
degree of MWCNT dispersion [16, 18]. Therefore, SBR/BR blends filled with
MWCNT prepared by using the above method give higher mechanical properties and
electrical conductivity than those prepared by using conventional mixing method [16,
18]. In some cases, the improvement in mechanical properties of polymer composites
reinforced with CNT is not remarkable due to poor adhesion which gives rise to lower
stress transfer ability in the composites [19]. Recent report has been shown that

modification of CNT surfaces by introducing carboxylic acid groups could provide
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better stabilization of CNT in polar solvents and covalently link polymers leading to
improve the processability and mechanical properties of the NR composites [20]. In
addition, the chemical functionalization of MWCNT using silane coupling agents has
been studied by several researchers [17-19]. They found that treatment of the
MWCNT surface with silane leads to improvement of modulus and tensile strength of
the rubber composites [9, 21, 22]. This infers that the modification of MWCNT
surfaces with silane can enhance polymer-filler interaction between the CNT and
rubber matrix [9, 21, 22]. Additionally, the orientation of CNT in the polymer matrix
can affect the properties of the composites. This is because CNT is considered as short
fibers and CNT-filled polymer composites are always analogues of short-fiber
composites [23]. Therefore, the theories for the strength and modulus of short fiber
reinforced polymer composites can be extended to the case of CNT reinforced
polymer composites [24]. Previous work has shown that addition of 5 %wt of
MWCNT improves the storage modulus of polystyrene (PS) by 49% if MWCNT is
oriented in one direction, while that of the random oriented MWCNT/PS composite
increases by 10% [25].

In this research, well-dispersed MWCNT in NR/NBR blends was prepared
by mixing the dispersed MWCNT suspension with the blends. Then, the morphology
mechanical, dynamic mechanical, thermal and electrical properties of NR/NBR
vulcanizates having various MWCNT contents and blend ratios are investigated. The
effect of milling direction on tear strength, tensile, dynamic mechanical and electrical
properties and of the vulcanizates is also studied. Additionally, the properties of 50/50
NR/NBR blends filled with hydroxyl modified MWCNT functionalized with silane
coupling agent (Si-69) are compared with those of 50/50 NR/NBR blends filled with
unmodified MWCNT and hydroxyl modified MWCNT.
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CHAPTER II
OBJECTIVES

The main objectives of this research are as follow;

1. To study the morphology, mechanical, dynamic mechanical, thermal,
electrical and dielectric properties of 50/50 NR/NBR vulcanizates having various
MWCNT contents prepared from MWCNT/NR masterbatches

2. To determine the mechanical, dynamic mechanical, thermal and
electrical properties of 4 phr MWCNT-filled NR/NBR vulcanizates at various blend
ratios prepared from MWCNT/NR masterbatch and MWCNT/NBR masterbatch

3. To study the mechanical, dynamic mechanical, electrical and thermal
properties of 50/50 NR/NBR vulcanizates filled with 4 phr SIOH-MWCNT and OH-
MWCNT.

4. To investigate the effect of MWCNT alignment on tensile, tear,

dynamic mechanical and electrical properties of various NR/NBR vulcanizates.
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CHAPTER Il
LITERATURE REVIEW

3.1 Natural rubber (NR)

Natural rubber (NR) is an elastomer that is commercially produced from
Hevea brasiliensis tree [26]. It has been reported that NR is a high molecular weight
polymer with a molecular weight of 10* to 10° [27]. The chemical structure of NR is
cis 1,4-polyisoprene as shown in Figure 3.1. The double bond of NR in each isoprene
unit can react with sulfur via vulcanization reaction [28]. Moreover, its double bond
can react with oxygen and ozone leading to the degradation of NR [28]. Additionally,
NR has poor oil resistance because its molecule contains only carbon and hydrogen
[27]. This problem can be reduced by modifying surface of NR or blending with other
rubber such as chloroprene rubber (CR) and acrylonitrile butadiene rubber (NBR). It is
well-known that NR is classified as an amorphous rubber. However, NR can behave as
a crystalline polymer when it is stretched or cooled [29]. It has been reported that the
strain-induced crystallization (SIC) of NR is an important phenomenon which brings
about its excellent mechanical properties [29]. Apart from superior strength, NR has
high resilience, very good low temperature flexibility, excellent dynamic properties
and low heat build-up [30-31]. Therefore, it is widely used in the rubber industries. In
addition, these properties can be improved when NR reacts with sulfur known as
vulcanization reaction. This reaction converts the plastic and viscous nature of raw
rubber into elastic rubber. Vulcanized NR generally has higher hardness, tensile
strength and abrasion resistance but lower elongation relative to raw NR. Since the
vulcanized NR has very low electrical conductivity, it is not suitable for using in the
electronic applications such as electromagnetic interference (EMI) shielding products
and strain sensors [32-33]. However, its electrical conductivity can be improved by
adding conductive fillers such as conductive carbon black, graphite, graphene and
carbon nanotube (CNT). In general, the main use of NR is in automobiles. It has been

reported that sixty percent of all rubber consumed is for automobile tyres [34].
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Additionally, NR is widely used in engineering products such as conveyor belt and
bearing for bridge. Other utilizations of NR include hoses, footwear, battery boxes,

foam mattresses, balloons and toys [35].

—-CH, CH,+
N, /2
C=C__

7/
H,C H

Figure 3.1 Chemical structure of NR [28]

3.2 Acrylonitrile butadiene rubber (NBR)

Acrylonitrile butadiene rubber is also known as nitrile rubber. It is produced
from a copolymer of acrylonitrile and butadiene monomers. The basic structure of
NBR is shown in Figure 3.2 [3]. Normally, the amount of acrylonitrile presented in the
final copolymer varies from 15 to 50 percents [36]. It has been reported that the
increase of acrylonitrile concentration improves the polarity and gas permeability of
NBR but limits its low temperature properties [36-37]. Since NBR is a polar rubber, it
has excellent resistance to non-polar oils such as petroleum oils, mineral oil and
vegetable oil [36-37]. Therefore, it is mainly used where high oil resistance is
required, as in automotive seals, gaskets, or other items which contact with hot oils
[38]. In addition, it is used to produce hoses for oil products and the rolls for spreading
ink in printing. Moreover, it is used to make protective gloves for the nuclear industry.
An ability of NBR to resist temperature ranging from -40 °C to +108 °C makes it an
ideal material for aeronautical applications [3]. NBR is also employed to produce
moulded goods, footwear, adhesives, sealants, sponges, expanded foams, and floor
mats [38]. In some applications, NBR is blended with other rubbers to get a balance in
properties. For example, blending of natural rubber (NR) and nitrile rubber (NBR)
imparts the blend with a balance in tensile strength, abrasion resistance and oil

resistance [2-4].
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Figure 3.2 Chemical structure of NBR [3]

3.3 Rubber blend

Blending of two or more types of rubbers is a useful technique for
developing materials with balanced properties of the individual constituents.
Additionally, blending of different rubbers can improve the processing properties and
reduce the production cost. Generally, the blends can be divided into two types,
heterogeneous and homogeneous blends. If the blend is made of two rubbers, two
glass transition temperatures can be observed for the heterogeneous blend. In contrast,
homogeneous blend exhibits a single-phase structure and one glass transition
temperature. Blending of two rubbers having different polarity causes lack of
miscibility leading to poor mechanical properties. Tinker and Jones illustrate a model
vulcanized blend of two rubbers containing various ingredients as shown in Figure 3.3
[39]. The blend ratio between rubber A and B for this model is 3:1. Many factors such
as polymer ratio, interfacial tension, distribution of compounding ingredients and
crosslink density can affect the properties of the blends and are taken into the
consideration. [39-41].
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Figure 3.3 Schematic for a model blend of two rubbers (A[ ] and B& ) containing
filler@ , plasticizer (P) and crosslink (X) [39]

3.3.1 Polymer ratio

Polymer ratio is an important factor controlling phase morphology of
rubber blend. Generally, phase morphology of the rubber blend can be divided into
two cases whether one phase is dispersed within another phase as depicted in Figure
3.4a (NR phase dispersed in NBR phase) or whether both are continuous phases as
shown in Figure 3.4b [39]. The latter case is known as co-continuous phase
morphology [39]. Ali and co-workers found that 50/50 HNBR/NR blend exhibits co-
continuous phase morphology where both HNBR (grey domains) and NR (white
domains) are continuous phases as displayed in Figure 3.5 [42]. It is well known that
the properties of polymer blend are dominated by the continuous phase. In addition,
the smaller phase size of the dispersed phase indicates the better blend compatibility of
the system leading to the improved properties of the blends. For example, NR/NBR
blend with smaller size of the NR dispersed in NBR matrix has oil resistance closed to
that of the NBR vulcanizates [43]. Furthermore, Botos and co-workers reported that
the 25/75 and 50/50 NR/ethylene-propylene-diene rubber (EPDM) blends give the best
resistance against thermal ageing and UV irradiation, respectively [44]. This is

because EPDM is continuous phase for both blend ratios. Moreover, Sae-oui and co-
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workers showed that increasing CR content in the CR/NR blends helps to improve oil,
thermal and ozone resistance of the blends [45]. Varkey and co-workers studied the
thermal degradation of NR/polybutadiene-co-styrene (SBR) latex blends using
thermogravimetric method. They found that an increase of SBR content leads to

improvement in the thermal stability of the blends [46].

Figure 3.4 Phase morphology of NR/NBR blends; a) NR dispersed in NBR phase and
b) co-continuous phase (darker phase is NR, white phase is NBR) [39]

Figure 3.5 AFM image of blend morphology of 50/50 HNBR/NR; grey domains are
NBR, white domains are NR [42]
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3.3.2 Interfacial tension

Interfacial tension is another important factor influencing the morphology
of the rubber blend [39]. Generally, the solubility parameter is one of the most
important factors affecting on the interfacial tension. For example, blending of non-
polar rubbers having similar solubility parameters such as NR, polybutadiene (BR)
and SBR results in lower interfacial tension [39]. At lower interfacial tension, the
smaller size of dispersed phase can be obtained. In contrast, blending of two rubbers
having large difference in solubility parameters such as CR (polar rubber) and NR
(non-polar rubber) causes higher interfacial tension leading to larger dispersed phase
[39]. Additionally, interfacial tension plays a role in controlling the interfacial
adhesion and crosslinking between interfaces of the two rubber phases. When the
interfacial tension is high, there is slight mixing of the two rubber phases at the
interface [39]. Consequently, the chance for crosslinking between the two phases is
reduced leading to a weakness at the interface and poor mechanical properties of the
blend. However, this problem can be solved by adding the compatibilizing agents to
reduce the interfacial tension. It has been reported that phase size of HNBR in the NR
matrix of nanoclay-filled 50/50 HNBR/NR blends decreases due to the reduction of
the interfacial tension causing by compatibilization effect of the surfactant released
from clay [42]. Additionally, it is found that the amount of the surfactant released from
clay increases with increasing mixing time, resulting in smaller phase size of HNBR

with increasing mixing time from 25 to 40 min as shown in Figure 3.6 [42].
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Figure 3.6 AFM image of blend morphology of 50/50 HNBR/NR in dependence of

mixing time; grey domains are NBR, white domains are NR [42]

3.3.3 Distribution of filler between the elastomers

A balance of filler distribution in the blends has been shown to affect the
properties of the blend [42]. However, it is difficult to control the distribution and
dispersion between two rubber phases, especially when two rubbers having large
difference in solubility parameter are blended. This is because filler favors to migrate
into the rubber phase having similar solubility parameter [39]. Previously, the
selective localization of silica within NR/SBR/NBR blend has been studied by means
of FTIR spectroscopy [47]. The results indicate that silica migrates from SBR phase to
NBR phase because of the stronger affinity of silica to NBR. Additionally, Edirisinghe
and co-workers studied the selective localization of carbon black (CB) in NR/NBR
blend by using transmitted light microscope under bright field illumination [48]. They
found that carbon black migrates into NR phase due to the similar solubility parameter
of carbon black to NR [48]. Besides, Callan and co-workers investigated the
distribution of CB in 50/50 blends of different elastomers by using TEM technique
[49]. They observed that the CB affinity decreases in the order of BR, SBR, CR, NR
and EPDM [49]. Furthermore, Ali and co-workers prepared 50/50 HNBR/NR blend by
using clay/NR masterbatch and examined the distribution of clay by using AFM
technique [42]. They observed that nanoclay particles transfer from NR into the



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Polymer Science and Technology) / 11

HNBR phase when mixing time is more than 2 min as depicted in Figure 3.7 [42].
Additionally, it can also be seen in Figure 3.8 that 50/50 HNBR/NR blend containing
5 phr nanoclay exhibits the highest tensile modulus when the mixing time is 15 min.
The explanation is given to the balance of filler distribution in each phase [42].
Moreover, it has been reported that the distribution of fillers can be determined from
the Raman micro-imaging and dynamic mechanical thermal analysis (DMTA) results
[50-54]. Zerda et al. applied Raman micro-imaging technique to investigate silica
distribution in BR/BIMS/NR blends [50]. They observed that silica was localized in
the interphase of the NR and BIMS domains and no silica was found in the BR phase
[50]. Meier and co-workers attempted to study the amount of silica in each phase of a
ternary BR/SBR/NR blend from the DMTA results [51]. They found that the selective
localization of silica within the BR/SBR mix-phase could not be determined because
of the overlapping of the glass transition temperatures (Ty) of these rubbers. In
addition, Sirisinha et al. studied the distribution of CB in BR/NBR blends by using the
DMTA technique [52]. The results showed that CB preferred to reside in the BR phase
relative to the NBR due to the higher affinity of CB to BR. In this research, the DMTA
results are also used to determine the distribution of CNT in NR/NBR blends. This
method is based on the difference in damping factor (tan 3) of the gum and filled
rubber vulcanizates. Basically, tan 6 at peak (tan dmax) decreases when the fillers such
as CNT and silica are incorporated into a rubber matrix [16, 54]. This is because rigid
filler restricts molecular chains of viscous rubber matrix. In cases of rubber blends, if
the filler preferentially migrates from one phase to the others, the change of tan Smax
for each rubber phase would be observed. Therefore, the distribution of filler in each
phase of the blends can be estimated by using the relationship between the magnitude
of reduction in tan dmax Of gum and filled blends [51-54].
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Figure 3.7 AFM images of the morphology of 50/50 HNBR/NR blend at various

mixing times; dark dots = clay, grey domains = NBR, white matrix = NR

[42]
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Figure 3.8 Tensile modulus of 50/50 HNBR/NR blends containing 5 phr of clay [42]

3.3.4 Distribution of crosslink between the elastomers

Sulfur-based curing system is widely used to vulcanize the general purpose
diene elastomers such as NR, isoprene rubber (IR), NBR, SBR and the rubber blends
prepared by using these rubbers. It is well known that the vulcanization rate with
sulfur alone is slow. A faster process can be achieved by adding small amounts of
accelerators and activators which are ZnO and fatty acid [55-56]. For rubber blends
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cured with sulfur-based system, poor distribution of crosslink density between two
rubber phases readily takes place due to the poor distribution of curing agents in each
phase. This leads to poor mechanical properties. Gardiner and co-worker have
previously demonstrated that sulfur transfer from NR to SBR is gradual while its
transfer from NR to isobutylene isoprene rubber (IIR) is sharp at the interface. This is
because there is larger difference in sulfur solubility between NR and IIR than that
between NR and SBR [57]. Additionally, it has been reported that blending of highly
unsaturated elastomers such as NR and BR with the elastomers containing a low level
of unsaturation such as EPDM and IIR leads to an imbalance of crosslinks [58].
However, the distribution of crosslinks can be controlled by using suitable accelerators
[39]. Andrew and co-worker employed various accelerators to investigate the
distribution of crosslinks in both phases of 50/50 NR/NBR blends [39]. They used N-t-
butylbenzothiazole-2-sulphenamide (TBBS) as a main accelerator while the secondary
accelerators chosen were tetramethylthiuram monosulphide (TMTM), diphenyl
guanidine (DPG), tetrabutylthiuram disulphide (TBTD), 2,2'-benzothiazole disulphide
(MBTS) and N,N'-dioctadecyl N,N'-diisopropylthiuram disulphide (ODIP). As can be
seen in Figure 3.9, TBBS, TBBS/DPG, TBBS/MBTS and TBBS/TBTD give a balance
of crosslink distributions between two rubber phases. However, they also observed
that the use of only TBBS for preparing the blend rather gives lower cure rate.
Therefore, the addition of the secondary accelerators such as DPG, TBTD and MBTS
is essential for improving the cure rate without adversely affecting crosslink
distribution. As a consequence, a balance in tensile strength of the blends would be
achieved. For the other mechanical properties such as tear strength and abrasion
resistance of the blends, they can be improved by the addition reinforcing fillers [3-6].
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Figure 3.9 Crosslink density distributions of 50/50 NR/NBR blend cured at 150 °C
[39]

3.4 Rubber reinforcement

Reinforcement is defined as improvement in properties of rubber such as
modulus, tear strength, tensile strength, cracking resistance, fatigue resistance and
abrasion resistance [59]. Commercial application of elastomers often requires the use
of filler to obtain the desired properties. The fillers used in the rubber industry are
mainly classified into reinforcing, semi-reinforcing and non-reinforcing fillers. The
choice of filler is usually dictated by the end-application of elastomer and economics.
Generally, the effects of filler on the properties of rubber vulcanizates depend on
particle size, surface area, particle shape, surface activity and filler-matrix interaction.
It is well known that the rubber vulcanizates containing smaller particle size or larger
specific surface area of filler exhibit the higher reinforcing efficiency [59-62]. For
filler shape, it can be characterized by their aspect ratio into sphere, cube, needle,
block, plate and fiber as shown in Figure 3.10 [63]. The aspect ratio is the ratio of
mean length to mean diameter of filler [63]. It has been reported that the filler having
higher aspect ratio give rise to the higher reinforcing efficiency for the rubber
composites [2, 42]. Among reinforcing fillers, carbon nanotube and nano-clay are



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Polymer Science and Technology) / 15

classified as fiber and plate, respectively because they have high aspect ratio which is
able to enhance the mechanical properties of the rubber composites [2, 42]. However,
good interfacial adhesion between rubber matrix and filler is necessary to achieve high
reinforcement [21, 63]. In the rubber composites, the applied stress is basically
transferred from the rubber matrix to the strong and stiff filler. If there is good
interfacial adhesion between rubber matrix and filler, the better stress transfer from
matrix to filler would occur and lead to the improvement of the mechanical properties
[9, 21-22]. On the other hand, poor adhesion between rubber matrix and filler results
in lower stress transfer ability and consequently gives rise to insignificant
improvement in mechanical properties of the rubber composites [19]. Therefore,
modification of filler surfaces is necessary in order to improve the interaction between

the rubber matrix and filler surface.

I/ :I
Shape Sphere Cube Needle
Aspect 1 1 5-20+
Ratio )
Shape Block Plate/Flake Fiber
Aspect 2-4 20-200 20-200+
Ratio

Figure 3.10 Aspect ratios of fillers having different shapes [63]
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3.5 Carbon nanotubes (CNT)

3.5.1 Structure of CNT

In 1991, Sumio lijima used a high resolution transmission electron
microscope to study the soot created in an electrical discharge between two carbon
electrodes [64]. He observed that the soot contains structures that consist of several
concentric tubes of carbon. These are later known as carbon nanotube (CNT). CNT is
long cylinder of covalently bonded carbon atoms as shown in Figure 3.11 [64].
Typically, the length is significantly greater than the width resulting in a large aspect
ratio. CNT has a similar structure to a fullerene, but instead of forming a sphere like
the fullerene atom, the atoms form a cylindrical tube that may (or may not) be capped

off at each end by half a fullerene molecule [64].

Figure 3.11 Structure of CNT [64]

3.5.2 Types of CNTs

In general, there are three different types of CNTs which are single-wall
carbon nanotube (SWCNT), double-wall carbon nanotube (DWCNT), and multi-wall
carbon nanotube (MWCNT) as illustrated in Figure 3.12 [65]. A SWCNT contains one
graphene sheet that rolls up to form a cylinder. For DWCNT, it contains two graphene
sheets that one sheet is within another sheet and both sheets is rolled up to form a
cylinder. In case of MWCNT, it consists of several concentric cylinders. the MWCNT

is used as a reinforcing filler in NR/NBR blends.
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Figure 3.12 Three different types of carbon nanotubes; a) single-wall, b) double-wall
and c¢) multi-wall carbon nanotube [65]

3.5.3 Synthesis of CNTs

Nowadays, CNTs are produced by three techniques which are arc
discharge, laser ablation and chemical decomposition (CVD) [66]. For the arc
discharge method, arc plasma is generated between the two carbon electrodes in an
inert atmosphere. The inert atmosphere used is generally helium gas. A fibrous deposit
forms on the cathode as the anode is consumed. The deposit generally consists of 50%
by volume MWCNT. It is also possible to grow SWCNT by the arc discharge method
using hydrogen gas instead of helium gas. For the laser ablation process, a graphite
target containing small amounts of a metal catalyst is used. The target is placed in a
furnace under 1200°C in an inert atmosphere followed by evaporation using a high
power laser. The carbon nanotube develops on the cooler surface of the reactor, as the
vaporized carbon condenses. The yield of MWCNT synthesized by this process is
about 70% by volume of MWCNT. However, the overall production costs of the laser
ablation process are high. Therefore, chemical vapor deposition (CVD) method is
generally used to avoid the limitations of the other synthetic methods. For CVD
method, a substrate is prepared with a layer of metal catalyst particles, most
commonly nickel, cobalt, iron, or a combination of these materials. The diameter of
the grown nanotubes is related to the size of the metal particles. The substrate is heated
to approximately 700°C. To initiate the growth of nanotubes, two types of gases are
blended into the reactor. Gases used in this process can be ammonia, nitrogen or
hydrogen. It is well known that disadvantage of this method is the formation of
entangled CNT. However, more aligned CNT can be generated by using the conditions

which lead to rapid and dense nucleation on the substrates [66-67]. In addition,
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MWCNT in the length range of millimeters can be synthesized by extending the
growth time. Table 3.1 summarizes the methods used for synthesizing CNTs [66-67].
Normally, the quality and yield of the generated CNT are significantly affected by

technique and the synthesis conditions used.

Table 3.1 A summary of the methods for the synthesis of CNTs [66-67]

Typical mean
Method Technology of preparation diameter Product description
(nm)
i Firs; reported - Lesser quality
. production i i

Are discharge - Modified Kratschmer 1.5(0.9-3.1) CNT packed as bundle

reactor is used

i - Ablation from graphite . .

Laser ablation . . i - High quality
(PLV) doped with Fe, Coand Ni | 1.4(1-1.8) | _ Good diameter control

catalysts
Chemical - Catalytic chemical vapour - Cheapest
vapour deposition 1.5(1.3-2) | - Commercial
deposition - Supported metal - Unscalable
(CVD) catalysts are used P

3.5.4 Properties of CNTs

3.5.4.1 Mechanical properties of CNTs

It is well known that the chemical bonding of CNTs is
composed entirely of sp? bond which is similar to that of graphite. This bond is
stronger than the sp® bond found in alkanes and diamond, providing CNTs with their
unique strength. It has been reported that the modulus of CNTSs is in the same range as
graphite fiber and the strength is at least an order of magnitude higher than the
graphite fiber [68-69]. Eitan and co-worker reported that the SWCNT has Young's
modulus of about 1 TPa as compared to 300-800 GPa for graphite fiber [70]. In
addition, Tu and co-worker reported that the Young's modulus of the MWCNT is
about 4.7 TPa, which is much higher than any other known fillers [68-69]. However,
some computational studies show that the true modulus of the MWCNT are below the

estimated value obtained from the graphene sheet [71]. This could be explained by the
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presence of defect namely Stone Wales defect on its surface [72]. The Stone Wales
defect is the rearrangement of the six membered rings into pentagons and heptagons
[72]. This rearrangement is a result of 90° rotation of C-C bond leading to the
formation of defect on the wall of CNT as depicted in Figure 3.13(a). When the stress
is applied along the MWCNT axis direction, this defect is propagated as shown in
Figure 3.13(b) resulting in the decrease of the mechanical properties of the MWCNT
[72]. In addition, mechanical behaviour of the MWCNT under tensile load can be
another reason for the lower of its true modulus relative to the estimated value
obtained from the graphene sheet [71]. This is because the inner walls of the MWCNT
are not effective in bearing tensile loads applied at both ends. This means that it is
only the outmost layer of the MWCNT which takes the entire load. [71]. Therefore,
failure resulting from the Stone Wales defect occurs only at the outer wall of the
MWCNT by breaking the bonds among carbon atoms as demonstrated in Figure 3.14
[71]. Additionally, it has been reported that the mechanical response of MWCNT is
different from that of conventional fibers or other reinforcing materials due to its
hollow morphology. Therefore, the MWCNT can sustain even 40% strain without

showing any brittle behaviour [71].

b) RS

Before stretching After stretching

Figure 3.13 Spontaneous formation of Stone-Wales defect in CNT; a) formation

Stone-Wales defect and b) propagation of Stone-Wales defect under tension [72]
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Figure 3.14 Breaking the bonds of outmost wall of MWCNT under stretching process
[71]

3.5.4.2 Electrical properties of CNTs

The sidewall of CNTs generally consists of only hexagonal
carbon rings, whereas the end caps are made of pentagons and hexagons in order for
curvature to exist [66]. Due to the carbon-carbon bond symmetry of the cylindrical
tube, CNT has a number of orientations known as chirality that can form a closed
cylinder [66]. The (m,n) indices determine the diameter and chirality, which are key
parameters of a nanotube. Depending on the chirality, CNTs can be either metals or
semiconductors. Folding of a) graphene sheet in the (8,8), (8,0), and (10,-2) vectors
leads to b) armchair, ¢) zigzag, and d) chiral tubes, as depicted in Figure 3.15,
respectively [66]. The electrical properties of CNTs depend on how the hexagons are
orientated along the axis of the tube. If a sheet is rolled in direction of zigzag, the
CNTs would have electronic properties as a semiconductor. Additionally, when a
sheet is rolled in the direction of chiral, the CNT would give electronic properties as
metal. Furthermore, if the hexagons orientate in the configuration labeled armchair
(hexagons are lined up parallel to the axis of the nanotube), the CNT would have
electrical properties similar to metal. When voltage is applied between two ends of an
armchair nanotube, a current will flow. It appears that an armchair carbon nanotube
gives a better electrical conductivity than a copper (Cu) normally used in an electrical

wire, or any other metals [64, 66]. Also, the electrical conductivity of the CNT
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obtained from sheet rolled in direction of armchair is higher than that of the CNT
obtained from sheet rolled in direction of chiral. It has been reported that electron
transport in CNTs only along the axis of tube [66]. In addition, intrinsic
superconductivity in CNTs has been reported by several researchers [64, 71].
However, many other experiments found no evidence of superconductivity. Thus, the
validity of the claims about intrinsic superconductivity in CNTs remains a subject of
debate [64]. Four probe measurements have been previously developed to generate the
information on transport property of individual MWCNT [73]. Interestingly, it is
found that MWCNT represents more complex transport property because of the
presence of cylinders of different chirality. On the other hand, the transport property of
SWCNT is more uniform in nature. It has been reported that the electrical conductivity
of individual SWCNT at room temperature is about 10° S/m for sheet rolled in
direction of armchair and 10 S/m for sheet rolled in zigzag direction [66]. In case of
MWCNT, its electrical conductivity of about 2x10” S/m was reported [18]. It is well
established that MWCNT can consist of mixed chiralities, and there are indications
that the overall electronic behavior is determined by the external shell [64, 66]. Souier
and co-workers also suggested that the conductivity in CNTs can also be adjusted by
suitably doping them resulting in the alteration of their original lattice structure [71].
In addition, it is found that CNTs have similar nature of the conductivity behavior as
conducting polymers [71].
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Figure 3.15 Schematic honeycomb structure of a) a graphene sheet can be formed by

folding the sheet along lattice vectors into b) armchair, c) zigzag and d) chiral [66]

3.5.4.3 Thermal properties of CNTs

Normally, CNTs have low-temperature specific heat.
Therefore, it shows high thermal conductivity. The thermal conductivity of CNTs has
been examined both theoretically and experimentally. It is found that theoretical
thermal conductivity of CNTs at room temperature is larger than graphite or diamond.
Measurements show that the thermal conductivity at room temperature is over 200
W/mK for bulk samples of SWCNT and over 3000 W/mK for individual MWCNT
[18]. In addition, it is found that SWCNT has higher thermal conductivity than copper
which is well known for good thermal conductivity. Besides, it has been reported that
the addition of only 1 wt% SWCNT to epoxy resin can double the thermal
conductivity, showing that nanotube composites may be useful for thermal
management applications. Moreover, the temperature stability of CNTs is estimated to
be up to 2800 °C in vacuum and about 750 °C in air [7].
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3.6 CNTs/polymer composite

CNTs are considered as ideal reinforcing fillers in a wide range of
composite systems [7-9, 74]. This is due to their high aspect ratio and exceptional
mechanical properties, very small diameter, low density, high electrical and thermal
conductivities as mentioned previously. Many researchers reported that the
incorporation of CNTs into polymer matrix brings about improving mechanical,
electrical and thermal properties of polymer composites by orders of magnitude. In
addition, CNT-filled polymer composites are widely used in many applications such as
nanotube reinforced materials, field-effect transistors, field emitters and tips for
scanning probe microscopy [71, 74]. Figure 3.16 shows some of the applications
emerging from CNT-reinforced composites [74]. Several researchers have extensively
studied to develop the high performance CNT/polymer composites [2, 17, 75]. The
key points to achieve the high performance CNT/polymer composites are
homogeneous dispersion of CNT in the polymer matrix and great alignment of CNT in
the polymer matrix as well as good interfacial interaction between the filler and matrix
[16, 17, 25].

Deicing coatings Organic LEDs

Lightning protection High strength/light weight housings
Stress sensors

Heat engine components

Anti-fouling paints

Paintable polymers h 5 .
High strength/light weight parts UV pro‘tectlve coa‘tlngs
Heat engine components Corrosion protection

Figure 3.16 Applications for CNT/polymer composites [74]
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3.6.1 Dispersion of CNTs

It is known that the degree of reinforcement is extremely dependent on the
degree of filler dispersion [16-18]. Previous studies have shown that the dispersion of
MWOCNT in the rubber matrix is rather poor because MWCNT tends to form highly
entangled agglomerates like felted thread leading to poor mechanical properties [16-
17]. Several different methods have been attempted to disperse the CNT [16-18]. It
has been shown previously that CNT can be dispersed by using ultrasonic process. By
using this method, the surface of the dispersed CNT in aqueous medium is treated by
dispersing agents to reduce the Van der Waals forces after the CNT is deagglomerated.
This means that the dispersing agents can separate the CNT to prevent re-aggregation
[76-77]. However, ultrasonic process can cause the breakage of the CNT leading to
low aspect ratio [78]. Several researchers have studied the effect of various surfactants
on the dispersion of CNT suspension. Matarredonna and co-workers found that the
dispersion of CNT in the suspension is improved by adding sodium dodecylbenzene
sulfonate, an anionic surfactant [79]. This is because the adsorption of the surfactant
molecules at the CNT surface leading to stabilization of the nanotube via steric
repulsion [80-81]. In addition, Moore and co-workers observed that the utilization of a
polymeric surfactant which is a Pluronic (polyethylene oxide — polypropylene oxide —
polyethylene oxide, PEO-PPO-PEQ) gives rise to an improvement in CNT dispersion
in aqueous medium, especially at high CNT content [82]. This is due to the fact that its
hydrophilic groups extending into the water can obstruct the CNT aggregation [83]. In
other words, it increases distance between the CNT causing the reduction of the van
der Waals forces. However, charge repulsion is taken place instead of this type of
stabilization when ionic surfactant is used. [82]. When well-dispersed CNT in aqueous
medium is obtained, it is also important to keep well-CNT dispersion after it is added
into the polymer matrix. Therefore, many methods have been adopted to improve
dispersion of CNT in the polymer matrices [16-18, 84]. Villmow and coworkers
attempted to enhance dispersion of the MWCNT in a poly(lactic acid) matrix by using
a twin-screw mixer having high mechanical shear [84]. However, this process brings
about a serious breakage of the MWCNT leading to a decrease in its length and
effective aspect ratio, and a consequent decrease in electrical conductivity of the

composite [84]. Yue and co-worker dispersed the MWCNT in organic solvent using
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ultrasonic process, before mixing the CNT suspension with the HNBR. They found a
significant improvement in the mechanical and electrical properties when only 2 phr
MWCNT is added [85]. In addition, an incorporation of MWCNT suspension,
prepared by using ultrasonic process, into 50/50 SBR/BR blend gives higher
mechanical properties and electrical conductivity than the corresponding blend
prepared by conventional mixing method due to an improvement of MWCNT
dispersion [16, 18].

3.6.2 Alignment of CNTSs

Since CNTs are considered as short fiber, the CNT-filled polymer
composites are analogous to the polymer composites filled with short fiber [23].
Therefore, the theories for the strength and modulus of short fibers reinforced polymer
composites can be extended to the case of CNTSs reinforced polymer composites [24].
In order to control the alignment of CNT in the polymer matrix, many methods have
been adopted [25, 86-87]. Kim and co-workers aligned the MWCNT in EPDM using
dragged shear force from milling process [86]. They found that the aligned MWCNT
in EPDM matrix brings about the enhancement in elastic modulus, thermal
conductivity, electrical conductivity, and electromagnetic shielding property [86].
Additionally, Sharma and co-workers reported that the mechanical properties and
electrical conductivity of the PC composites containing the CNTs aligned by using
magnetic alignment method are higher than those of PC composites containing the
randomly aligned CNTSs. [87]. Other methods can be used to create the alignment of
CNT are electrospinning and solution spinning. Chae and co-workers showed that
utilization of electrospinning method to prepare the SWCNT/polyacrylonitrile (PAN)
composites gives the alignment of SWCNT up to 99% when 1 wt% SWCNT is added
into the PAN [88]. As a result, its storage modulus at 25 °C increases by 6.6 GPa
relative to that of the unfilled one [88]. In addition, Kim et al. observed the
improvement in modulus of the MWCNT/PC composites prepared using
electrospinning method because of the improvement of the MWCNT alignment [89].
Furthermore, Ci et al. determined the modulus in the longitudinal and transverse
directions of the aligned MWCNT/PDMS composite prepared by using infiltration
process [90]. As can be seen in Figure 3.17, the moduli of the PDMS composites
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determined under compression for the longitudinal and transverse directions are 18.87
and 7.95 MPa, respectively. Additionally, melt spinning and drawing methods have
been used to align the CNT in PAN composites [91]. However, it is found that the
mechanical, electrical and thermal properties of the obtained composites prepared by
these methods are much lower than those of the theoretical estimates [92]. Although,
numerous methods have been used to achieve alignment of CNTs in polymer matrix,
these methods give much lower physical properties compared to the theoretical
properties predicting by computer simulation [71]. The variation in mechanical
properties of CNTs, perfection of the carbon nanotube structure, and adhesion between
the matrix and the carbon nanotube may be the reason for the incapability to create a

strong material even with well aligned CNTs [71].
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Figure 3.17 Schematics of different CNT-filled PDMS samples tested under

compression; a) longitudinal direction and b) transverse direction [90]

3.6.3 Modification of CNTs

It has been reported that CNTs have a considerable reinforcing effect but
they exhibit relatively poor interfacial adhesion with rubber matrices such as NR, SBR
and NBR resulting in an insignificant improvement in the mechanical properties [19,
20-21, 93]. This is because there is weak van der Waals forces between rubber
molecule and CNTs surface [93]. Many researchers have attempted to modify the
CNT surfaces in order to improve the interfacial adhesion between rubber and the
CNTs surface. [9, 20-22]. For instance, carboxylic acid groups are introduced to the
CNTs surface by using acid treatment and oxidation reaction methods as displayed in

Figures 3.18(a) and 3.18(b), respectively. It appears that these methods could provide
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better stabilization of CNTs in polar solvents and covalently link polymers leading to
the improvement of the processability and mechanical properties of the NR and PS
composites [9, 20]. Additionally, Shanmugharaj and co-workers reported that the
MWCNT modified by using oxidation reaction exhibits better dispersion in water than
the unmodified MWCNT due to the presence of carboxyl and hydroxyl groups on
nanotube surface [9]. Furthermore, Feng et al. found that the storage modulus of CR
composite filled with MWCNT containing carboxyl groups is higher than that of CR
composite containing unmodified MWCNT [94]. This is because carboxyl groups on
MWCNT surface can form a hydrogen bonding with CR resulting in enhancing
interfacial adhesion and hence improvement of mechanical properties [94]. On the
other hand, the polar functional groups on CNT surfaces cannot improve the
mechanical properties of the non-polar rubbers such as NR and SBR due to the
difference in their polarity [2, 9]. Therefore, another method has been attempted by
grafting with silane coupling agents as illustrated in Figure 3.18(c) [9, 21-22, 95].
Shanmugharaj et al. found that treatment of the MWCNT surface with silane results in
improving the modulus and tensile strength of the CNT/NR composites [9, 95]. This is
because the modification of MWCNT surfaces with silane can enhance the interfacial
adhesion via covalent bonding interaction between the MWCNT and NR matrix [9,
95].



Pattana Kueseng

08 104
T 1111 co,
i o
({11l nNoym,50, yo,c (1]
(a) TT'f’i;l\i:ml] 70°C, 4 h 1€ Tﬁf’%ﬁ(ﬂ
N |

I i
(10N Tl coum
MWNTs FCNT

£ Q

Literature Review / 28

::%'O‘S:i‘{CHg)g'NHz

i-(CHz)3-NHa

§ *%-COOH £3
Fﬂ KzCrs07/H,S04 F.:T _ ;:."{COOH
ot 3 NHp-(CHz)3-Si(OC2Hs); O
o godc (I—OH i
(b) r" ‘ ".,: excess
" My
r“ H"‘=O -lhi c.J
iy :3 ..30 $
CaO, OCsHe :@_“
(_";H5(J-Si—€(.”l-[:}S:—(CH:}S]—LJC;H,
(C) C.H:0 3 3 0C,H;
Hydrolysis K 1
v C—0
Condensation

OH

OCsH¢
O—81=~CHy~CH;_

| Cll;

0OC3H¢ "S:

OC,Hs . /
L ~CHa
O=S8i=CHz=CH3

¢]

|
81—CHz-CHy-CH -8 —5—

Figure 3.18 Chemical modification of CNT; a) acid treatment, b) oxidation reaction

and c) grafting with silane-coupling agent [9, 20-21]
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CHAPTER IV
MATERIALS AND METHODS

4.1 Materials

The materials used in the present study were rubbers, fillers, chemicals and

reagents as shown in Tables 4.1-4.3.

4.1.1 Rubbers
Table 4.1 List of rubbers used in the present study

Rubbers Trade name/Grade Manufacturer
Natural rubber (NR) STR5L Thai Rubber Latex Corporation
Public Co., Ltd., Thailand
Nitrile rubber (NBR) KRYNAC® 3345 F Caldic Co., Ltd., Thailand
4.1.2 Fillers

Table 4.2 List of fillers used in the present study

Fillers Trade name/Grade Manufacturer
Multi-wall carbon nanotube | NC7000 Nanocyl S.A. In., Belgium
(MWCNT)

Hydroxyl modified multi- | NTP3020 Shenzhen Nanotech port Co.,
wall carbon nanotube (OH- Ltd., China
MWCNT)
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4.1.3 Chemicals and Reagents
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Table 4.3 List of chemicals and reagents used in the present study

Chemicals and Reagents Trade Supplier
name/Grade
Zinc oxide (ZnO) Commercial Chemmin Co., Ltd., Thailand
Stearic acid Commercial Chemmin Co., Ltd., Thailand
Sulfur (Ss) Commercial The Siam Chemical Public Co.,
Ltd., Thailand
N-tert-butyl-benzothiazole Commercial Reliance Technochem Co., Ltd.,
sulfenamide (TBBS) Thailand
Tetrabenzylthiuram disulfide Commercial Reliance Technochem Co., Ltd.,
(TBzTD) Thailand
N-isopropyl-N’-phenyl-p- Commercial MDR International Co., Ltd.,
phenylenediamine (IPPD) Thailand
Ethyl alcohol (EtOH) Commercial RCI Labscan Co., Ltd., Thailand
Non-ionic surfactant Nonidet P40 RCI Labscan Co., Ltd., Thailand
Silane coupling agent (Bis(3- Si-69 JJ-Dequssa Co., Ltd., Thailand
triethoxysilylpropyl) tetrasulfide)
Osmium tetroxide Commercial Becthai Co., Ltd., Thailand
Toluene Commercial RCI Labscan Co., Ltd., Thailand
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4.2 Instruments

The instruments used in the present study are summarised in Table 4.4,

Table 4.4 List of instruments used in the present study

Instrument Model Manufacture

Ultrasonic bath B2510-MTH Branson ultrasonic

corporation

Brabender plasticorder R 2000 Brabender Mix Germany

Laboratory 2-roll mill LRM150 Nishimura Labtech engineering
NS76

Moving die rheometer rheoTECH MD+ Tech-Pro

Electrical hydraulic hot press | G 30H Wabash Genesis Series

Hydraulic Press

Instron extensometer 5566 Instron Universal

Hardness durometer Shore A | H17A Wallace

Din abrasion tester 6102 Zwick

BF Goodrich flexometer TP/N 2602 Goodrich

Scanning electron microscope | S-5000 Hitachi

Scanning electron microscope | JSSM-5410 JEOL

Scanning electron microscope | JSM-6301F JEOL

Dynamic mechanical thermal | Explexor TM 25 N Gabo Qualimeter

analyser (DMTA)

Rubber process analyzer RPA2000 Alpha Technologies

(RPA)

Rubber cutting machine - Chaicharoen Karnchang

Microtome 1400 Leitz

Hot Disk thermal analyzer TPS 2500 Kyoto Electronics

2500

HP4284A precision LCR 4284A Agilent Technologies

meter
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Table 4.4 List of instruments used in the present study (cont.)

Instrument Model Manufacture
Raman spectrometer NTEGRA Spectra NT-MDT
Four-point probe 2400 Keithley
Fourier transform infrared Equinox 55 Brucker
spectrometer (FTIR)

Impedance analyzer 4192A Hewlett Packard

4.3 Preparation of dispersed MWCNT suspension

MWCNT was dispersed in ethanol (EtOH) and the ratio of
MWCNT:EtOH is 1:20. Thereafter, 15 %w/Wuwcr Of the non-ionic surfactant was
added to a mixture of MWCNT and ethanol. Then, the mixture was sonicated gently
by using an ultrasonic bath for approximately 2.5 h. The obtained MWCNT
suspension was subsequently mixed with the dry rubber for preparing MWCNT/rubber

masterbatches in the next step.

4.4 Preparation of hydroxyl modified multi-wall carbon nanotube

functionalized with Si-69

0.2 g of hydroxyl modified multi-wall carbon nanotube (OH-MWCNT)
was added in 100 ml of toluene and stirred with a magnetic stirrer for 3 min.
Subsequently, the OH-MWCNT suspension was sonicated using ultrasonic bath at
room temperature for 10 min. Thereafter, Si-69 was added into the OH-MWCNT
suspension and vigorously stirred with mechanical stirrer using rotor speed 400 rpm
for 6 h at 75 °C. The Si-69 concentration used in this study was varied from 0 to 6
%wl/v. Later, the mixture was filtered using nylon membrane filter. Then, the OH-
MWCNT modified with Si-69 (SiIOH-MWCNT) was washed several times with
methanol in order to remove the physical interaction between OH-MWCNT and non-
reactive Si-69 [95]. Thereafter, SIOH-MWCNT was dried at 80 °C for 12 h. The
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grafting index of the obtained SIOH-MWCNT was characterized using FTIR. In
addition, the obtained SIOH-MWCNT was used for preparing the SIOH-MWCNT/NR

masterbatch in the next step.

4.5 Preparation of MWCNT/rubber masterbatches

4.5.1 Preparation of MWCNT/NR masterbatches using predispersing
and conventional methods

MWCNT/NR masterbatches containing various MWCNT contents (from 4
to 12 phr) were prepared by using the predispersing and conventional methods. For the
predispersing method, the dispersed MWCNT suspension prepared as described
previously in section 4.3 was mixed with the masticated NR on a two-roll mill at 80 °C
for 15 min. For MWCNT/NR masterbatches prepared by using the conventional
method, the MWCNT powder was mixed directly into NR on the two-roll mill using
the same mixing conditions. The MWCNT/NR masterbatches obtained from these two
methods were then used to prepare 50/50 NR/NBR blends. Also, MWCNT/NR
masterbatches prepared by using predispersing were used to prepare NR/NBR

compounds at various blend ratios.

4.5.2 Preparation of MWCNT/NBR masterbatch prepared by using
predispersing method

The MWCNT suspension prepared as described in the section 4.3 was
mixed with a masticated NBR on a two-roll mill at 80 °C for 15 min in order to
prepare the MWCNT/NBR masterbatch. The obtained MWCNT/NBR masterbatch
was then used for preparing 4 phr MWCNT-filled NR/NBR compounds (mMNBR) at

various blend ratios.

4.5.3 Preparation of MWCNT/NR, OH-MWCNT/NR and SiOH-
MWCNT/NR masterbatches prepared by using predispersing method
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The MWCNT/NR, OH-MWCNT/NR and SiOH-MWCNT/NR
masterbatches having 8 phr MWCNT were prepared by using the predispersing
method as described previously in section 4.5.1. The obtained MWCNT/NR, OH-
MWCNT/NR and SiOH-MWCNT/NR masterbatches were then used for preparing the
50/50 NR/NBR compounds containing 4 phr of MWCNT, OH-MWCNT and SiOH-
MWCNT, respectively.

4.6 Preparation of MWCNT-filled 50/50 NR/NBR compounds using
MWCNT/NR masterbatch prepared from predispersing and

conventional methods

The formulations of 50/5 0 NR/NBR compounds at various MWCNT
contents are shown in Table 4.5. 50/50 NR/NBR blends containing the MWCNT/NR
masterbatches prepared by using the predispersing and conventional methods (see
section 4.5.1) were denoted as “P” and “C”, respectively. The number following the
letters indicates the amount of MWCNT in the blends. Each MWCNT/NR masterbatch
and other ingredients, except the curatives, were mixed with NBR by using a
laboratory-size internal mixer at a temperature of 50°C, a rotor speed of 50 rpm and a
fill factor of 0.7. The total mixing time was 8 min. After discharging, the compound
was further mixed on a two roll-mill for 1 min. Then, the curatives were added into the
compound. Thereafter, the compound was further mixed for 5 min and was finally
passed through the smallest nip gap of the 2-roll mill ten times in the same direction

before sheeting off.
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Table 4.5 Formulation of NR/NBR compounds containing various MWCNT loading

Ingredient Amount (phr?@

PO (P2 |P4 |P5 |P6 |CO|C2 |C4|C5|C6
NR 50 |- - - - 50 |- - - -
NBR 50 |50 |50 |50 |50 |50 |50 |50 |50 |50
MWCNT/NR
masterbatch® - 52 |54 |55 |56 |- |52 |54 |55 |56
Stearic acid 1 1 1 1 1 1 |1 1 1 |1
Zinc oxide 3 3 3 3 3 3 |3 3 3 |3
IPPD 1 1 1 1 1 1 |1 1 1 |1
TBBS 1.2 |12 |12 |12 |12 |12|12 |12 12|12
TBzTD 04 |04 (04 |04 [04|04]04 (04]04|04
Sulfur 2 2 2 2 2 |12 |2 2 |2 |2

4 Parts per hundred parts of rubber
b Masterbatches prepared from the predispersing and the conventional methods were

used to prepare P and C compounds, respectively.

4.7 Preparation of MWCNT-filled NR/NBR compounds at various
blend ratios using MWCNT/NR masterbatch and MWCNT/NBR

masterbatch

In order to study effect of MWCNT/rubber masterbatch types on the
properties of the MWCNT-filled NR/NBR blends, the MWCNT/NR and
MWCNT/NBR masterbatches were used to prepare NR/NBR blends at various blend
ratios. The formulations of all NR/NBR compounds are shown in Table 4.6. The
NR/NBR blends having 4 phr MWCNT and containing the MWCNT/NR masterbatch
and MWCNT/NBR masterbatch were denoted as “mNR” and “mNBR?”, respectively.
The MWCNT/NR and MWCNT/NBR masterbatches used in this experiment were
prepared as described previously in section 4.5. In order to prepare 70/30, 50/50 and
30/70 mNRs, the NBR was masticated on a two-roll mill at 80 °C for 15 min. Then,
the MWCNT/NR masterbatch was masticated for 2 min by using a laboratory-size
internal mixer before blending with the masticated NBR for another 2 min at a setting
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temperature of 50 °C with a rotor speed of 50 rpm and a fill factor of 0.7. Thereafter,
various chemicals, except the curatives were added and mixed for 4 min. The total
mixing time in the internal mixer was 8 min. After discharging, the compound was
further masticated on a two roll-mill for 1 min before adding the curatives and mixing
for 5 min. Finally, the mNR compound was passed through the smallest nip gap of the
2-roll mill ten times in the same direction before sheeting off.

For preparing 70/30, 50/50 and 30/70 mNBRs, the NR was masticated on a
two-roll mill at 80 °C for 15 min. Then, the MWCNT/NBR masterbatch was
masticated for 2 min by using a laboratory-size internal mixer before blending with the
masticated NR for another 2 min. The same procedure and conditions used for
preparing mNR blend were applied to prepare the mNBR blends.

In addition 100/0 NR/NBR and 0/100 NR/NBR compounds containing 4
phr MWCNT were also prepared for using as the control. 100/0 NR/NBR containing 4
phr MWCNT or 100/0 mNR was prepared by mixing the dispersed MWCNT
suspension having 4 phr MWCNT with the masticated NR on a two-roll mill at 80°C
for 15 min. Then, the NR containing 4 phr MWCNT was mixed with other ingredients
by using the same equipment and conditions as those used for preparing the other
MNR compounds. For preparing 0/100 NR/NBR containing 4 phr MWCNT or 0/100
MNBR, the dispersed MWCNT suspension containing 4 phr MWCNT was mixed with
the masticated NBR on a two-roll mill at 80°C for 15 min. Then, the NBR containing 4
phr MWCNT was mixed with other ingredients by using the same equipment and

conditions as those used for preparing the 100/0 mNR compound.
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Table 4.6 Formulation of NR/NBR compounds at various blend ratios

Ingredient Amount (phr)
MNR MNBR
100/0 | 70/30 | 50/50 | 30/70 | 70/30 | 50/50 | 30/70 | 0/100
NR 100 - - - 70 50 30 -
NBR - 30 50 70 - - - 100
MWCNT/NR - 74 54 34 - - - -
masterbatch
MWCNT/NBR - - - - 34 54 74 -
masterbatch
MWCNT in 4 - - - - - - 4
MWCNT
suspension
Stearic acid 1 1 1 1 1 1 1 1
Zinc oxide 3 3 3 3 3 3 3 3
IPPD 1 1 1 1 1 1 1 1
TBBS 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2
TBzTD 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
Sufur 2 2 2 2 2 2 2 2

4.8 Preparation of 50/50 NR/NBR compounds containing unmodified
carbon nanotube, hydroxyl modified multi-wall carbon nanotube and
hydroxyl modified multi-wall carbon nanotube functionalized with
silane coupling agent (Si-69)

The MWCNT/NR, OH-MWCNT/NR and SiOH-MWCNT/NR
masterbatches were used to prepare the 50/50 NR/NBR blends containing 4 phr of
MWCNT, OH-MWCNT and SiOH-MWCNT, respectively. The mixing procedure of
these masterbatches is described in section 4.5.3. The formulations of all NR/NBR
compounds are depicted in Table 4.7. The 50/50 NR/NBR blends containing
MWCNT, OH-MWCNT and SiOH-MWCNT were denoted as “Bmwent”, “Bon-

mwent” and “BsioH-mwent”, respectively. The mixing procedure for preparing the
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blends was the same as that previously described in section 4.7. After adding the
curatives, the compound was further mixed for 5 min and was finally passed through
the smallest nip gap of the 2-roll mill 10 times in the same direction before sheeting
off.

Table 4.7 Formulation of NR/NBR compounds containing MWCNT, OH-MWCNT
and SIOH-MWCNT

Ingredient Amount (phr)
BmwenT BoH-mweNT | BsioH-mwenT

NBR 50 50 50
MWCNT/NR masterbatch 54 - -
OH-MWCNT/NR
masterbatch - 54 -
SIOH-MWCNT/NR
masterbatch - - 54
Stearic acid 1 1 1
Zinc oxide 3 3 3
IPPD 1 1 1
TBBS 1.2 1.2 1.2
TBzTD 0.4 0.4 0.4
Sulfur 2 2 2

4.9 Determination of cure characteristics

Apparatus: Moving die rheometer (RheoTECH MD+)
Cure temperature: 150 °C
Test time: 30 minutes

Procedure:

Cure characteristics of rubber compounds were measured by using moving
die rheometer (MDR) according to ASTM D5289-95. Approximately 5 g of uncured
rubber, stored at room temperature at least 16 hours after compounding, was placed on
the die of the rheometer cavity under oscillating arc of 0.5°. The rheometer showed the
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increase in torque as a function of test time (Figure 4.1). The vulcanization
characteristics such as minimum torque (ML); maximum torque (Mmu); scorch time
(ts2), time for the torque to rise 2 units from the minimum value and optimum cure
time (tc100) Were determined from the cure curve. The tci00 Was calculated according to

the following equation 4.1.

teo0= ML+ (Mu-My) 4.1)

Torque

¢ M, v

Time

A J

Figure 4.1 Characteristics of cure curve of rubber compound

4.10 Preparation of rubber vulcanizates

Apparatus: Electrical hydraulic hot press
Vulcanization temperature: 150 °C

Procedure:

Rubber compounds were compression molded at 150°C under pressure of
15 MPa using hydraulic hot press according to their respective optimum cure time
(tc100) as determined from the MDR. After the vulcanization, the specimen was kept at

room temperature for at least 16 hours before testing.
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4.11 Mechanical property measurements

4.11.1 Hardness

Apparatus: Hardness durometer Shore A (H17A)

Procedure:

The standard procedures for measuring hardness of rubber vulcanizates
was described in ASTM D2240-97. The square specimen having 6 mm of thickness
and smooth surfaces was placed on the platform of hardness tester. Then,
measurements were made at different positions on the specimen. An average of these

six positions was taken as the hardness value of the tested sample.

4.11.2 Tensile and tear properties

Apparatus: Universal tester (Instron 5566)

Procedure:

In this work, it was expected that the MWCNT in the rubber compounds
sheeted out using a two-roll mill at a tight nip gap would be aligned in the milling
direction. Thus, the test pieces for tensile and tear tests were punched from the
vulcanized sheets having thickness of about 1 mm in two directions, i.e., machine
direction (MD) and transverse direction (TD) as depicted in Figures 4.2A and 4.2B,
respectively. In addition, the dimensions of tensile and tear specimens are shown in
Figures 4.3 and 4.4, respectively. Tensile and tear properties of the specimens were
determined by using a universal tester (Instron 5566) in accordance with ASTM D412-
98 and D624-98, respectively. The specimens were tested by using a 1 kN load cell
and a crosshead speed of 500 mm/min. The values of tensile and tear properties were
the average of 4-5 specimens. In case of tensile test, the specimen was pulled in
tension until rupture. Tensile data for the samples that failed outside of the gauge
region were discarded. The 100% modulus, 300% modulus, elongation at break and
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tensile strength were calculated from equations 4.2, 4.3, 4.4 and 4.5, respectively. For
tear strength, the test was involved measuring the maximum force per unit of thickness

required to completely rupture the specified test specimen. Then, tear strength was

calculated using equation 4.6.

Figure 4.2 Specimen preparation for investigating the effect of milling direction; (A)
MD and (B) TD

Figure 4.3 Specimen dimensions: A =115 mm, B=25mm and C =6.35 mm
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Figure 4.4 Dimensions of the tear specimen
1. 100% modulus = stress at 100% strain (4.2)

2. 300% modulus = stress at 300% strain (4.3)

3. % Elongation at break

% Elongation at break = %xmo (4.4)

0

where L = observed distance between grips of the extended specimen

Lo = original distance between the extensometer

4. Tensile strength

Tensile strength = ; (4.5)

where  F = observed force, N



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Polymer Science and Technology) / 43

A = cross-sectional area of unstrained specimen, mm?
4. Tear strength
Tear strength = F/d (4.6)

where F = maximum force (N)

d = specimen thickness (mm)
4.11.3 Abrasion resistance

Apparatus: Zwick abrasion tester (Model 6102)

Procedure:

Abrasion loss which is reciprocal to abrasion resistance of rubber
vulcanizates was determined following ASTM D5963-97. In this research, the
cylindrical shape specimens having diameter of 16.0 = 0.2 mm and height of 12 mm
were used to determine abrasion loss. During testing, the specimen was abraded across
an abrasive paper with corundum (grain size = 60) at constant loaded force of 10 N
and constant speed of 0.32 m/s at room temperature. The volume loss of sample was
calculated by using equation 4.7. At least 6 specimens were tested and the average

value was taken as the test result.

_Am, xS,
d, xS

A 4.7)

where A = abrasion loss (mm?)
Am = mass loss of the test piece (mg)
d: = density of the test piece (mg/mm?)
So = normal abrasiveness (200 mg in this work)

S = abrasiveness of the abrasive sheet used (mg)
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4.12 Dynamic mechanical property measurements

4.12.1 Heat build-up and dynamic compression set

Apparatus: Goodrich flexometer (model 11™)

Procedure:

Determination of heat build-up of the vulcanizates was performed by using
a Goodrich flexometer following ASTM D623-97. The dynamic compression set value
could be also obtained from the same specimens using for heat build-up testing. The
dynamic compression set was calculated using equation 4.8. The original height (Ho)
of the specimens was measured prior to heat build-up testing. After the heat build-up
testing was completed and the specimen was left at room temperature for 1 h, the final

height (Hs) of the specimen was measured.

Dynamic compression set (%) = [(H,—H;)/H]x100 (4.8)

4.12.2 Dynamic mechanical thermal analysis (DMTA)

Apparatus: Dynamic mechanical thermal analyzer (Explexor TM 25N)

Procedure:

The dynamic properties were determined using a dynamic mechanical
thermal analyzer (DMTA). The test was performed in tension mode with static and
dynamic strain amplitudes of 1% and 0.1%, respectively. The frequency used was 10
Hz. The temperature was scanned from -80°C to 40°C with a heating rate of 2 °C/min.
The relationship between the magnitude of reduction in tan dmax (R) of gum and filled
blends can be used to estimate the distribution of MWCNT in each phase of the blends
by using equation 4.9 [51-54].
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R (tan 6, ) o X (tAN S ) 1
(tan ;) mex

(4.9)

2

where, subscripts “g” and “f”" are gum and filled blends, respectively. The term “R
can be related to the filler-to-rubber weight fraction (w) by multiplying with the

rubber-filler interaction parameter (o) as given in equation 4.10.

R=aw (4.10)

In case of binary blends, it can be separated to single and blend systems by

the following relation;

R =a,W, R, =a,W, Ri=atw1, Rz =a, W, (4.11)

(1344

where, subscripts “/” and “2” correspond to each single rubber system, and the
indicates the blend system. Additionally, w~ denotes the weight fraction of filler to

total rubber matrix in the blend as given in equation 4.12.

W=W1+W, (4.12)

The ratio of weight fraction of filler in each phase component of the blends

(w1"/w2") can be calculated by using equation 4.13.

w: RR
=1z (4.13)
w2 R,R;
The equations 4.11 and 4.12 can be rearranged and then expressed as shown in
equation 4.14 [51-54].
R Rw
R R, +R, R,
The multiplication of w," and w,” by 100 gives the amount of filler

(4.14)

Wy

incorporated in rubber 1 and 2, respectively. Consequently, it is expressed in

percentage on the basis of total filler in the blend.
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4.13 Dichroic ratio measurement

Apparatus: Raman spectrometer (NT-MDT)

Procedure:

The alignment degree of all types of MWCNT in the blends was
investigated by determining the dichroic ratio obtained from Raman spectroscopy
results. Raman spectrometer with a power of 10 mW was operated with 2 min of
accumulation time. The excitation source used was a He/Ne laser with the wavelength
of 632.8 nm. Each test piece with dimensions of 20 x 20 x 1 mm? cut from the tensile
sheet in MD was arranged in parallel and perpendicular to the polarized light and the
spectra data were collected. The dichroic ratio was calculated by using equation 4.15
[96-97].

Dichroic ratio (R) = ly/l+ (4.15)

where, 1y and It are intensities of the G-band of MWCNT at 1570 cm™ when the MD
sample was arranged in parallel and perpendicular to polarized light, respectively.
Arrangement of the MD sample for measuring the intensity of the G-band using

Raman spectrometer is shown in Figure 4.5
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Measure intensity of G-band of CNT Measure intensity of G-band of CNT
aligned parallel to polarized light aligned perpendicular to polarized light

Milling —_—
| I | direction

Milling
direction

A B

Figure 4.5 Arrangement of the test piece in MD for measuring the intensity of the G-
band using Raman spectrometer; (A) parallel to polarized light and (B)
perpendicular to polarized light.

4.14 Electrical property measurements

4.14.1 Volume resistivity
Apparatus: HP4284A precision LCR meter (Model 4284A)

Procedure:

Specimens having dimensions of 50 x 50 x 8 mm?®were used to determine
their electrical resistivity between two conductive rubber electrodes with voltage of 1
V at room temperature by using a HP4284A precision LCR meter. The measured
electrical resistance (R) was then converted into volume resistivity (p) by using

equation 4.16.

p=— (4.16)
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where, S is the cross-sectional area perpendicular to the current and d is the thickness

of the specimens.

4.14.2 Electrical conductivity
Apparatus: Four-point probe (Model 2400)

Procedure:

The electrical conductivity was measured at room temperature using a
four-point probe with a digital multi-meter having two outer current probes and two
inner voltage ones. The test piece with the dimensions of 20 x 20 x 1 mm? was placed
on the four-point probe apparatus. The current (I) was applied in the range of 0.05-500
mA and the voltage was measured. The electrical conductivity (o) of the blends was

evaluated by using equation 4.17 [98].

o :[ 1 J (4.17)
(V/I)*C.F.,*CF.,*T

where, T is thickness of the test piece and V is the voltage between inner probes. C.F.1
and C.F., are the resistance correction factors depending on the width and thickness of

test piece, respectively [98].

4.15 Thermal conductivity measurement

Apparatus: Hot Disk thermal analyzer (Model 2500)

Procedure:

Thermal conductivity was measured using a hot disk thermal analyzer. A
sensor was sandwiched between two slabs of sample having dimensions of 50 x 50 x 8
mm?3. Then, a heat pulse of 0.08 W was supplied to the sample for 5s. The change in

temperature as a function of time was recorded and the data obtained was converted
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into the thermal conductivity. The precision of the thermal conductivity measurement

was +3%.

4.16 Determination of morphology

4.16.1 Abraded surface examination
Apparatus: Scanning electron microscope (Hitachi (S-5000))

Procedure:

To investigate the abraded surfaces of the specimens used for abrasion
testing, the specimens were mounted on the stubs and abraded surfaces of the samples
were sputtered with gold to prevent charging on the surface before examining under
SEM.

4.16.2 MWCNT dispersion and alignment examination
Apparatus: Scanning electron microscope (JEOL (JSM-6301F))

Procedure:

To investigate the degree of MWCNT dispersion and MWCNT alignment
in MD and TD, rubber pieces with the dimensions 2 x 50 x 1 mm?® were cut from the
vulcanized sheets in both directions, as depicted in Figure 4.6. Then, they were
immersed in liquid nitrogen for at least 3 min prior to fracture at their middle part.
Later, they were mounted on the stubs and the newly exposed surfaces of the samples
were sputtered with platinum—palladium to prevent charging on the surface before

examining under SEM.
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Milling direction

Figure 4.6 Preparation of fractured surfaces of the blends in MD and TD

4.16.3 Phase morphology examination
Apparatus: Scanning electron microscope (JEOL (JSM-5410))
Procedure:

To investigate phase morphology of NR/NBR blends, the rubber samples
with the dimensions 2 x 50 x 1 mm? were immersed in liquid nitrogen for 6 min, and
then fractured. Thereafter, the fractured surfaces were stained with osmium tetroxide
(0s0s). Then, they were mounted on the stubs and the newly exposed surface of the
samples was sputtered with platinum—palladium to prevent charging on the surface
before examining under SEM.
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4.17 Dielectric properties

Apparatus: Impedance analyzer (Model 4192A)

Procedure:

The dielectric properties were measured with an impedance analyzer. The
investigations have been performed on test piece with dimensions of 10 x10 x 1 mm?,
The samples were placed between two gold plated brass electrodes of 20 mm
diameter. In the frequency range between 0.01 Hz to 10 MHz, real part of permittivity

was obtained.

4.18 Fourier transform infrared spectroscopy (FTIR)

Apparatus: Fourier transform infrared spectroscopy (Equinox 55)

Procedure:

The expected silanization reaction between OH-MWCNT and Si-69 was
investigated using FTIR. In order to obtain the spectra of the samples, the samples
were prepared as KBr pellets. The spectra were recorded in the region 4,000-500 cm™,
In this case, the grafting onto the OH-MWCNT surface could be confirmed by the
presence of the established Si-O—C bonds at 1100 cm™. The intensity of the peak at
1576 cm™* which was associated with the typical signal of MWCNT and not involved
in the grafting reaction was used to normalize the intensity of the peak at 1100 cm™ in
order to determine the grafting index or the amount of grafting taken place. The
grafting index can be written as equation 4.18.

Grafting index = l1100/11576 (4.18)

where, l1100 and lis7s are intensities of the peaks at 1100 and 1576 cm™, respectively.
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4.19 Swelling ratio measurement

Procedure:

In this study, swelling ratio of the vulcanizates in the gasohol 95 and
hydraulic oil is determined to estimate their resistance to the oils. Vulcanized rubber
was weighed approximately 0.8 g using an electrical balance and this was considered
to be an original weight. Each test piece was immersed in 80 ml oil (gasohol 95 oil or
hydraulic oil) and stored in dark cabinet at room temperature for seven days. Then, the
swollen specimen was removed from the oil and the excess oil was blotted using towel
paper. Thereafter, the sample was put in the weighing bottle and weighed accurately.
Oil resistance was presented in terms of a reciprocal swelling ratio as shown in
equation 4.19. The value of swelling ratio (Q) of each vulcanizate was the average of

three specimens.

Q = (Ws-Wy)/Wy (4.19)
where W, = weight of unswollen rubber (g)
W;s = weight of swollen rubber (g)

4.20 Determination of rheological properties

Apparatus: Rubber process analyzer (RPA2000)

Procedure:

Approximately 5 g of the CR dipped sample was placed in the testing
chamber. The experiment was carried out at the frequency and temperature of 3.14
rad/s and 90 °C, respectively. The strain deformation was ranged from 0.28% to
1200%. The results of elastic modulus (G") and loss modulus (G™) were recorded.
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CHAPTER V
RESULTS AND DISCUSSION

In this study, the results and discussion of this thesis are divided into three
main parts. In the first part, the properties of MWCNT-filled 50/50 NR/NBR blends
containing MWCNT/NR masterbatch prepared from predispersing and conventional
methods at various MWCNT loadings are focused. Then, the properties of NR/NBR
blends at various blend ratios prepared from MWCNT/NR masterbatch or
MWCNT/NBR masterbatch by using predispersing method under optimum conditions
are compared. Finally, the effect of hydroxyl modified multi-wall carbon nanotube
functionalized with silane coupling agent on the properties of 50/50 NR/NBR blend
containing SIOH-MWCNT/NR masterbatch prepared by using predispersing method

at optimum conditions is discussed in the third part.

5.1 The properties of MWCNT-filled 50/50 NR/NBR blends prepared
from MWCNT/NR masterbatch

5.1.1 The effect of preparation methods on the properties of 50/50

NR/NBR blends filled with MWCNT

In this part, the properties such as cure characteristics, mechanical and
electrical properties of the 50/50 NR/NBR blends prepared by utilizing MWCNT/NR
masterbatch mixed by predispersing method (P) and conventional method (C) are

compared. Also, the morphology of the P and C vulcanizates is presented.

5.1.1.1 Cure characteristics and viscoelastic properties of 50/50
NR/NBR coumpounds
Cure curves of both P and C blends are depicted in Figure 5.1
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and, their maximum torque (My), minimum torque (My) and torque difference (Mu-
M) as a function of MWCNT loading are compared in Figure 5.2. In addition, their
scorch time (ts2) and cure time (tci00) are summarized in Table 5.1. It is evident that the
scorch and cure times of both P and C blends gradually reduce with increasing
MWCNT loading as displayed in Table 5.1. The reductions of scorch and cure times
may result from the dilution effect and thermal conductivity enhancement of MWCNT
[16]. It is interesting that the scorch and the cure times of the P blends are shorter than
those of the C blends. This may be explained by the improved MWCNT dispersion
bringing about the better formation of a continuous MWCNT network leading to
greater thermal conductivity, and hence faster onset of crosslinking [16]. Additionally,
the results reveal that the minimum torque, maximum torque and torque difference of
all compounds tend to increase with increasing MWCNT loading as shown in Figure
5.2. The increase in minimum torque could be explained by the dilution effect while
the increases in maximum torque and torque difference could be explained by the
increased curative concentration in the mobilized rubber portion. Similar observation
is also found in carbon black filled NR compounds as previously reported by Choi and
co-workers [99]. As the torque difference is directly proportional to the cure state, the
results reveal that crosslink density of the blends tends to increase with increasing
MWCNT content. Compared to the C blends, the P blends exhibit higher torque
difference and, therefore, higher crosslink density.
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Table 5.1 Scorch (ts2) and cure (tc100) times of the P and C compounds

Blend MWCNT content ts2 tc100
(phr) (min) (min)
0 3.08+0.02 7.63+0.11
2 2.24+0.05 6.40+0.09
P 4 1.92+0.01 6.20+0.07
5 1.87+0.08 6.14+0.13
6 1.80+0.03 6.10+0.02
0 3.14+0.06 7.75+0.05
2 3.11+0.01 7.26+0.01
C 4 2.80+0.01 7.17+0.08
5 2.72+0.04 7.05+£0.13
6 2.61+0.07 6.77+0.02

Figures 5.3a and 5.3b present storage modulus as a function of

deformation strain of the P and C blends, respectively. As can be seen, the storage

modulus at low strain of both P and C blends increases remarkably when MWCNT

loading is increased. This is because the strong van der Waals interaction between
MWCNTs promoting the formation of MWCNT agglomerates at high MWCNT

loading gives rise to the increase in filler-filler interaction. However, it is evident that

such MWCNT networks can be disrupted at high strain leading to the sharp drop in the

storage modulus. Also, it can be seen that filler-filler interaction in the C blends is

stronger than that for the corresponding P blends.
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Figure 5.3 Storage modulus as a function of deformation strain of the P and C blends
at various MWCNT contents; (a) P and (b) C blends

5.1.1.2 Morphology

The degree of MWCNT dispersion in the P and C blends
having various MWCNT loadings was examined using SEM and the micrographs are
given in Figures 5.4 and 5.5, respectively. As can be seen in Figure 5.4, good
dispersion of MWCNT is observed in the P blends having 2 and 4 phr of MWCNT.
Agglomeration of MWCNT is found when the amount of MWCNT is increased to 6
phr. The results also reveal that the average diameter of the small MWCNT
agglomerates for the P blend having 5 phr and 6 phr of MWCNT is about 267 nm and
270 nm, respectively. For the C blends as displayed in Figure 5.5, poor MWCNT
dispersion is observed when only 2 phr of MWCNT is added and the average size of
the agglomerate is about 2.6 um. Also, the agglomerate size tends to increase with
increasing MWCNT content. At 6 phr of MWCNT, the average diameter of the large
MWCNT agglomerates for the C blend is about 6 pum which is significantly larger
than that of the corresponding P blend. From these results, it can be stated that
improvement of MWCNT dispersion can be achieved by using the predispersing
method. However, the formation of MWCNT agglomerates cannot be avoided when
MWCNT loading is high.
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Figure 5.4 SEM micrographs of fractured surface of MWCNT-filled NR/NBR
vulcanizates containing the masterbatch prepared from predispersing
method at various MWCNT contents.
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Figure 5.5 SEM micrographs of fractured surface of MWCNT-filled NR/NBR

vulcanizates containing the masterbatch prepared from conventional

method at various MWCNT contents.
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5.1.1.3 Mechanical properties

Hardness and moduli (100% and 300%) as a function of
MWCNT loading of both P and C blends are compared in Figures 5.6 and 5.7,
respectively. All samples exhibit increases in hardness and moduli when MWCNT
loading is increased. In contrast, their elongation at break, displayed in Figure 5.8,
shows the opposite trend. The increases of hardness and moduli and the decrease of
elongation at break are attributed to the combination of dilution effect and increased
crosslink density. It is also found that hardness and moduli of the P blends are superior
to those of the C blends. Explanation is given by the greater crosslink density of the P
blends. Despite its higher crosslink density, it is found that the P blends also possess
greater elongation at break, compared to the C blends. It is thought that the low
elongation at break of the C blends arises from the poor MWCNT dispersion. It is
interesting to observe the difference in tensile strength trend as shown in Figure 5.9
when the different preparation methods were utilized. As can be seen, the tensile
strength of the P blends markedly increases with increasing MWCNT loading up to 4
phr and then decreases. The reduction of tensile strength at high MWCNT loading is
attributed to the formation of MWCNT agglomerates, as previously depicted in Figure
5.4. On the contrary, tensile strength of the C blends decreases continuously with
increasing MWCNT loading. Poor MWCNT dispersion, particularly at high loading, is
used to explain the results. These results agree well with SEM images as depicted in
Figure 5.5. At a particular MWCNT loading, tensile strength of the P blends is greater
than that of the C blends. Additionally, it appears in Figure 5.10 that tear strength of
both P and C blends increases with increasing MWCNT content and, again, the P
blends have higher tear strength than the corresponding C blends. The greater strengths
of the P blends are thought to be a consequence of better MWCNT dispersion. The
result also indicates that MWCNT agglomerates having diameter of 6 um is still able to

resist tear but these agglomerates could act as defects in the tensile sample [100].
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Figure 5.6 Hardness of the vulcanizates containing the masterbatch prepared from
different methods.
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Figure 5.7 100% and 300% moduli of the vulcanizates containing the masterbatch

prepared from different methods.
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Figure 5.8 Elongation at break of the vulcanizates containing the masterbatch

prepared from different methods.
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Figure 5.9 Tensile strength of the vulcanizates containing the masterbatch prepared

from different methods.
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Figure 5.10 Tear strength of the vulcanizates containing the masterbatch prepared

from different methods.

Abrasion resistance, inversely proportional to the volume loss,
as a function of MWCNT content of all composites is displayed in Figure 5.11. It can
be seen that abrasion resistance of both P and C blends rapidly increases when only 2
phr of MWCNT is added. However, enhancement in abrasion resistance of the P blend
is greater than the C blends when MWCNT is further incorporated into the rubber
matrices. This can be attributed to the increasing of crosslink density and better
dispersion for the P blends. It has been reported that the blend with good filler
dispersion exhibits better abrasion resistance than that with poor filler dispersion
[101]. The improvement in their abrasion resistance coincides with the appearance of
the series of parallel ridges known as Schallamach ridges on the abraded surfaces of
both P and C blends as illustrated in Figures 5.12 and 5.13, respectively [102]. The
formation of these ridges on abraded surfaces can protect the surface lying behind the
ridges from further abrasion by the decrease of contact area resulting in the reduction
of the abrasion loss [102-103]. It is found that the spacing between the ridges on the
abraded surfaces of the P blend is narrower than that of the corresponding C blend.
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Also, this is because the P blend has better MWCNT dispersion and higher crosslink
density leading to its higher stiffness compared to the C counterpart. Therefore, the P

blend possesses relatively greater abrasion resistance compared with the C blend.
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Figure 5.11 Volume loss of the vulcanizates containing the masterbatch prepared from
different methods.
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Figure 5.12 SEM images of abraded surfaces of MWCNT-filled NR/NBR
vulcanizates containing the masterbatch prepared from predispersing

method at various MWCNT contents.
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C6

Figure 5.13 SEM images of abraded surfaces of MWCNT-filled NR/NBR
vulcanizates containing the masterbatch prepared from conventional
method at various MWCNT.
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5.1.1.4 Dynamic mechanical properties

Heat build-up and dynamic compression set of the P and C
blends are presented in Figures 5.14 and 5.15, respectively. Both heat build-up and
dynamic compression set of all blends tend to increase when MWCNT loading is
increased due to the dilution effect. Additionally, the C blends give higher heat build-
up and dynamic compression set than the P blends. The higher energy loss during the
dynamic test found in the C blends is thought to arise from poor MWCNT dispersion
and, therefore, greater friction between the highly entangled MWCNTSs. It is also
found that the compression set of the P blends sharply increases when MWCNT
content is higher than 4 phr. The result coincides with the formation of MWCNT
agglomerates in the P blends as previously illustrated in Figure 5.4.
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Figure 5.14 Heat build-up of the MWCNT-filled NR/NBR vulcanizates containing the
masterbatch prepared from different methods.
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Figure 5.15 Dynamic compression set of the MWCNT-filled NR/NBR vulcanizates

containing the masterbatch prepared from different methods.

Figure 5.16 depicts loss tangent (tan &) as a function of the
temperature of both P and C blends containing the masterbatch prepared from different
methods. Also, their glass transition temperatures (Tg), maximum tan & (tan dmax) and
storage modulus (E") are summarized in Table 5.2. It is evident that there are two Tgs
around -56 °C and -4.5 °C corresponding to NR and NBR phases, respectively. The
difference in preparation method does not affect T4s of both phases. In addition, Tgs of
both phases do not significantly change with increasing MWCNT loading. However,
the tan dmax OFf both phases reduces when MWCNT loading is increased for all cases.
This is simply due to the dilution effect. Additionally, it is found that tan dmax Of both
phases for the P blends is lower than that of the corresponding C blends. This indicates
the greater reinforcement of MWCNT in the P blends due to the better dispersion of
MWCNT in the rubber matrices [16]. This result corresponds well with the
mechanical properties of the composites. Also, storage modulus (E") at 30 °C for P
and C blends having various MWCNT loadings is compared in Table 5.2. It is obvious
that the E” of both P and C blends tends to increase with increasing MWCNT loading.
At specific MWCNT loading, the E” of the P vulcanizate is higher than that of the C
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samples due to stronger reinforcement between MWCNT and rubber chain. This result

agrees well with hardness and modulus depicted previously in Figures 5.6 and 5.7.
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Figure 5.16 Loss tangent (tan ) as a function of the temperature for the MWCNT-
filled NR/NBR vulcanizates containing the masterbatch prepared

from different methods.

Table 5.2 Effect of MWCNT loading on dynamic mechanical properties.

MWCNT
Blend | content (phr) NR NBR E' (MPa) at 30 °C
Tg (°C) | tan dmax | Tg (°C) | tan Smax
0 -56.3 0.48 -4.5 0.93 2.11
2 -56.1 0.39 -4.6 0.80 4.96
P 4 -56.4 0.33 -4.7 0.75 8.38
5 -56.7 0.31 -4.5 0.73 9.75
6 -56.6 0.30 -4.6 0.71 10.18
0 -56.2 0.48 -4.4 0.94 2.09
2 -55.9 0.46 -4.5 0.87 3.09
C 4 -56.7 0.44 -4.6 0.83 3.82
5 -56.3 041 -4.5 0.81 4.46
6 -56.4 0.39 -4.6 0.78 4.88
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5.1.1.5 Oil resistance

In this section, swelling ratio of the vulcanizates in the gasohol
95 and hydraulic oil is determined to estimate their resistance to the oils. The swelling
ratio of the P and C blends as a function of MWCNT loading in the gasohol and
hydraulic oil are presented in Figures 5.17 and 5.18. It is found that both P and C
blends exhibit a decreasing trend of swelling ratio in both gasohol and hydraulic oil
with increasing MWCNT loading. This indicates that the penetration of the gasohol
and hydraulic oil into MWCNT-filled NR/NBR blend is reduced by increasing
MWCNT loading. The reduction of swelling ratio can be explained by the dilution
effect. However, the swelling ratio of the P and C blends in the gasohol is higher than
those of their corresponding samples in the hydraulic oil. This result indicates that the
solubility parameter of 50/50 NR/NBR blend used in this work is closer to that of the
gasohol having higher polarity than the hydraulic oil. It should be noted that gasohol
oil is polar oil because it is the mixture of 10% ethanol mixed with gasoline [104]. It is
also apparent that the swelling ratio of the P blends are lower than those of the C
blends. The explanation is given by the higher crosslink density of P blends. Also, the
better dispersion of MWCNT in the P blends thus promoting better interaction

between MWCNT and rubber matrices can be another reason for the obtained results.
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Figure 5.17 Swelling ratio of MWCNT-filled NR/NBR vulcanizates containing the

masterbatch prepared from different methods in gasohol 95.
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Figure 5.18 Swelling ratio of MWCNT-filled NR/NBR vulcanizates containing the

masterbatch prepared from different methods in hydraulic oil.
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5.1.1.6 Electrical and thermal properties

The volume resistivity of the P and C blends at various
MWCNT loadings is shown in Figure 5.19. It is apparent that the volume resistivity of
the unfilled 50/50 NR/NBR blend is in the order of 10° ohm.cm. This value is much
lower than the volume resistivity of pure NR reported to possess the intrinsic volume
resistivity of about 10'® ohm.cm. [100]. Therefore, it can be stated that the electrical
resistivity of NR can be markedly reduced by blending with NBR. It is also shown in
Figure 5.19 that a reduction of volume resistivity of both P and C samples can be
observed when only 2 phr of MWCNT is added. The abrupt decrease in the resistivity
results from the formation of a continuous MWCNT network. A sharp change in
electrical resistivity from the insulating range to the conducting range is known as the
percolation threshold [16]. At a given MWCNT loading, the P blends possess lower
volume resistivity than the C blends due to better MWCNT dispersion and, therefore,
are better able to form a continuous MWCNT network. As can be seen in Figure 5.19,
P and C blends containing 2 phr of MWCNT give resistivity of the order of 10* and
10° ohm.cm, respectively. In other words, the volume resistivity of the P and C blends
decreases by about 6 and 4 orders of magnitude with respect to the unfilled rubber.
This result confirms the better dispersion of MWCNT in the P blend when using the
masterbatch prepared by predispersing method. Therefore, it can be stated that the
dispersion of MWCNT is significantly improved when the masterbatch is prepared by
predispersing method, leading to the better formation of interconnecting MWCNT
network. At loadings higher than 2 phr, the conductivity of the composite mainly
depends on the conductivity of the continuous conductive network formed through
agglomeration. As can be seen in Figure 5.19, the volume resistivity is slightly
decreased after 2 phr of MWCNT is loaded. This effect may be considered as very
similar to the effect of increasing the diameter of a conducting wire on its conductivity
[37].
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Figure 5.19 Volume resistivity of the MWCNT-filled NR/NBR vulcanizates

containing the masterbatch prepared from different methods.

Figure 5.20 shows the thermal conductivity as a function of
MWCNT content of all blends. As can be seen, the thermal conductivity of the C
blends gradually increases with increasing MWCNT loading, while that of the P
blends clearly improves when the amount of MWCNT is increased up to 4 phr.
Thermal conductivities of the P and C blends having 4 phr of MWCNT are,
respectively, increased by 2.1 and 1.2 times when compared with that of the unfilled
one. In other words, thermal conductivity of the P blend having 4 phr of MWCNT is
1.7 times higher than that of the corresponding C blend. However, further addition of
MWCNT in the P blend results in a rapid reduction of the thermal conductivity. This
indicates that the greatest formation of continuous conductive network is achieved
when MWCNT content in the P blend reaches 4 phr. A decrease in interconnecting
networks when MWCNT loading is higher than 4 phr may be due to the formation of
small MWCNT agglomerates.
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Figure 5.20 Thermal conductivity of the MWCNT-filled NR/NBR vulcanizates

containing the masterbatch prepared different methods.

5.1.1.7 Dielectric properties

Figures 5.21 and 5.22 demonstrate the dielectric properties of
NR/NBR composites containing the masterbatch prepared by different methods. For
this property, the real part of permittivity (¢”) of the P and C blends is measured at
various frequencies. It is found that permittivity of the unfilled P and C blends, and the
C2 blend is low and it is almost independent of the frequency. When MWCNT is
incorporated into the rubber blends, except for the C2, this behaviour is changed. At
low frequencies, the permittivity of the P and C blends, except for the C2, significantly
increases with increasing MWCNT loading. However, a relaxation process takes place
at high frequency resulting in a sharp drop of the permittivity. Previously, the high
frequency transitions have been related to a gap process between adjacent particles of
the carbon black networks [105]. This gap process refers to the tunnelling or hopping
of charge carriers over nanoscopic gaps [16, 18]. Thus, it is thought that a similar

phenomenon may occur for the MWCNT networks. Additionally, it is observed that
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the relaxation transition of both the P and C blends shifts towards higher frequency
when the amount of MWCNT is increased. A similar result was also previously
observed in the SBR/BR composites filled with MWCNT [16, 18]. In addition, it has
been reported that the relaxation transition behaviour would be observed when
MWCNT content in the rubber matrix is above the percolation threshold [16, 18].
Moreover, the permittivity is independent of frequency when MWCNT content in the
rubber matrices is below the percolation threshold [16]. In this study, the sharp change
of the permittivity resulting from relaxation process can be observed when the amount
of MWCNT is changed from 0 phr to 2 phr for the P blend and, from 2 phr to 4 phr for
the C blend. Therefore, it can be stated that the percolation threshold of the P blend
occurs at lower MWCNT loading than that for the C blend. This is due to the better
dispersion of MWCNT leading to formation of the interconnecting network at lower
MWCNT content. Furthermore, it is found that the permittivity of the P and C blends
at low frequencies is rather high of about >10° when only 2 phr MWCNT is added for
the P blend and, when the MWCNT content is more than 2 phr for the C blend. This
results may result from a combined effect of the disordered percolation structure and
small gaps of the conducting MWCNT networks capable to form capacitances on
different length scales [16]. Interestingly, the permittivity at low frequency of the C
blend is lower than that of the corresponding P blend. This is also attributed to the
better dispersion of MWCNT in the P blend resulting in the reduction of gap distance
between the tips of MWCNTS and thus the increase of conducting network [16].
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Figure 5.21 Permittivity of the P and C blends at various MWCNT loading; a) P and
b) C blends.
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5.1.2 The effect of milling direction on the properties of 50/50
NR/NBR blends filled with MWCNT

In this part, the MWCNT/NR masterbatches prepared by predispersing and
conventional methods were used to prepare 50/50 NR/NBR blends with various
MWCNT loadings. Then, the effect of milling direction, machine direction (MD) and
transverse direction (TD), on the mechanical, dynamic mechanical and electrical

properties of the blends is elucidated.

5.1.2.1 Morphology

SEM micrographs showing dispersion and alignment of
MWCNT within the P and C blends in MD and TD are depicted in Figures 5.22-5.25.
It is found that, at low MWCNT loadings (<4 phr), the MWCNTSs are well dispersed
and aligned in the P blend. In addition, in the case of low MWCNT loadings (< 4 phr)
for the P blend, it can be seen in Figure 5.22 that the broken tube ends of MWCNTSs
protruded from the fractured surfaces of the MD samples, indicating the longitudinal
alignment of MWCNTSs, while the fractured surfaces of the TD samples displayed
MWCNTSs aligned parallel to their surfaces, as shown in Figures 5.22-5.23. Thus, this
result indicates that most of the MWCNTSs are aligned along MD and good dispersion
is observed. However, at higher loadings (> 4 phr) for the P blend, the agglomeration
of MWCNTSs can be observed. The higher the MWCNT loading, the greater the
MWCNT agglomerates. Despite the attempts to improve the MWCNT dispersion by
sonication of the MWCNT mixture prior to mixing and the application of subsequent
intense shearing during mixing, MWCNT agglomeration is still unavoidable. For the
C blend, the MWCNT agglomerates can be found at every MWCNT loading. The
results indicate that shear force created by two-roll mill cannot break MWCNT
agglomerates leading to poor dispersion of MWCNT. Unlike the P blend, the
alignment of MWCNT in both MD and TD directions for the C blends as displayed in
Figures 5.24 and 5.25 is not clear because of the formation of MWCNT agglomerates.
Herein, the SEM micrographs at low magnification (x10,000) of both P4 and C4
shown in Figure 5.26 are additional taken to cover a wider area of the specimen and
examine the appearance of MWCNT dispersion on the surface. It is found that small
entangled MWCNTS are well dispersed and distributed throughout the P4 specimen as
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depicted in Figure 5.26 (a). On the contrary, the MWCNT can be found only at some
area of the C4 and it appears as large agglomerates as illustrated in Figure 5.26 (b).
Also, the area in Figure 5.26 (b) indicated by an arrow is magnified in order to confirm
that the bright lump is MWCNT agglomerate, not other chemicals used in the

vulcanizate.

P4 (MD)

P5 (MD) P6 (MD)

Figure 5.22 SEM micrographs of the NR/NBR vulcanizates containing the
masterbatch prepared by predispersing method in MD.
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P5 (TD)

Figure 5.23 SEM micrographs of the NR/NBR vulcanizates containing the
masterbatch prepared by predispersing method in TD.
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C5 (MD) C6 (MD)

Figure 5.24 SEM micrographs of the NR/NBR vulcanizates containing the

masterbatch prepared by conventional method in MD.
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C5 (TD) C6 (TD)

Figure 5.25 SEM micrographs of the NR/NBR vulcanizates containing the

masterbatch prepared by conventional method in TD.
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(A) (B)

Figure 5.26 SEM micrographs of 4 phr MWCNT-filled NR/NBR blends containing
MWCNT/NR masterbatch prepared from (a) predispersing and (b)

conventional methods.

5.1.2.2 Raman spectroscopy

Raman spectroscopy is used to determine the alignment of
MWCNT in the P and C blends. Figures 5.27 and 5.28 show two characteristic peaks
at 1,340 and 1,570 cm, referred to as the D band and the G band, respectively [20].
The D band corresponding to the disorder mode is derived from disordered graphite
structures. On the other hand, the G band corresponding to the tangential mode is
attributed to the mode with neighbouring carbon atoms vibrating out of phase parallel
to the surface of the cylinder [96]. In this study, the quantitative evidence to support
the alignment of MWCNT is defined in terms of the dichroic ratio (R) obtained from
Raman spectroscopy results [96-97]. R is the ratio of the intensities of the G band of
MWCNT at 1,570 cm? obtained from the sample arranged in parallel and
perpendicular to the polarized light [96-97]. If R value approaches 1, it can be said that
no alignment occurs. On the other hand, if R is higher than 1, it means that the
majority of MWCNTSs is aligned along the MD or parallel (0°) to the polarized light
direction [96-97]. The dichroic ratio calculated using equation 4.15 is also plotted
against MWCNT loading and presented in Figure 5.29. As can be seen, R of both the
P and C blends is higher than 1 at all loadings, indicating that most MWCNTS align
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parallel to polarized light. In other words, it could be said that the majority of
MWCNTSs align along MD. However, the level of MWCNT alignment for the P and C
blends is different for each MWCNT loading. It can be observed that R of the P blend
tends to increase with increasing MWCNT loading up to 4 phr and then decreases
afterwards. The rise of R at low MWCNT loadings for the P blend is attributed to the
increase of aligned MWCNTSs in MD or the direction parallel to the polarized light. On
the other hand, the reduction of R at high MWCNT loading may be explained by the
increase of MWCNT agglomerates, which is confirmed by SEM results. This leads to
the limitation to increase the number of aligned MWCNTSs in the machine direction.
Unlike the P blend, R of the C blends is not significantly change with MWCNT
loading due to poor dispersion of MWCNT. A comparable R value for the P and C
blend when MWCNT is more than 4 phr of MWCNT could be explained by the
formation of agglomerates at high MWCNT loading for both methods.
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Figure 5.27 Raman spectra of the P blends in parallel and perpendicular to polarized

light.
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Figure 5.29 Plot of dichroic ratio versus MWCNT loading of the P and C blends.

5.1.2.3 Mechanical properties

The effect of MWCNT alignment on mechanical properties
of the P and C blends is illustrated in Figures 5.30-5.33. It can be seen in Figure
5.30 that, at a given MWCNT loading, tensile strength of both P and C blends in the
MD is greater than that in the TD. A similar result was also observed in NBR
composites filled with nylon fiber, as reported by other researchers [106-107]. The
greater tensile strength in the MD of the MWCNT-filled rubber composites could be
explained by the basis of fiber orientation. Generally, the tensile strength of the
composite depends on the alignment of fibers. When fibers are aligned
longitudinally, breakage and pulling out of the fibers take place before rupture [106-
107]. It is found that the tensile strength of the P blend in both directions increases
with increasing MWCNT loading until it reaches a maximum at 4 phr. The reduction
of its tensile strength at higher loadings is thought to arise from poor MWCNT
dispersion. At high MWCNT loadings, a greater degree of entanglement could be
expected. Entanglements of the long tubes make the dispersion become more
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difficult, and the agglomeration of MWCNTSs at high loadings is also unavoidable.
Unlike the P blend, the tensile strength of the C blend in both directions decreases
with increasing MWCNT loading. The explanation is also given by poor dispersion
of the MWCNT in the blends. Additionally, it is found that the P blend exhibits
higher tensile strength than the corresponding C blend. This is attributed to the
combination of a higher number of aligned MWCNTSs in MD and better MWCNT
dispersion for the P blend. These results agree well with the SEM images and
dichroic ratio values shown previously in Figures 5.22-5.25 and 5.29. Furthermore,
elongation at break of the P and C blends displayed in Figure 5.31 decreases
continuously with increasing MWCNT loading, regardless of the alignment
direction. The dilution effect could be used to explain the results. Unlike tensile
strength, the results of the P blends reveal that the MWCNT alignment only slightly
influences the elongation at break of the blends. Additionally, it is found that the
elongation at break of the C blend is lower than that of the corresponding P blends.
This is because the formation of large agglomerates acts as defects in the tensile
samples. The effect of MWCNT alignment on modulus and tear strength of both P
and C blends is depicted in Figures 5.32 and 5.33, respectively. As can be seen, the
modulus and tear strength of both P and C blends in MD and TD increase
continuously with increasing MWCNT loading. This is attributed to the combination
of dilution and reinforcing effects of MWCNTSs. However, their modulus and tear
strength in the MD are higher than those in the TD. Again, these results confirm the
alignment of MWCNTS in the MD. Thus, the higher stress is needed to deform the
composites having most MWCNTSs aligned parallel to the applied force. Also, the
MWCNTSs aligned parallel to the applied force are able to obstruct the progress of
the fracture front, leading to higher tear strength [106]. Moreover, the P blends
exhibit higher modulus and tear strength than those of the corresponding C blends.
This is thought to be due to the better MWCNT dispersion, as previously mentioned,
leading to the higher amount of MWCNT alignment and filler-rubber interaction in

the rubber matrices.
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Figure 5.30 Tensile strength of the P and C vulcanizates in MD and TD as a
function of MWCNT loading.
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Figure. 5.31 Elongation at break of the P and C vulcanizates in MD and TD at
various MWCNT loadings.
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Figure 5.32 Modulus of the P and C vulcanizates in MD and TD at various
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Figure 5.33 Tear strength of the P and C vulcanizates in MD and TD as a function
of MWCNT loading.
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5.1.2.4 Dynamic mechanical properties

The plots of tan & (damping factor) versus temperature of
the P and C blends in different directions are displayed in Figures 5.34 and 5.35,
respectively. It is found that MWCNT loading and alignment direction slightly
influence on the Tgs of both phases for the P and C blends. However, the tan dmax Of
both phases for both P and C blends tends to reduce with increasing MWCNT
loading, regardless of the alignment direction. The dilution effect could be used to
explain this finding. It is also observed that the tan dmax in the MD of both phases
for the P and C blends is lower than that of their TD counterpart. This result may be
explained by the higher reinforcement efficiency for MWCNT aligned in
longitudinal direction. Moreover, tan dmax Of both blends in MD and TD is
compared in Figures 5.36 and 5.37, respectively. As can be seen, the tan dmax Of
both phases for the P blend is lower than that of the corresponding C blend for both
milling directions. The better dispersion and alignment of MWCNT are accounted
this finding. These results also correspond well with the mechanical properties and

dichroic ratio results of the blends.
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Figure 5.34 Loss tangent (tan d) of the P vulcanizates in MD and TD as a function

of temperature.
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Figure 5.36 Loss tangent (tan d) of the P and C vulcanizates in MD as a function of
temperature.
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Figure 5.37 Loss tangent (tan d) of the P and C vulcanizates in TD as a function of

temperature.

Figure 5.38 depicts the average storage modulus results at
30°C for both P and C blends. It appears that their storage modulus in MD and TD
increases when amount of MWCNT loading is increased. This is attributed to the
dilution effect. In addition, in all cases, it is found that the storage modulus of the
MD samples is higher than that of the corresponding TD samples. This result may
be explained by the higher reinforcement efficiency for MWCNT aligned in
longitudinal direction. These results also correspond well with the modulus and tear

strength of the blends.
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Figure 5.38 Storage modulus at 30°C of the P and C vulcanizates in MD and TD at
various MWCNT loadings.

5.1.2.5 Electrical properties

The dependence of electrical conductivity on MWCNT loading
and MWCNT alignment is illustrated in Figure 5.39. It can be seen that the unfilled P
and C blends have electrical conductivity of about 4.81x10* S/m and 5.16x10*? S/m,
respectively. The addition of a small quantity of MWCNTS results in changing the
electrical conductivity by orders of magnitude. For example, when the MWCNT
loading increases from 2 phr to 4 phr, the electrical conductivities of the P blends
along the MD and TD increase from 2.35x107° to 4.24x10* S/m and 5.88x1071° S/m to
2.74x10 S/m, respectively. In other words, the electrical conductivities of the P blend
increase by about 7 (MD) and 5 (TD) orders of magnitude with respect to that of the
unfilled rubber. For the C blend, when the MWCNT loading is increased from 2 phr to
4 phr, its electrical conductivity along the MD and TD increases from 2.75x10%° to
1.40x10% S/m and 5.24x10! S/m to 3.34x107 S/m, respectively. Therefore, the
electrical conductivity of the C blend increases by about 5 (MD) and 4 (TD) orders of

magnitude relative to that of its unfilled blend. The increase of electrical conductivity
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with increasing MWCNT loading in all cases is mainly caused by the dilution effect.
Nevertheless, a slight increase in electrical conductivity is observed when MWCNT
content is more than 4 phr. This is possibly because the amount of MWCNT-to-
MWCNT junctions which favours the formation of conductive networks is nearly at a
maximum when MWCNT loading reaches 4 phr, and it does not markedly increase
when MWCNT is higher than 4 phr due to the formation of MWCNT agglomerates. In
addition, the electrical conductivity of both P and C blends in the MD is superior to
that of the corresponding TD samples. For instance, the electrical conductivity of MD
samples of the P and C blends containing 4 phr MWCNTSs is higher than that of the
TD sample about 3 and 1 orders of magnitude, respectively. The possible explanation
is given by a greater number of aligned MWCNTSs in MD sample relative to the TD
sample resulting in increasing the formation of conductive networks. Therefore,
electrons can flow through the formed MWCNT networks in the MD samples more
than the TD samples.

The dependence of electrical conductivity of the P blends on
dichroic ratio can be observed in Figure. 5.40 when MWCNT loading is < 4 phr. It is
interesting that when the dichroic ratio reduces at high MWCNT loading (MWCNT >
4 phr), the level of electrical conductivity still remains at similar level to that of the
blend containing 4 phr MWCNT. Moreover, it is apparent that the formation of
MWCNT agglomerates when MWCNT is more than 4 phr does not cause a reduction
of the electrical conductivity. It is possible that, although the increase of MWCNT
content causes the increase of MWCNT agglomerates, it does not reduce the amount
of MWCNT-to-MWCNT junctions which favours the formation of conductive
networks. Moreover, it has been reported that the formed agglomerates may function
as junctions between the conductive MWCNT networks instead of obstructing the
conductivity [13]. It should be also noted that the relationship between electrical
conductivity and dichroic ratio of the C blend is not discussed herein because its

dichroic ratio is not significantly change with increasing MWCNT content.
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Figure 5.39 Electrical conductivity of the P and C vulcanizates in MD and TD at
various MWCNT loadings.
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5.1.3 The effect of stretching and temperature on the electrical
conductivity of 4 phr MWCNT-filled NR/NBR blend containing MWCNT/NR
masterbatch prepared from predispersing method

In this section, the 50/50 NR/NBR blends containing the masterbatch
prepared by using predispersing method and having 4 phr MWCNT s selected for
studying the electrical conductivity with different extension ratios and temperatures.
Figure 5.41 represents the relationship between the electrical conductivity and the
extension ratio for both MD and TD samples. As can be seen, the electrical
conductivity of the blend slightly decreases when extension ratio is in between 1.0-1.1.
Thereafter, the electrical conductivity rapidly decreases from 4.14x10* S/m to
1.14x10* S/m when extension ratio is increased from 1.1 to 1.6. In other words, the
electrical conductivity of the MD sample decreases 3.6 times when the extension ratio
is increased from 1.1 to 1.6. The electrical conductivity slightly reduces when the
extension ratio is further increased from 1.6 to 2.2. The sharp decrease in the electrical
conductivity may be explained by disconnections of MWCNT networks when the MD
sample is strained and the disconnection of MWCNT networks begins when the
extension ratio is more than 1.1. On the contrary, the electrical conductivity of the TD
sample increases continuously when the extension ratio is in the range of 1.1-1.6.
However, when extension ratio is higher than 1.6, the electrical conductivity of the
blend slightly enhances. It is likely that the rapid increase of the electrical conductivity
of the blend in TD is caused by the rearrangement of MWCNT networks under
tension, thus leading to the enhancement of interconnecting MWCNT networks.
However, the change in the electrical conductivity of the MD sample is higher than
that of the TD sample, regardless of the increase or decrease in the electrical

conductivity value. Therefore, it is expected that electrical conductivity of the MD

sample would be more sensitive than that of the TD sample when the temperature is
changed. Thus, the MD sample is chosen for studying the effect of temperature on the
electrical conductivity of the blend.
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Figure 5.41 Electrical conductivity of the P blend containing 4 phr MWCNT in MD
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The electrical conductivity of the stretched and unstretched MD samples,
is plotted as a function of temperature and compared in Figure 5.42. It can be observed
that the electrical conductivity of the stretched sample markedly increases with
increasing temperature. The electrical conductivity of the stretched sample increases
about 2 times when the temperature is increased from 0°C to 30°C. It is possible that
the rotation of rubber chains occurring when the temperature is increased results in the
decrease of distance between the tips of MWCNTS. Also, an increase in the electrical
conductivity of MWCNT when temperature is increased can be another factor for the
increase in the electrical conductivity [16]. The latter factor can be confirmed by the
enhancement of the electrical conductivity of the unstretched sample (extension ratio =
0) with increasing temperature. Additionally, it is apparent that when the temperature
is increased from 20 °C to 50 °C, the electrical conductivity of unstretched and

stretched rubbers increases about 1.2 and 1.5 times, respectively.

5.2 Comparison of the properties of NR/NBR blends prepared from

MWCNT/NR masterbatch and MWCNT/NBR masterbatch

In this part, the properties of the NR/NBR blends prepared from the
MWCNT/NR masterbatch (mNR) and those prepared from MWCNT/NBR
masterbatch (MNBR) are compared. The blend ratios are also varied at 100/0, 70/30,
50/50, 30/70 and 0/100 % w/w while the amount of the MWCNT in all NR/NBR
blends is kept constant at 4 phr. The MWCNT/NR and MWCNT/NBR masterbatches

used in this part are prepared by using the predispersing method.

5.2.1 Cure characteristics of NR/NBR compounds

Cure curves of the mNR and mNBR blends with various blend ratios are
shown in Figure 5.43. It can be seen that the reversion behaviour, a continuous
decrease of torque with time after complete cure, can be observed in NR rich blends
for both mNR and mNBR blends. Additionally, it is found that the reversion of both
MNR and mNBR blends tends to decrease when NBR content in the blend is
increased. The reversion is reported to be due to the decomposition of polysulfidic

linkages under applied oscillating shear normally occurring in sulphur vulcanization of
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NR [108]. Therefore, a decrease reversion could be explained by the dilution effect.
Scorch time and cure time of the mNR and mNBR blends as a function of blend ratio
are also compared in Figure 5.44. It is found that the scorch time and cure time of
both mNR and mNBR blends slightly increase when NBR content in the blend is
increased. This is because NBR has less double bonds than NR resulting in slower
cure than NR. However, at the blend ratio of 70/30 and 50/50, the scorch time and
cure time of the mNR compounds are lower than those of the corresponding mNBR
compounds. This may be due to a greater distribution of MWCNT resulting in better
formation of a continuous MWCNT network, leading to better thermal conductivity
[16]. In addition, Figure 5.45 reveals that the mNR compound containing 50 %wt
NBR obviously exhibits the highest minimum torque, maximum torque and torque
difference. Again, this may be due to better distribution of MWCNT leading to the
enhancement of thermal conductivity. Additionally, the increased curative
concentration in the mobilized rubber portion of the mNR blend having 50/50
NR/NBR can lead to its higher crosslink density and thus the higher torque difference.
However, it is apparent that the minimum torque, maximum torque and torque
difference of the mMNR compounds at the other blend ratios are not significantly
different and similar to those of the corresponding mNBR blends. The slight increase
in the minimum torque of the mNR and mNBR blends, except for the 50/50 mNR
blend, with increasing NBR content could be explained by the higher viscosity of
NBR.
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5.2.2 Dichroic ratio of NR/NBR blends

From Figure 5.46, it reveals that dichroic ratio (R) of both mNR and
MNBR blends is higher than 1 at all blend ratios. This indicates that the majority of
MWCNTSs align along MD. However, the level of MWCNT alignment for the mNR
and mNBR blends is different for each blend ratio. It can be seen that R of both mNR
and mNBR blends tends to decrease with increasing NBR content. The reduction of R
for both mNR and mNBR blends is attributed to an increase of NBR content. This may
be explained by the difference of MWCNTSs alignment between the 100/0 mNR and
the 0/100 mNBR blends. As can be seen in Figure 5.46, the alignment level of
MWCNTSs in the 100/0 mNR blend is higher than that in the 100/0 mNBR blend about
1.6 times. This reason may be due to higher elongational capability of NR leading to
improvement of MWCNT alignment. Although R of the mNR and mNBR blends
gives a similar trend, R of mNR blends is higher than that of the corresponding mMNBR
blends. It may be explained by greater alignment of MWCNTSs in NR phase for
NR/NBR blend when the majority of MWCNT content is in the NR phase.
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Figure 5.46 Plot of Dichroic ratio (R) versus blend ratio of the mNR and mNBR
blends.
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5.2.3 Dynamic mechanical properties

The 4 phr MWCNT-filled NR/NBR vulcanized sheets prepared by using
MWCNT/NR and MWCNT/NBR masterbatches are punched in MD and TD
directions. Then, their dynamic mechanical properties expressed in term of damping
factor (tan 8) are determined and depicted in Figures 5.47 and 5.48. It can be seen that
both 100/0 mNR blend and 0/100 mMNBR blend show single peak. Additionally, 100/0
mNR blend and 0/100 MNBR blend show Ty at about -56 °C and -14 °C corresponding
to NR and NBR phases, respectively. When NR is blended with NBR, two peaks of
tan & belong to NR and NBR phases can be observed. Since the polarity of NR and
NBR is much different, the preference of MWCNT in each rubber phase which can
affect their Ty and tan dmax Can also be different. Tan dmax values of the NR and NBR
phases in MD for both mNR and mNBR blends can be used to estimate the preference
of MWCNT in each rubber phase by using equation 4.14 and the result is given in
Table 5.3 [51-54]. From Table 5.3, the amount of MWCNT located in the NR phase of
mNR blends at 70/30, 50/50 and 30/70 blend ratios is respectively about 2.4, 1.2 and
3.3 times higher than that in the corresponding NBR phase. These results indicate that
the 50/50 NR/NBR blend gives the highest balance of MWCNT distribution between
the NR and NBR phases compared among the mNR blends. The migration of
MWCNT from the NR phase to the NBR phase for the 50/50 mNR blend is about 46%
of the total MWCNT loading. On the other hand, it is apparent that the 30/70 NR/NBR
shows the poorest MWCNT distribution in the two rubber phases compared among the
mMNR blends. As can be seen, only about 23% of the total MWCNT loading migrate
from the NR phase to the NBR phase. For the mNBR blends, it appears that the
amount of MWCNT in the NBR phase is clearly higher than that in the NR phase at all
blend ratios. The amount of MWCNT in the NBR phase of the mNBR blends at 70/30,
50/50 and 30/70 blend ratios is respectively about 3.5, 3.2 and 2.8 times higher than
that of the corresponding NR phase. In other words, the migration of MWCNT from
the NBR phase to the NR phase of 70/30, 50/50 and 30/70 mNBR blends is
respectively about 22%, 24% and 25.5% of the total MWCNT loading. It can be seen
that the amount of MWCNT in 70/30 and 50/50 mNBR blends transferring from the
NBR phase to the NR phase is less than the amount of MWCNT transferring from the
NR phase to the NBR phase for the corresponding mNR blends. As a result, MWCNT
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distribution in the 70/30 and 50/50 mNBR blends is poorer than the corresponding
mNR blends. Additionally, Figures 5.47 and 5.48 show that Ty and tan dmax of NR and
NBR phases for both mNR and mNBR blend slightly changes when the blend ratio is
changed. As can be seen, T4 of NR phase slightly increases with increasing NBR
content in the mNR blend, whereas that of the NBR phase slightly decreases. In
addition, tan dmax OFf NR phase for the mNR blends tends to decrease with increasing
NBR content while that of their NBR phase increases. The increase in Ty and lowering
in tan dmax Of the NR phase with increasing NBR content is caused the greater
restricted motion of NR molecular chains by due to the increment of MWCNT
concentration in the NR phase as can be seen in Table 5.3. Likewise, the decrease in
Tg and increase in tan dmax Of the NBR phase with increasing NBR content is resulted
from in the lower restricted motion of NBR molecular chains caused by the reduction
of MWCNT concentration in the NBR phase. Similar observation is also found for the
MNBR blends as can be seen in Figure 5.48. Furthermore, it is observed that the tan
dmax OF both NR and NBR phases in the mMNR and mNBR blends is lower than that of
its corresponding phase in the single rubber system. The explanation is given to the
lower energy dissipation of NR and NBR molecular chains in the blends relative to its
corresponding phase in the single rubber system as a result of the dilution effect. The
similar trend of tan Omax IS also found for the mNBR blends. In order to study
MWCNT reinforcement efficiency in the NR and NBR, tan dmax of the 100/0 and
0/100 NR/NBR vulcanizates containing 4 phr MWCNT and, unfilled 100/0 NR/NBR
(gum NR) and unfilled 0/100 NR/NBR (gum NBR) is determined and shown in Table
5.4. It appears that the addition of MWCNT into these vulcanizates affects their tan
dmax value. As can be seen, tan dmax Of the 100/0 and 0/100 NR/NBR vulcanizates
containing 4 phr MWCNT is lower than that of their unfilled counterpart.
Additionally, tan dmax Of the NR sample drops more than that of the NBR sample when
4 phr MWCNT is added. This result indicates that the interaction between MWCNT
and NR is higher than that between MWCNT and NBR due to their similar polarity.
Therefore, reinforcement efficiency of MWCNT in NR phase should be higher than
that in the corresponding NBR phase of the NR/NBR blend. It has been also reported
previously that the interaction between CB and NR is higher than that between CB and
NBR [109]. This is because of the similar polarity between CB and NR.
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Results also show that type of masterbatch used for preparing the blends
affects tan dmax Of each phase in the blends as depicted in Figures 5.47 and 5.48. When
MWCNT/NR masterbatch is used for preparing the mNR blends, tan dmax Of their NR
phase is lower than that of NR phase in the corresponding blend prepared from
MWCNT/NBR masterbatch. In contrast, when MWCNT/NBR masterbatch is used for
preparing the mNBR blend, tan dmax Of their NBR phase is lower than that of NBR
phase in the corresponding blend prepared from MWCNT/NR masterbatch. This result
coincides with the higher amount of MWCNTS in the rubber phase used for preparing
the MWCNT/rubber masterbatch as can be seen in Table 5.3. Also, it can be seen that
the tan dmax iIN MD of both phases for the mMNR and mNBR blends is lower than that of
their TD counterpart. This is because the majority of MWCNTs aligns in MD as
previously discussed in section 5.2.2. Additionally, NR phase of the mNR blends
shows the larger difference in the tan dmax between MD and TD than its NBR
counterpart. This is because the NR phase of the mNR blends contains higher amount
of the MWCNTSs than its NBR counterpart as depicted in Table 5.3. In addition, the
MWCNT in NR phase exhibits the higher alignment degree and reinforcement
efficiency than that in the NBR counterpart.

Table 5.3 Tan dmax 0f NR and NBR phases and amount of MWCNT in NR and NBR
phases for the mMNR and mNBR blends.

Tan dmax of each Amount of MWCNT in
Blend NR/NBR phase each phase (phr)
NR NBR NR NBR
100/0 1.21 N/A 4.00 N/A
mNR 70/30 0.44 0.40 2.81 1.19
50/50 0.37 0.77 2.15 1.85
30/70 0.18 0.99 3.08 0.92
70/30 0.68 0.29 0.88 3.12
mNBR 50/50 0.43 0.56 0.96 3.04
30/70 0.20 1.02 1.06 2.94
0/100 N/A 1.32 N/A 4.00
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Table 5.4 Tan dmax of 100/0 NR/NBR (or NR) and 0/100 NR/NBR (or NBR) in MD,

with and without MWCNT
NR/NBR Tan Omax Reduction
(%wi/w) | Unfilled sample | 4 phr MWCNT-filled sample in Tan Amax
100/0 2.40 1.21 1.19
0/100 1.70 1.32 0.38
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Figure 5.47 Loss tangent (tan d) as a function of the temperature for the mNR blends

in MD and TD at various blend ratios.
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Figure 5.48 Loss tangent (tan §) as a function of the temperature for the mNBR blends
in MD and TD at various blend ratios.
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Figure 5.49 shows the average storage modulus results at 30°C for the
MNR and mNBR blends at various blend ratios. It reveals that the storage modulus in
MD and TD of both blends increases when NBR content is increased. This is due to
the dilution effect resulting from the higher modulus of the NBR relative to NR. In
addition, it is found that the storage modulus of both blends in MD is higher than its
corresponding TD sample at all blend ratios. As shown previously by the dichroic ratio
results (Figure 5.46), the majority of MWCNTSs align parallel to the applied force.
Therefore, it is more difficult to deform the MD samples than the corresponding TD
samples. Additionally, the largest difference in the storage modulus between the MD
and TD can be observed for the 50/50 mNR blend. Several reasons are responsible for
the obtained result. Firstly, the dichroic ratio of the 50/50 mNR is at maximum value
and comparable with that of the other mNR blends having NR as the continuous
phase. This means that degree of MWCNT alignment for the 50/50 mNR is at
maximum value and similar to that of the other mNR blends. Secondly, it can be seen
from Table 5.3 that MWCNT concentration in the NR continuous phase of the 50/50
MNR is higher than the other mNR blends having NR as the continuous phase. Thus,
the higher reinforcement by MWCNT in the MD sample of the 50/50 mNR is
achieved. As a result, its storage modulus in MD is much higher than that in TD.
Unlike the 50/50 mNR, the 30/70 mNR blend has NBR as its continuous phase.
Therefore, the higher MWCNT concentration in the NR phase of 30/70 mNR blend
does not lead to its higher storage modulus in MD. For the 0/100 mNBR blend, it
exhibits the smallest difference in the storage modulus between the MD and TD
because it has the smallest difference in MWCNT alignment between MD and TD as
shown by its lowest dichroic ratio. The result also shows that the storage modulus in
MD of the mNR blend is higher than that of the corresponding mMNBR blend. The
possible explanation is partly given by the higher MWCNT alignment for the mNR
blend as verified by its higher dichroic ratio (Figure 5.46). In addition, the higher
reinforcement efficiency of the MWCNT in the mNR blend discussed previously in

this section is another reason for the obtained result.
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Figure 5.49 Storage modulus at 30°C of the mNR and mNBR blends in MD and TD

at various blend ratios.

Heat build-up and dynamic compression set of the mNR and mNBR
blends at various blend ratios are presented in Figures 5.50 and 5.51, respectively. As
can be seen, both heat build-up and dynamic compression set of both blends tend to
increase when NBR content in the blend is increased. This is because NBR containing
sterically hindered molecular structure requires high energy for molecular mobility,
thus leading to high energy dissipation. Therefore, higher hysteresis loss during
applied dynamic force would be more pronounced in NBR rich blends. Additionally,
the mNBR blends give higher heat build-up and dynamic compression set than the
corresponding mNR blends. The higher energy loss during the dynamic test found in
the mNBR blends is due to lower reinforcement efficiency of the MWCNTSs which are
mainly present in NBR phase. However, there is only slight difference in dynamic
compression set of the mNR and mNBR at 30/70 blend ratio. This may be because the
NBR is the major component for both mNR and mNBR blends. Therefore, their
dynamic compression set is mainly controlled by the NBR phase having rather low

reinforcement by the presence of MWCNT.
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Figure 5.50 Heat build-up of the mMNR and mNBR blends at various blend ratios.

3.80

3.60

3.40

3.20

Dynamic compression set (%)

w

=

S
|

2.80 T T T 1
100/0 70/30 50/50 30/70 0/100

NR/NBR (% w/w)

Figure 5.51 Dynamic compression set of the mNR and mNBR blends at various blend

ratios.
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5.2.4 Morphology

Phase morphology of the mNR and mNBR blends at various blend ratios
was examined by using SEM in back-scattered electron imaging mode and it is
illustrated in Figure 5.52. In the SEM micrographs, the grey phase and the dark phase
correspond to NR phase and NBR phase, respectively. It should also be noted that
bright spots in the rubber phases of all blends are the individual entangled MWCNTS.
It is found that the morphology of both mNR and mNBR blends changes when NBR
content is increased. For the 70/30 mNR blend, NBR can be seen as the small
dispersed phase having nearly spherical structure in the continuous NR phase. When
the amount of the NBR in the mNR blend is increased to 50 wt%, the size of the
dispersed NBR phase in the NR continuous phase is larger than that in the 70/30 mNR
blend. It is thought that the smaller particle size of the dispersed NBR phase in the
70/30 mNR blend compared with that in the 50/50 mNR blend arises from the lower
viscosity of NBR phase in the 70/30 mNR resulted from its lower MWCNT content as
shown in the section 5.2.3. Therefore, the NBR phase of the 70/30 mNR blend is easier
to be deformed and broken up than that of the 50/50 mNR blend. Furthermore, phase
inversion in the mNR blend is observed at 30/70 blend ratio. This means that NR is the
dispersed phase and NBR becomes the continuous phase. For the mMNBR blends, it can
be seen that the NBR is also the dispersed phase in the continuous NR phase at both
70/30 and 50/50 blend ratios. In addition, the size and shape of the NBR dispersed
phase of 70/30 mNBR blend are not significantly different from those in the 50/50
mNBR blend. However, a higher number of the dispersed NBR phases can be
observed for the 50/50 mNBR blend because it has higher NBR content. Also, phase
inversion of the mNBR blend is observed at 30/70 blend ratio. Additionally, it appears
that the particle size of the dispersed NBR phase in the 70/30 and 50/50 mNBR blends
is much larger than that in the corresponding mNR blends. This is because there is
higher MWCNT content in the dispersed NBR phase for the mNBR blends relative to
that for the mNR blends (see Table 5.3). This results in the higher viscosity of the
dispersed NBR phase for the mNBR blends relative to that for the mNR blends.
Therefore, it is more difficult to deform and break up the NBR phases of the 70/30 and
50/50 for mNBR blend than those for the corresponding mNR blend.
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Figure 5.52 Scanning electron micrographs of the mNR and mNBR blends at different

blend ratios.
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5.2.5 Mechanical properties

Hardness, modulus, elongation at break, tensile strength and tear strength
of the mNR and mNBR blends at various blend ratios are presented in Figures 5.53-
5.57. Additionally, the effect of milling direction on the tensile properties and tear
strength of the mNR and mNBR blends in MD and TD are compared. It is found that
hardness and 100% modulus of all blends tend to increase slightly with increasing
NBR content in the blends as depicted in Figures 5.53 and 5.54, respectively. On the
other hand, Figure 5.55 depicts that elongation at break of both mNR and mNBR
blends does not significantly change when NBR content is not more than 50 wt%
because the natural rubber is a continuous phase. Then, it obviously decreases when
NBR content is higher than 50 wt%. This is because the nitrile rubber becomes a
continuous phase and it has higher modulus and lower elongation at break than the
natural rubber. Therefore, the dilution effect could be used to describe this finding. It
is also observed that hardness and modulus of the mNR blends are superior to those of
the corresponding mMNBR blends. Explanation is given by the better MWCNT
distribution and higher reinforcement efficiency of MWCNT in the mNR blends as
previously discussed in section 5.2.3. In addition, it can be seen that modulus and
tensile strength of both mNR and mNBR blends in the MD is greater than those in the
corresponding TD sample while elongation at break displays inverse trend. This is
because the majority of MWCNTSs align in MD. It is interesting to observe the
difference in tensile strength trend as shown in Figure 5.56 when the different
masterbatches were utilized. It is found that tensile strength of the mNR blends in MD
increases slightly with increasing NBR content in the blends up to 50 %wt. Then, it
tends to decrease sharply when NBR content in the blend is further increased. A
reduction of tensile strength could be explained by the low strength of the nitrile
rubber for NBR rich blends and the reduction in alignment degree of MWCNTS in MD
when NBR content is increased. On the other hand, tensile strength of the mNR blends
in TD is not significantly different when the blend ratio is changed from 70/30 to
50/50. However, its tensile strength also decreases markedly at 30/70 blend ratio in
which the nitrile rubber is the continuous phase. For the mNBR blends, their tensile
strength in both MD and TD continuously decreases with increasing NBR content due
to the dilution effect. In addition, it is found that the mNR blends in MD exhibit higher
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tensile strength than the corresponding mNBR blends. This is also because the mNR
blends contains higher amount of MWCNTSs aligned parallel to the applied force
which are able to bear the load than that for the corresponding mMNBR blends. The
higher dichroic ratio value of the mNR blends relative to that of their corresponding
MNBR blends shown Figure 5.46 can be used to support this explanation. Also the
smaller dispersed NBR phase of the mNR blends compared with that of the
corresponding mMNBR blends, especially at 70/30 and 50/50 blend ratios, can be used
to explain the obtained results. The smaller dispersed NBR phase of the mNR blends
indicating the more compatibility between two rubber phases can also be the reason
for their higher tensile strength in TD when compared with the corresponding mNBR
blends. Moreover, tear strength of the mNR and mNBR blends in both MD and TD
continuously decreases when NBR content in the blends is increased as presented in
Figure 5.57. This is attributed to the dilution effect. It is well known that tear strength
of NR is much higher than that of NBR. This is because the crystallization can occur
near the tear tip upon stretching the NR sample [110]. It is also found that tear strength
of the mNR and mNBR blends in MD is slightly higher than that of their
corresponding TD samples. This is because MWCNTSs in MD aligned perpendicular to
the crack front can obstruct the crack propagation, thus resulting in the higher tear
strength [106]. At a specific blend ratio, it can also be seen that all mMNR samples
exhibit higher tear strength than the mNBR samples. This may be due to the
combination of greater alignment and reinforcing efficiency of most MWCNTS in the
mNR blends.
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Figure 5.53 Hardness of the mNR and mNBR blends at various blend ratios.
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Figure 5.57 Tear strength of the mMNR and mNBR blends in MD and TD at various

blend ratios.

Figure 5.58 shows abrasion loss of the mNR and mNBR blends at different
blend ratios. It is found that the abrasion resistance of both mNR and mNBR blends
increases when NBR content in the blend is increased. The better abrasion resistance
of the nitrile rubber relative to the natural rubber could be used to explain this result.
Additionally, the greater abrasion resistance of NR/NBR blends is achieved when the
MWCNT/NR masterbatch is used. This result can be explained by higher reinforcing
efficiency of MWCNT in the mNR blends as previously discussed in section 5.2.3.
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Figure 5.58 Abrasion loss of the mNR and mNBR blends as a function of blend ratio.

5.2.6 Electrical and thermal conductivities

Table 5.5 compares electrical conductivity of the mNR and mNBR blends
in both MD and TD at various blend ratios. It can be seen that the electrical
conductivity of MWCNT-filled 100/0 NR/NBR the lowest and it is lower than that of
the MWCNT-filled 0/100 NR/NBR about 1 order of magnitude. In addition, the
electrical conductivities of both mNR and mNBR blends at 30/70, 50/50 and 70/30
blend ratios, in both MD and TD, are in between those of 100/0 NR/NBR and 0/100
NR/NBR. Also, their electrical conductivities tend to increase when NBR content in
the blend is increased due to the dilution effect. Moreover, the electrical conductivities
of both mNR and mNBR blends in the MD are superior to those of their TD
counterpart. For instance, the electrical conductivities of the 30/70 mNR and 30/70
MNBR blends in MD are higher than that of their TD counterpart about 1.20 and 1.18
times, respectively. It has been shown previously by the dichroic ratio results that most
of the MWCNTSs in the MD samples align parallel to the applied force. It has been

shown previously in Figure 5.46 that the dichroic ratio of all blends is more than one
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indicating a greater number of MWCNTSs aligned in MD than TD. Thus, a number of
aligned MWCNTSs facilitating the formation of conductive networks in the MD
samples are higher than those in the TD samples. As a consequence, electrons flowing
through the formed MWCNT networks in the MD samples are higher relative to the
TD samples. Furthermore, it appears that the MD samples of the mNR blends exhibit
higher electrical conductivity than their corresponding mNBR blends. The possible
explanation is also given by a greater number of MWCNTS aligned parallel to the
applied electrical current in the MD samples of mNR blend relative to the
corresponding mMNBR blend.

Figure 5.59 displays the thermal conductivity as a function of blend ratio
of the mNR and mNBR blends. It can be seen that the thermal conductivity of the
mNBR blends continuously increases with increasing NBR content in the blend. The
dilution effect could be used to explain the obtained result because it has been reported
that the nitrile rubber gives higher thermal conductivity than the natural rubber [111].
For the mNR blend, it shows an increase in the thermal conductivity with increasing
NBR content in the blend up to 50 %wt and then its thermal conductivity sharply
drops when NBR content is further increased. The highest thermal conductivity of
50/50 mNR blend is due to a balance of MWCNT distribution in each rubber phase as
given in Table 5.3 leading to the greatest formation of continuous conductive network
and hence facilitating the thermal conductivity. On the other hand, a decrease in
thermal conductivity of the mNR blends may be due to poor distribution of MWCNT
between two rubber phases leading to the reduction of interconnecting networks when
NBR content is higher than 50 %wt. The thermal conductivities of the mNR and
mMNBR blends at 50/50 blend ratio are 1.22 and 1.08 times, respectively higher than
that of the 100/0 NR/NBR blend. Additionally, the thermal conductivities of the mNR
blends at 70/30 and 50/50 blend ratios are higher than those of their corresponding
MNBR blends. As can be seen, the thermal conductivity of the 50/50 mNR blend is
1.13 times higher than that of the corresponding mNBR blend. As mentioned
previously, the better MWCNT distribution between two rubber phases in the mNR
blends is responsible for the obtained result. On the other hand, it appears that the
thermal conductivity of the 30/70 mNBR blend is slightly higher than that of the
corresponding mNR blend. It should be noted that the NBR phase behaves as a
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continuous phase for both mNR and mNBR blends at 30/70 blend ratio. However,
MWCNT content in the NBR phase of the 30/70 mNBR blend is higher than that of
the 30/70 mNR blend as presented previously in Table 5.3. Therefore, it can be stated
that the higher MWCNT content in the continuous NBR phase of the 30/70 mNBR

blends brings about the higher thermal conductivity.

Table 5.5 Electrical conductivity of the mNR and mNBR blends at various blend

ratios.

Electrical conductivity (S/m)

Blend NR/NBR MD TD
100/0 6.10x10° 4.27x10°
70/30 4.00x10* 3.32x10%
MNR 50/50 4.24x10-4 3.22x10%
30/70 5.05x10* 4.13x10%
70/30 3.43x10* 2.92x10%
50/50 3.44x10* 3.01x10%
mMNBR 30/70 4.55%x10* 3.81x10%
0/100 8.47x10* 8.11x10%
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Figure 5.59 Thermal conductivity of the mNR and mNBR blends at various blend

ratios.

5.2.7 Oil resistance

Figures 5.60 and 5.61 present swelling ratio, a reciprocal of swelling
resistance, of the mNR and mNBR blends in gasohol and hydraulic oils, respectively.
It can be seen that swelling resistance of both mNR and mNBR blends in the gasohol
and hydraulic oils improves when NBR content in the blends is increased. It can be
seen that the 100/0 mNR sample shows that highest swelling ratio in both gasohol and
hydraulic oils. This is because the solubility parameter of the natural rubber is closer
to that of these oils than the nitrile rubber having higher polarity. As a result, an
increase of NBR content in the blends also leads to the reduction of the swelling ratio
in the gasohol and hydraulic oils for both mNR and mNBR blends. At a specific blend
ratio, the swelling ratio of both blends in the gasohol is higher than that of their
corresponding samples in the hydraulic because the solubility parameter of the nitrile
rubber blended with natural rubber is closer to that of the gasohol than the hydraulic
oil. Additionally, it is clear that the swelling resistance of the mNR blends at 70/30
and 50/50 blend ratios in both oils are greater than that of the corresponding mNBR
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blends. The explanation is given by the higher reinforcement efficiency of MWCNT in
the mNR blends as explained previously in the dynamic mechanical properties
(section 5.2.3). However, there is only slight difference in swelling ratio of the mNR
and mNBR at 30/70 blend ratio in both gasohol and hydraulic oils because the NBR
phase is the continuous phase for both blends as revealed by the SEM micrographs. It
should be also noted that the reinforcement efficiency of MWCNT in the NBR
continuous phase is rather low as discussed previously. Therefore, it can be stated that
NBR phase is mainly responsible for the swelling ratio of both blends at 30/70 blend

ratio.
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Figure 5.60 Swelling ratio of the mMNR and mNBR blends in gasohol oil at various

blend ratios.
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Figure 5.61 Swelling ratio of the mNR and mNBR blends in hydraulic oil at various

blend ratios.

5.3 Properties of 50/50 NR/NBR vulcanizates filled with hydroxyl
modified multi-wall carbon nanotube functionalized with silane
coupling agent (Si-69)

In this part, hydroxyl modified multi-wall carbon nanotube functionalized
with silane coupling agent (SIOH-MWCNT) is prepared by modifying the hydroxyl
modified multi-wall carbon nanotube (OH-MWCNT) with Si-69. The optimum Si-69
concentration needed for grafting Si-69 onto the OH-MWCNT surface is determined.
Then, the unmodified and modified OH-MWCNTSs are characterized using Fourier
transform infrared (FTIR) analysis. FTIR spectra of OH-MWCNT treated with various
Si-69 concentrations are shown in Figure 5.62 and the FTIR characteristic peaks are
summarized in Table 5.6. It can be seen that the FTIR spectrum of OH-MWCNT
without Si-69 (0 % Si-69) shows a broad absorption peak of -OH functionality at 3442

cm L. The small peaks at 1680 cm™ and 1576 cm™ are associated with the C=0
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stretching of the carboxylic (-COOH) group and C=C stretching of the MWCNT,
respectively [112, 113]. The peak at 1346 cm™* is due to O—H bending deformation in
—COOH [113]. In addition, the peak at 850 cm™ is typical signal of MWCNT [113].
When Si-69 is added, the characteristic peaks of each spectrum are changed as can be
seen also in Figure 5.62. The peaks appearing at 800 cm™ and 2919 cm™ are
associated with CH,-S group of Si-69 and C-H stretching vibration of Si-69,
respectively [95]. Furthermore, the grafting of the Si-69 molecules onto OH-MWCNT
surface is confirmed by the presence of the established Si-O—C bonds at 1100 cm™
and 1153 cm™ [95]. Thus, the SIOH-MWCNT is successfully prepared. It also appears
that the intensities of the characteristic signals at 1100 and 1153 cm™ increase with
increasing Si-69 concentration. This could be explained by increasing the amount of
Si-69 grafted on the OH-MWCNT surface. The mechanism of silanization reaction
between OH-MWCNT and Si-69 has been previously proposed and it is shown in
Figure 5.63 [95]. In this study, grafting index of SIOH-MWCNT calculated using
equation 4.20 is used to indicate the amount of Si-69 grafted onto the OH-MWCNT
surface. It is found that the grafting index of SIOH-MWCNT increases with increasing
Si-69 concentration, though it does not significantly increase when Si-69
concentration is changed from 4 to 6 %w/v as displayed in Table 5.7. Therefore, 4
%wl/v Si-69 is selected for preparing the SIOH-MWCNT. Thereafter, the SiOH-
MWCNT/NR masterbatch is prepared using dispersing method and mixed with the
NBR to prepare the 50/50 NR/NBR vulcanizate containing 4 phr SIOH-MWCNT.
Various properties such as mechanical, thermal and electrical properties of the 50/50
NR/NBR blend filled with SIOH-MWCNT are determined. Additionally, its properties
are compared with those of the blends containing unmodified-MWCNT (MWCNT)
and hydroxyl modified multi-wall carbon nanotube (OH-MWCNT) prepared by using

the same conditions.
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Figure 5.62 FTIR spectra of OH-MWCNT treated with Si-69 at various

concentrations for preparing SIOH-MWCNT.

Table 5.6 Positions and assignments of bands observed in FTIR spectra of OH-

MWCNT treated with Si-69 at various concentrations for preparing SiOH-
MWCNT.

Wavenumber Assignment
(cm™)
800 CH:-S group
850 Typical signals of MWCNT
1100 Si—O-C stretching vibration
1153 Si—0O-C stretching vibration
1346 Carboxyl group (-COOH)
1576 Typical signals of MWCNT (—C=C)
1680 Quinone and carboxylate groups exist in these oxidized
MWCNT
2919 C—H stretching vibration
3442 O—H stretching vibration
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Figure 5.63 The proposed mechanism of OH-MWCNT functionalized with Si-69
[95].

Table 5.7 Grafting index of SIOH-MWCNT at various Si-69 concentrations.

Si-69 concentration Grafting index
(Yow/v)
2 1.63+0.05
4 2.10+0.01
6 2.12+0.03

5.3.2 Mechanical properties and dichroic ratio

It can be seen in Figure 5.64 that hardness of the blend containing SiOH-
MWOCNT is the highest followed by that of the blends containing OH-MWCNT and
MWCNT, respectively. This may be because SiOH-MWCNT gives the highest
interaction with rubber. Additionally, Figure 5.65 shows that the blend containing
SIOH-MWCNT exhibit the higher torque difference than the other blends. These
results indicate that the blend containing SIOH-MWCNT has the highest crosslink
density. This is thought to be because the unreacted Si-69 may not be totally washed
off and thus it can involve in the S-vulcanization reaction leading to the higher
crosslink density of the blend containing SIOH-MWCNT relative to other blends.
Therefore, its higher crosslink density compared to the other blends can also be
another reason for its highest hardness. In addition, 300% modulus and tensile strength
of the 50/50 NR/NBR vulcanizates containing MWCNT, OH-MWCNT and OH-
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MWCNT 4 phr are depicted in Figures 5.66-5.67, respectively. The effect of milling
direction on their tensile properties and tear strength is also compared. It is observed
that modulus and tensile strength of all blends in MD are higher than those of TD.
These results indicate that most of the MWCNTSs aligns in MD so they can assist the
rubbers to bear the load. The alignment of the majority of MWCNTSs in MD is
confirmed by the dichroic ratio results illustrated in Figure 5.68. Moreover, modulus
and tensile strength of the blend containing SIOH-MWCNT in both MD and TD are
the highest followed by those of the blends containing OH-MWCNT and MWCNT,
respectively. For example, tensile strength of the blends containing SIOH-MWCNT
and OH-MWCNT in MD is, respectively, 1.2 and 1.04 times higher than that of the
corresponding blend containing MWCNT. In addition, tensile strength of the blend
containing SIOH-MWCNT in MD and TD is respectively 1.12 and 1.14 times higher
than that of the corresponding sample containing OH-MWCNT. The highest modulus
and tensile strength of the blend containing SIOH-MWCNT could be explained by the
improvement of rubber-filler interaction between the SiIOH-MWCNT and rubber
matrices. This brings about higher stress transfer ability in the NR/NBR blend. The
possible mechanism of interaction between SIOH-MWCNT and NR is shown in
Figure 5.69 [95]. As can be seen, the chemical interaction can take place between the
double bond of NR and sulfur in Si-69. Another explanation is given to the higher
crosslink density of blend containing SIOH-MWCNT compared to the others as
discussed previously. In addition, a slightly higher tensile strength of the blend
containing OH-MWCNT relative to that of the blend containing MWCNT is caused by
the higher reinforcing efficiency of OH-MWCNT in the NBR phase. This is because
hydroxyl group of OH-MWCNT can interact with acrylonitrile group of NBR [114]. It
can be seen in Figure 5.70 that elongation at break of each blend in both MD and TD
is similar and elongation at break of all blends is also similar. Furthermore, it can be
seen in Figure 5.71 that tear strength of all blends in MD is higher than that of the
corresponding samples in TD. This is because MWCNTs in the MD aligned
perpendicular to the crack front can obstruct the crack propagation, thus resulting in
the higher tear strength [106]. However, the blend containing SIOH-MWCNT gives
the highest tear strength followed by the blends containing OH-MWCNT and
MWCNT. This can also be attributed to the higher rubber-filler interaction and higher
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crosslink density of blend containing SIOH-MWCNT compared to the others as

discussed earlier.
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Figure 5.64 Hardness of the 50/50 NR/NBR blends containing MWCNT, OH-
MWCNT and SiOH-MWCNT.
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Figure 5.65 Torque difference of the 50/50 NR/NBR blends containing MWCNT,
OH-MWCNT and SiOH-MWCNT.
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Figure 5.66 300%Modulus of the 50/50 NR/NBR blends containing MWCNT, OH-
MWCNT and SiOH-MWCNT.
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Figure 5.67 Tensile strength of the 50/50 NR/NBR blends containing MWCNT, OH-
MWCNT and SiOH-MWCNT.
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Figure 5.68 Dichroic ratio of the 50/50 NR/NBR blends containing MWCNT, OH-
MWCNT and SiOH-MWCNT.
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Figure 5.69 Probable mechanism of interaction between NR and the SIOH-MWCNT
surface [95].
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Figure 5.70 Elongation at break of the 50/50 NR/NBR blends containing MWCNT,
OH-MWCNT and SiOH-MWCNT.
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Figure 5.71 Tear strength of the 50/50 NR/NBR blends containing MWCNT, OH-
MWCNT and SIOH-MWCNT.

Figure 5.72 displays abrasion loss of the 50/50 NR/NBR blends containing
MWCNT, OH-MWCNT and SiOH-MWCNT. It is also found that the blend
containing SIOH-MWCNT exhibits the highest abrasion resistance followed by the
blends containing OH-MWCNT and MWCNT, respectively. The highest rubber-filler
interaction and crosslink density of the blend containing SIOH-MWCNT could be also
used to explain the obtained results. Additionally, the improvement of reinforcing
efficiency of MWCNT in NBR phase may lead to the better abrasion resistance of the
blend having OH-MWCNT relative to the blend having MWCNT. This is because
there is interaction between hydroxyl group of OH-MWCNT and acrylonitrile group
of NBR.
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Figure 5.72 Abrasion loss of the 50/50 NR/NBR blends containing MWCNT, OH-
MWCNT and SIOH-MWCNT.

5.3.3 Dynamic mechanical properties

As can be seen in the previous part, two peaks of tan 6 belong to NR and
NBR phases can be observed for the 50/50 NR/NBR blend. Therefore, Figure 5.73
shows tan dmax Of both NR and NBR phases in MD and TD of the 50/50 NR/NBR
blends containing MWCNT, OH-MWCNT and SiOH-MWCNT. It is found that the
blend containing SIOH-MWCNT exhibits the lowest tan dmax Value in both NR and
NBR phases, regardless of the alignment direction. This could be explained by its
highest filler-rubber interaction in both phases. Also, the highest crosslink density of
the blend containing SIOH-MWCNT can be another reason for this finding as
previously discussed in section 5.3.2. In addition, tan dmax Of the NBR phase for the
blend containing OH-MWCNT is slightly lower than that for the blend containing
MWCNT whereas that of their NR phases is rather similar. The lower tan dmax value of
the NBR phase for the blend having OH-MWCNT may be due to the improvement of
rubber-filler interaction in the NBR phase. It is also observed that tan dmax in the MD

of both phases in all cases is lower than that in the TD. This is because the amount of
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MWCNTSs aligned in MD is more than that in TD as previously discussed in section
5.3.2.
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Figure 5.73 Tan 6max in MD and TD of the 50/50 NR/NBR blends containing
MWCNT, OH-MWCNT and SiOH-MWCNT.

Figure 5.74 shows the average storage modulus values at 30 °C of all
blends. It appears that the storage modulus in MD of all blends is higher than that of
their TD counterpart. This is attributed to the higher reinforcement efficiency of
MWCNT aligned in the longitudinal direction. These results also agree well with their
modulus. Moreover, it is found that the blend containing SIOH-MWCNT exhibits the
highest storage modulus followed by that of the blends containing OH-MWCNT and
MWCNT, respectively. This is again because there is the highest rubber-filler
interaction the blend containing SIOH-MWCNT. Also, the highest crosslink density
for the blend containing SIOH-MWCNT as verified by its highest torque difference
(Figure 5.65) can be another possible explanation for the obtained result. Additionally,
the hydroxyl group of OH-MWCNT can possibly interact with acrylonitrile group of
the NBR leading to the slight higher storage modulus in both MD and TD of the blend
containing OH-MWCNT relative to that of the blend containing MWCNT.
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Figure 5.74 Storage modulus at 30 °C in MD and TD of the 50/50 NR/NBR blends
containing MWCNT, OH-MWCNT and SiOH-MWCNT.

Heat build-up and dynamic compression set of the blends containing
MWCNT, OH-MWCNT and SiOH-MWCNT are presented in Figures 5.75 and 5.76,
respectively. It can be seen that the blend containing SIOH-MWCNT exhibits the
lowest heat build-up and dynamic compression set followed by the blend containing
OH-MWCNT and MWCNT, respectively. This is because SiOH-MWCNT can
interact with NR and NBR via covalent bonding [95], thus leading to lowest energy
dissipation and lowest hysteresis loss during applied dynamic force. Additionally, the
higher crosslink density of the blend containing SIOH-MWCNT compared to the other
blends can be another cause for this finding. The lower energy loss during the dynamic
test found in the blend containing OH-MWCNT is due to the greater rubber-filler
interaction of the MWCNTSs presented in the NBR phase.
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Figure 5.75 Heat build-up of the 50/50 NR/NBR blends containing MWCNT, OH-
MWCNT and SiOH-MWCNT.
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Figure 5.76 Dynamic compression set of the 50/50 NR/NBR blends containing
MWCNT, OH-MWCNT and SiOH-MWCNT.
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5.3.4 Electrical and thermal conductivities

Figure 5.77 displays electrical conductivity in MD and TD of the blends
reinforcing with MWCNT, OH-MWCNT and SiOH-MWCNT. It can be seen that the
electrical conductivity of all blends in a specific milling direction is not significantly
different. Therefore, it can be stated that the modification of MWCNT surface does
not affect the electrical conductivity of the blends. However, the electrical
conductivity of all blends in the MD is clearly superior to that of their corresponding
TD sample. The possible explanation is given by a greater number of aligned
MWCNTSs in MD sample relative to the TD sample. This leads to the enhancement of
the formation of conductive networks and, thus electrons can flow through the formed
MWCNT networks in the MD samples more than the TD samples.

Figure 5.78 depicts the thermal conductivity of all blends. It is found that
the thermal conductivity of all blends is not significantly different. As can be seen,
their thermal conductivity value is about 0.37 W/mK. This may be because all
MWCNTs used in this study is MWCNT having many layers of the rolled-up
graphene sheets but the modification occurs only at the outmost layer of their surfaces.
Thus, their thermal conductivity may not be affected by surface modification used in
this experiment. In addition, it has been reported that the thermal conductivity of the
blend is mainly controlled by the degree of MWCNT alignment [16, 115]. However,
the degree of MWCNT alignment in all blends is not significantly different as
previously presented in Figure 5.68. Therefore, this can be another reason for the
similar thermal conductivity of the blends reinforcing with MWCNT, OH-MWCNT
and SIOH-MWCNT.
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Figure 5.77 Electrical conductivity of the 50/50 NR/NBR blends containing
MWCNT, OH-MWCNT and SiOH-MWCNT.
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Figure 5.78 Thermal conductivity of the 50/50 NR/NBR blends containing MWCNT,
OH-MWCNT and SiOH-MWCNT.
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5.3.5 Qil resistance

The swelling ratio in the gasohol and hydraulic oil of the blends having
MWCNT, OH-MWCNT and SiOH-MWCNT is depicted in Figures 5.79. It is found
that the blend containing SIOH-MWCNT exhibit the lowest swelling ratio in both
gasohol and hydraulic oils. This is again due to the greater rubber-filler interaction and
higher crosslink density of the blend containing SIOH-MWCNT compared to the other
blends. In addition, the swelling ratio of the blend containing OH-MWCNT is slightly
lower than that of the blend containing MWCNT. Again, the improvement of rubber-
filler interaction in NBR phase could be used to explain this result. Additionally, it is
apparent that the swelling ratio of all blends in the gasohol is higher than that of their
corresponding samples in the hydraulic oil. This is because the solubility parameter of
the 50/50 NR/NBR blend used in this work is closer to that of the gasohol having
higher polarity than the hydraulic oil.
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Figure 5.79 Swelling ratio in the gasohol and hydraulic oils of the 50/50 NR/NBR
blends containing MWCNT, OH-MWCNT and SiOH-MWCNT.
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CHAPTER VI
CONCLUSIONS

From the results of the present study, it can be summarized as follows

1. Well-dispersed MWCNT in 50/50 NR/NBR blend can be prepared by
mixing NBR with MWCNT/NR masterbatch prepared from the predispersing method
when the amount of MWCNT in the blends is not more than 4 phr.

2. The 50/50 NR/NBR blends prepared by mixing NBR with MWCNT/NR
masterbatch prepared from the predispersing method (the P blends) exhibit better
mechanical, dynamic, electrical and thermal properties than the corresponding blends
prepared from the conventional method (the C blends).

3. Modulus, storage modulus at 30 °C, tensile strength, tear strength and
electrical conductivity of the P and C blends in MD are higher than those of the
corresponding TD samples.

4. The difference of the modulus, storage modulus at 30 °C, tensile
strength, tear strength and electrical conductivity of the P blend in MD and TD is
greatest when 4 phr MWCNT is loaded, corresponding to the highest dichroic ratio.

5. When MWCNT content in the P blend is more than 4 phr, the increase
of MWCNT agglomerates and reduction of dichroic ratio are observed. This leads to
the reduction of mechanical properties while the electrical conductivity remains almost
constant.

6. Electrical conductivity of 4 phr MWCNT-filled P blend in MD
markedly decreases with increasing extension ratio while that of the corresponding TD
sample slightly increases. This is because of the greater number of aligned MWCNTSs
in MD sample relative to the TD sample.

7. Modulus, tensile strength, tear strength, oil resistance, abrasion
resistance, thermal and electrical properties of the mNR blends are clearly greater than

those of the corresponding mMNBR blends. This is due to the combination effect of the
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better MWCNT distribution in each phase and higher reinforcement efficiency in the
NR phase.

8. 100% modulus, storage modulus at 30 °C, tensile strength, tear strength
and electrical conductivity of both mNR and mNBR blends in MD are higher than
those of their corresponding TD samples.

9. 50/50 mNR blend exhibits the better overall properties because of the
better balance of MWCNT distribution between the NR and NBR phases.

10. Modulus, tensile strength, tear strength and oil resistance of the 50/50
NR/NBR blend containing SiOH-MWCNT are greater than those of the blends
containing OH-MWCNT and MWCNT. The explanation is given to the higher rubber-
filler interaction and crosslink density of the blend containing SiIOH-MWCNT
compared to those of the other blends.

11. Modification of MWCNT surface with Si-69 does not affect the
electrical and thermal conductivities of the 50/50 NR/NBR blend.
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