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Abstract

Several advanced methods have been introduced to disperse CNTs in the NR
matrix. Various aspects highlighted in this chapter include the mixing processes
such as melt mixing and latex mixing methods. As well as, formations of func-
tional groups on the surfaces of CNT using silane coupling agents (i.e., ex-situ and
in-situ functionalization). Moreover, hybrid CNT are beneficial to achieve better
electrical conductivity of NR/CNT composites. These efforts are aimed to reduce
the percolation threshold concentration in the NR composites for application as
conducting composites based on electrically insulating rubber matrix. Sensor
application is developed based on conducting NR composites. NR composites
showed changing of resistivity during elongation termed as piezoresistivity. The
most commonly used rubber matrices such as NR, ENR and IR are mixed with
a combination of CNT and CB fillers as hybrid filler. The presence of linkages
in the ENR composites results in the least loss of conductivity during external
strain. It is found that the conductivity becomes stable after 3000 cycles. This is
found to be similar to the NR-CNT/CB composite, while a few cycles are needed
for IR-CNT/CB owing to the higher filler agglomeration and poor filler-rubber
interactions. This is attributed to the polar chemical interactions between ENR
and the functional groups on the surfaces of CNT/CB.

Keywords: natural rubber, carbon nanotube, nanocomposites, electrical
conductivity, sensor

1. Introduction

Natural rubber (NR) is widely used in various industries owing to its excellent
elasticity and mechanical properties. NR has been typically used in many industrial
applications including tires, sports articles, sealing materials, medical glove, rubber
boots and dairy rubber items [1]. Moreover, application of NR can be more applied
by addition of fillers, such as silica, clay, carbon black, and carbon nanotube that
is properties of NR can be induced by filler. As NR was converted from insulator
material to be used as semi-conductive.

CNT have been widely interested for using as conductive filler in NR compos-
ites, due to the sp>-hybridized carbon molecules throughout its molecular structure.
Its carbon-carbon bond angles can be mechanically distorted reversibly, and core
electrons can act as free electrons of the carbon atoms on CNT surfaces. Thus, the
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special molecular structure of CNT provides it with high mechanical properties,
excellent thermal conductivity, and outstanding electrical conductivity [2].

Furthermore, nanocomposite of NR and CNT provided high elasticity material
and also sensitivity on electricity due to CNT networks in NR matrix are easy to
break under stretching and fast rebuilt under releasing [2]. Therefore, it well proper
for application as smart sensors to monitor the applied external stimulus. That
is, NR/CNT composites based stretchable strain sensors have been interested to
emerging applications, such as human motion detection [3, 4].

However, several works have been researched on human motion detection as
adsorbing graphene woven fabrics on polydimethylsiloxane (PDMS) and medical
tape composite. The wearable strain sensor could well detect human movements,
including hand clenching, pulse, expression change, blink, phonation, and breath-
ing [4]. Additionally, it is observed that the stretchable CNTs/carbon black (CB)/
isoprene rubber (IR) composites could be used to detect human motions and emo-
tional expressions [5]. It was reported that the percolation threshold concentration
of composites was significantly increased, while optimal conductivity increased, on
adding conductive CB in CNT composites [5]. Furthermore, using CB also improves
the sensitivity of electrical resistivity to stress and strain, due to its spherical shape
that eases disconnection of conductive particles by strain, while the long cylindrical
CNT particles can have sliding contact. This increases potentially the piezoresistive
responsiveness, combining excellent conductivity of CNT with strain sensitivity
of the electrical pathways on using CNT-CB blended filler [6, 7]. Furthermore,
using NR, incorporation of CNT and CB hybrid filler can keep a very stable sen-
sor performance, showing good mechanical properties, when the composites are
dynamically elongated several times [6, 8]. Also, NR composites are easy to process,
cost-effective, and well-known as hydrophobic biopolymers [9], so that humidity
does not effect on an NR sensor.

This review article focuses on the preparation and electrical property of NR/
CNT composites, the methods to improve the dispersion CNT are also men-
tioned as well as overview of applying NR/CNT composites for motions sensors
application.

2. Properties of CNTs

Usually, CNT has extremely high tensile strength compared to other carbon
materials. The excellent strength makes CNTs suitable for developing composite
material with higher reinforcing efficiency. It was also found that, the incorporation
of 0.5 phr MWCNT in NR composite reflected the best properties of increasing
61% of tensile strength and 75% of modulus [10]. Moreover, CNT exhibits excellent
electronic properties as the details given in Table 1 [11, 12].

Properties SWCNT MWCNT

Young’s modulus (GPa) 100-500 20-95

Tensile strength (GPa) 15-53 11-63

Electrical conductivity (S/cm) 10%-10° 10°-10°

Electron mobility (cm?/Vs) ~10° 10*-10°

Thermal conductivity (W/m K) 6000 2000
Table 1.

Properties of carbon nanotube.
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3. CNTs-based natural rubber composites
3.1 Modified natural rubber-carbon nanotube composites and its properties

Natural rubber (NR) is a well-known biopolymer that consists of isoprene units
linked together in cis-1,4 configuration. NR has attracted tremendous scientific and
industrial interests due to its unique molecular structure with superior and unique
properties such as high elasticity, flexibility and some level of biodegradability.
However, NR has intrinsically poor aging, weathering, oil resistance, and electrical
conductivity that limits the use of NR in some applications. However, the application
of NR can be extended by the modification of NR molecules in various forms, such
as epoxidized natural rubber (ENR) and maleated natural rubber (MNR). Various
properties of NR products (i.e., modulus, viscosity and strength) could be improved
by incorporating special types of fillers to form NR composites. Therefore, different
types of fillers into NR as an elastomeric matrix, including carbon black, silica, clay,
calcium carbonate, carbon fibers or carbon nanotubes, have been widely investigated.
CNT filled NR composites were used with various types of natural rubbers, especially
unmodified natural rubber (NR), epoxidized natural rubber (ENR) and maleated
natural rubber (MNR) [13]. Consequently, after the modification of rubber, the
electrical conductivity of composites was found to be enhanced when compared to
the unmodified NR-CNT (Figure 1). The percolation limit for CNTs in ENR-CNT
and MNR-CNT composites is approximately 1 phr, while a value of 4 phr was found
for unmodified NR-CNT composite. Lower percolation value of ENR-CNT and
MNR-CNT composites than that of the unmodified NR-CNT composite proves the
enhanced degree of CNT dispersion in the rubber matrix. It is gained by the occur-
rence of chemical interaction between the functional groups present in ENR or MNR
molecules and the polar groups on CNT surfaces as shown in Figure 2. This confirms
that, the polar nature of rubber molecules (i.e., ENR and MNR) causes significantly a
greater degree of CNT dispersion and consequently the composites reach the percola-
tion limit at smaller CNT concentration. However, for all the composites studied, the
maximum electrical conductivities are the same. It means at the CNT concentrations
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Figure 1.
Electrical conductivity of CNT-filled rubber composites with various CNT contents of 0—7 phr [2].
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Figure 2.
Possible chemical reactions between (A) ENR and CNT, and (B) MNR and CNT [13].

below the percolation threshold the electrical conductivity is dominated by the rubber
matrix. Whereas the CNT network plays the dominating role above the percolation
limits. This correlates well to Earp et al. which indicated a comparable conductivity of
the NR composites with and without CNT loading since the CNT was covered by the
insulated NR molecules. After the increase of CNT concentration, the percolative CNT
are formed and the NR matrix had CNT pathway dispersing throughout the samples.
This CNT connection induces and carries well transferring of electron which causes
increment of electrical conductivity [14]. This is agreement to Ma et al. which found
that electrically conducting behavior of composites consisting of conducting fillers
and insulating matrices can be applied to explain the percolation theory originating

in the materials. It was found that the composite undergoes an insulator-to-conductor
transition while the conducting filler content is gradually increased. The critical filler
concentration is referred to the percolation threshold where the measured electrical
conductivity of the composite had sharply increased for several orders of magnitude
relating the formation of continuous electron paths or conducting networks [11].
Moreover, critical CNT loading in matrix effects on the overall properties of CNT
tilled ENR nanocomposites [2]. On varying the CNT loading from 1 to 7 phr showed
the critical loading at 3 phr and significantly improved the electrical conductivity.

3.2 Dispersion technique of carbon nanotubes and their network formations
on the properties of natural rubber-carbon nanotube composites

Recently, CNT becomes a promising filler for the NR based composites due to
its several unique properties. Perfect molecular structure of CNT with sp>-hybrided
carbon structure causes extremely high mechanical properties, excellent thermal
conductivity and outstanding electrical conductivity [11]. In addition, low density,
high specific surface area and extremely high aspect ratio make the CNT as an inter-
esting carbon filler same as graphene and other carbon fibers. In the recent years,
many researchers have attempted to incorporate CNT into rubber matrix (i.e., natural
rubber [15-17] and synthetic rubber [18, 19]) to utilize the intrinsic properties of
CNT for enhancing the properties of rubber composites, particularly for the electrical
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conductivity. However, the property enhancement is not so easy and still the vigorous
investigations are ongoing. The major drawback to use CNTs as the reinforcing filler
in NR is their agglomeration, since CNT contains very high aspect ratio and strong
Van-der Waals attractions between the particles. Small polar functional groups on the
CNT surface are also the reason for their self-association behavior inside NR matrix.
Altogether it provides strong filler-filler interaction which causes very poor disper-
sion of CNTs. Weak physical and chemical interactions among CNT and NR matrix
generally lead to poor mechanical properties and electrical conductivity due to the
incompatibility between them [20]. Therefore, homogeneous dispersion of CNTs
inside the rubber matrix is an important challenge by optimizing the condition for

the preparation of rubber-CNT composites. To obtain high conductive CNT-based
rubber composites, a proper preparation method has also been widely investigated.
Melt blending and latex state mixing processes are the most effective methods in terms
of the process ability and properties of nanocomposites by using a two-roll mill and
an internal mixer [21]. Shearing force and mixing temperature during rubber opera-
tion cause reduction of NR viscosity and therefore the CNT can be easily dispersed
and distributed in NR matrix. However, this mixing system had originated much the
heat and not environmentally friendly operation owing to dispersion of low density
of CNT. Thus, latex-based composites are represented and it showed significantly
improved properties than relative to the one preparing from melt mixing. It was found
that the lowest percolation threshold concentration of approximately 0.5 phr of CNTs
was observed in the latex-CNT composites [22]. Electrical conductivity is one of the
properties that can be applied to characterize the quality of filler dispersion in CNT
composites. If a continuous filler network of electrically conductive fillers is formed,
the material undergoes a sudden transition from insulator to conductor. As a result, the
electrical conductivity rises by several orders of magnitude. Figure 3 shows the effect
of filler loading on the electrical conductivity of CNT-filled composites based on NR
from ADS and latex. Here, the latex-based composites exhibited a percolation thresh-
old at a CNT concentration lower than 1 phr. This is due to the orientation of nano-
tubes along a specific path around the rubber particles which resulted in the formation
of segregated nanotube network [23, 24] as confirmed by the TEM image (Figure 4).
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Figure 3.
Electrical conductivity of composites as a function of CNT content [22].
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Figure 4.
TEM image of natural rubber composite film containing segregated network of MWCNT [23].

3.3 Functionalization of carbon nanotubes and the properties of natural
rubber-carbon nanotube composites

The major drawback of CNT as a reinforcing filler in NR is its agglomeration
tendency, since the CNT fibers have very high aspect ratio and strong Van-der
Waals attraction between each other. This is due to the lack of polar functional
groups on the CNT surfaces which also leads to the self-association behavior in the
NR matrix. Generally, the filler-filler interactions are too strong compared to filler-
matrix interactions causes very poor dispersion of the filler. The poor physical and
chemical bonding between CNT and NR or the incompatible nature generally leads
to exhibit poor stability of the composites in terms of their mechanical properties
and electrical conductivity [20]. Therefore, attaining a homogeneous dispersion
of CNTs in the rubber matrix remains a challenge and addressed by seeking the
optimal conditions for the preparation of rubber-CNT composites. To improve
the dispersion of CNTs in the NR matrix, a silane coupling agent was applied
by expecting that the filler-rubber interactions would be enhanced by reducing
the Van-der Waals attractions of CNT particles. The ex-situ functionalization of
CNTs with silane has been introduced to improve the CNT dispersion in rubber-
CNT composites. However, this method is time consuming and more expensive,
and might not be appropriate in practical applications. Thus, recent studies have
investigated in-situ functionalization of CNTs with silane. Similar to rubber-silica
composites [25, 26], silane was added directly during the mixing of rubber and
silica. The silanization of silica particles can take place during mixing if the mixing
conditions are suitable. This alternative process can provide a short processing cycle
compared to ex-situ silanization. On the other hand, the functional groups on the
raw CNTs are readily available and sufficient to react with silane molecules dur-
ing mixing [22] as similar to the silica-filled composites. Thus, the way of mixing
is most important to improve the reinforcing efficiency of CNTs in rubber-CNT
composites [27, 28]. CNT filled NR composites were prepared by melt mixing and
latex mixing methods. The in-situ functionalization of CNTs with a silane coupling
agent, namely bis (triethoxysilylpropyl) tetrasulfide (TESPT) was done to improve
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Figure 5.
Variation of electrical conductivity as a function of CNT content for various NR-CNT composites [30].

the interactions between CNT surfaces and rubber molecules. Figure 5 shows the
effect of CNT loading on the electrical conductivity of rubber-CNT composites
with and without TESPT prepared by melt mixing and latex mixing processes. The
lowest percolation threshold was observed in the composites prepared by latex mix-
ing with in-situ functionalization. This is due to the chemical interactions of CNT
surfaces, silane, and NR molecules (Figure 6) that improved the CNT dispersion
and reduced the electrical percolation threshold. As a result, percolation thresholds
were observed at approximately 2 and 1 phr of CNTs in NR-CNT-TESPT and L-
CNT-TESPT composites, respectively. In addition, it was obtained the same trend
as NR and ENR vulcanizates reinforced with CNT, CCB and CNT/CCB hybrid filler
that decreasing of physically bound rubber absorption with addition of TESPT are
showed, while the chemically bound amount had significantly increased. It was
also found that superior conductive material with low dielectric constant of NR and
ENR vulcanizates with CNT and CCB hybrid filler are received after the addition of
TESPT [29].

In addition, composites of CNT and ENR were also prepared with in-situ
functionalization of CNT with two alternative silane coupling agents such as
bis(triethoxysilylpropyl) tetrasulfide (TESPT) and 3-aminopropyltriethoxysilane
(APTES). The reactions of ENR molecules with the functional groups present on
the CNT surfaces and also with the silane molecules were schematically shown in
Figures 7 and 8.

Composites of ENR-CNT and ENR-CNT-TESPT were successfully prepared
with a very low electrical percolation threshold at 1 phr CNT content as showed
in Figure 9. Furthermore, the highest electrical conductivity was achieved in
the ENR-CNT-TESPT composite, due to its higher cross-link density and near-
optimal CNT dispersion. Moreover, the morphological study of ENR-CNT and
ENR-CNT-TESPT composites was used to confirm the fine dispersion of CNTs
in the ENR matrix with loosely agglomerated CNTs. Consequently, the compos-
ites of ENR-CNT and ENR-CNT-TESPT exhibited improved tensile properties
with higher cross-link density and electrical conductivity than the baseline of
pristine ENR.
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bond of ENR and sulfur of TESPT molecules, where (1) and (2) are the molecular structures of APTES and
TESPT [9].

3.4 Hybrid carbon nanotubes filled natural rubber composites

Several attempts have been made to disperse the CNTs in NR matrix by avoiding
its re-agglomeration. To overcome this limitation, the addition of secondary fillers
was introduced into the composites by generating new conductive hybrid filler path-
ways [32, 33]. An improved conductivity was achieved by adding carbon black (CB)
into the CNT polymer composites [34-37]. Electrical conductivity of the composites
was found to be slightly increased with CB concentration when the CNT content lies
below its percolation threshold. However, no significant increase in the electrical con-
ductivity occurred above the percolation threshold concentration. This might be due
to the agglomeration of CB connected to CNT surfaces, which impedes the conductiv-
ity of hybrid ternary composites [35]. Thus, the CB can bridge CNT encapsulates and
contribute new electron pathways only with highly homogeneous distribution of both
the fillers. In this regard, the extremely high viscosity of NR is essential to enhance the
conductivity by enabling good dispersion of fillers during mixing. No prior studies
have been reported on the NR vulcanizates to assess the electrical conductivity with
the dual fillers CB and CNT. A hybrid epoxy-based nanocomposite was developed by
reinforcing CNT and CB. It was found that, the gaps between carbon nanotubes were
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Figure 9.
Electrical conductivity of ENR-CNT, ENR-CNT-TESPT, and ENR-CNT-APTES composites prepared by
in-situ functionalization with various CN'Ts contents of 07 phr [31].

connected by the CB nanoparticles, causing the formation of conducting networks
[32, 34] as shown in Figure 10. The same behavior was observed in the hybrid of
expanded graphite (EG)-CNT filled cyanate ester (CE) [38], graphene nanoplatelets
(GNPs)-CNT/epoxy composites, titania nanoparticles (TiO,)-CNT/epoxy composites
[39] and hybrid of Ag nanoparticles (Ag-NPs)-CNT [40].

3.4.1 Hybrid composites of carbon nanotubes and conductive carbon black
reinforced natural rubber

Filled NR vulcanizates were prepared by incorporating carbon-based fillers,
namely carbon nanotubes (CNT), conductive carbon black (CCB), and CNT/CCB
hybrid filler [41]. Reinforcement of CNT and CCB was carefully done by using a
two-roll mill. The main aim was to generate an optimal state of filler dispersion in
the NR matrix, in which CCB particles/aggregates bridge the CNT encapsulates.

It improved the optimum electrical conductivity of NR composites by enabling
electron tunneling and it is appropriate to provide fillers in the NR matrix. It was
expected that, the achievable conductivity would synergistically be better than
those of rubber composites with solely CNT or CCB. The variation of conductivity
(atf = 1 Hz) with the filler volume fraction according to the Voet model is shown in
Figure 11. It is seen that, the increment in conductivity appears in different steps for
the NR vulcanizates filled with CCB (4 steps), CNT (3 steps), and CNT/CCB hybrid
filler (2 steps). As already stated, there is no percolation threshold observed in case
of CCB filler in NR vulcanizate, even though increasing the CCB loading up to 15
phr. In Figure 11, the NR vulcanizate filled with CNT/CCB hybrid filler showed only
two step increments in conductivity. It is also clear that the filled NR vulcanizate
had linear conductivity in between 1to10 phr of CCB in the CNT/CCB hybrid filler
and saturates at 15 phr of CCB owing to the strong agglomeration. This means that
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NR vulcanizate filled with 5 phr CNT is an Ohmic conductor in between 1to10 phr
of added CCB. It confirms the synergistic effect of CNT and CCB fillers in the NR
vulcanizates, that improved and extended the conductivity of the NR composites by
enhancing the electron tunneling and reducing the gaps between CNT encapsulates.

3.4.2 Hybrid carbon nanotubes and silver nanoparticle in natuval rubber
composites

The conductive NR composite with CNT-decorated AgNP (Figure 12) was pre-
pared via the latex mixing method to get homogenous dispersion of the filler [42].
The decoration of CNT surfaces with AgNP significantly enhanced the electrical
conductivity and lowered the percolation threshold concentration of NR compos-
ites when compared to the composites with plain CNT filler.

The percolation threshold concentrations of CNT and CNT-AgNP filled
NR composites (Figure 13) are found to be 3.64 and 2.92 phr respectively. The
combination of AgNP with CNT hybrid filler caused decreasing the percola-
tion concentration and significantly increasing the optimal conductivity of the
NR composites. This is due to the network formation of CNT-AgNP in the NR
matrix favors the flow of electrons as compared to the NR filled with solely CNT.
Therefore, better movement of the electrons by tunneling throughout the NR
matrix was encountered. The degree of network formation of fillers in rubber
matrix can be estimated by the ¢ values. In Figure 13(b) and (c), the ¢ values of
CNT and CNT-AgNP filled NR vulcanizates are noticed as 2.34 and 1.86, respec-
tively. This clarifies that the CNT-AgNP filled NR vulcanizates are fully three-
dimensional networks of fillers in the NR matrix, whereas the CNT filled NR
vulcanizates showed stronger CNT agglomeration as indicated by higher ¢ value.
It also confirms the bridging of AgNP with end-to-end of CNT in the NR matrix
which usually improves significantly the electrical conductivity and the percola-
tion threshold of the composite.

3.4.3 Hybrid carbon nanotubes and ionic liquid in natural rubber composites

To enhance the electrical conductivity of the rubber composites, several
methodologies have been exploited by improving the CNT dispersion in rubber

AgNP networks — =

i\

-;'jll ]‘!]\E?/“ 200 nm . 200

Figure 12.
Transmission electron microscopy (TEM) images of CNT decorated with silver nanoparticle (CNT-AgNP) [42].
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Figure 13.
Electrical conductivity of CNT and CNT-AgNP filled NR vulcanizates with various CNT and CNT-AgNP
loadings (a), Plots of log o 4 and log (f-f.) of CNT filled NR vulcanizates (b) and CNT-Ag filled NR
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matrix. One prominent approach is the use of CNT mixed with an ionic liquid (IL)
[43]. Typically, the IL molecules have hydrophilic and hydrophobic parts of the
inorganic and organic salts in their molecules. It is noted that the hydrophobic part
has the ability of interacting with CNT surfaces through cation- 8 interaction

[44]. Also, some ionic liquids contain -C=C- in the alkyl chain, and this could
interact with diene rubbers via sulfur bridges in case of sulfur vulcanization
system [45]. Therefore, IL forms bridge CNT surfaces with the rubber matrix [45].
The imidazolium ionic liquid has been widely used in various types of polymer
matrix [46-49]. It was found that the imidazolium groups play an important role in
improving the ionic conductivity of acrylonitrile butadiene rubber (NBR) [48].
Furthermore, NBR/SiO, in combination with imidazolium ionic liquid exhibited
good elastomeric properties, high tensile strength, and high electrical conductivity
[49]. In addition, CNT filled NR composites improved the conductivity by the
addition of an ionic liquid (IL) 1-butyl-3-methyl imidazolium bis (trifluorometh-
ylsulphonyl)mide (BMI) [50]. Figure 14 clearly shows the addition of IL in to NR
slightly increased the electrical conductivity, but the loading level of IL (BMI) does
not significantly affect the conductivity of NR vulcanizate. This might be attrib-
uted to the encapsulated IL (BMI) by the insulating NR as the imidazolium IL
could be more compatible with the hydrophobic rubber matrix [46]. This leads to
reduce the electrical conductivity of the NR/IL vulcanizate with no noticeable
percolation threshold. On the other hand, the composites of NR/CNT and NR/
CNT-IL showed percolation threshold concentrations at 3.64 and 2.92 phr, respec-
tively. Therefore, the NR/CNT-IL composite exhibited comparatively higher
electrical conductivity with lower percolation threshold than the composite of NR/
CNT. This might be due to the synergy of plasticizing by IL (BMI), contributed to
good dispersion of CNT. It forms three-dimensional networks in the NR matrix
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Figure 14.
Electrical conductivity of NR/CNT, NR/IL and NR/CNT-IL vulcanizgates with various filler loadings [50].

assisted by the physical interactions of CNT particles. Therefore, the plasticizing
effect and physical interactions facilitated CNT network formation and reduced
the agglomeration of CNT.

4. Piezoresistive carbon-based composites for sensor applications

Conductive composites based on electrically insulating rubber matrix have
attracted both scientific research and industrial interest for several years [11]. The
two main parts in such composites are (i) the insulating rubber matrix and (ii) the
conducting filler. The filler needs to form conductive pathways in the matrix for
carrying electrons, thereby making the composite a semiconductor or a conductor
[19]. Such filler pathways are perturbed by breakage and re-arrangement inside
the matrix during deformation [33]. This change in resistivity during elongation
is known as piezoresistivity and it can be used in motion detector applications
[51]. Hence, the sensitivity of a composite sensor is affected by the type of rubber
matrix and the type of fillers such as carbon black (CB), carbon fibre, graphene,
graphite, and carbon nanotubes (CNT) [34, 35, 52, 53]. The CNT filled compos-
ites can serve in sensor applications due to its excellent electrical conductivity,
which responds to various external stimuli such as temperature, organic solvents,
vapour, strain, and damage [6]. Incorporation of CNT and CB hybrid filler in NR
exhibits a very stable sensor performance along with good mechanical properties
when the composites are dynamically elongated several times [6, 8]. Therefore,
three alternative rubber matrices such as NR, epoxidized-NR (ENR) and isoprene
rubber (IR) have been tested to clarify the effectiveness of the rubber matrix in
a strain sensor containing CNT and CB as a hybrid filler. An appropriate ratio of
CNT:CB was fixed at 1:1.5to form the filler networks throughout the matrix. Melt
blending was selected as the mixing method to prepare the composites with the
help of an internal mixer and a two-roll mill by optimizing the state of dispersion
of fillers in the rubber matrix. Furthermore, the piezoresistivity (strain sensitivity
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of electrical resistance) was investigated in terms of the relative change in resis-
tance, AR/R, (AR is the change in resistance with strain, and R is the initial
resistance of the composite) [6, 54]. The measurement was performed with the
help of an instrumental setup as showed in Figure 15.

To assess the effects of long term deformations on the composites, dynamic
cyclic tensile testing at 50% strain for 50, 100, 500, 1000, 3000, 5000 and
10000 cycles was performed with an extension speed of 200 mm/min. Here,
the resistance of the composites after each run was noticed. Figure 16 shows the
electrical conductivity as a function of cycle count for NR, ENR and IR composites
with CNT/CB hybrid filler. The conductivity of these composites was found to be
decreased with cycle count. The linkages in ENR composites exhibited the least loss
of conductivity. It was found that the conductivity becomes stable after 3000 cycles
(from 15.4 uS/cm to 0.044 pS/cm at 3,000 rounds). This is similar to the composites
of NR-CNT/CB, while a few cycles were needed for IR-CNT/CB owing to the higher
filler agglomeration and poor filler-rubber interactions. This is attributed to the
polar chemical interactions between ENR and the functional groups on the surfaces
of CNT/CB. Furthermore, the non-rubber components in NR and ENR matrices
improved the filler dispersion as seen in the TEM images of Figure 16. It can be seen
that, the dispersion of CNT/CB particles/clusters was homogeneous in the ENR
matrix, whereas poor CNT/CB dispersion with strong filler-filler agglomeration
was exhibited in the IR matrix as expected.

Moreover, NR-CNT/CB composite (CNT/CB 0.5/9 phr) was developed for
sensor [6], it was embedded in gloves to understand its efficiency and to get a visual
idea about the function of the sensors as shown in Figure 17.

Direction
of strain

Insulaton gnp

Sampie has to be straight
before performing the measurement

Copper clamp which
connected directly to §
the getector

tector used for -
delecting resistance 3§
of sample during
extending at differentg
strain

Figure 15.
Instrumental setup for measuring electrical conductivity and vesistivity during mechanical tensile strain [6].
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Figure 16.

Electrical conductivity of NR, ENR and IR composites with 5 phr of CNT/CB hybrid filler compared after o,
50, 100, 300, 500, 1000, 3000, 5000 and 10000 cycles of extensional strain, together with TEM images at the same
magnification of 50 kx [6].

Soft Strain Sensors

Resistance (kOhm)
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Figure 17.

Detection of finger motion and type of the motion by embodiment of conducting elastomer composite (CNT/CB
0.5/9 phr) on latex gloves. Typing the complex stretching and bending motion of sample is divectly reflected in
the resistance plot [6].

5. Conclusion

Carbon nanotubes (CNT) have been widely used as the reinforcing and conduc-
tive filler in NR. However, the dispersion of CNT in NR matrix is limited and always
an important factor to enhance the property of NR composites. In order to obtain a
conductive NR material with high quality by the formation of strong CNT networks
in an insulating NR matrix is needed. The CNT networks act as electrically conduct-
ing pathways to provide electrical conductivity, but the CNT typically has a high
aspect ratio and strong Van-der Waals forces that give rise to a strong agglomeration
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tendency. It is very difficult to form the conductive paths with in the insulating rub-
ber matrix and this path formation between the conducting particles is a challenge
to achieve proper electron tunneling.

This chapter reports several advanced methods to disperse CNTs in the NR
matrix. Various aspects highlighted in this chapter include the mixing processes
such as melt mixing and latex mixing methods. In addition, formations of
functional groups on the surfaces of CNT using silane coupling agents (i.e.,
ex-situ and in-situ functionalization) as well as using a hybrid CNT are beneficial
to achieve better electrical conductivity. These efforts are aimed to reduce the
percolation threshold concentration in the NR composites. As mentioned in this
review, latex mixing technique exhibits the formation of segregated nanotube
network, which enhances the electrical conductivity of the composites. In
addition, the improved interaction between CNT and NR matrix by using silane
coupling agent enhances the uniformity of dispersion of CNT. It leads to reduce
the percolation threshold concentration compared to the composites of NR/CNT
without silane coupling agent. Moreover, the addition of secondary fillers into
the composites generates new conductive hybrid filler pathways. Comparatively
better conductivity is achieved by the addition of CB or AgNP or IL into the CNT
polymer composites.

However, conducting composites based on electrically insulating rubber matrix
have been developed for sensor applications. Change in resistivity during elongation
termed as piezoresistivity can be used in sensor applications. The most commonly
used rubber matrices such as NR, ENR and IR are mixed with a combination of
CNT and CB fillers as a hybrid filler. The presence of linkages in the ENR compos-
ites results in the least loss of conductivity during external strain. It is found that
the conductivity becomes stable after 3000 cycles. This is found to be similar to the
NR-CNT/CB composite, while a few cycles are needed for IR-CNT/CB owing to the
higher filler agglomeration and poor filler-rubber interactions. This is attributed
to the polar chemical interactions between ENR and the functional groups on the
surfaces of CNT/CB. Furthermore, the non-rubber components in NR and ENR
matrices improved the filler dispersion. Finally, it can be concluded that the com-
posite of ENR and CNT/CB are beneficial in sensor applications particularly in case
of health monitoring, motion detectors, and other related products because of its
cost-effectiveness and ease of processing.
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