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Abstract: Three different blending procedures were used to create multiwalled carbon nanotube
(MWCNT)-modified chloroprene rubber (CR)/natural rubber (NR) blended composites MWCNT/
CR-NR). The effects of the blending process on the morphology of the conductive network and
interfacial contacts were researched, as well as the resistance—strain response behavior of the com-
posites and the mechanism of composite sensitivity change under different processes. The results
show that MWCNT/CR-NR composites have a wide strain range (¢ = 300%) and high dynamic
resistance—strain response repeatability. Different blending procedures have different effects on the
morphology of the conductive network and the interfacial interactions of the composites. If the
blending procedures have wider conductive phase spacing and stronger interfacial contacts, the
change in the conductive path and tunneling distance occurs more rapidly, and the material has a
higher resistance—strain response sensitivity.

Keywords: resistance-strain response; carbon nanotubes; chloroprene rubber/natural rubber
composites; conductive networks; interface

1. Introduction

Conductive polymer composites (CPCs) are of interest due to their exceptional fatigue
resistance, great strain—sensing capabilities, outstanding flexibility, and large deformation
capabilities [1,2]. In recent years, CPCs have been studied extensively as strain—-sensing
materials in biomedical [3], flexible electronic skin [1], human motion detection [4], and
structural health monitoring [5] applications. It is possible to combine the good qualities
and synergistic effects of CPCs by doping them with nanofillers in a polymer matrix. As
such, the choice of conductive nanofillers and matrix materials has a significant impact on
the composites” performance [6].

Carbon nanotubes (CNTs) have many advantages, including low density, high strength,
a large aspect ratio, excellent electrical conductivity, and outstanding mechanical prop-
erties [7]. Various CNTs, particularly multiwalled carbon nanotubes (MWCNTs), offer
much potential as polymer-reinforcing materials [8]. Rubber is extensively utilized as a
matrix material for CPCs because of its excellent mechanical properties, especially its high
elasticity and resistance to damage. Natural rubber (NR) provides numerous benefits in
strain—sensing matrix materials, including high viscoelasticity, large deformation capacity,
plasticity, and water resistance [9]. However, NR is not a good substrate for sensing materi-
als because of its poor aging resistance, poor high temperature resistance, and low tensile
strength [10], which affects its service life and long-term monitoring efficacy in complex
service environments. Chloroprene rubber (CR) is a high-strength rubber with exceptional
weathering, heat, and age-resistance properties [11]. Blending CR and NR can combine the
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benefits of CR and NR while also improving NR’s aging resistance, which is critical for
expanding NR’s application range [12].

The resistance—strain response behavior of CPCs is key to their use as reliable strain-
sensing materials. Conductive network morphology and interfacial interactions play an
important role in influencing the sensing behavior of CPCs [13]. Currently, researchers have
proposed many methods to control the conductive network morphology and interfaces in
CPCs. Lin and Alig et al. [14,15] used shear methods (e.g., stretching, injection molding,
and prestrain) to distribute the conductive fillers directionally. Jung et al. [16] used thermal
annealing above the melting or glass transition temperatures of the polymer matrix to
repair conductive contacts between local conductive regions. George et al. [17] discovered
that emulsion grade mixing of MWCNTs and NR resulted in the formation of segregated
conductive networks. Although the methods described above may efficiently manage
the conductive network topology and interfacial interactions in CPCs, the resistance—
strain response characteristics have received little attention [13]. Polymer blending can
build conductive networks with selective distribution to control the resistance-based
strain-sensing behavior [18-20], and the process serves as a new way to prepare high-
performance CPC strain—sensing materials with tunable sensing behavior [21]. However,
most of the polymer blends currently tested are used in a molten state [22,23]. Investigating
the conductive network morphology and interfacial interactions under various blending
processes, as well as their relationship with strain—-sensing behavior, is critical for promoting
the development of polymer blends in the field of strain sensing and providing a reference
for the selection of superior blending processes.

In this work, three different blending procedures were employed to manufacture
MWCNT-modified CR/NR-based composites using MWCNTs as a conductive filler and
CR/NR blends as a matrix. The dispersion state of MWCNTs in the CR/NR blended
matrix was investigated, as well as the interfacial interaction between the composite matrix
and filler under different preparation processes. The aims of these investigations were to
reveal the effects of the conductive filler’s dispersion state and to elucidate the interfacial
interaction between the filler matrix and the resistance—strain response behavior and to
explain the material resistance—strain response mechanism based on the tunneling effect.

2. Materials and Methods
2.1. Raw Materials

Chloroprene rubber latex (CRL, grade SNL511A, solid content 50 wt.%, Jinan Deqiao
Chemical Technology Co., Ltd., Jinan City, Shangdong, China), natural rubber latex (NRL,
solid content 60 wt.%, Guangdong Maoming Zhengmao Petrochemical Co., Ltd., Maoming
City, Guangdong, China) and MWCNTs (length 10-20 pm, OD 4-6 nm, as shown in
Figure 1, specific surface area 500-700 m? g~!, purity > 98%, China Organic Chemical
Co., Ltd., Chinese Academy of Sciences, Chengdu, China) were used. The remaining
reagents were commercially available and were not further processed, including sodium
dodecyl sulfate, magnesium oxide, zinc oxide, sulfur, stearic acid, N-isopropyl-N’-phenyl-
p-phenylenediamine, and N-fert-butyl-2-benzothiazole hyper-sulfonamide.

Figure 1. The diameter and micromorphology of the original multiwalled carbon nanotubes were
characterized by transmission electron microscopy. (Note: the data used in this figure are provided
by the Chengdu Organic Chemicals Co., Ltd., Chinese Academy of Sciences, Chengdu, China).
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2.2. Preparation of MWCNT/CR-NR Composites

In this study, MWCNT/CR-NR composites were prepared using a four-step emulsion
blending method according to the mixing proportions described in Table 1.

Table 1. The mixing proportions of MWCNT/CR—NR composites.

CR—-CNT/NR CR/NR-CNT CR-CNT/NR-CNT CR/NR CR/NR CR/NR CR/NR CR/NR

Materials 5/5 5/5 5/5 10/0 7/3 5/5 3/7 0/10
CRL (wt.%) 50 50 50 100 70 50 30 0
NRL (wt.%) 50 50 50 0 30 50 70 100

MWCNT (wt.%)  1,2,3,4,5,6 1,2,3,4,5,6 1,2,3,4,5,6 0 0 0 0 0
MgO (wt.%) 25 25 25 5 35 25 15 0

S (Wt.%) 15 15 15 0 09 15 21 3

SA (Wt.%) 2 2 2 2 2 2 2 2
Zn0 (wt.%) 4 4 4 4 4 4 4 4

4010NA (wt.%) 2 2 2 2 2 2 2 2

NS (wt.%) 15 15 15 15 15 15 15 15

Blending @) (b) © - - - = -

Method (a): The MWCNTs were first premixed in the CR phase, and then, CR—MWCNTs containing MWCNTs
were mixed with NR, and then mixed with other vulcanizing reagents, and finally, the composite was prepared
by vulcanization (Figure 2a). Method (b): The MWCNTs were first premixed in the NR phase, and then,
NR-MWCNTs containing MWCNTs were mixed with CR and then mixed with other vulcanizing reagents,
and finally, the composite was prepared by vulcanization (Figure 2b). Method (c): The MWCNTs were first
premixed in the CR and NR phases, separately, and then, CR—MWCNTs containing MWCNTs were mixed with
NR—-MWCNTs containing MWCNTs, and then mixed with other vulcanizing reagents, and finally, the composite
was prepared by vulcanization (Figure 2c). CRL: A wt.%, NRL: B wt.%, A + B = 100.

(1) Preparation of pure rubber: To obtain the flocculated colloid, the latex was weighed
in a beaker, calcium chloride flocculant with a mass fraction of 0.01 was added
gently to the latex, and the latex was rinsed repeatedly with deionized water when
flocculation was complete. Then, the sample was passed through a two-roller refiner
(the speed ratio of the rotor was 1:1.2, the same below) for 15 min to obtain pure CR and
pure NR.

(2) Preparation of MWCNT /rubber blends: The MWCNTs were weighed in a beaker, a
small amount of deionized water was added and ultrasonically dispersed for 10 min
to obtain a stable MWCNT dispersion. Then, the latex was poured into the MWCNT
dispersion and mixed with sufficient stirring to obtain the MWCNT /latex mixture.
Calcium chloride flocculant with a mass fraction of 0.01 was slowly added to the mix-
ture to obtain MWCNT /rubber flocculant, which was repeatedly rinsed with deion-
ized water to obtain MWCNT /rubber flocculant colloid. Finally, the MWCNT/CR
blends and MWCNT/NR blends were produced by passing the samples through a
two-roller kneading machine for 15 min.

(3) Rubber blending: The MWCNT/CR-NR blends were prepared by three blending
methods (as shown in Figure 2): (3-1) MWCNT/CR blends were blended with pure
NR in a kneader for 2 min and then mixed with other vulcanizing reagents for
4 min (as shown in Figure 2a); (3-2) MWCNT/NR blends were blended with pure CR
in the kneader for 2 min and then mixed with other vulcanizing reagents for 4 min
(shown in Figure 2b); (3-3) MWCNT/CR compounds were mixed with MWCNT/NR
compounds in the kneader for 2 min and then mixed with other vulcanizing reagents
for 4 min (shown in Figure 2c).

(4) Vulcanization: The MWCNT/CR-NR compound was vulcanized at 150 °C and
10 MPa for 10 min to obtain the MWCNT/CR-NR composite.

In this paper, samples are denoted as A-xCNT/B y/z, where A and B denote the
rubber matrix, x denotes the amount of MWCNTs in A rubber, and y and z denote the
number of parts of A rubber and B rubber, respectively. For example, CR-6CNT/NR 5/5
indicates that the MWCNTs were first premixed in the CR phase, and then, CR-MWCNTs
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containing 6 wt.% MWCNTs were mixed with NR containing 5 parts of CR and 5 parts
of NR.
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Figure 2. A schematic diagram of the three co-blending processes: (a) CR-CNT/NR, (b) CR/NR-CNT,
and (c¢) CR-CNT/NR-CNT composites.

2.3. Methods
2.3.1. Measurement of Contact Angle

DataPhysics OCA 20 was used to measure contact angles. For contact angle mea-
surements, pure CR and NR samples were compression molded at 150 °C under 10 MPa
pressure for 10 min. The contact angle measurements were also used to determine the
surface tension, dispersion, and polar components of CR and NR.
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2.3.2. Mechanical Properties

According to ISO 37:2005(E), the mechanical properties of dumbbell standard spec-
imens of CR/NR blends and MWCNT/CR-NR composites were measured using a ten-
sile and compressive test system (DDL-10, Changchun Institute of Testing Machines,
Changchun, China) with a maximum load of 10 kN controlled by displacement at ambient
temperature and a loading rate of 200 + 5 mm/min. Each experiment had a minimum of
three samples.

2.3.3. Resistance-Strain Response Behavior

The resistance—strain response properties of MWCNT/CR-NR composites were mea-
sured using electronic universal testing equipment with a test length of 20 mm. A 34410A
digital multimeter (Keysight Technologies, Inc., Santa Rosa, CA, USA) was used to measure
resistance throughout the loading process [7].

2.3.4. FE-SEM

At a 10 kV accelerated voltage, FE-SEM (NOVA Nano SEM450, FEI Company, Hills-
boro, OR, USA) was employed to analyze the morphology of the MWCNT/CR-NR com-
posites. Samples were frozen in liquid nitrogen for 10 min before being broken with an
external pressure source to generate fresh fracture surfaces. To increase the conductiv-
ity and generate better FE-SEM images, the fracture surface of the sample was sprayed
with platinum.

2.3.5. Raman Spectroscopy

The contact was analyzed using Raman spectroscopy (HORIBA Scientific LabRAM
HR Evolution, HORIBA Jobin Yvon, Paris, France) with a Raman shift of 800-2000 cm .

2.3.6. Conductivity

In order to measure the electrical conductivity of MWCNT/CR-NR composites, a
34410A digital multimeter was used to test the electrical properties of composites (sample
size: 40 mm X 10 mm x 1 mm). The test uses the two-wire method.

The conductivity formula of the MWCNT/CR-NR composite is as follows:

o= 1 L 1)

5~ RS
where ¢ is the conductivity, p is the resistivity, L is the length of the sample, R is the
resistance of the sample, and S is the cross—sectional area of the sample.

3. Results
3.1. Mechanical Properties of CR/NR Blended Rubber

The stress—strain curves of CR/NR blends with various blending ratios are reported
in Figure 3a. NR (CR/NR = 0/10) displayed a much larger strain than CR (CR/NR =10/0)
at the same stress level. Pure CR showed a stronger tensile strength and modulus at 100%
strain than pure NR but a lower elongation at pull-off, as demonstrated in Figure 3b. These
results indicate that the stiffness of CR is greater than that of NR. As CR was blended with
NR, the tensile strength and elongation at pull-off of the CR/NR blends increased compared
to their single components, and these properties increased as the CR/NR blending ratio
rose. Furthermore, the modulus of CR/NR blends was between that of pure CR and pure
NR, and it decreased as the CR/NR blending ratio increased. These results demonstrate
that blending CR and NR may fully combine their individual advantages and result in a
blended rubber with better mechanical properties than each on their own.
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Figure 3. Stress—strain curves of CR/NR blend with different blending ratios (a) and their tensile
strength, modulus, and elongation at pull—off (b).

3.2. Mechanical Properties of MWCNT/CR-NR Composites

Figure 4 presents the test results of various mechanical properties of MWCNT/CR-NR
composites under different blending processes. Figure 4a—c show the stress—strain curves
of composites with different MWCNT content under three blending processes. It can
be clearly seen that stress increases with the increase in strain and MWCNT content no
matter which blending process is used. This indicates that the stiffness of the material
increases with the increase in MWCNT content. At the same time, composites with different
blending processes show an excellent stress—strain relationship. As shown in Figure 4d,
the tensile strength of composites with different blending processes also increases with
the increase in MWCNT content. When the MWCNT content was 6 wt.%, the tensile
strengths of CR-6CNT/NR, CR-3CNT/NR-3CNT, and CR/NR-CNT composites were
increased to 22.8 MPa, 24.3 MPa, and 19.7 MPa, respectively, which were 26.7%, 35.0%,
and 9.4% higher than that of CR/NR blends (18.0 MPa). The main reason is that the in-
corporation of MWCNTs restricts the movement of rubber molecular chains and increases
the stiffness and strength of the material [24]. Compared with the other two blending
methods, CR-CNT/NR-CNT composites have higher tensile strength, which is related to
the morphology of the conductive network formed by different blending methods. The
modulus at 100% strain of composites with different blending processes has a similar trend
to the tensile strength, as shown in Figure 4e. When the MWCNT content increased to
6 wt.%, the moduli of CR-6CNT/NR, CR-3CNT/NR-3CNT, and CR/NR-6CNT compos-
ites were increased to 0.7 MPa, 0.9 MPa, and 1.1 MPa, respectively. While the elongation at
break decreased gradually with the increase in MWCNT content, as shown in Figure 4f.
When the MWCNT content increased to 6 wt.%, the elongation at break of CR-6CNT/NR,
CR-3CNT/NR-3CNT, and CR/NR-6CNT composites decreased from 2004.8% to 1648.1%,
1681.4%, and 1426.4%, respectively. The change in modulus and elongation at break is due
to the increase in MWCNT content, which means more contact surface between MWCNTs
and rubber matrix, leading to stronger physical entanglement and interface interaction,
and resulting in increased stiffness of the composites [25].
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Figure 4. The mechanical properties of MWCNT/CR—NR composites with different blending process:
the stress—strain curves ((a) CR—CNT/NR composites, (b) CR—CNT/NR—CNT composites, and
(c) CR/NR—CNT composites), (d) tensile strength, (e) modulus at 100% strain, and (f) elongation
at break.
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Volume conductivity(S/cm)

3.3. Conductivity

The conductivity of composites depends on their dispersion and conductive network
structure [26]. Figure 5 shows the curved relationship between MWCNT content and the
conductivity of composites under different blending processes. Due to the limited range
of the instrument, only the conductivity of composites with conductivity greater than
2.67 x 1078 Scm ™! was tested. As shown in Figure 5a, the conductivity of the composites
with the three blending processes increases with the increase in MWCNT content. When
the content of MWCNT increases to a certain range, the conductivity of the material
rises sharply and percolation conduction behavior appears [27], because, at this time,
MWCNTs have formed a conductive network in the matrix to ensure that the materials
have conductive ability. According to tunnel effect theory [28], the relationship between
the conductivity of composites and conductive fillers is shown as follows:

c=00(9p— )% 9> g @)
Take the logarithm of the left and right sides of Equation (2):
Logo = Logoy + GLog (¢ — ¢c) 3)

where ¢ is the volume conductivity of the composites, oy is the scaling factor (constant
varying with the filler and matrix), ¢ is the content of MWCNTS5, ¢, is the percolation
threshold, and ¢ reflects the dimension of MWCNT conduction network.
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Figure 5. (a) The relationship between volume conductivity and MWCNT content of composites with
different blending processes; (b) fitting curve of percolation threshold.

According to Equation (3), draw the Logo — Log(¢ — ¢.) scatter diagram and fit
it with the least squares method, as shown in Figure 5b. The percolation thresholds of
CR-CNT/NR, CR-CNT/NR-CNT, and CR/NR-CNT composites are 2.8 wt.%,
0.9 wt.%, and 0.8 wt.%, respectively. The different conductive properties of CR-CNT/NR,
CR-CNT/NR-CNT, and CR/NR-CNT composites are related to the different conductive
network morphology formed by the three blending processes, which will be explained in
detail later.

3.4. Resistance-Strain Response Characteristics of MWCNT/CR-NR Composites
3.4.1. Resistance-5Strain Response Behavior under Uniaxial Strain

To assess the potential of MWCNT/CR-NR composites as strain sensors, the resistance—
strain response behavior of MWCNT /CR-NR composites was investigated using the rela-
tionship between AR/Rgy (AR = R — Ry, where R and R denote the applied strain £ and
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the initial strain gy at the time of resistance, respectively) and ¢, where the strain rate is
100 mm/min. As illustrated in Figure 6a, the value of AR/Ry grew as ¢ increased. This
increase in the AR/R value was due to the weakening of the electron tunneling effect,
which was caused by the breakage of the MWCNT network and the increase in the distance
between MWCNTs during uniaxial strain, both of which cause an increase in resistance [29].
Furthermore, at the same strain level, the AR/Ry values of the CR-3CNT/NR-3CNT
composites were greater than those of CR/NR-6CNT, while the AR/Ry values of the CR-
6CNT/NR composites were higher than those of CR-3CNT/NR-3CNT. A gauge factor (GF)
was proposed to quantitatively measure the sensitivity of the resistance—strain response
of the composite: GF = (AR/Ry)/e. The sensitivity increased as the GF value increased.
As shown in Figure 6b, the magnitudes of the sensitivities of the composites produced
by the three blending processes remained consistent with their AR/Ry values. Because
the varied blending techniques resulted in distinct initial conductive network geometries,
these composites had different sensitivities [30]. Among them, the CR-3CNT/NR-3CNT
composites showed a decrease in sensitivity in the strain range of 0-100%. This is due
to the uniform and dense distribution of conductive fillers in the CR-3CNT/NR-3CNT
composites, forming a more stable conductive network. Under the initial tensile strain,
the conductive network is damaged to a small extent. Therefore, the resistance of the
composites does not change significantly compared to the strain, so the sensitivity de-
creases [31]. The MWCNT/CR-NR composites had a 300% strain range, indicating their
potential application in large strain monitoring.

160 { —=— CR-6CNT/NR 5/5 100y R eenTNR 555
—e— CR-3CNT/NR-3CNT 5/5 ]—e— CR-3CNT/NR-3CNT 5/5
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1204 "
g 10
> < 8 _
§ g0d % ° &
0 <
40 1 0 60 120 180 © ¢
Strain(%) 1 E A
0 .
0 100 200 300 0 50 100 150 200 250 300
Strain(%) Strain(%)
(a) (b)

Figure 6. The relationship between AR/Ry (a) and gauge factor (b) and applied strain for compos-
ite materials.

3.4.2. Resistance-Strain Response Behavior under Cyclic Loading

The sensitive and stable dynamic resistance-strain response behaviors of CPCs are
essential for their application as strain response materials. The resistance-strain response
behavior of MWCNT/CR-NR composites made by three different blending processes was
investigated under cyclic strain, with a strain rate of 100 mm/min and a strain amplitude
of 200%. As shown in Figure 7a, the AR/R( amplitude progressively declined at the start
of cyclic loading, and the reduction in AR/Ry amplitude dramatically reduced with the
increase in the number of cycles and eventually stabilized. This behavior is due to the
rupture of the interface between the MWCNTs and the matrix during the first few cycling
stages that formed new conductive paths [32], which resulted in a decrease in the resis-
tance of the composite. After several cycles, the competition between the breakdown and
formation of the conductive network was gradually balanced, and the resistance eventually
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stabilized [33]. Under cyclic loading, the MWCNT/CR-NR composites possessed high
repeatability of the resistance-strain response and strain monitoring potential. “Shoulder
peaks” were also detected in CR-6CNT/NR, CR-3CNT/NR-3CNT, and CR/NR-6CNT
composites, as described in many publications. The competition between the breakdown
and repair of the conductive network under cyclic stress, as well as the viscoelasticity of
the substrate, are the primary causes of the “shoulder” phenomena [33]. Furthermore, by
comparing the magnitude of the AR/R values of the composites with different blending
processes, the CR-6CNT/NR composite had the greatest amplitude of resistance change, in-
dicating that it had the greatest resistance-strain response sensitivity, which was consistent
with the phenomenon observed in Figure 6.
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(a)

Figure 7. (a) The variation of AR/Rj under cyclic strain in MWCNT/CR—NR composites, (b) schematic
diagram of P, D, A, (c) stability of resistance variation under different co—blending processes.

The stability of AR/R(y amplitude variation in MWCNT/CR—NR composites was
further investigated utilizing D/P and A/P values (the P, D, and A schematics are given in
Figure 7b) to assess the stability of AR/R variation under different co-blending processes,
as shown in Figure 7c. By comparing the D/P and A/P values of the three blending
process composites, it was found that the CR-3CNT/NR-3CNT composites had smaller
D/P values and larger A/P values, indicating a better stability of the AR/Ry amplitude
change. This stability is closely related to the good dispersion of the conductive filler in
the matrix.

4. Discussion
4.1. Interaction between Filler and Matrix Interface

The interfacial interaction of MWCNTs and polymers is a critical aspect in obtain-
ing high-performance MWCNT /polymer composites. To explore the effects of different
blending processes on the interfacial interactions of MWCNT/CR-NR composites, the
thermodynamic work of adhesion was calculated, and Raman analysis was performed.

The magnitude of the adhesion between MWCNTs and the rubber matrix in different
blending process composites can be characterized by the thermodynamic work of adhesion

(Wap) [21].

Wap = 27474 + 2/ 757} )
where W4p is the thermodynamic work of adhesion between components A and B. y4
and 7yp are the surface tensions of components A and B, respectively. 7% and 74 are the

dispersion values of the surface tensions of components A and B, respectively. 7/, and 74
are the polarity values of the surface tensions of components A and B, respectively.
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The surface tension, dispersion and polarity values can be calculated from the contact
angle data by Equations (5) and (6) [34].

d d p p
TH,07 TH,0Y
(1+ cosOp0) YH,0 = 4( 7oAt p> ®)
THo T Tmo T
d d p p
V(cH,0H)," V(chy0m),7
(1 -+ cos G(CHQOH)2>,Y(CH2OH)2 =4 g 2 :_ ] + P( 2 :_ P (6)
Ycmon),, ™17 Ycmon), T
y=21+" @)
YH,0 = ’Y%{zo + VIZZO ®)
_ p
Y(CH,0H), = V(cH,0H), T V(CH,0H), ©)

where 1 is the surface tension, 7 is the dispersion value, and 9? is the polarity value.
0,0 and 0(cy,om), are the contact angles of the substrate with water and the substrate
with glycol, respectively. According to the literature [35], 'V?Jzo = 239 dyn/cm,
')’IZZO = 48.8dyn/cm, V?CHQOH)Z = 31.0dyn/cm, and 7€CHZOH)2 = 17.2 dyn/cm in this work.
By combining the dispersion, polarity, and surface tension values of the CR, NR, and MWC-
NTs (Table 2), it was found that Wer_pwent = 82.3 mN/m and Wagr_pwent = 61.5 mN/m.
Higher values of W43 indicate a stronger interaction between the two components. The
finding that Wer-mwent > Wrr-mwent indicates that there is a stronger interfacial interac-
tion between CR and MWCNTs, which leads to a more efficient transfer of stress from CR
to MWCNTs and, thus, a more easily disrupted conductive network when strain occurs.

Table 2. The surface tension of MWCNTs, CR, and NR.

Surface Tension (mN/m)

Material
atena’s Total (v) Dispersion Value (7%) Polarity Value (y”)
MWCNTs 27.8 17.6 10.2
CR 76.4 14.6 61.8
NR 34.7 17.2 17.5

Raman analysis was used to further investigate the influence of the blending procedure
on the interfacial contact between MWCNTs and the rubber matrix, as shown in Figure 8.
There are two strong peaks of MWCNTs at approximately 1345 cm~! and 1575 cm™!,
which represent the D-peak and G-peak of MWCNTS, respectively. The former is denoted
as the D-band induced by structural disorder and flaws and the latter is denoted as the
G-band generated by the stretching mode of an sp? atom pair in a carbon ring or long
chain. When MWCNTs were blended with rubber, the G-peak of MWCNT/CR-NR com-
posites generated by different blending processes exhibited varying degrees of Raman shifts
from 1575 cm ™! to 1586 cm ™! (CR-6CNT/NR), 1585 cm~! (CR-3CNT/NR-3CNT), and
1584 cm~! (CR/NR-6CNT), while the D-peak did not show a Raman shift. This phe-
nomenon indicates that the MWCNT surface was coated with a rubber film [7]. The ratio
of Raman spectral intensities in the D-band and G-band of MWCNT/CR-NR composites
Ip/Ic (Ip: D-band intensity, Ig: G-band intensity) can be used to evaluate the interfacial
strength of the composites [36]. The Ip /I values for the CR-6CNT/NR, CR-3CNT/NR-
3CNT, and CR/NR-6CNT composites were 1.42, 0.73, and 0.73, respectively, which are
smaller than those of MWCNTs (1.46). This phenomenon may be attributed to the repair of
some microscopic defects of MWCNTs during shear, resulting in a simultaneous drop in
D-band intensity and an increase in G-band intensity [21]. According to the literature [37],
higher Ip/I; values indicate stronger filler—-matrix interactions in the composites, sug-
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gesting that the CR-6CNT/NR composites had stronger interfacial interactions than the
CR-3CNT/NR-3CNT and CR/NR-6CNT composites.

MWCNT —— CR-3CNT/NR-3CNT 5/5
Dband, — CR—-6CNT/NR 5/5 —— CR/NR—6CNT 5/5

1575cm-1-0 band

1,/1,=1.46

1
1
1
[
[
g
1,
|
1
1

I,/15=1.42

Intensity(a.u)

I,/15=0.73
1345¢cm™

1,/1,=0.73

1200 1300 1400 1500 1600 1700 1800

Raman shift(cm )

Figure 8. The Raman spectra of MWCNT/CR—NR composites under different blending processes.

4.2. Morphology of the Conductive Network

For CPCs based on blends, the dispersion of the conductive filler and the morphol-
ogy of the blend are key factors affecting the conductivity [21]. To confirm the disper-
sion of MWCNTs under different blending processes, the cross-sectional morphology
of MWCNT/CR-NR composites was observed by scanning electron microscopy (SEM).
Figure 9 shows the SEM of MWCNT/CR-NR composites with different blending processes
(for comparison, the CR/NR blending ratios are 5/5 and 7/3). The small white dots in
the figure are all MWCNTs. For CR-6CNT/NR composites (as shown in Figure 9a,d), two
distinct regions could be observed: one region contained MWCNTs, and the other region
did not contain MWCNTs. Since the ratio of these two regions was consistent with the
CR/NR ratio, the region containing MWCNTs was considered the CR phase, and the region
without MWCNTs was considered the NR phase. These results occurred because the overall
MWCNT/CR blend was continuously penetrated and drained by NR during the blending
process of MWCNT/CR blends with NR, thus forming mutually isolated CR-MWCNT
conductive phases. For the CR-3CNT/NR-3CNT composites (as shown in Figure 9b,e), the
MWCNTs were uniformly dispersed in the matrix because the MWCNTs were located in
both CR and NR. For the CR/NR-6CNT composite (as shown in Figure 9¢,f), two distinctly
different regions were observed, where the MWCNT-containing region corresponded to the
NR-MWCNT conductive phase due to the overall MWCNT/NR blend being penetrated
and drained by the CR.
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Figure 9. SEM images of MWCNT/CR—NR composites with different blending processes:
the red—circled areas are the CR-MWCNT conductive phase, and the blue—circled areas are
the NR-MWCNT conductive phase. ((a) CR—6CNT/NR 5/5, (b) CR—3CNT/NR—-3CNT 5/5,
(¢) CR/NR—-6CNT 5/5, (d) CR—6CNT/NR 7/3, (¢) CR—3CNT/NR-3CNT 7/3, and
(f) CR/NR—6CNT 7/3).

Furthermore, because the MWCNT /CR blend was less fluid during rubber compound-
ing than the MWCNT/NR blend, it was easier to form fractured conductive phases, which
are more easily penetrated and discharged by NR. The distance between CR-MWCNT
conductive phases in CR-6CNT/NR 5/5 composites was farther than the distance be-
tween NR-MWCNT conductive phases in CR/NR-6CNT 5/5 composites, resulting in
more significant changes in the conductive paths and tunneling distances between the
conductive phases in CR-6CNT/NR 5/5 composites under strain. When compared to the
CR-3CNT/NR-3CNT 5/5 and CR/NR-6CNT 5/5 composites, the CR-6CNT/NR 5/5
composites forming the conductive phase of CR-MWCNTs had stronger interfacial inter-
actions, and the conductive network was more easily disrupted under strain. Therefore,
the CR-6CNT/NR 5/5 composites had the highest strain sensitivity, which was consistent
with the above experimental phenomena.

It is due to the formation of the above special conductive network morphology by
different blending processes that CR-CNT/NR, CR-CNT/NR-CNT, and CR/NR-CNT
composites exhibit different conductive properties (as shown in Figure 5). Among them,
CR/NR-CNT composites are more likely to form a tunneling conductive network when
the MWCNT content is low due to the closer distance between the conductive phases [38],
so CR/NR-CNT composites obtain extremely low percolation thresholds. However, the
distance between the conductive phases in the CR-CNT/NR composite is farther, and it
is difficult to form conductive paths when the MWCNT content is low. Only when the
MWCNT content is high, conductive paths can be formed when the conductive phases
are close to each other [39], which is the reason for the high percolation threshold. CR-
CNT/NR-CNT composites also have a very low percolation threshold, which is closely
related to the good dispersion of conductive fillers in the matrix. It has been reported
that evenly dispersed conductive networks have great potential in reducing percolation
threshold and forming dense conductive networks [7]. In addition, different blending
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processes affect the dispersion and network morphology of fillers in the matrix, and then
affect the stress transfer and diffusion of composites, resulting in differences in mechanical
properties (as shown in Figure 4).

4.3. Modeling and Mechanisms

To explore the mechanism of resistance-based strain—sensing behavior during the
tensile strain of MWCNT/CR-NR composites produced by three co-blending processes, the
following analytical model was developed. According to the tunneling theory model [40],
the expression of the total resistance R is as follows.

R= (%) (5o ) exelan) (10)

2

v 4 \h/2m5 (11)
where M is the number of particles forming a single conducting path, N is the total number
of conducting paths, & is Planck’s constant, / is the shortest distance between conducting
particles, a2 is the effective cross—sectional area, ¢ is the electron charge, m is the electron
mass, and J is the height of the potential barrier between neighboring particles.

When uniaxial strain is applied, the resistance will change due to the separation
between adjacent conducting particles. The spacing [ varies linearly with the applied strain
€ and can be expressed as Equation (12) [41].

I = Ip(1 + E¢) (12)

where ¢ is the tensile strain of the composite sample, [j is the initial distance between
adjacent particles, and E is a constant.
Due to the high growth rate of resistivity at larger strains, the number of conducting
paths is assumed to vary at a higher rate and can therefore be expressed as Equation (13).
No

N = 13
exp(are + ape? + azed + ayet) (13)

where a1, ay, a3, and a4 are constants.
Substituting Equations (12) and (13) into Equation (10) yields Equation (14).

R = 3 (1 4 Ee)exp [yl + (2a1 + YIE)e + 20062 + 20363 + 2a4¢%]

T 2yNZa2e? (14)
= S(1+ Ee)exp[N + (201 + NE)e + 20262 + 203> + 2a4¢%
where Srcrhl
§= o0 (15)
27yNja2e?
N =1 (16)

Rate of change of resistance AR/R is as follows:

% = R% —1=(1+Ee)exp [(mxl + NE)e + 20pe? 4+ 236> + 2a4e*| =1 (17)

The AR/Ry-strain curves were fitted by using the theoretical model (Equation (17)),

and the fitted parameters are listed in Table 3 (nonlinear curve fitting was used for fitting,

and the fitting was carried out until convergence). The variation in the conductive path

(CP) and tunneling distance (TD) of the composite under uniaxial tensile strain can be
expressed as Equations (18) and (19), respectively [42].

Ycp = a1€+ wpe? + azed + ayet (18)
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AR/R,

YD = Ee (19)

Table 3. The fitting parameters of Equation (17).

Composite E N aq a asz ay R?
CR—6CNT/NR 521787 —1.15971 2.12683 0.60131 0.01271  —0.02415 0.99951

CR—3CNT/

NR_3CNT 256584  —2.12228 1.85823 0.70045  —0.05355 —0.01108 0.99969

CR/NR—-6CNT  1.48656  —2.28951 151365 —0.16524 0.28264 —0.05449 0.99967

As shown in Figure 10a, the tunneling theory model can describe the experimental
data well. The variation in CP and TD with strain calculated from the fitted parameters
and Equations (18) and (19) are shown in Figure 10b,c, respectively. The increase rates of
CP and TD in the CR-6CNT/NR composites were higher than those in the CR-3CNT/NR-
3CNT and CR/NR-6CNT composites, indicating that the CR-6CNT/NR composites had
greater deformation of the conductive network under strain and thus exhibited a stronger
resistance—strain response and higher strain sensitivity, which was consistent with the
above experimental results.

1604

1204

= CR-6CNT/NR 5/5 - lod— CR-6CNT/NR 5/5 16 1 —— CR-6CNT/NR 5/5
e CR-3CNT/NR-3CNT 5/5 7 —— CR-3CNT/NR-3CNT 5/5 —— CR-3CNT/NR-3CNT 5/5
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Figure 10. (a) Experimental (black, red, and blue dots) and theoretical (green solid line) data for the
AR/Rp—strain curves; (b) variation in the conductive path (CP) and (c) tunnel penetration distance
(TD) versus strain.

4.4. Durability and Recyclability

It has been reported that the durability of nano carbon/rubber composites is much
higher than that of ordinary rubber due to the addition of nano carbon materials [43,44].
Kong et al. [43] prepared carbon black and graphene modified natural rubber compos-
ites and found that when the graphene content was 3 wt.%, the aging and durability
of natural rubber were significantly improved, thus enhancing the durability of rubber.
Zhang et al. [44] improved the durability of the material by adding modified graphene to
the natural rubber matrix to hinder the penetration of oxygen molecules into the rubber. The
above research shows that the durability of nano carbon/rubber composites is significantly
improved compared with pure rubber materials. MWCNTs have significant advantages in
enhancing the durability of rubber materials. Therefore, the durability of composites with
different blending processes can be significantly improved with the addition of MWCNTs,
which is of great significance for the practical application of MWCNT/CR-NR composites.

Since waste rubber poses a great threat to the ecological environment and human
survival [45], the recycling of rubber is of great significance in protecting the environment
and saving energy. Therefore, considering the recyclability of materials is crucial to alleviat-
ing and solving environmental problems. At present, the common recycling methods of
rubber include direct utilization, utilization after crushing into rubber powder, obtaining
reclaimed rubber, and fuel utilization. Due to the chemical stability of MWCNTs [46], the



Polymers 2022, 14, 3326

16 of 18

References

incorporation of MWCNTs into rubber will not affect the recyclability of rubber materials.
Therefore, it is not necessary to consider that MWCNTs will have a negative impact on the
recyclability of rubber materials.

5. Conclusions

In this paper, the effects of the blending process on the morphology of the conductive
network, interface interaction, and resistance-strain response behavior of MWCNT/CR-
NR composites were systematically studied. The results reveal that different blending
techniques can provide varied conductive network morphologies and interfacial interac-
tions for controlling resistance-strain response behavior. Based on the results of this study,
the following conclusions can be drawn:

(1) Compared with pure CR and NR, CR/NR blends have better tensile strength and
elongation at break, and their moduli are between those of pure CR and pure NR.

(2) The composites prepared by different blending processes showed a large strain moni-
toring range (¢ = 300%) and good repeatability of the dynamic resistance—strain re-
sponse. Additionally, the CR-3CNT/NR-3CNT composites have more stable AR/R
amplitude variation compared to the other two blending methods.

(3) Under various blending processes, different conductive network morphologies and
interfacial interactions may be formed in the composites, resulting in varied resistance—
strain response characteristics. The CR-6CNT/NR composites have the highest
strain sensitivity since they contain CR-MWCNTs with a wider conductive phase
spacing, stronger interfacial contacts, and significant changes in conductive paths and
tunneling lengths under strain.

(4) The resistance-strain response mechanism was investigated by a theoretical model
of the tunneling effect. The comparison between the experimental results and the
theoretical model shows that the adopted model can well describe and explain the
resistance-strain response behavior of the composites.

This study provides a reference to promote the development of MWCNT/CR-NR
composites with tunable resistance—strain response behavior in the field of strain sensing
and for the selection of excellent co-blending processes. The durability and stability of
the dynamic resistance—strain response of MWCNT/CR-NR composites must be explored
further. Furthermore, monotonicity as an essential measure for evaluating the quality of a
sensing signal and the eradication of the shoulder effect need additional investigation.

Author Contributions: Conceptualization, Z.F. and Y.Y.; methodology, Z.F. and X.L.; validation, Z.F.,
Y.Y. and X.L.; formal analysis, Y.Y.; investigation, Z.F,; resources, Y.Y.; data curation, R.G.; writing—
original draft preparation, Z.F.; writing—review and editing, Z.F,; visualization, R.G.; supervision,
Z.Y.; project administration, Z.F.; funding acquisition, Y.Y. All authors have read and agreed to the
published version of the manuscript.

Funding: This study was funded by the National Natural Science Foundation of China (NSFC) (Grant
No. 11962009). All the help and support are greatly appreciated.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available from the corresponding
author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

1. Amjadi, M.; Kyung, K.; Park, L; Sitti, M. Stretchable, skin-mountable, and wearable strain sensors and their potential applications:
A review. Adv. Funct. Mater. 2016, 26, 1678-1698. [CrossRef]
2. Mandal, L.; Verma, B.; Patel, PK. Review on polymer nanocomposite for ballistic & aerospace applications. Mater. Today Proc.

2020, 26, 3161-3166.


http://doi.org/10.1002/adfm.201504755

Polymers 2022, 14, 3326 17 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Andisheh, M.; Pooya, D.; Nermin, S.K. Injectable polymer/nanomaterial composites for the fabrication of three-dimensional
biomaterial scaffolds. Biomed. Mater. 2020, 15, 045021.

Gao, Y;; Fang, X,; Tan, J.; Lu, T; Pan, L.; Xuan, F. Highly sensitive strain sensors based on fragmentized carbon nan-
otube/polydimethylsiloxane composites. Nanotechnology 2018, 29, 235501. [CrossRef]

Sam-Daliri, O.; Faller, L.; Farahani, M.; Roshanghias, A.; Oberlercher, H.; Mitterer, T.; Araee, A.; Zangl, H. MWCNT-epoxy
nanocomposite sensors for structural health monitoring. Electronics 2018, 7, 143. [CrossRef]

Liu, X.; Wang, Y.; Li, R;; Yang, Y,; Niu, K;; Fan, Z.; Guo, R. Resistance sensing response optimization and interval loading
continuity of multiwalled carbon nanotube/natural rubber composites: Experiment and simulation. J. Appl. Polym. Sci. 2022,
139, €52430. [CrossRef]

Liu, X.; Guo, R; Li, R.; Liu, H.; Fan, Z.; Yang, Y.; Lin, Z. Effect of the processing on the resistance-strain response of multiwalled
carbon nanotube/natural rubber composites for use in large deformation sensors. Nanomaterials 2021, 11, 1845. [CrossRef]
Imtiaz, S.; Siddiq, M.; Kausar, A.; Munthaa, S.T.; Ambreenb, J.; Bibi, I. A review featuring fabrication, properties and applications
of carbon nanotubes (CNTs) reinforced polymer and epoxy nanocomposites. Chin. J. Polym. Sci. 2018, 36, 445—461. [CrossRef]
Mao, Y.; Wang, C.; Liu, L. Preparation of graphene oxide/natural rubber composites by latex co-coagulation: Relationship
between microstructure and reinforcement. Chin. J. Chem. Eng. 2020, 28, 1187-1193. [CrossRef]

Yu, K,; Li, T; Jing, Y.; Lin, G. Effect of curing and reinforcing systems on properties of CR/NR blends. Rubber. Ind. 2018, 65,
1002-1005.

Maya, M.G.; George, S.C.; Jose, T.; Kailas, L.; Thomas, S. Development of a flexible and conductive elastomeric composite based
on chloroprene rubber. Polym. Test. 2018, 65, 256-263. [CrossRef]

Wu, W.; Li, S. Preparation and properties of carbon fiber reinforced chloroprene rubber composites. China Synth. Rubber Ind. 2015,
38, 372-375.

Deng, H.; Ji, M.; Yan, D.; Fu, S.; Duan, L.; Zhang, M.; Fu, Q. Towards tunable resistivity—strain behavior through construction
of oriented and selectively distributed conductive networks in conductive polymer composites. J. Mater. Chem. A 2014, 2,
10048-10058. [CrossRef]

Lin, L.; Liu, S; Fu, S.; Zhang, S.; Deng, H.; Fu, Q. Fabrication of highly stretchable conductors via morphological control of carbon
nanotube network. Small 2013, 9, 3620-3629. [CrossRef]

Alig, I; Skipa, T.; Engel, M.; Lellinger, D.; Pegel, S.; Pétschke, P. Electrical conductivity recovery in carbon nanotube-polymer
composites after transient shear. Phys. Status Solidi 2007, 244, 4223-4226. [CrossRef]

Jung, W,; Kim, D.; Lee, M.; Kim, S.; Kim, ].H.; Han, C.S. Ultraconformal contact transfer of monolayer graphene on metal to
various substrates. Adv. Mater. 2014, 26, 6394-6400. [CrossRef]

George, N.; Bipinbal, P.K.; Bhadran, B.; Mathiazhagan, A.; Joseph, R. Segregated network formation of multiwalled carbon
nanotubes in natural rubber through surfactant assisted latex compounding: A novel technique for multifunctional properties.
Polymer 2017, 112, 264-277. [CrossRef]

Huang, Z.; Zhao, M.; Zhang, G.; Song, J.; Qu, J. Controlled localizing multi-wall carbon nanotubes in polyvinylidene fluo-
ride/acrylonitrile butadiene styrene blends to achieve balanced dielectric constant and dielectric loss. Compos. Sci. Technol. 2021,
212,108874. [CrossRef]

Thankappan Nair, S.; Vijayan, PP; Xavier, P; Bose, S.; George, S.C.; Thomas, S. Selective localisation of multi walled carbon
nanotubes in polypropylene/natural rubber blends to reduce the percolation threshold. Compos. Sci. Technol. 2015, 116, 9-17.
[CrossRef]

Lee, T.; Jeong, Y.G. Enhanced electrical conductivity, mechanical modulus, and thermal stability of immiscible polylac-
tide/polypropylene blends by the selective localization of multi-walled carbon nanotubes. Compos. Sci. Technol. 2014, 103, 78-84.
[CrossRef]

Ji, M.; Deng, H.; Yan, D.; Li, X.; Duan, L.; Fu, Q. Selective localization of multi-walled carbon nanotubes in thermoplastic elastomer
blends: An effective method for tunable resistivity—strain sensing behavior. Compos. Sci. Technol. 2014, 92, 16-26. [CrossRef]
Huang, J.; Mao, C.; Zhu, Y,; Jiang, W.; Yang, X. Control of carbon nanotubes at the interface of a co-continuous immiscible polymer
blend to fabricate conductive composites with ultralow percolation thresholds. Carbon 2014, 73, 267-274. [CrossRef]

Su, C; Xu, L.; Zhang, C.; Zhu, J. Selective location and conductive network formation of multiwalled carbon nanotubes in
polycarbonate/poly (vinylidene fluoride) blends. Compos. Sci. Technol. 2011, 71, 1016-1021. [CrossRef]

Yang, H.; Yao, X.; Zheng, Z.; Gong, L.; Yuan, L.; Yuan, Y.; Liu, Y. Highly sensitive and stretchable graphene-silicone rubber
composites for strain sensing. Compos. Sci. Technol. 2018, 167, 371-378. [CrossRef]

Song, J.; Li, X,; Tian, K.; Ma, L.; Li, W.; Yao, S. Thermal conductivity of natural rubber nanocomposites with hybrid fillers. Chin. J.
Chem. Eng. 2019, 27, 201-207. [CrossRef]

Xu, H.; Gong, L.; Wang, X; Zhao, L.; Pei, Y.; Wang, G.; Liu, Y.; Wu, L.; Jiang, J.; Tang, L. Influence of processing conditions on
dispersion, electrical and mechanical properties of graphene-filled-silicone rubber composites. Compos. Part A Appl. Sci. Manuf.
2016, 91, 53-64. [CrossRef]

Marsden, A.; Papageorgiou, D.; Valles, C.; Liscio, A.; Palermo, V.; Bissett, M.; Young, R.; Kinloch, I. Electrical percolation in
graphene-polymer composites. 2D Mater. 2018, 5, 32003. [CrossRef]

Ma, P; Siddiqui, N.; Marom, G.; Kim, ]J. Dispersion and functionalization of carbon nanotubes for polymer-based nanocomposites:
A review. Compos. Part A Appl. Sci. Manuf. 2010, 41, 1345-1367. [CrossRef]


http://doi.org/10.1088/1361-6528/aab888
http://doi.org/10.3390/electronics7080143
http://doi.org/10.1002/app.52430
http://doi.org/10.3390/nano11071845
http://doi.org/10.1007/s10118-018-2045-7
http://doi.org/10.1016/j.cjche.2020.01.015
http://doi.org/10.1016/j.polymertesting.2017.12.006
http://doi.org/10.1039/C4TA01073F
http://doi.org/10.1002/smll.201202306
http://doi.org/10.1002/pssb.200776138
http://doi.org/10.1002/adma.201400773
http://doi.org/10.1016/j.polymer.2017.01.082
http://doi.org/10.1016/j.compscitech.2021.108874
http://doi.org/10.1016/j.compscitech.2015.04.021
http://doi.org/10.1016/j.compscitech.2014.08.019
http://doi.org/10.1016/j.compscitech.2013.11.018
http://doi.org/10.1016/j.carbon.2014.02.063
http://doi.org/10.1016/j.compscitech.2011.03.012
http://doi.org/10.1016/j.compscitech.2018.08.022
http://doi.org/10.1016/j.cjche.2018.09.019
http://doi.org/10.1016/j.compositesa.2016.09.011
http://doi.org/10.1088/2053-1583/aac055
http://doi.org/10.1016/j.compositesa.2010.07.003

Polymers 2022, 14, 3326 18 of 18

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Krainoi, A.; Kummerlowe, C.; Nakaramontri, Y.; Vennemann, N.; Pichaiyut, S.; Wisunthorn, S.; Nakason, C. Influence of critical
carbon nanotube loading on mechanical and electrical properties of epoxidized natural rubber nanocomposites. Polym. Test. 2018,
66, 122-136. [CrossRef]

Chandran, N.; Sarathchandran, C.; Sivadas, A.; Saiter-Fourcin, A.; Thomas, S. Quantifying morphological and mechanical
properties of thermoplastics elastomers by selective localization of nanofillers with different geometries. Colloids Surf. A
Physicochem. Eng. Asp. 2021, 629, 127365. [CrossRef]

Yang, H.; Gong, L.; Zheng, Z.; Yao, X. Highly stretchable and sensitive conductive rubber composites with tunable piezoresistivity
for motion detection and flexible electrodes. Carbon 2020, 158, 893-903. [CrossRef]

Zhou, C.; Sun, W,; Jia, L.; Xu, L.; Dai, K.; Yan, D.; Li, Z. Highly stretchable and sensitive strain sensor with porous segregated
conductive network. ACS. Appl. Mater. Interfaces 2019, 11, 37094-37102. [CrossRef] [PubMed]

Liu, X.; Guo, R;; Lin, Z; Yang, Y.; Xia, H.; Yao, Z. Resistance-strain sensitive rubber composites filled by multiwalled carbon
nanotubes for structuraldeformation monitoring. Nanomater. Nanotechnol. 2021, 11, 1515734879. [CrossRef]

Wang, Y.; Jiang, X.; Xu, C.; Chen, Z.; Chen, Y. Effects of partial replacement of silicone rubber with flurorubber on properties
of dynamically cured poly(vinylidene fluoride)/silicone rubber/flurorubber ternary blends. Polym. Test. 2013, 32, 1392-1399.
[CrossRef]

Tian, C.; Chu, G.; Feng, Y.; Lu, Y;; Miao, C.; Ning, N.; Zhang, L.; Tian, M. Quantitatively identify and understand the interphase
of SiO2/rubber nanocomposites by using nanomechanical mapping technique of AFM. Compos. Sci. Technol. 2019, 170, 1-6.
[CrossRef]

Zirnstein, B.; Tabaka, W.; Frasca, D.; Schulze, D.; Schartel, B. Graphene/hydrogenated acrylonitrile-butadiene rubber nanocom-
posites: Dispersion, curing, mechanical reinforcement, multifunctional filler. Polym. Test. 2018, 66, 268-279. [CrossRef]

Ning, N.; Cheng, D.; Yang, J.; Liu, L.; Tian, M.; Wu, Y.; Wang, W.; Zhang, L.; Lu, Y. New insight on the interfacial interaction
between multiwalled carbon nanotubes and elastomers. Compos. Sci. Technol. 2017, 142, 214-220. [CrossRef]

Princy, K.; Joseph, R.; Kartha, S. Studies on conductivity of nitrile rubber and its blends with NR, EPDM, and PVC. Plast. Rubber
Compos. 2002, 31, 114-118. [CrossRef]

Al-Saleh, M.; Sundararaj, U. An innovative method to reduce percolation threshold of carbon black filled immiscible polymer
blends. Compos. Part A Appl. Sci. Manuf. 2008, 39, 284-293. [CrossRef]

Simmons, ].G. Generalized formula for the electric tunnel effect between similar electrodes separated by a thin insulating film. J.
Appl. Phys. 1963, 34, 1793-1803. [CrossRef]

Liu, H.; Li, Y;; Dai, K.; Zheng, G.; Liu, C.; Shen, C.; Yan, X.; Guo, J.; Guo, Z. Electrically conductive thermoplastic elastomer
nanocomposites at ultralow graphene loading levels for strain sensor applications. . Mater. Chem. C 2016, 4, 157-166. [CrossRef]
Yang, X.; Sun, L.; Zhang, C.; Huang, B.; Chu, Y.; Zhan, B. Modulating the sensing behaviors of poly(styrene-ethylene-
butylenestyrene)/carbon nanotubes with low-dimensional fillers for large deformation sensors. Compos. Part B Eng. 2019,
106, 605-614. [CrossRef]

Kong, E.; Yoon, B.; Nam, J.; Suhr, J. Accelerated aging and lifetime prediction of graphene-reinforced natural rubber composites.
Macromol. Res. 2018, 26, 998-1003. [CrossRef]

Zhang, L.; Li, H.; Lai, X,; Liao, X.; Wang, J.; Su, X,; Liu, H.; Wu, W.; Zeng, X. Functionalized graphene as an effective antioxidant
in natural rubber. Compos. Part A Appl. Sci. Manuf. 2018, 107, 47-54. [CrossRef]

Yang, L.; Wu, M.; Yang, X; Lin, B.; Fu, L.; Xu, C. Healable, recyclable, and adhesive rubber composites equipped with ester
linkages, zinc ionic bonds, and hydrogen bonds. Compos. Part A Appl. Sci. Manuf. 2022, 155, 106816. [CrossRef]

Thostenson, E.; Ren, Z.; Chou, T. Advances in the science and technology of carbon nanotubes and their composites: A review.
Compos. Sci. Technol. 2001, 61, 1899-1912. [CrossRef]


http://doi.org/10.1016/j.polymertesting.2018.01.003
http://doi.org/10.1016/j.colsurfa.2021.127365
http://doi.org/10.1016/j.carbon.2019.11.079
http://doi.org/10.1021/acsami.9b12504
http://www.ncbi.nlm.nih.gov/pubmed/31512856
http://doi.org/10.1177/18479804211011384
http://doi.org/10.1016/j.polymertesting.2013.09.004
http://doi.org/10.1016/j.compscitech.2018.11.020
http://doi.org/10.1016/j.polymertesting.2018.01.035
http://doi.org/10.1016/j.compscitech.2017.02.012
http://doi.org/10.1179/146580102225003092
http://doi.org/10.1016/j.compositesa.2007.10.010
http://doi.org/10.1063/1.1702682
http://doi.org/10.1039/C5TC02751A
http://doi.org/10.1016/j.compositesb.2018.12.119
http://doi.org/10.1007/s13233-018-6131-z
http://doi.org/10.1016/j.compositesa.2017.12.028
http://doi.org/10.1016/j.compositesa.2022.106816
http://doi.org/10.1016/S0266-3538(01)00094-X

	Introduction 
	Materials and Methods 
	Raw Materials 
	Preparation of MWCNT/CR–NR Composites 
	Methods 
	Measurement of Contact Angle 
	Mechanical Properties 
	Resistance–Strain Response Behavior 
	FE–SEM 
	Raman Spectroscopy 
	Conductivity 


	Results 
	Mechanical Properties of CR/NR Blended Rubber 
	Mechanical Properties of MWCNT/CR–NR Composites 
	Conductivity 
	Resistance–Strain Response Characteristics of MWCNT/CR–NR Composites 
	Resistance–Strain Response Behavior under Uniaxial Strain 
	Resistance–Strain Response Behavior under Cyclic Loading 


	Discussion 
	Interaction between Filler and Matrix Interface 
	Morphology of the Conductive Network 
	Modeling and Mechanisms 
	Durability and Recyclability 

	Conclusions 
	References

