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ABSTRACT

Carbon nanotubes (CNTs) attract considerable scientific and engineering interest because of their
excellent mechanical, electrical and thermal properties. Today, when manufacturers use CNTs, purifi-
cation, chemical modifications and dispersion techniques are usually applied rendering them cost-
effective in large-scale applications. Our research shows that multi-wall CNTs bundles (MWCNTBs)
with the same alignment, orientation and high surface defects for each CNT can be directly incorporated
into the elastomer matrix through melt compounding. A uniform dispersion of CNTs and strong inter-
facial interactions between elastomers and CNTs due to the silane-coupling agent can be simultaneously
produced. The resulting elastomer/MWCNTBs nanocomposites demonstrate excellent mechanical
properties, high thermal conductivity and low volume resistivity. Note that this nanocomposite is ach-
ieved using common compounding equipment that is easy to industrialize. Through further scale-up, we
confirmed that this elastomer/MWCNTBs nanocomposite has the most optimized comprehensive per-
formance with practical applications for fuel-savings and engineering tires. These advantages include
fuel efficiency, anti-static electricity and long-time fatigue resistance. In light of the large number of tires

used worldwide, this work is promising for future large-scale industrial applications of CNTs.

© 2016 Published by Elsevier Ltd.

1. Introduction

Carbon nanotubes (CNTs) are unique one-dimensional nano-
structures with carbon atoms belonging to SP? hybridization [1],
and have good mechanical, electrical and thermal properties. For
instance, theoretical and experimental results show that individual
single-wall carbon nanotubes (SWCNT) have high tensile modulus
(640 GPato 1 TPa) [2] and tensile strengths (150—180 GPa) [3]. Past
studies of CNT have gained great scientific and technological in-
terest [4]. Recently, long, vertically aligned multi-walled nanotubes
exhibited viscoelastic behavior and outstanding fatigue resistance
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under repeated high compressive strain [5,6]. A viscoelastic mate-
rial composed of a random network of long interconnected carbon
nanotubes was found to have an operational temperature range
from —196° to 1000 °C with thermal stability resulting from energy
dissipation through the zipping and unzipping of carbon nanotubes
at contacts [7]. Methods of mass production of CNTs increased over
the past 20 years including several production lines with annual
capacities of over several hundred tons of CNTs [8]. However, large-
scale industrial applications of CNT are still needed even though
CNTs are commercially produced for lithium ion batteries [9],
flexible touch screens [10], and CNT-based transistors [ 11], of which
only 10 tons are used each year.

Introducing CNT into polymer matrices to simultaneously
enhance the mechanical properties and achieve new functional
characteristics such as thermal and electrical conductivity, wave-
adsorbing, electric-magnetic shielding, is one promising direction
for its application [12,13]. For instance, high performance elastomer
composites with both high elasticity and conductivity have been
successfully fabricated for the first time by using carbon nanotubes
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array (CNTA) as nanosprings [14]. Meanwhile, the fabrication of
graphene reinforced rubber tailored for tire has also been illus-
trated through the rational design of covalent interfaces [15].

and a simple, environment-friendly latex co-coagulation
method [16]. A bio-based elastomer nanocomposites aimed for
the application of tire is also reviewed [17]. In addition, Winey et al.
[18] reviewed the effects of size, aspect ratio, loading, dispersion
state and alignment of nanotubes within polymer matrices on the
resulting mechanical, electrical, rheological, thermal and flam-
mable properties. However, to overcome the difficulties of homo-
geneous dispersion of CNTs [19] and weak interfacial bonding
between CNT and polymer matrices [20], researchers developed
various approaches for improving dispersion, such as acid modifi-
cation [21], ultrasonic dispersion [22], liquid compounding such as
solution and latex compounding [23], in-situ polymerization [24]
and melt compounding [25]. Most compounding methods are
complicated and are cost-prohibitive, which hinders the large-scale
industrial applications of CNT.

Industries view melt compounding as the most environmentally
friendly technique. However, the uniform dispersion of CNTs in
polymer matrices is difficult in melt compounding because the
synthesized CNTs are highly entangled. Our study designed and
synthesized a new kind of CNT bundles that can be uniformly
dispersed and have strong interfacial interactions.

2. Experimental
2.1. Materials

We used the following materials: high-defect multiwall carbon
nanotubes (HD-CNT, FloTube™ 9000, Beijing Cnano Technology Co.,
Ltd, > 95%, length ~10 pm, diameter ~11 nm), high-defect multi-
wall carbon nanotube bundles (HD-CNTB, FloTube™ 7000, Beijing
Cnano Technology Co., Ltd, > 93%, length ~ up to 50 pm, diameter
~6—8 nm), NR (cloud mark 1, Yunnan Natural Rubber Co., Ltd).

2.2. Measurements

(Scanning electron microscope: SEM) The morphology of the
surface was observed under an S-4800 scanning electron micro-
scope (SEM, Hitachi Corp., Japan).

(Transmission electron microscope: TEM) High-resolution
transmission electron microscope (HR-TEM) observation of
MWCNTs was carried out using a JEM-3010 TEM (JEOL, Japan)
operating with an accelerating voltage of 300 kV.

(Atomic force microscopy: AFM) Atomic force microscopy
(AFM) studies were conducted under the tapping mode on a Veeco
Digital Instrument Multi-Mode SPM.

(Bound rubber: BR) The content of BR was measured using an
extraction method with toluene as a solvent. About 1 g of the
composite was stored for two weeks after it was cut into 1 mm?>
pieces and placed in a 300 mesh steel wire basket and was
immersed in 100 mL of toluene at room temperature for seven
days. The prepared MWCNT/NR gel was named gel-RT, and the
extracted rubber bound on the MWCNTs in the gel-RT was named
BR. After 4 days, the solvent was completely recovered. Then, the
gel-RT was collected and dried to a constant mass in a vacuum
oven. The dried gel-RT was analyzed using a thermal gravimetric
analyzer (TGA) (Mettler-Toledo Group, Switzerland). The test con-
ditions were as follows: temperature range, 25—600 °C; increase
rate, 10 °C/min; atmosphere, nitrogen. During the pyrolysis process,
the insoluble rubber on the MWCNTs surface decomposed, and the
fraction of the rubber in the gel-RT was calculated. Then the BR
contents were calculated using equation (1):

BR (%) = [Mywy/M;w;] x 100, (1)

where M; and M; are the dry weights of the sample before and
after extraction, respectively; wy is the fraction of the rubber in the
composite before extraction in theory, and wy is the fraction of the
rubber in the extracted sample, which was measured using TGA.
The obtained dried gel-RT products were extracted with toluene at
high temperature (110 °C) for 48 h by using Soxhlet extractor. Then
as prepared, MWCNT/NR gel was named as gel-HT, and the
extracted rubber bound on the MWCNTs in the gel-HT was named
as TBR. The insoluble parts were dried until the mass remained
constant. The formula used for the computation of TBR contents
was the same as that of the BR.

(Solid-state nuclear magnetic resonance: NMR) The low-field
solid-state nuclear magnetic resonances (LFSNMR) transverse
magnetization relaxation (T,) experiments for the TBR, BR, net NR
were measured using a XLDS-15 LFSNMR spectrometer (IIC Inno-
vative Imaging Corp. KG, Germany). The measurement temperature
was (60 + 0.1) °C.

(Rubber processing analysis: RPA) The strain amplitude
dependence of the dynamic storage modulus (G’) of a mixed
compound was measured with a RPA2000 rubber processing
analyzer (RPA, Alpha Technologies Ltd., USA) to evaluate the filler
network effect. A strain sweep from 0.28% to 400% was performed
at 60 °Cand 1 Hz.

(Thermal conductivity) Thermal conductivity was measured by
an HC-110 thermal conductivity tester (Laser Comp, USA) under
steady state conditions. The disc-shaped specimens were 60 mm in
diameter and 6.0 mm in thickness. Measurements were carried out
with the specimens clamped between the cooling calorimeter and
heating calorimeter, whose temperatures were 20 °C and 30 °C,
respectively. Additionally, the contact pressure was 414 kPa.

(Electrical conductivity) The volume resistivity values of rub-
ber samples (80 mm diameter and 2 mm thickness) were measured
by digital insulated resistor tester (PC68, Shanghai, PR China). The
measured resistances R, were then converted into volume re-
sistivity Ry by using the equation:

S
pl} = RI/E? (2)

where S is the area of electrodes; h is the thickness of sample.

(Mechanical properties) Tensile tests were performed on a
CTM4104 tensile tester (SANS, Shenzhen, China) at a cross-head
speed of 500 mm/min~! at room temperature.

(Raman spectroscopy: RS) RS was performed to determine the
defects of pure MWCNTs and MWCNTs in the composites using a
Raman spectrometer (JY-HR 800, HORIBA Ltd., France) with a laser
excitation at 514 nm.

(Fourier Transform infrared spectroscopy: FTIR) FTIR was
recorded using a Bruker Tensor 27 IR spectrometer (Bruker Optics)
with a resolution of 4 cm~.

(X-ray Photoelectron Spectroscopy: XPS) XPS analysis was
carried out using an ESCA LAB 250 (Thermo Fisher Scientific Corp.,
USA) with an Al Ka X-ray source (1486.6-eV photons).

2.3. Preparation of nanocomposites

(Preparation of structure tire) To obtain the fuel-efficient tire
tread, we mixed 55 phr SSBR 5025-2, 30 phr SSBR 2305 and 30 phr
rare-earth polybutadiene rubber together using a mixing mill at
room temperature. We then added silica at 50 phr into the rubber
matrix with 5 phr silane coupling agent. After adding CNTs and
other agents, the composites on the mill are heated for a while.
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Fig.1. Comparison of SEM images between (A) high-defect multiwall carbon nanotubes (HD-CNT, FloTube™ 9000); (B) high-defect multi-wall carbon nanotube bundles (HD-CNTB,
FloTube™ 7000) and of HRTEM images between (C) HD-CNT (FloTube™ 9000) and (D) Low-defect multiwall carbon nanotubes (LD-CNT, GM3).

After cooling for an hour, we added the other agents.

(Preparation of engineering tire) To obtain the energy-saving
tires and engineering tires, we mixed 3 phr carbon nanotubes in
100 phr NR using an internal mixer (XSM-05/10-200). To obtain
low dynamic compression fatigue and high thermal conductivity,
we added 100 phr nano-« alumina into the natural rubber matrix.
The heat treatment temperature was held at 120 °C and mixed for
3 min. The silane coupling agent in-situ modification of the packing
can be complete and promote the interface bonding.

3. Results and discussion

First, we characterized the morphology of CNTs through SEM as
shown in Fig. 1A and B. These present the array of high-defect
multiwall carbon nanotubes (HD-CNT, FloTube™ 9000) and high-
defect multi-wall carbon nanotube bundles (HD-CNTB, FloTube™
7000). Obviously, their micro-structures are remarkably different.
The CNTs in the HD-CNTB all orientate and align in a one-
dimension that is perpendicular to the catalyzed loading LDH
nano-sheet. The high resolution SEM (HRSEM) showed that some
curvatures and entanglements exist between CNTs in the HD-CNTB,
but far fewer than CNTs in the HD-CNT as presented in Fig. 1B.

During the compounding process of HD-CNTB and rubber, a single
CNT was ripped off from the catalyzed loading LDH, and it then
became dispersed in the rubber matrix. Because there was less
entanglement between CNTs, the dispersion was better, and the
CNTs also had a higher aspect ratio that maintains structural
integrity.

Carbon black has been used in rubber for over 100 years [26]. As
such, we adjusted the preparation process of CTNs to produce an
abundance of graphite with staggered floors on the surface of CNTs,
similar to carbon black, to improve the surface roughness and the
number of the high active points. The HD-CNT had many surface
defects as indicated by the high resolution TEM photograph in
Fig. 1C. Because of the literal alignment of graphite crystal layers of
CNTs, many staggered floors-like structures were formed on the
surface of CNTs. These were very common on the surface of carbon
black. On the contrary, the surface of the low defect carbon nano-
tubes (LD-CNT) possessed few defects of MWCNTSs, although some
amorphous carbons existed, and the entire structure of MWCNTSs
was intact as shown in Fig. 1D.

Next, we examined the dispersion state of CNTs. As shown in
Fig. 2A, the TEM graphs of NR/CNT (100/5) by mechanical mixing
indicated that HDCNTBs are dispersed randomly in the NR matrix.



Y. Lu et al. / Composites Science and Technology 137 (2016) 94—101 97

% 100 ¢ NR
»1(B)
B g5 ¢ Bound Rubber
e Tight bound rubber
22
. 904
20 °\e
18 > ~ 851
—_— - >
& . e = 50
E 14de LDCNT Ead g
-7 uation =3 by [ A
@ ~ L 18 =
- Residual Sum of  16.21843 -
10 F | Sauares 704
- Pearson's 1 0.96676
8 < Adj. R-Square 091025 o
Value Standard Error
6 ® ™ Intercept | 6.8184 1.88586 || 65+
Slope | 12.90534 200164
- LDCNT
4 60
2 3
W B L B B S e e e e R
00 0'2 0'4 0I6 0|8 1'0 1'2 1'4 0.0 0.1 0.2 0.3 04 0506 0.7 0.8 09 1.0 1.1 1.2 1.3 14 15
W T, Decay time (ps)
D "G

4 Modulus lnté rf%c% Interfacial
L = i €gign thickness:
. £ «o dlstnbut{on ; 9.0 42.1nm
Seo. T along with )
= 1—; w0 across i
. 2 length !
= 20 ( {
P
> 10 L o
Lerigth of AE
0 T T T T |i iu l T T T T T
o e Toe 0 10 20 30 40 S0 60 70 30 90 100 110 1208
Modulus Mapping n | Scanning Loctation (nm)
(i) NR/HDCNTB (100/5)
N . y 2l 49.5 WPa T T 1
z . 50 interface {  Interfacial
§ | Modulus iRegioni j  thickness:
£ ©1 distribution 7.445.5nm
@ ..
2 along with :
2 across i
£%1 length :
2. ' ]
[P00928099900000440000% eng‘thpf;AE
o — il :
b = S e 0 10 20 30 40 sca:‘Oning i(}oca'i:n (n"ij 90 100 110 120
Modulus Mapping -5.6 ira

(ii) NR/HDCNTB-Si69 (100/5-2)

Fig. 2. Microstructural characterizations on NR/MWCNTs: (A) TEM images of NR/HDCNTB (100/5); (B) Correlation between bound rubber content and Ip/Ig of MWCNTSs; (C) Proton
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Fig. 3. Comprehensive properties of NR reinforced by various types of MWCNTs: (A) Comparison of strain-stress curves among various NR/CNT (100/5) nanocomposites; (B) In-
fluence of silane in-situ modification on hysteresis (i.e., strain amplitude dependences of loss index (tand)) of NR/HDCNTB (100/5); (C) Plots of thermal conductivity as function of
loading of CNTs for NR nanocomposites reinforced with different types of MWCNTSs; (D) Plots of electronic volume resistance as function of loading of CNTs for NR composites

reinforced by different types of MWCNTSs.

We noted that the dispersion state had insignificant change, even
when the coupling agent was introduced, as shown in Fig. S2. In
addition, we have compared the tube length distribution between
HDCNTs and HDCNTBs in the rubber matrix after the mechanical
mixing, finding that a relatively longer aspect ratio is maintained
for HDCNTBs (Fig. S3). This further confirms that HDCNTBs can be
better candidates.

We investigated interfacial interactions by measuring the con-
tent of the bound rubber (BR) using five different kinds of CNT such
as low-defect carbon nanotubes (LDCNT), carbonylated-LDCNT,
acidized-high defect carbon nanotubes (acidized HDCNT), high
defect carbon nanotubes (HDCNT) and high defect carbon nanotube
bundles (HDCNTB). The bound rubber was the content of the non-
extractable rubber after being immersed in a good solvent for a long
enough time. More bound rubber leads to stronger interfacial in-
teractions [27—29]. To ensure accurate measurements, no other
additives were used other than CNT and rubber. The BR content was
measured through the toluene extraction at ambient temperature.
The relationship between the BR content and graphite defects I /I
(Raman spectra) is shown in Fig. 2B and shows a positive linear
correlation. Meanwhile, the spin-spin relaxation T of the low-field
solid state nuclear magnetic resonances was used to probe the
dynamics of rubbery chains with relaxation rates in the following
order TBR > BR > net NR. This indicated that the CNTs had the
strongest constraint on the mobility of the polymer chains of TBR in
Fig. 2C.

The atomic force microscope (AFM) was used to analyze the

modulus change of polymer with respect to the distance away from
the CNT to reflect the thickness of the interfacial region as shown in
Fig. 2D. We noted that the interfacial thickness could be increased
to become 17.4 + 5.5 nm with the in-situ modification by silane
coupling agent Si69 for the natural rubber filled with high defect
CNTB, compared to the interfacial thickness equal to 9.0 + 2.1 nm of
the system without Si69. Therefore, interfacial interaction was
enhanced by improving the graphite structure of CNTs.

Next, we focused on the strain-stress curves of various CNTs
filled NR and pure NR as shown in Fig. 3A. In the range of the strain
smaller than 300%, the value of the stress exhibited the following
order: HDCNTB > HDCNT > LDCNT. The up-turn of stress greater
than 300% may have resulted in part from the orientation and
crystallization of the macromolecular chains, including the pure
system. Meanwhile, the loss factor as a function of the strain
amplitude was further decreased by Si69 in Fig. 3B such as the loss
factor at the strain equal to 7% at 60°C reduced by silane modifi-
cation from 0.133 to 0.069. We compared the thermal conductivity
(Fig. 3C) and volume resistance (Fig. 3D) as a function of the
MWCNT loading for three different kinds of CNT such as HDCNTB,
HDCNT and LDCNT, which indicated that the change trend was the
most significant for HDCNTB, and the least for LDCNT. Generally,
HDCNTB has more structural defects and leads to excellent me-
chanical, thermal conductivity and volume resistance properties
compared to other types of CNTs, because of better dispersion of
CNTs and stronger interfacial adhesion.

The silane in situ modification can increase the interfacial layer
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thickness between carbon nanotubes and rubber matrices from
9 nm to 17.4 nm by strengthening the interfacial interactions, which
promoted the efficiency of the stress transfer between CNT and
rubber. This reduced the molecular friction between inter-tubes
under dynamic loading and improved the static and dynamic me-
chanical properties such as the tear strength, crack resistance, fa-
tigue, energy-savings and service life. These excellent properties
can be well maintained even during the large-scale preparation
process as shown in Fig. S7-9.

Finally, we focused on the scale-up application of CNTs. The first
successful example was the preparation of the fuel-saving pas-
senger tires by taking advantage of its mechanical reinforcing and
electrical conductivity. Because of adverse environmental issues,
the development of the fuel-saving tires is an important trend in
the global tire industry. Recently, a key technology to produce the
energy-saving tires is to use high loading of nano-silica instead of
carbon black to reinforce the tire tread rubber materials, which
reduces the rolling resistance of the tire. However, silica is an
electrically insulating material, and it can cause electric shock from
the accumulation of the static electricity caused by tire resistance,
which far exceeds the safety value (GB/T26277-2010 prescribed tire
resistance <10'°Q).

To eliminate accumulated static electricity, some foreign tire
companies use a particular kind of rubbery material with high
electric conductivity, such as chimney gum, in the preparation of
tire tread. However, this method not only complicates the
manufacturing process, but also has adverse effects. Our study used
a small amount of CNTs into high loading of silica reinforced
energy-saving tire tread rubber composite to form a continuous
conductive path to gain the anti-static property of tire tread with
low dynamic hysteresis.

Our research group successfully implemented the industrial
trial production of MWCNTSs/rubber composites by using a 370-L
Banbury mixer. A low hysteresis and anti-static tire tread that uses
only about 0.7% weight fraction of MWCNTs was produced, as
shown in Fig. 4A. The production capability of one batch is 360 kg.
In Fig. 4A, TEM data shows that CNTs are uniformly dispersed in the
industrial pilot production of HDCNTBs/rubber composites and
form an electric pathway to solve the problem of the electric
charge. Moreover, the data in the table of Fig. 4A shows that the
mechanical performance meets or exceeds that commercial prod-
uct by mixing carbon black with rubber for tire treads by comparing
Shore A hardness, modulus at 300% strain, tensile strength, elon-
gation at break, tear strength, Akron abrasion, volume resistance
and loss factor. The data indicated that the dynamic loss was
reduced by nearly 50%, and the volume resistivity can meet the
anti-static requirement with the value smaller than 10° Q cm.

Based on these results, a particular kind of carbon nanotube/
rubber composite tailored for energy-saving tires are presently
being trial-produced, among them the energy-saving of ES9000
205/55/R16. The rolling resistance coefficient reaches Level B, as
prescribed by the tire labeling regulation of the European Union,
with more energy-savings as compared other commercialized tires.
The electrical resistance of the whole tire is 10° Q, which is defined
as anti-static.

According to a rough estimation, China consumed around 84.25
million tons of gasoline in 2013. China could save 4 million tons of
fuel and reduce 10 million tons emission of carbon dioxide each
year by using energy-saving tires for all automobiles. Therefore, the
large-scale application of energy-saving tires made of carbon
nanotube reinforced rubber could provide a positive contribution
to the energy conservation and gas emissions.

The second most successful large-scale industrial application of
rubber/CNT nanocomposites is the fabrication of large high-
performance engineering tires for use in mining and other field

operations, as shown in Fig. 4B. However, the rubber/CNT nano-
composites accelerate the accumulation of the heat in tires during
the rolling process, and decreases the thermal conductivity, which
adversely affects the service life of the tires. To resolve this issue, we
introduced both carbon nanotube and nano-o alumina into the
natural rubber matrix to obtain low dynamic compression fatigue
and high thermal conductivity by using dually functionalized car-
bon nanotubes for improving rubber thermal conductivity. The size
of the engineering tire is shown in Fig. 4C. We found that the dy-
namic heat production was lower than that of the commercialized
aeolus tire, and the thermal conductivity increased by more than
50%. This demonstrated that the tires have improved durability,
while promoting heat transfer during the vulcanization process by
saving energy consumption during the manufacture of tires.

4. Conclusion

Our study introduced novel approach to prepare a particular
kind of MWCNTs with good dispersion in the rubber matrix. First,
MWCNTs were designed to grow along a fixed direction to lessen
or reduce inter-entanglements. Then more graphite topology
structures were introduced to CNT surfaces by controlling the
experimental parameters. Further, in-situ silane modification
improved the interfacial adhesion between CNTs and rubber
matrix in the rubber/HDCNTBs system. The resulting rubber/CNT
nanocomposite had excellent mechanical, thermal conductive
properties as well as good crack-growth resistance and fatigue
properties. Therefore, combined with the present facile com-
pounding technique in the tire industry, such rubber/CNT nano-
composites are successfully applied to the scale-up production of
high-performance fuel-saving and engineering tires. Our study
demonstrated way to fabricate the next-generation of green tires,
and on the other hand opens up a viable opportunity for the large-
scale application of CNTs.
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