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Abstract. Multi-walled carbon nanotubes (MWCNTs) were functionalized by polydopamine (PDA)-coating and mixed with
natural rubber (NR) via latex compounding. Compared with pristine MWCNTs, the surface of MWCNT-PDA was covered
by an amorphous and nanometer-scale PDA layer which had a large amount of oxygenic and nitric functional groups. So the
MWCNT-PDA showed a perfect dispersion in NR matrix. The tensile strength of NR/MWCNT-PDA (5 phr) composites is
28.6 MPa, compared with the pure NR, which increased by 42%. For the electrical properties, when the content of MWCNTPDA or MWCNTs is 2 phr, the volume resistivity of NR/MWCNT-PDA composites falls to about 2.7·109 Ω·cm, compared
with 3.3·1013 Ω·cm of NR/MWCNT composites. The thermal conductivity of NR composites increased only by 28.2% when
5 phr MWCNT-PDA was added. A model proposed by Nan was used to calculate the thermal conductivity of NR/MWCNT
composites, and the calculated values were compared with the experimental values, the results showed that the interface thermal
resistance is the main reason why MWCNTs could not significantly increase the thermal conductivity of natural rubber.
Keywords: nanocomposites, dopamine, natural rubber, mechanical properties, electrical conductivity

1. Introduction

cannot improve both aspects simultaneously, though
the high surface carbon blacks may improve both
mechanical properties and electrical conductivity,
but the precondition is that a relative large amount
of high surface carbon black must be added, this may
adversely affect the processing performance of the
composites. Recently, the carbon nanotubes (CNTs)
have become a hot spot in various research fields for
their unique structure and outstanding performances
[1, 2]. High mechanical properties (tensile strength is
~50 GPa, Young modulus is ~5 TPa) and good conductivity (electrical conductivity is ~107 s/m, thermal

NR is one of the most important nature polymers,
which is widely used as the elastomeric matrix of
various materials, including conveyor belts, sealing
rings, tires, etc. In order to meet the requirements of
the use of tires, NR composites must have the following two properties: (1) good mechanical properties, in order to undergo cyclic loading and strains in
actual use, (2) good thermal conductivity and electrical conductivity, in order to export the heat or static
electricity effectively and timely. However, traditional fillers (such as carbon black, silica, alumina, etc.)
*
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conductivity is ~3000 W/(m·K) have made CNTs become one of the ideal fillers for rubber materials. So,
the researches on rubber/CNT composites are developing rapidly in recent 5 years [3–5]. But the actual
improvements brought by pristine CNTs are not as
remarkable as expected, particularly on the strength
of rubber [6–8]. Nakaramontri et al. [9] have showed
that the values of tensile strength decreased when
raw CNTs were added to the nature rubber matrix.
Fritzsche et al. [10] have shown that the tensile
strength and elongation at break of natural rubber/
CNTs (100/10) were 17.32 MPa and 302.7%, compared with 14.27 MPa and 467.6% of pure natural
rubber, and they considered the agglomerations of
CNTs in matrix as the main reason for the inconspicuous effects. Nah et al. [11] have reported that the interaction between CNTs (without modification) and
natural rubber was mainly caused by physical entanglement, rather than strong interfacial adhesion, so
the interaction was weak and easy to break down
when stretched. Therefore, improving the poor dispersion of CNTs in rubber and enhancing the interfacial interaction between each other are the two
challenges in the further research.
Due to the high aspect ratio of the nanotubes and the
Van der Waals’ force between nanotubes, CNTs exist
almost in the form of agglomerates, which is hard to
break down even under ultrasonic vibration. What’s
more, few defects and the lack of active functional
groups on surfaces make CNTs a chemically inert
substance. So, the modification of carbon nanotubes
is one of effective methods to solve the problems
about aggregation and chemical inertia of carbon
nanotubes. As reported in many literatures, acid
treatment [12] and oxidation [13] were considered as
the most direct and effective pretreatments for CNTs.
Not only could they break down the entanglements,
but they could also introduce oxygen functional
groups (such as carboxyl, hydroxyl, etc.) on the surfaces of CNTs. However, this kind of modification
inevitably destroys the structure of CNTs, resulting
in the corrosions of graphite crystal layer and the decrease of high aspect ratio. It is well acknowledged
that the integrity of CNTs’ structure is the precondition of its thermal performances [14]. So the properties of CNTs modified by these methods may not be
as good as the original ones. In our opinion, using a

mild method to modify CNTs is the first and critical
step for preparing CNTs composites.
Furthermore, it is important to choose an appropriate
method to prepare rubber/CNT composites. There
are mainly three methods reported by literatures:
melt mixing [15], solution blending [16] and latex
compounding [17]. The traditional melt mixing is
considered as the most convenient and practical way,
but the shear force produced by mixing CNTs and
rubber is not strong enough to destroy the entanglements of CNTs. Although solution blending can disperse CNTs in rubber evenly, the use and recycling
of organic solvent not only make the process complicated, but also bring about some environmental
problems. Latex compounding is a novel and effective method. There are two steps in its detailed
process: (1) mixing the CNTs suspension with latex;
(2) drying and curing the mixture at different temperatures. The mechanism of latex compounding is
similar with solution blending, but the former ensures the uniform dispersion of CNTs in matrix, and
avoids the shortcoming of latter.
Recently, it was reported that mussel adhesive proteins could form strong adhesive interactions between mussel and various substrates in wet environment, and the critical element of this protein was 3,
4-dihydroxyphenethylamine (dopamine, or DA) [18].
Inspired by this, many researchers began to use
dopamine as a surface modifier for other materials
[19–21]. However, the most attractive feature of this
modification is that the PDA layers could bring in active functional groups (hydroxyl, amino etc.) without
damaging the structure of the matrix. In this work,
the idea of improving the interfacial interaction between MWCNTs and rubber with PDA-coating layers
was firstly put forward. The MWCNTs were added
into dopamine aqueous solution to prepare PDA-modified MWCNTs; then the natural rubber (NR) composites filled with MWCNT-PDA was prepared by
latex compounding. Furthermore, the structure and
composition of pristine MWCNTs and MWCNTPDA were characterized and compared. And the microstructure and properties of NR/MWCNT-PDA
composites (including mechanical properties, electrical and thermal conductivity) were also characterized and discussed in detail.
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2. Experimental
2.1. Materials

latex under high-speed stirring. Then the mixture was
poured into dilute sulfuric acid solution (3 wt%) for
demulsification; the flocculated product was cut into
small pieces and dried at 60 °C. The masterbatch was
obtained according to the descriptions above. For step
two, the sulphur and accelerant were added into the
masterbatch by melt mixing in an open two-roll mill.
The mixing temperature was controlled under 50 °C,
and the time was less than 15 minutes. For comparison, the NR/MWCNT composites were prepared by
the same method. In the preparation process of NR/
MWCNT-PDA composites, in order to unify the variable, the amount of MWCNT-PDA is the same as
that of MWCNTs.
PDA was prepared as following procedure: the
dopamine powder was added into the deionized water
(Dopamine/H2O: 2 g/L), then the Tris was added into
the solution (Tris/H2O: 10 mM/L), and dilute HCl
was dipped into the solution to adjust pH value (pH:
7~8) simultaneously. After stirring at room temperature for 24 h, the oxidative polymerization of
dopamine is substantially completed, The product was
collected by filtration and washed with deionized
water until the filtrate was colorless and finally dried
in vacuum oven at 80 °C overnight.
The obtained PDA was added in deionized water and
stirred until it dissolved completely. Subsequently,
the PDA solution was mixed with natural latex under
high-speed stirring. Then the mixture was poured
into dilute sulfuric acid solution (3 wt%) for demulsification; the flocculated product was cut into small
pieces and dried at 60°C. In the masterbatch; the mass
ratio of NR to PDA was 100: 0.5 (100 phr dry natural
rubber: 0.5 phr PDA). The sulphur and accelerant
were mixed with the masterbatch homogenously
using a two-roll mill.

The pristine MWCNTs (diameter: 10~20 nm; length:
1~10 μm; purity: ≥95%) were obtained from CNano
Technology Co. (PR China). Dopamine was offered
by Sigma Co. (USA). The 2-amino-2- (hydroxymethyl)-1, 3-propanediol (Tris) was purchased from
Alfa Aesar Co. (USA). The natural latex with a total
solid content of 59% was sourced from Natural rubber industry Co. (PR China).

2.2. Modification of MWCNTs by PDA
The pristine MWCNTs were dispersed in deionized
water (MWCNTs/H2O: 1 g/500 mL) by ultrasonic
treatment for 1 hour (h). Then the Tris, which was
used as pH buffering agents, was added into the
MWCNTs suspension (Tris/H2O: 10 mM/L), and dilute HCl was dipped into the suspension to adjust pH
value (pH: 7~8) simultaneously. The dopamine powder was also added into the suspension (Dopamine/
H2O: 2 g/L). After stirring at room temperature for
24 h, the MWCNTs coated by PDA were washed
and filtered until the filtrate was colorless and transparent [22]. And the MWCNT-PDA were kept waterish, which could facilitate the further mixture with
natural latex.
2.3. Preparation of natural rubber based
composites
The formulation of composites is showed in Table 1.
Sulphur, accelerant and other ingredients are commercially available industrial products. There were
two steps in the preparation of the composites. For
step one, the incorporation of MWCNT-PDA into
NR latex was carried out by latex compounding.
MWCNT-PDA were dispersed in deionized water
with 0.5 h ultrasonic treatment. Subsequently, the
MWCNT-PDA suspension was mixed with natural

2.4. Characterizations
The surface morphologies of MWCNT-PDA were observed by high resolution electron microscope (JEM3010, JEOL, Japan) with an accelerating voltage of
300 kV. Thermal analysis instruments (TGS-2,
Perkin-Elmer Co. USA) were used to quantify the
content of PDA on the MWCNTs. The samples were
heated from 20 to 800°C at a heating rate of 10 K/min
under nitrogen flow. To measure the degree of functionalization, X-ray photoelectron spectroscopy
(XPS) measurements (ESCALAB 250, Thermo Elec-

Table 1. Formulation
Component
Natural rubber
Zinc oxide
Stearic acid
Diphenyl guanidine (DPG)
Dibenzothiazole disulﬁde (DM)
Tetramethylthiuram disulfide((TMTD)
Sulphur
MWCNTs-PDA or MWCNTs

Phra
100
5
2
0.5
0.5
0.2
2
0–5

a

Parts by weight per hundred parts of rubber.
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tron Co., America) were carried out on MWCNTsPDA.
In order to observe the dispersion of MWCNT-PDA
in NR composites, HR-TEM was performed on the
samples with ~100 nm thickness prepared by cryo
ultra microtome (FC6 UC6, Leica, Germany). Strainsweep experiments on the mixing compounds were
performed by a rubber processing analyzer (RPA
2000, Alpha Co., USA). The test condition is as following: temperature was 60 °C, the frequency was
1 Hz, the shear strain amplitude varied from 0.28%
to 100%, and the test configuration is stretch mode.
The vulcanization behavior of neat NR and NR composites were determined at the processing temperature of 143 °C using a rotorless rheometer (P3555B2,
Beijing Huanfeng Chemical technology and Experiment Machine Plant, PR China). Tensile properties
of all vulcanizates were measured with a tensile tester
(CMT4104, Shenzhen New Batching Technology
Co., PR China) according to Chinese standard GB/T
528-1998. The hardness of composites was carried
out using a Shore A durometer. The volume resistivity of rubber samples (80 mm in diameter and 2 mm
in thickness) was measured by a digital insulated resistor tester (PC68, Shanghai, PR China). Thermal
conductivity tester (HC-110, Laser Co., USA) was
performed to measure the thermal conductivity of
samples according to standard D5470 formulated by
ASTM. The dimensions of the samples for this experiment were 60 mm in diameter and 6 mm in thickness. The crosslink density was determined using
equilibrium swelling method. The vulcanized samples were put into toluene at room temperature for
72 h to achieve equilibrium swelling. The swollen
samples were weighed and then dried at 80 °C until
the weight was constant. The crosslink density was

calculated according to Flory–Rehner equation (Equation (1)) [23]:
In R1 - { r W + { r + |{2r =- nc Vs #{1r /3 -

{r
&
2

(1)

where the φr is the volume fraction of polymer in the
swollen sample; χ is the polymer-solvent interaction
parameter; Vs is the molar volume of solvent
[cm3/mol]; nc represents the crosslink density of
polymer [mol/cm3].

3. Results and discussion
3.1. The effect of dopamine on MWCNTs
The oxidative polymerization of dopamine spontaneously occurs under suitable condition, and PDA,
the product of oxidative polymerization, can adhere
to the surface of any given substrates. The benzene
rings which exist in the polydopamine can form π-π
stacking interaction with carbon nanotubes [20]. This
made it possible to coat MWCNTs by PDA. The
schematic illustration is showed in Figure 1. The coating layers could not only improve the hydrophilism
of MWCNTs, but also might increase the adhesive
interactions between MWCNTs and NR.
Figure 2 displays the HR-TEM images of pristine
MWCNTs and MWCNT-PDA. It is clearly found that
the outer diameter of pristine MWCNTs is ~15 nm;
the graphite sidewall of pristine MWCNTs is smooth
and neat. However, after modification with PDA
films, it can be seen from Figure 2b that the diameter
of MWCNT-PDA increased by about 6 nm, the surface of MWCNT is no longer neat; there is a layer of
amorphous substance on the surface of the carbon
nanotubes, which should represent PDA layer.
Figure 3 shows the dispersions of MWCNTs and
MWCNT-PDA in water after 0.5 h ultrasonic vibra-

Figure 1. The schematic diagram illustrating the processes of coating CNTs with PDA
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Figure 2. HR-TEM images of pristine MWCNTs (a) and MWCNTs-PDA (b)

tion treatment. As mentioned above, the entanglements of pristine MWCNTs can’t be broken down
even via ultrasonic treatment. So, a lot of granular
black solids dispersing in the water can be seen, and
after 1 week, the phenomenon of precipitation occurs. But the MWCNT-PDA/water suspension after
ultrasonic vibration looks like black ink and maintains this state at least 1 week. It can be explained that
the existence of PDA coating not only increases the
steric hindrance between MWCNTs, but also introduces hydrophilic groups on the surface of MWCNTPDA. Those groups greatly improve the water dispersibility of MWCNT-PDA. So the entanglements
of MWCNT-PDA could be broken down easily under
ultrasonic vibration and disperse in deionized water
steadily for a long time without deposition.
Based on the different thermal stability of MWCNTs
and its coatings, TGA is often performed to examine
the content of coating on MWCNTs [24, 25]. Figure 4
shows the weight loss curve of pristine MWCNTs
and MWCNT-PDA. Obviously, the pristine MWCNTs
have good thermal stability. The weight loss of pristine MWCNTs is about 2.1% when the temperature
reaches to 800 °C while the weight loss is 12.5% for
MWCNT-PDA, which is attributed to the thermal
degradation of PDA with the rising temperature. So,
the content of PDA was estimated to be 10.4%.
As shown in Figure 5, there are two characteristic
peaks in the XPS spectrum of pristine MWCNTs: the

Figure 3. The photographs of dispersion of pristine MWCNTs (a) and MWCNTs-PDA (b) in water after
0.5 h ultrasonic vibration: 1. staying for 0.5 hour;
2. staying for 1 week
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Table 2. The element content of pristine MWCNTs and
MWWCNTs-PDA of XPS analysis
C1s
[At. %]
MWCNTs
95.76
MWCNTs-PDA 78.53

O1s
[At. %]
4.24
18.80

N1s
[At. %]
0.00
2.67

O/C

N/C

0.04
0.23

0.00
0.03

78.53% after PDA coating, while the content of oxygen and nitrogen increases from 4.24 to 18.80 % and
0 to 2.67% respectively. All results of XPS indicate
that the oxygen and nitrogen functional groups have
grafted on the surface on MWCNTs after PDA coating.

3.2. Morphology
As displayed in HR-TEM images (Figure 6), the
MWCNTs without modification cannot disperse well
in matrix and have a certain degree of agglomerate,
those agglomerates are discontinuous. On the other
hand, the NR composites filled with the same content
MWCNT-PDA (5 phr) shows a perfect dispersion,
the MWCNT-PDA have a homogeneous dispersion
in rubber matrix and connect consecutively with each
other. The presence of the PDA layer results in the
different dispersion of these two kinds of carbon
nanotubes. The entanglements of MWCNT-PDA
could be weakened and loosened by ultrasonic vibration (as shown in Figure 3), and then further break
down during the mixture in open two-roll mill. In
other words, there are two effective forces to improve the dispersion of MWCNT-PDA in rubber: the
vibration force and shear force. For MWCNTs, ultrasonic vibration can hardly weaken and loosen its
entanglements. There is only the shear force to disperse MWCNTs. This simple force is hard to destroy
these entanglements fully in a short time. In conclusion, using appropriate modification of MWCNTs
can make the MWCNTs disperse well in rubber.

Figure 4. The weight loss curve of pristine MWCNTs and
MWCNTs-PDA

Figure 5. The XPS spectrum diagrams of pristine MWCNTs
and MWCNTs-PDA

C1s peak at 284.9 eV and the O1s peak at 533.5 eV
[26–28]. Compared with O1s, the C1s peak is obvious and sharp, and this confirms that the pristine
MWCNTs have high purity and low degree of functionalization. For MWCNT-PDA, it is also clearly
seen the C1s peak and O1s peak. But the intensity of
C1s peak decreases and the intensity of O1s peak increases sharply. So, it is concluded that the PDA coating can bring in amounts of oxygen functional groups
on the MWCNTs. What’s more, there is a small peak
appears at 402.2 eV. Though the intensity of this peak
is weak, it represents N element and demonstrates the
success of PDA modification. Table 2 summarizes
the percentage of elements contained in the pristine
MWCNTs and MWCNT-PDA. As displayed in
Table 2, the content of C decreases from 95.76 to

3.3. ‘Payne effect’
‘Payne effect’, which is the decrease of storage modulus (G') with the increasing of strain, can represent
the quality and strength of filler network in composite materials [29]. This non-linear behavior of ﬁlled
rubber appeared at small strain range (below 100%),
so it was accepted by most researchers that the breakdown of network formed by filler agglomerates is
the main reason for ‘Payne effect’ [30]. The value of
ΔG' (the difference between initial G' and final G')
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Figure 6. The HR-TEM images of NR/MWCNTs (100/5) composite (a) and NR /MWCNTs-PDA (100/5) composite (b)

3.4. Vulcanization behavior and crosslink
density
As shown in Table 3, it can be seen that the scorch
time (t10) and the optimum time (t90) decease after
filling MWCNTs or MWCNT-PDA into NR. This result is consistent with the work reported by Nakaramontri et al. [9]. That is because the high thermal conductivity and good dispersion of MWCNTs prompt
the uniform distribution of heat in matrix and quicken the crosslink reactions. But the curing rate index
(K) shows different changes with the addition of
MWCNTs or MWCNT-PDA, the K of NR/
MWCNT composites is higher than that of pure NR,
while the K of NR/MWCNT-PDA composites is not
only below NR/MWCNTs, but also less than that of
pure NR, we speculated it might be related to the
PDA coating layer. In order to prove this speculation,
the vulcanization characteristics of NR/PDA composites were measured. The result indicates that the
curing rate of NR/MWCNT composites and NR/PDA
composites is higher than that of pure NR, Therefore, it is concluded that PDA and MWCNTs could
promote the vulcanization of rubber when they used
alone. However, the MWCNT-PDA, as the combination of PDA and MWCNTs, does not promote the
vulcanization of rubber, the K of NR/MWCNT-PDA
composites is less than that of pure NR. It seemed that
MWCNTs and PDA have negative synergistic effect

Figure 7. The storage modulus dependence on Strain of pure
NR, NR/MWCNTs and NR/MWCNTs-PDA

is often used for quantification of the ‘Payne effect’.
The large amount of ΔG' indicated the obvious ‘Payne
effect’, the intense interaction of fillers and the poor
dispersion of fillers. Figure 7 shows the different G'strain behaviors of pure rubber and composites. The
addition of MWCNTs or MWCNT-PDA makes the
‘Payne effect’ of composite materials more obvious,
and the value of ΔG' of NR/MWCNT-PDA composites is lower than that of the NR/MWCNT. This
means the weaker filler-filler interactions between
MWCNT-PDA and also demonstrates the good dispersion of MWCNT-PDA in NR composites.
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Table 3. The vulcanization characteristics and crosslink density of pure NR and different NR composites
NR
t10
t90
K
ML
MH
ΔM
nc

5.9
8.5
38.5
6.2
46.9
40.7
0.97±0.02

[min]
[min]
[min–1]
[dNm]
[dNm]
[dNm]
[·10–4 mol/cm]

NR/MWCNTs
(100/5)
3.0
5.5
40.0
13.2
59.8
46.6
1.32±0.01

NR/MWCNTs-PDA
(100/5)
2.0
4.8
33.3
13.8
54.9
41.1
1.21±0.01

NR/PDA
(100/0.5)
3.7
6.2
42.8
13.8
50.2
36.4
0.84±0.02

K: Curing rate index (CRI), K = 100/(t90 – t10)

on the promotion of vulcanization, which lead to the
curing rate of NR/MWCNT-PDA is the least among
these composites. Furthermore, whether MWCNTs
or MWCNT-PDA can bring increase both in the minimal torque (ML) and the maximal torque (MH). But
NR/MWCNTs is higher than NR/MWCNT-PDA in
terms of ΔM (the different between MH and ML). That
could also be attributed to the introduction of PDA.
In our opinion, the PDA coating on MWCNTs still
has chemical activity and might participate in the
vulcanization, and then affect the crosslink of rubber
molecular. Therefore, even the vulcanization degree
of NR/PDA is lower than that of pure NR.
The crosslink density (nc) of NR and composites
have been characterized by equilibrium swelling. It
is found that the crosslink density of NR composite
rises from 0.97·10–4 to 1.32·10–4 mol/cm3 after filled
5 phr MWCNTs; the crosslink density of
NR/MWCNT-PDA
composites
is
about
1.21·10–4 mol/cm3. Similar results have been reported in several literatures. Zhao et al. [31] have calculated the crosslink density according to MooneyRivlin formula, and found the crosslink density of
NR with 0.25 wt% SWCNTs was slightly higher
than that of the pure NR. They considered that the
SWCNTs played a role of physical crosslink points
in the process of vulcanization. This viewpoint could
also explain our experimental results. Since the content of MWCNTs was 5 phr (more than 0.25 wt% in

literature), the role of MWCNTs in vulcanization
was no longer the independent physical crosslink
points but the network structure formed by the combination of MWCNTs (Figure 6). The network formed
by the crosslink of rubber molecular chains interpenetrated in the network formed by MWCNTs. This is
the reason why the crosslink density of NR/MWCNT
composites increases. Besides, the rise of nc brought
by MWCNT-PDA is smaller than that of MWCNTs,
and the nc of NR/PDA is even lower than that of neat
NR. This is consistent with the result of vulcanization degree and again proves the existence of negative influence of PDA toward the crosslinking of
rubber molecular chains.

3.5. Mechanical properties
As shown in Table 4, the tensile strength of pure NR
is about 20.2 MPa. After adding 5 phr MWCNTs or
MWCNT-PDA, the tensile strength of composites
increases to 24.7 and 28.6 MPa respectively; the latter is 22% higher than the former. However, the elongation at break of the composites decreases with the
addition of MWCNTs or MWCNT-PDA. What is
noteworthy is that the stress (at certain strain) of NR
composites gets nearly twice enhancement after filling MWCNTs or MWCNT-PDA, and this remarkable increase could not be gained via adding the same
loading of carbon black or silica [32, 33]. Furthermore, the stress of NR/MWCNTs is a little above NR/

Table 4. The mechanical properties of NR, NR/MWCNTs and NR/MWCNTs-PDA
NR/MWCNTs
(100/5)
24.7±1.2
530±16
2.08±0.1
6.67±0.3
56

NR
Tensile strength
Elongation at break
Stress at 100% strain
Stress at 300% strain
Shore A hardness

[MPa]
[%]
[MPa]
[MPa]

20.2±0.7
594±23
1.09±0.3
3.47±0.2
43
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NR/MWCNTs-PDA
(100/5)
28.6±1.0
553±14
1.97±0.1
6.52±0.4
54
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MWCNT-PDA. The hardness of NR/MWCNT composites is higher than that of NR/MWCNT-PDA. For
the NR/MWCNT (5 phr) composites and NR/
MWCNT-PDA (5 phr) composites, the amount of
MWCNT-PDA is the same as that of MWCNTs, because of the presence of the PDA coating layer, there
are 4.5 phr MWCNTs in the NR/MWCNT-PDA
composites (100/5), though effective MWCNTs content of the NR/MWCNT-PDA is smaller than that of
NR/MWCNT, the tensile strength of NR/MWCNTPDA is still higher than that of NR/MWCNT.
The reasons for the different changes in mechanical
properties brought by MWCNTs and MWCNT-PDA
could be analyzed as follows: under low strains
(below 100%), there are three types of forces that
should be overcome in the process of stretching rubber composites, i.e. the restoring force of rubber molecular chains, the interactions between NR and
fillers, and the interactions of fillers-fillers. Among
them, the interactions of fillers-fillers and the restoring force of rubber molecular chains play a major
role in this process. In our research, on the one hand,
the ΔG' of NR/MWCNT composites is higher than
that of NR/MWCNT-PDA composites. So the interaction of the MWCNTs-MWCNTs is greater than the
interaction of the MWCNT-PDA-MWCNT-PDA.
On the other hand, the crosslink density of NR/
MWCNTs (5 phr) composites is higher than that of
NR/MWCNT-PDA (5 phr) composites. So the restoring force of rubber molecular chains of NR/MWCNT
composites is higher than that of NR/MWCNT-PDA
composites, because the restoring force of rubber
molecular chains is related to the crosslink density.
The higher the crosslink density, the bigger the restoring force will be. Based on the above analysis, we
can conclude that the stress of NR/MWCNTs (5 phr)
composites is higher than that of NR/MWCNT-PDA
(5 phr) composites at low strains, the Young’s modulus of NR/MWCNTs (5 phr) composites is higher
than that of NR/MWCNT-PDA (5 phr) composites
too. This is consistent with the stress-strain curve. At
high strains (above 100%), the interactions of fillersfillers is negligible because of the breakdown of
fillers-fillers network (shown in Figure 8). But the
restoring force of rubber molecular chains is the
main force to be overcome. This force is related to
the crosslink density. Therefore, the stress under high
strains of NR/MWCNT composites with high cross-

Figure 8. The stress-strain curve of the composites and pure
NR

link density is also bigger than that of NR/MWCNTPDA composites. With the gradual increase of strain,
the NR/MWCNT composites start to break first. That
is because the entanglements of MWCNTs readily
become the stress concentration points. In addition,
it is acknowledged that NR is a kind of self-reinforced polymer for the strain-induced crystallization
[34]. The higher elongation means the longer continuation of strain-induced crystallization. So, the
NR/MWCNT-PDA composites have higher tensile
strength than that of NR/MWCNT composites.

3.6. Electrical conductivity
Figure 9 shows the effect of MWCNT loading on the
electrical conductivity of NR composites. It is found
that the volume resistivity of NR composites almost
keeps the same value when the content of MWCNTs
or MWCNT-PDA is low (≤1 phr). With the increas-

Figure 9. The effect of MWCNTs content on the volume resistivity of NR composite

29

Lu et al. – eXPRESS Polymer Letters Vol.11, No.1 (2017) 21–34

ing of filler content, the resistivity starts to decrease.
But these two samples display different dropping
rates, especially at 2 phr MWCNTs content. The volume resistivity of NR/MWCNT-PDA composites
falls to about 2.7·109 Ω·cm, compared with
3.3·1013 Ω·cm of NR/MWCNT composites. When
filled with 5 phr MWCNT-PDA, the resistivity decreases abruptly by 10 orders of magnitude, and the
rubber material has changed from an insulator into
a semiconductor, which is known as percolation phenomenon. Although the 5 phr MWCNTs also can
bring a big drop in volume resistivity of NR, the electrical conductivity of NR/MWCNT-PDA is better
than that of NR/MWCNTs. On account of high aspect ratio and excellent electrical conductivity,
MWCNTs is often incorporated into rubber materials
for functionalization. Kummerlöwe [35] have found
that a percolation threshold smaller than 2 wt% CNT
was reached in the NBR/CNT composites. It is suggested that the good dispersion and the formation of
continuous network of the carbon nanotubes are the
main reasons for the sudden rise in electrical conductivity [36]. Good dispersion not only ensures the formation of fillers-fillers networks at low content, but
also is helpful to take full advantage of the property
of MWCNTs. In conclusion, the effect of MWCNTs
on the electrical conductivity of rubbers is remarkable, and the loading required is less than 5 phr.

Figure 10. The effect of MWCNTs content on the thermal
conductivity of NR composite

of MWCNTs. When filled with 5 phr MWCNTs, the
thermal conductivity increases from 0.149 to
0.190 W/(m·K), with the growth rate of 27.5%. And
the thermal conductivity of NR/MWCNTs-PDA
(5 phr) is 0.191 W/(m·K); the improvement is also
only 28.2%. The similar results also were reported
by Das et al. [36]. They have found that the thermal
conductivity of SBR-BR increased from 0.08 to
0.13 W/(m·K) after filling 4 phr MWCNTs. Gardea
et al. [39] revealed that the thermal conductivity of
epoxy increased from 0.297 to 0.313 W/(m·K) when
the content of CNTs was 0.6 wt%. As far as the upto-date study is concerned, a small amount of MWCNTs cannot dramatically improve the thermal conductivity of polymer.
The possible reasons are analyzed as follows. Firstly,
the high aspect ratio of MWCNTs is inevitably damaged under ultrasonic vibration and shear force, for
the outstanding thermal conductivity of MWCNTs
is dependent on its high aspect ratio [14]. So the thermal conductivity of MWCNTs dispersed in NR composites is less than that of the original one. Secondly,
there might be large interface thermal resistances between MWCNTs and rubber. Heat conduction in
MWCNTs and rubber is dependent on the transmission of phonon. Due to the mismatch of vibration
frequency and the imperfect contact between
MWCNTs and rubber, the phonon scattering which
hinders the heat conduction inevitably happens in the
interface [40].
In order to explore the main reason why MWCNTs
cannot significantly increase the thermal conductivity of natural rubber, a thermal conductivity model

3.7. Thermal conductivity
Generally, there are several factors determining the
thermal conductivity of filled elastomers, including
the properties of filler (shape, size and thermal conductivity), the content of filler and the thermal conductivity of matrix [37]. Since the thermal conductivity of traditional fillers is not very high (such as
alumina: 20~30 W/(m·K); boron nitride: 250~
300 W/(m·K) [38]), it is needed to fill a large number of traditional fillers for preparation polymer composites which have high thermal conductivity. But
this approach not only increases the cost of production but also reduces other performances of composites. Filling MWCNTs into polymer makes it possible to prepare a new composite with good thermal
conductivity and low filler loading. Figure 10 shows
the thermal conductivity of NR composites with different MWCNT loading. It can be seen that the thermal conductivity gradually rises with the increasing
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proposed by Nan [41] was introduced. In this model,
there were four factors that affected the thermal conductivity of the composites, which were the length
and diameter of MWCNTs, the content of MWCNTs
and the interface thermal resistance between MWCNTs and matrix. This model is based on conventional
Maxwell–Garnett (MG) approximation, and there are
two premises for its application: MWCNTs randomly disperse in a matrix, neglecting interparticle multiple scattering; the matrix/MWCNT interface is assumed to be effective for the transport of energy
across it. Its formulas are depicted by the Equations (2)
and (3):
Ke
3 + f Rb x + b z W
=
Km
3 - fb x
bx =

c -K W
2 R K11
m
,
c +K
K11
m

c =
K11

Kc
2a k Kc ,
1+ d $ K
m

a k = Rk K m

ing from 0 to 10 nm, the thermal conductivity of the
NR composites decreases by 97.93% (from 9.32 to
0.19 W/(m·K)). When the interface thermal resistance
is low (αk < 5 nm), the thermal conductivity of the
composites gets higher with the increased length of
MWCNTs. For instance, the thermal conductivity of
the NR composites increases from 0.31 to
1.17 W/(m·K) when the length of the MWCNTs increased from 200 to 1400 nm and αk is 1 nm, which
increased by 277.42%. When the interface thermal
resistance is higher(αk > 7 nm), with the increase of
the length of the MWCNTs, the thermal conductivity
of the NR composites is not significantly increased.
For instance, when αk is 10 nm, and the length of the
MWCNTs increased from 200 to 1400 nm, the thermal conductivity of the NR composites increases
from 0.16 to 0.25 W/(m·K), which only increased by
56.25%.
As shown in Figure 11, the effect of interfacial thermal resistance and the content of MWCNTs on the
thermal conductivity of composites are also discussed. The statistics of the length of carbon nanotubes in TEM images indicated that the average
value was 450 nm. Based on the study of Mingo
[42], the value of Kc could be calculated, and the result was 800 W/(m·K). The solid line in Figure 12
stands for the calculated thermal conductivity of NR
composites; the solid dot represents the experimental
value of the thermal conductivity of the composite.
It is evident that the thermal conductivity of the com-

(2)
Kc
b z = K33 - 1 ,
m
c =
K33

Kc
2a k Kc
1+ l $ K
m
(3)

where Ke is the thermal conductivity of composite,
Km is the thermal conductivity of matrix, Kc is the
thermal conductivity of filler, f is the volume fraction
c
c
and K33
are the thermal conductiviof filler, the K11
ties along transverse and longitudinal axes of a composite unit cell, αk is Kapitza radius, Rk is Kapitza
resistance, d is the diameter of CNTs, l is the length
of CNTs.
In our research, this model is used to calculate the
thermal conductivity of the composites with different interface thermal resistance and different lengths
of carbon nanotubes. The parameters used for the
calculation are listed below:
d =15 nm; Km = 0.149 W/(m·K).
When the content of MWCNTs is certain (f = 0.0315),
the effect of interfacial thermal resistance and the
length of MWCNTs on the thermal conductivity of
composites is discussed. The relationship between
thermal conductivity and length of MWCNTs is obtained based on the research of Mingo [42]. As
shown in Figure 10, when the length of the MWCNTs
is certain, the thermal conductivity of the NR composites decreases sharply with the increase of the interface thermal resistance. For instance, when the
length of the MWCNTs is 600 nm, and the αk grow-

Figure 11. The effect of interfacial thermal resistance and
the length of carbon nanotubes on the thermal
conductivity of composites, solid lines are predicted by using Equation (2) for different length
of CNTs
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conductivity by almost 28% could be achieved for
NR by incorporation 5 phr MWCNTs or MWCNTPDA. The slight improvement was mainly due to the
existence of big interfacial thermal resistance between CNTs and rubber.
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