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Abstract
Effects of aspect ratio of multi-wall carbon nanotubes (MWCNTs) on the dispersion of MWCNTs in ethylene-α-octene block
copolymer (OBC) and the properties of OBC/MWCNTs nanocomposites were studied, and two series of MWCNTs with
different aspect ratios based on the same length and the same diameter were considered. Scanning electron microscope (SEM)
and transmission electron microscope (TEM) results show that small and large agglomerates induced by intra- and inter-
entanglement of MWCNTs are present for MWCNTs with high aspect ratio having smaller diameter and larger length, respec-
tively. Rheological, electrical and tensile properties of OBC/MWCNTs nanocomposites are related to the aspect ratio and
dispersion of MWCNTs. The formation of agglomerates, especially large agglomerates, influence the network perfection,
weakening the contribution of MWCNTs to the rheology and electrical properties. The inter-entanglement shows less negative
effect on the enhancement for the modulus and strength of OBC nanocomposites, and intra-entanglement of MWCNTs shows
discounted enhancing properties. The aspect ratios of MWCNTs related to not only the length but also the diameter play the
dominant role on the dispersion in polymers and the properties of polymer nanocomposites.
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Introduction

Since defined by Iijima in 1991 [1], carbon nanotubes
(CNTs) which have a unique tubular structure with nano-
meter scale diameters and large length/diameter ratios,
have attracted great interest in academia and industry for
their practical applications. Structurally, a carbon nanotube
can be considered as a cylinder of nanoscale diameter
curled up at a certain angle by one or more layers of graph-
ite. The sp2 C-C bonds in carbon nanotubes give them

perfect mechanical performance, and it is generally consid-
ered that the mechanical performance of CNTs has
surpassed other materials we have known [2–4].
Theoretical and experimental results have demonstrated
that the Young’s modulus of CNTs is up to 1.2 TPa and
the tensile modulus is 50–200 GPa. Apart from the me-
chanical properties, electrical and thermal properties of
CNTs are also outstanding. Multi-walled carbon nanotubes
(MWCNTs) have electrical conductivity about 103–105 s/
m, and the theoretical thermal conductivity of MWCNTs is
about 3000 Wm−1 k−1 [5, 6]. Researchers have tried to
introduce MWCNTs into polymers to obtain polymer/
MWCNTs nanocomposites by various strategies, and
found that the mechanical and electrical performance of
the composites can be greatly improved, compared to pris-
tine polymers [7–15]. In this way, the polymer/MWCNTs
nanocomposites are designed and developed for various
applications such as conductive plastics, energy storage,
thermally conductive materials, and so on [16–23].

The dispersion of MWCNTs in the polymer matrix great-
ly affects the performance of polymer/MWCNTs nanocom-
posites. Studies have shown that factors such as the
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characteristics of the nanotubes and the nature of the poly-
mers, the nanotube-nanotube and the nanotube–polymer in-
teractions, and processing conditions, affect the dispersion
and the formation of networks of MWCNTs in the nano-
composites. Nanotube structural characteristics, including
aspect ratio, branching and curviness, and primary agglom-
erate morphology, affect the composites properties in terms
of nanotube dispersion behavior and network formation
ability. Krause [24] found branched carbon nanostructure
(CNS) flakes can show excellent dispersability in polypro-
pylene (PP), poly(vinylidene fluoride) (PVDF) and polycar-
bonate (PC) and branched-MWCNTs/polymer composites
always exhibited lower percolation threshold than linear-
MWCNTs/polymer composites due to the existence of junc-
tions at branching points. For linear-MWCNTs, aspect ratio
considering the influence of length or diameter usually was
studied.Wu et al. [25] investigated the relations between the
aspect ratio of MWCNTs with different lengths and the for-
mation of percolation networks in polylactide (PLA)/
MWCNTs composites. It was found that, at low loading
levels, MWCNTs with low aspect ratio are dispersed as bent
fibers or small bundles, whereas MWCNTs with high aspect
ratio are dispersed as self-entangled flocs. At high loading
levels, both are dispersed as flocs. MWCNTs with high as-
pect ratio impart more contributions to rheological and me-
chanical properties of PLA composites. Ayatollahi et al.
[26] investigated the effects of the aspect ratio of
MWCNTs with different diameters on the properties of
epoxy/MWCNT nanocomposites. It was found that epoxy
nanocomposites containing MWCNTs with smaller diame-
ter presented better electrical and mechanical properties.
MWCNTs with smaller diameter showed some agglomer-
ates, whileMWCNTswith bigger diameter exhibited a more
homogeneous distribution.

The large length of MWCNTs and nanotube-nanotube
interaction make the produced MWCNTs agglomerates,
and the primary agglomerate morphology influences
MWCNTs dispersion and distribution in the polymer and
the performances of the nanocomposites. Krause et al.
[27] studied the sedimentation of MWCNTs dispersed in
aqueous surfactant solution at different ultrasonication
treatment times to assess the dispersability of MWCNTs.
It was founded that Nanocyl™ NC7000 and Baytubes®
C150P were dispersed as single nanotubes after ultrasonic
treatment, while small agglomerates or bundles existed in
dispersions containing FutureCarbon CNT-MW and
Graphistrength® C100. Krause et al. [28] also dispersed
CNTs produced under different synthesis conditions in
aqueous surfactant solutions and investigated the sedi-
mentation behavior under centrifugation forces. The elec-
trical percolation threshold of polyamide 66/CNTs com-
posites was determined and the dispersion state of CNTs
was studied after CNTs were melt mixed in polyamide 66.

It was found that CNTs dispersed stably in aqueous sur-
factant solutions showed lower percolation threshold and
better dispersion in polyamide 66.

It also should be noted that, the MWCNTs can be
shortened during the processing [29–32]. Guo et al. [29]
investigated the effects of MWCNTs aspect ratio on the
electrical, and mechanical properties of the PC/MWCNTs
composites melt mixed in a twin-screw conical micro
compounder. It was found that, at such high aspect ratio
313 and 474, the electrical percolation thresholds of the
composites were independent of the aspect ratio prior to
melt mixing, due to the nanotubes were broken to the
same average length. Menzer et al. [32] studied the influ-
ence of ball milling on the structural characteristics of
MWCNTs and compared the dispersion and percolation
threshold of MWCNTs before and after treated by ball
milling in melt mixed nanocomposites using a maleic an-
hydride modified isotactic polypropylene as matrix. Ball
milling made as-synthesised nanotubes be reduced in the
length by half and their primary agglomerates be
compacted significantly. It was suggested that electrical
and rheological percolation thresholds of the composites
containing the as-synthesised MWCNTs with longer
length were lower than those treated by ball milling.

As viewed from application in the engineering fields,
the effect of aspect ratio on the properties of the nano-
composites are not studied thoroughly and some confuses
are still unsolved. Do the MWCNTs with high aspect ra-
tios always impart more contributions to properties of the
nanocomposites despite the agglomerates of MWCNTs?
How the aspect ratios influence the properties of the nano-
composites when MWCNTs with different lengths and
diameters are used simultaneously?

In our previous work, MWCNTs can achieve homogeneous
dispersion in the form of single MWCNT in ethylene-α-octene
block copolymer (OBC) by melting processing, possibly due
to the different affinities of MWCNTs towards the soft and
hard blocks of OBC [33, 34]. The phenomenon of homoge-
neous distribution of MWCNTs can also be observed in other
polymer bymelting processing [35, 36]. In this work, the effect
of aspect ratio on the dispersion of MWCNTs in OBC and the
rheological, electrical and tensile performances of OBC nano-
composites were studied, and two series of MWCNTs with
different aspect ratios based on the same length and the same
diameter were considered. The results show that the dispersion
of MWCNTs is greatly influenced by the nanotube-nanotube
and the nanotube-polymer interactions depending on the as-
pect ratios of MWCNTs related to not only the length but also
the diameter of MWCNTs. The rheological, electrical, and
tensile properties of the nanocomposites depend on not only
the aspect ratios of MWCNTs, but also the dispersion state.
This work is hopeful to provide guidance for the preparation of
conductive and enhanced thermoplastic elastomers.
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Experimental section

Materials

OBC (Infuse 9807), with a density of 0.866 g/cm3 and melt
flow rate of 15 g/10 min, was purchased from Dow Chemical
Co. (Midland, MI, USA). MWCNTs (XFM01, XFM13,
XFM16, XFM25) were purchased from XFNANO Inc.
(Nanjing, China), and MWCNTs (TNIM-3) were purchased
from Chengdu Institute of Organic Chemistry, Chinese
Academy of Sciences (Chengdu, China). The density of
MWCNTs is 2.1 g/cm3. The information of MWCNTs stem-
ming from the providers are listed in Table 1, and the aspect
ratio was calculated from the mean values of the length and
diameter. The primary morphology of MWCNTs were shown
in Fig. S1.MWCNTswere usedwithout further treatment, and
the surface chemistry of all MWCNTs is similar.

Sample preparation

OBC and MWCNTs were melt compounded in an internal
mixer (XSS-300, Shanghai Kechuang Rubber Plastics
Machinery Set Ltd., China) with a rotor speed of 50 rpm at
150 °C for 8 min. After compounding, OBC nanocomposites
were compression molded into sheets at 150 °C for 10 min
under the pressure of 10 MPa. All the preparation processes
were the same except for the type and content ofMWCNTs, as
the process could influence the morphology and distribution
of MWCNTs. [37] The prepared nanocomposites were
marked as SL-x-y or SD-x-y based on the characteristic of
MWCNTs, where SL means the same length and SD means
the same diameter, x represents the aspect ratio and y repre-
sents the content of MWCNTs.

Characterization

Dispersion of MWCNTs

The dispersion of MWCNTs in OBC was characterized
with a JEOL JSM-5900LV scanning electron microscope
(SEM, Japan) at an accelerating voltage of 20 kV and a

transmission electron microscope (TEM, Philips CM120)
equipped with a field emission gun (FEG) operating at
200 kV. For SEM characterization, the compression
molded samples were cryo-fractured in liquid nitrogen,
and the cross-section were coated with gold before the
observation. For TEM characterization, ultrathin sample
sections with a thickness of 50–100 nm were cut by a
Leica EM UC6 ultramicrotome (Leica Microsystems,
Wetzlar, Germany) at −120 °C form the cross-section of
compression molded plates before observation.

Rheological measurements

Rheological measurements were carried out on a stress-
control led rotat ional rheometer (AR2000EX, TA
Instruments, USA) in a dynamic frequency sweep from 0.01
to 100 Hz at a strain of 1%within the linear viscoelastic region
at 150 °C. The compression molded plates with the thickness
of 1.5 mm and the diameter of 25 mm were used for test.

Electrical conductivity

Electrical volume resistivity measurements were performed
using a 2400 SourceMeter® (Keithley Instruments, Inc.,
Ohio, USA) combined with a test lead kit Model 1754
(Keithley Instruments, Inc., Ohio, USA) for resistivity values
lower than 106 Ohm. A high-resistivity meter (ZC36,
Shanghai Precision Instruments Co., Ltd. China) was used
for values higher than 106 Ohm. The compression molded
rectangular sheets with the dimensions of 30 mm× 10 mm×
2 mm (both sides of the samples were coated with silver paste
to reduce the contact resistance) were measured by the digital
multi-meter and the circle wafers with the diameter of 150 mm
and the thickness of 1.2 mm were measured by the high-
resistivity meter. At least five samples were tested for each
measurement and the average results were reported.

Tensile tests

Tensile tests were conducted on a universal tensile instru-
ment (Model 5967, Instron Instrument, USA) at a cross-
head speed of 100 mm/min at room temperature with a
gauge length of 10 mm. The dumb-bell samples with the

Table 1 Information of the used
MWCNTs Same length (SL) Same diameter (SD)

XFM01 XFM13 XFM25 TNIM-
3

XFM13 XFM16

Length (μm) 10–30 10–30 10–20 20–100 10–30 0.5–2

Diameter (nm) ≤8 10–20 30–50 10–20 10–20 10–20

Aspect ratio 2500 1300 375 4000 1300 80
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dimensions of 25 mm × 2 mm × 1 mm cutting from
pressed plates were used. At least five samples were test-
ed and the average results were reported.

Results and discussion

Dispersion of MWCNTs

Before melt mixing with OBC, the primary morphology of
MWCNTs in Fig. S1 shows that all of MWCNTs exhibit bird
nest structure. The SEM images of OBC nanocomposites con-
taining MWCNTs with different aspect ratios based on the
same length and the same diameter are shown in Fig. 1. At
low loading of 1.0 vol%, homogeneous distribution of
MWCNTs can be observed for MWCNTs with different as-
pect ratios based on the same length and the same diameter,
and only very few small agglomerates appear in SL-2500-1.0,
possibly due to that MWCNTs with high aspect ratios and
small diameters behave high flexibility and are hard to untan-
gle even under the action of shear force. At high loading of
4.5 vol%, for MWCNTs with high aspect ratio, small agglom-
erates and large agglomerates as the yellow circles marked
appear in SL-2500-4.5 and SD-4000-4.5, respectively (Fig.

1b and h). With the aspect ratio reducing, homogeneous dis-
tribution of MWCNTs are presented in SL/SD −1300-4.5 and
SL-375-4.5, and small agglomerates appear in SD-80-4.5.
Moreover, MWCNTs in SL-375-4.5 and SD-80-4.5 seem to
detach from the OBC matrix as marked by the red circles in
Fig. 1d and j, probably owing to that rigid MWCNTs with low
aspect ratios show weaker interactions with polymer matrix
compared to MWCNTs with high aspect ratios [26]. The
above-mentioned effect of difference in diameters of
MWCNTs on the dispersion is consistent with the results of
Ayatollahi et al. [26].

TEM observation was carried out to further reveal the dis-
persion of MWCNTs. Figures 2 and 3 shows TEM images of
OBC nanocomposites containingMWCNTs with different as-
pect ratios based on the same length and the same diameter.
For MWCNTs with high aspect ratios, the agglomerates of
MWCNTs as marked by the yellow circles are observed for
SL-2500-2 and SD-4000-2 as shown in Fig. 2a and d. For SL-
2500-2, self-curled MWCNTs as shown in Fig. 3a are dis-
persed homogeneously in the OBC accompanied with some
small agglomerates. The curled MWCNTs can provide con-
tact points between small agglomerates ofMWCNTs. For SD-
4000-2, MWCNTs are dispersed as randomly bent fibers, and
entangle with each other to form large bundles in Fig. 3d. The

Fig. 1 SEM images of (a) SL-2500-1.0, (b) SL-2500-4.5, (c) SL-375-1.0, (d) SL-375-4.5, (e) SL-1300-1.0, (f) SL/SD-1300-4.5, (g) SD-4000-1.0, (h)
SD-4000-4.5, (i) SD-80-1.0, (j) SD-80-4.5
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Fig. 3 Amplified TEM images of (a) SL-2500-2, (b) SL/SD-1300-2, (c) SL-375-2, (d) SD-4000-2, (e) SD-80-2. The red lines represent the MWCNTs
morphology. The scale is 200 nm. The morphology and distribution of MWCNTs are marked to guide the eye by red lines

Fig. 2 TEM images of (a) SL-2500-2, (b) SL/SD-1300-2, (c) SL-375-2, (d) SD-4000-2, (e) SD-80-2. The yellow circles indicate the MWCNTs
agglomerates
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locally bridged network can be formed by closely inter-
entangledMWCNTs as shown in Fig. 3d.With the aspect ratio
reducing, MWCNTs are dispersed mainly as independent in-
dividuals, and the bridge of MWCNTs locally can form the
loose interconnecting structure for SL/SD-1300-2 as shown in
Fig. 2b and 3b. The observed homogeneous distribution of
SL/SD-1300 in OBC is well consistent with our previous re-
sults [34]. For SL-375-2 and SD-80-2, MWCNTs tend to be
straight and aligned as stiff fibers as marked by the dashed
lines as shown in Fig. 3c and e, indicating a dilute or semi-
dilute state with far lower volume fraction than that of
MWCNTs with high aspect ratios. The bridge between
MWCNTs is hard to be observed for SL-375-2, and the con-
nection of MWCNTs also cannot be formed for SD-80-2
though the MWCNTs agglomerates occur locally in Fig. 2c
and e. These results are well consistent with the SEM results,
demonstrating that the agglomerates of MWCNTs can occur
for not only MWCNTs with high aspect ratios, but also those
with low aspect ratios, depending on the complex interactions
between nanotube-nanotube and the nanotube-polymer.

Figure 4 describes the dispersion of MWCNTs with differ-
ent aspect ratios schematically. The dispersion ofMWCNTs in
polymer composites is influenced by the nanotube-nanotube
and the nanotube-polymer interactions and nanotubes them-
selves. MWCNTs with high aspect ratios behave strong
nanotube-polymer interactions maybe due to larger interface
between single MWCNT and polymer matrix, beneficial for
the dispersion of MWCNTs and the construction of networks
in polymer matrix. Moreover, the dispersion also is affected
by the nanotube-nanotube interactions. MWCNTs with high
aspect ratio and smaller diameter have strong intra-
entanglement due to the high flexibility of MWCNTs, and

are dispersed as self-entangled flocs in SL-2500 as shown in
Fig. 4a. Homogeneously dispersed MWCNTs as independent
individuals can form the loose interconnecting structure in SL/
SD-1300 as shown in Fig. 4b. The low aspect ratios of
MWCNTs makes the bridging of MWCNTs hard for SL-375
in Fig. 4c. MWCNTs with high aspect ratio and larger diam-
eter have inter-entanglement among themselves, and large ag-
glomerates are formed locally in SD-4000 in Fig. 4d. The
weak nanotube-polymer interactions possibly resulting from
reduced interface between single MWCNT and polymer ma-
trix, leads to the local MWCNTs agglomerates occurring for
MWCNTs with low aspect ratio in SD-80 in Fig. 4e.

Rheological behavior

Rheological measurements can be utilized to analyze the
filler-polymer and filler-filler interactions and the dispersion
of MWCNTs in polymer/MWCNTs composites [34, 38, 39].
To reveal the network formation and dispersion of MWCNTs
in OBC nanocomposites, dynamic rheological behavior were
measured at 150 °C and the results are shown in Fig. 5.

Figure 5a shows the frequency dependence of the storage
modulus (G’) for OBC nanocomposites containingMWCNTs
with different aspect ratios based on the same length. At low
frequencies, the storage modulus of OBC nanocomposites are
higher than pure OBC obviously. The slopes derived in the
terminal region of lgG’-lgω curve of pure OBC, SL-2500-2,
SL-1300-2 and SL-375-2 are 0.943, 0.427, 0.484 and 0.885.
The decrease of the slopes indicates that the long-range mo-
tions of the polymer chains are restrained in the presence of
MWCNTs [40, 41]. The slopes decrease as the aspect ratio
increasing at low loading of 2.0 vol%, which demonstrates

Fig. 4 Schematics of distribution of MWCNTs at the content of 2 vol% in (a) SL-2500, (b) SL/SD-1300, (c) SL-375, (d) SD-4000 and (e) SD-80. The
solid lines and curves represent MWCNTs; the light blue background represent the OBC matrix; the red circles represent the agglomerates
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that the network of MWCNTs with high aspect ratio in OBC
nanocomposites is better developed than that of MWCNTs
with low aspect ratio, then a more effective restraint of
large-scale polymer relaxations appears in OBC nanocompos-
ites containing MWCNTs with high aspect ratio.

Figure 5b gives the relationship between the loss tangent
(tanδ) for OBC nanocomposites containing MWCNTs with
the same length at different contents with oscillatory frequen-
cy. Tanδ is used to characterize the viscoelasticity of a mate-
rial, and lower tanδ means that the composite is exhibiting
more solid-like behavior. It is observed that the addition of
MWCNTs induces the decrease of tanδ in Fig. 5b, indicating
that the nanocomposites transform from liquid-like to solid-
like state [42]. Tanδ decreases as the aspect ratio increases at
low loading of 2.0 vol%, even the tanδ of SL-2500-2 is lower
than 1, consistent with the results of storage modulus, reveal-
ing a more densely packed network in the composites contain-
ing MWCNTs with high aspect ratio. The MWCNTs with
high aspect ratio are dispersed as randomly bent fibers and

self-entangled flocs, presenting larger hydrodynamic radius
than that of the MWCNTs with low aspect ratio due to their
very high aspect ratio, which is responsible for higher effec-
tive volume fraction and stronger rheological responses of
their composites.

With the MWCNTs loading increased to 8.0 vol%, the
slopes derived in the terminal region of lgG’-lgω curve
decreases and the G’ is almost independent of frequency
at low frequencies, which is indicative of a transition of
liquid-like to solid-like behavior [43, 44]. This nonterminal
low frequency behavior is regarded to be resulted from the
formation of MWCNT network as the loading of
MWCNTs increases, which restrains the long-range mo-
tion of the polymer chains. Moreover, it is noted that G’
of SL-1300-8 is higher than that of SL-2500-8 though the
latter has higher aspect ratio, indicating that the formation
of agglomerates induced by self intra-entangled MWCNTs
as shown by SEM and TEM observations, influences the
network constructing at high MWCNTs loading.

Fig. 5 (a) The storage modulus and (b) the loss tangent as a function of
frequency for OBC nanocomposites containing MWCNTs with different
aspect ratios based on the same length at different contents. (c) The

storage modulus and (d) the loss tangent as a function of frequency for
OBC nanocomposites containing MWCNTs with different aspect ratios
based on the same diameter at different contents
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Rheological behavior of OBC nanocomposites containing
MWCNTs with different aspect ratios based on the same di-
ameter are shown in Fig. 5c and d. At low and high loading
MWCNTs, G’ of SD-4000 is lower than that of SD-1300, also
indicating that the formation of large agglomerates in SD-
4000 as shown in SEM and TEM influences the development
of network seriously. On the other hand, the MWCNTs in SD-
4000 may be likely to break or shorten during mixing due to
their large length, also causing the storage modulus of SD-
4000 to be lower than those of SD-1300. From Fig. 5d, SD-
1300 behaves more solid-like than SD-4000 and SD-80 at low
and high loading of MWCNTs, due to the network in SD-
1300 is well developed. These results are well consistent with
the results of storage modulus.

Electrical properties

Figure 6a and c depict the conductivity (σ) as a function of the
content of MWCNTs in OBC nanocomposites containing

MWCNTs with different aspect ratios based on the same
length and the same diameter. The conductivities of the com-
posites increase with increased content of MWCNTs. The
sudden change of conductivities appeared in the nanocompos-
ite is generally described by a scaling law according to clas-
sical percolation theory [45–47] shown in Eq. (1),

σ ¼ σ0 Ф−Фcð Þt ð1Þ
where σ0 is a scaling factor, σ is the electrical conductivity of
nanocomposites, t is the critical exponent revealing the dimen-
sionality of the conductive networks,Ф is the volume content
of MWCNTs, andФc is the threshold of the electrical conduc-
tivity percolation. In order to get an estimate for Фc and the
critical exponent t; the electrical conductivity data for Ф >Фc

were fitted according to Eq. (1).
The electrical conductivity percolation threshold, Фc, of

conductive nanocomposites can be determined through fitting
of the classical percolation theory to the experimentally ob-
tained conductivity [48–50], as shown in Fig. 6b and d. SL-

Fig. 6 (a) Log σ as a function of the content of MWCNTs and (b) a log-
log plot of conductivity versus Ф-Фc and the fitting of the experimental
results with the percolation law of OBC nanocomposites containing
MWCNTs with different aspect ratios based on same length. (c) Log σ

as a function of the content of MWCNTs and (d) a log-log plot of con-
ductivity versusФ-Фc and the fitting of the experimental results with the
percolation law of OBC nanocomposites containing MWCNTs with dif-
ferent aspect ratios based on the same diameter
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2500 and SL-1300 have the same percolation thresholds of
2.9 vol% which is relatively low, and the electrical conductiv-
ity of SL-2500 is higher than that of SL-1300 at the same
content in Fig. 6a and b. Generally, the percolation threshold
decreases with the aspect ratio of MWCNTs increases [47]
and the results are consistent with those of Menzer et al.
[32]. In Fig. 6c and d, the percolation threshold of SD-4000
is even higher than that of SD-1300. This contradiction im-
plies that the formation of agglomerates, especially large ag-
glomerates in SD-4000 influence the perfection of network,
weakening the constructing of electrical network. It is obvi-
ously that the electrical conductivity of SL-4000 is actually
lower than that of SL-1300 at the low content of MWCNTs.
SL-375 and SD-80 present high percolation threshold, due to
theMWCNTs with low aspect ratios, which tend to be straight
and aligned as stiff fibers, are hard to form network locally and
present poor conductivity for the composites. SL-375 has high
percolation threshold than SD-80, due to even the locally
connecting MWCNTs cannot be observed for SL-375 as
SEM and TEM results shown in Figs. 1 and 2.

Tensile properties

The uniaxial stress-strain curves for all OBC/MWCNTs com-
posites can characterize several of the tensile properties of
typical thermoplastic elastomers, such as the diffused yielding
point, strain-hardening at the late stage and large strain at

break as shown in Fig. S2. The pure OBC shows lower stress
at a certain stretching. With the addition of MWCNTs and the
increased content of MWCNTs, stress at a certain stretching
increases. The average values of the important tensile param-
eters are plotted versus the content of MWCNTs in the OBC
nanocomposites containing MWCNTs with different ratios
based on the same length and the same diameter in Fig.7.
From Fig.7d and e, the improvement for Young’s modulus
and stress at 300% increases with the aspect ratios of
MWCNTs increasing, indicating that MWCNTs with higher
aspect ratio are beneficial for enhancing the modulus and
strength of OBC nanocomposites due to the stronger
nanotube-polymer interactions. The reinforcement role of
MWCNTs depends on the load transfer from the matrix to
MWCNTs and the interfacial strength. Stronger interface in-
teraction leads to a better load transfer, which causes improved
tensile properties. It is noted that though the agglomerates
consisting of inter-entangled MWCNTs exist in SD-4000,
and this inter-entanglement of MWCNTs has less effect on
the nanotube-polymer interactions maybe due to the
MWCNTs still can be wetted by polymer matrix, then show-
ing less negative effect on the enhancing for the modulus and
strength of the nanocomposites. In Fig.7a and b, Young’s
modulus and stress at 300% stretching for SL-1300 are higher
than those of SL-2500, though the latter has higher aspect
ratio. This is possibly due to the intra-entanglement among
curled MWCNTs reduce the effective aspect ratio, showing

Fig. 7 (a) Young’s modulus, (b) stress at 300% stretching and (c) elon-
gation at break of OBC nanocomposites containing MWCNTs with dif-
ferent aspect ratios based on the same length. (d) Young’s modulus, (e)

stress at 300% stretching and (f) elongation at break of OBC nanocom-
posites containingMWCNTswith different aspect ratios base on the same
diameter
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discounted enhancing properties of nanocomposites. From
Fig. 7c, the elongation at break decreases with the aspect ratios
of MWCNTs increasing, demonstrating that the agglomerates
or the bridged network of MWCNTs can cause concentrated
stress and mechanical damage. It is also can be observed form
Fig. 7f, the agglomerates of MWCNTs induces the elongation
at break to decline rapidly for SD-4000 and SD-80.

Conclusions

MWCNTs with different aspect ratios were dispersed in OBC
to prepare elastomeric composites through melt mixing. The
effect of aspect ratios on the filler dispersion and properties of
nanocomposites were investigated. The MWCNTs with high
aspect ratio are beneficial for the dispersion of MWCNTs in
polymer matrix. However, theMWCNTswith high aspect ratio
and smaller diameter have strong intra-entanglement in them-
selves, and are dispersed as self-entangled agglomerates. The
MWCNTs with high aspect ratio and larger diameter have
inter-entanglement among themselves, and large agglomerates
are formed locally. Rheological and electrical properties show
that theMWCNTs with high aspect ratios tend to form network
structure, but the formation of agglomerates weakens the con-
structing of rheological and electrical networks. MWCNTs
with low aspect ratios tend to straighten and align as stiff fibers,
and are hard to form network locally, presenting poor conduc-
tivity of composites. Furthermore, MWCNTs with high aspect
ratio are beneficial for enhancing the modulus and strength of
the OBC nanocomposites, but the intra-entanglement of
MWCNTs shows discounted enhancing properties. This paper
provides the guideline for the preparation of nanocomposites
containing the MWCNTs with different sizes, paving the way
to the diversified conductive elastomeric composites.
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