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R
einforced rubber composites are
widely used as sealing materials in
reservoir evaluation as well as in oil

production under harsh conditions. An ex-
cellent sealant material has to have not only
sufficient hardness and strength but also
appropriate flexibility as well as excellent
structural stability under temperatures and
pressures such as 175 �C and 135 MPa,
typical conditions in present common
wells.1 The demand for oil resources has
become one of themain factors threatening
the stability of the global economy. Cur-
rently, increasing oil exploration and pro-
duction in much deeper wells is one of the
most effectivemethods to relieve the global
energy crisis until the development of a
silver bullet in alternative energy.2 Exploring
these deeper areas will demand novel and
robust sealant materials for joining adjacent
modules consisting of sensors and mea-
surement instruments. Rubber sealants, or
O-rings, are especially key components in
the exploration and production of oil in
deeperwells, which reach high temperature
and pressure reservoirs.
To improve durability and strength of

rubber materials, extensive use of nano-
sized filler has been studied since the small
size and increased surface area provide
improved mechanical properties with low
filler loadings. Fillers of various morpholo-
gies, including spherical particles such as
carbon black3,4 and silica particles,5 layers
such as clay6,7 and graphene,8,9 and carbon
nanotube (CNT) fibers such as single-wall or
multiwall carbon nanotubes (SWNTs or
MWNTs),10,11 have been adopted as reinfor-
cing material in rubber matrices. Great pro-
gress has been made on CNT-reinforced

rubber composites because of the high
aspect ratio of CNTs aswell as their excellent
physical properties.12,13 However, filler dis-
persion and binding interaction between
the matrix and the filler have been seen to
seriously influence the mechanical proper-
ties of the composite.
Different techniques have been used to

attempt to optimize dispersion or bring
some adhesion between CNTs andmatrices,
thus enabling effective stress transfer at the
interface. However, the mechanical im-
provement brought about by incorporation
of CNTs remainsminor. Recently, Endo et al.1

developed a milling process at low tem-
perature to accomplish the homogeneous
dispersion of MWNTs in the matrix rubber
and in the future to achieve enhanced
elasticity and shear force. Such process
allowed us to disperse a high concentration
of MWNTs homogeneously within the
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ABSTRACT High-performance sealants using rubber composites containing multiwalled carbon

nanotubes (MWNTs) were developed in order to probe and excavate oil in deeper wells. However, the

stress�strain behavior and the reinforcing mechanism of highly concentrated MWNT/rubber

composites subjected to large deformation remain largely unexplored. Here we report on the

complete stress�strain relationships of MWNT/rubber composites under uniaxial tension before

rupture, with a suggestion of a novel reinforcement effect of high concentration of MWNTs. A

theoretical model is developed to understand the reinforcing mechanism and estimate the

mechanical properties of MWNT/rubber composites under large deformation. We have demonstrated

that persistence length and reorientation of MWNTs during stretch have a significant impact on

mechanical properties, such as the modulus of the rubber composite. These results provide

guidelines for developing MWNT-reinforced composites to achieve desired nonlinear and extreme

mechanical performance for a wide range of applications.

KEYWORDS: rubber nanocomposites . carbon nanotubes . sealant . mechanical
property
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rubber matrix and thus to induce cellular structure,
thereby resulting in 3 order enhancement of the
storage. Moreover, derived O-rings are able to with-
stand at a 100 �C higher temperature and at a 70 MPa
higher pressure, as compared to the currently used
O-rings. However, the mechanical properties of such
rubber composites as well as the reinforcing mechan-
ism of tubes under larger deformation remain largely
unexplored.
In this paper, we investigate the uniaxial tensile large

deformation behavior of MWNT/natural rubber (NR)
nanocomposites made using an explicit micromecha-
nical model14 with various volume fractions of MWNTs.
Highly nonlinear stress�strain relationships of MWNT/
NR composites are obtained up to their respective
rupture at tensile strains of 150 to 400%. Furthermore,
a theoretical model for MWNT/NR composites is devel-
oped to understand the underlying enhancement
mechanisms under large deformation; the model in-
dicates that the orientation evolution of MWNTs and
the persistence length play a significant role in the
macroscopic mechanical response. The predicted
stress�strain behaviors using this model agree well
with the experimental observations. The model sug-
gests that increasing persistence length of MWNTs is a
useful way to enhance the modulus and hardening
behavior of rubber composite, which is consistent with
the experimental results.

RESULTS AND DISCUSSION

Experimental Results. Two types of typical fillers,
MWNT1 with a mean diameter of d = ∼13 nm and
length of L = ∼20 μm and MWNT2 with a mean
diameter of d = ∼15 nm and length of L = ∼10 μm,
were prepared by catalytic chemical vapor deposition
(CCVD).15,16 MWNT2s are relatively straighter than
MWNT1s. Figure 1a�c shows typical transmission elec-
tronmicroscopy (TEM) images of producedMWNT1s in
rubber matrix containing 5, 9, and 16 wt % MWNT1s,
respectively. Typical TEM images of the produced
MWNT2-filled rubber nanocomposites (Figure 1d�f)
depict the tortuous configurations of MWNTs after
milling and their homogeneous dispersion in the
composites. To further investigate the 3Dmorphology,
the configurations of the MWNT2-filled rubber com-
posite have also been investigated using 3D images
with detailed information, as shown in Figure 1g�i,
which are obtained by 3D-TEM.17 It is now evident
that the MWNTs formed the 3D network structure in
the NR matrix. The MWNT's networks and the inter-
facial region which would be formed around MWNTs
divide the NR matrix into small units, which is like a
cellular structure. It assumed that the NR matrix was
confined in the cells. The number of the cellular
structure increases as the content of the MWNTs
increases.

Figure 1. (a�c) TEM images of the producedMWNT/rubber composites containing 5, 9, and 16wt%ofMWNT1s, respectively.
(d�f) TEM images of the produced MWNT/rubber composites containing 5, 9, and 16 wt % MWNT2s, respectively. (g�i)
Corresponding 3D images ofMWNT2s in 5, 9, and 16wt%MWNT2/rubber composite. The thickness of each sample is 130 nm.
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Uniaxial tensile testing was conducted on both
MWNT1- and MWNT2-filled rubber composites with
standard dumbbell #6 test pieces (ISO 37) using a
universal testing machine AG-X (SHIMADZU) at an
operation temperature of 23( 2 �C. The tensile loading
speed was 500 ( 50 mm min�1. The measured
stress�strain curves for these two types of rubber
composites with various MWNT concentrations are
plotted in Figure 2a,b, respectively. Figure 2 shows an
increase of both tangent modulus (the curve slopes)
and strength (the stresses at rupture) at a given strain
as the weight of MWNTs increases in the composites.
The rupture elongations decrease as the weight of
MWNTs increases. Note that MWNT2s show compara-
tively better enhancements than MWNT1s in the
composite.

To study the effect of MWNT concentration, the
storage modulus was measured by dynamic mechan-
ical analysis (DMA) using equipment SII DMS6100 at
room temperature at 1 Hz and strain about 0.1%, per
ISO 6721-4. The electrical volume resistance at room
temperaturewasmeasured usingHiresta-UP for higher
than 1 � 106 Ω 3 cm per ISO 2951 (dual rings method)
and Loresta-GP for lower 1 � 106 Ω 3 cm per ISO 2827
(four-point probes method); both pieces of equipment
weremade byMitsubishi Chemical Co. for MWNT1 and
MWNT2 rubber composites. As expected, the storage
modulus for the two types of rubber composites

increases as the MWNT concentration increases
(Figure 3). For 37 wt % MWNT composites, the storage
modulus reaches ∼940 MPa, which is about 3 orders
of magnitude higher than that of the pure rubber.
This trend can also be seen from the initial slope of
stress�strain curves in Figure 2a,b. Interestingly, the
electrical volume resistance of the composites drops
dramatically over 13 orders of magnitude and down to
less than 1 Ω 3 cm as the MWNT concentration in-
creases to 30%. MWNT concentration of 9 to 16 wt %
is a transition range inwhich both the storagemodulus
and the electrical volume resistance undergo rapid
change. This phenomenon was reported before and
proposed to be a result of the formation of cellular
structures of carbon nanotubes.1

Moreover, the tangent modulus of rubber compo-
sites changes depending strongly on the applied
strain, which can be observed in Figure 2a,b for various
MWNT concentrations. When the strain is below 1%,
the two MWNT/NR composites have a linear response
in the stress�strain curve, showing an increase of
tangent modulus for higher MWNT concentrations.
When the applied tensile strain reaches a critical point,
∼1%, all stress�strain curves yield to a steady value. In
other words, the tangent modulus decreases rapidly
after this critical strain, which implies that the rein-
forced cellular structure is followed by a pro-
bable network loosening/breakdown process upon
stretching.

Theoretical Model. As shown in Figures 2 and 3, the
cellular structure formed by a MWNT network and
occluded NR has a tremendous reinforcement effect
on enhancing the storage modulus of NR matrices.
However, upon stretching, the tangent moduli for all
MWNT/NR nanocomposites of various concentrations
in our experiment decrease rapidly over a strain of 1%.
We propose that the cellular structure goes through a
loosening/breakdown process during stretching and
then the main supporting fillers are MWNTs that are
highly curved and break away from the network.

Figure 2. Experimentally measured stress�strain response
of the MWNT/NR composites under uniaxial tension. (a)
MWNT1/NR composite and (b) MWNT2/NR composite. The
inset in (a) shows a magnified view of NR stress�strain
curve.

Figure 3. Experimental results of volume electrical resis-
tance measured at room temperature and the storage
modulus for both MWNT1- and MWNT2-filled NR nano-
composites as a function of the concentration of MWNTs.
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To estimate the effective linear elastic properties of an
inclusion/matrixpatterncomposite, severalmicromechan-
icalmethodshavebeenestablishedwithagreat success.18

For strain-related nonlinear elastic properties, thesemeth-
ods are also applicable for estimation of tangent elastic
tensors (linear property) based on instantaneous config-
uration. IffillerMWNTsare straight, elastic properties could
beobtainedbymaturemicromechanicalmethods such as
interaction direction deviation (IDD)14 or Mori�Tanaka
method.19However, as shown inFigure 1,MWNTsasfillers
in tested samples are seriously tortuous because of their
large aspect ratio (ratio of lengths to diameter), defects,
and milling procedures. The tortuous configuration
strongly decreases a MWNT's physical properties, such
as conductivity20�22 and elastic modulus.23 In polymer
science, people use persistence length to define the
length over which correlations in the direction of the
tangent are lost.24 In consideration that the bending part
of MWNTs cannot pass loading efficiently, according to
the definition of persistence lengths lsp in polymer
science24 and experimental observation on MWNTs,25

each long tortuous MWNT is equivalent to several short
rigid MWNTs with length lsp. Thus the entire composite
can be treated as short rigid MWNTs with lsp dispersed
randomly in the NR matrix (see Figure 4).

As we know, the elastic properties of a material can
be depicted by compliance tensor S or stiffness tensor
C, which link stress and strain with the relationship

ε ¼ Sσ , σ ¼ Cε,S ¼ C�1 (1)

Here, to obtain the elastic compliance/stiffness tensor
of the MWNT/NR composite, the IDD estimation14 is
applied because it has an explicit structure and con-
siders the strong interaction between inclusions. Here
the effective linear compliance tensor of composite S*
can be expressed as a function of the aspect ratio and
distribution of MWNTs as follows:14

S� ¼ S0 þ [I �
Z

φ(ψ, θ,j)Hd(ψ,θ,j)C0(I � ΣD(ψ, θ,j))dg]�1Hd

Hd(ψ, θ,j) ¼ f ((S(ψ,θ,j) �S0(ψ, θ,j))�1þC0(I � Σ(ψ,θ,j)))�1

Hd ¼
Z

φ(ψ,θ,j)Hd(ψ, θ,j)dg ð2Þ

where C0 and S0 are the stiffness and compliance tensors
of the NR matrix, S(ψ, θ, j) and Σ(ψ, θ, j) are the elastic

compliance and Eshelby's tensors of a MWNT, I is the
fourth-order identity tensor, and (ψ, θ, j) are the Euler
angles.26 In the integration, dg= sinθdθdjdψ, the angle
θ takes value from0 toπ,j andψ take value from0 to2π,
Σ(ψ,θ,j) and ΣD(ψ,θ,j) denote the Eshelby's tensor of
MWNTs and their corresponding matrix atmosphere,
which reflects the interaction between the MWNTs
and the surrounding ones. The Eshelby's tensor of
MWNTs is a function of the aspect ratio p (the ratio of
lsp to the MWNT diameter d) as well as the Poisson's
ratio (v0) of the matrix material. Replace p with the
aspect ratio of matrix atmosphere q, andΣD(ψ,θ,j) is
obtained. (In this paper, q is adopted as q = pf1/2).
The detailed form of Σ(ψ,θ,j) for a lsp long straight
MWNT can be found either in Supporting Informa-
tion or in the literature.27 The distribution function
φ(ψ,θ,j) denotes the density of MWNT numbers
with Euler angles, and f is the volume fraction of a
single MWNT with the persistence length lsp. The
relationship between volume fraction vol % f in eq 2
and mass fraction wt % w are related as f = (w/
FMWNT)/(w/FMWNT þ (1 � w)/FNR), where FMWNT and
FNR are the density of MWNT and NR, respectively.

When stretching the composites in the x3 direction,
with other directions of the material remaining free,
the strain and stress components in the x3 direction
can be expressed as

ε33 ¼ S
�
3333σ33 ð3Þ

where (S3333* )�1 is the tangent modulus E* (slope
ratio of the stress�strain curve) according to instan-
taneous strain state and structure configuration
(dispersion and persistence length of MWNTs). Con-
sidering the distribution function and persistence
length lsp at each stretching stage, the tangent
moduli at different certain strains are obtained.
Correspondingly, the stress�strain curve can be
predicted, as well, by means of the integral of the
tangent moduli on strain.

In eq 2, we treat the mechanical properties of NR in
a simple way. Rubber exhibits unique elastic behavior,
and it is often modeled as hyperelastic material by
various strain energy functions proposed in the
literature.28�32 However, since rubber is comparably
very soft with tangent elastic moduli of 6 orders of
magnitude smaller than those of MWNTs, the stiffness
tensor of the NR is roughly treated to be isotropic, with
the Young's modulus equal to the tangent modulus of
NR under corresponding uniaxial tensile strain. More-
over, since rubber is almost incompressible (Poisson's
ratio ν0 ≈ 0.5), the MWNT/NR composite is also
deemed incompressible because the MWNT has much
higher stiffness than NR.

The persistence length of the MWNT (corresponding
aspect ratio) and the distribution density function φ

are two crucial parameters to the effective elastic

Figure 4. Schematic of a rubber composite containing
randomly dispersed and curved MWNTs, which is equiva-
lent to a rubber composite containing short, straight, and
randomly dispersed fiber reinforcements.
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properties of theMWNT/NR composite in our model. In
the undeformed configuration, MWNTs have initial
persistence length lsp

0 and are randomly dispersed,
and upon uniaxial stretching, both persistence length
lsp and distribution φ change with applied strain.

Effects of Distribution. Dispersion of fillers has a great
influence on property improvement of composites.33�35

Although MWNTs are distributed randomly in rubber
matrix initially, gradual alignment occurs during uni-
axial stretching; this stretching must be taken into
account in the estimation of the mechanical behavior
of the composite. At first, MWNTs in the NRmatrix have
a great random and uniform dispersion, which is
simulated as a unit sphere distribution in the model
(see Figure 5a). Then, stretching the composite in the x3
direction up to a strain ε results in deformation from a
unit sphere to a spheroid (Figure 5b,c) with the axial
half-axis length of 1þ ε and transverse half-axis length
of (1 þ ε)�1/2. During this deformation, the randomly
dispersed straight MWNTs in the model rotate with a
tendency toward the stretching direction (Figure 5a�c).
By assuming that the rotations are fully determined by
the uniaxial deformation, we can rigorously deduce the
distribution density function (Figure 5d) as follows (see
Supporting Information):

φ(θ) ¼ η
1

(1þε)�1cos2 θþ (1þε)2sin2 θ
(4)

where θ denotes the angle between the MWNT and
the stretching direction, η is the normalization coeffi-
cient which equals (1þ ε)2a/(4π2ln((1þ a)/(1� a))), a=
(1 � (1 þ ε)�3)1/2. Note that, in the undeformed

configuration (strain ε = 0), distribution function φ is
a constant 1/8π2, which indicates a uniform distribu-
tion in space.

Effects of Persistence Length. As mentioned before,
tortuous configuration will strongly influence the ef-
fective elastic properties of MWNTs. Although effective
elastic properties of model CNT composites with wavy
CNTs, such as sinusoidal,36 helical,37 arced, and
parabolic38 CNTs, were studied, the assumed waviness
is oversimplified for reasonably modeling the effect of
the arbitrary tortuous configurations of the CNTs filler
(Figure 1). In fact, a CNT's tortuous configuration is
arbitrary, including even with self-entanglement. Thus,
rather than waved, the real configurations of CNTs in
composites are more similar to those of polymer
molecular chains. Indeed, a recent study of Lee et al.25

on the static persistence length of CNTs showed that
the root-mean-squared end-to-end distance of tortu-
ous CNTs does follow the same random-coil scaling
relation as that for polymer molecular chains. They
gave an estimate of the static persistence length lsp of
271 nm for MWNTs with 21 nm diameter and 1�8 μm
length.

The persistence length is a concept in polymer
science used to quantify stiffness of a long polymer
chain.24 Formally, the persistence length is defined as
the length over which correlations in the direction of
the tangent are lost. Informally, for pieces of the
polymer which are shorter than the persistence length,
the molecule behaves rather like a flexible elastic rod;
while for pieces of the polymer that are much longer
than the persistence length, the properties can only be

Figure 5. Nanocomposite model and its characteristic parameters. (a) When the composite is strain-free (ε = 0), randomly
dispersed curvedMWNTs in the NRmatrix are equivalent to short and straight inclusions. When uniaxial stretching is applied
to the nanocomposites with (b) 50% and (c) 100% strain, the distribution of MWNTs changes and the resulting orientation of
“inclusions” tends to align to the stretching direction. In the meantime, the tortuous configuration of MWNTs is stretched,
leading to a change of the persistence length. (d) Distribution as a function of angle between the inclusion and the stretching
direction according to eq 4. (e) Corresponding change of lsp/lsp

0 as a function of applied strain according to eq 6.
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described statistically, like a three-dimensional random
walk. In polymer science, it has been widely accepted
that polymer molecular chains with lengths shorter
than persistence length lsp will behave like straight
chains.39 According to this physical sense, we assume
that the contribution of homogeneously dispersed
tortuous MWNTs to the effective elastic properties of
MWNT/rubber composites can be equivalent to ran-
domly distributed straight MWNTs with the same
specific length, the static persistence length lsp, when-
ever the diameters and the total content or weight of
the equivalentMWNTs take the same values as those of
the real MWNTs. Figure 4 illustrates the equivalent
model of the MWNT/rubber composites with the same
length lsp. With an abundant number of MWNTs with
3D configuration, one can use Lee et al.'s method25 to
estimate the static persistence length of MWNTs. Here,
we compared the configurations and parameters
(diameter and length) of MWNT1s of our sample (5, 9,
16, and 37wt%) with those in Lee et al.'s experiment,25

and we found they are similar. Thus we took a reason-
able estimation of 300 nm for our MWNT1s in the
prediction.

During uniaxial stretching, the persistence length of
MWNTs changes, as shown schematically in Figure 5a�c.
When L . lsp, following the Karthy�Poroad
expression,40 the mean-squared end-to-end distance
ÆR2æ and CNTs with real lengths L has relation ÆR2æ =
2lspL. In the stretching process, the original spherical
area in the composite turns into an ellipsoid of
deformation according to strain ε; thus, the square
of the mean end-to-end distance ÆR2æ becomes

ÆR2æ ¼ ÆR20æÆ(1þε)2cos2 θþ (1þε)�1sin2 θæ (5)

where R0 is the original squared end-to-end distance.
So, the persistence length has form of eq 2. Accord-
ingly, lsp and the tortuous degree of MWNT conse-
quently change with strain ε, as

lsp

lsp
0 ¼ 1

2
((1þε)2 þ (1þε)�1) (6)

where lsp
0 is the initial persistence length at zero strain.

As we respectively take into account the persis-
tence length anddistribution changeduring stretching
via eqs 2�6, we obtain the theoretical predicted
stress�strain curve of prepared 37 wt % MWNT/NR
composite samples, as shown in Figure 6a. The dotted
curve depicts the result considering fixed random
distribution and changed persistence length during
stretching; the dashed curve depicts the result con-
sidering fixed persistence length and changed distri-
bution during stretching; the solid curve indicates the
results considering both changes of persistence length
and distribution during stretching. It is shown that
change of persistence lengthmakesmore contribution
on elastic stiffness enhancement alongwith stretching.

Changes in persistence length and distribution are
determined by the loading method, which is uniaxial
stretching in our experiment. With certain loading
modes, increasing the initial persistence length can
enhance the elastic modulus of a MWNT composite. To
investigate the influence of persistence length, predic-
tions on the stress�strain of MWNT/NR composites of
various initial MWNTs' persistence length are shown in
Figure 6b, with consideration of changes in both
MWNT distribution and persistence length.

Applications of Theoretical Model. Theoretical stress�
strain curves (lines) of a MWNT/NR composite are
obtained by comparison with experimental data
(scatters) of samples with a series of MWNT concentra-
tions; as shown in Figure 7, these concentrations are 1
wt % (yellow), 3 wt % (cyan), 5 wt % (green), 9 wt %
(purple), 16 wt % (red), 37 wt % (blue). Stress and strain
in Figure 7 are σ33 and ε33 in eq 3, respectively. In these
theoretical estimates, the rubber's tangent modulus is
derived from its uniaxial tensile test (Figure 2a inset)
and MWNTs are treated as elastic isotropic with an
approximate Young's modulus of 1 TPa and Poisson's
ratio of 0.158.41 As mentioned before, the stress in-
creases dramatically in a very narrow strain region
(from 0 to 1%) due to the cellulation structure,1 and
without considering this, our theoretical results start
from strain ε = 1%. Predicted stress�strain results are
shown in Figure 7a for MWNT1/NR composites, which
agree with experimental data in most strain regions up
to 150%, exhibiting highly nonlinear behavior. When

Figure 6. (a) Contribution of persistence length and dis-
tribution to the stress�strain response of MWNT/NR com-
posites. (b) Influence of initial MWNT persistence length on
stress�strain response of MWNT/NR composites.
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the strain is larger than 150%, the assumption L . lsp
for the derivation of eq 6 is no longer valid.

One serious concern in oil exploration is the tangent
modulus of rubber composite at 50% strain (denoted
as M50), which is a common working state of O-rings.
The predicted tangent modulus at different level of
strain is shown in Figure 7b for MWNT1/rubber com-
posite with MWNT concentrations of 5 wt % (green), 9
wt % (purple), 16 wt % (red), and 37 wt % (blue), where
measured data are denoted by scatters and prediction
by lines. The agreement between our prediction and
the experimental data indicates a predictable M50
as a function of MWNT concentration, as also shown
Figure 8.

Note that the only parameter adopted in this model
is the initial persistence length lsp

0, which is examined
from TEM images. In section 2.4, we have shown the
remarkable influence of MWNT persistence length on
elastic modulus and the stress�strain curve of the
MWNT/rubber composite. In the interest of further
investigating the effect of persistence length, we
now look into the measured stress�strain curve for a
rubber nanocomposite consisting of MWNT2s. Note
that MWNT2s are less curly than MWNT1s from TEM
images of MWNT1 and MWNT2 nanocomposites
(Figure 1). Since MWNT1s and MWNT2s have similar

diameter, MWNT2s are considered to have greater
persistence length. Thus, MWNT2s have a larger aspect
ratio (since aspect ratio p = lsp/d). Qualitatively consis-
tent with predictions, both greater tangent modulus
and stress are observed forMWNT2/rubber composites
compared with those of MWNT1/NR nanocomposites.
The longer persistence length of 400 nm is used in the
predictions for MWNT2/rubber composites because
MWNT2s are straighter. The theoretical stress and

Figure 7. Comparison between experimental measurements and theoretical predictions for MWNT/NR nanocomposites
under uniaxial tension. The symbols are experimental data, and the lines are theoretical predictions. (a) Stress�strain
relationship for MWNT1/NR nanocomposites. (b) Tangent modulus for MWNT1/NR nanocomposites at different levels of
applied strain. (c) Stress�strain relationship for MWNT2/NR nanocomposites. (d) Tangent modulus for MWNT2/NR
nanocomposites at different levels of applied strain.

Figure 8. M50 for MWNT/NR nanocomposites as a function
of MWNT concentrations. The symbols are experimental
data (1, 3, 5, 9, 16, and 37 wt % of MWNTs); the lines are
theoretical predictions. Higher lsp

0/d leads to a higher M50.
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tangentmodulus shown in Figure 7c,d for theMWNT2/
rubber composite also agree well with experimental
data, respectively. MWNT2 enhances the M50 of nat-
ural rubber more than MWNT1s do (Figure 8). It also
suggested that a largerM50 canbeobtained if straight-
er MWNTs are adopted, as shown in Figure 8 as dashed
and dotted lines.

It is also noted that MWNT NR nanocomposites we
investigated here are made via a milling process at low
temperature1 and have good homogeneous dis-
persion of MWNTs with only few aggregations/
agglomerations. However, usually, filler aggregations/
agglomerations formed during preparation would
have important influence on elastic properties of the
nanocomposite.42�44 This influence depends on the
filler shape, the aggregation/agglomeration degree,
and also the geometry of the aggregation/agglomera-
tion. Besides, imperfect interface bonding will reduce
the efficiency of load transfer between fillers and
matrix and then reduce the effective elastic modulus
of the nanocomposite.42 In the mean time, at the
filler�rubber matrix interface, there are complex inter-
actions due to filler and rubber chain interactions,
which depend on filler and polymer chemistries, pro-
cessing details, and physical environments. These in-
teractions might reflect on an interphase region45,46

or/and might cause agglomerations. Bound rubber
interphase serves as an enhancement phase in fil-
ler�rubber nanocomposites and will increase the ef-
fective stiffness of the composite.44 Agglomerations, as
we mentioned above, will also have an important
effect on the elastic properties of the nanocomposite.

These above influences need to be taken into account
to obtain more accurate theoretical predictions for
nanocomposites exhibiting aggregation/agglomera-
tion, interphase and imperfect interface.

CONCLUSIONS

In summary, we have reported experimentally and
theoretically on the nonlinear stress�strain response of
two types of MWNT/NR composites under large tensile
deformation. Experimental study has shown both tan-
gent modulus and strength increase with more filler
MWNTs in the composites, resulting in a reduction of
rupture elongations. Study of the strengthening me-
chanism of MWNT/NR composites is explored to show
that the persistence length of tortuous MWNTs and the
orientation evolution of MWNTs upon stretching play a
key role in the enhancement. Theoretical predictions
based on this mechanism are in excellent agreement
with experimental data of the stress�strain response up
to 150% strain. These results indicate the use of more
straight MWNTs with longer persistence lengths can
remarkably enhance the elastic property of the compo-
sites. Furthermore, a critical tensile strainwas found, after
which the tangent modulus decreases dramatically,
implying the internal structural change of the MWNT
network, such as the partial network looseness and
cellulation breach. This suggests a possible way to
enhance the strength of MWNT/rubber composites by
improving the cross-linking of the carbon-tube network.
These results provide guidelines for future design and
innovation of CNT/rubber composites with optimized
mechanical performance.

METHODS

Preparation of Rubber Nanocomposites. Composite material with
100 g of NR (CV-60) and 5, 10, 20, and 60 g of respective fillers
was prepared by CCVD. The corresponding mass concentra-
tions are 5, 9, 16, and 37 wt %. The density of NR and MWNTs
prepared are ∼0.93 and ∼2.0 g cm�3, respectively. The respec-
tive compounds were then tight-milled five times with the nip
gap of 0.2 mm. To prepare noncured specimens, the com-
poundswere sheeted into a thickness of 1.2mmandpressed for
2 min at 100 �C to form 1mm thick sheets. For cured composite
specimens, 2 phr of peroxide was added (2 g of peroxide added
to 100 g of specimens), and the compounds were likewise
sheeted into a thickness of 1.2mmandpress-cured for 20min at
165 �C to form 1 mm thick sheets.

The ultrathin sections were prepared by a focused ion beam
(FIB) at cryogenic temperature (�120 �C).47 The TEM and 3D-
TEM experiments were carried out on a JEM-2200FS (JEOL Co.,
Ltd., Japan) operated at 200 kV and equipped with a slow-scan
CCD camera (Gatan USC1000, Gatan Inc.) as the detector.
Detailed experimental protocol can be found elsewhere.17
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