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Physical interactions at carbon nanotube-polymer interface
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Abstract

Mechanical properties of carbon nanotube (CNT) reinforced polystyrene rod and CNT reinforced epoxy thin film were studied and the
CNT-polymer interface in these composites was examined. Transmission and scanning electron microscopy examinations of
CNT/polystyrene (PS) and CNT/epoxy composite showed that these polymers adhered well to CNT at the nanometer scale. Molecular
mechanics simulations and elasticity calculations were used to quantify some of the important interfacial characteristics that critically control
the performance of a composite material. In the absence of chemical bonding between CNT and the matrix, it is found that the non-bond
interactions, consist of electrostatic and van der Waals forces, result in CNT-polymer interfacial shear stress (at 0 K) of about 138 and
186 MPa, respectively, for CNT/epoxy and CNT/PS. The high interfacial shear stress calculated, about an order of magnitude higher than
micro fiber reinforced composites, is believed attributed to intimate contact between the two solid phases at the molecular scale. Simulations
and calculations also showed that local non-uniformity of CNT and mismatch of the coefficients of thermal expansions between CNT and
polymer matrix also promote the stress transfer ability between the two.
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1. Introduction

Carbon nanotubes (CNTs), discovered in 1991 [1], are
seamlessly rolled sheets of hexagonal array of carbon atoms
with diameter ranging from a few Angstroms to several tens
of nanometers across. These nanometer-sized tubes exist in
two forms, single-walled carbon nanotube (SWNT) in
which the tube is formed from only a single layer of carbon
atoms, and multi-walled carbon nanotubes (MWNT), in
which the tube consists of several layers of coaxial carbon
tubes [1,2]. The high strength and elastic modulus of these
tubes render them ideal candidate as ultra-strong reinforce-
ment for composites [3—6]. It is well established, from
decades of research on micro fiber reinforced composites,
that fiber-matrix interfacial shear stress is a critical
parameter controlling the efficiency of stress transfer and
hence some of the important mechanical properties of the
composite such as elastic modulus, tensile strength, fracture
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toughness, as well as their long-term behavior. Current
interests in using CNTs and anticipated potential appli-
cations for CNT reinforced polymer composites demand a
better understanding of the CNT-matrix interfacial charac-
teristics. However, the physics of interactions between CNT
and its surrounding matrix material in such nano-compo-
sites has yet to be elucidated, and methods for determining
the parameters controlling interfacial characteristics such as
interfacial shear stress, is still challenging.

Previous studies on CNT-polymer composite systems
suggested that chemical bonding between CNT and the
polymer matrix may or may not exist, and adhesion between
CNT and certain polymer systems are strong, although there
are also contrasting views. Upon close examination of the
fracture surface of a MWNT/polyhydroxyaminoether com-
posite, Bower et al. observed contact and adherence of the
polymer to most of the nanotubes, and in some cases the
entire surface of the nanotube was covered with a layer of
polymer [7]. Chang et al. also observed CNT was well
coated by polypyrroles in a CNT/polypyrroles composite
produced by in situ polymerization. Raman scattering and
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X-ray diffraction data suggested there is no chemical
reaction between CNT and the polymer [8]. In a study by
Jia et al. [9], CNT was used as a reinforcement for
poly(methyl methacrylate) (PMMA), also by an in situ
polymerization process. Chemical bonding between CNT
and PMMA was confirmed using infrared transmission
spectra. It was proposed that w-bond of CNT was opened
due to the initiation of 2,2 -azobisisobutyronitrile (AIBN)
and linked to each other (PMMA and AIBN), thus
producing a stronger CNT-PMMA interface.

From mechanics point of view, available literatures to
date also offered evidence of strong CNT-polymer
interactions. Lourie and Wagner first showed CNT frag-
mentation in epoxy matrix, implying that force was
transmitted to the CNT from the surrounding matrix [10,
11]. From fragmentation experiments, these authors esti-
mated that the CNT-matrix stress transfer ability is at least
one order of magnitude larger than that measured in
conventional micro fiber-based composites. Compared to
CNT-polymer interface, they attribute the lower interfacial
strength of conventional micro fiber-polymer interface to
larger defects that facilitate interfacial crack propagation
[10]. Furthermore, Qian et al. [12] showed that tensile load
can be transferred effectively from the polystyrene (PS)
matrix to the CNT, resulting in high elastic modulus
increase (42%) using just 1 wt% (percent by weight) CNT.
Similar results were also shown by Xu et al. [13], using
CNT/epoxy thin film composite system. Using an expanded
form of Kelly—Tyson approach, Wagner [14] showed that
high interfacial shear strength between CNT and polymers
is possible, in agreement with results from molecular
mechanics simulation of CNT pullout [15,16]. More
recently, Cooper et al. [17] showed that interfacial shear
strength between MWNT and epoxy ranged from 35—
376 MPa, from pullout experiments using atomic force
microscope. Despite these positive evidences of strong
CNT-polymer interactions, that CNT-polymer interface
only offers poor stress transfer was also reported. Based on
evidence of micro Raman spectroscopy, Schadler et al. [18,
19] showed that load transfer between CNT-epoxy was
poor.

Although these studies have provided some insights into
the nature of CNT —polymer interactions at the interface, the
physics of CNT-polymer interactions still await further
elucidation, both qualitatively and quantitatively. In this
paper, we present results of a study on the interfacial
morphology of CNT/PS and CNT/epoxy composites.
Molecular mechanics simulations of CNT pullout from the
polymer matrices and elasticity calculations of thermal
residual stress between the nano reinforcement and the
polymer matrix are also carried out for quantitative analysis.

2. Experimental

Two different types of CNT/polymer composite samples

were fabricated and their mechanical properties studied,
detailed as follows.

2.1. CNT/polystyrene composite

MWNT were synthesized by pyrolysis of hydrocarbon.
Methane (CH,) gas was passed over a hot powder catalyst of
Ni particles supported by MgO, maintained at 700 °C. The
raw carbon powders obtained after carbon deposition were
purified by stirring in warm dilute nitric acid for several
hours to dissolve the catalyst particles. After acid dissol-
ution, the carbon powders were washed with distilled water
and dried at an elevated temperature for a few hours in an
argon atmosphere. The results were random coiled MWNTs
with diameter ranging from 20 to 60 nm and length ranging
from 1 pwm to several tens of microns (Fig. 1), with 96 wt%
purity. Little (less than 4 wt%) non-CNT materials such as
catalyst particles and amorphous carbon were observed
from transmission electron microscope (TEM) images and
thermogravimetric analysis (TGA).

To fabricate CNT/PS composite, 6 g of PS was dissolved
in 40 g of toluene, and the mixture was placed on a hot plate
with stirrer in the beaker. Temperature and stir speed were
controlled so that the PS dissolved completely in about
30 min to form a clear solution. Appropriate amount of CNT
was weighed according to the required percentage and was
added to the solution. The mixture was then stirred for 1 h to
form a homogeneous suspension. The suspension was
sonicated for 1 h and was then cast into an aluminum
mould in the form of a film. The mould with the suspension
was baked in an oven at 100 °C for 3 h. The baked sample
was then removed from the mould and cut into rectangular
pieces approximately 3 mm by 5 mm. The cut-up samples
were then extruded in a mini extruder at 180 °C under an

Fig. 1. TEM image of MWNT synthesized by pyrolysis of CH4. Bends and
kinks as well as diameter variations can be seen along the CNTs.
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extrusion load of 30N. The reservoir of CNT/polymer melt
was extruded through a die of 1 mm (diameter) by 10 mm
(depth) with a pressure of 7.4 X 10* Pa. Composite rods
with approximately 0.1, 0.5, 1.0, and 2.0 wt% of CNT were
obtained.

Tensile tests were performed on these rod samples in a
tensile tester (Instron™). These 1 mm-diameter composite
rods were loaded to failure at a cross-head speed of
1 mm/min, and the tensile strain was recorded by a video
extensometer. At least 8 samples were tested for each
composition. Tensile failure surfaces of the CNT/PS
composite rod were examined under a field emission
scanning electronic microscope (FESEM) and TEM. To
prepare for TEM imaging, composite samples were
embedded in an epoxy (Struer Epofix Kit) and were cut
into thin slices at room temperature by a microtom (Leica
Ultracut UCT) with a cutting speed of 2 mm/s. The
thickness of the slices was controlled by the feeding step,
set at 70 nm.

2.2. CNT/epoxy thin film

Epoxy thin films containing 0.1 wt% MWNT syn-
thesized from pryrolysis of hydrocarbon, as described in
the previous paragraphs, were prepared. Detailed pro-
cedures for fabricating MWNT/epoxy thin film have been
described elsewhere [13]. Briefly, a mixture of MWNT and
EPON SU-8, a commercially available photoresist epoxy
resin, was spin coated onto a clean, standard 4-inch silicon
wafer. The silicon substrate was etched from the backside of
thin film-substrate system by Deep Reactive Ion Etching
(DRIE) after the epoxy was cured, leaving a circular thin
film on the rigid substrate, which has a hole of 8§ mm in
diameter. The thickness of the composite and pure epoxy
films was 5.8 and 12.5 pm, respectively, estimated from
SEM images.

Thin film samples were tested using a shaft-loaded blister
method [20]. Load was applied onto the center of the thin
film at a cross-head speed of 0.1 mm/min via an aluminum
shaft with a 3.2 mm-diameter stainless steel ball fixed at one
end as the loading point, using a micro force tester
(Instron™). The film was loaded until puncture at the
center. Fracture surface of CN'T/epoxy samples was studied
under SEM and samples were microtomed for TEM
examinations.

3. Results and discussion
3.1. Morphology of CNT-polymer Interface

Results of tensile tests for CNT/PS rod samples are
summarized in Table 1, and a typical stress—strain curve is
shown in Fig. 2. In general all of the samples showed a
decrease in both tensile stiffness and strength, except those
with 0.1 wt% CNT, where a moderate increase in tensile
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Fig. 2. A typical stress—strain curve from tensile test of a CNT/PS
composite rod.

strength (about 10%), and a slight increase in tensile
stiffness (about 2%) and failure strain (about 3%) are seen.
Although the extrusion process is believed to align CNTs
somewhat in the flow direction, from FESEM images, it is
seen that CNTs still exist in the form of agglomerates,
ranging approximately from 5 to 20 wm in diameter (Fig.
3(a)). The reinforcing effect of the CNT agglomerate, if any,
was offset by the fact that they were also acting as flaws or
stress concentrators in the composite. The fact that failure
strain and tensile strength decrease with an increase in CNT
content suggest that CNT were not well dispersed in the
matrix.

In Fig. 3(b), radiating hackles on the PS fracture surface
originated from the CNT agglomerate and voids inside CNT
agglomerate are clearly seen. The pattern of fracture shown
in Fig. 3(b) is comparable to the mirror-mist-hackle pattern
of brittle fracture: the ‘mirror’ is a region containing a flaw
over which the flaw propagates slowly; the ‘mist’ is a
transition region between the mirror region and the fast
crack propagation region with the ‘hackle’ morphology. In
the present case the ‘fracture mirror’ is analogous to the
CNT agglomerate itself and the mist is the boundary
between the CNT agglomerate and the polymer matrix. A
bundle of CNTs being pulled out from the agglomerate is
shown in Fig. 4, where the individual CNT is more or less
aligned with the loading direction, implying that these
CNTs were in fact exerting some degrees of reinforcing
effect for the matrix material.

Close examination of individual CNT in the agglomerate
revealed that they are all coated by PS, suggesting good
wetting of CNT by PS and that surface energies favor CNT-
PS contact. Failure around the CNT agglomerate occurred
within the PS matrix but not between CNT and its PS
coating, suggesting strong CNT-PS adhesion. Although
atomic defects of CNT that resulted in local tube non-
uniformity were found, extensive examinations of the
CNT/PS interface by TEM, indicate that these CNTs are
in intimate contact with the PS matrix, suggesting excellent
adherence between CNT and PS. In Fig. 5(a), cross sectional
view of a CNT (located in the middle of the image)
embedded in the PS matrix is shown. The circumference of
the CNT is seen in close contact with the matrix, with no
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Table 1
Results of tensile test of CNT/PS composite rods

CNT content (wWt%) Sample tested

Failure strain® (%)

Tensile strength® (MPa) Elastic modulus® (GPa)

2.0 8 1.20
1.0 8 1.20
0.5 8 1.27
0.1 8 1.35
0.0 10 1.31

18.8 2.18
21.6 2.35
17.9 2.01
244 247
22.1 242

* Average value.

obvious gaps observed at nanometer resolution. The darker
regions in Fig. 5(a) are other CNTs embedded in the matrix.
Again, they are seen tightly bound to the matrix. A
longitudinal section of a CNT in PS is shown in Fig. 5(b),
where a change in tube diameter due to defect is obvious.
This kind of mechanical interlocking is believed to

(b)

Fig. 3. FESEM images of fracture surface of CNT-PS composite: (a) a CNT
agglomerate being pulled half way out from the PS matrix, (b) details of the
hackle formed on the PS matrix.

contribute to the CNT-polymer adhesion. More will be
said on this later.

Results of shaft-loaded blister test on epoxy and
CNT/epoxy thin films showed that 0.1 wt% of CNT can
increase the elastics modulus of the epoxy thin film by as
much as 20%, suggesting that CNTs were aligned in the
radial direction upon spin coating [13]. On the other hand,
however, CTN/epoxy thin film has lower failure strain than
neat epoxy thin film. Scanning electron microscopy (SEM)
observations of the fracture mode showed that cracks
originated at the contact region between the shaft ball and
the thin film, and propagated in the radial direction to the edge
of film-silicon boundary. MWNTs were found confined
parallel to the plane of the thin film, and most MWNTs were
seen running longitudinally along radial directions of the
circular thin film, that is, they were oriented perpendicular to
the crack direction, a consequence of CNT realignment under
the action of centrifugal force during spin coating.

MWNT fracture and pullout near the matrix crack are
shown in Fig. 6. Similar to the previous case of CNT/PS rod,
most pullout ends observed were covered by epoxy,
indicating failure of the matrix but not the CNT-epoxy
interface, suggesting a stronger interfacial adhesion
between MWNT and the matrix. However, MWNT
agglomerates also existed at places, where ‘clean’
MWNTs were found directly separated from the matrix, a

Fig. 4. FESEM image of CNT bundles, note that most tubes are coated with
PS. Scale bar is 100 nm.
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(c) (d)

Fig. 5. TEM images of CNTs embedded in PS or epoxy. (a) Dark circular region in the middle is the cross section of a CNT embedded in PS matrix. Other dark
regions are other randomly oriented CNTs (scale bar is 20 nm). (b) Details of CNT-PS interface, note the kink and change in diameter of the CNT, which is
believed to promote mechanical interlocking. (c) TEM images of CNT/epoxy interface: non-uniform CNT diameter and bends (indicated by arrows) can be
seen. (d) A longitudinal section of CNT (located in the middle) is seen covered by epoxy molecules, thus the CNT-polymer interface is not clearly
distinguishable. In most TEM images that we have examined, no physical gaps between CNT and the polymer matrix are found, indicating good adhesion
between the two.

result of poor local dispersion of MWNT, and was probably from these images that the lattice of the CNTs is blurred,
the cause of failure initiation. and so are the boundaries between the nanotubes and the
TEM images of CNT embedded in epoxy are shown in epoxy matrix. Similar to the case of CNT/PS, extensive

Fig. 5(c) and (d). Covered by epoxy molecules, it is seen examination under TEM did not reveal clear physical gaps
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Fig. 6. Fracture surface of CNT/epoxy thin film, oriented in radial direction.
CNT bundles are seen coated with epoxy. Inset: schematic of the test setup.

between CNT and epoxy molecules. It was known that
microtoming introduce shear force to the material and may
result in CNT pullout from the matrix [21]. However, no
obvious CNT pullout from the epoxy was observed in the
CNT/epoxy slices after microtoming, and most of the CNTs
remained in the epoxy, suggesting good adherence of the
polymer to CNT. From these morphology studies, it can be
concluded that PS and epoxy adhere well to individual CNT.
In what follows, we further elaborate several contributing
mechanisms for CNT-polymer adhesion in more detail.

3.2. Mechanical interlocking

Local non-uniformity along a CNT, including varying
diameter and bends/kinks at places as a result of non-
hexagonal defects, contribute to CNT-polymer adhesion by
mechanical interlocking. This is shown in Figs. 1 and 5(b).
In the case of CNT pullout, for instance, extra mechanical
work has to be provided for CNT and the polymer to deform
at ‘rough contacts’ in order for them to slip pass each other,
compared to CNT-polymer contact along a smooth CNT
surfaces.

To illustrate the idea, a molecule model of a CNT with
diameter variation embedded in an array of linear
polyethylene is constructed and the CNT was pulled through
the polymer ‘brush’ from the end with smaller diameter. The
diameters of the larger and smaller ends of the CNT are 20.1
and 133 A, respectively, and its length is about 31 A. The
CNT was drawing through the polymer brush in a stepwise
manner and energy minimization was performed at each
step using MM 4, an empirical force potential. This is
because (1) MM + is very close to the second generation
Brenner potential for carbon [22], and (2) it is primarily

used for organic materials, thus is ideal for studying CNT—
polymer interactions [23].

As the CNT and the polymer are being displaced relative
to each other against the interlock (represented by the
changing CNT diameter), extra energy is needed to deform
the polymer. This is seen in Fig. 7, where a jump in potential
energy of the system is seen when the portion of CNT with
larger diameter is draw closer into the polymer and causes
deformation of the polymer. Close contact of CNT and
polymer and largely non-uniformity in CNTs suggest that
mechanical interlocking could be an important contributor
for CNT-polymer adhesion.

3.3. Thermal effects

Mismatch in the coefficients of thermal expansion (CTE)
between CNT and polymer results in thermal residual radial
stress and deformation along the tube when the polymer is
cooled from its melt. Compressive radial stress results in
closer CNT-polymer contact which could enhance CNT—
polymer non-bond interactions; and local CNT deformation
which promotes mechanical interlocking.

To calculate radial stress using the concentric cylinder
model based on elasticity theory [24], the elastic modulus in
the radial direction of CNT, E, need to be known. From Lu
[25], the stiffness coefficient perpendicular to the basal
plane, Cs3, of a SWNT is 0.397 TPa. E, is related to C;; by:

E, = C3y3 — [2CH/(Cy; + C1p)] (1)

From data of graphite crystal [26], the contribution from the
second term of the previous equation is less than 1%,
therefore E, for SWNT is taken as 0.39 TPa in our
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Fig. 7. A molecular model of a CNT embedded in two layers of short linear
polyethylene array. Extra energy is needed to pull the CNT through the
‘interlock’. A is point of entry and B is near-pullout position.



M. Wong et al. / Polymer 44 (2003) 7757-7764 7763

calculations. The longitudinal and transverse Young’s
modulus of SWNT were taken as 1 and 0.41 Tpa,
respectively, and the Poisson’s ratio of a SWNT is taken
as 0.16 [25].

To the authors’ knowledge, there is no measured CTE
data currently available for CNT. Since CNT has a similar
hexagonal arrangement of carbon atoms as the graphite
crystal, the CTE of graphite crystal, such as o, of
25x 10"%K (15-800°C) in c-axis and «, of
—1.5%x10"%K (0-150°C) in a-axis [26], were used as
CTE of CNT in the calculation. The CTEs of PS and SU-8
are 28 and 52 X 10~ /K, respectively [27]. From concentric
cylinder model of elasticity, the radial stresses for SWNT/
PS and SWNT/epoxy are estimated to be about —45 and
—26 MPa /K. Hence thermal residual stress from CTE
mismatch could be a significant factor contributing to CNT-
polymer adhesion, in terms of promoting closer contacts and
thus mechanical interlocking mechanisms. Moreover, closer
contact also enhances non-bond interactions, discussed as
follows.

3.4. Molecular simulations of CNT pullout

To date, devising experiments to determine CNT-
polymer adhesion is still difficult, despite some recent
progresses [17]. To quantify the adhesion between a CNT
and its surrounding matrices, molecular model of SWNT/PS
and SWNT/epoxy composites were constructed (Fig. 8), and
CNT pullout from the matrices was simulated. Detailed
simulation procedure has been described elsewhere [15]. In
the absence of chemical bonding, the potential energy
comes from non-bond interactions including electrostatic
and van der Waal’s force.

The energy difference between fully embedded CNT and
the completely pullout configuration is taken as the work
required for fiber pullout. The total work done, W, in pulling

Fig. 8. A molecular model of a CNT in PS matrix, the CNT is pulled out half
way from the matrix.

out the carbon nanotube from the polymer matrix can be
related to the interfacial shear stress, 7;, by the relation

x=L

W= J 2mr(L — x)Tdx 2)
x=0

or

W= 1'rr1'iL2

where r and L are the outer radius and length of the carbon
nanotube, respectively, and x is the coordinate along the
longitudinal tube axis. The shear stress between the CNT
and the polymer, 7, estimated from the aforementioned
correlation is about 186 MPa for SWNT/PS and 138 MPa
for SWNT/epoxy, which is comparable to 7; = 500 MPa for
the CNT/polyurethane system, estimated by Wagner et al.
[10] from fragmentation experiments. The simulation
results are also in agreement with results of a recently
study by Cooper et al. [17], who showed that CNT/epoxy
ranged from 35 to 376 MPa, from CNT pullout experiments
using atomic force microscope. The results shown here is
from 0 K, data showed that 7; could be considerably higher
at elevated temperatures [28].

What we have not considered in the molecular simulation
are the influence of CNT geometry such as wall thickness
(i.e. number of layers) and critical aspect ratio (ratio of
critical stress transfer length to tube diameter) on interfacial
shear stress distribution, both of which have been shown to
affect stress transfer behavior based on continuum mech-
anics approach [14,29]. It should be point out that Eq. (2) for
evaluating 7, is based on an average shear stress assumption.
To deduce shear stress distribution directly from molecular
simulations could be challenging because: (1) one needs to
use a tube (and matrix) model with much longer length,
which is computationally very demanding; and (2) atomic
displacements of the polymers in the vicinity of the nano
reinforcement before and after pullout need to be handled
one by one.

From mechanical testing of rod and film composite
samples, the stiffness of PS (in one occasion) and epoxy is
enhanced by CNT, indicating stress transfer capability from
the polymer to CNT. However, the fact that significant
enhancement in tensile strength was not seen in CNT/PS rod
(in most cases) and lowered stress at puncture for
CNT/epoxy film suggest that if not well dispersed, CNT
aggregates may act as micron-sized flaws that are prone for
crack initiation despite seemingly good local CNT-polymer
adhesion at the nanometer scale.

Taken together, the following physical events all
contribution to CNT —polymer interactions at the nanometer
scale:

1. Under no chemical bonding between CNT-polymer, the
origins of CNT—polymer interactions are electrostatic
and van der Waals forces.

2. Local non-uniformity of a CNT embedded in polymer
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matrix may result in nano-mechanical interlocking, an
effect similar to the clench of gears.

3. Mismatch in CTEs is a significant factor contributing to
both non-bond interactions and mechanical interlocking,
because compressive thermal residual stress may
increases the true ‘contact’ area between CNT and the
surrounding polymers.

From previous experimental studies and results of
molecular modeling in this study, it has been suggested
that the interfacial shear stress of CNT/polymer systems is
at least an order of magnitude higher that micro fiber
reinforced composites. It is believed that the high CNT-
polymer interfacial shear stress from molecular simulation
is attributed, to a large extent, to the intimate contact
between CNT and the polymer matrix at the nanometer
scale. CNTs offer a much smooth contact surface deprived
of local cavities for polymer adsorption, as contrast to
polymer-micro fiber interface which might be full of local
irregularities that are prone for micro crack development
under applied load.

4. Conclusions

We have studied local fracture morphologies of CNT/PS
rod and CNT/epoxy film composites. Apparent strong
interfacial adhesion between CNT and the matrices
observed from electron microscopy is supported by results
from molecular mechanics simulations and micromechanics
calculations. In addition to inherent non-bond interactions,
MWNT morphology-related mechanical interlocking at
nanometer scale, thermal residual stresses, as well as
relatively cavity free surface for polymer adsorption are
also believed to be contributing factors.
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