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ABSTRACT

This study investigated the superior mechanical properties of single-walled carbon
nanotubes (SWCNTSs), its polymer nanocomposites using 0.5% and 1% loading of raw and
purified SWCNTs in an epoxy matrix and the degree of dispersion. The extent of load
transfer between the nanotubes and the matrix was studied by analysing the second order
G’-band (=2550 cm‘1) of Raman Spectroscopy. The samples have been characterised from
structural (Raman spectroscopy), mechanical (tensile test), physical and microstructural
(SEM) point of view. Purified SWCNTSs give a better reinforcing potential compared to raw
SWCNTs. We found an increase in Young’s Modulus (3780 MPa-4263 MPa) and
toughness (62 MPa-68.8 MPa) for the nanocomposites prepared from purified SWCNTSs.

Keywords: SWCNTs; Raman spectroscopy; scanning electron microscopy; epoxy; young’s
modulus.
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1. INTRODUCTION

Carbon, with its catenation potential, and the tendency to exist in different forms as graphite,
graphene, fullerenes and nanotubes, makes it the most widely studied material spanning
from physical to engineering sciences. Mechanical exfoliation of graphite and other methods
like epitaxial growth and solvothermal synthesis yields graphene which is the building block
of carbon nanotubes [1-3].

Carbon nanotubes exhibit exceptionally high modulus, high tensile strength and electrical
conductivity [4,5]. This peculiar properties stems from the atomic arrangement of the
graphene sheets with the sp2 hybridized carbon-carbon bonds that roll up to form a tubular
seamless structure [6]. Depending on the number of graphene sheets rolled, single walled
carbon nanotube (SWCNT) can be considered as a single graphene sheet seamlessly
wrapped into a cylindrical tube while multi-walled carbon nanotube (MWCNTSs), as an array
of concentrically arranged graphene sheets [7].

Maijority of the reported mechanical properties of SWCNTs were done computationally, using
methods such as molecular dynamics, ab-initio models, and empirical force constant
methods. It has been shown that the mechanical properties are affected by the defect
concentration, cross sectional area and method of processing the nanotubes. Values as high
as 300-1470 GPa and 200 GPa have been calculated for axial Young's modulus and yield
strength respectively [8-11].

The unique properties of the CNTs are attractive for a wide range of technological
application. The rich chemistry of carbon also provides the opportunity to modify the
structure and to optimise the property of nanotubes in structural and electrochemical
applications [12,13].

SWCNTSs, however when produced occur in bundles or agglomerates and in this form they
have lower mechanical properties not suitable for technological applications. Dispersing the
bundles to produce a composite improves the properties tremendously [14,15].

Although carbon nanotube-polymer composites offer exciting possibilities, there are still
challenges to be addressed. The association of these nanotubes into bundle due to high
surface energy affects the properties of nanocomposites negatively and the search for an
effective way of dispersing carbon nanotubes in a polymer matrix is critical for a successful
application. In addition, the higher mechanical properties of the nanotubes alone in a
composite do not guarantee mechanical superior composites because the composite
properties are strongly influenced by the mechanics that govern the nanotube—polymer
interface; such as the degree of dispersion, the extent of load transfer and the matrix
interaction with the nanotubes [16].

Different studies have shown different mechanisms of dispersing CNTs in a polymer matrix
[17-27]. The differences are due to the fact that the mechanical property and the aspect
ratios are usually traded for dispersion [14]. Hence, a mild and effective method of
dispersion that does not destroy properties of interest is essential to utilize the exceptional
properties of these materials.

Raman spectroscopy, as used in this work has historically been considered the most

powerful spectroscopic technique to probe structural and electronic characteristics of carbon
based materials due to their flexibility in changing their hybridization states, graphene being
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the last in the long string of advances in the science of carbon [28,29]. In particular, for
graphitic materials Raman spectroscopic technique provides useful information on the in-
plane vibration of sp2 carbon atoms (G band), out-of-plane stacking order (2D band),
disorder (D band) [30,31], in-plane crystallite size [32], and crystallographic orientation of
graphene [33].

In this work, we developed SWCNT-reinforced composites in which the as-produced
SWCNTs having 20-30% impurities were purified using a series of annealing and oxidation
steps described elsewhere [ 34]. The purified SWCNTs were later dispersed in ethanol using
ultrasonic power. Nanocomposites were prepared at 0.5 and 1% of loading in an epoxy
matrix. The nanocomposites showed improved mechanical property as compared to the raw
epoxy matrix.

2. EXPERIMENTAL

As-prepared single wall carbon nanotubes produced by the Arc method were supplied by
Carbolex with a purity of 70-80 vol% [35], average nanotube diameter of = 1.4 nm. The
observed impurities included = 35 wt.% residual metal nickel catalyst and amorphous carbon
on the outer surfaces of the bundles. The purification process was carried out by a series of
oxidation and annealing [34]. The as-prepared single wall nanotubes are labelled as raw
SWCNTSs (r-SWCNTSs) and the purified ones as p-SWCNTSs.

The necessary weight fractions (0.5 wt% and 1wt %) of SWCNTs were first dispersed in
ethanol using ultrasonic horn for about one hour. As the process generates enormous
amount of heat, the alcohol/SWCNT mixture was placed in an ice bath during the process of
sonication. Subsequently, the ethanol-nanotube mixture was mixed with the epoxy resin (E-
20) which is bisphenol-F-epichlorohydrin epoxy resin with a diluent 2, 3-epoxypropyl.

The suspensions were stirred using a mini agitator (RW 16) for 12 hrs in a silicon oil bath at
60-70°C until all ethanol was evaporated. The hardener (3-aminomethyl-3, 5, 5-trimethyl-
cyclohexylamine) was then, added in the ratio of 100:30 by weight.

The nanocomposites were de-gassed in vacuum for about 20 to 25 minutes. Finally, the
thick suspension was poured into a dog bone shaped silicon mould to attain a final dog bone
shape.

Samples of neat epoxy (used as reference), raw-SWCNT/Epoxy composites (r-
SWCNT/Epoxy) and purified-SWCNT/Epoxy composites (p-SWCNT/Epoxy) were prepared
at 0.5% and 1% loading.

2.1 Characterization

Several analytical techniques were used to study the chemical and physical properties of the
nanocomposites. Some of these methods are described in sections 2.1.1 to 2.1.3.

2.1.1 Tensile tests

Tensile tests of the resultant neat epoxy polymer, r-SWNT/Epoxy composite and p-
SWCNT/epoxy composites each at 0.5% and 1% nanotube loading were conducted using a
Zwick universal tensile testing machine (model-Z100). Each test was performed at a test
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speed of 1mm/min with an extensometer attached to the sample under investigation. For
each test 10 samples were examined and averaged.

2.1.2 Raman spectroscopy

Raman spectroscopy data were collected on a Renishaw 1000 micro-Raman spectrometer
equipped with holographic filters to eliminate contributions from Rayleigh lines and analytical
software. Samples were analysed with a 785 nm argon excitation laser (1.5 mW laser
powers on the sample to avoid thermal effects) through an x50 objective lens with
acquisition time of 120 s and a resolution of 2 cm™ was used to focus the laser beam onto
the sample surface. The dependence of the Raman peak position on the second order G’
band was determined by applying tension. Static scans centred at the G’ band (~2550 cm™,
second-order region of the Raman spectrum) were taken with typical exposure times of 10 s
and subsequently analysed. All the spectra were curve-fitted using Lorentzian / Gaussian
routines, from which the G’ band positions were obtained.

2.1.3 Scanning electron microscopy (SEM)

A Zeiss SEM 1540 XB Field emission gun scanning electron microscope equipped with EDS
for elemental composition analysis was used for the morphological characterisation of the
nanotubes and also to analyse the fracture surface of the nanocomposites.

3. RESULTS AND DISCUSSION
3.1 Dispersion Study

The dispersion and the interfacial bonding are the two important factors that control the
reinforcing ability of SWCNTs in the polymer matrix. Dispersion is one of the most important
parameters that influence the mechanical property of nanocomposites. For the dispersion
study, SWCNTs were sonicated in ethanol (98%) for about 1 hour. The mixture was
observed to be stable for several hours, which is an indication of a dispersion state. After a
day, the r-SWCNTs started settling at the bottom of the container while the p-SWCNTs were
still well dispersed in the mixture: an indication of a better stability than the r-SWCNTSs. This
stability could be attributed to the modifications made on the surface of the nanotubes whilst
purifying in the oxidative environment.

The stable suspensions were dispersed again, in an epoxy matrix. For this purpose, shear
dispersion was used to assimilate the nanotubes in epoxy matrix. Though, we realized a
combination of sonication and shear methods work better in dispersing the nanotubes, the
parameters that influence the dispersion (time, power and temperature) were not studied in
this report. Nevertheless, coupling the above techniques helped to reduce the large
aggregated nanotubes in to smaller agglomerates (as shown in Fig. 2 (a,b)) but in such
attempt it was difficult to get individually separated SWCNTSs.

Sonication of SWCNTs in ethanol improved the dispersion process, in such a way that the
cavitation at the tip of the ultrasonic probe produced huge amount of shock waves that are
used to overcome forces that held SWCNTSs together.

During the dispersion of the nanocomposites, it was observed that, the viscosity increased
and this was due to the high surface area of SWCNTs. It is also an indication of better
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dispersion and interaction of SWCNTSs with the epoxy matrix. On the other hand, an increase
in viscosity could limit the dispersion, causing air bubbles to be trapped in the composite.
These voids along with the nanotube bundles (aggregates) might act as a defect that
deteriorates the mechanical properties of the composite.

3.2 Mechanical Properties

The high strength and high aspect ratio of SWCNTs can be exploited by incorporating it in a
polymer matrix such as epoxy. The mechanical property of the CNT reinforced composites
however depends on several factors like dispersion state, alignment of the tubes and
interfacial interactions between the tubes and the matrix.

In this study, a mild dispersion method was chosen as a compromise between aspect ratio
and degree of dispersion. Under high ultrasonic power and extended high shear, the tubes
were observed to be degraded into graphitic network. Accordingly, the stress -strain results
from the tensile tests are plotted as shown in Fig. 1a.

Generally, incorporating the raw SWCNTs into an epoxy matrix increases the Young’s
modulus, tensile strength and the toughness of the nanocomposites. Purifying these
nanotubes further increases the Young’s modulus but not the strength. For instance, the
changes in Young’s modulus and strength at 0.5% are plotted for the r-SWCNTs and p-
SWCNTs in Fig. 1b, which clearly shows purifying the raw SWCNTSs increased the Young’s
modulus without any increase in strength. This phenomenon has also been observed and
reported for MWCNTs [35,36].

Higher increase in E-modulus was observed at 1% loading of purified SWCNTs and high
tensile strength was observed at 0.5% loading of raw SWCNTSs. The reason for the increase
in tensile strength at 1% loading being smaller than at 0.5% loading could be due to
agglomeration and re-aggregation of nanotubes leading to more defects (void) within the
composite and the possibility of a failure.

Clearly, purifying nanotubes improves the Young’'s modulus by 3.7% and 5.7% at 0.5% and
1% loading respectively relative to the r-SWCNT/Epoxy composites.

However, no enhancement in tensile strength was observed for the p-SWCNT/Epoxy
composites when compared to the r-SWCNT/Epoxy composites at similar loading of
nanotubes (Table 1). The lack of improvement in tensile strength could be attributed to the
shortening of tubes during purification and also, to the presence of agglomerates that might
act as a defect where failure initiates.

Toughness, the amount of energy a material can absorb before rapture, can be determined
from the area under the stress strain curve of a tensile test. This value has the unit of energy
per volume (J/m?’). From the stress-strain curve (Fig. 1a), the area under each curve was
integrated to determine the toughness, as shown in equation 1, where o is the stress, ¢ is
the strain and &f is the failure strain.

ef
energy _ i ode "

Toughness =
volume 0
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The area under each curve was analysed and consequently the purified-SWCNT/epoxy and
r-SWCNT/epoxy at 0.5% loading showed the highest toughness. The lower nanotube
loading accompanied by increase in the toughness of the polymer matrix is attributed to the
large specific surface area and high aspect ratio provided from the nanotubes which helped
in increasing the toughness of the composites through crack deflection, crack pinning and
crack tip blunting [38]. The reduced toughness at 1% loading compared to 0.5% loading
could be due to higher rate of re-agglomeration of nanotubes capable of causing failure.
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Fig. 1. (a) Stress-strain curve for neat epoxy and nanocomposites. (b) Comparison of
young’s modulus and strength for 0.5% loadings of raw and p-SWCNTs
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Table 1. Summary of mechanical properties of the neat epoxy and nanocomposites

Sample Young’s Tensile
Modulus [MPa] Strength [MPa]
Neat Epoxy 3100 46
r-SWNT/Epoxy composite [0.5%] 3645 67.5
r-SWNT/Epoxy composite [1%)] 4031 62.2
p-SWNT/Epoxy composite[0.5%)] 3780 68.8
p-SWNT/Epoxy composite [1%] 4263 62

It is appropriate to note that some of the failures were seen to begin from a place where
there were voids (air bubbles); therefore, a complete exclusion of air bubbles is necessary.

3.3 Surface Fracture Study

SWCNTSs need to be de-bundled or dispersed inside a polymer matrix so that their excellent
mechanical properties can be utilized. Each nanotube in the bundle is held by Van der
Waals forces. Therefore, it is necessary to deliver proportional amount of force by any
means to disperse the nanotubes, otherwise, only tubes that are on outer portion of the
bundles could be wetted by the polymer resin. In such circumstances, the load cannot be
transferred to all nanotubes due to poor interfacial strength in-between SWCNTs. The extent
of dispersion and interfacial bonding between nanotubes and the epoxy matrix can be
possibly studied by examining the fracture surface.

The fracture surfaces were examined after freeze-drying the nanocomposites in liquid
nitrogen and investigated using SEM. The SEM investigation of the fractured raw-
SWCNT/epoxy composite surface (Fig. 2a) showed SWCNTs still appear as large bundles.
The presence of these bundles affects the mechanical property of the composites, as the
load transfer could only occur via the outer layer of nanotubes causing slippage or pull-out
between inner walls of the tubes, thereby limiting the reinforcing ability of nanotubes. The
SEM micrographs of r-SWCNT/epoxy composites indicate poor wetting because the
nanotubes were easily pulled out of the epoxy matrix instead of breaking, implying the lack
of bonding between carbon nanotubes and epoxy.

The fracture surface of the p-SWCNT/epoxy composite (Fig. 2b) however, contained less
amounts of aggregates (agglomerates) as compared to r-SWCNTs/epoxy composite (Fig.
2a). It is clear the purified nanotubes had a better adhesion with the epoxy matrix, as the
tubes were seen to be wetted by the epoxy (Fig. 2b). Good wetting indicates that the
polymer tends to stick to the carbon nanotube and hence it is an evidence of bonding.
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@ (b)

Fig. 2. SEM image of fracture surface for (a) raw-SWCNTs/epoxy showing micro-
aggregates with bundles of nanotubes and (b) p-SWCNTs/epoxy composites

3.4 Evaluation of Load Transfer by Raman Spectroscopy

If a strain is applied to SWCNTSs, not only do their electronic and geometrical structures
change but also their phonon properties. This will later influence their lattice structure,
vibrational frequency and resonant intensity. These changes in electronic and phonon
properties can be utilized to characterize or study how the nanotubes respond to changes in
uniaxial stress [39,40].

Studies of SWCNTs under uniaxial stress by Cronin et al. [41], reported that nanotubes
show a downshift of their D, G and G’ Raman bands and later found that, shift of the G’-band
is larger compared to other band shifts. A typical Raman spectrum for the purified SWCNTs
is shown in Fig. 3.

In this study, we measured the peak shift for the sensmve second order band of single-
walled carbon nanotubes observed around ~2550 cm™ which has a strong peak for SWCNT.
Since epoxy resin has no Raman- actlve vibrational mode in the vicinity of the SWCNT
second order band (around 2550 cm’ ) that could overlap with this peak, monitoring the
vibrational frequency of this second order band is convenient to examine the strain of carbon
nanotubes embedded in the polymer [42]. This peak has the largest strain sensitivity causing
Raman peak shift when a strain is applied.

Cooper et al. [43], also studied the second order or disorder induced G’ Raman band of
SWCNT reinforced epoxy matrix and reported a downshift in second order G’ Raman band,
which is an indication for the reinforcement of the polymer matrix by the nanotubes.

Accordingly, uniaxial strain was introduced by stretching the nanocomposites in a stretchmg
rig attached to a computer that monitors surface strain. Static scan at ~ 2550 cm™ were
taken at four different places of the nanocomposites under uniaxial stress and a
representative average readings were taken at that particular force (strain). Since the strain
on SWCNTSs is smaller than the polymer matrix, the shift rate of SWCNTSs is smaller than the
inherent down shift rates expected for SWCNTSs.
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Fig. 3. Raman spectra (785 nm Ar" excitation laser, resolution of 2 cm’) for purified (p-
SWCNTSs) and raw (r-SWCNTs) nanotubes showing radial breathing mode (RBM),
disorder mode (D), tangential mode (G) and second order tangential mode (G’)

The shift in wave number of the G’ band vs. the applied strain as shown in Fig. 4 (a,b),
indicates that the slope trend line of the nanotubes in the 0.5% loading for the r-SWCNTs is
steeper than the 1% loading of the same nanotubes: an indication of a better reinforcing
potential at 0.5% loading. The poor load transfer at 1% loading of the r-SWCNTs could be
attributed to the presence of relatively higher density of agglomerates and nanoparticle
impurities. These agglomerates affect the load transfer in such a way that only peripheral
nanotubes were bonded to the polymer and only these tubes were stressed, causing
slippage of the inner tubes [44].

On the contrary, the p-SWCNT/epoxy composites showed better load transferring potential
compared to the raw SWCNT/epoxy composites (Fig. 4 (c,b)).

The higher shift in wave number is an indication of a better load transfer between purified
nanotubes and the epoxy matrix. Again, the high slope of the trend line at 0.5% (Fig. 4c)
indicates a good reinforcement by the purified nanotube fibres; a phenomenon consistent
with the aforementioned mechanical tests.

Generally, the relative increase in load carrying capacity of purified SWCNTs relative to the
r-SWCNTs was due to less number of nanoparticle impurities and due to the introduction of
defects on the walls of nanotubes in the process of purification which can enhance load
transfer by mechanical interlocking.
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Fig. 4. Plot of wave number versus strain for Raman G’-band for raw- SWCNTSs at; (a)
0.5% loading, (b) 1% loading and p-SWCNTSs at; (c) 0.5% loading (d) 1% loading

4. CONCLUSION
Nanocomposites with a better mechanical property were prepared simply by purifying and

excluding the nanoparticle impurities from the as-produced SWCNTs. This shows that,
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impurities which come along with the nanotubes influence the property of the tubes
negatively. Hence, it is important to exclude these impurities in advance before preparing
nanocomposites, if possible at the manufacturing level.

Lack of uniform dispersion and poor interfacial adhesion between nanotubes and the
polymer matrix are limitations that hamper full exploitations of the outstanding properties of
single- walled nanotubes. Thus, it is necessary to focus on the interfacial properties between
nanotubes and the matrix.

It is worth noting that, research have also shown upset reinforcement results with carbon
nanotubes due weak interface as well as processing challenges [45]. However, though not
the only single technique, we believe functionalizing the surface of nanotubes will
significantly enhance both dispersion and adhesion.
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