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Abstract The deformation micromechanics of single-
walled carbon nanotubes in a polymeric matrix was studied
through the use of Raman spectroscopy. The variation of
stress sensitive G’ band positions was used to detect the
interfacial adhesion between the nanotubes and the matrix
when the composites were subjected to a cyclic deforma-
tion process. It was found that the level of the interfacial
adhesion decreases with the maximum loading strain and
the repeated loading cycles. The debonding phenomenon
was saturated by the third cycle of loading of the com-
posites up to 1.0% strain. A hysteresis loop was observed to
develop due to the change of the stress transfer efficiency
between the loading and the unloading steps when the
sample was deformed over 0.4% strain. By analysing
the loop area, the energy dissipated in the deformation of
the composite materials was investigated and the extent of
the interface damage was also assessed.

Introduction

The degree of the interfacial adhesion between the rein-
forcements and the polymeric matrix is a critical aspect of
a composite system. The stress can be transferred effec-
tively from a matrix to reinforcements through an intact
interface so that the composites can share the load and
sustain higher degree of deformation. Damage and failure
of the interface introduces a change of stress transfer such
that the mechanical properties of the composite materials
may be inferior to those of the matrix. Since carbon
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nanotubes were discovered more than a decade ago [1-3],
they have become an ideal candidates to reinforce poly-
mers due to their exceptional mechanical properties such as
a tensile modulus of about 1 TPa [4, 5]. With nanotubes
possessing a very high aspect ratio, a large interfacial area
is obtained as a stress transfer medium which therefore
enhances the reinforcing effect further in the composite
system.

The deformation micromechanics of nanotube compos-
ites can be determined by utilising microscopic [6-8] or
spectroscopic [9, 10] techniques. The level of interfacial
adhesion can be measured from the nano pull-out of an
individual nanotube embedded in a polymer matrix by
using an AFM tip, and the nano-mechanical process can be
directly visualised under a microscope. The pull-out energy
and other valuable parameters, such as interfacial shear
strength, can be measured to assess the degree of interfacial
adhesion. The technique is, however, limited to how well
the AFM can manipulate the nanotube according to its size.
Raman spectroscopy has been proved to be a powerful tool
in the nanotube research. As well as the technique being
able to characterise the nanotube structure, the nanotube
Raman bands are found to shift either in their positions
(G and G’ band) [10-15] or in their intensities (radial
breathing modes) [16-18] with deformation. The stress
sensitive Raman bands have been extensively used to
monitor the stress transfer behaviour of nanotube com-
posites and to evaluate the degree of interfacial adhesion.

This study aims to evaluate the degree of interfacial
adhesion from the stress transfer behaviour of a nanotube
composite detected by the variation of the G’ band posi-
tions subjected to cyclic deformation processes. It is then
concerned with the repeated loading of the intact nano-
tube—matrix interface through several cycles of loading and
unloading of the composites. The results have been
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analysed to determine the energy dissipated during the
deformation of the composites, as well as the strength of
the interface. The approximate extent of the interfacial
damaged in the cyclic deformation processes has also been
predicted.

Experimental

The nanotube composites were produced using purified
HiPco single-walled carbon nanotubes (SWNTs) and a
cold-cured epoxy resin system consisting of 50 parts by
weight of Araldite LY 5052 epoxy resin and 19 parts by
weight of Araldite hardener HY 5052. About 0.1 wt% of
the nanotubes, with respect to the total weight of the epoxy
resin, were suspended in the hardener and dispersed using
sonication and a magnetic stirrer at room temperature for 6
and 2 h, respectively. The epoxy resin was then added into
the well-dispersed mixture and degassed in a vacuum
chamber before curing the composite at room temperature
for 7 days. The use of a cold-cured system led to less
residual stress in the material [12].

The nanotube composites produced were cut in to
rectangular strips and a strain gauge was attached to the
surface of the sample using cyanoacrylate adhesive in order
to monitor the level of deformation. The specimen was
then inserted into a custom-built four-point bending rig and
located on the Raman microscope stage. Two different sets
of cyclic deformation tests were included in this study:

e Joading and unloading the sample up to an increasing
maximum strain level

e Jloading and unloading the sample up to the same
maximum strain level.

For the first experiment, the specimen was gradually
loaded up to 0.2, 0.4, 0.6, 0.8 and 1.0% strain, respectively.
When the maximum strain was achieved, the sample was
released to 0% strain. For the second experiment, a total of
five cycles of loading the sample up to 1.0% maximum
strain were performed. When the strain reached its maxi-
mum value for each loading cycle, the sample was unloa-
ded to 0% strain. It should be noted that the sample used in
the first test was from the same batch of material but dif-
ferent from that used in the second test.

The nanotube Raman spectra were collected using a
Renishaw 1000 Raman microprobe system with a incident
633 nm He—Ne laser polarised parallel to the tensile axis. A
50x lens was used to focus the laser on the surface of the
sample and a spot size of 2 pm was obtained. In both of the
cyclic deformation tests, the spectra were collected at
intervals of around 0.05% strain and the exciting laser
beam was blocked while the deformation process was
taking place in order to minimise sample heating. It should
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be pointed out that all of the spectra were collected from
the same area on the sample in each test to detect the in situ
deformation behaviour of the composite. The G’ spectra
were curve-fitted using Lorentizian routines to determine
their peak positions.

Results and discussion

The characteristics of the G’ band under various deforma-
tion states are shown in Fig. 1. The G’ band is located at
around 2600 cm ™" and is well known as an overtone of the
D band. It also behaves similarly to the G band but the
sensitivity to deformation is much higher than the D and
the G bands [10]. It can be seen from the figure that the G’
band shifts to lower wavenumber with tension. When the
sample was released to 0% strain, the G’ band position
moved back and slightly towards to higher wavenumber.

Cyclic deformation up to increasing maximum strains

Figure 2 shows the variation of the G’ band position in the
cyclic deformation range from 0.2 to 0.6% strain. It can be
seen that the G’ band shifts approximately linearly with
strain and the loading curve overlaps the unloading one for
the initial two cycles which indicates the stress is fully
transferred from the matrix to the nanotubes. The nano-
tubes can be repeatedly deformed elastically, as well as
retaining the interfacial adhesion with the matrix, within
this strain range, 0-0.4% strain.

As the maximum loading strain is increased, the strain—
shift relationship of the G’ band becomes non-linear for the
loading cycle, whereas the behaviour remains linear during
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Fig. 1 Shift of the Raman G’ band with the strain. The intensity has
been normalised and offset for clarity. The vertical line indicates the
G' peak position centred at around 2610 cm™" for the sample in the
undeformed state
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Fig. 2 Shift of the Raman G’ band for cyclic deformation for
0.2-0.6% maximum loading strain. The data shown are for both
loading and unloading. The occurrence of a hysteresis loop at 0.6%
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Fig. 3 Shift of the Raman G’ band for cyclic deformation for 0.8 and
1.0% maximum loading strain for the same sample used in Fig. 2. The
data shown are for both loading and unloading

the unloading cycle. Due to the discrete loading and
unloading behaviour, a hysteresis loop is observed for
cycles 3, 4 and 5 shown in Figs. 2 and 3 and the loop area is
found to increase in size with the level of the maximum
loading strain. This behaviour could be due to the composite
being subjected to interfacial damage due to the reversible
slippage of the nanotube-nanotube layers in the nanotube
bundles and/or the permanent damage of the nanotube-
matrix interface. Another cyclic deformation study [19] has
reported that overlap of the loading and unloading curves is
still observed after the nanotube—matrix interface is dam-
aged. As the intensity ratio of the D to the G band was found
to remain unchanged in this overlap region, the behaviour

was attributed to the slippage taking place within the
nanotube—nanotube layers in the bundle during the defor-
mation process. Referring to our observations, it is likely
that the hysteresis loop found in this study may be due to the
damage at the nanotube-matrix interface. Since the inter-
face was damaged during the loading process, the stress
transfer efficiency between matrix and nanotubes changes
in the unloading process leading to the observation. In
addition, other evidence can be seen in the comparison
between the results in cycles 4 and 5. It is clear that the
strain—shift profile of the G’ band in cycle 5 moves to higher
wavenumber compared to the previous cycle. It suggests
that the interface is subjected to irreversible damage in the
composites and the two loading curves are therefore not
followed. The behaviour is similar to cyclic deformation
studies on other nanocomposite materials [20].

Loading and unloading to the same maximum strain

Figure 4 shows the mechanical response of nanotubes
when the composites were repeatedly deformed up to 1.0%
strain. It should be pointed out that only initial three cycles
of loading and unloading results are shown here for clarity
as cycles 4 and 5 behave similarly and overlap cycle 3. The
typical deformation behaviour of nanotube/epoxy com-
posites followed by Raman spectroscopy shows three
regions [10, 12, 16]: elastic deformation in the form of
linear behaviour observed up to around 0.4% strain, a
change in stress transfer in the form of non-linear behav-
iour from 0.4 to about 0.8% strain and complete interfacial
breakdown in the plateau region when the strain is over
0.8%. It is clear that these three regions can only be seen in
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Fig. 4 Shift of the Raman G’ band for three cycles of loading and
unloading of the sample up to 1.0% maximum strain. The data shown
are for both loading and unloading. The profile of the G’ band shift
with strain moves towards to higher wavenumber and the observed
loop area decreases with the number of loading cycles
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first loading cycle. Since approximately linear behaviour
was obtained in the subsequent cycles, it may suggest that
most of interfacial damage occurred during first loading
cycle. During the subsequent deformation, the damage
continues to develop a little more, since the loading curves
become up-shifted in band position with each deformation
cycle.

Furthermore, another interesting observation arises from
the comparison between the initial band positions for each
loading cycle. The zero-strain band position has been found
to shift to higher wavenumber in the subsequent loading
cycles. It implies that the composite becomes subjected to a
residual compressive stress in this cyclic deformation
process. We quantified this residual stress by using the
universal band shift rate of —5 cm ™! GPa [10] for carbon
fibres. Residual compressive stresses of about 0.13 GPa
were obtained in the first set of tests after the five loading
cycles up to an increasing maximum strain and 3.0 GPa in
the second set after the five loading cycles up to the same
maximum strain of 1%.

Energy dissipation
In the composites

Since a hysteresis loop was observed in our study, it rep-
resents the energy dissipated in the composite system
during the deformation process. The amount of the energy
dissipated per unit volume can be quantified simply by
estimating the loop area. The stress—strain curve for a
loading and unloading cycle is shown in Fig. 5 to dem-
onstrate the determination of the energy dissipated. It
should be noted that the variation of energy estimated is
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Fig. 5 Derived stress—strain curve of the nanotube composites
subjected to a cycle of loading and unloading tests demonstrating
the estimation of the loop area. The stress was determined from the
universal G’ band shift rate, of —5 cm™' GPa, for carbon fibres
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Table 1 Energy dissipation in the SWNT/epoxy composites for the
two different sets of loading and unloading tests

Loading energy Unloading energy Energy dissipated

MJ m™?) MJ m™?) (MJ m™?)
Maximum loading strain (%)
0.2 0.5 04 0.1
0.4 22 2.0 0.2
0.6 4.9 4.1 0.8
0.8 7.8 5.2 2.6
1.0 104 6.7 3.7
Loading cycles (to 1.0% strain)
Cycle 1 10.8 6.0 4.8
Cycle2 9.7 6.9 2.8
Cycle 3 10.0 8.1 1.9
Cycle 4 10.2 8.1 2.1
Cycle 5 104 8.4 2.2

calculated to have an accuracy of within £10%. The stress
value in the figure was derived from the nanotube band
shift in G’ band wavenumber divided by a universal band
shift rate of —5 cm™' GPa for G’ band in carbon fibres.
The loading and unloading results were curve-fitted using
polynomial and linear equations, respectively. However,
since linear behaviour was observed in the loading cycles
up to 0.2 and 0.4% maximum strain as the data shown in
Fig. 2, these loading results were also curve-fitted by using
linear functions. The loading and unloading energies were
measured by integration of the curve-fitted equations
between 0% and the maximum loading strain. Subse-
quently, the energy dissipated in the deformation cycle was
estimated by subtracting the unloading energy from the
loading energy. The results in these two cyclic deformation
tests are listed in Table 1.

At the interface

The estimation of the energy dissipated in each cycle and
the predication of the level of damage at the nanotube—
matrix interface were carried out using the following
assumptions. The composites produced in this study were
assumed to contain a uniform and randomly oriented
nanotube distribution in the polymeric matrix system. The
rotation of the nanotubes during the deformation process
was neglected in this low strain range (<1.0% strain).
Since the density of the epoxy resin used is about
1.1g cm ™3 [21] which is similar to the HiPco SWNT
density (of 1.3 g cm™) [22], the volume fraction of the
nanotubes (V) is about 0.1% for approximately 0.1% by
weight of nanotubes dispersed in the epoxy resin. The
volume (V) of the nanotube can be calculated from their
length (L) and diameter (D) and the number of nanotubes
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(N) per unit volume of the polymeric matrix can be esti-
mated though the following equation:

Vi = (D/2)*nL = (D*xL) /4
N=V;/Vy = AV M
" DL

It should be pointed out that D can be either the diameter
of an individual nanotube (D) or the diameter of a
nanotube bundle or rope (Dyqpe), as the diagram in Fig. 6
shows, depending on the degree of dispersion of the
nanotubes in the matrix. In this case, the total area of
the nanotube-matrix interface (A,) per unit volume of the
composites can be assessed from the nanotube surface area
(Ay) attached to matrix multiplied by the number of
nanotubes in per unit volume of composites as follows:
Ap = DrnL
Al = Ay x N = DrL x D42Vf _ Ve @

nl. D

The unmodified epoxy resin was also tested in tension in
our study (data not shown). The stress—strain curve was
linear up to well over 1% strain, which suggests that the
epoxy resin would be expected to undergo the elastic
deformation within the maximum 1.0% loading strain used
in this study. The loop generated in the cyclic deformation
process must therefore be attributed mainly to nanotube—
matrix interfacial debonding. The energy dissipated at the
interface (Epeerface) can then be determined from the energy
dissipated in the composite (Eqomp) divided by total nano-
tube—matrix interface area:

Ecomp (MJ m~3)
Al (m? m—3)

(3)

Enterface =

Substituting Eq. 2 into Eq. 3 gives,
DE omp
4Vy

Ennterface = d m—2) 4)

It is clear that the energy dissipated at the interface is
very dependent on the nanotube diameter and the volume
fraction of the nanotubes in the polymer. The results shown

Maximum loading strain / %

Fig. 7 Interfacial energy dissipated during the cyclic deformation up
to different maximum loading strains. The amount of the energy
dissipated was estimated from assuming 0.1 wt% of nanotubes
dispersed in the matrix system with dimensions of 1 nm in diameter
and 1 pm length
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Fig. 8 Interfacial energy dissipated during the cyclic deformation up
to 1% maximum loading strain. The amount of the energy dissipated
was estimated from assuming 0.1 wt% of nanotubes dispersed in the
matrix system with dimensions of 1 nm in diameter and 1 um length

in Figs. 7 and 8 for two different cyclic deformation tests
were evaluated from the assumption of the composite
containing individual nanotubes with an average diameter
of 1 nm.

It can be seen from Fig. 7 that no significant energy
dissipation was found at 0.2-0.4% maximum loading
strains due to the good bonding between nanotubes and
matrix. As the maximum strain increased, a steep build-up
in the energy dissipation was observed, indicating the
steady development of interfacial breakdown.

The results in Fig. 8, however, show that a great deal of
energy dissipation occurred for the initial two loading
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cycles and that it tends to be constant over the subsequent
loading cycles. As mentioned previously, the G’ band
strain—shift profiles were overlapped among cycles 3, 4 and
5, which may imply the termination of the development of
further interface damage. This could be due to two possible
reasons: the interface might have failed completely in the
earlier cycles or the applied strain level may not be high
enough to cause any further damage of the interface.
Therefore, under these circumstances, the approximately
constant energy dissipation observed may be due to friction
at the damaged nanotube-matrix interface during the
deformation process.

The degree of the adhesion of individual nanotubes in a
matrix has been determined using a nano “pull-out” test
[6]. In particular, the energy required to damage the
nanotube—polymer interface (Ej . 1..) can be measured
from this nanomechanical test. In this case, the extent of
the damaged interface (Lp) can be estimated approximately
from a comparison between the pull-out energy and the
interface dissipation energy observed in our study:

Elnterface DEcomp
D=1 =) (5)

Interface

Cooper et al. [6] pulled out individual SWNTs bridged
across a hole of an epoxy resin and reported that an energy
(E} eriace) Of the order of 25 J m™? was required to break
the SWNT-epoxy interface completely. The extent of
interface damage in our study can be evaluated from their
findings. The results listed in Table 2 were estimated for
different nanotube dispersion morphologies in the
composite system ranging from individual nanotubes

(1 nm diameter, factor 1), nanotube bundles (factor 7; the

nterface

Table 2 Extent of damage interface for the two different sets of
loading and unloading tests

Factor 1 Factor 7 Factor 49
(isolated NT) (NT bundles) (NT bundles)
(%) (%) (%)
Maximum loading strain (%)
0.2 0.09 0.27 1.06
0.4 0.18 0.55 2.14
0.6 0.71 2.15 8.30
0.8 2.40 7.19 27.80
1.0 3.50 10.50 40.58
Loading cycles
Cycle 1 4.54 13.62 52.67
Cycle 2 2.68 8.04 31.08
Cycle 3 1.86 5.59 21.62
Cycle 4 2.00 6.00 23.21
Cycle 5 2.13 6.39 24.69

The results presented were estimated assuming various nanotube
dispersion morphologies in matrix system
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closed-packed geometry is shown in Fig. 6) and nanotube
assemblies (factor 49; an assembly of seven bundles). The
extent of interface damage determined for the two different
sets of loading and unloading experiments (estimated using
factors 1 and 49) is shown in Figs. 9 and 10.

Since an overlap of the loading and unloading curves
was found in the low strain deformation region, a near-zero
damaged interface shown in Fig. 9 is as expected. At
higher maximum loading strains, a damaged interface
develops from the both ends of the nanotube (Fig. 6) and
results in the increase in energy dissipation. Moreover,
Fig. 10 shows a less damaged interface with increasing
loading cycles. If the constant energy dissipation for cycles
3, 4 and 5 was due to the friction taking place at the
damaged interface, it implies that the amount of the energy
dissipation obtained at cycles 1 and 2 is not only attributed
to the interfacial breakdown, but also to the friction at the
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Fig. 9 Extent of the interface damage predicted for either the
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cyclic deformation up to different maximum loading strains
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damaged interface. Therefore, the extent of the interface
damaged determined is probably an upper limit and actu-
ally much less than the values presented in Figs. 9 and 10.

The level of interface damage estimated varies accord-
ing to the dispersion morphologies of the nanotubes in the
matrix system. It can be seen from Eq. 5 that the extent of
the interface damage depends directly on the nanotube
diameter which is related to the dispersion in the com-
posites. If the dispersed morphology is the close-packed
nanotube bundle assembly (Fig. 6) for which the diameter
(Drope) 1s much larger than an individual nanotube (Dy),
the number of nanotubes (V) dispersed in per unit volume
of the composites is much less. Therefore, a lower nano-
tube—epoxy interface area (Al,) is available to accommo-
date the applied stress. This implies that each nanotube
bundle suffers a higher deformation compared to the
individual nanotube leading to a higher level of interface
damage with bundles.

Conclusions

The study has demonstrated an approach to assess inter-
facial adhesion in nanotube/epoxy composites through the
use of Raman spectroscopy. The degree of the interfacial
adhesion was evaluated for cyclic deformation processes
and it was found to be dependent on the maximum loading
strain and the numbers of deformation cycles. A hysteresis
loop was observed from the mismatch between the loading
and unloading results and the loop area was estimated in
order to evaluate the energy dissipated in the composites.
This was employed for further modelling of the approxi-
mate extent of the interface damage by making appropriate
assumptions about the nanotube distribution in the com-
posite. This approach could also be applied to other types
of nanocomposites such as functionalised nanotubes [23,
24] dispersed in various polymeric matrices.
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