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Abstract

Raman spectroscopy of Carbon nanostructures is fundamental in characterising the
morphology and the interaction of the nanostructure with the environment. This work
provides an outline of the Raman Vibrational modes for graphitic structures starting
from graphite fibres, to single-wall carbon nanotubes to multiwall carbon nanotubes
and finally to Single- and Multi-layer Graphene. Following a brief outline of the
dependence of the force constant on applied deformation, the stress induced changes
in the Raman spectrum of graphitic structures are subsequently discussed with a view
to elucidating the reinforcing ability of the CNTs in a matrix and assessing the stress
transfer at the CNT matrix interface. The possibilities of employing CNTs as stress

sensors in composite materials are also presented.
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6.1. Introduction

The scope of this work is to provide an overview of the stress-induced changes in the
Raman spectrum of graphitic structures. As there has been limited work done in the
field of hybrid composite systems, this chapter will focus on aspects related to the
ability of employing the Raman technique for monitoring systems that are comprised
of graphitic carbon nanostructures and their composites. This will be performed in
order to provide an insight into the capabilities of the methodology as a means of
sensing internal stresses and assessing the stress transfer in nano-reinforced
composites.

Raman spectroscopy has always been an invaluable tool for evaluating the structure
and properties of graphitic materials. Since the reference work by Tuinstra and
Koenig on graphite fibres (Tuinstra,Koenig 1970), there is an immense volume of
research effort that focuses on the interpretation of the Raman spectrum of sp® carbon
allotropes. This research interest has been further boosted due to the study of
fullerenes (Kuzmany et al. 2004), carbon nanotubes (CNTSs) (Dresselhaus et al. 2005),
and recently graphene (Malard et al. 2009b). These graphitic structures are extremely
promising in that they offer exceptional mechanical, thermal and electronic properties.
It is noteworthy that the in-plane elastic modulus of graphene is regarded to be the
highest of all known materials, on the order of 1 TPa (Sengupta et al. 2011). The
Raman spectrum of graphite provides direct information on the C-C bond which
exhibits this extraordinary stiffness; note that the Eyq in plane vibration is the only
allowable Raman Vibrational mode in graphite. In this respect, the importance of
Raman monitoring of sp? carbon is by definition justified. All deviations from the
planar hexagonal array of the infinite graphitic sheet or graphene directly affect all the
aforementioned properties but at the same time give rise to other modes in a Raman
spectrum (Malard et al. 2009b). This further enhances the capability of Raman
Spectroscopy to monitor the sp> morphology, as well as the effect that any external
field is expected to have on it.

The tubular morphology of single wall CNTs (SWCNTSs) is of particular interest since
all these ‘“carbon molecules” may possess unique spectral signatures depending

particularly on their diameter and chirality (Dresselhaus et al. 2010). These spectral



features distinguish them from the typical spectrum of carbon fibres and allow for
their identification. Of particular interest are the resonance effects which are related to
the dispersive nature of vibrational modes such as the Radial Breathing Mode (RBM),
which are also significantly affected by the deformation that an external field may
induce to the SWCNT (Dresselhaus et al. 2007). The lifting of degeneracy of the Exq
band in the axial and circumferential direction also leads to an alteration of the typical
graphitic lines. The unique structure of double wall CNTs (DWCNTSs) is mirrored in
their Raman spectrum and is directly related to phenomena such as interlayer
interaction and interlayer stress transfer. The Raman spectrum of multiwall CNTs
(MWCNTSs) is closer to the Raman Spectrum of graphite fibres, but still direct
information about the stress transfer efficiency of MWCNT reinforced composites
may be derived. Finally, the simplicity of graphene is unique in providing insight into
all vibrational modes including the so called “disorder induced” Raman vibrational
modes as well as elucidating the interlayer interaction I multi- layer graphene.

Due to the anharmonicity of the C-C bond (Wool 1980), the applied stress on all
aforementioned structures is directly related to shifts in vibrational frequencies or
changes in the intensities due to resonance phenomena. Splitting of bands like the
graphitic (G) or the second-order graphitic (G’) line is also observed (Frank et al.
2011a). The calibration of stress-induced shifts with applied strain provides direct
information about the stress transfer. The derived stress dependence of Raman bands
in the ideal case of Graphene may also directly link the translation of far-field stress
to the C-C bond stretching, which is in fact the essence of reinforcement for nano-
reinforced materials (Frank et al. 2011b). In this respect, Raman Spectroscopy is
unique in providing directly stress information. In addition, the capability of
employing graphitic structures as stress sensors within structural composites is also
significant (Zhao et al. 2002), since the Raman Spectrum of CNTs may provide
information on interfacial stress transfer (Sureeyatanapas et al. 2010) even stress
concentrations around notches (Zhao,Wagner 2003).

Summarizing, Raman Spectroscopy is an invaluable tool in characterizing sp?
graphitic structures and their composites. On the other hand, the outburst of research
activity in these graphitic structures has immensely increased the research in the field
of Raman spectroscopy of such materials and, as a result, the capabilities of Raman
spectroscopy for stress monitoring and sensing in sp? structures seem to ever increase

as the volume of related research is rising.



6.2. The Raman Spectrum of Graphitic Structures

Common to all graphitic structures is the Graphitic or G band which corresponds to
the in-plane lattice vibrations of the plane graphitic crystal (Vidano et al. 1981). The
aforementioned band is one of the two Raman active Epq vibrational modes for
graphite together with the band observed at approximately 50 cmi* which corresponds
to a rigid layer shearing of the graphitic lattice (Nemanich et al. 1977). All deviations
from planar geometry and symmetry result in alterations in the G band. As a result,
the G band can be used to probe any divergence from the flat geometric structure of
graphene. These divergences may comprise the strain induced by external forces, by
layer interaction in a graphene with few layers or in multi-wall nanotubes, or even by
the curvature of the side wall in tubular structures. In the latter case, more Raman
active modes are present, characterizing the diameter, the chirality rendering thus the
Raman signature of every tubular geometry almost unique (Dresselhaus et al. 2010).
However, the overlapping tubular geometry of multi-wall CNTs makes these spectral
features less distinguishable (Malard et al. 2009b). The strong feature at
approximately 2700 cm™ is also characteristic of sp? carbon, and is characterized by
its dispersive properties, or by its dependence on excitation frequency. The so-called
G’-band is a second-order double resonance process and as such is very sensitive to
the morphology of the structure providing information on the number of concentric
tubes for multiwall nanotubes (Malard et al. 2009b). The origin of this second order
feature has been greatly argued, but for reasons of consistency it will be referred to in
this work as the “G’ band”. Interestingly enough, with an increase in the number of
walls of the CNTs or equivalently with an increase in the number of layers, more
double resonance scattering processes occur, and the final spectral feature converges
to that of graphite, where only two peaks are observed.

Apart from the graphitic lines of the Raman Spectrum, the presence of the “disorder
induced” lines is evident in most sp?> morphologies. These two lines are observed in
the first order spectrum in the vicinity of 1360 cm™ and 1620 cm™* and are denoted as
the D and the D’ line respectively (Lespade et al. 1984). The disorder induced lines
are strongly interrelated and have been directly associated with experimentally

induced disorder in the graphene layers or the average defect distance (Lucchese et al.



2010) as well as the graphitization temperature which is directly related to stiffness
(Huang, Young 1995) or crystallite size. Inthe case of high modulus carbon fibres, the
disorder induced bands are reported to vary along the fibre length for an individual
fibre (Paipetis,Galiotis 1996) or even along the fibre cross section (Katagiri et al.
1988). The work on carbon fibres strongly suggests that apart from the amount of
crystal boundary that is inversely proportional to crystal size as suggested in early
works (Tuinstra,Koenig 1970), lattice orientation is also responsible for the presence
or not of the disorder lines. Moreover, the chirality of the nanotubes may enhance or
diminish the disorder lines in the case of armchair nanotube morphology and zigzag
nanotube morphology, respectively (Cangado et al. 2004).
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Figure 1: (a) Raman spectra from SWNT bundles (b) Raman spectra from a metallic (top) and
a semiconducting (bottom) SWNT at the single nanotube level (Reprinted from (Dresselhaus
et al. 2005), with permission from Elsevier)

SWCNTs are specially challenging in that their diameter is by definition smaller than
that of the typical excitation wavelength. The typical Raman spectrum of SWCNTSs is
depicted in Figure 1. Although the excitation volume is very small, resonance
phenomena are responsible for intense and sharp Raman bands (Dresselhaus et al.
2007). In the case of SWCNTSs, the specificity in Raman vibrational activity is
summarised in the aforementioned splitting of the G line and the presence of the
Radial Breathing Mode (RBM) which is both dispersive and characteristic of the
carbon nanotube diameter. The RBM corresponds to the out-of-plane stretching or the
radial breathing of the graphitic structure (Dresselhaus et al. 2005). The RBM



frequency is inversely proportional to the SWCNT diameter, a property which stems
directly from the moment of inertia or the carbon mass distribution around the
nanotube axis. Fundamental to the characterisation of SWCNT using Raman
spectroscopy is the dependence of the RBM on the excitation frequency, which gives
rise to the Kataura plot (Kataura et al. 1999), see Figure 2. This corresponds to
different resonant properties of nanotubes of different diameters, which in their turn
allow for the probing of the existence of “single molecule” structures within the bulk
of multiple nanotube morphologies (Dresselhaus et al. 2005). In other words, the
spectral information contained in a spectrum for a given excitation energy
corresponds to the fraction of the nanotubes that are in resonance with the specific
laser line (Milnera et al. 2000) which can even be assigned to a specific chirality
(Jorio et al. 2001). The RBM feature is associated with small nanotube diameters, and
thus is disappearing for Multi-Wall Nanotubes, although its presence has been

reported under good resonance conditions (Benoit et al. 2002).

3.0
~ M
- (o)
25 °
= .O
: L J
20 |
L s
% s E»
=19
G [Ca
- &
1.0 F
E E;
0.5 |
00 C e o pimlos & oain il o din 1 gy
0.5 1.0 1.5 2.0
d, (nm)

Figure 2: The Kataura plot shows the transition energies vs. SWCNT diameter. The right
panels show schematic figures defining the SWCNT classes (Reprinted from (Dresselhaus et
al. ), with permission from Elsevier)

As aforementioned, SWCNTSs present distinct features in the G line. This is attributed
to the lifting of the degeneracy of the Exy due to its tubular symmetry. Typical of the



Raman spectrum of SWNTs is the presence of the G™ and the G* lines which
correspond to the axial and circumferential vibrations of the rolled graphene sheet.
Whereas G+ is sensitive to the presence of dopants (Dresselhaus,Dresselhaus 1981),
G’ is sensitive to the nature of the tube i.e. metallic or semiconducting but not on the
chirality (Pimenta et al. 1998), (Brown et al. 2001). Both G lines are reported to be
formed from three peaks from different symmetries which are polarisation dependent
(Jorio et al. 2000), (Jorio et al. 2003), raising the number of vibrational modes that
form the G line to 6 (2A, 2E1 and 2E2).

Finally, the second-order Raman spectrum is dominated by the feature at
approximately 2700 cmt. The so-called G’ line is a double resonance process and is
related to the D band at 1350 cm’, or the disorder induced band. The D band is a
single phonon process and the G’ prime band is a dual phonon double resonance
process. In the case of graphite, the D band can be fitted with two Lorentzian
distributions, whereas the G’ band can be fitted with one Lorentzian (Can et al. 2002),
a fact that renders the specific line especially attractive for stress monitoring. As in
the case of the D line, the G’ band is related to diameter and chirality. This is
attributed to the fact that as the planar structure is converted to a tubular one in the
case of CNTSs, the bandwidth of these spectral lines are directly affected (Jorio et al.
2002). However, as has been reported (Souza Filho et al. 2002), whereas in the
majority of graphitic structures, the G’ appears as a single distribution, in the case of
individual SWCNTs, a two-peak vibrational activity has been reported. This
vibrational activity is related to the electronic properties of the nanotube and is
associated to distinct resonance processes sufficiently separated in resonance energy.
Other cases where the G’ line presents a morphology that diverges from a single
distribution are attributed to interlayer coupling (Malard et al. 2009a), tunnelling
effects (Cui et al. 2009) etc. Other vibrational modes are also reported which include
overtones and combination modes like the 1750 cm™ band, the iTOLA combination
mode at the area of 1800 cm* to 2000 cm™, or the intermediate frequency modes
IFMs with frequencies that range between the RBM and the G mode (Figure 1).

As previously stated, for multi-wall CNTs (MWCNTSs), all the aforementioned
features that distinguish SWCNTs from other graphitic structures tend to disappear
and the spectrum converges to that of turbostratic graphite (Cangado et al. 2008).
However, specific features have been reported which include the splitting of the G

band which relates to the presence of very small diameter inner tubes (Benoit et al.



2002), the dual morphology of the G’ band which relates to the circumferential
deformation of the tube particularly for double-wall CNTs (Bandow et al. 2004), or
the presence of the RBM under specific resonance conditions (Pfeiffer et al. 2003).
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Figure 3: The measured G’ Raman band with 2.41 eV laser energy for (a) 1-LG, (b) 2-LG, (c)
3-LG, (d) 4-LG, (e) HOPG (Reprinted from (Malard et al. ), with permission from Elsevier).

Last but not least, graphene has recently been in the focal spot of the international
research community. Being the simplest sp?> Carbon structure or else the basic
building unit of any graphitic structure, graphene is ideal for evaluation and further
investigation using Raman Spectroscopy. Monolayer graphene is unique in that the G’

line is remarkably more intense than the G line and this can be understood in terms of



a triple resonance process (Malard et al. 2009b). As more graphene layers are added
to the structure, the G’ line transforms from a simple Lorentzian to a more complex
peak, where more than one lines appear to coexist due to the interlayer interaction
(Figure 3). The complexity of the peak is attributed to the interlayer interaction and
the random rotation along the ¢ axis of the graphene layer (Malard et al. 2009a).
Interestingly enough, turbostratic graphite where rotational effects are minimised, also
exhibits a single Lorentzian morphology. However, this is upshifted in frequency and
is wider and of lesser intensity than the corresponding G line (Cangado et al. 2008).
Of particular interest is the emergence and morphology of the disorder lines, as
different types of graphene edges are probed (Malard et al. 2009b).

6.3. Stress dependence of the Raman Spectrum

6.3.1. The principle

There are 3N-6 possible vibrations in the general case of a polyatomic
molecule. Each one corresponds to an internal displacement co-ordinate. In the purely
linear elastic case, the displacement may be regarded as directly proportional to the
restoring force. The 3N-6 set of constants of proportionality are called the force
constants. In this case, all vibrations are purely harmonic and the potential energy of
the system is the sum of the quadratic terms whose coefficients are the force
constants.

For one simple vibrational motion, according to the above,

F =k (x-o) 1)
where F is the restoring force, k is the force constant, and (x-Xo) is the distance from
the equilibrium position Xo. Integrating equation 1 with respect to x provides the

potential energy function Uy:
1 2
Up:Ek(X-XO) (2)

which is the parabola shown in Figure 4a. This oscillation is harmonic and its

frequency v is independent on the distance from the position of equilibrium xo. The



quantum theory of the harmonic oscillator only allows one transition from one energy
state to another Av = + 1. These energy states are shown as dotted lines in Figure 4a

and are equidistant.
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Figure 4: (a) The potential energy function U, for the Harmonic Oscillator. The dotted lines
mark the allowable energy levels and are equidistant. (b) The potential energy function U, for
the Anharmonic Oscillator. The dotted lines mark the allowable energy levels and are no
longer equidistant.

It is, however, well known that phenomena like overtones, combination bands,

or difference bands (Colthup 1975) cannot be explained by the simplistic harmonic



theory. In addition, concepts like bond breaking at high deformations demand a
different approach to the potential energy function. Such an approximation is the
Morse function, where the potential energy is a function of the dissociation energy De,
or the energy required to break the bond:

U, =D,(1-e ") (3)

where b is a constant.
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Figure 5: (a) the variation of the force constant as a function of interatomic distance; (b) for
small displacements, the stress dependence may be regarded to a good approximation as
proportional to the molecular deformation.



In Figure 4b, the potential energy of the anharmonic oscillator is depicted. The
dotted lines represent the allowable energy levels. The quantum theory accounts for

more than one transition between energy levels.

6.3.2 Stress dependence of the vibrational frequency

The second derivative of the Morse anharmonic potential energy function

provides the equation for the force constant (Tashiro et al. 1990):
k — 2b2 De (Ze—zb( X-Xg) _ e—b( X-Xg )). (4)

As can be seen, the force constant is no longer a constant in the anharmonic
case. Moreover, it is a function of the internuclear displacement and its dependence is
depicted in Figure 5a. For small positive internuclear displacements, X = x-xo > 0, the
force constant is monotonically decreasing. For positions near the equilibrium, the
Morse function resembles the harmonic oscillator function, and the frequency v can
be regarded as proportional to Jk (Colthup 1975), (Tashiro et al. 1990). This results
in a low frequency shift Av of the vibration. On the other hand, when the bond is
compressed, that is when Ax < 0, the force constant increases causing a high
frequency shift Av.

The above principle provides the theoretical background for the frequency
shift of distinct Raman bands when the molecule is subjected to external load. The
theoretical calculation of the expected shift Av has been presented for simple
molecules (Wool 1980), (Tashiro et al. 1990). More complicated analyses include the
lattice dynamical theory to predict stress induced shifts in polymer chains.

For small displacements (Figure 5b), the stress dependence may be regarded to
a good approximation as proportional to the applied stress field o. Bretzlaff and Wool
(Bretzlaff,Wool 1983) propose the following:

Av=a,0 (5)
where a is the proportionality constant.

The key feature that links the stress dependence of the molecule to any
macroscopic deformation is whether this deformation affects the material at a

molecular level. Whereas amorphous materials are not expected to show detectable



stress sensitivity, highly crystalline materials, such as Kevlar® (Galiotis et al. 1985) or
carbon (Robinson et al. 1987), are reported to exhibit measurable stress sensitivity.
Provided that a suitable reference value is given for the unstressed material,
experimental calibration curves may be employed to translate Raman frequency shifts
to absolute strain. In most cases, a direct proportionality of the shift to the applied
strain is adequate (Galiotis et al. 1983), although higher order dependence has been
proposed in the literature to account for non-linear elastic behaviour (Melanitis et al.
1994).

What is of particular interest is that the shift of a strained bond is expected to be
proportional to the bond deformation, or else that there is a direct relationship
between the stress induced Raman shift and the bond stiffness or the Young’s
modulus of a macroscopic structure (Gouadec,Colomban 2007). These relationships
allow for universal plots that correlate the strain induced Raman Shift with the moduli

of known fibres, see Figure 6.
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6.4. Stress induced changes in the Raman spectrum of Graphitic

structures

The application of stress in graphitic structures is limited by the size of the structure
in that there must be an adequate means of transferring the stress. For this reason,
although a lot of effort has been invested in the stress dependence of the Raman
spectrum in structures of micron dimensional order such as carbon fibres, there is
limited reported research on direct application of stress on CNTs. However, a lot of
research effort has been associated with the behaviour of graphitic structures under
pressure (hydrostatic or not). This section will focus on the direct stress application on

graphitic structures.
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Figure 7: (a) Raman spectra of a HOPG sample at three selected stresses (1, 2 and 3 denote
local stresses of 1, 2 and 0 GPa, respectively). (b) Ratio of the D’/G band intensities as a
function of the ratio of the D/G band intensities (Reprinted from (del Corro et al. ), with
permission from Elsevier).

Early works focus on the application of pressure on single crystal graphitic structures
and reveal considerable frequency upshift of both Exy Raman active modes (at ~50

and 1580 cmi?). Hanfland et al report this upshift and correlate it to the structural



deformation of the Graphitic crystal due to the strong anharmonicity of the C-C bond
(Hanfland et al. 1989). In a recent work, Del Corro et al. employed a moissanite anvil
cell coupled to a Raman microscope to monitor the evolution of distinct Raman bands
of highly oriented pyrolytic graphite (HOPG) under non-hydrostatic pressure
conditions. The employment of the moissanite cell instead of the typical diamond one
allowed for monitoring of the shift of the D band (Del Corro et al. 2008). Figure 7
depicts the Raman spectra of a HOPG sample at three selected stresses and the Ratio
of the D’/G band intensities as a function of the ratio of the D/G band intensities (del
Corro etal. 2011).

The stress induced changes in the Raman spectrum of Carbon fibres have been
thoroughly studied, as Carbon Fibres are almost ideal for direct axial stress
application. The first and second order Raman vibrational modes of high modulus
fibres exhibit considerable shift with strain. As has been reported, the vibrational
modes D, G and G’ exhibit strain dependence of approximately 7, 9 and 17 cm™/%
respectively (Galiotis,Batchelder 1988). The considerable shift of the G’ band was as
expected for a second-order feature and was correlated with the shift of the D band.
The study of the spectroscopic behaviour of Carbon Fibres has been extended to
compression via application of the Cantilever Beam Technique (Melanitis,Galiotis
1990). The deviation from non-linearity when the fibres are stressed in compression
was attributed to the microscopic buckling of the graphene layers which was even
reversible in the case of low modulus carbon fibres (Melanitis et al. 1994). For this
reason, the technique may be employed for the determination of the compressive
strength of individual fibres. As should be noted, the lower the graphitization of the
Carbon Fibre, the harder it is to monitor the strain induced changes, as on one hand
the disorder features increase in full width at Half Maximum (FWHM) and intensity
relative to the G line and on the other hand the second order G’ line is not readily
detectable (Melanitis et al. 1996). As postulated in the previous section, a direct
relation between the modulus and the phonon frequency is expected, and therefore
every Raman active bond should have a unique stress dependence. In this respect,
Raman Frequency vs. stress calibration curves are more characteristic than Raman
Frequency vs. strain calibrations (Paipetis, Galiotis 1996).

As aforementioned, the Raman study of sp? graphitic structures of nano scale such as
CNTs, imposes restrictions in terms of the load application. Various researchers have

focused on the induced Raman shifts with applied pressure. Sandler et al (2003) report



on the pressure dependence of the Raman modes of various carbon nanostructures
such as different types of CNTSs, graphite crystals and nano-fibres and compare their
findings to the behaviour of high modulus carbon fibres. As expected, the Raman
modes were found to shift reversibly to higher wave numbers with pressure. The
authors used the polarization dependence of the strain induced Raman shift to predict
the initial pressure dependence of all tested nanostructures and identified a reversible
collapse condition for hollow nanostructures.

The Raman spectra of novel graphitic spheres identified as a side product of fullerene
synthesis have been found to be similar to that of micro-crystalline graphite (Loa et al.
2001). The authors report that the silent low-frequency Big(1) phonon of graphite
becomes Raman active and that high pressure affects the G’ mode near 2700 cm*
which exhibits a peculiar dispersive behaviour.

The pressure evolution of the Raman spectrum of stacked-up carbon nanofibres which
exhibit a unique morphology of stacked conical graphene cups along the fibre axis
revealed a -3 cm'/GPa dependence for the D’ double resonance feature and -4.2 cmi*
/GPa for the graphitic G line (Papagelis et al. 2011). The authors report the merging
ofthe G and D’ line which is indicative of the differential pressure dependence of the
two Raman bands.

Carbon onions and nanocapsules exhibit similar behaviour to that of MWCNTSs (Guo
et al. 2009). The special characteristic of these structures is that they can sustain very
high pressures prior to collapsing. However, differences in the pressure induced shifts
between compression and decompression were attributed to structural damage of the
nanostructures.

As aforementioned, the Raman Spectrum of more elaborate sp? structures possesses
intrinsic characteristics. Apart from the inverse dependence of Raman bands to stress
application, the Raman response of such structures may be more complicated.
Relatively early studies report pressure induced changes in the Raman spectrum with
an anomalous behavior in the pressure range of 10 -16 GPa (Teredesai et al. 2000).
The authors suggest that the intensity changes are attributed to pressure induced
deviation from resonance conditions. The reported softening is attributed (i) to
diameter dependent collapse of a fraction of the studied tubes and (ii) to the influence
of the pressure medium which may penetrate the tube. The effect of the pressure

medium is also identified in other studies (Dunstan,Ghandour 2009), where the nature



of the pressure medium as well as the resonance effects with Raman excitation energy
are reported to be of major importance.

The Raman spectroscopy of filled double-wall CNTs (DWCNTSs) with trigonal
Tellurium revealed red shift of the G’ band attributed to the softening of the C-C
bonds upon capillary filling of the tubes. (Belandria et al. 2010). The authors
employed the capillary filling of the tube to distinguish pressure induced changes
between the inner and the outer wall and verified that in the presence of Te, the
pressure coefficients of the G band of the internal and the external CNTs are larger
than in the case of empty DWCNTS.

The Raman spectrum of metallic SWCNTs and DWCNTs under high pressure
exhibits a variety of pressure induced changes. These include the deformation of
SWCNTs and the DWCNT outer tubes, the quasi-isolation of the inner tubes as well
as a narrowing of the characteristic Breit-Wigner—Fano Raman peak attributed to tube
—tube interactions at high pressures (Christofilos et al. 2006). In Figure 8, the distinct
changes in the frequency area 1350 to 1700 cm™ are depicted.



hexe=647.1 nm (1.916 V)

| TR ! T T P TR
DWCNTs '(‘\ | SWCNTs
‘ 8.5 GPa { \ | 8.6 GPa
6.3 GPa lﬂ 6.1 GPa \
/ D
k-D\_,_'__/
W
=
= [\ \
g 42 GPa ] 4.0GPa \\
- A /\
= f\ |
= \
c 1.9 GPa | \ 2.1 GPa k
= - N
= I'f'l ' I\/?'l
1 bar 1/ ". 1 bar '\
1 bar ," 1 bar
(downstroke) I (downsiroke)
|
|
1\1-' 1 1 X l\n
1400 1600 1400 1600

Figure 8: Raman spectra of DWCNTSs (left panel) and SWCNTSs (right panel) in the G band
frequency region at room temperature and for various pressures. Vertical lines denote the
main G-band components, ‘“D”’ refers to the nanotube D-band, while asterisks mark a
methanol-ethanol band (Reprinted from (Christofilos et al. ), with permission from Elsevier).

Venkateswaran et al have studied the pressure dependence of RBM and G vibrational
modes of purified and solubilised SWCNTs and reported that an abrupt drop in the
intensity of these bands is seen near 2 GPa, which suggested a phase transition. The
authors identified a 10 cm* upshift in the RBM of the purified SWCNTs compared to
the as-received SWCNTSs. Pressure induced changes were reversible and the pressure

dependence of the RBM and G bands was significantly influenced by the changes in

Raman Shift (cm™)

the electronic structure (Venkateswaran et al. 2001).



The second-order Raman G’ band of bundled DWCNTs and SWCNTSs exhibited
different pressure behaviour. The applied pressure induces a splitting of the G’ peak
in the case of DWCNTs (Papagelis et al. 2007). In the latter case, the distinct
components of the G’ vibrational mode are identified and associated with the inner
and the outer tube diameter of the resonantly probed tubes and the strength of the
inner-outer tube interaction. Moreover, the authors identify a dependence of the
pressure induced Raman Shift to the laser wavelength which they attribute to the
sampling volume of the excitation wavelength. The effect of the inner —outer tube
interaction has also been verified for increased laser powers (Puech et al. 2011).

The effect of high-pressure on the Raman Spectrum has also been studied in the case
of monolayer, bilayer, and few-layer graphene samples supported on silicon (Proctor
et al. 2009). The authors report that the pressure dependence tends to that of
unsupported graphite with increasing graphene layers and attribute this finding to the
fact that the compressive behaviour is dominated by the stiffness of the substrate.
Although there is comparatively extended research effort in the area of high pressure
of sp? carbonaceous structures, a limited number of studies exist on the direct stress
application on nano-scaled graphitic structures. Cronin et al managed to strain
individual SWCNTSs by using an atomic force microscope tip and at the same time
interrogating the strained tube with a Raman microprobe (Cronin et al. 2004). The
SWCNT was deposited on SiO2 and secured in place using electron beam
lithography. The authors secured the uniformity in chirality and diameter by scanning
along the length of the individual interrogated nanotube. The authors report
remarkable redshifts of the D, G and G’ bands with applied strain, i.e. 27, 14 and 40
cm! whereas no shift in the RBM is reported. The intensity of the RBM varies with
strain due to relaxing of the resonance conditions. In a later work (Croninetal. 2005),
the authors report on the chirality dependence of the stress induced shift and report
that semiconducting SWCNTs remain resonant with the window of applied strain
whereas metallic SWCNTs move in and out of resonance with strain, indicating a
strain induced shifting of the electronic subbands.

Elaborate studies of the chirality dependence on strain induced shift are performed in
the work presented by Gao et al (Gao et al. 2008). In this work, individual SWCNTs
are transferred on a polymethylsiloxane flexible scaffold and fixed in position by gold
deposition (Figure 9). Subsequent straining of the scaffold strains the individual

SWCNTSs. The authors report onthe G line mode splitting due to applied strain (figure



10). Increasing Chiral angle is found to affect significantly the blue shift rate of the
Raman G™ and G" line. The authors also report on the redshift of the IFM which is not
consistent with the bond softening principle described in the previous section. Liu et
al (Liu et al. 2009) provide an extensive overview of the effect of various stress fields
on SWCNTs.
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':

Figure 9: Schematic drawing of the method for SWCNT tensile testing (Reprinted with
permission from (Gao et al. ). Copyright 2008 American Chemical Society).

As mentioned above, graphene is the simplest of all sp? graphitic structures and at the
same time their building unit. Recent experimental work on graphene under stress
reveals the splitting of the G’ band (Figurell) which depends on the polarization of
the excitation light, as well as the direction of stress (Frank et al. 2011a).The authors
attribute the mode splitting to (i) the induced asymmetry of the Brillouin zone (ii) the
additional contribution of the inner double resonance mechanism and (iii) the laser
polarization with respect to the loading axis. The method to experimentally apply
strain on the graphene layers was the cantilever beam method, where a clamped
elastic beam is subjected to strain causing a strain gradient along its length. The
graphene layer is attached to the surface of the beam. The support provided by this
attachment allows for applying six times higher compressive strains than in the case
of suspended graphene, prior to buckling (Frank et al. 2010). The study of graphene
allows for the determination of a single stress factor or stress dependence of the
Raman Frequency. This corresponds to the C-C bond stiffness and should be the limit

of all sp? graphitic structures as stress is transferred from the far field to the C-C bond



(Frank et al. 2011b). The universal value that is characteristic of the graphitic band

was calculated to be approximately 5 cml/ MPa.
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Figure 10: (A) SEM image, (B) G-band spectra of (18, 5) SWNT when uniaxial strain first
increases from 0% to 1.7% and then decreases to 0%. (C) G" and G frequencies variation as a
function of uniaxial strain (reproduced from (Gao et al. )) (Reprinted with permission from
(Gao et al. ). Copyright 2008 American Chemical Society).
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Figure 11: Raman G’ band splitting under strain in graphene for parallel and vertical
polarization with respect to the loading axis (Reprinted with permission from (Frank et al. ).
Copyright 2008 American Chemical Sodiety).
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6.5. Stress transfer Raman Studies in composites reinforced with sp?

graphitic nanostructures.

It is beyond any doubt that the stress transfer between the matrix and the reinforcing
phase is of primary importance in the structural behaviour of reinforced composites.
Raman microscopy has been employed for over two decades for monitoring the
interface at microscopic level between graphitic materials and polymer matrices. The
dependence of the Raman modes on applied stress allows for the local stress
monitoring at a resolution which is practically only limited by the diffraction limit of
the excitation wavelength A, i.e. A/2. The current section is focusing on composite
materials reinforced with sp?> morphologies, with regards to micromechanics of
reinforcement. These materials may be categorized in terms of their dimensionality,
or in other words the anisotropy of the nano-reinforcement which in its turn is
controlled by the alignment of the nanophase in space. In this respect, macroscopic
nano-graphitic structures may be 1D, like typical nano-fibres (Vigolo et al. 2000)
which are by definition transversely isotropic, 2D, like bucky papers (Bahr et al.
2001) which may be employed to form orthotropic laminates, or 3D composite
systems which are isotropic in the macro-scale (Coleman et al. 2006).

As aforementioned, the difficulty of handling and aligning the nano-dimensional
phase is not an issue in the case of carbon fibres (diameter in the order of 10 micron
and practically unlimited length). Carbon fibres are the first sp? carbon structures
studied as reinforcing phase in structural components using Raman Microscopy.
Aligned carbon fibres in model single fibre composites (Paipetis,Galiotis 2001),
model multi-fibre composites (Galiotis et al. 1996) or even typical laminates
(Chohan,Galiotis 1997) have been probed in order to study the efficiency of the stress
transfer (Paipetis, Galiotis 1997), the effect of neighbouring fibres (Van Den Heuvel et
al. 1997), and the stress redistribution after a fibre break (Marston et al. 1996). The
acquired stress profiles have been associated with the integrity, the stiffness and the
toughness of the interface (Yallee,Young 1998) and analytical models have been
employed to model the axial and shear stress profiles at the interface (Paipetis et al.
1999).

The load transfer in CNT reinforced matrices is by far more complicated as it

encompasses a variety of parameters which include dispersion, agglomeration,



wetability, aspect ratio, alignment, and morphology. In other words there are a lot of
prerequisites that have to be satisfied before the nanocomposite can be regarded as a
macroscopically isotropic short fibre reinforced composite. The first published work
on the Raman investigation of the load transfer in CNT reinforced composites
(Schadler et al. 1998) reports a considerable shift in compression of the G’ band of
multi-all nanotubes (approximately 7 cm/%). This was not the same for the same
nanocomposites in tension, where although the shift was slightly positive, the
experimental scatter could not allow for direct conclusions. The authors attribute this
observation to either poor bonding of the matrix and the nanotube surface or to weak
bonding of the inner layers to the outer layer which leads to the sliding of the inner
tubes with respect to the outer tube. The behaviour of the nano-composite in
compression favours the second hypothesis, as geometrical constraints lead to the
compressive deformation of all the tubular structure. Of course, the working
hypothesis for this approach is that the stress induced Raman shift is averaged over
the volume of the interrogated tubes. The reported stiffening of the epoxy matrix due
to the MWCNT reinforcement is more prominent in compression than in tension but
the difference is not as dramatic as in the case of the stress induced Raman Shift in
tension and compression.

The first reported micromechanical test on individual CNTs is reported by Cooper et
al, where CNTSs bridging across holes in an epoxy matrix were pulled out from the
epoxy matrix (Cooper et al. 2002). The authors employed the tip of a scanning probe
microscope. A simultaneous recording of the applied forces allowed for a full force-
displacement curve of the pull out process. The authors present a correlation between
interfacial shear strength and the embedded length, to report that the interfacial shear
strength falls with increasing embedded length, as is reported in single-fiber pullout
tests. This is attributed to the fact that most of the shear stress transfer is occurring via
the “ineffective length’’ (Pitkethly,Doble 1990). The authors claim that their findings
support the hypothesis that the CNT polymer interface may be significantly stronger
than the interface between fibre and matrix in typical systems such as glass or carbon
fibre-reinforced composites. They attribute the enhanced adhesion to the existence of
covalent bonds which arise from naturally occurring defect sites at the CNT wall.
Cooper et al studied the deformation micromechanics of both SWCNTs and
MWCNTs embedded in epoxy matrix using Raman Spectroscopy and confirmed the

blueshift of the Raman G’ band with tension for all studied CNTs (Cooper et al.



2001). Interestingly enough, two different types of SWCNTSs exhibit shifts that differ
by an order of magnitude with macroscopically applied strain (Figure 12). This
difference is attributed either to lower stiffness or to poorer dispersion of the tubes
that exhibit the low shift. The second postulation is indicative of the effect that the

dispersion, or the initial CNT morphology may have in the final nano-composite

properties.
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Figure 12: The strain induced shift differs by one order of magnitude for two different types
of SWCNTSs (Reprinted from (Cooper et al. 2002), with permission from Elsevier)



The authors assume that the nanotube-reinforced composites are short fibre reinforced
composites with random reinforcement distribution and use well-known analytical
formulations (Cox 1952), (Evans,Gibson 1986) to derive equivalent nanotube moduli
for 2D and 3D distributions. The maximum calculated modulus of the reinforcing
phase is found to vary between approximately 80 and 800 for 2D distribution of the
reinforcement and between approximately 250 and 2500 for 3D distribution of the
reinforcement. The 2D calculated values are regarded as more reasonable and the
authors conclude that the moduli of 300 GPa and 1 TPa for MWCNTs and SWCNTs
are in line with experimental measurement. However the huge discrepancy between
the two kinds of SWCNTs is not adequately addressed. According to later stress
studies on the chirality dependence of the stress sensitivity of SWCNTs (Gao et al.
2008), this discrepancy could also be attributed to other reasons than agglomeration
and dispersion. As aforementioned, these studies reveal major differences in stress
dependence for different types of CNTs (the strain induced shifts range from -4 cm’
/% to -25 cmt/%, but they are calculated for the G* and G band and not for the G’ as
in the study by Cooper et al).
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Figure 13: Strain in the carbon fibre (solid symbol) and in the CNT modified matrix near the
fibre edge (open symbol) measured simultaneously by microRaman spectroscopy at applied
stress levels of (a) 3 MPa, (b) 7 MPa,and (c) 10 MPa (Reprinted from (Zhao,Wagner 2003),
with permission from Elsevier)

Zhao et al employed SWCNTSs to monitor the stress concentrations around notches in
nano-composites using polarized Raman Microscopy (Zhao et al. 2002) Using
polarization studies with the polarization either vertical or perpendicular to the
direction of the stress application they report that the polarization can be employed to
interrogate nanotubes aligned in the polarization direction. In this case, the shifts of
the G” band can be associated with the axial and transverse strain and calibration
curves may be drawn. They observe a notable downshift with the polarization aligned
to the stress application axis and an upshift in the transverse direction which they
attribute to Poisson’s contraction. The relative frequency shift when probing in the
transverse direction away from the circular notch is associated with the stress
concentration factor due to the notch. Similar stress concentration values were
reported in a typical unidirectional aramid fibre composite laminate (Arjyal et al.
2000).

Furthermore, Zhao et al employed the same technique to monitor the stress field
around the break of a two-dimensional model composite (Zhao,Wagner 2003). In
their study, they modify a polymer matrix using SWCNTs and make single fibre
model composites both with E-glass fibre and high modulus carbon fibre. They are
successful in creating a stress contour map around the stress discontinuity invoked by
the fibre break. In the case of a high modulus carbon fibre, they perform simultaneous
mapping of the fibre and the modified matrix to produce “mirror” strain profiles
associated with the fibre failure (zero stress at the vicinity of the crack) and the
surrounding matrix (stress concentration at the vicinity of the crack (Figure 13). The
same strain sensing principle is also employed in the case of E-glass polypropylene
interfaces (Barber et al. 2004) and the measured data are associated with interfacial
shear strength values calculated from the classical fragmentation test employing the
Kelly-Tyson “constant shear” model (Kelly, Tyson 1965).

Kao and Young studied the combined effect of laser heating and deformation in the
Raman shift of the G’ band for SWCNTSs in an epoxy matrix (Kao,Young 2004). As is

reported in the case of carbon fibres (Everall et al. 1991), there is a downshift in the



G’ line with increasing laser power. They employ a four-point bending device to
apply uniform strain at distinct increments and monitor the induced shift seamlessly in
tension and compression. Unlike in the case of MWCNTSs (Schadler et al. 1998), there
is continuity in the slope of the transition region between tension and compression.
Additionally, they report a plateau in the induced shift both in tension and in
compression around 0.5% which they attribute to buckling and interfacial failure for
compression and tension respectively. They also report on the influence of thermal
stresses induced by the differential contraction between the matrix and the SWCNTs.
By comparing a cold and hot curing matrix system they indicate that the presence of
residual stresses favours stress transfer.

In a more recent work, Kao and Young (Kao,Young 2010) report a decrease in the
stress transfer efficiency of CNT reinforced composites with cyclic loading. In
particular they find that the stress sensitive G’ band is shifting with applied stress to
lower wave numbers. The induced shift presents a hysteresis loop with cyclic loading
and the authors correlate the hysteretic area to the dissipated energy (or to the induced
damage at the interface), and normalize it to the total interfacial area between the
nanotubes and the surrounding matrix. They employ reported experimental values
from pull-out tests of individual nanotubes from a polymer matrix (Cooper et al.

2002) to evaluate interfacial damage of bundles and individual CNTs.
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Figure 14: Raman spectra of SWCNTs and DWCNTSs obtained using a 633nm HeNe laser. a)

Low-frequency region for the SWNTs, showing the RBMs. b) The G’ region of the SWCNTs.
¢) Low-frequency region for the DWNTs, showing the additional RBMs. d) The G’ region of

the DWNTSs, showing splitting of the band (Reprinted from (Cui et al. 2009), with permission

from Elsevier)

Cuietal. (Cui et al. 2009) employed Raman Spectroscopy to study the effect of stress
transfer in a double-walled carbon nanotube reinforced matrix. DWNTSs are the
simplest form of MWNTS. In this respect they can be employed to study both the
polymer graphene interface as well as the wall to wall interface. In their study Cui et
al monitor the stress induced shift of the Raman bands of DWNTs during deformation
and employ their findings to predict the behaviour of MWNTSs. Cui et al verify the
splitting of the G’ band when a model composite system is subjected to tension and
compression (Figure 14). As the splitting is attributed to slippage of the inner wall of
the DWCNT, the authors use the stress-induced shift of the outer and inner wall to
predict effective reinforcement in MWCNT reinforced composites. They report poor
inter-wall bonding or even that the inner nanotube wall is “virtually unstressed” to
conclude that the effective Young’s modulus in MWCNT reinforced systems is bound



to be relatively low unless the inter-wall stress transfer is improved, potentially
through the introduction of defects, or subsequent treatments such as radiation
crosslinking (Peng et al. 2008).
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Figure 15: Raman peak shift as a function of applied tensile stress for two nanotube
composite samples (Reprinted from (Brownlow et al. 2010), with permission from Elsevier)

Apart from the effect of applied strain on CNT nano-composites, the Raman shift has
also been employed to study their residual strains in composites. Hadjiev et al
(Hadjiev etal. 2010) employed Raman Microscopy to measure residual strain in CNT
reinforced epoxies. They took advantage of the difference in frequencies of the CNT
vibrational G* mode in the composite compared to that of relaxed CNTs to measure
the local residual strains in the composites. They report considerable variation with
both CNT functionalization and CNT concentration. More specifically, at room
temperature and with the same local concentration of CNTs in the composite, the
strains of oxidized and polyamidoamine-functionalized CNTs are found to be 2.5
times higher than that of the composite containing pristine CNTs. According to the
authors, the higher residual strain of the composites loaded with functionalized CNTs
is indicative of better stress transfer and integration in the epoxy matrix, which was

verified by the improved tensile properties measured for the functionalized CNT



composites. Interestingly enough, the residual strain is reported to depend on other
parameters than the thermal coefficient mismatch between the CNTs and the epoxy,
which in its turn is independent of post processing of the CNTs. However, the authors
do not report the effect of post processing on the spectrum of CNTs prior to
incorporation into the matrix. Lucas and Young (Lucas, Young 2007a) report on the
spectral changes in the RBM and the G’ line induced by the thermal stresses in
SWCNT reinforced composites. They employ epoxies cured at different temperatures
to induce varied thermal stress field in the CNT reinforced polymer. They report that
the relative intensities of the RBM vary with curing temperature, and correlate this
variation to that induced by far-field strain application, when the composites are
loaded in four-point flexure. They also report a red shift of the G’ band with
increasing curing temperature and employ the measured shift to verify the reported
thermal expansion coefficient of the epoxy matrix. Additionally, the effect of strain on
RBM is studied using three different excitation wavelengths in order to study the
well-known dispersive features of the RBM with applied strain (Lucas,Young 2007b).
The authors report variations of between 10% and 200% of the RBM intensities over
a range of strain between —0.6% and 0.7% depending on the nanotube diameter and
its chirality accompanied by a shift of the G and G’ bands. They attribute these
intensity changes to resonance effects and employ tight-binding calculations to predict
intensity changes with uniaxial strain.

Comparative studies of the efficiency of CNTs as strain sensors have also been
recently published (Sureeyatanapas et al. 2010). Both luminescence and Raman
spectroscopy have been employed to monitor the stress build-up on the fibre of a
single fibre fragmentation coupon. The authors combine single-walled nanotubes with
a silane coating on the surface of samarium doped glass fibres. Thus, local strain
could be simultaneously monitored using both techniques, despite the presence of this
coating. Good agreement with shear-lag theory can be obtained using both techniques,
during the fragmentation of the glass fibre. De la Vega et al combine impedance
spectroscopy with Raman spectroscopy to monitor the thermal stress built up during
curing (de la Vega et al. 2009) and to simultaneously sense local and global strain in a
carbon nanotube reinforced composite (De la Vega et al. 2011). In order to
successfully monitor the stress built-up during curing, they correct the apparent
Raman shifts with temperature. Although the Raman probing is sensitive enough to

temperature and phase changes, there is no observable slope change in the



conductivity of the cured samples reheated up to their ultimate processing
temperature. Cured SWCNT epoxy composites above electrical percolation are
simultaneously studied and a similar behavior is observed for both the Raman Shift
and the electrical conductivity of the nano composite. Both techniques are found to
undergo transitions beyond a critical strain level which according to the authors,
coincides with the development of residual strain in the matrix, when the composites
were subjected to cyclic loading.

Nano-reinforced composites with higher symmetry would include nano-reinforced
fibres, which due to manufacturing processes favour alignment along the fibre axis.
These nano-reinforced composites would be transversely anisotropic in terms of
symmetry. Polarised Raman spectroscopy has been employed to characterize the
alignment of the nano-reinforcement along the fibre axis, which would be a measure
of the quality of the CNT-reinforced fibres. Chae et al (Chae et al. 2005) study
polyacrylonitrile (PAN)/ CNTs composite fibres, spun from solutions in dimethyl
acetamide (DMAC), using SWCNTs, DWCNTs, MWCNTSs, and vapour grown carbon
nano-fibres (VGCNFs). The CNT content in all cases was 5 wt%. In this case, Raman
spectroscopy is employed for characterising the fibre morphology rather than the
efficiency of the stress transfer or orientation. Chenand Tao (Chen,Tao 2006) report a
manufacturing method of polymer nanocomposites with SWNTs by casting a
suspension of SWNTs in a solution of thermoplastic polyurethane and
tetrahydrofuran. In their case, the nano-reinforced composite is a thin film of well
aligned SWCNTs. They achieve very good alignment and improved mechanical
properties. Polarized Raman spectroscopy was employed to verify the achieved
orientation. The authors attribute this orientation to the macroscopic alignment which
results from solvent-polymer interaction induced orientation of soft segment chain
during swelling and moisture curing. The study of stress transfer using Raman
Spectroscopy in fibre geometries is reported by Lachman et al (Lachman et al. 2009).
They report on the strain sensitivity of the G> Raman band of SWCNTSs in polyvinyl
alcohol-SWCNT composite fibres, with a view to employing such structures as strain
or stress sensors when embedded in structural components. They observe higher shifts
of the G> Raman band when carboxylic functional groups are present at the nanotube
surface and attribute this behaviour to improved interfacial adhesion. According to the
authors, this enhancement of the interface increases the efficiency of such structures

when used as stress sensors. However, they also report that improvements in



interfacial adhesion do not lead to substantially better mechanical properties of the
fibres. They explained this controversy by considering possible degradation of
nanotubes during surface functionalisation. Their finding is important in that
modification of CNTs with respect to achieving more efficient stress transfer may
have adverse effect in other functionalities, such as reinforcement.

Deng et al (Deng et al. 2010) report on the manufacturing of Poly(p-phenylene
terephthalamide)/single-walled carbon (PPTA/SWNT) composite fibres with different
draw ratios using a dry-jet wet spinning process. The fibres were subsequently
monitored using Raman spectroscopy. Raman scattering intensity mapping along the
fibre is employed as a measure of the dispersion of the nano-reinforcement. The
authors report that the nanotubes improve the polymer orientation in composite fibre
with a draw ratio of 2 but degrade the orientation at higher draw ratios, and suggest
that the reinforcement is more likely to be due to polymer chain orientation rather
than nano-reinforcement. The interface of their studied system is reported to fail at far
field strain higher than 0.35%. They also performed cyclic tests to assess the
reversible deformation behaviour of the fibre as well as the gradual damage of the
interface at high strains. They suggest that the hysteretic behaviour of the fibres in
cyclic loading renders them useful in structural damping applications.

Blighe at al (Blighe et al. 2011) measured the mechanical properties of coagulation-
spun polymer—nanotube composite fibres with a volume fraction up to ~10%. They
employed polarized Raman Spectroscopy to show (i) that orientation increases with
drawing, indicating that significant nanotube alignment occurs and (ii) to demonstrate
that the nanotube effective modulus also increases with drawing which suggests that
the nanotube alignment in the fibres may be further improved. The authors introduce
an empirical relationship between Krenchel's nanotube orientation efficiency factor
(in other words the experimental deviation from the rule of mixtures) and calculate an
orientation parameter via Raman Spectroscopy. They confirm that fibre modulus and
fibre strength scales linearly with orientation and proceed to the calculation of the
effective interfacial shear strength and critical length (40 MPa and 1250 nm
respectively).

An interesting study of the deformation of DWCNT/ epoxy composites employs a
lamina configuration. Functionalized mats of DWCNTs are used to manufacture
nano-reinforced composites where the distribution of the DWCNTs was practically

2D (Brownlow et al. 2010). The geometry of the structure can be regarded as



transversely isotropic, but in contrast to the fibre geometry, the axis of symmetry is
located vertical to the mat plane. The authors employ both FTIR and Raman. The
FTIR technique is employed to estimate the average matrix stress, whereas the G’
peak shift is employed to monitor the stress build up in the composite. The authors
report a large stress-induced shift in the G* peak of 3.7 cm™'/GPa which, compared to
the “universal stress sensor” of approximately 5 cm*/GPa, is remarkably good and
probably better than what a random 2D distribution of short reinforcing fibres should
exhibit (figure 15). This experimental finding is indicative of the effect of the CNT
distribution on the reinforcing ability of the nanophase.

Last but not least, very recent works focus on the interfacial shear stress transfer in
model composites where graphene is embedded in a matrix and the Raman probe
provides information on the stress built up on the sp? sheet. Srivastava et al
(Srivastava et al. 2011) employed graphene as a filler and monitored the strain
induced shifts of the G band shift of graphene platelets in polydimethyl-siloxane
(nanocomposites. In their study, they report large debonding strains of ~7% for
graphene in the matrix, and a G band strain sensitivity of~2.4 cm—1 / strain % which,
compared to the measured shift of 0.1 cm—1 /% for single-walled carbon nanotube
composites, suggests enhanced load-transfer. The surprising observation is that for
strains higher than 2% the G line shifted to higher wave numbers reproducibly. The
authors attribute this behaviour to the alignment of the polymer chains due to tension
which results in lateral compression of the graphene platelets.

Gong et al (Gong et al. 2010) used Raman spectroscopy to monitor the stress transfer
on a mechanically cleaved single graphene monolayer embedded in a thin polymer
matrix layer. They monitored the G’ band shifts for their study. For strains up to
0.4%, the authors report a linear dependence of the G’ band. As the stress induced
Raman shift exhibits a plateau at this strain level, the authors conclude that no further
stress transfer can be sustained by the graphene/ epoxy interface. The stress induced
shift is measured to be as high as 60 cm™/% in the case of unloading of the strained
sample. The authors employ the shear-lag model (Cox 1952) and the Kelly Tyson
formula (Kelly, Tyson 1965) to calculate interfacial shear strength of 2.3 MPa and 0.3-
0.8 MPa respectively which is a magnitude lower than the respective strength of
carbon fibre epoxy interfaces. However, they suggest that the low values may be due
to the fact that the interrogated graphene layer is shorter than the critical length

required to build adequate axial stress.



Concluding, the incorporation of carbon nano-scaled structures in polymer matrices is
very promising in providing stress transfer monitoring and stress sensing
functionalities in the nano-reinforced composite using Raman Spectroscopy, as has
already been performed in the case of carbon fibres. As should be noted the spectral
signature and the stress induced shifts of any sp® structure is very dependent on the
structure itself, the dispersion in the matrix, and the reinforcing symmetry. The
uniqueness of the stress dependence of the Raman spectrum of any of these structures
is complicating the task of calibrating the stress-induced changes in the Raman
spectrum for the nano-reinforced composites. On the other hand, this uniqueness may
be paramount in providing specific information about the stress transfer at the
nanoscale. This is becoming more prominent as knowledge on the induced spectral
changes is accumulating. Additionally, as the maximum value of the force constant
should be the same for all sp? structures, this may provide a measure of the
reinforcing ability of the nanophase as compared with the ultimate translation of the
far field stress on the C-C bond.

6.6. Summary

The scope of this work is to provide an overview of the stress induced changes in the
Raman spectrum of graphitic structures with a view to elucidating the reinforcing
ability of the CNTs in a matrix and assess the stress transfer at the CNT matrix
interface. At the same time the research effort towards employing CNTs as stress
sensors in composite materials is presented.

To this end, an overview of the Raman Vibrational modes for all graphitic structures
is presented starting from graphite fibres, to SWNTs to MWNTs and finally to Single
and Multi-layer Graphene. The distinct differences in the Raman spectrum of these
structures are highlighted.

Following this, the principle of the stress dependence of the Raman vibrational modes
Is presented in the general case. The basic principle of the anharmonic oscillator is
presented in order to provide the reader an insight on the underlying principle of stress
monitoring.

An overview of the induced changes in the Raman Spectrum of Graphite fibres,

Nanotubes and Graphene is presented, either via pressure (hydrostatic or not) or direct



stress application. An extensive literature survey is presented to cover all aspects of
the changes in different Raman vibrational modes. Direct stress application on
graphene has enabled the introduction of a unique stress sensor which characterizes
all sp? graphitic structures and may characterize the reinforcing ability of the
nanophase.

Finally, an extensive review of the Raman stress monitoring of nano-reinforced
composites is presented. The review covers aspects relating to the reinforcing ability
of the nanophase, the stress-sensing capability, as well as the stress transfer at the
graphene/ epoxy interface or even at the interface between the distinct layers in
DWCNTSs.
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