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Raman spectroscopy has been widely used to identify the physical properties of carbon nanotubes (CNTs), and to assess their
functionalization as well as orientation. Recently, Raman spectroscopy has become a powerful tool to characterize the interfacial
properties between CNTs and polymer matrices. This review provides an overview of micro-Raman spectroscopy of CNTs and its
application in studying CNT reinforced polymer composites. Based on the specific Raman band shifts relating to the mechanical
deformation of CNTs, Raman scattering can be used to evaluate the interactions between the CNTs and the surrounding polymer
in the composites, and to detect the phase transitions of the polymer, and investigate the local stress state as well as the Young’s
modulus of the CNTs. Moreover, we also review the current progress of Raman spectroscopy in various CNT macroarchitectures
(such as films, fibers as well as composite fibers). The microscale structural deformation of CNT macroarchitectures and strain
transfer factors from macroscale architectures to microscale structures are inferred. Based on an in situ Raman-tensile test, we
further predict the Young’s modulus of the CNT macroarchitectures and reveal the dominating factors affecting the mechanical

performances of the CNT macroarchitectures.
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Raman spectroscopy is an inelastic photon scattering spec-
trum, which reflects unique information concerning the vi-
bration and electronic properties of materials. As for various
types of carbon-based materials, even though these materi-
als possess similar graphene-sheet-like microscopic struc-
tures, any minor differences existing in the structure or in
the dimension could still be identified by means of Raman
spectroscopy based on the different electronic properties
and phonon vibrations of the materials. Raman spectros-
copy, with its high sensitivity to shift-induced symmetry, its
non-destructive quality, as well as its ability to be used in
microanalytical studies, has become a powerful technique to
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identify the microscopic structure of nanoscale carbon-
based materials [1].

Recently, accompanying the deep exploration of the
various properties of carbon nanotubes (CNTs), Raman
spectroscopy has been widely used to investigate the struc-
ture and physical properties of CNTs. For instance, Raman
spectroscopy has been employed successfully to determine
the diameter and distribution of nanotubes [2—4], their me-
tallic or semiconducting nature [5], and their orientation
[6-8]. Furthermore, Raman spectra can also be used to
quantify the strain or stress that the nanotubes experience
under external loads [9]. Because the shifts of specific Ra-
man bands associated with the nanotubes result from varia-
tions of the C=C bond length, it is possible to directly
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evaluate the interactions between the nanotubes and poly-
mers using Raman spectra under dynamic conditions. Here,
on the basis of an overview of Raman spectroscopic studies
of CNTs, recent progress of Raman measurements in CNT-
based composites are reviewed.

1 Raman spectroscopy of CNTs

Carbon nanotubes (CNTs) have drawn much attention due
to their unique one-dimensional structure, as well as their
extraordinary electrical, mechanical and thermal properties
[10]. In the past decade, scientists have focused consider-
able effort on investigating the structure and physical prop-
erties of CNTs [2,11-13]. Raman spectroscopy, as a non-
destructive and readily available tool, has been widely used
to identify CNTs, assess their diameter distribution, and to
determine the structure of nanotubes [13]. Furthermore,
polarized Raman spectroscopy has been used to determine
the orientation of nanotubes in polymer matrices or within
nanotube bundles [14—17].

1.1 Raman spectra of CNTs

Figure 1 gives a general view of the Raman spectrum ex-
pected for individual single-walled carbon nanotubes
(SWNTs), revealing 4 primary features: the radial breathing
mode at 160-300 cm™, the D band at 1250-1450 cm™, the
G band at 1500-1605 cm™' and the G’ band at 2500-2700
cm™'. Each feature relates to the different vibration modes
associated with the structure of CNTs.

(1) Radial breathing mode (RBM). The prominent fea-
ture in the Raman spectrum is the RBM in the 160-300
cm™' region, associated with a symmetric movement of all
of the carbon atoms in the radial direction. The frequency of
the RBM is inversely proportional to the diameter of the
individual nanotubes [2]. At present, the RBM is the most
reliable approach to identify the structures of CNTs.

Using laser excitation wavelengths in the range from

Raman intensity
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Frequency (cm™")

Figure 1 Raman spectrum from an individual nanotube taken over a
broad frequency range using Ejr = 1.58 eV excitation. The features
marked with ‘%’ are from the Si/SiO, substrate [17].
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514.5 to 1320 nm, Rao and coworkers detected the Raman
spectra of nanotubes (diameter from 1.2 to 1.4 nm), and
investigated the dependence of Raman spectra on the laser
excitation-energy. Experimental results firstly verified the
uniqueness of the RBM features of SWNTs. Additionally,
both the intensity and shape of the RBM features changed
apparently with the variation of laser energy, owing to the
one-dimensional quantum confinement of electrons in the
nanotubes [18]. These results were also in good agreement
with theoretical calculations based on force constants [19],
as well as density functional theory [20]. Later, Jorio et al.
[17] investigated the resonance Raman spectroscopy of a
single SWNT deposited on a Si/SiO, substrate using the
CVD method. They found that the diameter of a single
nanotube could be derived from the frequency of its RBM
feature.

The physical properties of an individual SWNT will
change significantly after the formation of SWNT bundles
[21]. The diameters of nanotubes within the SWNT bundles
distribute over a certain range, and nanotubes with certain
diameters would resonate with excited energies accordingly.
According to Hulman’s and Kuzmany’s report [3,4], the
RBM features have been successfully employed to quantita-
tively evaluate the diameter distribution of nanotubes in
bundles. Recent work reported by Cheng’s group demon-
strated that the outer and inner diameters of double-walled
CNTs derived from the RBM peaks of resonant Raman
spectra agreed well with values determined from corre-
sponding high resolution transmission electron microscopy
images [22].

Based on the RBM Raman features, we can accurately
identify the (n, m) indices of SWNTSs. The determination of
the (n, m) indices relies on the measurements of the diame-
ter and electronic transition energies E;. Resonant Raman
scattering measurements performed with a tunable laser
provides a reliable technique to detect E; values in Raman
spectra exhibiting a maximum intensity. In practice, such a
tunable system has been applied to the determination of the
(n, m) indices for a single nanotube. For example, the E;
value of a single nanotube was measured to be 1.655+0.003
eV, and the RBM peak appeared at 173.6 cm™'. Thus, the
diameter of the nanotube is 1.43 nm according to the rela-
tion d, = 248/173.6, and the (n, m) indices are subsequently
determined to be (18, 0) [23]. Recently, Yao et al. [24] de-
veloped a novel method to construct SWNT intramolecular
junctions in a controlled manner, and the corresponding (n,
m) indices of the intermolecular junction were identified
from the RBM features.

(2) Tangential shear mode (G). The tangential shear
mode of nanotubes, namely the G band at 1500-1605 cm,
is related to the tangential vibrations of the C atoms. The G
band Raman feature consists of two main components, one
peak at 1590 cm™ (G*) and another peak at ~1570 cm™
(G"). Each component is composed of three peaks with dif-
ferent symmetries. The G band frequency can be used to
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determine the diameter of the nanotubes, as well as distin-
guish between metallic and semiconducting SWNTs, and
identify their orientation.

Jorio et al. [25] pointed out that the G* feature is inde-
pendent of the nanotube diameter, whereas the G~ frequency
decreases with reducing diameter. On the basis of the G~
band feature, metallic or semiconducting SWNTs could be
distinguished. The G~ band feature is Lorentzian shaped for
semiconducting tubes, and has a Breit-Wigner-Fano (BWF)
line-shape for metallic tubes [26,27].

(3) Defect mode (D) and second order mode (G'). The
D band in CNTs, appearing between 1250 and 1450 cm™, is
induced by defects in the nanotubes [28]. The disorder-
induced Raman band is a common feature to all sp> hybri-
dized disordered carbon materials, such as graphite [29],
graphite whiskers [30], graphite tubular cones [31], carbon
fibers and multi-walled CNTs (MWNTSs) [32]. Since the D
band originates from defects, its relative intensity could
reflect the degree of defects contained within the carbon
materials. The greater the relative intensity, the more de-
fects the CNTs possess [33].

Generally, the ratio of the D band to the G band (Ip/]g) is
widely used to evaluate the degree of graphitization of the
CNTs and the functionalized degree of modified nanotubes
through covalent bonds [34]. At the present time, Raman
spectroscopy has become one of the most important tools to
characterize the surface modification of nanotubes [35,36].
Simmons et al. [37] studied the effect of ozone oxidation on
SWNTs. As shown in Figure 2, the ratio of Iyl continued to
increase with the extension of time during the ozone oxida-
tion process, which reflects the increased functionalized
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Figure 2 (a) Raman spectra of carbon nanotubes during ozone oxidation
(RBM, D band and G band). (b) Ratio of Ip/Is as a function of oxidation
time.

Chinese Sci Bull

December (2010) Vol.55 No.35

degree of the nanotubes. A similar phenomenon was also
reported by Rafailov for modified nanotubes through the
electrochemical approach [38]. The Ip/Ig ratio was signifi-
cantly enhanced with the increase of applied voltage, indi-
cating that a higher voltage would be beneficial to function-
alize SWNTs.

The Raman G’ featured at 25002700 cm™ is the sec-
ond-order overtone of the D band. Because of its strong
dispersive behavior as a function of laser excitation-energy,
A@GIAE e = 106 cm™ eV, many of the fundamental
studies on the electronic and phonon structure of SWNTs
have been done on the G’ band feature [39]. In general, the
D Raman feature and G’ Raman feature of all sp® carbon
materials are believed to possess similar properties [29-32,
40]. In addition, unusual two-peak structures of the G’ band
Raman features determined by (n, m) assignment allow us
to analyze the van Hove singularities of the nanotubes [39].
Both the D mode and the G’ mode have double resonance
features, reflecting the interesting features of the electronic
and phonon structures of the nanotubes. Since these two
modes have relatively complicated scattering, much re-
search in this area is ongoing.

1.2 Polarized Raman spectroscopy

Raman spectroscopy is an ideal characterization technique
to study the orientation of CNTs. Indeed, it was observed
that the intensity of the G band in the Raman spectra of ori-
ented CNT samples decreased monotonously with an in-
creasing angle between the nanotube axis and the polariza-
tion direction of the polarizer [41,43]. For example, Gom-
mans et al. [6] investigated the orientation effects of nano-
tube bundles using polarized Raman spectroscopy. The in-
tensity of both the G band and RBM decreased gradually
when the angle between the nanotube axis and the polarizer
in the region increased from 0° to 90°. Research results
showed that 86% of the nanotubes were lying within a 0° to
31° region with respect to the fiber axis. Additionally, po-
larized Raman spectroscopy has also been used to analyze
the orientation of CNTs in a polymer matrix. Bhattacharyya
et al. [7] studied the crystallite orientation and the SWNT
alignment in melt-blended SWNT/PP composite fibers us-
ing X-ray diffraction and polarized Raman spectroscopy,
the results of which showed that the drawdown ratio of fi-
bers during the process greatly affected the orientation ef-
fects. Hwang et al. [8] employed polarized Raman spec-
troscopy to demonstrate the alignment of nanotubes in a
poly(methyl methacrylate) matrix.

1.3 Strain-induced Raman band shifts of CNTs

Structural deformation of a single CNT is expected to occur
under an applied uniaxial strain, e.g., the elongation of bond
length or decrement of force constant of C=C, and hence
result in the downward shifts of specific Raman bands.
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Cronin et al. [44] strained a single SWNT using an atomic
force microscopy tip as shown in Figure 3. The shift of the
Raman band was recorded during the deformation process.
The Raman D, G*, G™ and G’ bands of the SWNTSs shifted
downwards by up to 16.1, 14.8, 12.3, 27.7 cm™! under a
0.65% applied tensile strain, respectively. However, if a
SWNT is broken, the Raman modes resume their original
positions immediately, demonstrating the elasticity of these
nanotube deformations.

The shift of the Raman bands greatly depends on the de-
formation modes, and it will shift upwards under a uniaxial
compression, and shift downwards under tension. In reality,
it is quiet difficult to directly apply a uniaxial compressive
strain to a single nanotube under experimental condition.
An alternative method is to apply an axial compressive
strain to the nanotubes through thermal shrinkage when the
nanotubes are embedded in a polymer matrix. Experimental
results have found out that both the Raman G and G’ bands
of the SWNT-based composites shifted upwards with the
decrease of temperature [45].

In conclusion, the specific Raman bands of CNTs are
expected to shift under deformation, and thus, Raman spec-
troscopy is a useful tool to investigate the interaction be-
tween CNTs and the surrounding polymer matrix. The de-
tails will be discussed in the Section 2.

2 Application of Raman spectroscopy in CNT-
based composites

2.1 CNTs as a mechanical sensor in composites

In some conventional fiber-reinforced polymer composites,
e.g., carbon fiber-based composites, the distribution of
stress/strain fibers carried could be monitored through the
shifts of the Raman bands. However, some fibers such as

(a)

Figure 3 (a) Schematic drawing of an atomic force microscopy tip dis-
placing a nanotube; (b) atomic force microscopy image of a metallic
SWNT fixedly held at both ends by metal electrodes.
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glass fibers do not have strain-sensitive Raman bands.
Moreover, since most polymers (such as polycarbonate and
epoxy) do not have strain-sensitive Raman bands, it is prac-
tically impossible to detect the stress/strain distributions
around discontinuities in the polymers for most composites
through Raman spectroscopy. Here however, after dispers-
ing a very minor amount of CNTs inside a polymer matrix
as a sensor, the stress/strain distributions of the matrix could
be detected indirectly through the shifts of the CNT Raman
band. As for high weight contents of CNTSs incorporated in
the polymer composites, nanotubes can not only act as re-
inforcing fillers, but they can also perform the role of me-
chanical sensors. Additionally, the role the interfacial prop-
erties play between the fillers and the polymer in the effi-
ciency of stress transfer can be measured using the shift of
the CNT Raman band.

(1) Monitoring the local stress distribution and interfacial
interaction in conventional composites. Voids, structural
defects, as well as fiber fractures, which exist in conven-
tional fiber-reinforced polymer composites, would result in
stress concentration. Zhao et al. [46] used SWNTs as a me-
chanical sensor to quantitatively monitor the stress-filled
distribution of the SWNTs at a stress discontinuity as shown
in Figure 4(a). Figure 4(b) further indicates that the experi-
mental stress fields acquired by Raman spectroscopy fit the
linear elastic solution very well.

Knowledge of the matrix stress distribution in the vicin-
ity of the fibers in a composite material is necessary to pre-
dict its mode of failure. Zhao et al. [47] detected the distri-
bution of the stress concentration factor in the vicinity of a
broken glass fiber in a polyurethane acrylate (PUA) matrix,
as captured by the randomly dispersing nanotube sensors.
The contour map of the stress profile shown in Figure 5
indicates that the highest stress concentration factor occurred
at the fiber break point, and this decreased gradually in both
directions with increasing distance away from the break.

In general, for model fiber-based polymer composites, it is
very difficult to simultaneously detect the stress distributions
in the fiber and in the matrix using Raman spectroscopy
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Figure 4 (a) Specimen configurations used in this study: circular hole in
a thin, infinite plate under unidirectional tensile stress, including SWNTs
embedded parallel to the loading axis. (b) Normalized stress along the
x-axis based on the Raman G' peak shift of SWNTs, the solid line is the
linear elastic solution.
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owing to the strain-insensitive Raman band of most poly-
mers. By incorporation of a small amount of SWNTs into
the polymer matrix, it practically became possible to di-
rectly detect the stress transfer mechanism of a continuous
high modulus carbon fiber/PUA composite. Figure 6 pre-
sents the stress distribution in a carbon fiber and in the ma-
trix at an applied stress of 10 MPa [48]. There was a mirror
image relationship between the stress distribution of the
fiber between two break locations (Figure 6(a)) and the
stress profile of the matrix region close to the fiber edge
(Figure 6(b)). This represents the first simultaneous meas-
urement of stress profiles in the matrix and the fiber, and the
obtained results are in agreement with the classic Kelly-
Tyson stress-transfer model.

Conventionally, the poor adhesion between fibers and the

Figure 5 Two-dimensional contour map for the stress concentration
factor (K.) in the vicinity of a fiber break in an E-glass/polyurethane acry-
late composite material. The break is located at the origin and only a quar-
ter of the map is shown for simplicity. The X-axis runs along the fiber
length and the Y-axis is perpendicular to the fiber length. The unit of length
on both axes is the fiber radius. The highest stress concentration occurs at
the point where the fiber breaks.
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Figure 6 Stress distribution in the high modulus carbon fiber (a) and the
polyurethane acrylate matrix along the fiber edge (b), measured simulta-
neously by Raman spectroscopy at a 10 MPa applied stress level.
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polymer matrix in composites has been overcome using
sizings, in which a fiber surface treated with a polymer
coating (sizing) would promote adhesion behavior between
the fibers and the matrix. SWNTSs were employed as sensors
to investigate the influence of polymer sizings with various
molecular weights on the interfacial adhesion between the
glass fiber and the polypropylene matrix [49]. The in situ
Raman results showed that a better interfacial property ex-
isted when a higher modulus polymer was used as the
sizings, which fitted the single fiber fragmentation test as
they did before.

(2) Detection of the stress state of CNTs in composites.
Since the shifts of Raman peaks are directly related to the
structure deformation of CNTs, these shifts could be used to
detect the reinforcing role of the nanotubes incorporated
into composite materials.

Schadler et al. [50] investigated the reinforcing role of
MWNTs incorporated into epoxy composites under both
tension and compression modes. Mechanical results have
indicated a ~20% improvement of the tension modulus and
a ~24% improvement of the compression modulus obtained
for composites as compared with the neat matrix. Moreover,
based on the in situ-Raman tensile test, the Raman G’ band
was observed to shift upwards by ~7 cm™ under a 1% com-
pressive strain, whereas a slightly downward shift appeared
under tension. The apparent difference between the Raman
results and macroscopic mechanical results in the compo-
sites arises from the different deformation modes of the
MWNTs under external loading. For instance, the outer
layer of the MWNTs is expected to carry a load under ten-
sion, but it is difficult to effectively transfer the load to the
inner layers due to the poor van der Waals interaction be-
tween the nanotube layers. In other words, there is no ap-
parent deformation of the inner layers of the MWNTSs under
tension. Because the Raman signal is averaged over the
whole of the MWNT sample, the result shows only an in-
significant Raman peak shift. Unlike the tensile deforma-
tion, the load is efficiently transferred to the inner layers of
the MWNTs under compression through the buckling and
bending of the nanotubes. Slippage of the nanotube layers
under compression is effectively prevented because of the
seamless structure of the nanotubes as well as the geomet-
rical constraint the outer layers impose on the inner layers.
Therefore, obvious upward shifts of the Raman G’ band
under compression were observed.

Different from the shift of the Raman band of the
MWNT-based composites under load, Ajayan et al. [51]
found that the Raman G’ band did not shift under compres-
sion and only showed a slightly downward shift under ten-
sion for SWNT-based composites. Since SWNTs tend to
form bundles, slippage within the bundle would occur easily
when the stress is transferred from the matrix to the nano-
tubes. Besides, the uniaxial tensile deformation of SWNTSs
is considered to be very small due to the intrinsic buckling,
bending or twisting that occurs in nanotubes. Therefore,



GAO Yun, et al.

using in situ Raman testing, it is hard to detect the apparent
shifts of the Raman band in SWNTSs under strain. Addition-
ally, the limited spatial resolution of Raman spectroscopy
must be taken into consideration, particularly since the Ra-
man laser spot size is 1-5 pm in diameter, and the nano-
tubes are several nanometers in diameter. When the nano-
tube composites are under tension, the nanotubes lying
along the tensile direction are under tension, but those
aligned perpendicular to it are under compression because
of the Poisson contraction. Consequently, the Raman signal
is averaged over all of the nanotubes in all directions.

In the above example, the loading role of the nanotubes
within the polymer is obscured greatly by the intrinsic
structural features of the nanotubes, the efficiency of
stress-transfer, and the distribution of the nanotubes in the
polymer. Despite this, Raman shifts of ~5 cm™/ under 1%
tensile strain in oriented SWNT-based PUA composites
were observed [52]. However, this requirement restricts the
application of this method because inducing shear flow and
oriented nanotubes in a polymer is not always straightfor-
ward. An alternative method is to use polarized Raman
spectroscopy [47,53,54]. Significant Raman shifts were
observed when the polarization direction was parallel to the
nanotube axis; however, there was almost no shift when the
polarization direction was perpendicular to the nanotube
axis. This indicates that the reinforcing role of randomly
oriented nanotubes in a polymer could be detected accu-
rately using polarized Raman spectroscopy. Indeed, the ad-
vantage of polarized Raman spectroscopy is that the rein-
forcement of nanotubes in polymers is detected at the mi-
croscale, which is hard to reveal through macroscopic me-
chanical tests.

(3) Investigation of the influence of interfacial properties
on CNT-based composites. Interfacial properties are one
of the most important factors affecting the mechanical per-
formance of various filler-based composites. As for CNT-
based composites, the loading role of the nanotubes carried
inside the polymer matrix, and how the interfacial adhesion
between the nanotubes and the matrix behaves can be ac-
quired simultaneously using Raman spectroscopy.

Recently, the effect of the functional groups attached to
the surfaces of the nanotubes on the load-transfer efficiency
was studied by Hadjiev et al. [55]. Both modified and un-
modified SWNTs were employed to fabricate polystyrene
composites. Raman results indicated that the efficiency of
the interfacial stress-transfer of the surface modified nano-
tubes incorporated in the composites is higher than that of
the unmodified nanotubes. Namely, the surface functional
groups could improve the interfacial adhesion and allow the
stress-transfer to occur more efficiently. However, the role
the surface grafted groups play on the interfacial properties
is still in question.

The shifts of the G band of octadecylamine (ODA)
modified SWNT/epoxy composites under compression were
studied [56]. The plateau of the G band appeared in the
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groups appear to weaken the interfacial adhesion between
the epoxy and the nanotubes. Moreover, debonding of the
interfacial regions occurred with additional strain. In con-
trast with the situation mentioned above, the higher com-
pressive strain was necessary to bend the nanotubes as a
consequence of the strong interfacial adhesion of the un-
modified nanotube-epoxy composites. The role the func-
tional groups grafted onto the nanotube surfaces play on the
interfacial adhesions were dependent on the types of func-
tional groups, the degree of functionalization of the nano-
tubes, as well as the molecular structure of the polymer.
Correlative work on this study is in progress.

In addition, Liu et al. [57] reported the influences of in-
terfacial interactions on the stress-transfer capability of
SWNT-OH/ Poly (vinyl alcohol) (PVA) composites. The
results shown in Figure 7 indicate a linear downshift of the
G’ peak position under incrementally applied strain condi-
tions within the elastic region. The varied slopes of lines
fitted using the method of least squares reflected the differ-
ent load-transfer capability in the composites. The larger
slope of the straight line obtained for the SWNT-OH-based
composites indicates the efficient stress-transfer as com-
pared with that of the SWNT/SDS/PVA composites, which
results from hydrogen bond formation between the hydroxyl
groups of the modified nanotubes and the PVA itself.
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Figure 7 Plot of the Raman G’ band against tensile strain applied to the

PVA/SDS/0.5 wt% SWNTs (a) and PVA/0.6 wt% SWNT-OH (b) compos-
ite films.
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(4) Detection of the phase transitions of polymers. The
phase transitions of polymers as a function of temperature
could be recorded using the dynamic mechanical testing
method. Recent studies have indicated that the shifts of the
G’ band can also be used to detect the glass transition tem-
perature (T,) as well as the secondary transitions of the
polymer using a SWNT-based sensor. Zhao et al. [58] ob-
served that the G’ band shifted discontinuously with varia-
tion of temperature for SWNTs embedded within amor-
phous bisphenol A polycarbonate and PUA composites. The
upward shift of the G’ band below the T, of the polycarbon-
ate matrix was associated with the glass-state of the poly-
mer, in which the rigid polymer allows the efficient transfer
of stress to the SWNTs. Once the temperature was above
the T, the position of the G’ band remained almost constant.
In summary, the results confirmed that the SWNT- based
sensor can reflect the phase transition and T, of the polymer
matrix.

2.2 Evaluation of the Young’s modulus of CNTs and
its composites

(1) Evaluation of the Young’s modulus of CNTs. Owing
to the mismatch of coefficients of thermal expansion be-
tween the polymer and the CNTs, the embedded nanotubes
would be compressed gradually by the matrix with a de-
crease of temperature. While the G’ band of the compressed
nanotubes will shift upwards linearly with cooling. Because
the shifts of the G’ band result from the deformation of the
C=C bond along the CNT-axis, Lourie et al. [59] proposed a
method to evaluate the modulus of embedded individual
carbon nanotubes with the help of Raman spectroscopy. The
compressive strain of the nanotube along its axis is defined

by eq. (1):

AL Aw
T T

)]

According to a concentric cylinder model, the axial stress
of the nanotube during the cooling process is presented by
eq. (2) [60]:

AaAT
nt = ¢ Ent °
nt (2)

1+

A

Therefore, the Young’s modulus of the nanotubes could
be evaluated by eq. (3):

E,=-1. (3)

The resulting modulus values of the SWNTs and
MWNTs are presented in Table 1. Although the values are
close to the theoretical modulus, it should be pointed out
that eq. (1) is a rough approximation of the compressive
strain associated with CNTs.
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Table 1 Young’s modulus calculated from the shifts of the G’ band and
the theoretical values

) Eswnt (9a=0.079%) Theoretical Eywnr (¢n=1.0%) Theoretical

AT(K (GPa) Eswnr (GPa) (GPa) Enwnr (GPa)
-122 3577 2236
-192 2825 5000 1718 1800
—264 3005 2437

(2) Evaluation of the Young’s modulus of SWNT ma-
croarchitectures and their composites. Recently, much
interest has been focused on the preparation of various CNT
macroarchitectures (such as CNT films or fibers) and the
exploration of their potential applications in many fields.
[61-63] However, owing to the poor load-bearing capabil-
ity, as well as the intrinsic structural defects of nanotubes, it
is still a great challenge to acquire the super mechanical
properties of CNTs when they are assembled into macro-
scale architectures. Besides, recent experimental results
indicated that the mechanical properties of CNT macroar-
chitectures are sporadic, making systematic comparative
studies difficult [61,62,64—-66]. Thus, it is of fundamental
importance to propose a generic methodology independent
of conventional mechanical measurements to help us assess
the loading role of nanotubes, and reveal the fracture
mechanisms of various CNT architectures at the microscale.
Lately, with the cooperation of Professor Xie’s group from
the Institute of Physics, Chinese Academy of Sciences, we
studied the mechanical performance of SWNT macroarchi-
tectures and their composites using in situ Raman spectros-
copy. Based on the Raman results, we were able to predict
the moduli of various CNT macroarchitectures as well as
their loading capability, which were consistent with the ex-
perimental values [67,68].

CNT films were prepared using a floating catalyst
chemical vapor deposition method. The resultant CNT film
was formed with a reticulated structure and a high junction
density between the nanotube bundles at high temperature
(Figure 8(a)) [69]. Figure 8(b) shows a typical twisting pro-
cedure used to fabricate CNT fibers using a slice of
as-grown CNT film as the starting material. With the help
of in situ Raman spectroscopy, we systematically analyzed
the load-bearing status of the nanotubes within the SWNT
films and SWNT fibers, as well as the strain transfer effi-
ciency, and the micro-mechanical deformation process un-
der external loading.

(i) Strain transfer factors (STFs). To quantitatively
evaluate magnitude of macroscale strain produced from the
true axial strain of the CNTs inside the architectures, we
defined STF () as the ratio of the obtained downshift rate
for a strained film or fiber to the average downshift rate of
the strained individual nanotubes. Based on the Raman shift
rate derived from Figure 9(b), the STFs for the CNT film
and fiber were calculated to be 0.017 and 0.045, respec-
tively. Infiltrating the low-modulus and low-strength poly-
mers, such as epoxy resin or PVA, we fabricated novel
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Figure 8 (a) A continuous network of nanotubes in the CNT film. (b)
Scanning electron microscope image showing a piece of as-grown CNT
film being twisted into a fiber.
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Figure 9 Typical G'-band Raman spectra of a strained CNT film and
fiber. (a) Comparison of the Raman spectra for unstrained and
max-strained film and fiber. (b) Raman shift of the G’ band as a function of
applied strain.

composite fibers with reticulated CNT architectures. Surpris-
ingly, the STFs in the composites were enhanced remarkably
by 0.4 for the epoxy composites and 0.18 for the PVA com-
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posites. The elevated STFs for the reticulated CNT-based
composite fibers indicate that the free deformations of the
network (shown in Figure 8(a)) are effectively “frozen” by
the surrounding polymer chains because of molecular level
couplings, and thus the axial extension of the CNTs would
increase greatly at the same macroscale strain.

(i) Evaluation of the Young’s modulus of SWNT
macroarchitectures and composites. As mentioned earlier,
the STFs define the axial deformation of SWNTs under a
macroscale strain. After revising the classic rule of mixing,
we proposed a theoretical formula to predict the modulus of
SWNT macroarchitectures with STFs:

E= <cos2 0> afE +(-f)E,. 4)

where E, E,, and E,, refer to the Young’s modulus values of
the architectures, the individual nanotubes, and the polymer
respectively; f and o are the volume fraction of the nano-
tubes and STF, respectively. (cos?@) describes the con-

tribution of the averaged orientation angle of the nanotubes
in the continuous network. For neat CNT materials, the
second part of eq. (4) can be neglected.

Table 2 lists the predicted modulus values given by eq.
(4) and the experimental results. From the Table, it can be
seen that the revised rule of mixing fits the experimental
data very well with the (cos? @) value of 0.4-0.6, as in our

macroarchitectures. Consequently, based on the Raman shift
rate at the low strain region, we could predict the modulus of
the SWNT macroarchitectures and its composites accurately.
Our experimental results have demonstrated that the STF
is a powerful tool not only to predict the Young’s modulus,
but also to illuminate the key factors affecting the mechanical
properties of the various SWNT macroarchitectures. In par-
ticular, STF is a complementary approach to study the mac-
roscopic mechanical properties of SWNT-based composites.
(3) Investigation of the deformation process of SWNT
macroarchitectures and composites. Besides the STF and
the reinforcing role as discussed above, we could also
monitor the deformation process of the SWNT architectures
using the shifts of the Raman G’ band at the relatively large
strain. Figure 10(a) shows the shifts of the Raman G’ band
of various SWNT fibers as a function of the applied tensile
strain. Briefly, the downward shifts versus strain curves of
neat SWNT fibers and PVA/SWNT composite fibers show
two-stage features, including the linear and plateau region,

Table 2 Comparison of the predicted modulus values for SWNT macroarchitectures with experimental results

Predicted modulus (GPa)

Specimen Volume fraction(f) STF (@) ol Bl oS 04 oS 05 ol B0 Experimental modulus (GPa)
SWNT film 0.7-0.8 0.017 / 3.8-43 4.6-5.2 4-6
SWNT fiber 0.65-0.75 0.045 6-7 9-11 11-13 9-15
Epoxy/SWNT 0.3-04 0.4 27-36 32-43 40-53 48-63 30-50
PVA/SWNT 0.4-0.5 0.18 17-21 19-25 24-31 29-37 20-35
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Figure 10 (a) Downward shifts of the Raman G’ peak position in differ-
ent systems; Schematic drawing of the fracture mechanism for (b) epoxy-
infiltrated composite fiber and (c) PV A-infiltrated composite fiber.

whereas the curve of the epoxy/SWNT composite fibers
show a linear trend throughout the entire strain region.
Actually, the varied shapes of the 3 downward shift-
strain curves mentioned above reflect the different fracture
mechanisms of the fibers. The deformation process of neat
SWNT fibers under strain could be described by the fol-
lowing steps, in which the external loads initially distribute
homogenously within the SWNT fibers under applied
strain; then the overloaded junctions start to fail and the
local stress is redistributed to neighboring bundles or junc-
tions; finally only the strongest junctions carry the loads
before the breakage of the fibers. As for the epoxy/SWNT
composite fibers, the chemically cross-linked 3D network of
the epoxy matrix would significantly elevate the strain
transfer efficiency, but it also impairs the ductility of the
SWNT networks simultaneously. When micro-cracks
emerge in the matrix near the junctions, the cracks propa-
gate very fast, and the failure strains of the epoxy-infiltrated
composite fibers are very close to that of the bulk epoxy
resin. In contrast to the situation of epoxy-infiltrated fibers,
the infiltration of PVA also restrains the structural deforma-
tion of the SWNT networks and improves the STF. Never-
theless, the orientation and stretching of linear PVA mole-
cules could mitigate the stress concentration and protect the
junctions even though interbundle slippages are widespread
under large strains (Figure 10(c)). So, the failure strains of
PV A-infiltrated composite fibers are not determined by that
of the polymer matrix but by the extension limit of the
SWNT network. When the external stress exceeds the av-
erage strength of the SWNT junctions, further added load
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will no longer be homogenously carried by all SWNT bun-
dles but by only a part of the straight bundles that belong to
strong junctions. As a result, once the strain exceeds a cer-
tain point, the peak position of the G’ band plateaus until the
final breakage of the specimens.

3 Conclusions

This review provides an overview of the applications of
Raman spectroscopy in CNT-based polymer composites as
well as the latest progress in various CNT macroarchitec-
tures. Raman spectroscopy has been widely used to charac-
terize the physical properties of CNTs, assess their func-
tionalization and orientation, and to investigate their rein-
forcing role inside polymer matrices. The high sensitivity of
the specific Raman band of the CNTs under deformation
makes it possible to directly evaluate the interaction be-
tween the nanotubes and the surrounding polymer, to detect
the phase transitions of the polymer, and to evaluate the
Young’s modulus of the CNTs. Furthermore, we have pro-
vided comments on the progress of Raman spectroscopy in
various CNT macroarchitectures (such as films, fibers and
its composite fibers). The deformation mechanism and the
strain transfer factors of various CNT macroarchitectures
are inferred, and the predicted modulus values fit the ex-
perimental results very well. All in all, microscopic me-
chanical analysis of CNTs using Raman spectroscopy has
become a powerful and complementary approach to pro-
mote the development of CNT-based composites in many
fields.
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