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13.1. Introduction

During the last decades, polymer nanocomposites have become one of the most active
research fields in polymer science. One of the driving forces of this research is the appearance of new
nano-sized objects with interesting properties, like nano-clays, cellulose whiskers and carbon based
nanofillers (fullerenes, vapor grown carbon fibers, carbon nanotubes) [1]. For instance, carbon
nanotubes were first described in 1991 by the electron microscopist lijima who was studying the arc-
evaporation synthesis of fullerenes [2]. These long and thin cylinders of carbon can be seen as
concentric graphene sheets (a hexagonal lattice of carbon) rolled into cylinders. Just a few
nanometer across, these cylinders can be tens of um long, and each end is "capped" with half of a
fullerene molecule [3]. Nanotubes can have either a unique cylindrical wall (SWNTSs) or multiple walls
(MWNTSs). Intrinsic mechanical properties of single-wall nanotubes have been theoretically predicted
(Young's Modulus ~ 1 TPa [4, 5], maximum tensile strength ~30 GPa [6]). Moreover, they have
excellent thermal conductivity, they are chemically inert and, depending on the details of their
atomic arrangement (chirality), they behave as metals or semiconductors.

Carbon nanotubes have soon appeared as unavoidable candidates as reinforcing fillers in
polymer composites. In addition to their intrinsic properties, they indeed display some of the specific
features required for reinforcing fillers: one is their huge interfacial area (up to 100 to 1000 m? /g of
fillers), that is known to favor the short distance filler-filler interaction, to increase the filler matrix
interactions and even to modify molecular mobility of an important matrix fraction near the surface.
Moreover, their high aspect ratio can lead to the formation of a percolating network at low nanotube
content. In addition, the adhesion strength of the nanotube/polymer interface may also be a key
factor for reinforcement, which explains that a lot of ongoing works have been focused on
understanding the nature of nanotube/polymer matrix interactions and on the grafting of a polymer
on nanotube surface [7, 8].

Undoubtedly, understanding the reinforcement of carbon nanotubes based nanocomposites
requires the characterization of several parameters of the nanotubes like diameters, lengths (and



their distribution), structures (SWNT, MWNT). Moreover, after processing, the three-dimensional
distribution of nanotubes within the polymer matrix, the presence of agglomerates, the interfacial
properties have also to be precisely characterized. However, CNT based nanocomposites are very
difficult to characterize, because they must be observed at a very large scale range, from a few nm
(CNT diameter) up to a few um (CNT length). As a consequence, their characterization requires the
combination of various techniques. The main techniques which intend to characterize the
nanocomposite microstructures are, roughly speaking, divided into two groups, namely microscopy
and scattering techniques. Scattering techniques lead to information through the use of modelling
calculation of the interactions between nanoscopic heterogeneities and electromagnetic beams. The
obtained information is an average over at least the whole volume in interaction with the beam
(often in the order of mm?). In this chapter, we will rather focus on microscopy techniques, which
present the advantage of providing direct and precise images.

In the following, we will review several imaging techniques, either based on beam/matter
interactions (like electron microscopy either TEM or SEM) or techniques that probe the short
distance interactions (like AFM), as they are well suited for the observation of nano-objects and have
been extensively used to study nanotubes alone. The principles and the main results on
polymer/nanotube composites provided by these imaging techniques (AFM, TEM and SEM) will be
presented.

13.2. Near Field Microscopies

By comparison with electron microscopy, the main advantage of near field microscopy is to
place a thin probe in the close vicinity of the sample, which avoids working in the propagation
regime, and therefore avoids the limitation due to the use of an electromagnetic beam. This probe is
located at a given distance from the sample in the nanometer range. To avoid any damage of the
probe, a continuous control of the probe-to-sample distance is ensured. Data are processed from the
detection of tip — sample interactions (distance, force, current, temperature, etc.) by scanning the
sample surface (ensured by a piezoelectric system), a mapping of the chosen physical data can be
obtained. Once the type of collected data is chosen, the lateral resolution mainly depends on the tip
shape and its distance to the sample. Among the different local probes [9], two peculiar techniques
have lateral resolution of 0.1 nm suited to the study of nanocomposites and will therefore be
detailed: scanning tunneling microscope (STM) and atomic force microscopy (AFM).

13.2.1.Principles of STM and AFM

The first near-field microscope was a scanning tunneling microscope (STM), invented in 1982. It
was based on the tunneling effect which is the occurrence of a current between two conducting or
semi-conducting materials at a distance of few A through an insulating medium, from the application
of a voltage difference between them. The exponential dependence of this current with the tip-to-
sample distance leads to the very good resolution of this technique.

Different modes can be used. The continuous current mode consists in keeping the tunneling
current constant through a control loop which continually adjusts the sample-to-probe distance.
Spectroscopic measurement can also be performed during the sample surface scan. It consists, after
adjusting the probe-sample distance, in applying a variable voltage to measure its influence on the
tunneling current, which in turn provides information on the chemical characteristics of the sample.
The STM technique can also be enriched by in situ measurements of the photon emission induced by



the de-excitation of electrons ejected from the sample by the probe, enabling a fine analysis of the
local optical properties.

Atomic force microscopy (AFM) was introduced a few years after as an application of scanning
tunneling microscopy. By combining the principles of the STM with that of a profilometer, it enables
imaging conductive or non-conductive sample surfaces with lateral and vertical resolutions of 30A
and 1A, respectively. The technique is based on the measurement of the interaction force between
the tip and the sample surface. The force results from either the interaction potential between the
sample and the tip atoms, or friction (during surface scanning). The force may also arise from
magnetic or electrostatic interactions, if the tip is conducting or covered by a magnetic material.

The scheme of a typical AFM is presented in Figure 13.1. A cantilever holds the tip at one of its end.
The tip position can be accurately measured from the reflection of a laser beam onto a set of four
optical detectors. Basically, the relative displacement of the tip from the sample gives either access
to the measured value, either to an isovalue surface when the loop controlled feedback adjusts the
height of the sample surface to keep constant the value. In addition, the AFM tip can be static or
oscillating (via its fixation on a piezoelectric device).

Different types of imaging can be obtained depending on whether the tip is in contact or not
with the sample, on whether the cantilever is working at its resonance frequency or at zero
frequency, and on whether the sample is vibrating or not. However, three main modes can be
distinguished in AFM :

— Contact mode: in this mode, the cantilever is not vibrating. The tip is put in contact with the
sample with a controlled load of the order of 108 N. This mode is similar to that of a classical
profilometer. Its drawback is the wear or the deformation of the sample surface it may generate.

— Resonating mode: in this mode the cantilever oscillates with small amplitude at its resonance
frequency, "far" from the sample. The gradient of the surface interaction force shifts this
resonance frequency towards higher values. Inversely, at a given excitation frequency, the
oscillation amplitude is modified and gives information on the local force gradient. This mode is
however rarely used for topographical study.

— Atapping mode (also called intermittent contact mode): it is a non linear resonance mode. In this
case, the oscillation amplitude is larger and the mean position of the tip is closer to the surface.
The tip almost touches the surface at each oscillation. In this mode, friction can be avoided as
well as the sample deformation and wear. Adhesion is also avoided thanks to the extremely short
time of « contact ». The height of the sample is generally controlled so that the oscillation
amplitude remains constant. The phase shift of the oscillation is then characteristic of the system
dissipation, which is very useful for characterizing viscoelastic materials.

Other uses have been developed, as for instance the use of AFM tip as a local voltmeter. In
that case, AFM becomes an Electrostatic Force Microscope (EFM). Measurements can be performed
under the application of a voltage between the sample and the tip. In the dc-EFM mode, a constant
voltage is applied to the sample; the AFM is operating in non contact mode with the cantilever
oscillating near its resonant frequency. In the ac-EFM mode, the voltage is oscillating so that the
cantilever always oscillates at its resonance frequency. Note that many different terminologies can
be found to name apparatus coupling AFM principle with electrical/electrostatic properties of the
imaged sample, depending on the control loop details and the apparatus provider.

Near field microscopy can also be combined with Raman spectroscopy to perform chemical
analysis at the nanometer scale. Tip enhanced Raman Spectroscopy (TERS) combines the surface-
enhanced Raman scattering (SERS) and the high spatial resolution of AFM or STM. The metallic or
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metallized tip is illuminated by a focused laser beam and the resulting strongly enhanced
electromagnetic field at the tip apex act as a highly confined light source for Raman spectroscopic
measurements [10].

13.2.2.Near field microscopy for nanotubes

The properties of the nanotubes alone have been studied by AFM. Duesberg et al. measured
the length distribution of nanotube samples and thus studied the influence of a purification process
based on size exclusion chromatography [11]. AFM device can also be used as a nano-manipulator
placed in a scanning electron microscope. Such nanomanipulation can be performed with high speed
AFM coupled with a haptic device [12]. The first measurement of the stiffness of arc-MWNT pinned
at one end was performed by Wong et al [13] who gave an average value of 1.28 TPa. They also
conducted strength measurements, obtaining an average value of 14 GPa. The modulus was also
deduced from bending measurement of an arc-MWNT pinned at each end over a hole, by Salvetat et
al. [14]. The same type of measurement was also performed by Yu et al. still on MWNTs [15].
Experiments on SWNT were performed later by the same authors [16, 6].

STM has mainly been used to characterize the electronic properties of nanotubes [17]. For
example, Bachtold et al used EFM in both ac and dc modes to probe the nature of conduction in
SWNTs and MWNTSs [18]. The electrical properties of SWNTs and MWNTSs have been characterized by
current sensing AFM (CS-AFM) by Dong et al. [19]. Rodriguez et al. [20] studied the same properties
combining the CS-AFM with confocal Raman spectroscopy. New developments in TERS have been
applied to carbon nanotubes by Bargioni et al. [21] and Roy and Williams [22]. For instance, TERS has
been used to localize different single carbon nanotubes within a carbon nanotube bundle [23].

13.2.3.AFM and CNT composites

Dispersion studies:

AFM is a surface technique which needs flat surfaces, to avoid tip degradation during scanning.
Such flat surfaces can be obtained from the sample surfaces directly after processing or from cryo-
ultramicrotomy. The dispersion of MWNT in PE has thus been studied by AFM by McNally et al. [24].
In this example, the image was taken without any sample preparation. The obtained image
evidenced the nanotubes alignment along the flow direction during melt compounding. AFM tapping
image also enabled to check the dispersion of PS-grafted SWNT in PS [25] (see Figure 13.2). The
contrast between the nanotubes and the polymer matrix can be enhanced by applying a voltage
difference between the sample and the probe during a scan in tapping mode (dc-EFM) as shown in
the study performed by Phang et al on MWNTs/PA6 composites [26]. The same authors also used the
AFM in "TUNA mode, that is as a STM but the obtained images are much less convincing. DC biased
AFM was also used recently by Thompson et al. to image the dispersion of CNT in a poly(styrene b-
ethylene butylene-b-styrene) matrix [27].

Interfacial studies:

Given the small diameter of the nanotubes, the evaluation of the interfacial shear strength
between them and the polymer matrix is very difficult. Fortunately, interactions between nanotubes
and polymer can be characterized by the use of the AFM as a nanomanipulator device. For instance,
peel tests have been developed by attaching nanotubes on tips and putting them in contact with a
polymer substrate. Strus et al [28] recently studied the peeling of MWNT from epoxy, graphite and
polyimide substrate. Shear strength can also be deduced from nano pull-out tests. For instance,
Barber et al. mounted an MWNT onto an AFM tip and then pushed it in a heated polymer film of
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poly(ethylene butene). After cooling, they measured the forces required to pull the tubes out, see
Figure 13.3, and deduced stress values between 20 and 90 MPa [29, 30].They also studied the pullout
behavior a MWNT from an epoxy matrix [31].

Despite the results presented above, near-field microscopy has not been extensively used to
characterize polymer/nanotube composites However, it can be noticed that AFM is a useful
technique to locally probe the mechanical properties of the composites (at the polymer-nanotube
interface for example). One possible reason for the relatively small amount of studies by AFM and
STM could be that observing the surface only (or the sub-surface) does not permit to obtain much
information on the nanotube dispersion state. For that kind of characterization, transmission
electron microscopy is a key technique owing to the small nanotube diameter.

13.3. Transmission Electron Microscopy

13.3.1. Principles

Transmission Electron Microscopy (TEM) is an imaging technique, where electrons pass
through a very thin sample. The image and the electron gun are on opposite sides relative to the
sample, as indicated by the keyword “Transmission”. The main advantage of TEM relies in its
resolving power. Indeed, resolution in a microscope is limited by diffraction phenomena. Thus, the
image of a small point source will not be a point but a small bright spot, called the “Airy disc”,
surrounded by less intense bright and dark haloes. The resolving power is directly related to the size
of the Airy disc, and thus on the incident beam wavelength. The wavelength associated to electrons
in a TEM is so small that fine features can be distinguished, such as atomic columns [32].

The contrast in the image is formed from the interactions between the incident electrons and

the matter. The most common operating mode in TEM is the bright field imaging mode. In this mode
and in the case of non-crystalline materials such as polymers, the contrast in the image is the
consequence of absorption of electrons in the sample and to a first approximation, the intensity at
each position in the 2D projection of the sample may be modelled via Beer's law. Experimentally,
thicker regions of the sample or regions with a higher atomic number will appear darker. For this
reason, heterogeneous polymer samples are often observed after staining by heavy atoms, such as
ruthenium or osmium, which selectively reacts with polymers depending on their chemical structure
[33].
As far as crystals are concerned, the organized structure leads to diffraction of the incident electrons.
In the low magnification images, a contrast arises from the selection of one spot only (in the
diffraction plane), which will be used to form the image (see Figure 13.4). Depending on which spot is
selected, the image is qualified as “bright-field” or “dark-field” image. In the bright field mode, the
central spot, corresponding to no diffraction, is chosen and the regions where crystal planes can give
rise to diffraction will appear in dark in the image. On the contrary in the dark field mode, a
diffraction spot different from the direct beam is selected and only the regions where planes are in
the corresponding Bragg position will appear in bright in the image [32]. Diffraction contrast can be
used to identify lattice defects in crystals. Indeed, if the sample is oriented so that one particular
plane is only slightly tilted away its Bragg angle, any distortion of the crystal plane that locally tilts the
plane will produce particularly strong contrast variations.

Alternatively, images can be formed with electrons scattered at high angles (HAADF mode, for
High Angle Annular Dark Field mode). An annular detector is placed below the sample and the
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focused electron beam is scanned over the sample. Interestingly, the contrast is not altered by
diffraction phenomena and depends mainly on the atomic numbers of the atoms in the specimen
[34].

At high magnification, TEM enables the formation of images displaying the atomic structure. It
is thus qualified as “High Resolution TEM”. The principle is that at least two diffraction spots are
selected and the image is the interference pattern of the corresponding waves.

Whereas TEM images give insight on the materials structure, chemical information can be
obtained via two coupled analysis techniques, namely Energy Dispersive Spectroscopy (EDS) and
Electron Energy-Loss Spectroscopy (EELS). The EDS signal arises from X-ray photons emitted by the
sample after inelastic interactions with the incident electrons. The heavier the atoms in the sample,
the more intense the EDS signal. The X-ray photon energy directly depends on the sample
composition. Thus, it is possible to determine the local composition (the spatial resolution being that
of the microscope), and to acquire maps representing the spatial distribution of elements.

EELS is complementary to EDS since it is better suited to light elements. Indeed, the EELS signal
consists in incident electrons collected onto the detector with different energies, since energy losses
occur when electrons interact with atoms in the sample. The energy transferred from the incident
electrons to the specimen serves to excite probed atoms, and the deposited quantity of energy
depends on the chemical nature of atoms, but also on their electronic structure. Therefore, the EELS
signal contains information not only on the sample composition but also on way atoms are bound to
each other [35]. For conducting materials, the EELS signal is interpreted in terms of density of states.
In the case of polymers, the use of chemical bondings is preferred [36]. When a 2D detector is used,
images can be formed with electrons that underwent a specific energy loss (EFTEM mode, for Energy
Filtered TEM). In that mode, maps can be calculated, representing the spatial distribution of
elements [35] or even of chemical bondings [37]. EFTEM is also a very convenient way to gain
contrast by suppressing the inelastic contribution of the signal in so-called ‘zero-loss’ or elastic
images: this is of particular interest in thick samples and/or at low voltage since the inelastic signal
increases and blurs the image.

In all modes, TEM provides two-dimensional images, corresponding to projections of the
sample structure along the optical axis making ambiguous the interpretation of such images. On the
contrary, TEM tomography (TEMT) generates 3D images with a nanometer scale resolution from tilt
series of 2D projections acquired over a large angular amplitude, up to 120-130° [38, 39]. Important
advances in the microstructural analysis of heterogeneous polymers [40, 41] or polymeric
nanocomposites [42, 43, 44] have been recently achieved by TEMT. However, the resolution in the
third direction in TEMT reconstructed volumes is very often limited by the “missing wedge” in tilt
series acquisition. The precise quantification of the observed 3D microstructure is then strongly
limited. Different strategies have been recently considered to solve this issue. From an experimental
point of view, needle-like TEM samples have been, for instance, processed by Focused lon Beam (FIB)
technique, allowing a complete rotation of the sample and avoiding any missing angular observation
[45]. On the other hand, several teams have developed new reconstruction algorithms in order to
improve the reliability of the reconstruction [46, 47].

As long as amorphous materials are characterized, the TEM images can be easily acquired in
the bright field mode, since the contrast in the image is mass-thickness dependent. However, for
crystalline materials such as nanotubes, a contrast may appear due to diffraction, which may affect
the quality of the volume reconstruction. Thus, the images may be acquired in the EFTEM or HAADF
modes, if sufficient contrast from the nanotubes (mostly, depending upon their diameter) is
obtained.
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The most recent TEM developments which may represent some interest for the study of
nanotubes-based polymer nanocomposites are the optical corrector and the environmental mode. In
a Cs-corrected imaging mode (Cs: spherical aberration coefficient), a better resolution is obtained, but
also a sharper contrast which may improve the visibility of small objects. In an Environmental
dedicated TEM, a differential pumping between the electron gun and the specimen stage allows the
specimen to be surrounded by a gaseous atmosphere, with a pressure of up to a few millibars.
Interestingly, the spatial resolution of the TEM is not seriously affected since atomic resolution is still
attainable [48] and chemical reactions can be followed in situ. EELS can even be used to quantify the
gas composition inside the reaction cell [49].

13.3.2.Characterization of carbon nanotubes

Historically, carbon nanotubes were first observed by Transmission Electron Microscopy, see
Figure 13.5 [2]. Then, nanotubes have gained interest worldwide and led to an incredible number of
published papers. It is simply not possible to give an exhaustive list of all studies involving TEM.
However, a few ones can be highlighted because they focused on the characterization of the
nanotube intrinsic properties, which in turn will play a great role on the polymer/composite
properties.

Nanotube structure:

The first studies after lijima’s paper, presenting TEM micrographs of carbon nanotubes (see
Figure 13.5), mainly focused on the nanotube structure [50, 51, 52, 53] to determine how the
graphene sheets roll themselves up. Once it has been established that the nanotubes were
composed by concentric graphene sheets, one of the main issues, especially for single walled
nanotubes, was the determination of the nanotube helicity [54, 55, 56]. At the same time, TEM
studies were involved in the development of various elaboration processes [57, 58, 59, 60]. The in
situ growth of carbon nanotubes could even be followed in an environmental TEM, giving insights on
the growth mechanisms [61, 62, 63].

The structure of defects in nanotubes, which occur spontaneously or can be created by doping,
has also been extensively studied [64, 65, 66]. In particular, several teams used EELS to probe the
chemical bondings of nitrogen in nitrogen doped carbon nanotubes [67, 68].

Quantification of the diameter distribution:

One major issue of the nanotube elaboration processes is to produce nanotubes with
controlled dimensions (diameter, length) and without byproducts (catalytic residues, other
carbonaceous particles). This is nearly achieved with processes such as catalytic chemical vapor
decomposition using supported catalysts. However, the arc discharge method remains the most
common one and is perhaps the easiest way to produce the large quantities of nanotubes required
for the elaboration of composites [69]. The dimensions of the nanotubes being uncontrolled, it is
interesting to measure their distributions (for modelling purposes of the polymer/nanotube
mechanical or electrical properties, for example). Unfortunately, the nanotube length cannot be
accurately measured by TEM. They are indeed too long to be observed on their whole inside a single
mesh of a microscopy grid. Moreover, they are generally so entangled that it is difficult to separate
them from each other, especially in the presence of impurities or agglomerates. In a few cases, image
analysis of TEM images can still be successfully performed and provide the diameter distribution as
well as insights on the wall compacity [70].



Nanotube properties:

Whatever the nanotube production method, understanding the properties of materials filled
with nanotubes requires the knowledge of the nanotube properties. As a consequence, many efforts
were made to experimentally measure the nanotube Young modulus and the nanotube intrinsic
conductivity. Fortunately in TEM, it was observed that the nanotubes were vibrating when clamped
at one end and free at the other one (see Figure 13.6). Thus, the measurement of the mean-square
vibration amplitude in function of the temperature allowed the determination of the Young modulus
(higher than 1 TPa for bundles of SWNTs) [71]. Alternatively, the vibrations can be electrically
induced using specific specimen holders [72]. Other types of specimen holders also permitted to
determine nanotube mechanical properties [73, 74, 75, 76].

As far as the nanotube conductivity is concerned, it obviously depends on the nanotube
structure (MWNT or SWNT) and also on its helicity (in the case of SWNTSs). TEM has also permitted to
relate the helicity to the transport properties of nanotubes [77], the helicity being determined from
electron diffraction patterns and the transport properties being probed with a dedicated TEM
specimen holder.

13.3.3.Characterization of polymer/nanotube composites

Once the nanotubes are characterized and polymer/nanotubes elaborated, their
microstructures have to be precisely determined to understand the relations between the process
and the nanocomposites macroscopic properties. It is expected that the microstructural parameters
that will play major roles (in addition to the filler geometry) are the nanotube dispersion and
orientation state and the polymer/nanotube interfacial adhesion strength. In this section, we present
a review of the pieces of information that can be brought by TEM.

Nanotube dispersion state

Obtaining a homogeneous nanotube dispersion state in a polymer matrix is still a major issue.
From a general point of view, the dispersion state is influenced from the following parameters [78]:

- The nanotube length,

- The nanotube entanglement,

- The nanotube volume fraction,

- The matrix viscosity,

- The tube/tube attraction (mainly for single and double-walled nanotubes).

As a consequence, the nanotube dispersion state has to be characterized at several pertinent
scales, including that covered by TEM. In particular, it can be noticed that in the case of a fine
dispersion with very few agglomerates, it is hard to judge the grade of dispersion, because separated
CNTs are more difficult to observe in bright-field TEM (especially for CNTs with few walls), as
agglomerates giving better contrast. However, since alternative methods are not available to
estimate the dispersion state, conclusions are always drawn from a few TEM images [78, 79, 80].

In some studies, a statistical description of the nanotube dispersion state was obtained from
TEM images. For example, Uchida et al. [81] measured the diameter distribution of SWNT bundles in
poly(acrylonitrile), with and without a purification treatment involving sonication in methanol. The
different bundle diameter distributions (especially the mean diameter) could explain the different
composite tensile moduli. Fornes et al. [82] also determined the diameter distribution of SWNTs
bundles in a polymer matrix (namely polycarbonate). To improve the contrast in the bright-field TEM
images and better measure the bundle diameter, they dissolved the polymer in chloroform and
studied the remaining SWNT network.



In order to understand the mechanical and electrical properties, the nanotube dispersion state
has to be more precisely determined. Indeed, such properties depend on the formation of a three-
dimensional nanotube network. Once such a network is formed, key parameters include the
nanotube curvature and the distance between entanglements. Electron tomography is undoubtedly
the most pertinent technique to obtain a three-dimensional view of polymer/nanotube
microstructures. For the moment, the published studies presenting electron tomography on
polymer/nanotube composites have focused on how to obtain a good contrast between the
nanotubes and the polymer matrix. Results have been presented either from bright-field [83, 84],
HAADF [85] or from energy-filtered images [86, 87]. The reconstructed volume presented in the
study by M.H. Gass et al. [87] and reproduced in Figure 13.7 was obtained from a series of energy-
filtered images at every tilt angle. The energy-loss spectrum was then determined at every image
pixel. The difference in plasmon energy that exists between the two carbonaceous materials (22 eV
for nylon and 28 eV for multiwalled carbon nanotubes) permitted to obtain a ‘ratio image’ that
enhances the signal from the nanotubes. The volume was finally reconstructed from the “ratio”
images at every tilt angle. This study emphasized that electron tomography is a powerful technique
to study the three-dimensional structure of materials, even those exhibiting a poor contrast in bright
field, such as polymer/nanotube composites.. Attempts to get a 3D view of the carbon nanotube
network 3D structure were performed by Liu et al. [88], see Figure 13.8. In order to minimize any
possible irradiation damage of the poly(styrene-co-butyl acrylate) P(S-BuA) latex matrix, tomography
series were acquired at 80 kV. At such a low voltage in the TEM, energy-filtered imaging is almost
compulsory in order to image correctly the CNTs at high tilt angles (owing to the severe thickness
increase: 290% at 70°), as demonstrated by Figure 13.8). Although the thickness of the thin foil was
relatively large (200 nm), the 3D reconstruction shows that it remains to small compared with the
mean distance between the tubes, and especially the expected distance between two successive
entanglements. It will be seen in section 13.4 that SEM tomography can be more appropriate for
such a study.

From the point of view of the distribution of radius of curvature, nanotube networks were
successfully investigated by Dalmas et al. [89]. Indeed, the 2D apparent nanotube segment curvature
radius distribution was then measured on TEM bright field images acquired on the composites (see
Figure 13.9). The experimental curvature population was then statistically compared to that
measured on the projection of the simulated 3D microstructure (simulation of TEM observations). It
was then used to model the nanocomposites electrical properties as a function of the elaboration
process [90].

At this stage, it is worth mentioning that most of the previous studies were performed on
homopolymers or random copolymers as matrices. Meincke et al. [91] observed that nanotubes
were dispersed in the polyamide-6 phase in blends of polyamide-6, acrylonitrile/butadiene/styrene
(ABS). Unfortunately, no further quantification of the nanotube dispersion state has been presented,
probably because of the non-spherical shape of the polyamide-6 domains. Li et al. [92] used
multiwalled carbon nanotubes as fillers in an extruded poly[styrene-b-(ethylene-co-butylene)-b-
styrene] triblock copolymer (SBS). TEM observations confirmed small-angle X-ray scattering
experiments: the well-dispersed MWCNTSs have a marked effect on the phase separation behavior of
the matrix block copolymer. They inhibit the local phase separation of SEBS, and the MWCNT
network impedes the formation of large phase-separated grains. The relationships between the
nanocomposites microstructures and properties were investigates. The role of the nanotube network
on the mechanical and electrical properties was obvious. However, the change in the copolymer
microstructure was not clearly evidenced. Similar nanocomposites were elaborated by Fragneaud et
al. [93] but with polystyrene-grafted nitrogen-doped carbon multiwalled carbon nanotubes as fillers.
It was also observed that the copolymer structure was altered by the nanotubes, the thinnest tubes
being even incorporated into the copolymer polystyrene cylinders (see Figure 13.10). The higher
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electrical percolation threshold with a SBS matrix compared to that measured with a PS matrix can
most probably be attributed to the copolymer structure.

Nanotube orientation state

Although nanotubes tend to align themselves as soon as shear is applied during the
nanocomposites elaboration process, very few studies focus on the quantification of the nanotube
orientation state. The method proposed by Zhihang et al. [94] is worth mentioning because it can
easily be used and the graphical representation allows a rapid understanding. Basically, the
orientation of a nanotube can be characterized by a unit vector (collinear to the nanotube), see
Figure 13.11. Experimentally, the angles between the unit vectors and a reference direction are
measured on TEM images and an ellipse is drawn to graphically gather the orientations of all the unit
vectors. In the ellipse, the major axis represents the preferred orientation of nanotubes in the
analyzed region. The ratio between the major and minor axes distances of the ellipse represents the
degree of orientation in that direction. Thus an elongated ellipse indicates a high degree of alignment
in the direction of the major axis, whereas a circle signifies an orthotropic orientation.

Polymer/nanotube interfacial adhesion strength

The interfacial adhesion strength is undoubtedly the most difficult to characterize and over all
to quantify. A first method consists in observing the composite behavior during the preparation of a
TEM sample. Thin sections of polymer-based materials are generally prepared by ultramicrotomy,
that is by direct cutting with a diamond knife. We observed that raw MWNTs were hardly cut and
were instead pulled out from the polystyrene matrix, resulting in holes during observation (see
Figure 13.12a). On the contrary, polystyrene-grafted nitrogen-doped multiwalled nanotubes
fragments were easily observed in the TEM sample (see Figure 13.12b), which clearly indicates an
improvement in the interfacial adhesion strength. The raw nitrogen-doped multiwalled nanotubes
were found to be an intermediate case, with observable fragments but still a lot of holes in the
sample [95].

A second method consists in observing the composite fracture surfaces. For example, in the
case of MWNTSs in a poly(hydroxyaminoether) matrix, C. Bower et al. [96] observed a lot of pulled out
nanotubes and concluded that the load transfer from polymer to nanotube was not sufficient to
fracture the nanotubes. In the same time, a lot of kinked MWNTs were observed, which were
believed to be plastically deformed.

Information can also be indirectly obtained by TEM when observing a thin section of the
composite. Indeed, damage occurs during observation because of electron-matter interactions,
which generally results in strains in the sample. Under certain conditions, deformation of the sample
under electron irradiation can be assimilated to local tensile tests. Composites made of polystyrene
and MWNTs were studied by D. Quian et al. [97]. They followed the composite behavior after crack
initiation due to electron irradiation and estimated that about half of the aligned nanotubes have
been broken. In agreement with theoretical calculations of the composite modulus (randomly
oriented discontinuous fiber model), it was concluded that with polystyrene, load could be
successfully transferred to the nanotubes through the nanotube-polystyrene interface. However, it
can be pointed out that the remaining half of the nanotubes were still pulled out from the matrix,
which indicates that the load transfer and thus the interfacial adhesion are not the highest possible.
As far as SWNTs are concerned, Lourie et al. [98] also concluded that there was a significant
interfacial adhesion with epoxy, since the SWNTs were broken instead of pulled out. The absence of
pull-out mechanism was attributed to a higher reactivity of the graphene sheets when highly curved
into SWNTSs.
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The poor quality of the interfacial adhesion between polymers and MWNTSs was one reason of
the development of functionalization and grafting. The aim is to make chemical bondings (on
functionalized nanotubes) or layers of grafted polymer (on grafted nanotubes) appear, that will
improve the interfacial adhesion. Two studies involving “tensile tests” under electron irradiation are
worth mentioning. In the first one, by Gojny et al. [99], the deformation mechanisms of composites
with epoxy and raw or oxidized MWNTs were compared. As the raw nanotubes were pulled out from
the epoxy matrix, telescopic pull-outs were observed with functionalized nanotubes. This clearly
indicates that the interfacial adhesion was significantly improved. A similar conclusion was drawn by
Hwang et al. [100] when studying poly(methyl metacrylate) (PMMA) filled with PMMA-grafted
MWNTs.

At this stage, it is worth mentioning that functionalization or grafting can also affect the
nanotube dispersion state. From a macroscopic point of view, the mechanical and electrical
properties are also expected to be modified. A full understanding of these macroscopic properties
implies to characterize the nanotube dispersion state, the polymer-nanotube interfacial adhesion
strength, more precisely than what has been done in the literature until now. In particular,
guantitative data should be deduced from the images, such as the distance between entanglements
for example. Moreover, as far as grafted nanotubes are concerned, an evidence of grafting often
lacks and it has to be proved that the polymer has been successfully grafted onto the nanotube,
instead of a nanotube wrapping. TEM coupled with EELS and EDS is probably the best suited
technique to locally investigate the grafted layer. For example, in Fragneaud et al. work [8], we
probed the layer grafted onto nitrogen-doped nanotubes and proved by EELS that it was composed
by polystyrene, as expected. Moreover, a peak assigned to bromine was detected on the EDS
spectra, indicative of the successful atom-transfer radical polymerization. Further work is needed but
since chemical bondings can also be determined from the EELS spectra, one can also expect
qguantifying the number of grafted chains.

As was detailed in this section, TEM can bring numerous pieces of information regarding the
polymer/nanotube composite microstructure. However, it has to be recalled that nanofillers such as
nanotubes easily agglomerates and their dispersion state has to be characterized from the micron to
the nanometer scale. This is one reason, among others, why Scanning Electron Microscopy is another
widely used to characterize polymer/nanotube composites.

13.4. Scanning Electron Microscopy

13.4.1.Overview of the technique (SEI, BEI, CCI)

Scanning Electron Microscopy (SEM) is a powerful tool for the surface observation of samples.
The scanning of a small electron probe on the surface of the sample induces the emission of several
signals. The main imaging mode used in SEM is based on the detection of the secondary electrons
(called SEI for Secondary Electrons Imaging), giving an idea of the sample topography. Moreover, two
other signals resulting from the primary electrons/sample interaction are also often used:
backscattered electrons and X-rays, providing information about the topography and/or the
composition of the sample (see Figure 13.13).
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As SEMs are versatile instruments for relatively low costs, they are largely available in
laboratories in the field of biology and materials science. Developed in the 1940Q’s, it has undergo
many changes regarding the ease of use, the electron guns and optics, the resolution improvement
and the development of specific modes such as transmission (STEM), low-voltage, environmental or
variable-pressure, etc.

13.4.2. Application to the study of nanotubes

The resolution of SEMs is now suitable for nano-materials characterization. High resolution
SEM is a powerful instrument for imaging of fine structures of materials and nanoparticles fabricated
by nanotechnology. In lens SE, BSE modes, and STEM mode are often performed to check the
structure of CNT growths or CNT as delivered by commercial producers, and sometimes coupled with
TEM. Even the single-walled carbon nanotubes can easily be observed by HR-SEM (see Figure 13.14).
The STEM mode can also be used for free CNT observation [101]. As in TEM, specific specimen
holders have been developed to perform in situ mechanical tests. For example, Maschmann et al.
carried out nanoindentation tests on nanotube arrays [102]. They showed that 7.5 pm carbon
nanotube arrays could significantly recover even after 90% compressive strain, whereas 600 Um
carbon nanotube arrays underwent significant plastic deformation at 15% strain.

The SEM contrast of CNT can be difficult to interpret as it depends on a lot of parameters
[103]: the primary beam energy landing, the history of imaging, if the CNT are lying on a substrate or
suspended, the substrate electrical conductivity and the electron beam induced contamination
during imaging. The contrast can for example be linked to potential differences between the CNT and
the substrate [104], or to electron beam-induced current on the insulating substrate surface [105].

13.4.3.For polymer CNT/nanocomposites

CNT nanocomposites morphological and structural analysis is often done by TEM but an
extensive imaging is required then to ensure a representative view of the material. Moreover, carbon
based fillers have very low TEM contrast when embedded in a polymer matrix. The application of
microscopy techniques is very useful to control the status of CNTs at any time during the preparation
process of CNT/polymer nanocomposites, and moreover, to gain insights on parameters important
for a better understanding the performance of the final nanocomposite material based on CNTs.

The general approach in SEM is the direct observation of the surface of nanocomposites films
or of fracture surfaces performed at ambient temperature or in liquid nitrogen, to check
concentration, alignment and orientation distribution of the fillers, and to have information about
the interface strength between the fillers and the matrix [106, 107, 93, 108], see Figure 13.15.
However, SEM of carbon nanotubes embedded in a polymer insulating matrix can be a challenge:
traditional gold-coating performed to prevent charging can sometimes mask the nanotubes and the
alternatives include lower energies or environmental mode but may restrict the resolution [109].

SEM, as others surface-based methods such as scanning probe microscopy (SPM), or more
specifically atomic force microscopy (AFM), generally only shows the surface or a cross-section of the
three-dimensional arrangement of the CNTs in the polymer matrix. However, the team of Loos et al.
has shown that conventional SEM is capable to provide (pseudo) three-dimensional morphological
information on SWNT networks in conductive SWNT/PS nanocomposites at nanometric resolution by
monitoring the sample in the charge contrast imaging mode (CCI) [110]. This is only observed for
nanocomposites above the percolation threshold. With increasing acceleration voltage, the
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secondary electron yield at the positions of the SWNTSs increases and enhances the contrast between
SWNTs and the matrix, see Figure 13.16.

Reimer et al. have characterized specific samples in various transmission modes and have
highlighted a beam broadening through the sample thickness. They have shown that the resolution,
directly related to the probe size, is subjected to a top-bottom effect [111]. The use of a thin sample
thus results in an improved resolution, avoiding the probe broadening through the sample thickness.
Moreover, the interaction cross-sections are important at low voltage, for instance the cross section
of carbon at 30 kV equals the one of Zn at 100 kV, and the cross section of carbon at 10 kV equals the
one of Ta at 100 kV [112]. These high values coupled with the high collection angles of our detection
configuration can be interpreted as efficiency in both the electrons-sample interaction and the
scattered electrons detection. This enables for instance polymer/carbon nanotube nanocomposites
to be observed with an important contrast between the polymer matrix and the fillers, even if their
average atomic numbers are very close (see Figure 13.17). In the STEM configuration, the detection
efficiency also contributes to increase the thickness of transparency which can reach several um
[113].

The possibility to observe in SEM “thick” samples through STEM observations led to the
development of different sample stages, which have been successfully used for the characterization
of CNT and CNT polymer nanocomposites.

An imaging mode called “wet-STEM” developed in ESEM, and schematically presented in
Figure 13.18, allows the observation of nano-objects suspended in a liquid phase, with a few
nanometers resolution [113, 114]. ESEM is indeed interesting for the ability to keep samples wet or
liquid, and the STEM mode results in high contrast, resolution and thickness of transparency. At the
steps before the elaboration of carbon nanotube nanocomposites, wet-STEM can be used for the
characterization of nanotubes dispersed in a liquid (see Figure 13.19), and for polymer
latex/nanotubes mixing (before evaporation or freeze-drying to elaborate polymer/carbon nanotube
nanocomposites).

A rotating sample stage has also been developed to performed electron tomography in the ESEM,
see Figure 13.20 [115, 116]. Its main interest lies in the good compromise between the resolution
level of a few nm, and the large tomogram size thanks to the important thickness of transparency.
Electron tomography in the ESEM is well adapted for non-conductive samples, and exhibits good
contrast even for low-atomic number materials. Taking advantage of the size of the ESEM chamber,
the range of tilt angles is not limited by the space around the sample. It has been used for the
characterization of free nanowires, and for impact modified polymer composites [116] and more
recently to wet samples [117]. Owing to the good contrast in the SEM-STEM mode even for rather
thick specimens, the CNT-CNT contacts in polymer nanocomposites have been characterized and
quantified by this technique. Tilted tomography was then performed on 0.2, 0.5 and event 1 um-
thick ultramicrotomic section of P(S-BuA)-CNTs latex-based nanocomposites. In complement to the
results obtained with an ESEM, which offers the great advantage of compensating charges at the
surface without any conducting coating, slightly better ‘STEM’ micrographs, in terms of resolution,
and despite a few charging effects, were also acquired using a dedicated High Resolution SEM
instrument (see Figure 13.21) [88]. These tomograms were analyzed with the help of a home-made
software in order to quantify the surface fraction of contacts between tubes in order to establish a
correlation between different conditions of elaboration of two-types of nanocomposites and their
electrical conductivity (Figure 13.22). At this stage, the worse resolution of SEM tomograms
compared to TEM tomograms (see Figure 3.X) can be considered as an advantage because it helped
the numeric treatment of the images for their binarisation and the modelling of tubes as wavy
cylinders [118].
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13.5. Focused Ion Beam Microscopy

The FIB-SEM approach takes advantage of the recent developments in SEM, providing double
gun microscopes. In such instruments, a focused ion beam (FIB) can be used to create a cut at a
designated site in the specimen, followed by viewing the newly generated surface with a scanning
electron beam focused at the same point [119 and recent review in 120]. The repetition of such a
‘slice-and-view’ approach in a sequential way permits a 3D FIB-SEM tomographic analysis of
materials. This opens up the third dimension by making a SEM combined with a FIB a well suited tool
for characterizing micron and sub-micron size microstructural features in three dimensions via serial-
sectioning procedures [121]. This approach can help to better characterize the dispersion and
orientation of fillers in polymer nanocomposites. An example of such studies is illustrated in Figure
13.23a) [122]. The material consists of a polyurethane matrix reinforced by FesC@C nanowires; its
microstructure resembles that of a CNTs nanocomposite. In this case, a good contrast is obtained
between the fillers and the matrix in most of SEM imaging modes. The volume reconstructed from
the 3D FIB-SEM sequence is seen at some angle to point out the trend to alignment of most fillers,
which cannot be easily identified in conventional 2D imaging. Another example concerns a PET
matrix filled with nanoclays: compared to conventional TEM techniques, a wider area of the sample
can be observed when using FIB milling and imaging of the milled surface [123].

The main drawbacks of the FIB-SEM tomography are the low availability of such instruments in
laboratories, and the fact that many samples require specific preparation [124], and can exhibit poor
contrast in the case of polymers materials reinforced by fillers with low atomic density, as it is the
case of carbon nanotubes. Most stringent is the generally poor resistance of these materials to the
ion beam damage. These limitations are illustrated in Figure 13.23b): attempts to produce
reasonable image stacks from P(S-BuA)-CNTs nanocomposites studied previously by TEM and SEM
(see sections 13.3.3 and 13.4.3) were so far unsuccessful. At first, the matrix rapidly deforms under
the ion beam, whatever the slicing conditions; secondly, because of the low contrast of the
nanotubes, which is very similar to the so-called ‘curtain effects’ [125] produced by the ion beam:
roughly vertical bands appear during milling, owing to the masking effect due to metallic catalysts
present in the nanotubes population. The lines have a low contrast but similar to that of the
nanotubes, making any image segmentation practically impossible. All these reasons probably
explain why, even if the FIB/SEM approach is used on polymer nanocomposites, it is not used in the
literature for carbon nanotubes in polymer matrix.

13.6. Conclusions

The main goal in material science is to provide behavior laws, i.e. to be able to predict the
material properties under given conditions (mechanical, electrical, environmental conditions,
temperature, etc.). This requires relating microscopic parameters and local mechanisms to
macroscopic behaviors, as there is no other way to express such behavior laws based on chemical-
physical parameters. In other words, the study of materials requires a large part of microstructural
observation and analysis.

More specifically with nanocomposite materials, and as recalled above, in most of the cases,
interface between as received particles and organic matrices are very weak (bad adhesion), and one
way to improve it consists in performing chemical grafting on the particle surface. If the chemical
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reactions are generally classical and work in solution, they can be much more difficult to achieve in
heterogeneous media, which is the case for particle grafting. It is thus challenging to check the
grafting effectiveness, and microscopies combining spectroscopy is probably the most powerful tool
for such purpose.

We have roughly described three main microscopy techniques, namely local probe microscopy
(STM, AFM, etc.), scanning electron microscopy (SEM) and transmission microscopy (TEM).

It has been pointed out that most of the time, microscopies lead to 2D images, either because
they provide surface characterization (local probe and SEM), or because images result from the
ability of electrons to cross the sample (TEM). Recent developments allow getting 3D images, by
using for instance the classical tomography technique previously developed for X-ray medical
applications. It is worthy to note that an old and very tough technique firstly developed to observe in
3D bio-objects —such as viruses- has been recently renewed. In FIBs, an ion beam replaces microtome
in producing thin slices, and in situ observation by SEM avoids manually changing the samples.

Scanning Probe microscopies are extremely useful for analyzing surfaces, but cannot lead to
bulk information. They will be used each time surface properties are important, i.e. when surfaces
are used for themselves (tribological applications, adhesion, etc.). However, in some cases, the study
of transport phenomena (such as thermal or electrical conductivity) by modified AFM may lead to
bulk characterization such as the formation of a percolating nanotube network for instance.

A similar conclusion could be reached for scanning electron microscopy, but two specific
features must be underlined. The fact that CNT are good electrical conductors makes easier
observations of CNT nanocomposites, even at low CNT volume fractions, provided they form a
percolating network. In such cases, it appears that SEM observations show not only the
nanocomposite surface topology, but also the CNT arrangement near the surface within a thickness
of even few um. For too low volume fractions (dilute state of CNT), the sample surface must be
coated, which removes all interest of their observation. On the other hand, as for other electron
microscopies, spectroscopy analysis can be used for imaging purposes.

TEM remains certainly the most powerful technique to get bulk information, but due to the
low sample thickness required for observation, in most cases, CNT are cut and it is almost impossible
to observe them surrounded by their neighbors and so, to analyze their mutual interactions.
However, in situ spectroscopy leads to more and more precise data on CNT — matrix interface, which
one of the key-point of macroscopic behavior. It can be noticed that SEM can be performed in
transmission, leading to images similar to what can be obtained by TEM. However, in the
magnification range covered by both techniques, SEM provides images of thicker samples with a
higher contrast, which should provide reliable results on the nanotube dispersion state. However,
TEM remains unavoidable to locally characterize the nanotube-matrix interface and the nanotube-
nanotube contacts.

To summarize recent improvements which in fact appear as breakthrough, two limits of
electron microscopy techniques have been recently bypassed, (i) one related to SEM observation of
insulating materials and liquid states by using environmental microscopes, and (ii) the second one
related to 3D rather than 2D imaging, by developing tomography techniques in microscopes working
in transmission modes or by using micromachining in dual beam microscopes (FIB). Even if it remains
delicate to apply this technique to beam-sensitive materials, we can expect that within few years,
with the help of this new approach and many others, it will be possible to answer several questions,
as for instance, the effect of nanotubes dispersion on nanocomposite mechanical properties or on
electrical properties.
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Figure 13.1: schematic presentation of AFM device.
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Figure 13.2: AFM image of a a) a PE and b) PE with 10 wt% MWCNT. The samples were taken parallel
to the extrusion flow direction, with permission from Elsevier [24].
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Figure 13.3: SEM images of an AFM cantilever used to calculate nanotube pullout forces. A) The
nanotube is partially embedded within the solid polymer matrix. The AFM chip, containing the AFM
cantilever and tip, is then translated away from the polymer surface, resulting in continued bending
of the cantilever. The nanotube pulls out of the polymer at a critical bending of the cantilever (B).
This bending deflection, D, is calculated from the position of the cantilever before and after the
pullout. The nanotube embedded length is calculated by the difference between the nanotube free
length in (A) and (B). With permission from Wiley and sons [31]
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Figure 13.4: schematic presentation of the TEM a) bright field and b) dark field modes. The difference
lies in the position of the aperture: in the bright field mode, the central spot of the diffraction pattern
is selected whereas the dark field mode is based on the selection of a diffraction spot.

Figure 13.5: first TEM pictures of carbon nanotubes [2], with permission from Nature Publishing
Group.
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Figure 13. 6: TEM micrographs showing the vibration of carbon nanotubes like clamped cantilevers,
from [71], with permission from Nature Publishing Group.
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Figure 13.7: carbon nanotube embedded in a nylon matrix, observed by electron tomography [87],
with permission from the Americal Chemical Society.
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Figure 13.8: EFTEM tomography of a P(S-BuA) - 3% CNTs latex nanocomposite (Cs-corrected Titan-FEl
operated at 80 kV). The micrographs image the same area of a 200 nm thick ultramicrotomic section
inclined at 70° with a defocus of -5 um, without and with zero-loss filtering. A 3D rendering of a
representative reconstructed volume is shown on the right (reverse contrast for a better visibility).
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Figure 13. 9: a) measurement of the 2D apparent distribution of the nanotube curvature radius in
polymer/nanotube composites [89]. b) example of 3D nanotube network [90].

Figure 13.10: TEM bright-field image of a SBS copolymer filled with 2.5 wt.% of polystyrene-grafted
nitrogen-doped carbon nanotubes after staining with RuOa.
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Figure 13.11: Characterization of the nanotube orientation state in one TEM image by a second order
tensor and an ellipse, with permission from Elsevier [94].

Figure 13.12: TEM bright-field images of composites made of polystyrene and a) raw and b)
polystyrene-grafted nitrogen-doped multiwalled nanotubes [95].
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Figure 13.13: Signals detected in SEM, resulting from electrons/sample interaction.

Figure 13.14: SEM image of individual SW and small bundles of SW acquired in STEM mode.
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Figure 13.15: CNT/polymer nanocomposites observed in SEM : a) and b) P(S-ABu)/MW CNT films
surface respectively prepared by evaporation and film formation or freeze-drying and hot-pressing
but showing similar fillers distribution; c) and d) PS matrix containing ungrafted or PS-grafted N-
doped CNT; a fracture performed at ambient temperature highlights the difference in fillers/matrix
interface strength. Scale bars: 1 um.
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Figure 13.16: Charge-Contrast Imaging in a nanocomposite film of PS containing 0.3 wt% of SW CNT.
with permission from Elsevier [110]

Figure 13.17: STEM image performed in SEM on cryo-ultramicrotomic sections of P(S-ABu)/MWCNT
nanocomposites films in annular dark-field conditions at 30 kV: the contrast between the fillers and
the matrix is important. Scale bar: 500 nm.
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Figure 13.18: Scheme of the wet-STEM imaging mode. a: Peltier cooling stage; b: TEM-grid type
sample holder; c: annular detector for transmitted electrons collection; i: incident electron beam.

Figure 13.19: Wet-STEM image of MW nanotubes and surfactant dispersed in water.
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Figure 13.20: Principles of electron tomography in a ESEM through STEM observations at different tilt
angles.

Figure 13.21: low-voltage STEM images of P(S-BuA) - 3% CNTs latex nanocomposites. Left: ESEM (FEI
XL30 image), right: HR-SEM Hitachi S5500.
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Figure 13.22: 3D rendering of a tomographic reconstruction from a series of SEM images recorded in
the transmission between +40° and -40° (maximum tilting range permitted in a Hitachi S5500 high
resolution microscope). Diagrams on the right refer to a 2S slice of the tomogram: they identify
individual nanotubes (middle) and contact areas (right; see text for details).

Figure 13.23: FIB imaging (Zeiss NVision40) of polymer-based nanocomposites; a): 3D reconstruction
of a volume (about 20x14x7 um? - the shorter length corresponds to the slicing direction -) from a
polyurethane (PU) matrix containing (2.5 wt%) FesC carbide-based nanowires fabricated by
electrospinning [122]; b): low voltage (2 kV) SEM image of a surface freshly FIB-milled at low current
during an attempt to perform a 3D FIB-SEM volume characterization of a polymer-CNTs
nanocomposite as shown in Figure 13..
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