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This chapter summarizes several techniques that have been used in the characterization 
of cellulose nanocomposites, in particular cellulose nanomaterials (CNs) dispersion, dis
tribution, and orientation within polymer matrixes. The microscopy techniques described 
are optical microscopy, scanning electron microscopy, transmission electron microscopy, 
and atomic force microscopy. Also, the use of X ray diffraction for quantification of 
CN orientation is discussed. The characterization of bionanocomposites is challenging 
because these materials are soft, moisture sensitive, non-conductive, and usually both the 
matrix phase and the reinforcement phase primarily consist of low atomic number 
elements (making differentiation difficult). Different sample preparation techniques for 
CN composite materials are also discussed. 

7.1. Introduction 

To take advantage of nanoscale features and create nanocomposites based on plant 
biomass, reliable characterization measurements are needed to resolve nanosized
scale features so that the “nanoeffect” can be elucidated. Although nanoscale mea
surement methods have expanded in recent years, not all these techniques are useful 
for soft, hydrophilic, non-conducting biomass specimens. This chapter summarizes 
several methods that have been shown to be particularly useful in nanoscale char
acterization of cellulose nanocomposite surfaces, cellulose nanomaterial (CN) dis
tribution, dispersion, and their orientation within the polymer matrix. 

The structure of polymer nanocomposites is traditionally characterized by a 
combination of transmission electron microscope (TEM) and wide-angle X-ray 
diffraction (WAXD).1 This combination is, however, convenient only for layered 
silicate-based nanocomposites because of the ordered stacking of the silicate layers. 
For cellulose, only the 3D arrangement of the cellulose chains in the crystallites is 
detectable in WAXD and no peaks corresponding to the stacking of the crystallites 
can be observed in the nanocomposites. 
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Table 7.1. Resolution of the different microscopy techniques. 

Technique OM SEM FESEM TEM AFM 

Resolution 0.2-1.3µm 5 nm 1 nm 0.2 nm 	 1 nm (x,y) 
0.1 nm (z) 

For observationof the nanostructure, different microscopy techniques can be uti
lized. In general, bionanocomposites are non-conductive, soft, and moisture-sensitive 
materials and therefore the sample preparation and microscopic characterization are 
challenging. For example, the use of electron microscopes will, in particular, require 
special attention to electron dose, contrast, and methods to assess the bulk structure 
without affecting the nanocomposites morphology. 

Optical microscopy (OM), scanning electron microscopy (SEM), TEM, and 
atomic force microscopy (AFM) have been applied to study the structure, size, and 
morphology of cellulose nanocrystals (CNCs) and cellulose nanofibrils (CNFs) .2-6 

Typically, SEM has been used most for the characterization of nanocomposites 
structure7-14 even though the resolution is limited, as compared to AFM or TEM, 
and detailed information of the CN distribution within the polymer matrix is diffi
cult to obtain. There are, however, SEM microscopes and field emission gun scan
ning electron microscopes (FESEM) with higher resolution comparable with TEM, 
but operate at very low voltages, making it possible to observe organic materials 
without conductive coating. AFM14-17 and TEM12,13,18-20 have also been utilized 
in studies on nanocomposites structure, especially the distribution and dispersion 
of cellulose or chitin nanomaterials. Table 7.1 shows the maximum resolution of the 
different microscopy techniques.21,22 

The following sections describe the common sample preparation for microscopy 
studies of nanocomposites and some examples of micro- and nanostructures of the 
composite materials are shown which are viewed using different microscopy tech
niques. 

7.2. Sample preparation 

The most commonly used way to study the microstructure of nanocomposites is to 
examine fractured surfaces. The problem with this is that polymer nanocomposites 
are non-conducting and when imaged using SEM, the surfaces are usually coated 
with a thin layer (<10 nm) of conducting material (typically gold or platinum), 
otherwise the high intensive electron beam, that is focussed on the sample surface, 
can damage the surface. However, this coating will cover the finer details on the 
surface and may also create other artifacts (cracks, altered surface roughness, etc.). 
Figure 7.1 shows a platinum-coated cellulose nanocomposite where the coating has 
cracked and the underlying structure is visible. 

Another sample preparation method for studies of cellulose nanocomposites 
structure is ultramicrotoming. This is a method where ultrathin (<100 nm) sam
ples are produced and these are usually used for TEM imaging or when very smooth 
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Fig. 7.1. FESEM image of platinum-coated nanocomposites of CNCs and polylactic acid (PLA), 
the coating has cracked and the underlying structure is visible. 

Fig. 7.2. Ultramicrotoming of the thin slices. S is the sample embedded in epoxy and sliced using 
a diamond knife and collected from a liquid-filled container. (Figure is based on Ref. 21.) 

surfaces are needed for AFM studies. This is a common sample preparation method 
for polymeric materials. Ultramicrotomed samples will give information of actual 
“bulk” structure of the composite material. The sample is prepared using the fol
lowing three steps: (i) the specimen is first embedded in a thermosetting resin and 
cured, (ii) then it is trimmed and sliced using microtome, and finally (iii) the thin 
slices can be stained if needed. 

To obtain good sectioning, it is important that the hardness of the embed-
polymer matches the hardness of the sample. Epoxies are typically used as the 
embedding polymer because they are stable in the electron beam. The schematic of 
the ultramicrotoming is shown in Fig. 7.2. 

After the microtoming procedure, the slices are mounted on grids. The thickness 
of the slices is usually less than 100 nm, and in TEM imaging allows sufficient elec
tron transmission through the sample to obtain a signal for imaging. It is important 
to slice the samples to an even thickness to avoid artifacts such as mass-thickness 
contrast. 

Polymers with glass transition temperature below room temperature can be 
too soft for sectioning at room temperature. In this case, ultramicrotoming is 
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performed at low temperature using liquid nitrogen. The method is called cryo
ultramicrotoming. The advantages of cryo-technique are that embedding is not 
needed and soft polymers can be sectioned. Disadvangages are that this technique is 
more time consuming, it is also difficult to collect the sectioned samples, and frost 
could build-up.23 

Freeze-etching method is an alternative to cryo-ultramicrotomy and can be used 
for water-soluble or soft polymers and this method is especially useful for beam-
sensitive materials. The advantage of the freeze-etching technique is that there is 
no need for chemical fixation or staining of the sample. The freeze-etching method 
involves the following steps: 

• rapid freesing, 
• freeze fracturing or etching, 
• shadowing, and 
• replication and replica cleaning by dissolving the specimen.24 

For the rapid freezing step, the polymer sample is mounted on a support and 
rapidly immersed in liquid nitrogen and placed in a cooled chamber and fractured. 
The freshly cleaved surface is either etched or fractured and shadowed with carbon 
or metallic deposition and a replication is made with a thin layer of carbon. The 
replica is taken off the sample, washed, and gathered onto TEM grids. The replica 
is an inverted copy of the originaql sample surface topography and is very stable 
in the electron beam24 allowing imaging of the surface topography. Note that this 
“inversion” of the surface topography needs to be accounted for when interpreting 
the imaging. 

Figure 7.3 shows an example of nanocomposite structure when the sample is 
prepared using the freeze-etching technique. This is a replica of a nanocomposite 
with CNCs embedded in a thermoplastic starch (TS). The freeze-etching method 
was used because of hte difficulty to section the starch matrix.20 The CNCs can be 
detected in which the contrast is created by platinum metal shadowing. The CNCs 
appear to be very wide (darker dots in the image), and it is difficult to determine 

Fig 7.3. TEM images of freeze-etched replicas of TS-CNC nanocomposite (a) parallel view and 
(b) perpendicular view to the film surface (Adapted from Ref. 20 with permission from Springer) 
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if the crystals are individual, but they broaden due to metal shadowing or if they 
are aggregated. 

7.3. Characterization of the nanocomposites structure 

7.3.1 Optical microscopy 

OM is not a suitable tool for characterization of nanosize materials such as CN 
within nanocomposites, but is useful in characterizing the macroscopic composite 
structure in cases when the matrix is transparent or the sample is very thin. For 
example, polarized OM can be used to study crystallization behavior of CN compos
ites. Pei et al. 25 studied the effect of CNC additions on the crystallization nucleation 
rate of a PLA polymer. Unmodified CNCs and silylated functionalized CNCs were 
tested and it was seen that CNC without surface modification aggregated and was 
not as effective nucleation agent as the silylated CNCs. Figure 7.4 shows the polar
ized OM images of pure PLA, PLA with 1% CNC, and PLA with 1% silylated 
crystals in melt at 210°C and how the crystallites nucleate during the cooling, after 
0, 5, and 10 min. It is possible to see that the PLA with unmodified CNC has some 
aggregates compared to the PLA with silylated crystals (0 min). 

Kvien and Oksman26 used polarized OM to study alignment of the CNCs in a 
PVA matrix using magnetic field. The films were thin and transparent and when 
viewed in OM, the film was bright at 45° and dark at 0° and 90° between the 
magnetic field direction and the polarization plane (Fig. 7.5). This OM indicated 

Fig. 7.4. Polarized optical microscope images of PLLA, PLLA-CNC1, and PLLA-SCNC1 after 
cooling from melt at 210°C showing the ability of CNCs as nucleation agent for PLLA. Scalebar, 
200 µm- (The figure is adapted from Ref. 25, with permission from Elsevier.) 
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Fig 7.5. Polarized optical microscope images of the nanbocomposite showing reflected light at 45° 
in polarized light indicating alignment of CNCs the alignment of the CNC is further strengthened 
by studies with FESEM (fractured and etched surface) and with AFM where highly oriented 
structures can be seen. 

that the CNCs were aligned in the PVA matrix, either parallel or transverse to 
the field direction. Also, the alignment of the nanocrystals was further studied by 
FESEM and AFM as seen in Fig. 7.5. The FESEM images of the fractured surface 
and etched nanocomposites showed a highly oriented structure, similar orientation 
was seen also in AFM. 

7.3.2 Electron microscopy 

7.3.2.1 Scanning electron microscopy 

SEM is one of the most used microscopy for materials structure and surface char
acterization. These microscopes have a resolution between 1 and 5 nm. In addition 
to the high resolution, they also have a large depth of field, whhich is the reason that 
the images appear three dimensional. The principle of SEM is that an electron gun 
generates electrons and accelerates them through lenses which focus the beam with 
very small spot size. These electrons interact with the specimen to a depth of about 
1 µ and generate signals that are used to form the image. The three most important 
signals are backscattered electrons, secondary electrons, and X-rays. The backscat
tered electrons are elastically scattered electrons and give compositional contrast 
depending on the atomic number of the specimen. These electrons have high energy 
and they come from the depth of the specimen (1 µm or more). Secondary electrons 
are low energy electrons and come from the top surface of the specimen (a few nm), 
and are mainly used for topography imaging of the sample. 27 

Cellulose nanocomposites or bionanocomposites contain polymers, where both 
the matrix and the reinforcing phases are polymeric, which means they are non
conductive and consist of low atomic number elements and, in tipography imaging, 
mainly used for these materials. 

SEM images of two different cellulose nanocomposites are shown in Figs. 7.6 
and 7.7. The nanocomposite in Fig. 7.6 shows the fractured surface of PLA 
nanocomposites with CNC and CNF.9 

This material was fractured using liquid nitrogen and coated with platinum 
to avoid charging of the electron beam. It is possible to see that nanocrystals and 
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Fig. 7.6. CNCs (left) and cellulose nanofibers (right) in a PLA matrix, It is seen that none of the 
nanomaterials are well dispersed in the PLA but the nanocrystals are of smaller size and better 
dispersed and distributed than the nanofibers. 

Fig. 7.7. Fractured surface of nanocomposites with CNC (12 wt%) in a CAB matrix. It is seen 
that CNCs are well distributed and are also dispersed, small dots are seen which are believed to 
be CNC and no large agglomerate can be seen. 

nanofibers are not well dispersed in the PLA matrix, agglomerates in micrometer 
size are seen. 

The second image, Fig. 7.7, shows the fractured structure of nanocomposite with 
cellulose acetate butyrate (CAB) as matrix and CNC as the reinforcing phase. This 
sample was not coated, but it was still possible to obtain reasonable resolution using 
a low voltage of 1 kV in the FESEM. In this case, the CNC was better dispersed 
in the polymer matrix. There were no visible agglomerates of the crystals in this 
composite; however, the small spherical particles in the matrix might be cross-
sections of small clusters of cellulose crystals in the matrix,10 In this case, a further 
investigation of the material in AFM or TEM would give more information of the 
distribution of CNC in the matrix. 
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7.3.2.2 Transmission electron microscopy 

The principle of TEM is that the high energy electrons are transmitted through an 
ultrathin section of the specimen. The image is formed due to electron scattering 
when the beam hits the specimen.28 

The electrons are emitted from an electron gun (filament). Below the electron 
gun are two or more condenser lenses which demagnify the beam emitted by the gun 
and control its diameter as it hits the specimen, which is held inside an objective 
lens just below the condenser lenses. There are two lenses after the objective lens, 
the intermediate lens and the projector lens. Each produces a real and magnified 
image, which then produces the image on the fluorescent imaging screen or film. 
TEM image contrast is due to electron scattering. Bright field (BF) is an imaging 
mode where an objective aperture is inserted so that the direct unscattered electrons 
form the image. Regions in the specimen which are thicker or of higher density will 
scatter more strongly and will appear darker in the image because highly scattered 
electrons are stopped by the objective aperture. An image field with no specimen in 
it is bright in BF. In TEM, there are three basic contrast mechanisms, which may 
contribute to the formation of image:23,28 

• diffraction contrast, 
• mass-thickness contrast, and 
• phase contrast. 

The cellulose nanocomposites are composed of low atomic number elements 
and therefore scatter electrons weakly, giving poor contrast in the TEM. For these 
materials, the mass-thickness contrast mechanism can be exploited by deliberately 
staining the thin specimen with a heavy metal which highlights specific features 
of interest. For example, uranyl acetate is one suitable staining agent for CNs to 
enhance better contrast.21 

The properties of nanoparticle-reinforced polymer composites are directly 
affected by the distribution of the nanoparticle phase within the matrix phase. 
The ability to characterize the nanoparticle distribution along a surface or when 
embedded within a polymer matrix is critical when relating the resulting composite 
properties to mechanism of property enhancement. 

Transmission electron microscopy is used to analyze the thought thickness of 
the nanocomposites material and is therefore the most suitable microscopy method, 
provided the CN distribution and dispersion are of interest. 

Bondeson and Oksman13 studied how the addition of a surfactant affected CNC 
dispersion and distribution in the PLA matrix. Figure 7.8 shows the FESEM images 
as well as a TEM image of the CNC composites. The first image is a fractured surface 
of the PLA nanocomposite where no surfactant was used showing aggregates of 
CNCs. The second image is also a fractured surface of the nanocomposites with 
surfactant showing well dispersed and distributed nanocrystals. The last image is 
TEM of the surfactant sample showing individual CNCs dispersed in the PLA 
matrix. 
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Fig. 7.8. The structure of PLA-CNC nanocomposites viewed with FESEM and TEM. The first 
image is a composite with poor dispersion and distribution and the second and third images show 
that the dispersion is affected by a surfactant. The FESEM confirms a better dispersion and 
distribution of CNC in a PLA and this is further shown by the TEM with individual crystals 
in PLA. 

7.4. Atomic force microscopy 

AFM is a scanning probe microscopy technique that can characterize nanometer-
scale features of surfaces,29,30 and has been extensively used in characterizing 
nanocomposites31. A detailed description of the AFM system and technique can 
be found in Refs. 29, 30, and 31, a brief description is given in Vol. 1. 

Topography imaging is usually completed by scanning the AFM probe (typi
cal radius of curvature of 10 nm) over the composite surface while the interaction 
response between the probe and the sample surface is monitored. Two operating 
modes can be used (contact and intermittent-contact), and measurements can be 
completed under different environments (vacuum, vapor, fluid). In the contact mode, 
the AFM probe tip is scanned across the surface and feedback is used to maintain a 
constant force between the tip and the sample (see Fig. 7.9). For the intermittent-
contact mode (or “tapping” mode), the AFM probe is vibrated near its resonance 
frequency and feedback is used to maintain a constant force in some aspects of the 
probe’s vibration (such as amplitude). Advantages of intermittent-contact mode are 
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Fig. 7.10. Topography images (3 by 3 µ scans) and roughness profiles (1 µ trace) measured 
by AFM intermittent-contact mode imaging of cellulose films on silica: (A) CNC film and 
(B) Langmuir-Schaefer cellulose films (Adapted with permission from Ref. 34. Copyright (2009) 
American Chemical Society.) 

that it has lower lateral forces compared to contact mode and offers the possibility 
to acquire additional contrast channels such as a phase image. 

AFM topography imaging of cellulose nanocomposites has been used to charac
terize the surface roughness.32-34 The sub-nanometer quantitative height resolution 
and qualitative nanometer lateral resolution (depending on tip radius) have allowed 
for comparative studies on cellulose nanocomposite processing on the resulting sur
face roughness/finish32,34 (see Fig. 7.10). 

In the intermitted-contact mode, and when feedback is maintained on the ampli
tude of the probe vibration, information about nanoparticle distribution within 
polymer matrix composites can be obtained using phase imagining. Phase imaging 
refers to recording the phase lag (i.e., the “delay”) of the cantilever oscillation rel
ative to the signal sent to the cantilever’s piezo driver. The phase lag is sensitive 
to variations in material properties (e.g., adhesion, viscoelasticity, etc.), and thus 
can create contrast between the different material components within nanocompos
ites. Additionally, phase imaging highlights edges and is not affected by large-scale 
height differences, providing clearer observation of fine features, such as grain edges. 
These characteristics of phase imaging make this technique useful for investigating 
nanoparticle distribution within polymer composites, which has been completed 
for various CN-polymer composites15,16,35 (see Fig. 7.11). Since AFM is a surface 
measurement technique, to characterize the nanoparticle distribution through the 
composite thickness, it is necessary to image multiple sections through the thickness 
of the composite. 

7.4.1 AFM — surface chemistry 

AFM techniques have been used to investigate surface chemistry of nanocom
posites. The most common technique for these studies is the use of AFM force 



Characterization of Nanocomposites Structure 99 

Fig. 7.11. AFM images of 5 wt% CNC-PHBV (poly(3-hdroxybuterate-co-3-hydroxyvalerate)) 
nanocomposite: (A) topography and (B) phase. In the phase image, the darker colored rod-like 
CNC particles have increased contrast from the matrix polymer, allowing greater discrimination 
of the CNC particles from the polymer matrix as compared to that in the topography image 
(Reprinted from Ref. 35, Copyright (2020) with permission from Elsevier.) 

spectroscopy.36 A detailed description of this technique can be found in Refs. 4, 37, 
(38, and 39. A brief description is given here. One method of monitoring the inter
action between AFM probe tip and that of the sample surface is measuring force-
distance (F-D) curves, which summarize the vertical force acting on the AFM tip 
as it approaches and withdraws from the sample surface (i.e., the distance between 
the tip and the surface, D). 

An idealized F-D plot is given in Fig. 7.12 which shows five general zones: 
(1) approach, (2) jump-to-contact, (3) indentation, (4) jump-off-contact, and (5)  
withdrawal. During a typical test, the AFM tip is initially far away from the sample 
surface that there is minimal interaction (i.e., no force acting on the tip). Jump
to-contact occurs once the tip moves sufficiently close to the surface where the tip-
surface attractive force gradient is greater than the cantilever stiffness. Additional 
applied forces result in the AFM tip indenting into the sample surface, which can 
be used to extract mechanical properties of the surface. Jump-off-contact happens 
during the withdrawal, giving information about the adhesive forces (hydrogen, van 
der Waals, Coulomb, etc.). After this, the tip-sample distance is sufficiently far 
that no force acts on the tip. The discontinuity of the jump-off-contact can be used 
to define the force of adhesion (Fad), Which can be used to assess the tip-surface 
interaction. 

A single F-D plot provides adhesion/chemical information at the given contact 
point, whereas to map the adhesion/chemical information for a given area on the 
surface, multiple F-D plots are needed. Measurements can be completed in vacuum, 
vapor, or fluids. When testing within vapor, in particular, in ambient conditions with 
moisture, meniscus formation at the tip-sample contact may occur and the resulting 
capillary force will contribute to the force of adhesion. By adjusting the chemistry 
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Fig. 7.12. Idealized AFM force-displacement (F-D) plot of AFM tip showing the five stages: (1) 
approaching, (2) Jump-to-contact, (3) indentation, (4) jump-off-contact, and (5) withdrawing from 
a surface. 

on the AFM tip and the measurement, fluid-specific chemical interactions with a 
given surface can be investigated.37,38 

7.5. Cellulose nanoparticle orientation 

The mechanical properties of crystalline cellulose (and thus CNCs) are expected to 
be anisotropic because of the parallel alignment of the cellulose chains along the 
length of the cellulose crystal. Properties along the crystal length (elastic modulus, 

= 7.5 GPa) are higher than in per
pendicular directions (E = 3 - 50 GPA).40 Owing to the high axial properties and 
particle aspect ratio of CNCs, preferentially aligning the particles within a com
posite to increase properties in the aligned direction has been investigated. Several 
methods have been used to induce CNC alignment within composites: magnetic 
fields,26,41 electric fields,42,43 mechanical shearing of CNC suspensions,44,45 com
bined field and mechanical shearing,46 drawing of as-cast BC films47 and cellulose-
cellulose composites,48 and the wet-spinning of CNC composite fibers.49 Because of 
the strong influence of CNC orientation on composite properties, this is an impor
tant parameter to characterize. 

E =~145 GPa and ultimate tensile strength, 

7.5.1 Wide-angle X-ray diffraction 

The alignment of the CNC within the composites can be characterized via 
I WAXD,42,44,47-50 in which differences in diffracted X-ray intensities for a given 

diffraction plane within the cellulose crystal structure are measured as a func
tion of orientation within the composite sample geometry. WAXD measures the 
diffracting X-rays of a given sample as a function of the diffraction angle with 

, . 
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Fig. 7.13. 2D WAXD diffractograms: (A) schematic diffractogram showing Debye-Scherrerring, 
(B) WAXD can be measured from different composite axis giving additional information 

on CNC alignment within the composite. (C and D) are diffractograms of a CNC composite,49 for 
(C) random CNC alignment showing uniform ring intensity, and (D) high CNC alignment 
showing variation in within a given ring. (Adapted with permission from Ref. 49. Copyright 
(2011) American Chemical Society.) 

respect to the direction of the primary X-ray beam (e.g., monochromatic X-ray, 
= 0.1541 nm, from radiation generated at a given accelerating voltage and 

current). Diffracting X-rays occur only at specific conditions based upon the inter
nal crystalline structure of the solid. For cellulose I, diffraction peaks are at 28 of 
~14.5°, ~16.6°, ~20.4°, ~22.7°, and ~34.4°, corresponding to the miller indices 
of the crystallographic planes for (110), (102), (200), (004), or (100), 
(010), (110), and & respectively.51,52 Peaks assignments use the 
and unit cells of Sugiyama et al. in Ref. 53. 

The degree of CNC alignment within a composite can be measured from two-
dimensional (2D) WAXD diffraction patterns that give diffraction intensities for 
both (typically 5-50'), and the azimuthal angle, which is the 360° rotation 
about one of the axis of the composite sample. The resulting 2D diffraction patterns 
consist of Debye-Scherrer rings which give the azimuthal intensity distribution for 
each diffraction peaks (Fig. 7.13A). Since the resulting diffraction patterns are 
linked with the composite sample, choosing which axis of the composite sample 
to scan can give additional information regarding the CNC alignment within the 
composite.49 Typically for CNC composite films or plates, diffraction patterns are 
measured in the A3 direction (see Fig. 7.13B), and for composites with CNC align
ment, attempts are made to arrange the composite test sample such that the CNC 
alignment runs parallel to the A1 or A2 axis. For assessing CNC alignment, the 
(200), (110), or crystallographic planes crystal structure) are measured. 
The (200) is used to assess the orientation of the CNC fiber axis, whereas the (110) 
and can be used to assess the rotation about the CNC fiber axis. The inte
grated intensity for a given Debye-Scherrer ring is used to calculate the orientation 
factor: 

(7.1) 
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where is the diffracted intensity as a function of azimuthal angle. The more 
commonly used Herman’s order parameter, S, is calculated using the equation 

(7.2) 

in which, S = 0, for random CN alignment and S = 1 for complete CN alignment. 

7.5.2 Atomic force microscopy 

AFM imaging (topography, phase imaging, etc.) has been used to characterize the 
CNC alignment within nanocomposites26,33,41,45 in which the degree of CNC align
ment can be qualitatively described using various image analysis methods.45 Typ
ically, the raw AFM image undergoes some post-processing to highlight individual 
particles and some feature is used to identify the long axis of the CNC. The angle 
of the long axis of the CNC with respect to a given axis (e.g., sample geometry, or 
the direction of mechanism that caused CNC alignment) is measured. A histogram 
is produced that summarizes the percent of CNCs for a given angle from 0 to 90°. 
Note that such techniques describe a 2D CNC alignment, assuming that all the 
CNCs lie parallel to the imaging plane of the AFM. To account for this additional 
degree of freedom in the CNC orientation, a method for characterizing the three-
dimensional alignment of short fiber composites using the geometry of the elliptical 
cross-section shape on a polished surface may be applicable to CNC composites, 
and for a description of this methodology, the reader can refer to Ref. 54. 

7.6. Conclusions 

This chapter summarizes several of the more prevalent methods used to date to 
characterize cellulose nanocomposites (OM, SEM, FESEM, TEM, AFM), and the 
CNC orientation within the polymer matrix (WAXD, TEM, AFM). For several of 
these characterization methods, the small size and low atomic number result in some 
unique challenges for quantitative measurements and require special attention as 
briefly described. Progress is being made for improved characterization of cellulose 
nanocomposites, and with this, our understanding of these materials is also growing. 
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