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Abstract

Carbon nanotubes (CNTs) induce structural order, and in some cases, the crys-
tallization of adjacent polymer chains in a polymer nanocomposite. The high-
aspect-ratio CNTs show a preferred orientation in the composite because of
processing steps, such as rolling, used in the composite’s preparation, or they
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can be readily caused to orient by simple post-fabrication stretching. The order
and orientation present in polymer composites containing CNTs impart aniso-
tropic mechanical and electrical properties to these materials. This chapter dis-
cusses the application of X-ray scattering in the characterization of CNT–polymer
composites with the help of a detailed review of selected examples from the
literature. Specific topics include X-ray scattering analysis of strain-induced
crystallization (of natural rubber, synthetic polyisoprene, a thermoplastic semi-
crystalline polyurethane, and a crosslinked semicrystalline polytetrahydrofuran)
in the presence of multiwalled carbon nanotubes (MWCNTs), the influence of
CNTs on the size of the polymer crystallites, the orientational order parameter of
the polymer crystallites and the CNTs, the characterization of local crystallinity
and structure in the crack tip region of CNT-reinforced natural rubber, the effect
of CNTs on microphase separation in a polystyrene-b-poly(ethylene-co-butyl-
ene)-b-polystyrene (SEBS) triblock elastomer, and the role of montmorillonite
clay particles in promoting the dispersion of CNTs in a polymer matrix. The
fundamentals of, primarily, wide-angle X-ray diffraction (WAXD) of hard X-rays
by polymer composites are illustrated through these examples. Both synchrotron
and non-synchrotron X-ray scattering studies are discussed.

Keywords

Synchrotron beamline · Strain-induced crystallization · Azimuthal and radial
intensity scattering intensity distributions · Unit cell parameters · Crystallinity
index · Scherrer equation · Crystallite size · Nanovoids · Hermans orientation
parameter · Maier–Saupe distribution function · Dawson’s integral ·
Semicrystalline zone near a crack tip · Local extension ratio · Isocrystallinity
contour map · Block copolymer · Order–disorder transition temperature · Clay–
carbon-nanotube mixed filler system

Introduction

X-rays are electromagnetic radiation with wavelengths in the range of 0.01 nm to
10 nm that interact with materials by absorption, elastic scattering, and inelastic
scattering. The wavelength range of 0.01 to 10 nm corresponds to energy, E, ranging
from 124 keV to 124 eV, respectively. This chapter focuses on the use of elastic
scattering of X-rays for nanostructural analysis of polymeric materials. The X-ray
absorption coefficient of polymers decreases with an increase in X-ray energy.
Accordingly, high-energy (hard) X-rays are used in X-ray scattering experiments,
and low-energy (soft) X-rays are used in X-ray absorption experiments such as X-ray
photoelectron spectroscopy or near-edge X-ray absorption fine structure spectros-
copy. An energy of 1 keVor a wavelength of approximately 1 nm can be considered
the demarcation of soft and hard X-ray ranges. X-ray scattering experiments gener-
ally use hard X-rays with energy of about 10 keV, which is far from the absorption
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edges of elements such as C, N, and O that are found in polymers (for example, the
K-edge of C is at 290 eV).

X-rays generated using X-ray tubes are widely available and commonly used by
several researchers to investigate the dispersion and orientation of carbon nanotubes
in polymer nanocomposites (Barick and Tripathy 2011; Hu et al. 2012; Ivanoska-
Dacikj et al. 2015; Pradhan et al. 2015; Rooj et al. 2015; Sadek et al. 2018;
Shanmugharaj et al. 2007; Yazdi et al. 2019). The X-rays in these devices are
generated by striking the surface of stationary or rotating metal anodes (generally
copper) with electrons emitted from a heated tungsten cathode. When the energy of
the incident electron is greater than the binding energy of the core-shell (K shell)
electron of the metal (e.g., 8.98 keV for the 1 s electrons in Cu), this process results
in the generation of holes in the core-shell, and subsequently the emission of X-rays.
The spectrum of the emitted X-rays consists of sharp lines corresponding to the
energy difference between the electronic orbitals in the metal, superimposed on
broad white radiation, also called bremsstrahlung. For example, the emission spec-
trum of a copper anode consists of Kα1 and Kα2 lines differing slightly in energy
(8.049 and 8.028 keV, respectively), produced when electrons from the L shell
(2p orbitals) fill the holes generated in the K shell (1 s orbital). The electron transition
from a higher energy L shell to a lower energy K shell results in the emission of
energy in the form of X-rays. A third line, Kβ1, with energy of 8.905 keV, is similarly
produced by M to K shell electron transitions. The Kβ1 line and the white radiation
are filtered off (using a nickel foil and/or a crystal monochromator) and the Kα1, 2
line is generally used for X-ray scattering studies.

In contrast, ynchrotron X-rays are produced by electrons circulating in a closed,
evacuated orbit called storage ring, at relativistic velocities close to the speed of light
(Roe 2000). The circular trajectory, guided by magnetic fields, causes the electron to
accelerate (change in the direction of velocity) in the storage ring. The accelerating
electrons emit X-rays whose intensity is many orders of magnitude greater than the
X-ray obtained from an X-ray tube. Synchrotron radiation sources are large, shared
facilities. The National Synchrotron Light Source II electron storage ring at the
Brookhaven National Laboratory has a circumference of 792 m. There are about
70 synchrotron sources around the world (https://lightsources.org/). The energy
spectrum of synchrotron radiation is very broad. Beamlines use monochromators
to produce X-rays of the desired wavelength (Caciuffo et al. 1987).

Synchrotron X-ray scattering studies have been used to understand factors such as
the influence of strain on the degree of crystallinity of a polymer in a nanocomposite,
the conformation of polymer chains in stretched specimens, the nucleation and
growth of polymer crystallites, the influence of the polymer crosslink density and
filler particle concentration on the crystallization process, and polymer and filler
orientation in polymer composites. Unless the scattering measurements are made in
situ, at a rate faster than the rates of practical phenomena such as ductile fracture,
interpretation of the scattering data would be complicated by the relaxation of the
polymer chains. The high flux of photons in a synchrotron X-ray source makes it
possible to acquire scattering patterns over a time scale of 10–30 s so that processes
such as strain-induced crystallization (SIC), nanovoid nucleation, and the formation
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of crystallization zone near a propagating crack tip can be studied in real-time using
time-resolved scattering measurements (Kitamura et al. 2019; Olmo et al. 2017;
Tosaka et al. 2004; Toki et al. 2002; Wang et al. 2009; Zhan et al. 2020).

Figure 1 shows a schematic of the experimental setup at the synchrotron beamline
7.3.3 of the Lawrence Berkeley National Laboratory. The experimental details
provided by Zhang et al. (2012) may prove helpful in understanding the discussion
that follows and are, therefore, presented here as a representative example. An ion
chamber measures the incident beam intensity IC1, and the transmitted beam
intensity IC2 is measured by a pin diode in the beamstop. Two-dimensional scatter-
ing patterns are recorded by a Pilatus 1 M detector (Broennimann et al. 2006) with
1043 pixels � 981 pixels and a pixel size of 0.172 μm. The sample to detector
distance is calibrated using a silver behenate standard sample. The X-ray beam spot
is 1 mm � 0.7 mm in size. The flight tube is evacuated.

Table 1 gives information about the beamlines used in some of the studies
discussed herein.

Strain-Induced Crystallization of Carbon-Nanotube-Filled
Rubbers

Strain-induced crystallization in certain rubbers and semicrystalline thermoplastic
polymers is of significant academic as well as practical interest (Okada et al. 2010).
X-ray scattering has been used to study the influence of carbon nanotubes on the SIC
of rubber (Fu et al. 2018; Weng et al. 2010). A mechanism of SIC in crosslinked
elastomers, based on the study of Tosaka et al. (2004), is depicted in Fig. 2. Before
deformation, the crosslinks are distributed uniformly, and the polymer segments in
between the crosslink points assume a random coil conformation. Upon stretching,
the shortest segments between two crosslink points are fully stretched (denoted by
red lines in the figure). These fully-stretched chains act as nuclei for the

Fig. 1 Schematic drawing of the experimental setup for scattering measurements at a synchrotron
beamline (Zhang et al. 2012)
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crystallization of the polymer chains (Kitamura et al. 2019). Carbon nanotubes can
also nucleate polymer crystallites at their surfaces. For example, Bucknell, Kumar,
and coworkers (Zhang et al. 2010) reported that CNTs act as an oriented template
and nucleating agent for the crystallization of polyethylene in both orthorhombic and
monoclinic forms.

Unit Cells, Scattering Vectors, and Scattering Angles

Unit Cell Parameters for Natural Rubber and Synthetic Cis-1,4-
Polyisoprene

Bunn (1942) reported a monoclinic unit cell with P21/a symmetry for natural rubber
with parameters a ¼ 1.246 nm, b ¼ 0.889 nm, c (chain axis) ¼ 0.810 nm, and
β ¼ 92�. The crystal structure was later corrected by studies of Rajkumar et al.
(2006) to be orthorhombic with P212121 symmetry, a ¼ 1.258(6) nm,
b ¼ 0.898(5) nm, and c ¼ 0.820(5) nm. Che et al. (2013) confirmed the orthorhom-
bic crystal structure using WAXD measurements at different temperatures (in the
range of �50 to 50 �C) and strains (in the range of 0 to 6) but refined the unit cell
parameters to a ¼ 1.3048 nm, b ¼ 0.9391 nm, and c ¼ 0.8551 nm. They found that
the dimensions of the unit cell of natural rubber and synthetic cis-1,4-polyisoprene
are the same and do not change during tensile deformation.

Fig. 2 Model of nucleation and crystallization in crosslinked natural rubber: (a) relaxed state in
which the crosslink (filled circles) are distributed uniformly, and the network chains have random
coil conformation; (b) stretched state in which short chains are fully stretched, and the distribution
of crosslinks is not uniform; (c) semicrystalline state in which crystallites nucleated by the fully
stretched chains exist in a network of oriented and unoriented amorphous chains. (Reproduced with
permission from Tosaka et al. 2004. © 2004 American Chemical Society)
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The interplanar spacing, dhkl, for the (hkl) planes of a monoclinic unit cell (angle
between b and c axes, α ¼ 90�, the angle between a and b axes, γ ¼ 90�, and the
angle between a and c axes, β 6¼ 90�), is given by

1

d2hkl
¼ 1

sin 2β

h2

a2
þ k2

b2
sin 2β þ l2

c2
� 2lh

ca
cos β

� �

which simplifies to

1

d2hkl
¼ h2

a2
þ k2

b2
þ l2

c2

for an orthorhombic unit cell (α ¼ β ¼ γ ¼ 90�). Corresponding to reflections from
these planes, scattering peaks are expected at scattering vector magnitudes, qhkl,
given by

qhkl ¼ 2π
dhkl

and scattering angles, 2θ, obtained from

sin θ ¼ λw
2dhkl

where λw is the X-ray wavelength.

Unit Cell Parameters of Multiwalled Carbon Nanotubes

The unit cell structure of graphite was used to estimate scattering angles of multi-
walled carbon nanotubes. The carbon atoms in MWCNTs have a rhombic prism unit
cell with parameters a ¼ b ¼ 0.246 nm, c ¼ 0.688 nm, α ¼ β ¼ 90�, and γ ¼ 120�

(Harris 2009). A value of c that differs from that of Bernal graphite (for which
c ¼ 0.668 nm) is used for the MWCNTs. The interplanar spacing, dhkl, for this unit
cell is given by

1

d2hkl
¼ 4

3

h2

a2
þ k2

b2
þ 3l2

4c2
þ hk
ab

� �

which yields the expected result of dhkl ¼ c/2 for reflections from the (002) planes.
d002 is approximately 0.344 nm in MWCNTs (Harris 2009).

Besides the polymer and the filler, rubber specimens used in X-ray scattering
studies often contain crystalline functional additives and processing aids. Stearic
acid is one such compound whose platelet-like crystallites show a strong dependence
of orientation on the elongation state of the surrounding polymer matrix (Trabelsi

X-Ray Scattering Investigation of Carbon-Nanotube-Based Polymer Composites 7
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et al. 2002). The B form of stearic acid, which is the stable polymorph at room
temperature, has a monoclinic crystal structure with unit cell parameters
a ¼ 0.5591 nm, b ¼ 0.7404 nm, c ¼ 4.938 nm, and β ¼ 117.37� (Sydow 1955).

Table 2 gives estimated scattering vector magnitudes and scattering angles
corresponding to maximum peak intensity for the different crystallographic planes
in the rubber composites of selected studies, calculated using the X-ray wavelengths
used in those studies. The theoretical scattering angles are compared with any
reported experimental values. As seen from Table 2, the scattering vector magni-
tudes range from about 1.4 to about 18.5 nm�1, and those for the rubber and
MWCNT components are in the wide-angle range (q > 2π nm�1).

The scattering angle for the (002) reflection of MWCNTs, reported by Weng et al.
(2010), is only about 1.4% higher than the theoretically expected value (which could
be either because of an interlayer spacing in the MWCNTs less than 0.344 nm or
experimental error). Three different sets of unit cell parameters for natural rubber
were used for predicting the scattering angles of the (200) and (120) crystallographic
planes. For both sets of planes, the scattering angle was the highest for the Bunn
parameters and the lowest for the parameters of Che et al. (2013). Nevertheless, the
maximum variation between the three sets of parameters was only about 5%. The
experimental data of Huang and coworkers (Weng et al. 2010) showed excellent
agreement with the scattering angles predicted using the unit cell parameters of
Rajkumar et al. (2006). On the other hand, the data of Toki et al. (2002) were up to
about 30% higher than the predicted values. (The scattering angles were obtained
from the positions of the diffraction peaks in the equatorial scattering intensity
profiles, which are discussed later; see Fig. 4.) This discrepancy cannot be because
of changes in unit cell dimensions with strain, as Che et al. (2013) have shown these
to remain unaltered during deformation. A higher than predicted diffraction angle
implies lower interplanar spacing (or more compact packing of atoms than in the unit
cell models), which is not likely. Using an X-ray wavelength of 0.1622 nm (some-
what closer to the Cu Kα wavelength of 0.154 nm) instead of the reported 0.1307 nm
results in an almost perfect agreement of experimental peaks with the 2θ predictions
based on the unit cell of Rajkumar et al. (2006). Alternatively, an uncalibrated
sample to detector distance could be the cause of the difference in the expected
and measured scattering angles.

Fu et al. (2018) used synthetic polyisoprene instead of natural rubber, but Che
et al. (2013) reported that natural rubber and synthetic cis-1,4-polyisoprene have
identical unit cells. The predicted 2θ values for the (200) and (120) are based on the
unit cell parameters of Che et al. (2013) for synthetic cis-1,4-polyisoprene. Exper-
imental 2θ values are not available in Fu et al. (2018) for comparison.

The expected and measured q and 2θ values for the (001), (002), and (003)
reflections from stearic acid are also shown in Table 2. The scattering angles range
from 2 to 6.5�, nearly in the small-angle region, for λ ¼ 0.154 nm. The diffraction
spots are close to the beamstop and far away from the (200) and (120) diffraction
spots from the natural rubber crystallites (2θ of about 14� and 21�, respectively) or
the (002) diffraction spot from MWCNTs (2θ ffi 26�).
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Small-Angle X-Ray Scattering (SAXS) and Wide-Angle X-Ray
Diffraction (WAXD)

The primary difference in the small-angle and wide-angle X-ray scattering is in the
range of interplanar spacings measured and the scattering angles of measurement.
For dhkl ¼ 1 nm and X-ray wavelength λw ¼ 0.1 nm, the angle corresponding to a
maximum in the scattering intensity is about 3�. Accordingly, experiments in which
the scattering angles are below this value can be considered SAXS measurements.
Those in which the scattering angle is higher can be considered wide-angle mea-
surements. When the scattering results in well-defined diffraction spots, as is often
the case in wide-angle measurements, the term X-ray diffraction is used. Therefore,
we use SAXS and WAXD to refer to small-angle and wide-angle scattering mea-
surements, respectively. The SAXS technique is applied for characterizing larger
repeat distances (d-spacings) in a crystalline material, whereas WAXD is employed
to probe smaller repeat distances.

WAXD Characterization of Strain-Induced Crystallization
of Natural Rubber and Synthetic Polyisoprene

Figure 3 shows WAXD patterns from a natural rubber sample acquired in situ during
extension followed by retraction. The two-dimensional diffraction patterns were
obtained at different values of extension ratio, λ ¼ l/l0, where l0 is the initial length

Fig. 3 WAXD patterns of a crosslinked natural rubber specimen acquired in situ during sequential
stretching (a–d) and retraction (d–g) at different extension ratios, λ. The Miller indices of the lattice
planes corresponding to the diffraction spots are shown in panel d. Sharp reflections from (001)
planes of stearic acid crystallites present in the rubber (indicated by an arrow, corresponding to a d-
spacing of 4.2 nm) are seen in h, an enlarged image of the center of panel b. The double-headed
arrow on the left shows the stretch direction. The (200) and (120) diffraction spots from the polymer
crystallites with the chain axis aligned parallel to the stretch direction are on the equator of the
WAXD patterns. (Reproduced with permission from Tosaka et al. 2004. © 2004 American
Chemical Society)
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and l is the elongated length of the specimen. At small extensions, diffraction spots
from oriented stearic acid crystallites were observed on both sides of the beamstop.
This strain-induced orientation of fatty acids has been used by researchers to probe
the local crystallinity of natural rubber crystallites (Albouy et al. 2005). The normal
to the lamellae of the fatty acid crystals align perpendicular to the direction in which
the rubber is stretched (Trabelsi et al. 2002). Diffraction spots of cis-1,4-polyiso-
prene, the main constituent of natural rubber, were observed at higher extensions. As
seen from Fig. 3c, highly oriented polymer crystallites were observed at extensions
not too far from the onset of crystallization (at λ ffi 3.5). However, a strong isotropic
amorphous halo persisted even at high extensions (λ ¼ 8), indicating the presence of
a significant amount of amorphous polymer chains. The crystalline reflections
disappeared gradually during the retraction process. Upon complete unloading, the
isotropic amorphous halo returned to the original circular orientation.

One-dimensional scattering intensity distribution profiles are helpful in quantita-
tive analysis of the SIC process. The simplest of these is the intensity distribution
across a cut taken along the equator (intensity along the horizontal lines passing
through the centers) of the two-dimensional WAXD images. Fig. 4a shows the
evolution of the equatorial scattering intensity distribution during the stretching of
a natural rubber specimen used in the study of Toki et al. (2002). The unstretched
specimen [strain, ε ¼ (l � l0)/l0, equal to 0] showed an amorphous halo peak at
2θ ffi 20

�
. Two distinct crystal diffraction peaks, attributed to reflections from the

(200) and (120) planes, first appeared at a strain between 2 and 3. The intensity of
these peaks increased as the strain on the sample increased.

Although the intensities of the (200) and (120) diffraction peaks increased with
strain, the intensity of the amorphous halo decreased only slightly during

Fig. 4 (a) Equatorial scattering intensity distribution profiles for a specimen of natural rubber as a
function of strain under stretching; X-ray wavelength λw ¼ 0.1307 nm. (Reproduced with permis-
sion from Toki et al. 2002. © 2002 American Chemical Society). (b) Deconvoluted crystalline
peaks and amorphous halo in the measurement at strain, ε ¼ 6.0. (c) Amorphous halo observed in
the measurement of the unstretched sample
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deformation, indicating that a sizable amount (about 75%) of amorphous chains
remain uncrystallized even in the highly stretched state. The relative amount of
amorphous chains is seen from the deconvoluted diffraction profiles shown in
Fig. 4b. The amorphous halo in the equatorial diffraction profile of the specimen
stretched to ε ¼ 6.0 is almost similar to that in the unstretched specimen (Fig. 4c).
Evidently, the local extension of the polymer chains in the amorphous phase is not
sufficient to create molecular order on a length scale probed by WAXD (Toki et al.
2002; Zhang et al. 2013), resulting in the persistence of the halo in the scattering
pattern at ε ¼ 6.0. Furthermore, the observation of the amorphous halo in the highly
stretched state, in WAXD patterns acquired from in situ synchrotron measurements
shows that amorphous chains are an inherent part of the stretched sample and are not
formed by relaxation of the stretched chains during measurement.

Before stretching, a natural rubber specimen consists of an unoriented amorphous
phase, which results in an isotropic contribution to the scattering intensity. Upon
stretching, it also consists of an oriented amorphous phase and a crystalline phase,
which produce the anisotropic scattering intensity distribution. To determine the
proportions of the anisotropic and isotropic scattering intensities, Toki et al. (2002)
used the two-dimensional image analysis method based on the report of Chu and
coworkers (Ran et al. 2001). The first step is eliminating background scattering from
the air pathway and the correction for beam fluctuations (using measurements
without and with the sample in the X-ray beam path). Normalization for sample
thickness variations and sample absorption is also done. The reader is referred to
Zhang et al. (2012) for a comprehensive discussion of all required corrections. Next,
the isotropic fraction of the scattered intensity is obtained by connecting the mini-
mum values of the scattering intensity on the azimuthal intensity distribution profiles
for various scattering angles. Fig. 5c shows the isotropic contribution that was
extracted from the WAXD pattern acquired at ε of 6.0. Its similarity with the
WAXD pattern of the unstretched rubber (Fig. 5a) is evident. Subtraction of the
isotropic contribution from the measured intensity gave the anisotropic contribution
(Fig. 5d). Finally, the volume fraction of the anisotropic phase was calculated using
the total scattering intensity and the intensity from the anisotropic contribution.
Specifically, the WAXD pattern corresponding to the anisotropic contribution is
integrated azimuthally over arcs of specified ranges (�ϕ angle relative to the
equator) to obtain a radial scattering intensity distribution. The total intensity of
the peaks in this radial intensity distribution is used to calculate the degree of
crystallinity.

Tosaka et al. (2004) found that the maximum crystallinity in highly stretched
specimens (extension ratio, λ, in the range of 6 to 9) was in the range of 12 to 18%.
Interestingly, they also found that the onset of SIC was almost independent of the
crosslink density of the rubber. Five samples with different crosslink densities all
showed crystallization onset at λ ffi 3.5. However, the rate of increase in crystallinity
with strain was higher for the rubber with the highest crosslink density compared
with the rubber with the lowest crosslink density.
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Effect of Carbon Nanotubes on Strain-Induced Crystallization
and Width of Diffraction Peaks

Huang and coworkers (Weng et al. 2010; Fu et al. 2018) investigated the role of
MWCNTs on SIC of natural rubber and synthetic polyisoprene. The equatorial
scattering intensity profiles in Fig. 6, obtained from two-dimensional synchrotron
WAXD patterns of natural rubber samples, showed an increase in the intensity of the
(200) and (120) diffraction peaks with an increase in strain consistent with the
previous reports (Toki et al. 2002; Tosaka et al. 2004) of SIC of polyisoprene chains.
It is seen from Fig. 6 that, for comparable strains, the diffraction peak intensities are
higher for the rubber that contained 2 wt % MWCNT compared with the unfilled
rubber. The peak widths are also narrower for the rubber that contained MWCNTs.

The non-zero peak widths observed in the diffraction profiles of semicrystalline
polymers are because of the finite size of the polymer crystallites, imperfection in the
polymer crystal lattices, and instrumental broadening. In the absence of these effects,
the scattering intensity profile corresponding to a large, perfectly crystalline material
is expected to consist of infinitely sharp peaks. The Scherrer equation gives the

Fig. 5 Deconvolution of the WAXD pattern into strain-oriented crystalline diffraction pattern and
the isotropic amorphous halo. Raw WAXD pattern of the natural rubber specimen (a) before
stretching and (b) during stretching at strain ¼ 6.0. (c) Extracted isotropic contribution of the
unoriented amorphous phase and (d) anisotropic contribution of crystalline and oriented amorphous
phases. The stretch direction is vertical. (Adapted with permission from Toki et al. 2002. © 2002
American Chemical Society)
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lateral dimensions of crystallites (of sizes below 100–200 nm), dispersed in an
amorphous matrix (Holzwarth and Gibson 2011). The average size of the crystallites
is calculated using:

Lhkl ¼ Kλw
β1 cos θ

where Lhkl is the crystallite size in the direction perpendicular to the (hkl) plane, K is
a dimensionless shape factor assumed to be equal to 0.89 (Tosaka et al. 2004; Fu
et al. 2018), and β1 is the peak width at half the maximum intensity of the peak
(called the full-width at half maximum, FWHM). For a peak of height, h, and width,
w, fitted with the Gaussian function

I xð Þ ¼ h exp � x� xcð Þ2
2w2

� �

centered at x ¼ xc, the FWHM is equal to 2.3548w.
Instrumental broadening can be accounted for using crystalline reference mate-

rials, such as zinc oxide, present in rubber samples. If whkl is the width of the
diffraction peak of interest and wref is the width of the crystalline reference, the
value of β1 to be used in the Scherrer equation, after subtracting instrumental
broadening, is calculated using (Tosaka et al. 2004)

β1 ¼ 2:3548
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w2
hkl � w2

ref

q

Fig. 6 Equatorial X-ray diffraction intensity profiles at different strains, ε, during stretching for (a)
unfilled and (b) 2 wt % MWCNT filled natural rubber. The (200) and (120) peaks arise from the
diffraction caused by the crystalline polymer domains in the nanocomposite. (Reproduced with
permission from Weng et al. 2010. © 2010 American Chemical Society)
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Fig. 7a and b show the effect of MWCNTconcentration on the size of polyisoprene
crystallites in the composites studied by Huang and coworkers (Fu et al. 2018). The
variation of L200 and L120 with strain are shown for composites with 0 to 1 wt % of
MWCNTs. The average crystallite size decreases with an increase in stretching, and
for a given strain, the crystallite size is smaller in the rubber with a higher MWCNT
concentration. Similar trends have been observed in other studies (Poompradub et al.
2005; Weng et al. 2010; Tosaka et al. 2004). The nanotubes act as nuclei for
polyisoprene crystallization. The higher the number of nuclei for crystallization, the
smaller the crystallite size due to the limited mobility of polymer chains in the
crosslinked network that can participate in the crystallite growth.

For a similar reason, an increase in the rubber’s crosslink density also results in a
decrease in the crystallite size. The values of L200 are smaller for natural rubbers with
higher crosslink density (Poompradub et al. 2005; Tosaka et al. 2004). The stretched
chains act as crystallization nuclei (see Fig. 2), and the rubbers with higher crosslink
density will have a higher density of stretched chains at a given strain. The stretched
chains cannot undergo significant translational diffusion and assemble together to
form a large crystallite, because the crosslinks hinder them from doing so. Therefore,
each stretched chain would nucleate a separate crystallite, and there would be several
smaller crystallites, as experimentally observed.

Effect of Carbon Nanotubes on Crystallization Onset
and Crystallinity Index

After removal of background scattering from the WAXD intensity profiles, an
empirical crystallinity index (χ) is calculated using

χ ¼ Ac

Ac þ Aa

where Ac and Aa are the areas under the crystalline and amorphous peaks in the
integrated intensity profile (Alexander 1970). If the crystallites in a sample are

Fig. 7 Evolution of average crystallite size, (a) L200 and (b) L120, and (c) crystallinity index in
nanocomposites of synthetic polyisoprene and MWCNTs containing different MWCNT concentra-
tions. (Data from Fu et al. 2018)
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randomly oriented, the intensity profile across a one-dimensional slice of the
two-dimensional diffraction pattern, such as the equatorial slices shown in Fig. 4, can
be used to determine χ. However, suppose the crystallites are oriented, for example,
along the stretching direction of the samples of Fig. 4. In that case, applying the above
equation to radial line plots of the scattered intensity will yield incorrect results. Using
the areas under the deconvoluted (200) and (120) diffraction peaks (see Fig. 4b) and the
amorphous halo, a crystallinity index of about 47% can be calculated. However, the
actual crystallinity of this sample is only 25% (Toki et al. 2002). Therefore, azimuthally
averaged scattering intensity profiles are generally used in the determination of
crystallinity.

The scattered intensity, which depends on the scattering angle, 2θ [or equivalently
the scattering vector magnitude, q ¼ (4π/λw) sin θ], and the azimuthal angle, ϕ, is
averaged to find the average intensity, hI(q)i, per pixel as a function of q using:

I qð Þh i ¼
Pϕ2

ϕ1
I q,ϕð Þ
N

where N is the number of pixels between the azimuthal angles ϕ1 and ϕ2 at a given
scattering angle. The radial intensity plot of hI(q)i vs. q (or hI(q)i vs. 2θ) is separated
into crystalline, amorphous, and background scattering components using peak-
fitting analysis (similar to the results shown in Fig. 4b), and the areas of the
crystalline and amorphous peaks are used in the calculation of the crystallinity index.

The choice of azimuthal angles,ϕ1 andϕ2, overwhich to carry out the averaging has
varied amongst researchers, based on the data being analyzed. Huang and coworkers
(Fu et al. 2018; Weng et al. 2010) have used the entire range of 0 to 360�, Tosaka et al.
(2004) have used a range of�75�, Zhang et al. (2013) have used a range of�25�, and
Kitamura et al. (2019) used �10�. Despite these differences, the crystallinity is below
30% even under large strains, consistent with the analysis of Toki et al. (2002).

Note that this approach of characterizing crystallinity of anisotropic samples
(Fu et al. 2018; Koerner et al. 2005; Weng et al. 2010; Zhang et al. 2013) is different
from the method of Ruland (1961) in that the latter uses the invariant, Q, given by

Q ¼ 1

2π2

ð1
0

q2I qð Þdq

to calculate the scattering power of the crystallites in an isotropic sample and
compare it with the sample’s total scattering power. In Ruland’s approach, the
azimuthally averaged hq2I(q)i is used instead of hI(q)i. Tosaka et al. (2004) calcu-
lated a crystallinity index, consistent with Ruland’s method, using:

χR ¼

P
crystal

2π
Ð
sinϕdϕ

Ð
q2I qð Þdq

P
total

2π
Ð
sinϕdϕ

Ð
q2I qð Þdq
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where the integral covers the range of a peak in question, and the summation in the
numerator is calculated for each diffraction peak in the WAXD profile. The resulting
χ would be proportional to the volume fraction of the polymer that is crystalline.

Fig. 7c shows the increase in crystallinity index with strain for polyisoprene
composites containing different MWCNT concentrations. The onset of crystalliza-
tion occurs at lower strains for composites with higher MWCNT concentrations.
This observation can be understood considering the strain amplification effect of the
filler in the composite. Accounting for the fact that the local strain is different from
the macroscopic strain, the difference being dependent on the filler volume fraction,
it has been shown (Chenal et al. 2007; Poompradub et al. 2005; Zhang et al. 2013)
that, for several polymer-filler systems, the macroscopic strain at which SIC begins
decreases with an increase in the filler concentration, but the local strain
corresponding to SIC onset is almost independent of the filler concentration.

Small-Angle X-Ray Scattering in Polyisoprene–MWCNT
Nanocomposites

Fig. 8 shows two-dimensional SAXS patterns of a polyisoprene rubber containing
1 wt % MWCNTs acquired under two different strains of 0.84 and 6.30. To probe
structures at least an order of magnitude larger in size than those listed in Table 2, Fu
et al. (2018) acquired scattering patterns in the q range of 0.3 nm�1 to 1.0 nm�1. For
an X-ray wavelength of 0.124 nm, this corresponds to a 2θ range of about 0.34� to
1.13�. The SAXS pattern is circular at lower strain (Fig. 8a) and elliptical at higher
strain (Fig. 8b). The unfilled rubber also shows an elliptical SAXS pattern at a strain
of 6.30 (Fig. 8c).

The low-strain isotropic (circular) scattering pattern has been attributed to the
contrast between the impurity domains (such as proteins in natural rubber) and the
polymer matrix (Zhang et al. 2013). Fu et al. (2018) explained the elliptical patterns
at higher strains to be because of scattering from large (> 10 nm) oriented structures
produced by a combination of SIC and CNT alignment along the stretching direc-
tion. They calculated an orientational order parameter, (P) for these structures by
fitting the azimuthal intensity profile to a Maier-Saupe distribution function
(Collings and Hird 1997). Similar to the calculation of the average radial scattering
intensity, the average azimuthal scattering intensity for a given scattering vector, q,
can be calculated using

I ϕð Þh i ¼
Pq2

q1
I q,ϕð Þ
N

where N is the number of pixels between the scattering angles corresponding to q1
and q2. Weng et al. (2010) used the Maier-Saupe distribution function in the form

IMS ϕð Þ ¼ I0 þ Aem cos 2 ϕ�ϕ0ð Þ
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where I0 accounts for the background scattering intensity, ϕ0 is the azimuthal angle
at which the scattering intensity is maximum, and the parameter m can be used to
calculate the orientational order parameter, hP2i, as discussed in the following
section. The values of hP2i calculated from the SAXS patterns acquired at various
strains, are shown in Fig. 8d, for samples with different MWCNT concentrations. At
a given tensile strain, the order parameter is significantly higher for the rubber
containing 0.5 or 1.0% MWCNT than the unfilled rubber and the rubber containing
0.1% MWCNT. Moreover, in samples with higher filler concentration, significant
development of orientational order is observed below a strain of 3. At the same time,
there is hardly any order in the unfilled rubber below this strain level. These results
are most likely because of the alignment of the CNTs along the stretching direction,
inducing an alignment and crystallization of the polymer chains as well, as explained
by Fu et al. (2018) (see Fig. 8e).

Fig. 8 SAXS patterns from a synthetic polyisoprene rubber filled with 1 wt % MWCNT at a strain
of (a) 0.84 and (b) 6.30. (c) SAXS pattern of the unfilled polyisoprene rubber at a strain of 6.30.
The colors represent different scattered X-ray intensity (arbitrary units). (d) Variation of the
orientational order parameter of unfilled and MWCNT-filled polyisoprene rubber at various tensile
strains. (e) Schematic of microstructure in crosslinked-rubber/MWCNT composite during
stretching. (Adapted with permission from Fu et al. 2018. © 2017 Society of Chemical Industry)
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Nanovoids or Polymer Crystallites in SAXS Patterns?

Note that elliptical scattering patterns like those in Fig. 8 were also reported by
Kramer and coworkers (Zhang et al. 2012) for stretched carbon-black-filled styrene-
butadiene rubber and stretched carbon-black-filled natural rubber, and were attrib-
uted to cavitation in the specimens resulting in the formation of nanocavities or
nanovoids. In the case of the natural-rubber composites, they assumed that the onset
of SIC precedes the onset of cavitation. Unlike Fu et al. (2018), they considered that
the natural rubber polymer crystallites do not significantly influence the SAXS
scattering pattern because the scattering contrast between the crystalline and amor-
phous domains in natural rubber is relatively low (about two orders of magnitude
lower than the contrast between a filler such as carbon black and the polymer
matrix).

Whether the elliptical SAXS patterns arise from large scattering domains formed
by the orientation of the polymer crystallites along the axis of the CNTs, or from the
nanovoids formed by cavitation at high strains is a question that needs a detailed
analysis, and the reader is referred to Zhang et al. (2013) for arguments in support of
the latter. Murthy and coworkers (Wang et al. 2009; Wang and Murthy 2011) have
also reported a synchrotron SAXS analysis of voids present in CNT-containing
polyacrylonitrile fibers during the stretching of these fibers at different temperatures.
Scanning electron microscopy images show that the voids in these fibers are highly
elongated anisotropic scattering objects oriented parallel to the fiber axis and pro-
duced a diamond-shaped streak along the equator in two-dimensional SAXS patterns
of the fibers (Fig. 9). Zhang et al. (2013), on the other hand, attribute the sharp
equatorial streaks to oriented polymer crystallites rather than nanovoids.

Nevertheless, in the case of the MWCNT-filled synthetic polyisoprene compos-
ites, it is reasonable to expect that the anisotropic scattering patterns observed by Fu
et al. (2018) are because of the orientation of large scattering domains (comprised of
multiple polyisoprene crystallites with their polymer chain axes aligned with the
axes of the carbon nanotubes) along the stretching direction, as they have hypoth-
esized (Fig. 8e), and not solely because of nanovoids, which seems to be the case in

Fig. 9 Equatorial streaks in SAXS patterns of (a) a gel-spun polyacrylonitrile fiber stretched
vertically to an extension of λ ¼ 1.05 (Wang et al. 2009), (b) gel-spun polyacrylonitrile fiber
with 1 wt % single-walled carbon nanotubes stretched vertically to λ¼ 1.05 (Wang et al. 2009), and
(c) natural rubber vertically stretched to an extension ratio, λ¼ 5.9 (Zhang et al. 2013). (Reproduced
with permission from Wang et al. 2009 © 2009 Wiley Periodicals and Zhang et al. 2013 © 2013
Wiley Periodicals)
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the carbon black natural rubber nanocomposites studied by Zhang et al. (2013).
Perhaps, the low scattering contrast between amorphous and crystalline natural
rubber could be why a low crystallinity index is estimated for highly stretched
rubbers using X-ray scattering experiments.

Orientational Order of Carbon Nanotubes

X-ray scattering from entire individual MWCNTs is observable in the small-angle
region (Justice et al. 2007; García-Gutiérrez et al. 2007). However, reflections from
the graphite planes constituting the tube walls are seen in WAXD patterns. Fig. 10a
shows the two-dimensional WAXD pattern of natural rubber filled with 15 wt %
MWCNTs and stretched to a strain of 2.65 (Weng et al. 2010). The stretching
direction can be inferred to be vertical [from the equatorial location of the (200)
diffraction arcs of the natural rubber crystallites in Fig. 10a].

The (002) diffraction arcs of MWCNTs in a WAXD pattern will be centered on
the radial direction orthogonal to the axis of the oriented nanotubes. See the
azimuthal intensity profiles of Kim et al. (2006), which show WAXD patterns for
different X-ray incident angles relative to the alignment of the MWCNTs. ϕ ¼ 0�

and ϕ ¼ 180� are often designated as equatorial positions in a WAXD pattern, and
Kim et al. (2006) used this convention. However, the MWCNT (002) diffraction
peak intensities in the azimuthal intensity profile reported by Weng et al. 2010 are
shown to be centered at ϕ of approximately 90� and 270�, which implies that they

Fig. 10 (a) WAXD pattern obtained from a 15 wt % MWCNT-filled crosslinked natural rubber
stretched to a strain of 2.65. The arrow marks the diffraction arc corresponding to reflections from
the (002) planes of MWCNTs. The stretching direction is vertical. (b) Scattering intensity contour
plot showing (002) diffraction spots arising from oriented MWCNTs. (c) Azimuthal intensity
distribution showing peaks at ϕ of about 90� and 270�. (d) Variation of MWCNT orientational
order parameter with strain. Data from Weng et al. 2010

X-Ray Scattering Investigation of Carbon-Nanotube-Based Polymer Composites 21



measured the azimuthal angle from the meridian of the WAXD pattern (that is,
relative to the stretching direction) and not from the equator. The azimuthal angle ϕ,
is shown in Fig. 10a to emphasize this difference.

The contour plot in Fig. 10b was obtained by straightening the diffraction arcs
and plotting the intensity against 2θ and ϕ. Diffraction spots centered at 90� and
270� along the ϕ axis and at 26.25� along the 2θ axis are clearly seen. The 2θ
positions of these spots are in good agreement with the theoretically expected value
(cf. Table 2). Figure 10c shows an azimuthal intensity plot for the rubber stretched to
a strain of 2.65. Also shown in this figure are the maximum and minimum intensities
(in terms of the Maier-Saupe parameters) and the FWHM of the distribution, which
in the units of degrees, can be calculated using

ΔϕFWHM ¼ 360
�

π
cos �1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

m
ln

em þ 1

2

� �r

Using the value of the fit parameter, m, equal to 4.25, Weng et al. (2010) reported
an order parameter, hP2i, of 0.58. The strong dependence of the order parameter on
strain is seen from the results shown in Fig. 10d, wherein the strain corresponding to
the strain of 2.65 is marked by an arrow. hP2i was close to 0 for the unstretched
rubber. The orientation of the MWCNTs remained anisotropic for strains below 0.7,
after which hP2i increased to a value of 0.72 at a strain of 3.3.

Kim et al. (2006) incorporated 30 wt % of MWCNTs in chloroprene rubber
composites containing 70 phr of carbon black. The carbon nanotubes were aligned
parallel to the plane of the rubber sheet (referred to as the x-direction) by a
calendaring process. Two-dimensional WAXD patterns were acquired by directing
the X-ray beam along the y and z directions (orthogonal to x), which are normal to
the direction of alignment of the MWCNTs, and along the x direction, parallel to the
alignment of the nanotubes. In each of the three cases, azimuthal intensity profiles
for the (002) reflections of MWCNTs were analyzed. Scattering profiles for the
incident beam along the y and z directions showed a strong dependence on the
azimuthal angle, indicating alignment along the x-direction (with an order parameter
of about 0.60). In contrast, for X-ray incidence in the x-direction a low order
parameter was found. A comparison of these results with those of Weng et al.
(2010) shows that a fairly high orientation of MWCNTs is possible even at no strain,
and this orientation is imparted by the shear forces generated during the processing
of the rubber nanocomposites.

The hP2i Orientational Order Parameter

The orientation order parameter, hP2i, is defined by (Chandrasekhar 1992; Collings
and Hird 1997):
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P2h i ¼ 3 cos 2α
	 
� 1

2
¼

ðπ
0

f αð ÞP2 cos αð Þ sin αdα

where P2 is the second-order Legendre polynomial and f(α) is the fraction of
crystallites that are oriented at an angle α with respect to the director.

In the background-subtracted Maier-Saupe distribution function, Aem cos 2 ϕ�ϕ0ð Þ ,
the angle ϕ0 corresponds to the azimuthal position of the diffraction spot for a perfect
alignment of the scattering object along the director, α ¼ ϕ � ϕ0 is the spread of the
diffraction arc relative to ϕ0, and A is a normalizing factor. Thus, the normalized
distribution of tilt angles, f(α), is given by:

f αð Þ ¼ em cos 2αÐ 1
�1
em cos 2αdcos α

and hP2i can be determined from the azimuthal intensity distribution using:

P2h i ¼
Ð 1
�1
em cos 2αP2 cos αð Þd cos αð ÞÐ 1

�1
em cos 2αd cos αð Þ

Substituting (3cos2α � 1)/2 for P2(cosα), changing the integration variable from
cosα to x, and changing the range of integration from [�1, 1] to [0, 1] (because the
integrands in both the numerator and the denominator are even functions, the integral
over the full range of [�1, 1] will be twice that over the half-range of [0, 1]), we get:

P2h i ¼ 3

2
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0
x2emx
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dxÐ 1
0
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which can be written in terms of the Dawson’s integral, D tð Þ ¼ e�t2
Ð t
0
ey

2

dy , as
(Collings and Hird 1997)
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Fig. 11 shows the dependence of the full-width at half maximum, ΔϕFWHM, of the
Maier-Saupe distribution and the order parameter, hP2i, on the parameter, m, of the
distribution. It is seen that ΔϕFWHM decreases and hP2i increases as m increases.
Thus, a higher value ofm corresponds to a greater degree of orientational order in the
material. hP2i for this model, as interpreted above, has a range of 0 to
1 (cf. Figure 11b). In general, it has a range of �0.5 to 1 (Taylor et al. 2002; Paik
et al. 2007; Mitchell 1984).

Note that the value of Aem cos 2 ϕ�ϕ0ð Þ is not equal to zero when ϕ� ϕ0¼ 90�, but is
equal to A, consistent with the fact that there will be a non-zero number of crystallites
oriented perpendicular to the director. There is a variation in the literature procedure
regarding the choice of the background intensity to subtract from the experimental
intensity profile before carrying out the integrations for the order parameter
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determination. Figure 12 shows the Maier-Saupe intensity distribution function fitted
to the experimental data of Taylor et al. (2002) for an as-spun and heat-treated fibers
of a thermotropic liquid crystalline aromatic polyester. The Maier-Saupe parameter,
m, was 3.73 and 5.69, respectively, for these materials. If just I0 is considered as the
background, these m values correspond to hP2i values of 0.528 and 0.694, respec-
tively. If I0 + A is considered as the background (see Fig. 10c), hP2i values of 0.62
and 0.72 are obtained, which are in better agreement with the values of 0.61 and 0.75
reported by the researchers. Indeed, Taylor et al. (2002) have stated that the lowest
intensity value in their azimuthal profile was designated as the background, and this
value corresponds to I0 + A in the Maier-Saupe intensity distribution function. In
contrast, the equation for hP2i in terms of the Dawson’s integral is derived assuming

Fig. 11 For the Maier-Saupe
azimuthal intensity

distribution function, I ¼
I0 þ Aem cos 2 ϕ�ϕ0ð Þ, the
relationship between the full-
width at half maximum of the
distribution (see Fig. 10c) and
the parameter, m, and the
orientational order parameter,
hP2i, and m

Fig. 12 Azimuthal intensity distribution for as-spun and heat-treated Vectran liquid crystal poly-
mer fiber (Taylor et al. 2002). The curves are fits to Maier-Saupe distribution function. The I0, A,
and m values are 1.82, 0.0657, and 3.73, respectively, for the as-spun fiber and 1.75, 0.0129, and
5.69, respectively, for the heat-treated fiber
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that the background is I0. The difference between the two approaches is greater than
10% when the value of m is below about 4.4. Therefore, the specifics of background
subtraction must be considered in case of intensity profiles with lower m values.

MWCNT and Semicrystalline Aromatic-Polyester-Based
Polyurethane Nanocomposites

Koerner et al. (2005) found that the addition of MWCNTs to an aromatic-polyester-
based thermoplastic polyurethane elastomer produced nanocomposites with high
electrical conductivity and enhanced mechanical properties (including increased
modulus and yield stress, and strain at break above 1000%). Using in situ X-ray
scattering during deformation, they found that the mechanical enhancements arose
not only from the mechanical properties of CNTs but also from their impact on soft-
segment crystallization. The elastomer consisted of semicrystalline polyester soft
segment and methylene diphenyl urethane hard segments with melting points of
48 �C and 135 �C, respectively. Differential scanning calorimetry showed that the
melting enthalpy of the soft segments increased from about 5 J/g to about 15 J/g
when the MWCNT concentration increased from 0 to about 5 wt % and remained
constant at 15 J/g when the MWCNT concentration was increased further, up to
17 wt %.

Fig. 13a shows an azimuthal scattering intensity profile for the polyurethane
elastomer filled with 10 wt % MWCNTs. The intensity distribution was composed
of four peaks whose characteristics are given in Table 3. [The various peak shapes
used in the deconvolution of WAXD intensity profiles are given in Heuvel et al.
(1976).] In addition to diffraction from the crystalline polyurethane soft segments,
oriented amorphous polymer chains, and MWCNTs, a fourth peak was observed at
2θ ¼ 21.0�. This peak was attributed to a superposition of weak, unresolved
reflections from the polymer crystallites. The crystallinity index was calculated
using the relative scattering intensity from the crystalline peak at 2θ ¼ 19� and the
amorphous peak at 2θ¼ 17.6�. Fig. 13b shows the variation of the crystallinity index
with strain. The onset of SIC in the unfilled polyurethane elastomer was found to
coincide approximately with the onset of its yield point (ε ffi 0.2). For the filled
polyurethane composites, SIC increased more rapidly with strain, before the onset of
strain-hardening (in the ε range of 1.25 to 1.50). The rate of increase in crystallinity
with strain was lower after that.

Unlike polyisoprene, wherein the onset of SIC does not occur until a strain of
about 5.7 for the unfilled rubber and a strain of about 3.5 for the rubber filled with
1 wt % MWCNT (see Fig. 7c), the polyurethane elastomer shows a significant
increase in crystallinity with strain, even at low strains (ε < 1.5). This difference is
because the polyurethane elastomer is crystalline even under no strain, whereas the
vulcanized isoprene rubber studied by Fu et al. (2018) is not. Moreover, unlike the
isoprene rubber composites whose crystallinity is higher when the MWCNT con-
centration is higher, the crystallinity of the polyurethane composites increases with
an increase in the MWCNT concentration only at lower strains, but not at higher
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strains (see Fig. 13b). At higher strains, the MWCNTs disrupt the crystallization of
the polyurethane elastomer.

Note that the crystallinity index of the polyurethane composites is significantly
higher than that of the isoprene rubber nanocomposite. Even at a relatively low strain
of 1.5, the crystallinity of the 1 wt % MWCNT elastomer is about 20%, and that of
the 10 wt % MWCNT elastomer is about 25%. On the other hand, the isoprene
rubber composites have a maximum crystallinity of about 28% at a strain of 7 (see
Fig. 7c). The higher degree of crystallinity in polyurethane and the higher MWCNT
concentration (10 wt %) would lower the amorphous chain mobility required for the
growth of the crystallites, especially at higher elongations wherein the polymer

Fig. 13 (a) Deconvolution of azimuthally averaged WAXD data from a 10 wt % MWCNT/
polyurethane nanocomposite at strain ¼ 2. Peaks 1 is from amorphous polymer, 2 and 3 are from
crystalline polymer, and 4 is from carbon nanotubes. (b) Crystallinity index at different strains for
elastomers with 0, 1, and 10 wt % MWCNT. Orientation order parameter for (c) soft segments, (d)
oriented amorphous segments, and (e) MWCNTs. (Data from Koerner et al. 2005)

Table 3 Characteristics of peaks in azimuthally averaged WAXD intensity distribution of the
MWCNT/polyurethane nanocomposites investigated by Vaia and coworkers (Koerner et al. 2005)

Peak # 2θ (deg) q (nm�1) d-spacing (nm) Area (%) Source of scattering

1 17.6 14.1 0.446 55.2 Oriented amorphous polymer

2 19.0 15.2 0.414 21.0 Crystalline polyurethane soft
segments

3 21.0 16.8 0.375 13.2 Polymer crystallites

4 23.3 18.6 0.338 10.6 Graphene planes in the
MWCNT sidewall

26 S. Krishnan



chains and the nanotubes are oriented. The constrained crystallite growth is perhaps
why the MWCNT hinders polymer crystallization at higher strains in these samples.

Figure 13c–e shows the evolution of the orientation order parameter, hP2i, of the
soft-segment crystallites, the stretch-oriented amorphous segments, and the
MWCNTs with strain. The change in the orientational order of the polymer regions
with stretching shows the same trend as the change in the soft-segment crystalline
content. For the MWCNTs, alignment occurs more readily at lower strains. The
order parameters vary more slowly with strain beyond a strain of about 3. The
orientation of the carbon nanotubes is lower (hP2i ffi 0.5) than the polymer crystal-
lites (hP2i ffi 0.8) and is not influenced by an increase in concentration in the range of
1 to 10 wt %.

MWCNT and Triisocyanate-Crosslinked Polytetrahydrofuran
Nanocomposites

Ma, Gong, and coworkers (Wang et al. 2016) designed a nanocomposite of
MWCNTs and triisocyanate-crosslinked polytetrahydrofuran (PTHF) rubber for
use as a flexible piezoresistive material. These rubbers have a relatively high
electrical conductivity in the unstretched state. Stretching causes a change in the
degree of CNT alignment along the stretching direction and the degree of crystal-
linity of PTHF. These microstructural changes affect the connectivity of the carbon
nanotube network, reducing the rubber’s electrical conductivity. Thus, a strain-
dependent decrease in electrical conductivity is observed.

WAXD measurements on the nanocomposite containing 15 wt % of MWCNT
showed two distinct diffraction peaks at scattering angles of 19.9� and 24.4�,
corresponding to the (002) and (202) reflections from PTHF crystallites. The size
of the crystallites was calculated using the Scherrer equation and was found to
increase with the tensile strain. For example, when the strain increased from 300%
to 700%, the crystallite size, calculated using the peak intensity at 19.9� increased
from about 2.57 nm to about 4.48 nm, indicating strain-induced crystallization of the
polymer chains. The researchers did not report if the (002) diffraction peak of
MWCNT expected at 2θ ffi 26� for λw ¼ 0.154 nm (see Table 2) showed any
strain-dependent changes.

WAXD Analysis of Strain-Induced Crystallization and CNTs
on Crack Growth in Rubber

Strain-induced crystallization of a polymer around a crack tip significantly alters its
fracture properties. Crystallites with surfaces perpendicular to the direction of crack
propagation can arrest crack growth. Using X-ray diffraction measurements (see
Fig. 14 for the experimental setup), Rault and coworkers (Trabelsi et al. 2002) were
able to identify regions of different crystallinity, local extension, and local stress in
the vicinity of a crack tip. They characterized crystallinity using the ratio of the
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intensity, I200, of the (200) reflections from natural rubber to the intensity, IZnO, of the
diffraction rings of zinc oxide (present in the rubber). Furthermore, using the (003)
diffraction arcs resulting from the stearic acid crystallites, they mapped the confor-
mation of the polymer chains surrounding the crack into one of the following
categories: a relaxed state corresponding to an isotropic circular azimuthal intensity
distribution profile; a bulk state in which the azimuthal intensity distribution is
similar to that in the bulk of the material; and a highly stretched state corresponding
to a reduced azimuthal intensity variation width, Δϕ of 25–30�.

Figure 15a is a contour map of the crystallinity in the crack vicinity for a sample
drawn at an extension ratio, λ ¼ 2.1. The shape of the crack (shown by the filled
black squares) was determined by measuring the variation in the beam absorption as
it crosses the sample border. The origin is located at the tip of the crack (x ¼ 0). The
diffraction patterns were recorded by scanning the sample in the x and y directions, in
50-μm steps.

For the rubber samples used in this study, SIC does not occur in the bulk for λ <
3.5. Therefore, in the bulk, far from the crack-tip, χ ¼ 0. However, crystallinity is
observed in the vicinity of the crack even at λ ¼ 2.1. This zone, called the
semicrystalline zone in Fig. 15, consists of two regions: the shaded blue region in
which the crystallinity index is uniform and maximum, at χmax ffi 12%; and a
transition zone in which, χ decreases continuously with increasing distance from
the crack tip. At the outer edge of the transition zone, the crystallinity is minimum at
χmin ffi 1.2%. Beyond the transition zone is the amorphous bulk material.

Fig. 14 Experimental setup for measuring strain-induced crystallization around a crack tip and an
X-ray diffraction pattern of natural rubber having 5% zinc oxide and 2% stearic acid. An X-ray tube
with Cu anode was used with a pinhole collimator to obtain a beam diameter of about 200 μm.
Diffraction patterns were collected on a Princeton CCD camera with an exposure time of 3 min. The
specimen was stretched along the y-axis. (Adapted with permission from Trabelsi et al. 2002.
© 2002 American Chemical Society)
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Using a pre-determined calibration, χ(λ), of crystallinity versus extension ratio,
the isoextension plots shown in Fig. 15b were obtained. The isoextension curve
gives the locations in the sample where the local extension ratio is constant. The
crystallinity of 12% in the blue region corresponds to a local extension ratio of about
5.5, which is significantly higher than the macroscopic extension ratio, λ ¼ l/l0, of
2.1 in the bulk of the sample. This maximum value of the extension ratio is denoted
by λlocalmax in the figure. The extension ratio corresponding to χmin of 1.2% at the outer
edge edge of the transition zone is λlocalmin ffi 3.2.

The dimensions, Lx and Ly, of the semicrystalline zone are defined in Fig. 15a.
Their values were determined from contour plots acquired at different macroscopic
extension ratios and are plotted in Fig. 15c. Lx and Ly vary linearly with λ until
λffi 2.7. Above an extension ratio of 3.5, SIC occurs in the bulk material, because of
which Lx and Ly increase dramatically. It is seen that semicrystalline zone extends
much more in the y-direction than in the x-direction. Note that the x- and y-axes in
Fig. 15 are not plotted on the same scale. Trabelsi et al. (2002) also investigated the
effects of crack length, ax, and found that increasing the crack length was equivalent
to increasing the extension ratio with regard to local crystallinity of the polymer
chains near the crack tip.

Zhan et al. (2020) reported similar measurements for MWCNT-filled natural
rubber using synchrotron X-rays. They found that the inclusion of MWCNTs creates
larger crystallization zones in front of the crack tip, which allows more energy
dissipation during crack growth. Using a micro-focused X-ray beam of 3-μm

Fig. 15 (a) Isocrystallinity contour map around a crack tip. Crystallinity index, χ, in this plot is
defined as I200/IZnO. (b) Isoextension contour map for the semicrystalline zone. The scales of x and
y axis of a and b are not the same. (c) Dimensions of the semicrystalline zone vs. extension ratio. For
λ < 3.5, SIC does not occur in the bulk. (Data from Trabelsi et al. 2002)
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diameter, they measured the crystallinity at points on the specimen at various
distances from the crack tip, at 20-μm intervals along the crack propagation direc-
tion. The measurements were conducted at strains in the range of 30 to 60% (λ¼ 1.3
to 1.6). The crystallinity index, χ, was relatively low (less than 6%) at these low
strains. Figure 16 shows the variation of the local crystallinity index with the
distance from the crack tip and the macroscopic extension of the specimen. It is
seen that χ is the highest closest to the crack tip and decreases with an increase in the
distance from the crack tip. χ increases with the extension ratio, as expected. The
effect of MWCNTs on local crystallinity in the vicinity of the crack tip is also
evident. The crystallinity is significantly higher for the filled natural rubber than the
unfilled rubber.

The fractured surfaces of the natural rubber composites that contained MWCNTs
were rougher than the fractured surfaces of the unfilled rubber. Zhan et al. (2020)
explained this observation based on the branching of the crack tip to form multiple
cracks that dissipate strain energy and slow down crack propagation.

SAXS Investigation of SEBS Block Copolymer and MWCNT
Composites

Toward developing electrically-conducting elastomers for applications such as elec-
tromagnetic shielding and seals, Li and Shimizu (2009) studied nanocomposites of
the polystyrene-b-poly(ethylene-co-butylene)-b-polystyrene triblock copolymer
with MWCNTs. They used synchrotron SAXS to study the effect of uniformly
dispersed MWCNTs on the microphase separation of the triblock copolymer. The
unfilled SEBS had a hexagonally-packed cylindrical microstructure that resulted in
strong multiple scattering peaks at q values in the ratio 1 :
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Fig. 16 Variation of crystallinity index, χ, with extension ratio and distance from the crack tip (x,
cf. Fig. 14) for 2 phr MWCNT-filled natural rubber (left) and unfilled natural rubber (right) samples;
phr¼ parts per hundred of rubber. The color bar on the right corresponds to different values of local
percentage crystallinity. (Data from Zhan et al. 2020)
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nanocomposites with less than 5 wt % MWCNTs, multiple scattering peaks with
almost the same q ratios as the unfilled SEBS were observed, indicating that the well-
dispersed carbon nanotubes do not change the morphology of SEBS. However,
fewer and wider scattering peaks were observed with increasing MWNCT concen-
tration. The MWCTNs impede the formation of large phase-separated grains of
SEBS. Only small grains of SEBS can form within the limited space available in
between the carbon nanotubes, which results in broader SEBS scattering peaks. For
the nanocomposites with 10 and 15 wt % MWCNT, no well-developed grains with a
regular structure formed, and only the first-order scattering peak was observed for
these samples. All of the samples showed a diffuse scattering peak at low scattering
angles (q < 0.2 nm�1) and the intensity of this peak increased gradually with
increasing MWCNT content. The MWCNTs also decreased the order–disorder
transition temperature from about 222 �C for the neat SEBS to about 216 �C for
SEBS filled with 5 wt % MWCNTs.

X-Scattering of Polymer Nanocomposites Containing MWCNT
and Clay Nanoparticles

Because of the possibility of multiple aligned contacts along the tube’s length, the
van der Waals attractive potential between two MWCNTs has a relatively high value
of ffi500 eV/μm (Yakobson and Couchman 2004). Hence, MWCNTs tend to aggre-
gate and are difficult to disperse in a polymer matrix (Ma et al. 2010). Clay particles
have been shown to significantly improve the dispersion of carbon nanotubes in
polymers (Liu and Grunlan 2007). Interestingly, hybrid powders of MWCNTs and
montmorillonite can be dispersed in a variety of solvents in which MWCNT and
montmorillonite show poor dispersion when they are present separately (Pradhan
et al. 2015). Hybrid polymer composites comprising of a combination of MWCNTs
with other filler particles, particularly clay, are of interest because of their unique
properties.

Srivatsava and coworkers (Pradhan et al. 2015) prepared fine powders of mont-
morillonite and MWCNTs hybrids by a grinding process. They found that incorpo-
rating this hybrid in a silicone rubber showed a remarkable synergistic effect of the
clay and MWCNT particles on the properties of the silicone rubber. The tensile
strength of silicone rubber containing 1 wt % of 1:1 clay–MWCNT hybrid improved
by 215% compared with the unfilled rubber, whereas the silicone rubbers filled with
clay alone and MWCNT alone showed improvements of only 46 and 25%, respec-
tively. Montmorillonite exhibited a diffraction peak at 2θ ¼ 6.71� arising from its
(001) planes with a d-spacing of 1.31 nm. This peak disappeared in the presence of
MWCNT because of exfoliation of the clay. However, the X-ray diffraction peak of
the (10ī1) planes of quartz (d-spacing ¼ 0.334 nm), existing as an impurity in the
montmorillonite used to prepare the hybrid powder, showed a gradual shift and
broadening when the concentration of MWCNTs increased (see Fig. 17a). In the
MWCNT-filled silicone rubbersilicone rubber filled with 0.5 to 2 wt % of 1:1 clay–
MWCNT hybrid, the FWHM of the silicone rubber diffraction peak in the composite
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(at 2θ of 12.28�) was found to be lower than silicone rubber, montmorillonite-filled
silicone rubber, and MWCNT-filled silicone rubber.

Similar results were reported by Wießner and coworkers (Rooj et al. 2015). They
studied natural rubber composites containing expanded montmorillonite particles
along with MWCNTs, designed for use as high-performance damping materials
(Ivanoska-Dacikj et al. 2015). The clay particles were prepared by treating distearyl
dimethylammonium-substituted montmorillonite (called the organoclay) further
with docosanoic acid in an internal mixer. The long chain fatty acid expands the
spacing between the [(Al2-nMgn)Al2(OH)4(Si4O10)2]

n� trilayers of montmorillonite
(n ¼ the degree of isomorphous substitution), yielding clay particles that are more
easily exfoliated in a non-polar rubber matrix. The scattering angle corresponding to
diffraction from the (001) planes of the expanded organoclay decreased with an
increase in the concentration of MWCNT in the rubber nanocomposites (see
Fig. 17b). d001 increased from 3.95 nm in the WAXD intensity distribution of the
neat clay particles to 4.6 nm in rubber R1, containing 5 phr of the clay filler, to about
5.4 nm in rubbers R2 and R3 containing MWCNTs. The intergallery spacing of
3.95 nm is smaller than the average diameter of the MWCNTs (ffi50 nm) used in this

Fig. 17 (a) Quartz (10ī1) diffraction peaks in WAXD profiles of hybrid powders of sodium
montmorillonite and MWCNTof different compositions (w/w); λw¼ 0.154 nm. Quartz was present
as an impurity in clay. (Data from Pradhan et al. 2015). (b) WAXD profiles of expanded organoclay
prepared by treating distearyl dimethylammonium chloride modified montmorillonite with
docosanoic acid, a natural-rubber–clay composite, R1, containing 5 phr of the expanded
organoclay, and two different composites of natural rubber, clay, and MWCNT, R2 and R3,
containing 5 phr of the expanded organoclay in addition to 5 and 10 phr MWCNT, respectively;
λw¼ 0.154 nm. (Data from Rooj et al. 2015)

32 S. Krishnan



study. Therefore, the MWCNTs would not be able to exfoliate the clay particles by
intercalation. Nevertheless, the (001) diffraction peak intensity decreased signifi-
cantly, and the peak width increased, showing a better dispersion of the clay particles
in the rubber when MWCNTs are present. Conversely, an improved dispersion of
MWCNTs is also expected because of the clay particles. The montmorillonite
particles have ionic interactions with MWCNTs in the same way that many anionic
surfactants and polymers interact with carbon nanotubes (Liu and Grunlan 2007).

Conclusion

The influence of carbon nanotubes on the conformation and crystallinity of polymer
chains is evident from the X-ray scattering analysis of CNT–polymer nano-
composites, especially those containing amorphous polymers such as natural rubber
that undergo strain-induced crystallization, and semicrystalline polymers such as
polytetrahydrofuran and certain polyurethanes. This orientation of polymer chains,
induced by CNTs, has a remarkable effect on the mechanical properties of the
polymers, including crack propagation and fracture resistance, as well as electrical
properties such as piezoresistivity. Synchrotron X-ray sources have several advan-
tages in analyzing these systems. Their high photon flux and well-collimated X-ray
beam of small diameters allow the probing of localized molecular effects in the
vicinity of a crack tip with sub-millimeter resolution.

Many of the studies discussed in this review show that carbon nanotubes can act
as nuclei for the crystallization of polymer chains in the matrix. In the case of
amorphous polymers such as natural rubber that crystallize under tension, the
onset of crystallization occurs at a significantly lower strain in the presence of carbon
nanotubes than in the unfilled rubber. Azimuthally averaged radial intensity distri-
bution profiles of two-dimensional WAXD patterns provide information on the
polymer’s overall crystallinity, the evolution of crystallite size during stretching,
and the orientation of the crystallites in the stretching direction. The crystallite size
decreases with an increase in the carbon nanotube concentration in the composite,
but the overall crystallinity increases, an effect attributed to the nucleation of more
crystallites by the carbon nanotubes. WAXD data also show that the carbon nano-
tubes themselves orient readily along the stretching direction. The conventional
rubber processing steps of mixing and milling introduce an alignment of the nano-
tubes in a rubber matrix. The Hermans orientation parameter for the CNTs in a
polymer composite increases with stretching and can reach values in the range of 0.6
to 0.8 in stretched specimens. Small-angle scattering patterns indicate the existence
of oriented domains that contain CNTs, polymer crystallites aligned along the axis of
the nanotubes, and oriented amorphous polymers. However, the analysis of SAXS
patterns requires careful separation of scattering from nanovoids, which are intrin-
sically present in certain composites such as polyacrylonitrile fibers containing
carbon nanotubes or can be nucleated when the material is stretched. While CNTs
can increase crystallinity and order in some of the systems discussed in the review,
small-angle scattering shows that they hinder the formation of large microphase-
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separated grains in block copolymers and decrease the order–disorder transition
temperature of polystyrene-b-poly(ethylene-co-butylene)-b-polystyrene, relatively
nonpolar amorphous triblock copolymer.

WAXD is a powerful and commonly used technique for investigating the degree
of dispersion of carbon nanotubes in a polymer composite. The high aspect ratio of
CNTand the strong van der Waals force of interaction between the carbon nanotubes
causes them to entangle or aggregate in a polymer matrix. From the results of X-ray
scattering studies, surface modification of the carbon nanotubes using surface-active
species, including clay nanoplatelets, appears to be a promising approach toward
dispersing even high concentrations of carbon nanotubes in polymers.
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