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A B S T R A C T

The different fabrication methods that have been developed for making carbon nanotubes will provide materials with different levels of crystallinity. As crystallinity
is qualitatively known to have a profound influence on material properties, this raises the need for standardised quantitative analysis. Here we show how trans-
mission electron microscopy can be used to provide quantitative information about effective crystallite sizes in individual nanotubes which we link to the mechanical
behaviour of the tubes. The method relies on a thorough analysis of diffraction patterns and a careful extraction of instrumental and sample contributions to the peak
shapes. We find that arc-discharge grown tubes have crystallite sizes that are comparable to the circumference of the outer tube walls, while commercial catalytically
grown tubes have much smaller crystallites implying that each cylindrical nanotube wall can be thought of as a patchwork of small graphene-like grains. The clear
differences in crystallite sizes are then compared to known differences in mechanical behaviour, such as a substantial disparity in stiffness and significantly different
behaviours under bending stress.

1. Introduction

Carbon nanotubes (CNT) have promising properties for future ap-
plications, stemming from the atomic structure with strong chemical
bonds within the graphene planes. This gives them a high, in-plane,
mechanical stiffness [1] and concomitant high electrical and thermal
conductivities [2]. These highly sought-after properties are dependent
on the atomic structure, and defects in the lattice will influence the
mechanical stiffness [3–5], tensile strength [6,7], and the whole me-
chanical behaviour in bending configurations [8,9], as well as the
electrical [10,11] and thermal conductivities [12,13]. The crystalline
quality of different nanotube materials is directly dependent on the
production method and any post-production treatments, such as re-
moval of amorphous carbon or catalyst particles, and thermal an-
nealing. The future exploitation of nanotubes thereby relies on well
defined characterisation techniques with protocols [14] and classifica-
tion systems [15,16], similar to the ones that have been established for
carbon fibres [17].

For graphite there are commonly accepted characterisation
methods, such as Raman and X-ray diffraction (XRD), in order to
quantify the level of crystallinity in terms of interlayer spacing d002,
crystallite sizes, Lc and La (see Fig. 1), and the level of graphitisation, P1
[18]. In multiwalled carbon nanotubes (MWCNTs) the graphene layers
are now forming cylinders and the parameters Lc and P1 lose their
importance as nanotubes usually display a random, turbostratic, or-
dering between the layers. The interlayer distance d002 is thereby

considered to be similar to turbostratic graphite, although there might
also be a slight dependence on the nanotube diameter [19]. However,
the in-plane crystallite size La is still a highly valid measure of the
crystallite size within the graphene wall of a carbon nanotube, and we
propose to use La as a measure of the “crystallinity” in CNTs. The re-
maining question is then how one can obtain quantitative information
about La for different types of CNTs. There are essentially three avail-
able experimental techniques; Raman, XRD and transmission electron
microscopy (TEM). For graphite one can use Raman and compare the
intensity of the D-peak (associated with defects and disorder) to that of
the G-peak (the inherent graphite excitation). Their ratio, R= ID/IG, is
then inversely proportional to the in-plane crystallite size La [20,21].
The ratio is unfortunately non-monotonically dependent on the defect
concentration, as illustrated for graphene [22], and it is also dependent
on the excitation wavelength [23]. For MWCNTs the intensity of the D-
line is also influenced by the curvature of the walls, and it is not only
associated with disorder within the walls [24]. It has therefore been
suggested that the R-ratio can only be used as a qualitative measure of
the defect density in highly defective tubes [25], and for crystallite sizes
below 10 nm [26].

In XRD, diffraction peaks from graphite can be used to obtain
measures of both the in-plane crystallite size La and the crystallite size
perpendicular to planes Lc, by analysing the broadening of their re-
spective diffraction peaks. For nanotubes the curved walls will affect
the diffraction pattern and the reciprocal space will consist of discs [27]
that are oriented perpendicular the nanotube axis. XRD-peaks from the
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in-plane lattice will thus have long tails towards higher diffraction
angles [28]. This effect severely limits the ability to access the in-plane
lattice properties, such as La, when using XRD or any other diffraction
analysis that involves a random distribution of tube orientations.

A third route is to use TEM microscopy, both in imaging and elec-
tron diffraction modes, which has been shown to enable chirality de-
termination in both single and few walled CNTs [29]. There have been
some attempts to obtain quantitative crystallographic data for carbon
nanofibres, using traditional analysis of peak widths in the radial and
azimuthal directions of the diffraction pattern images [30]. For CNTs
this traditional type of analysis would be hampered by the streaking of
diffraction spots, similar to the issues encountered in XRD. Other at-
tempts propose to use Fourier Transforms of real space images in order
to quantify the straightness of the walls [31], but so far very few studies
have addressed the crystallinity within the graphene layers that make
up the tube walls [32]. This is a very tough task, and direct imaging of
defects in graphene and single-walled carbon nanotubes (SWCNTs) has
only been possible after substantial image treatment [33]. For MWCNTs
this is even more demanding as the individual walls usually have a
random chirality, and a layer stacking that is similar to turbostratic
graphite.

Here we demonstrate how one can use selected area electron dif-
fraction (SAED) in TEM in order to obtain quantitative information
about the average crystallite size La within the walls of an MWCNT. This
requires a highly coherent electron beam (governed by the beam size at
the sample) and an analysis of the diffraction pattern in terms of peak
widths in a direction that is perpendicular to the reciprocal discs. This
eliminates the influence of streaking and the inherent peak broadening
from a limited crystallinity can be accessed. Great care has been taken
to correct for different contributions to line-broadening [34], which
includes taking into account the specific shape and orientation of the
studied structure when analysing its corresponding diffraction image, in
a way that has not been reported before. This also includes a detailed
mapping of the two most important instrument contributions for these
measurements, namely the TEM diffraction focus and beam diameter
(brightness), so that these could be properly adjusted and corrected for.
We are then able to obtain effective crystallite sizes for different carbon
nanotube samples and we link these crystallographic data to differences
in their mechanical behaviour, such as mechanical stiffness and the
critical strains for buckling and rippling under bending stresses [8]. We
find large differences in the values of La dependent on the growth
mechanism. For arc-discharge growth, La is on the order of 20 nm while
for CVD growth it is only about 5 nm. This has profound effects on the

mechanical behaviour, the CVD grown tubes are much more compliant
than the higher crystallinity material. Our findings illustrate the need
for a classification system and provides one important parameter and its
influence on the mechanical behaviour.

2. Experimental

2.1. Transmission electron microscope

Measurements were performed using a JEOL (JEM 2100) TEM
equipped with a LaB6 cathode and a digital camera from Gatan (SC1000
Orius). The main column is pumped with a Turbo-pump and with the
anti-contamination device cooled with liquid nitrogen, the base pres-
sure was around 7× 10−8 mbar. The acceleration voltage was kept at
90 kV in order to avoid electron beam induced knock-on damages of the
samples [35]. For calibrations of the scale in the diffraction pattern and
estimates of the intrinsic angular spread in the TEM beam, we have
used oriented single-crystal gold foils obtained from Electron Micro-
scopy Sciences. For the diffraction analysis we used a selective area
aperture with an effective diameter of about 105 nm in the image plane.

The camera distance for diffraction was set at 40 cm. The exposure
time for diffraction images varied between 10 and 100 s, depending on
the general brightness of the pattern being captured.

2.2. Sample preparation

We have used two different sources of CNT, one commercial source,
Nanocyl, with CVD grown tubes and second source with tubes produced
by the arc-discharge method. From Nanocyl we have used two different
grades, the NC2100 and the NC2101. These tubes were marketed as
double-walled, purified to greater than 90% carbon, and the NC2101
grade is also functionalised with a carboxyl group (COOH) to reduce
bundling. We have not found any substantial differences between the
two grades, and in this study we have treated the data as being from the
same material (henceforth referred to as CVD-MWCNT). The arc-dis-
charge grown tubes (henceforth referred to as AD-MWCNT) where
obtained from Professor Hui-Ming Cheng at the Institute of Metal
Research, Chinese Academy of Sciences, Shenyang, China.

A small amount of the nanotube powders were placed on TEM grids
(Quantifoil® R 2/1, holey carbon support film), without any previous
processing. For the AD-MWCNT samples the larger soot particles where
crushed mechanically in order to get fine enough particles. Sonication
in a liquid was not used here as it can introduce additional defects in

Fig. 1. Illustration of the crystallite sizes La and Lc, and the interlayer spacing d002, in the context of a MWCNT with multiple crystallite regions (one such region is
highlighted in black).
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the walls [36].

3. Theory

3.1. Deconvolution of instrument contributions

Diffraction patterns were line-scanned by summing the intensity
values in a narrow rectangle in the diffraction image. The resulting line-
profiles were fitted to a Voigt profile with integral breadth βV, using a
custom algorithm. The total Voigt profile was in turn deconvoluted into
two other Voigt profiles, instrumental and sample, with integral
breadths βV

I and βV
S respectively.

Each Voigt profile was then deconvoluted into their respective
Lorentz- and Gauss constituents, resulting in four main parameters, the
instrumental Lorentz and Gauss integral breadths βL

I and βG
I , and the

sample integral breadths βL
S and βG

S. Due to the fact that the convolution
of two Voigt functions is again a Voigt function we also have that the
total Lorentz integral breadth βL equals the sum of the instrument and
sample parts, or

= +β β β .L L
I

L
S (1)

Similarly, the square of the total Gauss integral breadth βG equals the
sum of the squares of the respective instrument and sample parts, or

= +β β β( ) ( ) ( ) .G G
I

G
S2 2 2 (2)

The instrumental broadening was estimated by using a single-crystal
gold sample and selecting a large, homogeneous, area for SAED ana-
lysis. The two main factors which contribute to instrument broadening
are diffraction focus and beam diameter at the sample (i.e. the bright-
ness setting). In order to have the correct focus for each beam diameter,
a series of focus measurements were taken for different beam dia-
meters. A power function was fitted that relates the optimal focus to the
brightness setting, so that in subsequent measurements the correct
focus setting could be applied for each beam diameter. Since the in-
strumental contributions are dependent primarily on how parallel the
incident TEM beam is (at the optimal diffraction focus setting), which in
turn depends on the size of the beam on the sample, values for βL and βG
were recorded for a series of different beam diameters. The instrument
contributions βL

I and βG
I were then fitted to power functions such that

= +β k D β·L L
n

L
SL (3)

and

= +β k D β( · ) ( ) ,G G
n

G
S2 2G (4)

where D is the TEM beam diameter, kL, nL, kG and nG are the instrument-
specific broadening function parameters and βL

S and βG
S are sample-

specific broadening contributions which are independent of the beam
size.

For each subsequent measurement on CNT samples, the fitted Voigt
profile was deconvoluted into Lorentz- and Gauss profiles. Using the
parameters describing instrumental broadening, the sample-specific
integral breadths for any given TEM beam diameter could then be
calculated.

3.2. Calculation of crystallite size

A single-line analysis method was used for each nanotube, with the
assumption that the broadening effect from a crystallite size is purely
represented by the Lorentz contribution βL

S, and the strain effect is re-
presented by the Gauss contribution βG

S, as is common for single-line
analysis [37,38,34].

To calculate the in-plane crystallite size La, we use a version of the
Scherrer equation [39] originally suggested for relating crystal edge
length to peak breadth. Here we start with the equation given by [40],
as

=L Kλ
θ θΔ(2 ) cos

,a (5)

where θ is the angle of diffraction, K is the Scherrer constant, λ is the
wavelength of the diffracted radiation and Δ(2θ) is the line broadening
due to crystallite size measured in radians on a 2θ scale. In this study
we have used the regular crystallography calibration of the diffraction
patterns, such that diffraction spots are at a distance 1/d from the
centre (where d is the interplanar lattice distance in Braggs law). Thus,
broadening from crystallite size is measured on a q= k/(2π) scale in-
stead of 2θ, and the scattering angles are sufficiently small to use
cosθ≈ 1, resulting in the equation

=L K
β

,a
L
S (6)

where βL
S is the sample Lorentzian peak broadening measured in the q-

space.
The value of the Scherrer constant K depends on the crystallite

shape and size distributions, and it converts an apparent crystallite size,
or effective coherent scattering length, into a true crystallite size in the
scattering direction [40]. For a cylindrical band on a nanotubes surface,
and scattering along the nanotube direction, K is equal to 1. For smaller
crystallites (with La smaller or equal to the nanotube diameter), the
crystallite size appears smaller than the true size, and thus the K factor
is slightly larger than 1. In this study the difference would correspond to
a variation of less than 10% in the value of La, and thus for simplicity
we here use K=1 independent of the effective crystallite size and
nanotube diameter.

4. Results and discussion

4.1. TEM imaging and diffraction

TEM images of nanotubes from the different growth techniques are
shown in Fig. 2 revealing clear differences between the two. For the

Fig. 2. TEM images of (a) CVD-grown CNTs and (b) AD-grown CNTs.
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CVD-MWCNT sample (Fig. 2(a)) the tubes are often displaying highly
curved and kinked regions, indicative of defects in the tubes. In con-
trast, the AD-MWCNT (Fig. 2(b)) are all very straight and the non-
tubular structures (such as carbon onions) are also qualitatively dis-
playing a higher level of crystallinity.

SAED patterns of the two samples are shown in Fig. 3, from selected
straight parts of individual tubes (as indicated in the insets of Fig. 3).
The diffraction spots related to the multi-wall structure is easily iden-
tifiable as two spots oriented perpendicular to the nanotube axis. The
position and width of these spots will provide information about the
interlayer distances between walls, but his has not been analysed in
detail for this work. Instead we here focus on the ring like pattern
further out from the central beam. These spots originate from the in-
plane graphene structures of the walls. Each wall of the CNTs will
produce six or twelve spots on the ring, depending on the chirality of
each tube, and for MWCNTs one then observes a multitude of spots
here. We can qualitatively see that the ring pattern is sharper for the
AD-sample compared to the CVD-sample, but the goal here is to obtain
quantitative information regarding the crystallinity within the walls.

4.2. Streaking and broadening of diffraction spots

The tube structure will inherently result in streaks in the diffraction
pattern, which correspond to the direction perpendicular to the nano-
tube axis. In order to access broadening due to a finite crystallite size,
one should therefore study the broadening along the direction of the
nanotube axis. It would therefore be inappropriate to analyse the dif-
fraction pattern in a traditional manner with polar coordinates, r and φ.
Instead it can be treated in Cartesian coordinates, with one axis chosen
to be parallel to the streaks and the other one perpendicular to the
streaks (the latter henceforth referred to as the tube axis, since it cor-
responds to the lattice periodicity in the direction along the nanotube's

length). Furthermore, the different walls can have different chiralities
and this can produce hexagons in the diffraction patterns that are very
close in their orientation, thereby influencing the observed peak-widths
in the direction along the tube axis. The only point where this can be
circumvented is right at intersection between the hexagonal ring pat-
tern and the tube axis, i.e. where the streaking from the curvature of the
walls is tangential to the hexagonal ring pattern. At this point the width
of the diffraction spot, taken in the direction along the tube axis, will
provide information about the in-plane effective crystallite size along
the length of the nanotube. Such points and selected line-scan areas are
indicated by red rectangles in Fig. 3, and the corresponding profiles are
shown in Fig. 4.

A Voigt function was fitted to the individual line profiles, as in-
dicated in Fig. 4, and the resulting integral breadth, βV, is plotted versus
the TEM beam diameter in Fig. 5(a). The data from the gold sample was
used in order to obtain the instrument-specific contributions as a
function of the beam diameter. The separated instrument contribution
is indicated by the lower solid line in Fig. 5(a). The sample-specific
contribution to the Lorentz breadth βL

S was then extracted by decon-
voluting the Voigt peak fit for each sample and plotted versus the beam
diameter in Fig. 5(b). These values were found to be independent of the
beam diameter, which further validates the model used here. For each
individual tube the average of the series of measurements was then
taken as an estimate of βL

S, as illustrated by the dashed lines in Fig. 5(b).
For the purpose of comparison the corresponding data for the gold
sample is also included in Fig. 5.

4.3. Crystallite sizes and mechanical behaviour

Fig. 6(a) shows the deconvoluted sample-specific Lorentz integral
breadth βL

S versus the measured outer nanotube diameter for individual

Fig. 3. TEM diffraction patterns of (a) CVD-MWCNT and (b) AD-MWCNT. The
images are calibrated on a 1/d-scale. The selected area for diffraction is inset in
the bottom right of each picture. A typical region for a line-scan parallel to the
CNT axis is highlighted as a narrow rectangle in both images.

Fig. 4. Fitted Voigt functions to the line-scan data of a single CNT for (a) CVD-
MWCNT and (b) AD-MWCNT. Both scans were taken for a TEM beam diameter
of about 2 μm.
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tubes, within the two grouped materials AD-MWCNT and CVD-
MWCNT. A significant difference in the values of βL

S was found between
the two sample batches while there was no diameter dependence within
either batch.

For each nanotube and point in Fig. 6(a), we have used Eq. (6) to
calculate crystallite sizes, and these are plotted in Fig. 6(b) versus outer
nanotube diameter. The mean values for the two materials are indicated
by dashed lines and these are 18.6 ± 3.3 nm for AD-MWCNT and
5.5 ± 1.6 nm for CVD-MWCNT (at 95% confidence assuming a t-dis-
tribution of the crystallite sizes within each growth method). We see a
clear difference in the crystallite size between the two sample batches,
with more than a factor of three larger crystallite size in the AD-
MWCNT. This means that for a specific diameter the crystallites in an
arc-discharge grown tube will extend much further along the cir-
cumference, compared to a tube grown by CVD. This is consistent with
the qualitative information in Fig. 2, but we now have the sought after
quantitative information that can be used to compare different sample
preparation techniques and the resulting material properties.

We proceed by relating the average crystallite sizes to the me-
chanical behaviour obtained in previous studies [8,9] on the very same
sample batches. The results found here support the findings in these
previous studies, linking crystallinity to mechanical behaviour. In
Fig. 7, Young's modulus E versus crystallite size La is plotted. For E the
mean values were 778 ± 162 GPa for AD-MWCNT, and 81 ± 41 GPa
for the CVD-MWCNT. We have included a dashed line as a guide for the
eye, showing a plausible dependence of E on the crystallite size La. E is
expected to converge to the theoretical limit of about 1000 GPa for
perfectly crystalline CNTs [41], and appears to be close to zero for very
small La values. This is consistent with measurements of highly dis-
ordered carbon materials, where E values as low as 1 GPa have been

reported [42].
It is well known qualitatively that the crystallinity affects the linear

elastic region, and there are also changes in the non-linear high strain
region, such as the very onset of buckling and rippling in bending
configurations [5,8]. When a nanotube is bent, the high stress will
eventually cause localised deformations of the walls on the compression
side. This lowers the total energy of the system which is sum of the in-
plane stress energies and the bending energies of graphene walls [43].
The phenomenon is similar to those observed in macroscopic thin-
walled tubes, displaying localised deformations in a characteristic

Fig. 5. (a) The fitted Voigt peak integral breadth βV versus TEM beam diameter,
and the solid lines show the corresponding integral breadths calculated from
fitted Voigt functions. (b) The deconvoluted sample Lorentz integral breadth βL

S,
with dashed lines indicating mean values.

Fig. 6. (a) Deconvoluted integral peak widths and (b) calculated crystallite
sizes, plotted versus outer nanotube diameters. Values for arc-discharge growth
are shown as filled circles and values for CVD growth as empty circles. The
mean values of each grouped material type is indicated by a dashed line in (b).

Fig. 7. Mean values of axial Young's modulus E vs crystallite size La, grouped by
material. The error bars indicate the 95% confidence interval assuming a t-
distribution. A visual guide of a plausible variable dependence is shown as a
dashed line.

M. Flygare, K. Svensson Materials Today Communications 18 (2019) 39–45

43



Yoshimura pattern [44]. The critical strain εcr at which this occurs in a
nanotube will depend on the nanotube radius, and it has been suggested
[43] that there could be a critical length parameter lcr that is in-
dependent of the nanotube radius r and defined by lcr= εcrr. Theoretical
studies have arrived at different values for the lcr constant and experi-
ments have shown, qualitatively, that defects will delay the rippling,
hence increasing the observed value of lcr [5]. In Fig. 8 we show ob-
tained mean values of lcr versus the effective crystallite size La, which
confirms an increase in lcr with a decreasing crystallinity. Apart from
the influence of crystallinity, the value of lcr can also be affected by the
wall thickness of the tubes, as has been observed for the high crystal-
linity material [8]. The sudden drop in bending stiffness that is asso-
ciated with the rippling deformations is also affected by a lower crys-
tallinity [9], and the whole mechanical response thereby appears very
different from the high crystallinity material.

5. Conclusions

We have developed a method that will provide quantitative in-
formation about the crystallinity of MWCNTs. The method relies on
analysing straight sections of individual tubes with detailed analysis of
diffraction spots in positions and directions that are not influenced by
the curvature of the tubes. By carefully mapping the optimal diffraction
focus for different TEM beam diameters, and by fitting the broadening
stemming from the TEM-beam to a power function, we can deconvolute
the instrument contribution from the total contribution using a series of
measurements at different beam diameters. This will then provide a
reliable measure of the inherent sample broadening effects and the ef-
fective crystallite sizes. This method should be applicable also to other,
non-carbon, tubular structures.

A clear difference between the average crystallite sizes of the two
used materials was found. As an example, for AD-MWCNT of average
crystallinity, and with outer diameter do=10 nm, the crystallite size
would be enough to encompass more than half the circumference of the
outermost tubes, while for an average CVD-MWCNT tube with the same
diameter, a single crystallite would only be large enough to encompass
about one sixth of the circumference. For AD grown materials this en-
ables the formation of continuous graphene-like cylinders, or cylinder-
segments, which constitute the walls of the tubes. In contrast, the
crystallite sizes for CVD grown materials were found to be notably
small, much smaller than the tube circumference, implying that here
the walls are made from a patchwork of small graphene-like grains with
different orientations. The differences in atomic structure between high
crystallinity tubes (which can be described fairly well by current the-
oretical models) and low crystallinity ones, have profound effects on

mechanical behaviour, and thus one should treat these as two distinctly
different materials.

We propose that this type of quantitative data can be used in order
to classify carbon nanotube materials in terms of their crystallinity and
physical properties, and thereby provide reliable source materials for
industrial applications.

Data availability

The raw/processed data required to reproduce these findings cannot
be shared at this time due to technical or time limitations.
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