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We investigated the effect of inducing deformation in individual boron nitride nanotubes by per-
forming X-ray diffraction (XRD) simulations for different individual boron nitride nanotubes that had
different geometries and were subjected to mechanical deformations. We found that the mechanical
properties of boron nitride nanotubes depended sensitively on the levels of induced mechanical
deformation. As a result of this dependence, mechanical deformations induced in boron nitride
nanotubes caused their XRD patterns to change. We compared the XRD patterns of deformed
boron nitride nanotubes with those of undeformed boron nitride nanotubes for different torsion
angles.
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1. INTRODUCTION
Since their discovery, boron nitride nanotubes have gener-
ated considerable interest because their hardness is compa-
rable to that of diamonds.1 Because the structure of boron
nitride nanotubes is similar to that of carbon nanotubes,2�3

boron nitride nanotubes exhibit unusual mechanical prop-
erties that are similar to those of carbon nanotubes.4–6

Contrastively, the phonon mean free path of boron nitride
nanotubes is similar to that of carbon nanotubes.6�7 How-
ever, unlike carbon nanotubes, the electronic properties of
boron nitride nanotubes are not sensitive to the chirality
or diameter of the nanotube.8 Furthermore, boron nitride
nanotubes remain semiconducting materials and have an
expected band gap of ∼ 5 eV.9 Moreover, depending on the
required application, the band gap of a boron nitride nano-
tube can be controlled by covalently attaching molecules
onto the nanotube side walls.8 Furthermore, boron nitride
nanotubes show a high oxidation resistance and larger low-
temperature thermal conductivity as compared to carbon
nanotubes.10�11 It is also found that the axial Young’s mod-
ulus for boron nitride nanotubes is larger than that of
any other known insulating nanostructure.4 These extraor-
dinary properties make boron nitride nanotubes a suit-
able candidate for several science and technology related
applications. However, researchers have faced limitations
and challenges in realizing the mass production of boron
nitride nanotubes.1�2�10�12�13

∗Author to whom correspondence should be addressed.

Boron nitride nanotubes could undergo different struc-
tural deformations, including bending, collapsing of cer-
tain regions, or torsion.14–16 These deformations may
develop naturally during production or may be inten-
tionally induced during processing.17–20 Inducing such
structural deformations, particularly, through the applica-
tion of mechanical torsion, is an effective technique for
manipulating the mechanical properties of boron nitride
nanotubes.21–24 Due to torsional deformation, the original
translational symmetry and periodicity of the translational
symmetry of the nanotube collapse.21–24 Such a collapse
in the symmetry mainly depends on the magnitude and
direction of the applied mechanical torsion.22 Therefore,
techniques needs to be developed that would help to gain a
better understanding of these types of structural deforma-
tions in boron nitride nanotubes.25–32 The characterization-
based techniques are most frequently used to understand
these deformations and include transmission electron
microscopy (TEM), scanning electron microscopy (SEM),
neutron diffraction, and X-ray diffraction (XRD).17–20

Computerbased simulations of material properties have
gathered interest from several researchers working in
the field of computational material science. Moreover,
presently, the structures of very complex molecules such
as proteins, enzymes, nucleic acids, and even viruses are
being investigated through the use of XRD techniques.33–37

XRD is considered a fast, non-destructive technique for
routine analysis as well as a useful and powerful technique
to monitor the purification processes of raw samples.17–20
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With the help of the corresponding X-ray spectral pat-
tern, it is possible to identify the presence of entrapped
metal particles within the tubular structure of a boron
nitride nanotube during the production process.2�9 In addi-
tion, XRD can be used to obtain structural information of
disordered materials.17–20�38 Apart from this, the analysis
of the XRD profiles of boron nitride nanotubes gener-
ates average data that describe their structural characteris-
tics. This paper discusses the use of XRD simulations to
study dislocations that might be produced in response to
the mechanical torsion applied to individual single-walled
boron nitride nanotubes. Our ultimate goal is to provide
experimentalists with readily usable information describ-
ing the behavior and characteristics of boron nitride nano-
tubes subjected to torsion. Therefore, we describe in later
text how the simulated diffraction patterns can be used
to characterize the corresponding boron nitride nanotube
samples.

2. COMPUTER SIMULATION
Commercial computer simulation software “CrystalD-
iffract” was used to study individual single-walled
boron nitride nanotubes with different geometrical
structures.27 The CrystalDiffract algorithm first imports

(a)

(b)

Fig. 1. (a) Film representation shows a Comparison of the peaks intensity for graphite and different geometrical structures of individual boron nitride
nanotube. (b) Peak comparison of simulated XRD profiles for graphite and different geometrical structures of individual boron nitride nanotubes.

saved CrystalMaker software files to simulate XRD pat-
terns through the use of easy manipulation and measure-
ment tools and displays the patterns on a monitor. In this
program, proper nanotube structures were prepared using
CrystalMaker software. To simulate the nanotubes, the
Cartesian coordinates of boron nitride atoms were gener-
ated for a single tube.17 First, we transformed the origi-
nal coordinates of the boron nitride graphene sheet into
a new system in which the translational vector T was set
along the y-axis.18 Next, cylindrical transformation was
used to convert the boron nitride graphene atomic coor-
dinates (x� y) into those of the nanotube (X, Y , Z).19�20

Then, suitable torsion was applied by inclining the trans-
lational vector in the expanded plane. Applying torsion
is advantageous compared to the translational unit-cell
method because it does not cause the number of boron
nitride atoms per unit cell to change.19�20 The simulated
nanotube structures were then imported into the CrystalD-
iffract program.
The raw data were collected by making a short-

wavelength X-ray beam incident on the samples. Analy-
sis of the X-ray scattering reveals various aspects of the
atomic structure. Background correction is performed by
removing the k�2 peaks before identifying the diffraction
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peaks.27 The peak profiles were exported, and the final
results were properly represented as a 2-dimensional image
of 2� and the intensity. The results of the simulation were
compared, for certain pristine boron nitride nanotubes,
with the XRD profiles of graphite.17

3. DISCUSSION AND ANALYSIS
When mechanical torsion is applied along the tube axes,
it is expected to induce several structural deformations.
Therefore, understanding the effect of applying torsion to a
boron nitride nanotube is necessary, because the distortions
produced on account of the mechanical torsion applied to
the tubes have a significant influence on their mechan-
ical properties. The exact effect of applying mechanical
torsion on the nanotube properties has been ignored in
most theoretical studies and remains an unaddressed topic;
it requires further investigation. To study the mechanism
that produces the mechanical torsion, we simulated the
response of individual single-walled boron nitride nanotube
samples having different chiralities [�12�5�, �13�7�, and
(14, 5)] when mechanical torsion was applied, by using
XRD. A short wavelength (� = 1 Å) was used in order to
negate the effects of multiple scattering, absorption, and
polarization. We found that the main characteristics of the

(a)

(b)

Fig. 2. (a) Simulated XRD profiles as film representation shows a comparison of the peaks intensity for deformed and undeformed �12�5� boron
nitride nanotube at different torsional angles. (b) A peak comparison of the simulated XRD profiles for deformed and undeformed �12�5� nanotubes
samples. A change in 2� as a function of the intensity occurs when the nanotubes samples were deformed.

profiles of boron nitride nanotubes closely resemble those
of graphite owing to the intrinsic nature of both these
nanotubes (Figs. 1(a) and (b)). The (h k 0) peaks exhibit
an asymmetric shape owing to the curvature of the boron
nitride nanotube. This asymmetric shape of the (h k 0)
peaks was ascribed to the fact that boron nitride sheets were
rolled to form a nanotube. The orientation of the boron
nitride nanotube relative to the incident X-ray beam and
the lattice distortion produced by the applied torsion are
important factors that determine the width and intensity of
the (1 1 0) interlayer peak (see Figs. 2–4).
In all the samples, different structural deformations

occurred upon the application of torsion. For example,
for the same peak, a sharp increase in the intensity was
accompanied by a slight reduction in 2�, whereas a shift
toward a lower angle was consistent with the surface
curvature. However, in other regions, the peak intensity
showed a relatively small decrease. For instance, at 2� =
14�5�, when torsion was applied to the nanotube samples
(40�/Å), the intensity was increased and the full width at
half-maximum (FWHM) became narrowed (see Fig. 2(b)).
This behavior was also observed to occur in all the remain-
ing boron nitride nanotube samples (see Figs. 3 and 4).
However, for the (12, 5) nanotube sample, at 2� = 21�0�,
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(a)

(b)

Fig. 3. (a) Simulated XRD profiles as film representation shows a comparison of the peaks intensity for deformed and undeformed �13�7� boron
nitride nanotube at different torsional angles. (b) A peak comparison of the simulated XRD profiles for deformed and undeformed �13�7� nanotubes
samples. A change in 2� as a function of the intensity occurs when the nanotubes samples were deformed.

the applied mechanical torsion produced a sharp decrease
in the intensity accompanied by an increase in 2�, (see
Fig. 2). This sudden decrease in the intensity could be
correlated with the complete collapse of the symmetry of
the nanotubes to which mechanical torsion was applied.
Moreover, the increase to higher angles could be correlated
to the deformation of the surface curvature, induced by
the applied mechanical torsion. For the (14, 5) pure boron
nitride nanotubes, clear informative signals were predicted
in the 18�–22� range (see Fig. 4). In this region, the nano-
tubes exhibited a weak broad peak centered at ∼ 18.6�.
This could be attributed to the (0 0 1) interlayer peak
of graphite, which appeared at ∼ 45.0�. Other typical sig-
nals for the (14, 5) pure nanotubes were the intense peaks
appearing at ∼ 20.86� and a less intense peak appearing
at ∼ 21.24� (Fig. 4). These reflections are ascribed to the
(0 5 0) and (5 5 0) crystallographic planes, respectively.
The width of these reflections needs to be carefully con-
sidered, particularly when it is compared to that in the
case of graphite. In addition, large mechanical torsion has
a direct influence not only on the Bragg angle but also on
the peak intensity. This behavior could be ascribed to the
curvature effect (see Figs. 2–4). Moreover, for the same
nanotube sample to which mechanical torsion was applied,

some peaks appeared while others disappeared. For exam-
ple, in the (13, 7) torsion nanotube sample (40�/Å), specif-
ically, in the 15�–18� region, clear, sharp peaks appeared,
whereas for the pure sample, the intensity of the peaks
weakened or the peaks nearly disappeared. Conversely, in
the 20�–24� regions, a clear peak appeared for the pure
sample and clearly disappeared in the sample to which
mechanical torsion was applied (40�/Å), (see Figs. 3(a)
and (b)). The appearance of the strong first-order peak at
about 2� = 4� was a good indicator of a nanotube rope
lattice; this strong peak is known to generally be followed
by series of weaker peaks for 2� in the range of 10�–32�.

Furthermore, for the same sample, other typical reflec-
tions set at about 30.4� and a lower one at 2� = 32�0�

peak positions. Finally, the application of mechanical tor-
sion directly influences the (2 0 0) peaks in all nanotube
samples, and valuable information can be attained from
the analysis of the intensity of the (2 0 0) diffraction peak.
For instance, in (12, 5), the peak weakened and broadened
in a region having a low diffraction angle (2� = 12�4�),
as shown in Figures 2(a) and (b). However, the line shape
of the (2 0 0) peaks was broadened and its intensity was
weakened in the region of a low diffraction angle when
mechanical torsion was applied to the nanotube.
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(a)

(b)

Fig. 4. (a) Simulated XRD profiles as film representation shows a comparison of the peaks intensity for deformed and undeformed �14�5� boron
nitride nanotube at different torsional angles. (b) A peak comparison of the simulated XRD profiles for deformed and undeformed �14�5� nanotubes
samples. A change in 2� as a function of the intensity occurs when the nanotubes samples were deformed.

4. CONCLUSION
In this work, XRD patterns were simulated to study
the effects of mechanical deformations induced in boron
nitride nanotube samples in order to predict the structural
modifications that the samples would experience due to
the applied mechanical torsion. XRD profiles were sim-
ulated for different geometrical structures of individual
boron nitride nanotube samples. For all the samples, one
peak showed a sharp increase in intensity along with
a slight reduction in 2�, although in other regions, the
peak intensity decreased slightly. We found that in some
regions, mechanical torsion produced a sharp decrease in
the intensity and an increase in 2�. We attributed this
sudden decrease in the intensity to the complete col-
lapse of symmetry in the nanotubes subjected to torsion.
The same reason was considered to cause the increase
to higher torsional angles, in regions other than those
where deformation occurred in the surface curvature as
a result of the applied mechanical torsion. Furthermore,
increased mechanical torsion directly influenced not only
the intensity of the peaks but also the Bragg angle; we
correlated this observation to the curvature effect. More-
over, for the same nanotube sample to which mechanical

torsion was applied, some peaks appeared while others dis-
appeared. Finally, the applied mechanical torsion directly
affected the (2 0 0) peaks in all nanotube samples. In
particular, when mechanical torsion was applied, the line
shape of the (2 0 0) peaks was broadened, its intensity was
weakened, and a corresponding reduction occurred in the
diffraction angle.
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