Carbon 125 (2017) 180e188

Contents lists available at ScienceDirect

Carbon
journal homepage: www.elsevier.com/locate/carbon

Unraveling the inﬂuence of grain boundaries on the mechanical
properties of polycrystalline carbon nanotubes
A.R. Alian, S.A. Meguid*, S.I. Kundalwal
Mechanics and Aerospace Design Laboratory, Department of Mechanical and Industrial Engineering, University of Toronto, Toronto, Ontario, M5S 3G8,
Canada

a r t i c l e i n f o

a b s t r a c t

Article history:
Received 26 March 2017
Received in revised form
10 September 2017
Accepted 15 September 2017
Available online 17 September 2017

The ability to produce homogeneous defect-free carbon nanotubes (CNTs) represents a major challenge
in terms of utility and cost. Speciﬁcally, the existence of grain boundaries (GBs) are ubiquitous in large
diameter CNTs obtained by various large-scale growth methods and their effects on the mechanical
properties of CNTs are not fully explored. Understanding the inﬂuence of the grain size and the GB
orientation upon the mechanical behavior of CNTs is crucial for their functional and structural applications. The signiﬁcance and novelty of the current work lies in its ability to establish the mechanical
properties and the fracture behavior of CNTs containing grain boundaries of varied size, orientation and
structure to an applied uniaxial load using comprehensive molecular dynamics simulations. A specially
developed program, using Voronoi tessellation method and Delaunay triangulation, was implemented to
generate the atomistic descriptions of the considered polycrystalline CNTs with a variety of GB
morphology. Our results reveal that the mechanical performance of CNTs is signiﬁcantly affected by the
orientations of the GBs, diameter and temperature. In terms of the fracture strength, the resulting failure
patterns indicate that the polycrystalline CNTs fail in a brittle fashion and that pentagon-heptagon defects along the GBs serve as crack nucleation sites.
© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction
In view of their extraordinary mechanical, thermal, optical, and
electronic properties [1,2], CNTs have attracted intensive interest in
many ﬁelds such as aerospace, automotive, and bio-nano engineering [3]. While each of these ﬁelds exploits a different key
property of CNTs, they all implicitly depend on their remarkable
mechanical properties for structural reliability and/or sensory
characteristics. Due to the inherent limitations of fabrication and
puriﬁcation processes, CNTs typically contain a variety of crystallographic orientations and defects [4]. The common domain
interface, grain boundaries (GB), can be regarded as a onedimensional array of dislocations [5]; some experimental studies
also provide evidence of the existence of GBs in CNTs [6e9]. Under
certain circumstances, GBs are deliberately introduced for the
purpose of tailoring the electronic properties of CNTs to suit the
requirements of a particular application. For example, Yao et al. [10]
introduced a pentagon and a heptagon into the hexagonal carbon
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lattice to fuse together two nanotube segments with different
atomic and electronic structures to create intramolecular metalmetal, metal-semiconductor, or semiconductor-semiconductor
junctions. In another study by Yao et al. [11], well-controlled temperature-mediated growth of intramolecular junctions in CNTs was
achieved by changing the temperature during growth. That
particular study outlined a potential approach for growing intramolecular junctions in CNTs of different sizes and orientations at
desired locations. This is important for tailoring CNT-based electronic circuits. Zhang et al. [12] studied the mechanical properties
of 20 representative graphene grains using density functional
theory and molecular dynamics (MD). They found that the intrinsic
tensile strength of the inﬂected GBs generally decrease with
increasing inﬂection angle and identiﬁed Stone Wales transformation as the major failure mechanism of graphene with GBs at
high temperature: whereas the initial fracture site found can be on
the boundary line or inside the domain. Electronic properties of
polycrystalline CNTs were investigated by Wang et al. [13] using
density-functional theory considering parallel and perpendicular
GBs to the tube axis. That study reported that the CNTs with parallel
GBs have a narrow or zero band gap (<0.16 eV) which is
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independent of the misorientation angle and the diameter of the
CNTs. On the other hand, CNTs with perpendicular GBs show a
slightly large band gap (up to 0.6 eV). Zhang et al. [14] carried out
MD simulations to determine the mechanical strength and fracture
behavior of GBs. Their study revealed that the intrinsic strength, the
critical failure strain and the failure mechanism of graphene with
GBs mainly rely on the temperature and inﬂection angle, whereas
Young's modulus does not vary signiﬁcantly with temperature or
boundary conﬁguration. More recently, quantum transport and
thermoelectric properties were reported by Lehmann et al. [5] for
graphene sheets, graphene nanoribbons, and CNTs with a variety of
GB types in a wide temperature range. Their study demonstrated
that GBs are a viable tool to tailor the thermal properties of carbonbased nanomaterials, paving the way for the design of new thermoelectric nano devices. Several studies also reported that by
controlling the GBs and creating pores, the band gap in graphene
sheets can be tuned, and thus the electronic structure can be
controlled via strain engineering [15e17]. The effect of GBs on the
mechanical properties of polycrystalline graphene was also investigated using experimental and numerical techniques; see, e.g.,
Refs. [18e21]. On the contrary, the effects of relatively simple defects such as atom vacancies, doping, substitutional impurities,
Thrower-Stone-Wales (TSW) and hybridization, on the thermomechanical properties of CNTs were studied in Refs. [22e24].
Intrinsic topological existence of GBs in polycrystalline CNTs are
expected to markedly alter their mechanical properties and failure
behavior. It is well-established that the mechanical properties of
polycrystalline solids are strongly inﬂuenced by their grainy
structure. CNTs have been produced in a much controlled environment and as such are less susceptible to large extrinsic defects
[25]. Therefore, it is natural to expect the variations in their mechanical properties to arise from intrinsic GBs. These GBs will inﬂuence the stress state and may act as a precursor to crack initiation
within the CNTs. However, the mechanical properties of CNTs with
GBs have not yet been fully explored and investigated. As a result,
we lack comprehensive understanding of the inﬂuence of these GBs
which may limit the remarkable exploitation of the properties of
polycrystalline CNTs. Indeed, this has motivated our interest in the
current study. Speciﬁcally, the focus of our highly original study is
to determine the inﬂuence of grain size orientation, and atomic
structure upon the mechanical properties of polycrystalline CNTs
using MD simulations. Additionally, we widen the scope of our
research beyond the mechanical properties by investigating the
failure behavior and the associated failure mechanisms of polycrystalline CNTs. The outcome of this work should lead to a greater
insight into the mechanical behavior and fracture strength of
polycrystalline CNTs thus allowing the community to explore the
essence of their remarkable multifunctional properties.

used to model the grain structures in polycrystalline graphene
sheets [29,30]. Fig. 1 demonstrates three typical grain size distributions in polycrystalline graphene sheets generated from the
Voronoi construction. Fig. 2 shows the systematic steps involved in
creating the graphene sheet with randomly distributed GBs, which
was then rolled to create a polycrystalline CNT. We generated a
collection of polygons separated by planar cell walls perpendicular
to lines connecting neighbouring nucleation sites, as shown in
Fig. 2(a). A polycrystalline graphene sheet was constructed by
ﬁlling each cell with randomly oriented graphene domains, where
the atoms adjacent to the planar cell walls represent the GBs. The
initial CeC bond length in the graphene sheets was set to 1.41 Å,
which has been conﬁrmed experimentally [3]. Several polycrystalline graphene sheets with dimensions of 30 nm  30 nm and
an average grain size ranging from 5 nm to 10 nm were constructed
[see Fig. 2(b)]. Several regions at different locations inside the
polycrystalline graphene with dimensions of 80 Å  80 Å were
selected and extracted to create the basic structure that is rolled to
form CNTs, as shown in Fig. 2(c). Pentagons and heptagons were
created at the boundaries of the grains in each extracted region and
then the energy of a graphene system was minimized using the
conjugate gradient method to obtain its optimized structure (see
Fig. 3). The obtained structure was then annealed by equilibrating it
at room temperature in the constant temperature and volume canonical (NVT) ensemble over 100 ps with 0.5 fs time step using the
velocity Verlet algorithm. The annealing process allows the rearrangement of CeC atomic positions at the GBs [31]. The annealed
structures were further equilibrated using the isothermaleisobaric
(NPT) ensemble over another 100 ps at 300 K and 1 atm to reach the
atmospheric pressure.
In polycrystalline graphene, the GBs have 1D interface between
two domains of a material with different crystallographic orientations. The structure of the grain is deﬁned by its orientation angle
qi , where qi is the angle between the zigzag direction (n, 0) and the
horizontal axis (see Fig. 3). We can also deﬁne the tilt angle 4i of a
GB as the joint between two mismatched angles (qL and qR ) of
adjacent grains, as shown in Fig. 3.
Accordingly, the chiral vectors for the left (nL , mL ) and the right
(nR , mR ) grains along the GB can be deﬁned as follows [15]:

pﬃﬃﬃ
3m
sinðqÞ ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ; and
2 n2 þ nm þ m2

(1)

2n þ m
cosðqÞ ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 n2 þ nm þ m2

(2)

These equations can be bridged to obtain the tilt angle ð4Þ, such
that [32]:

2. Voronoi tessellation and polycrystalline CNTs
In this work, we created polycrystalline CNTs by rolling graphene sheets containing GBs. The atomic structures of the graphene sheets with randomly distributed grain sizes and shapes
were created by using Voronoi tessellation technique [26,27]. First,
based on the required average grain size, a speciﬁc number of
points were randomly placed inside a square. Second, Delaunay
triangulation was performed to obtain a set of spatial coordinates
that forms a minimum distance with each nucleus from the
randomly created grain nuclei. The circumcenter of neighbouring
triangles that was generated in the last step was connected to
create GBs and form a particular grain for each nucleus in our
simulation cell. Although the grain nuclei were placed randomly,
the distribution of the grain sizes (grain area) can be ﬁtted
following a gamma distribution [28]. This method has been widely
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In principle, different arrangements can develop along the GB.
Formation of pentagon and heptagon defects along the GB can
develop and defects such as quadrilaterals, octagons, and nonagons
can also form due to higher formation energy, and are rarely
observed in experiments [33]. Therefore, we consider pentagon and
heptagon defects in this work and ruled out all other types of defects. These kinds of GB structures in graphene have also been
modeled in several studies [18,21,34,35]. To study the effect of grain
shape, size and structure on the mechanical properties of polycrystalline CNTs, four types of CNTs were considered, (see Fig. 4).
These are: CNT with (i) random GBs, (ii) helical GBs to the CNT axis,
(iii) parallel GB to the CNT axis, and (iv) transverse GB to the CNT
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(a) 50 Grains

(b) 250 Grains

(c) 500 Grains

Fig. 1. Randomly distributed grains with different sizes and shapes created using Voronoi tessellation technique: (a) 50 grains, (b) 250 grains, and (c) 500 grains. (A colour version of
this ﬁgure can be viewed online.)

Fig. 3. Atomic structure of a tilt GB in graphene separating two crystalline domains
misoriented by 4 ¼ qL þ qR ¼ 280 þ 70 ¼ 350 . a1 and a2 are the unit vectors of graphene lattice. (A colour version of this ﬁgure can be viewed online.)

diameter and curvature of CNTs on their mechanical properties and
the thermodynamic stability of the GBs were studied herein by
modeling three polycrystalline CNTs with horizontal GB of different
diameters ranging from 9 Å to 24 Å, as depicted in Fig. 5.
Fig. 2. (a) A plot of a 600 Å  600 Å square region ﬁlled with randomly distributed
grains with different sizes and shapes created using Voronoi tessellation technique.
The square at the center shows the part of the system ﬁlled with randomly oriented
graphene domains to create the tessellated graphene sheet. (b) Snapshot of an
unequilibrated polycrystalline graphene sheet of a size 300 Å  300 Å. The square at
the bottom edge shows the part of the graphene system that is rolled to form a
polycrystalline CNT. (c) An enlarged view of the graphene sheet with 4 grains. Angles
of the corresponding crystallographic direction of the grains are determined with
respect to the horizontal axis (see Table 1 for details). (d) and (e) procedures used to
create the polycrystalline CNT. (A colour version of this ﬁgure can be viewed online.)

axis. Grains are shown in different colors and shapes.
Note that the misorientation angle (4) of a GB can take any value
due to a variety of synthesis of CNTs. In case of graphene, the GBs
obtained through MD simulations via rotation and reﬂection operations followed by the annealing process exhibited misorientation angles from 50 to 300 [36], which is in good agreement with
the experimental ﬁndings reported in Ref. [37]. Such misorientation angles of GBs may inﬂuence the mechanical properties of CNTs.
For each selected polycrystalline CNT, we performed simulations of
three randomly generated samples with the same average grain
size, but different initial grain conﬁgurations, and then used the
average of the three samples to determine the averaged mechanical
properties. In Table 1, we summarized the grain numbers and
orientation angles from our simulations. Additionally, the effects of

3. Molecular dynamics (MD) simulations
All MD simulation runs were conducted with large-scale atomic/
molecular massively parallel simulator (LAMMPS) [38] and the
molecular interactions in CNTs are described in terms of Adaptive
Intermolecular Reactive Empirical Bond Order (AIREBO) force ﬁelds
[39]. This interatomic potential accurately captures the interaction
between carbon atoms as well as bond breaking and reforming
[40,41]. The cutoff parameter describing the short-range CeC
interaction was selected to be 2.0 Å in order to avoid spuriously
high bond forces and nonphysical results at large deformation
[42,43]. The interlayer separation distance between graphite layers,
3.4 Å, was taken as the effective thickness of the CNT [22,44e48].
The sequence of the conducted MD simulations is as follows.
First, the initial structures of the CNTs were created by rolling the
graphene sheets. The grains of the rolled CNT were then heated up
to 3000 K and equilibrated for 100 ps in the NVT ensemble to
enable the formation of the pentagon-heptagon rings along the
GBs. The obtained structure was then analyzed and the regions
with high atomic density that failed to yield a perfect geometry
were reconstructed by removing few carbon atoms to reduce the
atomic density to the normal levels. The previous steps were
repeated until perfect boundaries were obtained with 5e7 rings.
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(a)
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(b)

(c)

(d)

Fig. 4. Different cases of polycrystalline CNTs: (a) CNT with random GBs. (b) CNT with helical GBs. (c) Parallel GB to the CNT axis. (d) Transverse GB to the CNT axis. (A colour version
of this ﬁgure can be viewed online.)

(a) d ~ 9 Å

(b) d ~ 16 Å

(c) d~24 Å

Fig. 5. Atomic structures of different polycrystalline CNTs with a horizontal GB. (A colour version of this ﬁgure can be viewed online.)

This was then followed by energy minimization simulation using
the conjugate gradient algorithm to obtain CNTs with optimized
conﬁgurations. The minimized structure of a CNT was considered to
be optimized once the change in the total potential energy (PE) of
the system between subsequent steps is less than 1.0  1010 kcal/
mol. Subsequently, MD simulations were performed in the NVT
ensemble at an interval of 0.5 fs for 50 ps to equilibrate the CNT
structures, where the velocity Verlet algorithm was used to integrate the equations of motion. Finally, a uniaxial tension simulation
was performed by ﬁxing one end of the CNT and applying a constant speed of 0.1 Å/ps at the other end. This corresponds to a
nominal strain rate in the conducted MD simulations of
1.25  109 s1. This is typical of MD simulations in Refs. [49e52] in
which very high strain rates up to 1  1010 s1 were applied. The
strain rate used in our simulations allowed us to ensure the equilibrium of the CNT's atomic structure [53], and hence capture the
true response of the CNT. The atoms of the moving end were also
constrained in the transverse plane to prevent the loaded CNT from
bending at high loads. The atoms of the CNT between the two ends
were equilibrated during the simulation in the NVT ensemble at
300 K. The reaction forces on the ﬁxed end atoms were calculated
throughout the simulation and then used to obtain the stress-strain
curve. The tensile simulation was stopped when the CNT was
completely fractured. Young's modulus of the CNT was calculated
from the initial slope of the stress-strain curve and the averaged
stresses were calculated assuming a uniform tensile stress distribution along the cross-sectional area of the CNT:

saxial ¼

Freaction

p DCNT tCNT

(4)

where, Freaction is the summation of all reaction forces along the CNT

axis at the ﬁxed end, and DCNT and tCNT are the respective averaged
diameter and thickness of the CNT.

4. Results and discussions
We carried out comprehensive MD simulations to determine
Young's moduli of polycrystalline CNTs subjected to axial extension,
focusing on the effects of grain size and orientation. Fig. 6 shows the
comparison of the stressestrain curves obtained for CNTs with
random GBs, constructed in three different ways (see Table 1 for
details). The corresponding energy curves for the three samples are
demonstrated in Fig. 7. We also considered pristine (19, 19) CNT to
compare the results with those for polycrystalline CNTs. This
armchair CNT is the nearest pristine nanotube in diameter to the
considered polycrystalline cases. Initially, the gradient of the stressstrain curves increases as the applied axial load increases. The slope
of the stress-strain curve in this range provides Young's modulus.
We determined the averaged Young's modulus of a CNT made of
random GBs using the data from the three different MD tests. In a
similar fashion, the averaged Young's moduli were obtained for all
other cases; namely, three MD runs were conducted of CNT with
helical GB, parallel GB with respect to CNT axis and transverse GB
relative to CNT axis, as shown in Fig. 8.
Table 2 summarizes the obtained results. This table also lists the
fracture strength, failure strain and PE for all cases, which will be
discussed in detail in the next section.
The results of Table 2 show a noticeable reduction in Young's
modulus of the polycrystalline CNTs in comparison with the pristine single-crystal CNT for which Young's modulus (E) is ~936 GPa.
This reduction results from the presence of GBs which manifest
themselves highly localized defects and fracture initiation sites. We
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Fig. 6. Stress-strain curves of the pristine CNT and polycrystalline CNTs with random
GBs (corresponding to ﬁrst 4 rows of Table 1). (A colour version of this ﬁgure can be
viewed online.)

0
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0.1
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0.15

Fig. 8. Averaged stress-strain curves of pristine and polycrystalline CNTs. (A colour
version of this ﬁgure can be viewed online.)
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reported that the orientation angle of GBs and dislocation types
do not much inﬂuence the mechanical performance of graphene,
which is in contrast to our ﬁndings. This is due to the variation of
the included angles of CeC bonds of a polycrystalline CNT with its
radius. When a polycrystalline graphene sheet forms a CNT structure, the lengths and the spatial relations of the CeC bonds change.
It may also be noted that the grain size does not much affect the
elastic modulus of CNTs; rather, the orientations of the GBs play a
critical role in dictating the elastic properties of the CNTs.
4.1. Failure behavior of polycrystalline CNTs

0
0

2
4
Tensile displacement (Å)

Fig. 7. The variation of the PE of CNTs with random GBs (corresponding to rows 2 to 4
of Table 1). (A colour version of this ﬁgure can be viewed online.)

can also observe that the values of E are strongly dependent on the
orientation of GBs. Among all other types of GBs listed in Table 2,
random GBs are found to drastically reduce the averaged value of E
by some 25% in comparison with the pristine CNT. This signiﬁcant
reduction in CNT strength is attributed to the presence of the grain
boundary triple junctions and the larger interactions between the
stress ﬁelds of the pentagoneheptagon defects. On the other hand,
the reduction in E was found to be only ~10% of the pristine tubes in
the case of parallel GB. This is attributed to the equal sharing of
axial load by the two halves of the polycrystalline CNT. It is also
worth noting that interactions between the stress ﬁelds of the
pentagoneheptagon defects along the GBs were found to be less
prominent. The other two cases of orientations of GBs (i.e. helical
and transverse) fall in between these extreme values of E, and the
reductions were found to be around 12.5% and 19%, respectively.
Unlike the parallel case, in the horizontal case, the entire load is
fully transmitted through the circumferential GB, and thus the
strength of a CNT is fully controlled by the weak 5e7 defects. In the
case of polycrystalline graphene, several researchers [18,21,31,34]

The fracture of polycrystalline CNTs was explored by performing
MD simulations using realistic ﬁnite-grain-size models, emphasizing the role of orientations of GBs. GBs may act as initiation sites
and the potential precursor of their ultimate fractures. Therefore,
we hypothesize that CeC bond along the GBs would ultimately lead
to the fracture of CNTs, serving as accumulators of prestrain and
consequently reducing the CNT strength. It provides us additional
motivation to explore the role of GBs and grain sizes on the fracture
strength of the polycrystalline CNTs. Fig. 9 shows snapshots of the
polycrystalline CNT with random GBs at different stages of the
tensile test simulation illustrating the initiation and propagation of
cracks along GBs that lead eventually to the complete fracture of
the CNT. Fig. 9 (a) and (b) show the respective snapshots of the CNT
before and after applying uniaxial strain of 7% just prior to crack

Table 1
Orientation of grains in polycrystalline CNTs.
Type of GBs
Random GBs

Grain number Sample 1, qi ( ) Sample 2, qi ( ) Sample 3, qi ( )

1
2
3
4
Helical GB
1
2
Parallel GB
1
2
Transverse GB 1
2

5.0
26.6
18.7
24.5
6.4
7.4
5.6
27.6
5.6
27.6

1.5
10.5
23.0
42.7
1.8
22.2
17.3
14.7
17.3
14.7

2.0
3.2
0
45.6
9.4
9.6
0.4
12.9
30.3
12.9
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Table 2
Comparisons of mechanical properties and potential energy (PE) of different polycrystalline CNTs.
CNT Type

Young's
Modulus
(GPa)

Fracture
strength
(GPa)

Fracture
strain (%)

PE/atom
(eV/
atom)

Pristine (19,19)
Random GBs
Sample
#1
Sample
#2
Sample
#3
Average
Parallel GBs
Sample
#1
Sample
#2
Sample
#3
Average
Helical GB
Sample
#1
Sample
#2
Sample
#3
Average
Transverse
Sample
GB
#1
Sample
#2
Sample
#3
Average

936.2
739.4

103.2
50.1

18.9
7.24

7.310
7.240

719.3

54.2

7.207

7.207

657.3

41.6

7.222

7.222

705.3
868.2

48.6
49.9

7.223
7.236

¡7.223
7.236

832.5

68.6

7.261

7.261

819.9

52.8

7.261

7.261

840.2
802.1

57.1
44.1

7.253
7.264

¡7.253
7.264

785.8

44.8

7.276

7.276

868.9

45

7.278

7.278

818.9
712.5

44.6
39.3

7.273
7.219

¡7.273
7.219

837.6

44.3

7.245

7.245

718.2

39.5

7.267

7.267

756.1

41

7.244

¡7.244

initiation. The out-of-plane deformations (i.e. ripples) at the GBs
undergo a straightening process during tension as shown in Fig. 9
(b). Fig. 9 (c) shows that fracture initiates at the triple junction of
GBs due to the associated high stress concentration at that junction
and the failure of the weak 5e7 rings that progresses along the GB.
Analogous behavior was observed in all other cases as well, since
the internal grain structures of a CNT are defect-free. Once a crack
initiation site is established, the crack extends in an intergranular
manner depending on the orientations of the GBs. Fig. 9 (d) shows a
completely fractured CNT with some dangling carbon atoms.
We refer to the tensile stress-strain curves for polycrystalline
CNTs presented in Figs. 6 and 7. As the applied strain is further

Fig. 9. Simulation of failure of a CNT with random GBs under tensile loading. (a)
Unstrained CNT, (b) CNT strained under tension at an average strain rate of
1.25  109 s1. (c) Fracture nucleates at GB and the interiors of the grains remain stress
free. (d) A global fracture of a CNT. (A colour version of this ﬁgure can be viewed
online.)
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increased, the polycrystalline CNT fails due to the crack nucleation
and propagation along the GB. From Fig. 8, it can be observed that
the orientation of GBs signiﬁcantly affects the failure behavior of
the CNTs. Transverse GB has detrimental inﬂuence on the fracture
strength (sf ) of a CNT and reduces the value of sf by some 60%. On
the other hand, the presence of parallel GB in the CNT reduces the
value of sf by around 46% in comparison with the pristine CNT.
Interestingly, these two cases have the same number of grains with
identical grain size provide a counterintuitive ﬁnding. The fracture
strength of CNTs with all other orientations of GBs lies within the
transverse and parallel GBs cases. It can also be observed from
Figs. 6 and 8 that a trade-off exists between the values of E and sf in
case of random and transverse GBs. The respective values of E and
sf are 705 GPa and 48.6 GPa in the case involving random GBs,
while in the case involving a transverse GB, they are 756 GPa and
41 GPa, respectively. This trade-off is caused by the difference in the
CNT response during deformation depending on the GBs content
and orientation, which leads to different nonlinear behavior at high
strains. This clearly shows an opportunity for tailoring the mechanical properties of polycrystalline CNTs by engineering the GBs.
From the listed values of the failure strains in Table 2, we can
observe the brittle (catastrophic) fracture of the polycrystalline
CNTs. On the contrary, the pristine CNT shows signs of ductile
fracture as manifested by the large fracture strains. This is due to
the fact that dislocations that develop along the GBs in polycrystalline CNTs are completely sessile, and brittle breakage of sp2
bonds dominates the failure behavior rather than dislocation
movement. This ﬁnding is in good accord with the brittle fracture of
polycrystalline graphene systems [18,21,34].
4.2. Effect of curvature on the mechanical properties of
polycrystalline CNTs
We investigated the effect of nanotube's curvature on the mechanical properties of polycrystalline CNTs with horizontal GB of
different diameters ranging from 9 Å to 24 Å [see Fig. 5(a)-(c)]. We
also compared the obtained results of polycrystalline CNTs with
those of pristine CNTs of similar diameter and unfolded graphene
sheet of a CNT of 24 Å diameter [see Fig. 4(d)]. Table 3 summarizes
the obtained results from the tensile MD simulations for all cases
considered. It is very clear that the diameter signiﬁcantly inﬂuences
the mechanical properties of polycrystalline CNTs. For instance, the
elastic modulus, the fracture strength and the fracture strain
decreased by 14.8%, 24.3%, and 19.6%, respectively, corresponding
to the diameter of a polycrystalline CNT of 9 Å, 16 Å and 24 Å. On the
other hand, the mechanical properties of pristine armchair CNTs
were found to slightly decrease (~2%) with increasing CNT diameter. The signiﬁcant reduction in the properties of polycrystalline
CNTs is attributed to the development of surface irregularities
leading to buckling of their cylindrical surface, which eventually
distributes the load non-uniformly along the nanotube circumference. Fig. 10(a)-10(c) show snapshots of the grains and hexagons
located at each side of the GB of three different CNTs. The mechanical properties of the polycrystalline graphene sheet representing the unfolded polycrystalline CNT of diameter ~24 Å were
also determined and compared with those of a pristine graphene
sheet. The results show that the elastic modulus of the polycrystalline CNT is ~22% higher than that of the unfolded graphene
sheet. On the other hand, the polycrystalline graphene sheet undergoes ~28% more deformation before it fractures in comparison
to the CNT. Furthermore, the cohesive energy per atom was found
to increase with the increase in the CNT diameter. However, the
cohesive energy per atom for the unfolded graphene sheet was
found to be lower when compared with the rolled CNT, This is
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Table 3
The mechanical properties and PE of pristine/defective CNTs and graphene sheets.
Structure type

Chirality/defect type

Young's modulus (GPa)

Fracture strength (GPa)

Fracture strain (%)

PE/atom
(eV/atom)

CNT with horizontal GB
CNT with horizontal GB
CNT with horizontal GB
Pristine CNT
Pristine CNT
Pristine CNT
Graphene with horizontal GB
Pristine graphene

D ¼ 9.0 Å
D ¼ 16.0 Å
D ¼ 23.75 Å
n¼m¼7
n ¼ m ¼ 12
n ¼ m ¼ 18
Loading in Vertical direction
Loading in the armchair direction

892
841.5
759.8
838.27
825.79
821.12
589.8
898.8

59.28
47.94
44.80
103.04
104.01
104.66
42.97
93.06

7.05
5.69
5.67
19.65
19.56
19.74
7.27
15.12

7.231
7.274
7.276
7.256
7.290
7.301
7.242
7.286

attributed to the higher number of carbon atoms that exist at the
sheet boundaries with unpaired electrons. We calculated the
cohesive energy per atom for a larger graphene sheet
(500 Å  500 Å) and found it to be 7.336 eV/atom.

was found to signiﬁcantly inﬂuence the fracture strength and the
fracture strain. The relationships between the temperature and the
fracture properties were obtained by curve ﬁtting the results with
linear functions, as depicted in Fig. 12 (a) and 12(b).

4.3. Effect of temperature on the mechanical properties of
polycrystalline CNTs

5. Conclusions
In this study, which is the ﬁrst of its type, we performed systematic and comprehensive MD simulations to determine the
mechanical properties of polycrystalline CNTs subjected to axial
extension. An algorithm was developed to generate the atomistic
descriptions of polycrystalline CNTs with a variety of GB types using
Voronoi tessellation technique. The mechanical strength and the
fracture behavior of polycrystalline CNTs were explored by

We further investigated the effect of temperature on the mechanical properties of polycrystalline CNTs of diameter 9 Å. For such
an investigation, we performed uniaxial tensile MD simulations at
different temperatures ranging from ~0 K to 10700 K. Fig. 11(a) and
11(b) show the variation of the PE and uniaxial stress of the CNT
under uniaxial strain at different temperatures. The temperature

(a) D

9Å

(b) D

16 Å

(c) D

24 Å

Fig. 10. Atomic structures of three CNTs with different diameters. (A colour version of this ﬁgure can be viewed online.)
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Fig. 11. Variation of (a) the potential energy and (b) the uniaxial stress with the applied uniaxial strain of CNT with circumferential GB at different temperatures. (A colour version of
this ﬁgure can be viewed online.)
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Fig. 12. The variation of (a) the fracture strength and (b) the fracture strain with temperature of CNT with circumferential GB of diameter 9 Å. (A colour version of this ﬁgure can be
viewed online.)

conducting MD simulations with varied ﬁnite-grain-size models,
emphasizing the role of orientations and size of grains. Contrary to
existing studies of polycrystalline graphene, we found that the
mechanical performance of CNTs is largely governed by the orientations of GBs but not the size of the grains. For instance, our
simulations reveal a ~60% strength reduction due to the presence of
transverse GBs in a CNT, with cracks initiating at the GBs. On the
other hand, GBs aligned with the axis of a CNT were found to be less
detrimental to the mechanical properties in comparison to all other
orientations of GBs. Trade-off between Young's modulus and the
fracture strength was also observed for a particular type of GB
orientation. The results show a signiﬁcant dependence of the
properties of polycrystalline CNTs on the nanotube curvature,
diameter and temperature. The current results show that GBs are
important intrinsic defects in CNTs which can be engineered and
used to tailor the properties of functional devices.
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