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Abstract: Carbon nanotube (CNT) bundles/fibers possess promising applications in broad fields,
such as artificial muscles and flexible electronics, due to their excellent mechanical properties. The as-
prepared CNT bundles contain complex structural features (e.g., different alignments and compo-
nents), which makes it challenging to predict their mechanical performance. Through in silico studies,
this work assessed the torsional performance of CNT bundles with randomly packed CNTs. It is
found that CNT bundles with varying constituent CNTs in terms of chirality and diameter exhibit re-
markably different torsional properties. Specifically, CNT bundles consisting of CNTs with a relatively
large diameter ratio possess lower gravimetric energy density and elastic limit than their counterpart
with a small diameter ratio. More importantly, CNT bundles with the same constituent CNTs but
different packing morphologies can yield strong variation in their torsional properties, e.g., up to
30%, 16% and 19% difference in terms of gravimetric energy density, elastic limit and elastic constants,
respectively. In addition, the separate fracture of the inner and outer walls of double-walled CNTs is
found to suppress the gravimetric energy density and elastic limit of their corresponding bundles.
These findings partially explain why the experimentally measured mechanical properties of CNT
bundles vary from each other, which could benefit the design and fabrication of high-performance
CNT bundles.

Keywords: carbon nanotube bundle; torsion; random packing; molecular dynamics simulation

1. Introduction

Carbon nanotube (CNT) bundles/fibers have received enormous interest from both
scientific and engineering communities, due to their promising applications as mechanical
energy storage media [1], energy harvesters [2], promising building blocks for artificial
muscles [3,4] and flexible electronics [5,6]. There are several types of CNT bundles/fibers
being studied, including CNT fibers/bundles [7–10], vertically aligned carbon nanotube
arrays [11,12] and yarns [13,14], which are fabricated through either a spinning [15] or
twisting/rolling technique [16]. With the continuous optimization of synthesis technology
and methods, ultra-straight CNT bundles with a tensile strength of over 80 GPa have been
prepared successfully [17], based on ultralong defect-free CNTs. In experiments, the size
and type of individual CNT can be controlled during the synthetization process [18]; while
it is still challenging to prepare CNT bundles with uniform constituent CNTs and most
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experimentally studied CNT bundles comprise of different kinds of CNTs [17,19]. As a
result, the experimentally measured elastic properties of CNT bundles are usually not
consistent and show a relatively large variation. For example, their Young’s modulus
ranges from 70 to 350 GPa [20–22].

To tackle the challenges in precisely controlling the properties of CNT bundles, molec-
ular dynamics simulation that is based on the atomistic configurations of CNT becomes a
powerful tool. There are extensive atomistic works exploring the mechanical properties
of individual CNTs and CNT bundles. It is found that the torsional behavior of a single-
walled carbon nanotube (SWNT) is dependent on not only the tube chirality but also on
the loading direction [23]. Under torsional deformation, CNT is prone to buckling due
to its hollow tubular geometry [24–26]. The critical buckling load for both zigzag and
armchair CNTs increases as the tube diameter increases [27]. Buckling of constituent CNT
introduces structural instability, while it may also be beneficial for certain applications as
the appearance of buckling allows large deformation [28,29]. Furthermore, it is found that
the shear modulus of zigzag CNT is higher than that of armchair CNT [30], and the zigzag
structure shows superior performance against torsional buckling than that of the armchair
structure [31]. Previous works report that when the tube diameter is less than 10, the shear
modulus of the CNT bundle is linearly related with the CNT diameter [32], and the increase
of constituent CNTs in the bundle structure will lead to a decrease in the strain energy
density under torsion [33]. In addition to full atomic studies, a coarse-grained model has
also been employed to investigate the mechanical properties and microstructural evolu-
tion of CNT fibers under twisting [13,34]. It is found that the coupling effect of bending,
torsional, tensile and compressive deformations play a key role in the mechanical energy
stored within twisted SWNT-based bundles [33,35].

Recently, a CNT bundle structure constructed of a mixture of SWNTs and multi-walled
CNTs, and impacts of factors, such as tube density, tube distribution, metallic tube ratio and
bundle dimensions was discussed to study the kinetic inductance performance [36]. Studies
reveal that the stacking morphology will influence the tensile properties of double-walled
CNT (DWNT) bundles [37]. Thus far, almost all studies on CNT bundles under torsion have
considered a bundle structure with a uniform constituent which, however, is not the case in
experimentally prepared samples. As such, it is of great interest to assess how the bundle
will perform when it has a randomly packed configuration, which becomes the focus of
this work. Through molecular dynamics simulations, it is found that the non-uniformity of
the chirality, the diameter ratio (ratio between the maximum and minimum constituent
CNTs) and the mass density of bundle structures (bundle structures with a similar effective
diameter but different numbers of CNTs) will significantly impact the torsional properties
of the bundle structure.

2. Methods
2.1. Bundle Packing Method

The circle packing concept [38] was implemented to pack nanotubes with different
diameters to form a cylindrical CNT array, mimicking the cross-sectional structure of the
CNT yarn observed in experiments [39,40]. Experiments show that CNTs tend to be self-
assembled into circular cross-section (consisting of large diameter CNTs) [37] and regular
polygon cross-section (consisting of CNTs with a small diameter) [33] structures. A house-
code was developed based on the population-based solution [41], which randomly selects
CNTs from a sample pool and packs them axially together to form a bundle. The sample
pool contains SWNTs with different zigzag and armchair structures. Specifically, the first
CNT was arranged in the center of the bundle as shown in Figure 1a, followed by subse-
quent CNTs being arranged in a spiral that is tangent to the surrounding CNTs. Positioning
of subsequent CNTs is determined by marking the tangent of the surrounding CNTs and
measuring the radial distance between the tangents to determine the center of the subse-
quent CNT, as schematically shown in Figure 1b–d. This method yields a relatively compact
arrangement of CNTs in the bundle with minimal space variance between CNTs. The initial
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inter-tubular distance of 3.4 Å was considered, which is the same as the graphitic inter-
layer spacing distance [22,42]. Figure 1e–f shows atomic configurations of a representative
CNT bundle composed of a total of 19 nanotubes with indices (5,5), (7,7), (8,0) and (9,0).
The effective diameter of the CNT-based bundles is referred as Dbd.

Figure 1. Schematic view of the packing method. The general procedure of the random circle packing
method, including: (a) initialization; (b) adding the second CNT; (c) locating the sixth CNT; and
(d) locating the nineteenth CNT. Each ring represents the cross-section of a CNT. A presentative CNT
bundle containing 19 SWNTs: (e) the cross-sectional view, and (f) the side view.

2.2. Simulation Details

The molecular dynamic simulations were performed via Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) [43]. The AIREBO potential [44] was employed
to describe the carbon–carbon interactions, which has been widely used to describe the
mechanical behaviors of carbon nanostructures, such as graphene, CNTs and CNT bun-
dle [22,45]. The cut-off distance for the switching function was modified as 2.0 Å to avoid
the non-physical high tensile stress under bond stretching [46–49]. Before the torsional
testing, the CNT bundles were optimized by the conjugate gradient minimization method
and then equilibrated using the Nosé–Hoover thermostat [50] for 1200 ps to obtain a state
of equilibrium under canonical ensemble. Periodic and free boundary conditions were
applied along the axial and radial directions, respectively. Then, the periodic boundary
conditions were switched off. A couple of rotational loads were imposed simultaneously
on both ends of the CNT bundle in opposite direction with a period of 6000 ps, correspond-
ing to a rotational speed of 2π/12,000 rad/ps, which is the same as applied in previous
work [33]. A small timestep of 0.5 fs was applied in the relaxation and mechanical testing
process. The temperature of the CNT bundles was maintained at 1 K during the simulation
to limit the influence of thermal fluctuations.

During the simulation, virial stress was calculated, which is defined as [51]:

π
αβ
i =

1
ωt

{
−mivα

i
vβ

i
+

1
2 ∑

j 6=i
Fα

ijr
β
ij

}
(1)

where ωt represents the effective volume of atom i and Ω = ωt; mi and vi are the mass
and velocity of atom i; Fij and rij are the force and distance between atoms i and j; and the
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indices α and β represent the Cartesian components. Considering the sophisticated stress
status that the atoms experience in the deformed carbon nanotube bundle, the atomic Von
Mises stress was also calculated based on the atomic virial stress.

Based on Hooke’s law, the total strain energy for a twisted bundle structure with differ-
ent numbers of CNTs can be expressed as ∆Etot = ∑

(
∆Et + ∆Es + ∆Eb + ∆Ec,ij

)
[33,52,53].

Considering the total mass of the bundle as M, the strain energy density ∆Etot/M is
derived as:

∆Etot/M =
1
n

[
nktε

2
t + ks

n

∑
i=1

ε2
s,i + kb

n

∑
i=1

ε2
b,i + kc

n

∑
i=1

ε2
c,ij

]
(2)

Here, the dimensionless torsional strain is defined as εt = ϕD0/l0, with D0 and l0 as
the equivalent diameter and length of the sample, and ϕ as the twist angle. n is the filament

number, m is the mass of each filament. The tensile strain set as εs,i =
√

1 + (ρi ϕ/l0)
2 − 1.

The bending strain set as εb,i = D0/R, and Ri = ρi

[
1 + (l0/ρi ϕ)

2
]

[54], ρi is the coil radius,
which is the equilibrium separation distance between the filament axis and the bundle axis.
The compressive strain was calculated from εc,ij = 1− d0/dij. For simplicity, each filament
was considered to have the same equilibrium distance d0 to its closest neighbors, and dij is
the closest neighbor inter-tubular distance.

3. Results and Discussions
3.1. Torsional Properties of Individual SWNTs

Before exploring the torsional performance of the bundle structure, we compare the
torsional properties of the different armchair and zigzag SWNTs, as summarized in Table 1.
For discussion convenience, the armchair and zigzag SWNTs are denoted as Am and Zn,
respectively, with m and n representing the CNT index number, respectively. The detailed
simulation results including the strain energy curves and the atomic configurations are
provided in Supporting Information Figure S1. According to Table 1, the gravimetric
energy density of the SWNTs ranges from 2.0–3.15 MJ/kg and the structure is able to
achieve a relatively large torsional angle of 12.2–18.0 rad (or 0.5–0.7 rad/nm) before any
bond breakage, which aligns well with previous work [33]. Here, the gravimetric energy
density (Elim) refers to the maximum strain energy density (∆Emax/M) that the SWNTs can
achieve before fracture, and the corresponding dimensionless torsional strain is referred to
as the torsional elastic limit (ε lim). M is the total mass of the CNT, and the strain energy
is computed from ∆E = Et − E0, with Et and E0 representing the potential energy of the
strained and initial bundle.

Table 1. Torsional properties of SWNTs with different diameters (dins), including the gravimetric
energy density (Elim), elastic limit (ε lim), and the elastic constant (kT). Here, A and Z represent the
armchair or zigzag constituent CNTs, respectively. The subscript represents the index number of the
corresponding CNT. N refers to the total atom number for a sample length (L) of 25 nm.

Notation (m,n) N L (Å) dins (Å) Elim (MJ/kg) εlim kT (MJ/kg)

A5 (5,5) 2030 247.96 6.78 2.83 1.40 3.07
A7 (7,7) 2842 247.96 9.49 3.15 1.43 5.40
A8 (8,8) 3248 247.96 10.85 3.03 1.43 6.70
A9 (9,9) 3654 247.96 12.20 2.79 1.38 8.32
A10 (10,10) 4060 247.96 13.56 2.64 1.32 10.16
A11 (11,11) 4466 247.96 14.92 2.43 1.25 12.24
A15 (15,15) 6090 247.96 20.34 2.16 1.04 13.28
A16 (16,16) 6496 247.96 21.70 2.23 1.02 12.45
A20 (20,20) 8120 247.96 27.12 2.50 0.97 9.31
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Table 1. Cont.

Notation (m,n) N L (Å) dins (Å) Elim (MJ/kg) εlim kT (MJ/kg)

Z5 (5,0) 1145 242.38 3.91 3.93 1.87 1.47
Z6 (6,0) 1374 242.38 4.70 1.99 1.12 1.87
Z7 (7,0) 1603 242.38 5.48 2.83 1.34 2.26
Z8 (8,0) 1832 242.38 6.26 2.92 1.37 2.65
Z9 (9,0) 2061 242.38 7.05 2.94 1.36 3.12
Z10 (10,0) 2290 242.38 7.83 2.63 1.24 3.62
Z12 (12,0) 2748 242.38 9.39 2.96 1.33 4.86
Z13 (13,0) 2977 242.38 10.18 3.03 1.38 5.69
Z15 (15,0) 3435 242.38 11.74 2.84 1.34 7.49
Z16 (16,0) 3664 242.38 12.53 2.80 1.33 8.44
Z19 (19,0) 4351 242.38 14.87 2.68 1.27 11.94
Z26 (26,0) 5954 242.38 20.36 2.24 1.02 13.36

According to continuum mechanics [33,55], the torsional strain energy is a parabolic
function of the torsional strain in the linear elastic deformation regime, i.e., ∆E/M = kTε2

T/2.
From the atomic configurations at different deformation stages, SWNTs experience torsion-
induced helical buckling, torsional buckling [56,57], and collapsed wall induced fold-
ing [58,59] when the torsional strain increases. The occurrence of buckling or flattening
for SWNTs with a relatively large diameter deviates the strain energy curve from the ideal
parabolic relationship (see Supporting Information Figure S2). Meanwhile, the buckling
or flattening phenomenon relies on the geometrical feature (i.e., length and diameter) of
the SWNT, and thus, the fracture behavior of different SWNTs varies from each other.
Additionally, the elastic constant increases generally when the diameter of CNT increases,
which is expected due to the fact that a larger diameter means a larger polar moment of
inertia and more atoms involved in the deformation. Generally, zigzag CNTs experience
early fractures than the armchair ones with similar diameters, this is consistent with the
fracture mechanisms of graphene reported in the literature [60], i.e., the crack propagates
preferentially along the zigzag direction. Here, the elastic constant is fitted from the strain
energy profile with a torsional strain within ~0.05 (i.e., in the linear elastic regime).

3.2. Bundle Structure Consists of SWNTs with Different Chirality

With the above understanding, we then examine the torsional properties of bundles
consisting of SWNTs with a similar diameter. That is, the diameter ratio (η) approximates
to 1, which is defined as η = dl/ds, where dl and ds are the diameter of the largest and
smallest constituent CNTs, respectively. Different armchairs and zigzag SWNTs are selected
to form the bundle structure, and a filament number of 19 is considered in comparison
with the bundle with 19 uniform constituent SWNTs (which forms a uniform hexagonal
cross-section). As listed in Table 2, five groups of bundles are considered with an overall
diameter in the range from 4.8 to 12.0 nm, and each group contains three models, including
model Z19

n —consists of only zigzag (n,0) SWNTs, model A19
m —consists of only armchair

(m,m) SWNTs, and model Ai
mZj

n—consists of a mixture of armchair and zigzag SWNTs.
Here, i and j represent the number of SWNTs and i + j = 19. In each group, the effective
diameter of the bundle structures (Dbd) is similar, which is estimated by selecting the
initial CNT during the packing process as the geometrical center of the bundle (Figure 1a).
The total cross-sectional area (Sbd) of each bundle is estimated from Sbd = ∑i si, with si
as the cross-sectional area of the ith SWNT. The cross-sectional views of these models are
presented in Supporting Information Figure S3. In theory, each constituent SWNT bundle
experiences torsion, tension, bending and radial compression during the torsional defor-
mation. Previous works [33,35] suggest that the contribution from the tensile deformation
surpasses the contributions from the other three deformation modes in the bundle structure
when its filament number is over seven. Obviously, the constituent CNTs on the outer
annulus with the largest coil radius experiences the highest tensile strain. That is, the outer
layer SWNTs will fracture first during torsion.
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According to Table 2, the bundle structure consists of pure zigzag SWNTs usually have
a smaller elastic limit than its counterpart consisting of pure armchair SWNTs. Such an
observation is in line with the results shown in Table 1, where the zigzag SWNTs normally
experience earlier fracturing than their armchair counterparts with a similar diameter.
In comparison, the mixed bundle exhibits a medium torsional property in groups 2–4 with
η ≤ 1.03, which is higher than the bundle consisting of pure zigzag SWNTs, but lower than
the bundle consisting of pure armchair SWNTs. For instance, in group 2, the A8

7Z11
12 bundle

exhibits a gravimetric energy density of 558.18 kJ/kg, about 10% higher than the pure Z19
12

bundle (508.77 kJ/kg) but much smaller than the pure A19
7 bundle (642.94 kJ/kg). However,

when the diameter ratio is relatively large in group 1 and group 5, the mixed bundle is
found to exhibit poorer torsional performance than its counterpart either consisting of
pure zigzag SWNTs or armchair SWNTs. The relative difference of the gravimetric energy
density ζE =

(
Emax

lim − Emin
lim
)
/Emax

lim in each group is in the range of 20–28%. Here, Emax
lim

and Emin
lim represent the largest and smallest gravimetric energy density in each group.

Similarly, the relative difference of the elastic limit ζε is calculated for each group, which
is also relatively large (between 8% and 20%). Different from the gravimetric energy
density/elastic limit, the elastic constant for the bundles in each group is quite similar with
a minor relative difference of less than 10%.

Table 2. Torsional properties for bundles consist of different SWNTs with a similar diameter (dins),
including the gravimetric energy density (Elim), elastic limit (ε lim), and the elastic constant (kT).
Here, A and Z represent the armchair or zigzag constituent CNTs, respectively. The subscript and
superscript represent the index number and the number of the corresponding constituent CNTs,
respectively. Dbd, η and Sbd represent the effective diameter, diameter ratio and the cross-sectional
area of the bundle structures, respectively. ρlim is the maximum coil radius at the elastic limit for
outer CNTs in each bundle. Nb refers to the total atom number for the bundle structures that length
(L) of 25 nm.

Group Notation Nb
Dbd

(nm) η
ρlim
(Å)

Sbd
(nm2)

Elim
(kj/kg) εlim

kT
(MJ/kg)

1

A19
5 38,570 4.75 1 19.31 6.86 694.09 0.325 2.72

Z19
9 39,159 4.88 1 20.16 7.42 510.46 0.283 2.66

A8
5Z11

9 38,911 4.82 1.04 19.76 7.18 499.18 0.283 2.67

2

A19
7 53,998 6.11 1 20.29 13.44 642.94 0.250 5.72

Z19
12 52,212 6.06 1 24.30 13.16 508.77 0.225 5.17

A8
7Z11

12 53,360 6.06 1.01 23.88 13.28 558.18 0.233 5.29

3

A19
9 69,426 7.46 1 26.25 22.21 581.55 0.208 10.32

Z19
16 69,616 7.62 1 28.79 23.43 416.64 0.167 10.03

A13
9 Z6

16 69,486 7.54 1.03 27.64 22.59 469.85 0.183 11.07

4

A19
11 84,854 8.82 1 27.99 33.22 469.25 0.167 16.57

Z19
19 82,669 8.88 1 31.89 33.00 333.94 0.133 15.52

A7
11Z12

19 83,474 8.81 1.00 31.07 33.08 366.61 0.142 15.89

5

A19
16 123,424 12.21 1 39.49 70.27 327.95 0.100 35.53

Z19
26 113,126 11.54 1 40.09 61.86 266.80 0.092 31.98

A9
16Z10

26 118,004 11.87 1.07 38.16 65.84 249.15 0.092 33.10

Figure 2a compares the torsional strain energy curves for the bundles in group 1 with
an effective diameter of about 4.80 nm. It is seen that the strain energy profiles for different
bundles are nearly overlapped with each other in the elastic regime before fracture, sug-
gesting a similar elastic constant for different bundles observed in Table 2. After fracture,
multiple strain energy drop events are observed, which are induced by the multiple-step
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fracture of SWNTs in the bundle structure during torsion. For the highlighted peaks in
the torsional strain energy curve of A8

5Z11
9 bundle in Figure 2a, the corresponding tensile

strain (εstr,i) of the outer CNTs are ε I = 0.05, ε I I = 0.06, ε I I I = 0.08 and ε IV = 0.09,
respectively. For the mixed bundle structure, the outer layer zigzag CNTs fracture earlier
than the armchair CNTs as presented in Figure 2b, which aligns with the tensile properties
of CNTs (i.e., armchair CNT has a larger fracture strain). Note, the fracture sequence of
bundle-A8

5Z11
9 (the strain energy curve experiences nine sudden drops) is the highest, which

means that the stress transmission efficiency between CNTs is relative worse than other
CNT bundles. This observation aligns with the relatively low gravimetric energy density of
bundle-A8

5Z11
9 in group 1 (see Table 2). As evidenced in Figure 2c (upper panel), the outer

layer SWNTs suffers from higher stress than the inner SWNTs, and thus, they experience
fracture first. Since the diameter of the constituent SWNTs in the A8

5Z11
9 bundle is relatively

small, no buckling or flattening phenomenon is observed during torsion. The fracture event
releases part of the strain energy, which will change the morphology of the cross-section
and eventually affect the deformation behavior of the unfractured SWNTs. As shown in
Figure 2d, the relative difference of the coil radius (ζρ) for each outer CNT between the
initial state and the elastic limit stage increases from 2% to 40% when the CNT diameter
increases. Here, ζρ is calculated from ζρ = (ρini − ρlim)/ρini, ρini and ρlim represent the
coil radius of the filaments at the initial stage and elastic limit stage, respectively. As the
diameter of the CNTs increases, ρini of the bundles increases uniformly from 17 Å to 55 Å,
and ρlim varies with the cross-section of each filament. Overall, the above results signify
that the bundles consisting of SWNTs with a similar diameter behave similarly in the elastic
regime, while the elastic limit, as well as the gravimetric energy density, differ from each
other due to the variation in stress distribution.

Figure 2. The torsional deformation for SWNT-based bundles with different chirality. (a) The torsional
strain energy density as a function of the dimensionless torsional strain for A19

5 , Z19
9 and A8

5Z11
9 bundle;



Nanomaterials 2022, 12, 760 8 of 18

(b) Fracture sequence of the outer CNTs for different bundles; the marked pink and blue regions
indicated the armchair and zigzag CNTs, respectively, and the number in the grid indicates the
observed fracture sequence; (c) Atomic configurations at different deformation stages for A8

5Z11
9

bundle. I–VI correspond to the torsional deformation stages of strain energy density curves in
Figure 2a. Top panels are the cross-sectional views of the bundles. The atomic configurations only
show a segment (~6 nm) that close to the fracture region of the sample, and only unfractured CNTs
are visualized. The red dashed lines highlight the center of the applied torsional load. Atoms are
colored according to the atomic Von Mises (VM) stress. Bottom panels are the side views; and (d) The
relative difference of the coil radius (ζρ) for each outer CNT between the initial state and the elastic
limit stage.

3.3. Bundle Structure Consists of SWNTs with Different Diameter Ratios

The above results indicate that the diameter ratio could be an influencing factor that
affects the torsional behaviors of the bundle structure. To probe the potential influence,
we compare the torsional properties of the bundle structures consisting of CNTs with
different diameters, while keeping their overall diameters as a constant. For simplicity,
the bundle constructed from two types of CNTs is adopted, and three groups of bundle
structures are considered as listed in Table 3. The bundles constructed from CNTs with
a smaller η normally have a higher gravimetric energy density and elastic limit, but a
smaller torsional elastic constant. Such a trend is observed in all three groups. For instance,
the elastic limit for Z7

5 Z12
8 bundle with η = 1.60 is about 0.317, which is about 8% smaller

than its counterpart Z8
6 Z11

7 (η = 1.17). The largest difference is found for the bundle with an
overall diameter of 6.25 nm, where the Z9

12Z10
13 bundle with a diameter ratio of 1.24 exhibits

a gravimetric energy density of 455.50 kJ/kg, around 17.0% higher than its counterpart
Z10

10 Z9
15 (about 377.66 kJ/kg). Despite that, the relative difference of the elastic limit or

gravimetric energy density between different bundles does not exhibit a direct relationship
with the diameter ratio. Different from the results in Table 2, the difference in the elastic
constant for the bundles in each group is much larger. For example, the elastic constant
of the A7

7Z12
12 (η = 1.71) bundle is about 25% larger than its counterpart Z7

9 Z12
10 (η = 1.11) in

group 2 with an effective diameter of 5.08 nm. Overall, these results signify that a larger
diameter ratio introduces a negative effect to the gravimetric energy density (elastic limit)
of the bundle structure, but increases their elastic constant.

Table 3. Torsional properties for bundles consist of zigzag SWNTs with a different diameter ratio
(η), including the gravimetric energy density (Elim), elastic limit (ε lim), and the elastic constant (kT).
Here, Z represents the zigzag constituent CNTs. The subscript and superscript represent the index
number and the number of the corresponding constituent CNTs, respectively. Dbd, and Sbd represent
the effective diameter, and the cross-sectional area of the bundle structures, respectively. ρlim is the
maximum coil radius at the elastic limit for outer CNTs in each bundle. Nb refers to the total atom
number for the bundle structures that length (L) of 25 nm.

Group Notation Nb η
Dbd

(nm)
Sbd

(nm2)
ρlim
(Å)

Elim
(kj/kg) εlim

kT
(MJ/kg)

1
Z7

5 Z12
8 29,999 1.60 3.90 4.53 18.52 451.87 0.317 1.77

Z8
6 Z11

7 28,625 1.17 3.90 3.98 16.79 470.21 0.342 1.47

2
Z7

7 Z12
12 44,197 1.71 5.08 9.96 24.95 398.07 0.225 3.99

Z8
9 Z11

10 41,678 1.11 5.08 8.51 21.54 416.69 0.250 3.01

3
Z10

10 Z9
15 53,815 1.50 6.25 14.56 25.75 377.66 0.192 6.22

Z9
12Z10

13 54,502 1.08 6.25 14.37 26.21 455.50 0.208 5.51

Unlike the bundles with uniform constituent CNTs or constituent CNTs with a similar
diameter (i.e., η ≈ 1), the coil radius of the outer CNTs varies remarkably from each
other when η is relatively large. FromFigure 3a–b, it is obvious that the twisting center
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of bundles with a relatively large η is obviously offset from the geometry center, which is
responsible for the lower gravimetric energy density and elastic limit compared with the
bundles with smaller η. Several CNTs in the bundles with lower η tend to fracture at the
same time, which thus, results in fewer fracture steps than their counterpart with larger
diameter ratios (Supporting Information Figure S4). Comparing the strain energy profiles
for bundles in group 1, from which an obvious gap is observed between the two curves
before fracture, suggests different elastic deformation behaviors of the bundle structure.
Similar as observed previously, multiple strain energy drop events are observed, which are
caused by the multiple step fracture of the constituent CNTs under torsion.
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Figure 3. The atomic configurations at different deformation stages for: A7
5Z12

8 bundle (a) and A8
6Z11

7
bundle (b). I-VI and A-F correspond to the torsional deformation stages of strain energy density
curves in Supporting Information Figure S4d. Top panels only show a segment (~6 nm) that close to
the fracture region of the sample, and only unfractured CNTs are visualized. Bottom panels are the
cross-sectional views of the bundle in the middle portion of the bundle (~6 nm): Bottom left is the
front view of the representative bundles; Bottom right panels are the end-on and side views of the
middle section of the bundle. Atoms are colored according to the atomic Von Mises (VM) stress.

Since the coil radius of the constituent CNTs will affect the stress distribution, we com-
pare the torsional behavior of bundles with the same consistent CNTs (diameter ratio
of 1.5) but different packing morphologies, as presented in Figure 4a. By numbering the
fracture sequence of the outer SWNTs (Figure 4b), we find that the bundle Z6

10Z13
15-III with

a smaller fracture sequence number possesses a higher elastic constant. The coil radius
of the bundles and the corresponding strain energy profiles are presented in Supporting
Information Figure S5. It is found that the bundle with a larger coil radius and higher
variance of coil radius of outer CNTs tend to exhibit a smaller gravimetric energy density,
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while the elastic constant does not show a clear relationship with the coil radius of the outer
CNTs. As compared in Figure 4c, the gravimetric energy density changes from 305.0 to
437.0 kJ/kg (elastic limit ranges from 0.175–0.208), and the elastic constant varies between
5.88 and 7.25 MJ/kg. Overall, the packing morphology is found to induce 30%, 16% and
19% difference to the gravimetric energy density, elastic limit and elastic constant of the
bundle structure.

Figure 4. The comparisons of the torsional properties of bundles with same constituent SWNTs but
different packing morphologies. (a) Different packing mode of bundle structures with a diameter
ratio of 1.5. (b) Inset shows the fracture sequence of the outer CNTs. The pink grids refer to the
CNTs with smaller diameter and the number in the grid represents the fracture sequence of the
corresponding CNT. (c) The relation between the gravimetric energy density and the elastic constant
of the bundles with different packing morphologies.

3.4. Bundle Structure Consists of SWNTs with Different Mass Density

Recall Table 1, the bundles with the same effective diameter but containing different
consistent CNTs possess a different total number of atoms for the same given length.
In other words, they have different mass densities, and the bundles constructed from large
CNTs have a smaller mass density. For illustration, we compare the torsional behaviors
of another three groups of bundle structures, and each group contains two bundles with
the same effective diameter, namely a bundle with seven large CNTs and a bundle with
19 small CNTs (Table 4). The strain energy curves of these bundles are listed in Supporting
Information Figure S6. As expected, the bundle with more CNTs has a higher gravimetric
energy density compared with the sample with fewer CNTs, and this difference increases
when the effective diameter of the bundle increases. Such trend is observed in groups 1 and
2 and an adverse trend is observed in group 3, which can be explained from the fracture
mode of the bundle as discussed below. Different from the gravimetric energy density or
elastic limit, the elastic constant increases uniformly when the effective diameter increases
in each group and the relative difference of the elastic constant decreases from 73% to 53%.
We should note that the volumetric energy density shows a different pattern from that of
the gravimetric energy density of the bundles in group 3. Here, the effective volume (Ve f f )
of the bundle is estimated from Ve f f = Sbd × L, with L representing the sample length.
Generally, the bundle with small constituent SWNTs (higher mass density) possesses a
much higher volumetric energy density.

From the atomic configurations as presented in Figure 5a–b, folding of collapsed wall
occurs in the A7

20 bundle during the deformation, which will affect the associate tensile
deformation of the constituent SWNTs. Compared with the fracture strain under pure
tension, the equivalent torsion-induced tensile strain ranges from 22.0% to 36.5% for the
constituent SWNTs. The folding process of the collapsed CNTs of A7

20 bundle leads to the
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highest gravimetric energy density and elastic constant in the three groups. Supporting
Information Figure S7 gives the coil radius of each filament in the bundles before fracture.
The relative difference between the maximum and minimum coil radius is about 14%, 30%
and 34% for A19

5 , A19
8 and A19

11 bundle, respectively. During the torsional deformation, the re-
sulting radial compression will reduce the coil radius. The coil radius of the outer CNTs
for the bundle with 19 CNTs is generally higher than that of the bundle with seven CNTs.
Such observation indicates promoted tensile components in the bundle structure with
smaller constituent SWNTs. Overall, these results further affirm that the bundle structure
with the same effective diameter can exhibit a vastly different torsional performance.

Table 4. Torsional properties for bundles containing the same constituent CNTs, including the
gravimetric energy density (Elim), volumetric energy density (Evol

lim), elastic limit (ε lim), and the elastic
constant (kT). Here, A represents the armchair constituent CNTs. The subscript and superscript
represent the index number and the number of the corresponding constituent CNTs, respectively.
Dbd, and Sbd represent the effective diameter, and the cross-sectional area of the bundle structures,
respectively. N is the total atom number. ρlim is the maximum coil radius at the elastic limit for outer
CNTs in each bundle. Nb refers to the total atom number for the bundle structures that length (L)
of 25 nm.

Group Notation Nb
Dbd

(nm)
ρlim
(Å)

Elim
(kj/kg)

Evol
lim

(MJ/m3)
εlim

kT
(MJ/kg)

1
A19

5 38,570 4.75 19.46 694.09 3396 0.325 2.72
A7

10 28,420 4.75 14.28 662.15 1620 0.325 10.25

2
A19

8 61,712 6.78 25.82 637.04 2016 0.233 7.74
A7

15 42,630 6.78 17.66 579.06 944 0.242 21.22

3
A19

11 84,854 8.82 31.18 469.25 1043 0.167 16.57
A7

20 56,840 8.82 19.16 748.19 915 0.217 34.58

Figure 5. Atomic configurations at different deformation stages for: (a) A19
11 bundle; and (b) A7

20
bundle. Top panels are the cross-sectional views of the bundle in the middle portion (~0.3 nm).
Bottom left is the front view of the representative bundles. Bottom right panels are the end-on and
side views of a portion of the bundle (~6 nm). Atoms are colored according to the atomic Von Mises
(VM) stress.

3.5. Bundle Structure Consists of Double-Walled CNTs with Similar Diameter

Given the above impacts on the torsional properties of CNT bundles from different
constituent SWNTs, it is of great interest to explore the bundle structures with different
double-walled CNTs (DWNTs). For such purpose, we consider the bundle structures con-
structed from a combination of armchair (10,10)@(15,15) and zigzag (17,0)@(26,0) DWNTs,
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whose diameters are similar (20.35± 0.01 Å). They are denoted as A10,15 and Z17,26, respec-
tively. To reduce the model size, we consider the bundle structure with seven DWNTs.
Starting from the bundle constructed from seven A10,15 DWNTs and eight different bundles
are obtained by gradually replacing DWNT A10,15 with DWNT Z17,26(Table 5). The cross-
sectional views of different models are presented in Figure 6. For discussion convenience,
these models are denoted as Ai

10,15Zj
17,26 with i and j representing the number of the cor-

responding DWNTs. According to Table 5, the elastic constant decrease linearly when
the number of DWNT Z17,26 increases. The gravimetric energy density shows a different
changing pattern, which decreases until the number of DWNT Z17,26 reaches 5, afterward,
it increases again. It is worthy to mention that the major difference between the bundles
constructed from SWNTs and DWNTs is their mass density. It is obvious that the bundle
consisting of DWNTs has a much higher volumetric energy density than its counterpart
consisting of SWNTs. The volumetric energy density is between 1240 and 1395 kJ/m3 for
DWNTs-based bundles, which is 48% larger than the SWNTs-based bundles in Table 4.

Table 5. Torsional properties for bundles consisting of DWNTs, including the gravimetric energy
density (Elim), elastic limit (ε lim), and the elastic constant (kT). Here, A and Z represent the armchair
and zigzag constituent DWNTs. The subscript and superscript represent the index number and the
number of the corresponding constituent DWNTs, respectively. Dbd and Sbd represent the effective
diameter, and the cross-sectional area of the bundle structures, respectively. N is the total atom
number. ρlim is the maximum coil radius at the elastic limit for outer CNTs in each bundle. Nb refers
to the total atom number for the bundle structures that length (L) of 25 nm.

Notation Nb Sbd (nm2) ρlim (Å) Elim (kJkg) Evol
lim (MJ/m3) εlim kT (MJ/kg)

A7
10,15 71,400 23.87 22.55 565.08 1380 0.167 28.28

A6
10,15Z1

17,26 71,348 23.58 21.22 562.92 1378 0.167 27.85
A5

10,15Z2
17,26 71,296 20.77 20.17 569.74 1395 0.167 26.35

A4
10,15Z3

17,26 71,244 24.10 20.23 519.18 1262 0.167 25.64
A3

10,15Z4
17,26 71,192 20.91 20.20 515.97 1254 0.158 24.85

A2
10,15Z5

17,26 71,140 24.21 20.26 509.85 1240 0.158 24.30
A1

10,15Z6
17,26 71,088 21.22 20.52 514.58 1254 0.158 23.34

Z7
17,26 71,036 21.06 20.35 528.33 1288 0.158 23.08

Figure 6. Typical cross-sectional snapshots of DWNT bundles: armchair CNTs are mixing with
different ratios of zigzag CNTs, only considering axisymmetric structures.

Figure 7a compares the strain energy profiles between the representative bundles.
A slight mismatch is observed between the strain energy profiles before fracture, indicating
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the difference of elastic constants between different bundles. After the fracture, multiple
strain energy drop events are observed, which is similar to the bundles consisting of SWNTs.
As illustrated in Figure 7b, stress concentration is observed at the circumference of the
bundle A4

10,15Z3
17,26, and the surface DWNTs experience a fracture at the end region due to

its fixed boundary condition. Note, that separate fractures of the inner and outer walls of
DWNTs are observed, which are also shown in other kinds of hybrid bundles, as illustrated
in Supporting Information Figure S8.

Figure 7. The torsional deformation of bundles with seven constituent DWNTs. (a) The strain energy
density as a function of the dimensionless torsional strain. Inset shows the change of coil radius for
each DWNT in A4

10,15Z3
17,26 bundle under torsion; (b) Atomic configurations of A4

10,15Z3
17,26 bundle at

different deformation stages. Top panels are the cross-sectional views of the bundle in the middle
portion (~0.3 nm). Bottom left is the front view of the representative bundles. Bottom right panels are
the end-on and side views of a portion of the bundle (~6 nm). Atoms are colored according to the
atomic Von Mises (VM) stress.

In order to identify the factors that dominate the fracture mode of DWNT-based
bundles, we investigated the atomic configurations of individual DWNTs at different
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torsional deformation stages. Unlike the SWNTs, the individual A10,15 DWNT experiences
two sudden strain energy drop events during torsion, which is caused by the separate
fracture of the outer and inner wall (see Figure 8). Its gravimetric energy density is about
2156.77 kJ/kg, with an elastic limit of 0.57. In comparison, the Z17,26 DWNT exhibits a
single strain energy drop, as the failure is found to occur simultaneously at the outer and
inner walls, which results in a higher gravimetric energy density of about 2899.14 kJ/kg
( ε lim = ∼0.70). The torsional strain is illustrated by εt = ϕD0/l0, with D0 and l0 as the
equivalent diameter and length of CNT, and ϕ as the twist angle, it is obvious the outer
wall (with larger diameter) experiences earlier fracture than the inner wall. And when the
inner and outer shells of armchair@amchair and zigzag@zigzag satisfy the AB stacking of
graphite [17,61], the interactional energies or frictions between the inner and outer shells
are much larger than the other stacking counterparts [61,62]. In this case, the chirality has a
great influence on the torsional mechanical properties of DWNT-based bundles.

Figure 8. (a) The strain energy density as a function of the dimensionless torsional strain; Atomic
configurations at different deformation stages for (b) (10,10)@(15,15) and (17,0)@(26,0) DWNT; Atoms
are colored according to the atomic Von Mises (VM) stress, upper panels are the end-on views,
and bottom panels are the side views; The bottom and top fixed edges are treated as a rigid body.

Before concluding, we compare the torsional properties of all investigated bundles.
The Pearson correlation coefficient (PCC) is calculated, which measures the linear corre-
lation between two variables. It has a value between +1 and −1, where +1, 0 and −1 de-
note positive, none, and negative linear correlation, respectively. According to Figure 9,
the maximum coil radius (ρlim) and the elastic constant (kT) are positively related with
the cross-sectional area (Sbd), while the gravimetric energy density (Elim) and elastic limit
(ε lim) shows a negative relation with the cross-sectional area. A larger elastic limit (ε lim)
usually leads to higher volumetric energy density (Evol

lim), such a positive linear relationship
is weakened for the gravimetric energy density (Elim). A remarkable reduction of the
elastic constant is observed when the elastic limit increases from 0.10 to 0.325. Overall,
these results indicate that the packing morphologies and geometry characteristics will
significantly affect the torsional behaviors of the CNT bundles.
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Figure 9. Pairwise data relationship between the gravimetric energy density (Elim), elastic limit (ε lim),
elastic constant (kT), maximum coil radius (ρlim) under the elastic limit stage, volumetric energy
density (Evol

lim) and the cross-sectional area (Sbd) of CNT-based bundles; together with the relative
frequency of each performance parameter. Here, PCC refers to the Pearson correlation coefficient.

4. Conclusions

Based on atomistic simulations, this work systematically investigates the torsional
properties of CNT bundles with different constituent CNTs. Generally, the bundles ex-
hibit a multiple-step fracture behavior due to the uneven torsion-induced tensile stress,
i.e., the outer CNTs experience fracture first. The chirality of CNTs, diameter ratio of the
constituent CNTs and the mass density of the bundle structures induce significant influence
on the torsional properties of the bundle. For a similar diameter, the bundle structure
consists of pure zigzag SWNTs usually have a smaller gravimetric energy density and
fracture strain (or elastic limit) than its counterpart consisting of pure armchair SWNTs. It is
found that a larger diameter ratio exerts a negative effect on the gravimetric energy density
(elastic limit) of the bundle structure, but it enhances the elastic constant. The different
packing morphologies of the bundle structure with the same components induce a 30%
difference to the gravimetric energy density, a 16% and 19% difference to elastic limit and
elastic constants, respectively. Specifically, the elastic constant increases as the effective
diameter of bundle structures rise, and the relative difference of the elastic constant for
the bundle with different mass density decreases from 73% to 53%. Additionally, separate
fracture of the outer and inner wall is found in the DWNT-based bundles, resulting in lower
gravimetric energy density and elastic limit than those of the SWNT-based bundles. In sum-
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mary, this work provides a comprehensive understanding of the impacts of microstructure
on the torsional properties of CNT bundles.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12050760/s1. The Supporting Information is available
free of charge, including: Torsional strain energy curves and atomic configurations of SWNTs in
Supporting Information Figure S1; Torsional strain energy density vs. the dimensionless torsional
strain of the representative SWNTs in Supporting Information Figure S2; Coil radius of the outer
CNTs and effective diameter of bundles consists of SWNTs with different chirality in Supporting
Information Figure S3; Torsional deformation and strain energy curves for SWNT bundles with
different diameter ratio in Supporting Information Figure S4; Torsional properties and geometry
characteristics for bundles with different packing modes in Supporting Information Figure S5; The
torsional strain energy density as a function of the dimensionless torsional strain for bundles with
different mass density in in Supporting Information Figure S6; Geometry characteristics for SWNT
bundles with different mass density in Supporting Information Figure S7; Coil radius of each filament
under different deformation stages for representative double-walled CNT bundles in Supporting
Information Figure S8.
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