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Abstract

Properties of defects in crystals composed of soft particles, such as colloids, differ mark-
edly from those in metals. In this work, dislocation reactions in a bundle of carbon nano-
tubes (CNTs) are investigated using relaxational molecular dynamics. The problem is re-
duced to a two-dimensional model, where the strain state of the CNT bundle is fully de-
termined by the cross-sectional shapes of the nanotubes arranged in a close-packed trian-
gular lattice. A pair of edge dislocations with opposite topological charges is introduced
into an uniaxially compressed bundle, and their relaxational dynamics are analyzed as a
function of the distance d between the parallel planes along which the dislocations glide.
When the dislocations move in the same plane (d = 0), they annihilate, restoring a defect-
free structure. For negative distances (d < 0), their interaction results in the formation of a
vacancy (d =-1), a bivacancy (d =-2), extended voidions (d = -3, —4), or dislocation dipoles
(d <—4). In contrast to metals, vacancy clusters containing more than two missing particles
in CNT bundles relax into extended voidions. For positive distances (d > 0), the dislocation
reaction generates interstitial-type defects in the form of crowdions, which at sufficiently
large separations (d > 4) can also be interpreted as dislocation dipoles. In most cases, ex-
cept for d = 0 and d = 1, dislocation glide enables complete relaxation of the initial shear
strain, even in the presence of defects. However, for d =0 and d = 1, dislocation annihila-
tion or immobilization limits plastic deformation, resulting in only partial stress relaxa-
tion. The observed effects are due to the elliptization of the cross-sections of soft carbon
nanotubes in the cores of defects. These findings highlight significant differences in defect
behavior between crystals of deformable particles and conventional metallic systems.

Keywords: carbon nanotubes; dislocation; crystals; voidions; crowdions; molecular dynamics;
mass transfer; plastic deformation
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1. Introduction

Carbon nanotube (CNT) bundles and vertically aligned CNT forests represent an im-
portant mesoscale form of carbon nanomaterials in which the exceptional intrinsic prop-
erties of individual nanotubes are translated into collective mechanical, thermal, and
transport characteristics relevant for practical applications [1-5]. In particular, aligned
CNT assemblies are actively explored for thermal interface materials, microelectronic in-
terconnects, electrodes, sensors, damping layers, and lightweight multifunctional compo-
sites [2-7]. In many of these applications, the functional response is governed not by a
single nanotube, but by the cooperative behavior of a densely packed CNT ensemble,
where intertube interactions, packing morphology, and collective defect processes be-
come decisive [1,4,6].

At the same time, CNT bundles and forests commonly operate under external me-
chanical loading, including lateral compression, indentation, cyclic contact loading, and
shock-like action [2,4,8]. A growing body of experimental and theoretical work shows that
the deformation of aligned CNT assemblies is highly nonlinear and involves buckling,
intertube sliding, interface slip, hysteresis, and irreversible structural rearrangements
[4,8,9]. These observations indicate that the mechanical response of CNT arrays cannot be
reduced to purely elastic bending of isolated nanotubes and that it is necessary to examine
the microscopic mechanisms controlling their plastic deformation under applied loads [7-
11].

A convenient viewpoint for such an analysis is to regard the cross-sections of nano-
tubes in a compressed bundle as a two-dimensional close-packed crystal of soft particles
interacting through van der Waals forces and the elastic deformability of the CNT walls.
In contrast to ordinary crystals of rigid particles, soft-particle crystals can support unusual
extended point defects, including crowdions and voidions, whose structure is determined
by cooperative particle displacements along close-packed directions [12,13]. Recent stud-
ies of soft colloidal crystals have demonstrated that vacancies and interstitials in such sys-
tems may relax into one-dimensional extended defects rather than remain compact, local-
ized point defects, which strongly affects both plastic relaxation and transport properties
[12]. This analogy suggests that the plastic deformation of CNT bundles should also be
described in terms of defect generation, defect interaction, and collective rearrangement
of nanotubes inside a deformable close-packed array. Submicron-sized soft colloidal par-
ticles under specific conditions can form crystals and exhibit phase transitions where par-
ticle compressibility plays an important role [14,15]. Soft particles can overlap and form
stable clusters that self-assemble into periodic crystalline forms [16,17]. The flexibility of
CNT cross-sections may also lead to non-trivial mechanical properties of CNT bundles.

Another issue of fundamental and practical importance is the mechanism of mass
transfer in CNT assemblies subjected to deformation. In crystalline solids, dislocations are
known to contribute not only to plastic flow but also to anomalous mass transport under
strong external action, and dislocation-mediated mass transfer has been discussed for la-
ser-driven processes, phase transformations, Ostwald ripening [18-20], and precipitate
evolution [21]. Extended vacancy-type defects similar to voidions have also been analyzed
in soft colloidal systems, helium, and metals, where they provide a mechanism for con-
certed transport of matter [12,13,19]. Therefore, if dislocation reactions in CNT bundles
generate local regions of reduced or enhanced nanotube density, they may provide a nat-
ural microscopic mechanism for mass redistribution during plastic deformation.

Despite considerable interest in the mechanical behavior of carbon nanotube bun-
dles, the elementary mechanisms of defect-mediated mass transfer in the cross-sectional
plane remain insufficiently clarified. In particular, the interaction of compression-induced
dislocations and the conditions under which they generate vacancy-like or interstitial-like
collective defects are still poorly understood. The purpose of the present work is therefore
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to isolate these elementary mechanisms within a reduced cross-sectional model and to
identify the structural scenarios of defect reactions under lateral compression. The study
is not intended to reproduce the full three-dimensional finite-temperature response of a
real CNT bundle, but rather to reveal the underlying geometric and relaxational mecha-
nisms governing local defect transformations in the cross-sectional plane.

In this work, relaxational molecular dynamics is used to study defect formation and
dislocation-mediated mass transfer in a laterally compressed bundle of zigzag CNTs un-
der plane strain conditions. The problem is reduced to a two-dimensional model in which
the state of the bundle is determined by the shapes and arrangement of CNT cross-sec-
tions forming a close-packed triangular lattice, and the interaction of two edge disloca-
tions with opposite topological charges is analyzed as a function of the distance between
their glide planes. Special attention is paid to the formation of vacancies, bivacancies,
voidions, and crowdions, since these defects reveal the microscopic mechanisms of plastic
deformation and mass transfer in an array of soft particles modeling the CNT bundle.

2. Simulation Details

Relaxational dynamics of a bundle of (5,0) zigzag CNTs is investigated under plain
strain condition assuming that all CNTs are aligned along the z-axis and their cross-sec-
tions make a close-packed triangular lattice, see Figure 1. (6,0) and (7,0) CNTs were also
included for comparison in a few simulation runs. CNTs of small diameter are chosen to
avoid the bistability effect exhibited by CNTs of sufficiently large diameter, when they
can have two stable configurations—open and collapsed [22]. A pair of edge dislocations
of the opposite topological charge is introduced in the computational cell having a shape
of rhombuses by removing n CNTs from a densely packed row inclined to the x-axis by
60°. The problem is two-dimensional and the periodic boundary conditions are applied in
both directions. The bundle is then uniformly compressed in the vertical direction by &y
= 0.15 and the relaxation dynamics begin until a (local) minimum of potential energy is
reached and the system comes to equilibrium. It was found that the dislocations become
mobile for &y > 0.035 and they do not move at smaller values of the compressive strain.

B B

B

B

X

Figure 1. Initial configuration of a CNT bundle. From a 30 x 30 array of zigzag CNTs, n CNTs are
removed from a densely packed row inclined to the x-axis by 60° (in this case, n = 15). Periodic
boundary conditions are used. Each CNT is represented by 10 carbon chains oriented along the z-
axis. The bundle is then uniformly compressed in the vertical direction by 15% (&y =0.15, &x = &y =

0). Relaxation dynamics begin from this initial configuration and continue until a (local) minimum
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of potential energy is reached and the system reaches equilibrium. As a result of relaxation, two

dislocations initially form at points A and B, which then begin to slide.

The force field used in this study is described in detail in the work [22]. This is the
effective force field that describes the interactions between the carbon atoms representing
the straight chains of carbon atoms parallel to the z-axis. It includes the energy of the ef-
fective covalent interatomic interactions between the nearest atoms in the CNT wall (each
atom has two neighbors), the effective energy of the valence angles, and the non-valence
van-der-Waals interactions between nanotubes. This effective force field was fitted to the
mechanical properties and phonon dispersion curves of graphene and CNTs of different
diameter and has shown high accuracy in the modelling of various sp? carbon nanostruc-
tures such as CNT bundles [22,23], carbon nanosprings [24], multilayer CNTs [25,26], gra-
phene under pressure covering a slit [27], wrinkles in graphene on a substrate [28], dislo-
cations in CNT bundles [29], and CNTs interacting with gases or liquids [30-32]. It should
be emphasized that in the present study this force field is used within a reduced cross-
sectional representation of the CNT bundle and is intended to describe the relative stabil-
ity of defect configurations and their relaxational transformation pathways. The model is
therefore employed as a mechanistic mesoscale approximation rather than as a fully at-
omistic tool for quantitatively reproducing dislocation-core energies or Peierls barriers.
This distinction is important for interpreting the scope of the results and for avoiding
overestimation of the quantitative predictive capability of the reduced model.

All CNTs have 10 carbon atoms in their cross-section, each atom stands for a rigid
chain of carbon atoms parallel to the z-axis. CNT diameter is D = 3.97 A. The non-orthog-
onal translation vectors of the equilibrium CNT array are a = p(1, 0), b = p(1/2, V3/2), where
p is the distance between the centers of neighboring CNTs. In our case we have p =7.038
A, so that a=(7.038, 0), b = (3.519, 6.095) (in Angstrom). The distance between the walls of
the nearest CNTs is about 3.07 A. A small CN'T diameter was intentionally chosen in order
to remain within the regime where the tube cross-sections preserve a comparatively sim-
ple non-collapsed shape and the reduced soft-cross-section description remains physically
transparent. This choice makes it possible to focus on the elementary defect-reaction
mechanisms without the additional complications associated with strong ovalization or
collapse of larger-diameter nanotubes. Accordingly, the present results should be inter-
preted as most directly applicable to small-diameter aligned CNT bundles, whereas larger
diameters may lead to quantitatively different reaction thresholds and to additional struc-
tural transformation channels. This expectation is consistent with previous studies report-
ing diameter-dependent collapse and ovalization of CNT bundles under external loading
[33].

The relaxational dynamics are performed by the steepest descent method with the
limitation of the maximum displacement of the atoms to 0.01 A. This limitation ensures
the stability of the relaxation process especially at the early stage. The upper limit imposed
on the displacement at a single relaxation step was introduced as a conservative numerical
stabilization parameter. Its purpose is to ensure smooth relaxation in strongly distorted
local configurations and to prevent excessively large coordinate updates near defect cores.
Since the present work is focused on the topology and relative stability of the final relaxed
states rather than on real-time kinetics, this parameter should be viewed as part of the
numerical minimization procedure rather than as a physical dynamic quantity. A more
systematic sensitivity analysis of this numerical setting is beyond the scope of the present
study and will be useful in future work. The equilibrium is achieved when the maximum
force acting on an atom is less than 107 eV/A.

In all simulations presented below the CNT array initially has 30 x 30 zigzag CNTs
and the number of removed CNTs is varied from n =11 to n=19. By varying 1, one changes
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the distance between the planes where the two dislocations glide: for n = 15 they glide in
the same plane and for n # 0 the distance between the planes is d =15 — n, which can be
positive or negative.

The interactions between colloidal particles are often modelled by the repulsive po-
tentials [12] but the van-der-Waals bonds between sp? carbon structures are attractive at
large distances and repulsive at small distances. We consider the CNT bundle under lat-
eral compressive strain with a positive hydrostatic pressure when the repulsive forces act
between CNTs.

The present approach is a reduced two-dimensional model of a laterally compressed
bundle of long, parallel CNTs, in which the principal degrees of freedom are associated
with the in-plane rearrangement and deformation of nanotube cross-sections. Such a for-
mulation is appropriate for analyzing local cross-sectional defect reactions in sufficiently
long, aligned bundles when the dominant structural changes occur in the transverse
plane.

At the same time, the model does not explicitly include several factors that may be
important under more general conditions, namely thermal activation, axial nonuniformity
along the nanotube length, end effects, torsional loading, and diameter-dependent transi-
tions to strongly ovalized or collapsed cross-sections. Therefore, the critical values of the
geometric parameter d obtained in this work should be regarded as thresholds within the
framework of the present reduced model rather than as universal constants for arbitrary
CNT bundles.

This limitation is particularly relevant for larger-diameter CNTs, since diameter-de-
pendent compliance and collapse of nanotube bundles under loading have been reported
in the literature. In addition, studies of torsional loading show that the bundle response
may depend on diameter and loading mode, with twisting-induced defects such as discli-
nation lines significantly altering the mechanical behavior of CNT bundles [34,35]. Ac-
cordingly, the present results are most directly applicable to quasi-plane-strain cross-sec-
tional rearrangements in aligned, non-twisted or weakly twisted bundles of small-diam-
eter CNTs.

The calculations were performed in the athermal relaxational limit. This means that
the study is aimed at identifying the energetically preferred relaxed configurations and
defect-transformation pathways without explicit thermal fluctuations. Finite temperature
may facilitate activated transitions, alter metastability ranges, and affect defect mobility,
but these effects were not considered in the present work and require a separate finite-
temperature analysis.

3. Results
3.1. The Process of Relaxation

A snapshot of the structure during the relaxation is shown in Figure 2 for the case of
n =15. Black dots show the positions of the CNT cross-section centers of gravity. As men-
tioned above, the two edge dislocations are formed at the points A and B, they start to
glide and at the time of the snapshot they reach the positions shown by the circles and
labeled 1 and 2. The Burgers contours are plotted to find the Burgers vectors which are
shown by the arrows.

In the triangular lattice of carbon nanotube cross-sections, there are three close-
packed directions: the first is parallel to the x-axis, and the other two are inclined to the x-
axis at angles of 1/3 and 2m/3. The Schmid factor is defined as

m = cos} cosA, (1)

where ¢ is the angle between compressive stress and slip plane normal, and A is the angle
between stress and slip direction. The Schmid factor is maximum for the close-packed
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plane inclined to the x-axis at an angle of 27t/3, as in this case ¢ =2m/3, A = 7t/3, giving m =
0.433. Consequently, dislocations in a crystal compressed along the y-axis will slide along
the Burgers vectors, see Figure 2.

Figure 2. A computational cell with two dislocations, shown by small circles and labeled 1 and 2 for
the case n =15. Burgers’ contours are plotted to show the Burgers vectors of the dislocations (shown
by arrows). These dislocations initially formed at points A and B and glided along the Burgers vec-
tors to their actual positions. The structure shown is not in equilibrium, and the dislocations con-

tinue to glide along the Burgers vectors as the structure relaxes. They will meet at point C.

The structure presented in Figure 2 is not in equilibrium since the dislocations con-
tinue to glide and they will meet at point C. For the case of n = 15 presented in Figure 2,
the dislocations glide in the same plane and they will annihilate at point C restoring the
defect-free structure, as will be shown later. For n # 15 the dislocations will glide in differ-
ent parallel planes and the result of collision will depend on the distance between planes
d=15-n.

Convergence of the relaxation process is presented in Figure 3 for the 30 x 30 bundles
of zigzag CNTs (5,0), (6,0), and (7,0) under compressive strain &y = 0.15 with &x = &y =0.
In all three cases d = -2 (n = 17). Potential energy per atom p is shown as a function of the
relaxation step number. Bundles of CNTs of smaller diameter require more relaxation
steps to reach the equilibrium as the dislocations slide more slowly. For the bundle of (7,0)
CNTs the relaxation is complete in about 2 x 10¢ relaxation steps, while for (5,0) CNTs
about 5 x 106 relaxation steps are required.

1 T T T T T T T T

0. 4
(5,0

e

0.6 4

Y (6,0) ]

0.4 (7,0) |

0%

Relaxation step number ~ [x10°]

Figure 3. Potential energy per atom as a function of the relaxation step number for the 30 x 30 bun-
dles of zigzag CNTs (5,0), (6,0), and (7,0) under compressive strain gy = 0.15 with &x = &y =0. In all
three cases d =-2 (n =17).
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In order to understand the possible scenarios of the dislocation reactions moving in
the parallel planes, a schematic plot is presented in Figure 4. In this figure, collisions be-
tween two edge dislocations of opposite topological charge gliding in parallel atomic
planes in a square lattice are schematically shown. On the left is shown the sliding of dis-
locations towards each other, and on the right is the equilibrium structure. We use a
square lattice to illustrate this textbook picture (see [36]), as it is easier to understand;
however, the same processes occur in the triangular lattice of CNT cross-sections. Dislo-
cations of opposite sign attract each other and move until they reach the minimum sepa-
ration. When they glide in the same atomic plane (d = 0), as in (a), they annihilate and a
defect-free lattice is restored. On the other hand, if they glide in different planes, they
either annihilate with the formation of point defects or form a stable dislocation dipole.
The former scenario occurs when the distance between the glide planes is small, while the
latter occurs when it is large. In (b), the positive dislocation glides four atomic planes
above the negative one (d = —4), resulting in the formation of four vacancies; alternatively,
this configuration can be described as a dislocation dipole. In (c), the positive dislocation
glides two atomic planes below the negative one (d = 2), and their annihilation leads to the
formation of two interstitials.
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Figure 4. Schematic of dislocation collisions gliding toward each other in parallel atomic planes in
a square lattice. Moving dislocations are shown on the left and their stable configurations on the
right. In (a) the positive (red) and negative (blue) dislocations glide in the same plane and they
annihilate completely resulting in a defect-free lattice. In (b), the positive dislocation glides four
atomic planes above the negative one and their annihilation produces four vacancies. In (c), the
positive dislocation glides two atomic planes below the negative one and their annihilation results
in the appearance of two interstitials. The stable configurations in (b,c) can also be regarded as dis-

location dipoles.

Thus, the principal result of the present calculations is not only the existence of indi-
vidual defect configurations, but also the defect-reaction map controlled by the sign and
magnitude of the separation parameter d. Negative d favors vacancy-like distributed
mass-deficit structures, whereas positive d promotes the formation of interstitial-like
crowdion configurations. The vicinity of d = 0 corresponds to the transition between com-
peting reaction channels and is therefore structurally the most sensitive regime. These de-
fect-reaction scenarios are summarized in Table 1.
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Table 1. Relationship between the separation parameter d and the predominant relaxed defect con-

figuration.
Range of d Predominant Relaxed Outcome Interpretation
1<0 Voidion-like/vacancy-type extended Distributed local mass deficit in the
defect cross-sectional packing
. . Competition between alternative relax-
d=0 Transition regime .
ational channels
450 Crowdion-like defect Interstitial-type excess accommodated

by an extended compressive chain

3.2. Defects Formed as the Result of Relaxation

Now we come back to the triangular lattice of CNT cross-sections and show the equi-
librium structures of the defects created as a result of the interaction of the two disloca-
tions for different values of d, which is the distance between the gliding planes. The results
for positive (negative) d are shown in Figures 5 and 6. In these figures, the inner arear of
CNT cross-sections is colored according to the potential energy of the CNTs per unit
length with the red color corresponding to the minimum energy and the blue color to the
maximum energy. The color bars in Figures 5 and 6 show the energy values in eV. One
can see the ellipticity of the CNT cross-sections in the vicinity of the defects.

L AAAPINR Y L L L AN R Y L Ry
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Py re 0000  essood

oY) ° -
Ie® YT XXEX e0® YYXYIXXE)
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o000
'I jeeeee®

(©) (d)

Figure 5. Equilibrium structure of defects in a CNT bundle formed as a result of the interaction of
dislocations gliding in parallel planes at a distance (a) d =4, (b) d =3, (¢) d =2, and (d) d = 1. The
regions of the CNT cross-sections are colored according to their potential energy per unit length:
red (blue) corresponds to the minimum (maximum) energy, see the color bar in eV. The ellipticity

of the CNT cross-sections near the defects is visible.
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Figure 6. Same as in Figure 5, but for negative d: (a) d=-1, (b) d =2, (c)d=-3, and (d) d = 4.

In Figure 5 the interstitial CNTs are formed in the form of crowdions. The number of
crowdions is equal to d; that is, in (a), through (d), there are 4, 3, 2, and 1 crowdions, re-
spectively. Recall that a crowdion in metals is formed by adding an extra atom in a close-
packed atomic row; such interstitial configurations very often have the lowest potential
energy as compared to other configurations. In atomic crystals, crowdions are usually as-
sociated with comparatively low migration barriers along close-packed directions, which
may result in enhanced mobility. By analogy, the crowdion-like defects identified here
may also exhibit relatively facile migration, although their activation energies were not
evaluated in the present study. Note that single crowdion in Figure 5d has somewhat dis-
torted structure as the close-packed atomic row with the interstitial CNT is not straight.
With an increasing number of interstitial CNTs the crowdions become straighter. For the
case of d =3 shown in Figure 5b, the structure is replotted in Figure 7a to prove the exist-
ence of the interstitial CNTs in the three parallel crowdions marked with green lines.
Along these lines there are 11 CNTs between the black parallel lines, while in other close-
packed rows there are 10 CNTs between the black lines.

® PX L A A AP

)
20000008
oe00000® - L,

3

A 00000’
eo0" ° 200000
spo0® eo:00 0l

o0
e o 0000

(10988090 700 0.8 (b) 20 e—o0" 00 s

Figure 7. (a) Three crowdions marked by the green lines; the case of d = 3. (b) Three voidions marked
by the green lines; the case of d =-3.
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In Figure 6, the defects formed in the structure with negative d are shown. These
defects are (a) vacancy, d =-1, (b) bivacancy, d = -2, (c) three voidions, d = -3, and (d) four
voidions, d = —4. For d < -4, the structure with voidions can be regarded as the dislocation
dipole; though, there is not a sharp border between the voidion cluster and dislocation
dipole and one can shift this border to d < -5 or even d < —6. Figure 6c¢ for the case of d =-3
is replotted in Figure 7b to prove the absence of the CNTs in the three parallel voidions
marked with green lines. Along these lines there are 9 CNTs between the black parallel
lines, while in other close-packed rows there are 10 CNTs between the black lines.

This striking result shows that in the CNT bundle, vacancy clusters can exist only for
two absent particles and for a larger number of absent particles the extended voidions are
formed. The CNT bundle under lateral deformation can be regarded as the crystal of soft
particles (CNT cross-sections). Interestingly, voidions have been observed in the crystals
of elastically deformable spheres in the model of colloidal crystals [12] and in colloids and
helium, where they were termed as the rod-like vacancies [13]. Mass transport by voidions
in tungsten has been analyzed in the work [19] and by supersonic voidions in a 2D trian-
gular lattice with Morse interactions in [37].

3.3. Relaxation of Shear Strain

Let us discuss the macroscopic shear strain in the CNT bundle at the end of the re-
laxation process for different values of d. The shear strain is measured as the angle be-
tween the x-axis and a close-packed atomic row parallel to the black lines in Figure 7;
before the relaxation, such atomic rows were parallel to the x-axis. The result is presented
in Figure 8.

0.05}
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Lc
o
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N
=)}
e}

Figure 8. Shear strain in the bundle.

Recall that the initial strain state of the bundle is ex =0, &y = 0.15, exy = 0. For uniaxial
compression, the maximum shear strain is realized in the plane inclined to the x-axis by
the angle 0 = n/4. Using the well-known formulas for the transformation of the compo-
nents of the plane strain,

&y = %+ @cos 20 + ngysin 20,
sy=@—%c0526—%sin29, (2)
Exy = —(ex - sy) Sin 26 + &, cos 20,

one finds the strain components in the coordinate system rotated by the angle 0 = 1/4,

ex = 2= 00756y = 2 = 0.075, &5y = & = 0.150. )
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Here, &, & and &y denote the components of the plane strain tensor in the original
(x,y) coordinate system, while ex, er and exy are the corresponding components in the ro-
tated (X,Y) frame obtained by rotation through the angle 0. The angle 0 is measured from
the x-axis to the X-axis, and the notation follows standard conventions of plane-strain
transformation. Thus, the maximum initial shear strain in the system is equal to exy=0.15.

From Figure 8 it is evident that for all values of d except 0 and 1, the measured shear
strain is equal to the initial shear strain; in other words, dislocation sliding results in com-
plete relaxation of the initial shear strain. For d = 0 and 1, only one-third of the initial shear
stress relaxes. For d = 0, as mentioned above, dislocations annihilate immediately after
collision, and this occurs at the strain level exy = 0.05. Further plastic deformation is impos-
sible in the absence of dislocations. For d = -1, as reported in Section 3.2, a vacancy is
formed when dislocations first meet at the strain level exy=0.05, see Figure 6a. Apparently,
such a vacancy makes two dislocations immobile, and plastic deformation ceases. Surpris-
ingly, in the case of d =-1, when a single vacancy is formed, dislocations do not annihilate
and continue to glide until the shear strain is completely relaxed at exy = 0.15 (see Figure
8). The formation of all other types of defects, such as divacancies, multiple crowdions,
multiple voids, and dislocation dipoles (see Figures 5 and 6), also does not stop dislocation
glide, and the system relaxes until the shear stress disappears.

3.4. The Effect of the CNT Diameter

Here we analyze the 30 x 30 bundles of zigzag CNTs (5,0), (6,0), and (7,0) under com-
pressive strain gy = 0.15 with &x = &y =0 and d = -2 (n = 17). In Figure 9 the relaxed struc-
tures are presented. CNT cross-sections are colored are colored according to their poten-
tial energy per unit length: red (blue) corresponds to the minimum (maximum) energy,
see the color bar in eV.

It is clear from Figure 9 that in all cases two vacancies are formed, and their positions
are marked with red crosses. However, the arrangement of CNTs near the defects changes
with CNT diameter. In particular, the ellipticity of the CNT cross-sections near the defects
increases with increasing CNT diameter because the CNTs become softer. As a result, in

Figure 9c, for the (7,0) CNTs, the structure of the vacancies resembles voidions.

Figure 9. Relaxed structures of the 30 x 30 bundles of zigzag CNTs (a) (5,0), (b) (6,0), and (c) (7,0)
under compressive strain gy = 0.15 with &x = &y =0 for the case of d = -2 (n = 17). Two vacancies are
formed in all cases; their positions are marked with red crosses. The ellipticity of CNTs near the

defects increases with increasing CNT diameter.

4. Discussion and Conclusions

In this work, relaxation molecular dynamics was employed to elucidate the mecha-
nisms of defect formation and mass transfer in a laterally compressed bundle of zigzag
carbon nanotubes modeled as a two-dimensional crystal of soft particles (CNT cross-sec-
tions). A pair of edge dislocations with opposite topological charges was introduced into
a close-packed triangular lattice of CNT cross-sections, and their relaxational dynamics
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were analyzed as a function of the distance d between the parallel glide planes. It was
shown that the character of the final defect configuration, ranging from complete annihi-
lation to the formation of vacancies, extended voidions, and crowdions, is fully controlled
by this geometric parameter. Thus, dislocation reactions in the CNT bundle provide a
well-defined microscopic mechanism for mass redistribution under plastic deformation.
The use of a reduced cross-sectional MD-based model in this context is in line with previ-
ous efforts to employ atomistic and coarse-grained simulations for elucidating defor-
mation mechanisms in individual CNTs and CNT-based assemblies under various load-
ing conditions [38].

For d = 0, the two dislocations glide in the same close-packed row and annihilate,
restoring the defect-free lattice, in full agreement with the textbook picture of dislocation
reactions in crystalline solids. When the glide planes are shifted, d # 0, the annihilation
becomes incomplete and leads to the formation of intrinsic point defects or their clusters,
or dislocation dipoles. At negative distances, d <0, we observe the emergence of a vacancy
for d = -1, a bivacancy for d = -2, and extended voidion type defects for |d| > 3, while for
sufficiently large |d!| the configuration can be viewed as a dislocation dipole rather than
a compact voidion cluster. An important and nontrivial result is that in a crystal of soft
particles, such as a CNT bundle, a compact vacancy cluster is stable only up to two miss-
ing nanotubes, whereas for a larger number of missing particles the system spontaneously
organizes into elongated voidions rather than into larger compact vacancy clusters.

The behavior at positive distances between the gliding planes, 4 > 0, is qualitatively
different: in this case the dislocation reaction produces interstitial-type defects in the form
of one or several crowdions. The number of crowdions is equal to d, and their structure
becomes progressively straighter as the number of interstitial CNTs increases, reflecting
the tendency of the system to minimize the elastic and van der Waals energy along a close-
packed row. The analogy with crowdions in metals, where adding an extra atom into a
close-packed row often yields the lowest energy interstitial configuration, suggests that
crowdions in CNT bundles may also exhibit enhanced mobility along close-packed direc-
tions; however, the corresponding migration barriers were not calculated in the present
work and remain to be quantified. In contrast, voidion-like defects correspond to regions
of reduced local density and are expected to respond to stress or concentration gradients,
but their mobility was likewise not evaluated explicitly in this study.

The reported dependence of the reaction outcome on the parameter d should also be
considered in connection with the nanotube diameter. In the present work, the analysis
was intentionally restricted to a small-diameter CNT in order to avoid collapse-related
bistability and to isolate the elementary defect-reaction mechanisms in the cross-sectional
plane. For larger diameters, the cross-sections become more compliant, and the competi-
tion between local packing rearrangement, elastic flattening, and defect formation is ex-
pected to become stronger. As a consequence, the quantitative boundaries between void-
ion-type, vacancy-type, and crowdion-type outcomes may shift, and additional channels
associated with ovalization or collapse may become possible.

Taken together, these results demonstrate that dislocation motion in a CNT bundle
under lateral compression inevitably leads to the generation of both low density (vacancy,
voidion) and high density (crowdion) defect structures. The formation of such defects sig-
nifies a net transport of nanotubes (mass) within the bundle and thus provides a micro-
scopic mechanism for dislocation-mediated mass transfer in this class of nanostructured
materials. This conclusion is consistent with a broader body of evidence showing that di-
rected flows of edge dislocations can contribute significantly to anomalous mass and heat
transfer in solids subjected to intense external actions, including laser pulses and other
high-energy loadings. Similar to the situation in metals and alloys, where dislocations
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participate in mass transfer during Ostwald ripening and other diffusional transfor-
mations, dislocation reactions in CNT bundles can be expected to influence long-time
structural evolution under cyclic or sustained mechanical loading [39].

As the CNT diameter increases, the ellipticity of CNT cross-sections near defects in-
creases because the tubes become softer (see Figure 9). The difference between the defect
structure in CNT bundles and in structures with non-deformable particles becomes more
pronounced with increasing CNT diameter.

The present study also highlights that a CNT bundle under lateral deformation is
better viewed as a crystal of elastically deformable, soft particles rather than a rigid lattice,
which explains the preference for extended voidions over compact vacancy clusters when
more than two nanotubes are removed. The observed effects are due to the elliptization
of the cross-sections of soft carbon nanotubes in the cores of defects. At the same time,
previous studies of shear and friction between CNTs in bundles and yarns have shown
that intertube interactions and local rearrangements can strongly influence load transfer
and mechanical performance, which is consistent with the soft, deformable character of
the bundle considered here [40]. This observation is in qualitative agreement with previ-
ous reports of voidions and related defects in soft colloidal crystals and in quantum solids
such as helium, where extended rod-like vacancies (voidions) were shown to support con-
certed mass transport. The close analogy between voidions and crowdions in CNT bun-
dles and similar defects in other soft condensed matter systems suggests that the concepts
and methodologies developed here may be applicable to a broad class of nanostructured
materials composed of deformable particles.

An additional point that should be kept in mind is that the present reduced model
was not designed for direct quantitative evaluation of atomistically resolved dislocation-
core energies or Peierls barriers. Such quantities are highly sensitive to the local atomic-
scale reconstruction, whereas the current approach represents CNT cross-sections as de-
formable interacting objects in a reduced transverse description. For this reason, the re-
sults should be interpreted primarily as mechanistic and comparative, revealing the pre-
ferred structural scenarios of defect interaction rather than providing full atomistic barrier
data. Overall, the present results establish the qualitative scenarios of dislocation-induced
defect formation in the cross-sectional plane of a laterally compressed CNT bundle within
the framework of the reduced model. At the same time, the study does not quantify ther-
mal activation, migration barriers, or axial three-dimensional effects. These aspects should
therefore be regarded as important limitations of the current formulation rather than as
resolved questions.

In conclusion, we have established that the outcome of dislocation reactions in a lat-
erally compressed CNT bundle is governed primarily by the separation between disloca-
tion glide planes, which controls whether the system relaxes to a defect-free state, a con-
figuration containing vacancies or voidions, or a structure containing one or several
crowdions, or dislocation dipoles for larger separation between gliding planes. Vacancies
and voidions represent regions of reduced nanotube density, while crowdions correspond
to local density enhancement; their formation and potential mobility under load provide
a clear microscopic scenario for mass transfer in CNT bundles undergoing plastic defor-
mation. These findings deepen the understanding of defect physics in CNT assemblies
and open up opportunities for controlling mass transport and mechanical response in
CNT-based materials by tailoring dislocation structures and loading conditions.

Future work should address the quantitative kinetics of voidion and crowdion mi-
gration, including the evaluation of activation barriers, thermally assisted transfor-
mations, and possible interactions with external fields. It is also important to analyze the
role of three-dimensional effects beyond the plane-strain approximation employed here,
as well as the applicability of the proposed mechanisms to other carbon nanomaterials
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[41-43]. Particular attention should be paid to bundles of CNTs with larger diameters,
since the deformability of carbon nanotube cross-sections increases with increasing diam-
eter and may lead to ovalization or collapse, thereby modifying the reaction thresholds
and defect-transformation pathways. Comparison with more detailed atomistic or quasi-
three-dimensional models would additionally help to quantify the limits of the present
reduced 2D description and to connect the identified elementary mechanisms with realis-
tic CNT bundle behavior under complex loading.
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