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ABSTRACT

A beam of single-layer carbon nanotubes (CN'Ts) subjected to a shock load in the transverse direction was studied
using a chain model with a reduced number of degrees of freedom. The compression shock wave is initiated by a
piston moving at a constant speed. Two different scenarios of shock wave propagation and their influence on the
structure of the CNT beam depending on the piston velocity were found. At lower speeds, only a faster wave
front propagates, which leads to elliptization of the CNT, whereas at higher speeds this is accompanied by a
slower wave front of collapse. The evolution of the CNT beam structure in time during compression is studied
in detail. The energy absorption rate is estimated as a function of the piston velocity. The results obtained can
be useful in the development of new types of elastic shock absorbers.

Keywords: Carbon nanotube forest, plane strain conditions, shock compression, deformation mechanisms,
protection against shock and vibration

1. INTRODUCTION

Carbon nanotubes (CNTs) have excellent mechanical properties such as high Young’s modulus ,! very high
strength and energy absorption capacity .2 CNTs are transparent ° and good conductors of electricity
and heat .57 The unique combination of properties makes CN'Ts very promising for the production of polymer
composites with improved electrical and mechanical properties ,* 9 supercapacitors ,!% ! flexible and expandable
electronic devices ,> 2 composite materials ® and many others.

Horizontally aligned CNT arrays can be obtained from vertically aligned CNT beams by pressing, drawing
and rolling .**~17 Single-wall CNT beams have linear elasticity up to a hydrostatic pressure of 1.5 GPa at room
temperature and demonstrate a volumetric compressibility of 0.024 GPa ! .!8 Tt is shown that the deformation
of CNT beams under non-hydrostatic loading becomes irreversible at pressures greater than 5 GPa .!? The
results of experimental and numerical studies of the mechanical properties of CNTs have been summarized in .2°
The quasi-static lateral compression of CNTs and graphene has been analyzed, for example, in references. 2'26

It is known from miniature ballistic tests at 600 m/s that the specific penetration energy for multilayer
graphene is about 10 times higher than for macroscopic steel sheets .2” The mechanical behavior of graphene
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under the action of silica and nickel nanoprojects moving at a speed of 5 km / s has been simulated, and a
large amount of energy absorbed during deformation has been attributed to the excellent stress. and ultimate
deformation of graphene .2

A modeling of the molecular dynamics of the collision of one, two and three layers of graphene with a rigid
fullerene projectile was carried out for an impact speed between 3.5 and 7.5 km / s .2 The appearance of
two to three flat cracks in the graphene sheet was found. The impact dynamics of a fullerene molecule and
a single-layered graphene sheet were investigated using an analytical approach based on non-local thin-plate
theory and molecular dynamics 3¢ The ability of a suspended graphene sheet to capture a single-walled carbon
nanotube projectile was analyzed by Yang and Tong in .3! In particular, the projectile has been shown to induce
longitudinal and transverse wave fronts in graphene. As a result of such an impact, graphene absorbs 89-100%
of the kinetic energy of the projectile. The latter means that graphene can efficiently trap nanoparticles or
molecules at high speed. Plane shock waves in graphene and boron nitride have been analyzed by Shepelev .32
The authors have shown that shock waves propagate over large distances in boron nitride relative to graphene
and are associated with the diffusion of excitation energy by lattice phonons.

This work is devoted to the dynamic loading of two-dimensional materials, where a significant effect of the
strain rate has been demonstrated. For example, in the experimental work ,33 it was shown that when compressed
by a shock wave, CNTs are much more damaged than under static compression. Graphene can absorb shock
wave energy without interruption 3% or it can act as an intermediate layer to reflect shock waves 3> The evolution
of the structure of nanowires, fullerenes and nanotubes during a collision with an obstacle has been analyzed in
the references. 39 A study of the penetration of an Ni projectile in multilayer graphene at an impact velocity of
900 m/s was carried out in the 3¢ with subsequent comparison with experimental data. The addition of CNT
to the Kevlar fabric increases the resistance of epoxy composites to the penetration of steel shells.

2. MODEL

The dynamic uniaxial compression of a CNT zigzag beam under plane strain conditions is considered. The cross
sections of the CNTs create a triangular network in the zy plane (see Fig. Link Fig. 1). Each carbon atom
belonging to the cross section of an CNT is a member of a rigid chain of atoms perpendicular to the xy plane.
p is the equilibrium interatomic distance in the zigzag CNT wall. a = pv/3/2 - distance between neighboring
atoms in projection on the zy plane. The number of atoms in the cross section of an CNT is equal to an eVen
number N. Small and large circles in the figure Link fig. 1 denote two sets of atomic strings offset from each
other along the z axis by a distance p/2. The diameter of the NTC is D = a/sin( pi/N). d is the equilibrium
distance between the walls of neighboring CNTs. Then A = D + d is the distance between the centers of the
neighboring CN'Ts. In the geometry considered, carbon atoms have two degrees of freedom and can only move
in the xy plane.

The atoms in the calculation cell are numbered with three indices: i = 1,...,1 and j = 1, ..., J are the CNT
indices in the beam, they number the rows and the columns of the CNT; the index n = 1,..., N numbers the
atoms inside the CNT. The total number of atoms in a cell is equal to L =1 x J x N.

37,38

The total energy of the CNT forest includes four terms and can be written as

H =K+ Up+Ux + Uyaw, (1)

where K is the kinetic energy and the other three terms in the right-hand side give the potential energy, which
consists of the energy of valence bonds Up, the energy of valence angles U4, and the energy of van der Waals
interactions Uyqw. All these four terms are described in Ref.?® and we describe them here for the convenience of
the reader. In Fig. 1, indices p, ¢, and s number nearest atoms of a CNT, f is the atom belonging to a different
CNT. Atoms ¢ and f’ belong to the same CNT, but the distance between them is not less than 3a. Then the
energies in the right-hand side of Eq. (1) are calculated as follows.

Kinetic energy is

L
ME
K=7;|1‘l|7 (2)
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Figure 1. Calculation cell with I multiplied by J high boots (in this case I = 4 and J = 2, while in the simulation I = 200,
J = 8 is used). Each zigzag CNT is represented by N carbon atoms that move along the zy plane. Shown is the case
N = 30. Each atom denotes a rigid row of atoms perpendicular to the zy plane. Small and large circles show two types
of rigid rows, offset from each other along the z axis. Here a denotes the distance between the carbon atoms in the wall
of the CNT, the neighboring CNTs are separated by a distance d, D is the diameter of the CNT and A = D + d is the
distance between the centers of neighboring CNTs. The indices p, ¢, s, f and f’ are used to describe the interactions
between atoms (see description in the text).

where M is the carbon atom mass, r; is the radius-vector of [-th atom, overdot means differentiation with respect
to time, and summation is performed over all atoms in the system.

The energy of valence bonds is
J N
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which is summation over the bonds connecting nearest atoms (see Fig. 1) and the number of such bonds is equal
to the number of atoms in the computational cell. In Eq. (3), a is the valence bond stiffness.

The energy of valence angles is given by the anharmonic potential

I J N
Ua = ZZ €[1 4 cos bpys],
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where summation is over the valence angles formed by the atoms p, ¢, and s (see Fig. 1), and the number of
such angles is equal to the number of atoms in the computational cell.

The energy of van der Waals interactions is described by the (5,11) Lennard-Jones potential
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Here, the summation is performed on all the interatomic bonds connecting the atoms ¢ and f belonging to
different CN'Ts, and the atoms s and f " belonging to the same CNT (see Fig. ??). The cutoff radius for van der
Waals interactions is 6 A. As already mentioned, bonds shorter than 3a are not taken into account for atoms s
and f’ belonging to the same CNT.

The units of time, energy and distance in our simulations are picoseconds, eV and angstroms, respectively.
In these units, the mass of the carbon atom in the equation (2) is M = 12 x 1.0364 x 10~* oV /ps® A2 ...
The stiffness of the valence bond in the equation (3) is a = 405 N/m,*” which in units accepted here gives
o =25,279 oV/A2. The stiffness of the bond angle in the equation (4) is e = 3.50 V.37 The parameters
Eq. (5) are ¢ = 0.00166 ¢V and o = 3.61 A.



3. SIMULATION SETUP

=N

Figure 2. A calculation cell with the dimensions D, and D, is used to simulate the shock loading. The cell has 200 vertical
rows of CNTs and 8 CNTs in each row. Vertical lines are numbered with the index i = 1,..., 200. CNTs are parallel to the
z axis, and their transverse compression is considered under plane strain conditions. The CNT centers create a triangular
network in the zy plane. Periodic boundary conditions are applied along the y axis. The free area is on the left side of
the calculation cell. The vertical row at the right end of the cell (i = 200) at the initial time ¢ = 0 begins to move to the
left with constant speed Vj as a solid body (represented by filled circles ).

Table 1. A brief description of the geometric parameters of the calculation cells used in the simulation. Here N is the
number of atoms in the cross section of the CNT, D is the diameter of the CNT, A (A) is the distance between the centers
of the CNTs, D, and D, are the dimensions of the compute cell along the = and y axes, L is the total number of atoms.

N 30 35 40 45
D (A) 1175 13.7 1565 17.6
A(A)  14.83 16.78 1874  20.7
D, (A) 2600 3000 3300 3600
D, (A) 120 140 150 170

L 48000 56000 64000 72000

In this study, the uniaxial compressive dynamic load of CNT beams is analyzed under plane strain conditions,
as schematically shown in Fig. 2. The calculation cell has 200 vertical rows of CNTs numbered ¢ = 1, ..., 200,
and each row has eight CNTs numbered j = 1,..., 8. Periodic boundary conditions are applied in the direction
y. This structure initially relaxes at zero temperature assuming that there are free surfaces at the left and right
ends of the design cell and that no external force is applied. So the equilibrium sizes of the cells i.e. D, and D,
are after relaxation.

The table 1 shows the geometric equilibrium parameters of the calculation cells for different numbers of
atoms representing the cross section of the CNTs: N = 30, 35, 40 and 45. These results are obtained by taking
account of the interatomic distance equilibrium in graphene p = 1418  A. The equilibrium distance between
rigid atomic rows oriented along the z axis is a = py/3/2 = 1,228 A,

At the initial instant ¢ = 0, the rigid piston (vertical rank of NTC ¢ = 200) begins to move to the left with
a speed of V. This line is illustrated in Fig. 2 filled circles illustrating CN'Ts. The free surface conditions at
the left end of the computational cell are preserved and simulation continues until the disturbance of the moving
piston reaches the left end of the cell. The piston speeds considered in this study are of the order of 1 - 12 A /DS
(100 - 1200 m/s).



4. NUMERICAL RESULTS

The simulation of the shock compression loading of a CNT forest shows that immediately after the piston begins
to move at t = 0, the front of the compression wave begins to propagate with a velocity of V;; behind the front
of this wave, the shape of the cross section of the CNT changes from circular to elliptical. If the piston speed
exceeds the threshold value V; = 6 A /ps, then the second compression wave is initiated, moving with the speed
V5 < Vi, and behind this wave the cross sections CNT are destroyed.

Fig. 3 shows how the speed of two wave fronts (V4 and V2) depends on the speed of the piston Vj for forests
containing CNTs of different diameters. Two different shock wave propagation scenarios are clearly visible for
low and high piston speeds with a threshold value of around Vi = 6 A /ps, regardless of the diameter of the
NTC. In scenario (1), for Vj < V", the front propagation velocity of the first wave V7 increases linearly with
increasing piston velocity Vp, and the wave d collapse is not generated at all. In scenario (2), for Vi > V", the
speed Vi does not depend on Vj, but at the same time, V5 starts to increase linearly with increasing speed of the
piston. In this case, the velocity V2 shows no dependence on the diameter of the CNT, while V; decreases with
increasing V. In addition, the speed of the wavefront V; for the large diameter CNTs does not change as much
with an increase in the speed of the piston V|, as for the smaller diameter CNTs. As a result, saturation can be
expected for large diameters of NTC, when the speed V; practically ceases to depend on Vj.

Fig. 4(a) shows the displacement of the centers of gravity of CNTs in the i-th vertical row (averaged over
each vertical row) for two piston velocities, Vo—3 and Vo—10 A /ps. The results in Fig. 4(a) are presented for
a time interval from 5 to 45 ps. In the top panel, propagation of the compressive waves with the speed V; is
clearly seen. Before the wave front approaches, the centers of gravity have zero displacements. After passing the
front, elliptized CN'Ts move with an almost constant velocity V5 = 61.7 A /ps. An increase of the piston velocity
up to Vo = 10 A/ ps, see bottom panel, results in an appearance of two compressive waves. The faster wave of
elliptization moves with velocity of V; = 67.3 A /ps, while the slower wave of CNT collapse with V5 = 21.1 A /DS,
this fact is clearly seen by the presence of two different slopes of the displacement curves.

The characteristic ellipticity of the CNTs as a function of the vertical row number i for Vy = 3 A/ps is
displayed on the top panel of figure 4(b). The ratio of the minimum diameter to the maximum diameter of
the CNTs Dynin/Dmax is averaged over 8 CNTs for each row. Before the start of the compression wave, the
ratio Dpin/Dmax 18 close to unity, which indicates that the cross sections of the CNTs keep their circular shape.
When the wave front arrives and passes, this ratio drops rapidly to a plateau at around 0.95 and after a while
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Figure 3. Dependence of the speeds of the first and second compression wave fronts, Vi and V2, on the speed of the piston
Vo for different diameters of CNTs (different number of atoms N in the cross section of the CNTs ). A wave propagating
with a speed Vi changes the cross sections of the NTCs from circular to elliptical, and behind a wave propagating with a
speed Va2, the NTCs are destroyed. The dotted line shows the linear relationship between V2 and Vi and serves as a guide
for the eyes.
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Figure 4. Distribution of structural and energy parameters along the CNT forest during the propagation of compression
waves at times of 5 to 45 ps with a step of 5 ps. The parameters are averaged over eight CN'Ts belonging to the ith
vertical row, i = 1,...,200. (a) displacement of the centers of gravity of the CNTs along the axis x; (b) ellipticity of the
CNTs, ie the ratio between the minimum diameter of the CNTs and the maximum diameter; (¢) modify the energies of
the bond Epong; and (d) modifying the energies of the bond angle E.ngle. The upper panels of each subfigure show the
results for piston speed Vo = 3 A/ps7 and the lower panels for V, = 10 A/ps. In both cases, N = 40.

decreases, creating new fluctuations. The minimum value of the coefficient observed in this numerical analysis
is approximately 0.65. At higher piston speed, Vi, = 10 A/ps (see bottom panel), after the elliptical wavefront
has passed, a decrease of Dy,in/Dimax is observed at around 0.8 . However, as the collapse wave passes, the ratio
Dinin/Dimax drops sharply to around 0.2. It is this value which characterizes CNTs completely destroyed in the
forest.

Potential energy per atom (averaged over eight CNTs for each row) stored by valence bonds and valence
angles are presented in Fig. 4(c) and (d), respectively. As seen, before the wave comes, CNTs have nearly zero
valence bond energy and valence angle energy of about 1.75 eV. This energy is attributed to the energy spent to
bend flat graphene sheets into CN'Ts. Passing of the elliptization compressive wave increases Fyong up to about
0.06 ¢V and Eyygle up to about 1.85 ¢V. The subsequent collapse wave increases the energy significantly, Epond



up to 0.5 eV on average and E.,g1c up to 5.5 €V. It should be noted that some time is needed for elliptization of
CNTs in the forest after passing the elliptization wave. Elliptization results in further increase of Eapgle up to
the values of 2.05 ¢V. The front of CNT elliptization can also be seen in Fig. 4(d), namely, behind the front the
ratio Diin/Dmax 18 higher than before the front (see Fig. 4(b)).
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Figure 5. The energies per particle of the entire computational cell as functions of time. In (a) kinetic, potential and
total energies are presented. In (b) the three components of potential energy are plotted: the energy of Van der Waals
interactions (black line), the energy of valence bonds (red line), and the energy of valence angles (blue line). Upper panel
of each subfigure contains results for the piston speed of Vp=3 A /ps and lower panel for V=10 A/ps. For both cases
N=40.

5. DISCUSSION AND CONCLUSIONS

Thus, the propagation of a compression wave in a single-walled CNT forrest was studied using a chain model
with a reduced number of degrees of freedom. Depending on the speed of the piston, two different scenarios of
shock wave propagation and their influence on the structure of the CNT forrest have been identified. At values
above the threshold, two compression waves were observed: (1) a faster wave front leading to elliptization of
the CNT cross sections, and (2) and a slower collapsing wave front that followed some time later. At values
below the threshold value, only the wave front (1) was detected. The energy absorption by a CNT forest is much
higher in the case of a CNT collapse and occurs due to an increase in the energy of the bond angles. The rate
of absorption of shock wave energy increases with increasing piston speed. This latter result can be useful when
designing eclastic shock absorbers.

In this study, only single-walled CNTs of the same diameter were considered. As CNTs often have double
and triple walls and there is always a dispersion of diameters in the forest, the study of the absorption of shock
wave energy in such systems seems to be a natural continuation of this work.
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