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Abstract. By combining a carbon nanotube with buckyballs, a novel
energy dissipation system is investigated for impact protection based
on molecular dynamics (MD) simulations. To explore the energy mit-
igation mechanism of the carbon nanotube with buckyballs system
(C60-CNT), four types of C60-CNT systems are considered. Compu-
tational results indicate that the deformation of buckyballs and the
interaction between buckyballs and carbon nanotube play a critical role
for the energy mitigation of C60-CNT system. And results also show
that the energy dissipation efficiency of C60-CNT system is higher than
water-CNT system, and more than 50% of impact energy can be miti-
gated. Further, parametric studies are conducted by varying governing
factors, including length and diameter of the carbon nanotube, the
number of the buckyballs and impacting energy. Results may help to
understand the underlying mechanism of C60-CNT system for impact
protection, and explore the promising candidates of non-liquid energy
mitigation system.

1 Introduction

It is imperative to select advanced materials and design structures for impact pro-
tection. Nowadays, conventional materials and structures are far from satisfactory
in impact energy dissipation due to the limits of their specified energy absorption
capability [1–3]. More and more researchers have turned their focuses to nanoporous
materials and structures, and discovered that nanoporous materials and fullerene
materials are excellent candidates for impact protection [4–10].
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Systematic studies have been conducted to investigate the energy absorption of
nanoporous materials mixed with liquids, i.e. a system named NEAS (Nanoporous
Energy Absorption System) [4,5,11,12]. The fundamental working mechanism for a
NEAS system is to dissipate hazardous impact energy into extra interfacial energy
once the water molecules are forced to infiltrate into a hydrophobic confined nanopore,
e.g. carbon nanotube (CNT) [4,5]. On one hand, experimental studies were conducted
to firstly observe the counterintuitive nanofluidic behaviors. For example, Han et al.
pioneered to prove that the specified energy absorption of nanoporous silica materials
mixed with water was on the order of 300 J/g, greater than most of conventional
materials and structures and revealed a bright prospect for energy dissipation [13].
Sun et al. conducted low-speed impact experiments based on drop hammer to shed
light on the cushioning effect of the zeolite β/water system, which further supported
NEAS system as an excellent candidate for damping and impact protection [11].
On the other hand, studies using molecular dynamics (MD) for CNT/water system
were extensively conducted [6,14–16]. Cao et al. used MD simulation to illuminate
the working mechanism of CNT/water system subjected to external crushing and
reveal that the impact velocity and nanotube radius may take an important role on
the nanofluidic behavior of water molecules in the CNT [17,18]. Liu et al. employed
MD simulations to explore the infiltration behavior of water invading into nanopores
under quasi-static condition, and found that applied charges, addition of ions, thermal
effects and the construction of nanopore could influence the infiltration behavior and
promote or impede the energy mitigation [14,19–21]. Xu et al. further discussed the
effects of some major parameters from an engineering perspective, such as impact
velocity, nanopore size, and pore composition, on energy mitigation of the system
under dynamic condition [15]. Hu et al. took one step further to investigate the
energy mitigation mechanism of the heterojunction CNT/water system and revealed
that nanopore construction and impact velocity had effects on the energy dissipation
[16].

Recently, in addition to the CNT, other fullerenes, such as buckyballs, are also
attractive for cushioning and impact protection. Xu et al. investigated the dynam-
ics impact response and energy mitigation properties of the individual buckyball
and buckyballs chain, and found that larger buckyballs are competent to mitigate
energy due to their non-recoverable deformation [8–10]. Chen et al. put forward
energy absorption system comprised of a CNT with nested buckyballs and showed
the promising application for impact protection [22].

Inspired by the CNT/water system and CNT nested with buckyballs system, a
new energy dissipation system comprised of CNT and C60s is firstly established in
the current study. MD simulation is carried out to investigate mechanical behav-
ior and energy dissipation mechanism of C60-CNT system subject to external high
energy/speed impact. Further, the effects of impact energy, the size of CNT, and the
number of buckyballs are parametrically discussed to provide a systematic guidance
for possible system tuning.

2 Computational model and method

The computational model is comprised of a receiver, an impactor, a rigid carbon
nanotube with length of L0 and a C60 reservoir with multiple C60s, as illustrated in
Figure 1. The left end of the CNT is closed to prevent C60s from flowing out of the
CNT, while the right end is open to connect the C60 reservoir. The C60 reservoir is
bounded by two parallel rigid plates, the left plate, fixed to the CNT, has a hole in
the center, through which C60s can invade into CNT, while the right plate is used to
mimic the piston to be impacted by the impactor. Periodic boundary conditions are
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Fig. 1. The model of the C60-CNT energy dissipation system.

Fig. 2. Four different C60-CNT systems: (a) System-1; (b) System-2; (c) System-3;
(d) System-4.

employed for the lateral directions to eliminate the boundary effects. The impactor
and receiver are modeled by two rigid mass. When the system is impacted by the
impactor, a compressive wave forms and propagates towards to the receiver from right
of system, which causes C60s deformation and infiltration, buffering a large amount
of impact energy. When the system collides the receiver, the transmitted force will be
recorded. Subsequently, the impactor rebounds back and releases the stored potential
energy. For convenience to compare, the C60-CNT system is marked as System-1,
three comparison systems are also established as shown in Figure 2. System-2 has
the identical characteristics as System-1 except that the right end of CNT is closed
with a plug. System-3 and System-4 are based on System-1 and System-2 with the
substitution of rigid C60s, respectively.

MD simulations are carried out based on LAMMPS (large-scale atomic/molecular
massive parallel simulator), developed by Sandia National Laboratory [23]. And the
12-6 Lennard-Jones (L-J) empirical force field is employed to depict the intermolecular
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potential between atoms as follows:

U(rij) = 4ε
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)6
]
, (1)

where rij is the distance between atoms, ε is the well depth of the potential, and σ is
related to the equilibrium distance between atom-i and atom-j. The parameters of L-J
potential between carbon atoms are σ = 0.340 nm and ε= 0.0860 kcal/mol [24]. The
cutoff distance for the intermolecular interaction is set to be 1.0 nm. The buckyballs
in the C60 reservoir firstly are placed in an orderly arrangement, then equilibrated for
40 ps using a canonical ensemble (NVT). The Nose–Hoover thermostat is used to keep
a temperature of 300 K. By employing the aforementioned L-J potential, the suction
will not occur during the relaxation progress. After equilibration, a micro-canonical
ensemble (NVE) is employed to simulate the impact process. The total simulation
time of 100 ps and a time integration step of 1 fs are adopted.

3 Results

At a representative impact speed of 250 m/s, the deformation sequences for System-1
nominated C60-(10,10)CNT-L5.0-24, ((10,10) and 5.0 represent diameter and length
of CNT, and 24 is the buckyball number), are illustrated in Figure 3. When the
impactor strikes the piston, the system moves left and impacts the receiver, accompa-
nied with that buckyballs are compacted and then invaded into the CNT at t = 14 ps.
Infiltration phenomenon in C60-CNT system could not be observed, which means that
the repulsive force between CNT and C60s is not remarkable. It is noted that the C60s,
invaded into CNT, have not visible deformation. At t = 21 ps, the C60s in C60s reser-
voir are highly compacted and significantly deformed. And the C60s in CNT begin
to show larger compression because more and more C60s are invaded at t = 26.5 ps.
When t = 35 ps, the entire system and impactor has begun to bounce back. Finally,
all the deformation of C60s recover fully and 5 C60s are left in the CNT. During the
process, the impact energy converts into kinetic energy of C60s and potential energy
because of deformation and the interactions between C60s and CNT, as shown in
Figure 4a.

Deformation of the buckyballs in System-2 is larger than System-1 during the
impact. This can be explained by that the buckyballs cannot be infiltrated into CNT
and suffer more impact energy from the impactor such that a larger potential energy
value is observed because of a serious deformation of buckyballs. However, the poten-
tial energy would release and convert into the kinetic energy of impactor when the
impactor bounces back as shown in Figure 4b. If C60s are set to be rigid, the energy
mitigation mechanism is that the impact energy will convert into kinetic energy of
system during the impact process as shown in Figure 4c and d for System-3 and
System-4, respectively. The above comparisons indicate that the deformation of the
buckyballs and the interaction between the buckyballs and carbon nanotube play a
critical role for the energy dissipated of C60-CNT system.

4 Discussion

To discuss the mitigation performances of energy and impact force for the
C60-CNT system, two parameters are adopted. Energy dissipation efficiency,
η = ∆Ek/EImpact × 100%, and the reduction of transmitted force, ∆F = (F ′

max −
Fmax)/F ′

max × 100%; where ∆Ek is reduction of impact energy, EImpact is impact
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Fig. 3. Sequences of deformation for System-1 (C60,-(10,10)CNT-L5.0-24).

energy, Fmax is the maximum force of C60-CNT system, and F ′
max is the maximum

force of its comparison systems. In addition, specific energy absorption (SEA), defined
as SEA =

∫ w
0
F (x) dx

/
M , is used to quantify the energy dissipation capability of the

system [25]; where M is the total mass of C60-CNT system.

4.1 The effect of impact velocity

Considering C60-CNT system as the representative system, the simulations with
impact velocities varying from 50 m/s to 600 m/s are carried out. Figure 5 shows
the energy dissipation efficiency of the C60-CNT system and its comparison systems.
The energy dissipation efficiency has a trends of decreasing but less than 20% as
the impact velocity increases, which indicates the energy mitigation capability of the
C60-CNT systems keep a stable level at various impact energy. When the impact
velocity increase, more impact energy converts into the kinetic energy and potential
energy of the system. Meanwhile, Figure 5 also depicts that System-1 has the better
energy dissipation efficiency, System-2 without the infiltration of C60s could dissipate
more energy compared to System-3 and System-4 with rigid buckyballs, indicating



160 The European Physical Journal Special Topics

Fig. 4. Energy conversion situation for C60-CNT system and its comparison systems.

Fig. 5. The energy dissipation efficiency of C60-CNT system and its comparison systems
under various impact velocities.

that the infiltration of buckyballs and the deformation of C60s play an important
roles for impact protection.

It is noted that buckyballs would be totally crushed when the impact velocity
exceeds 600 m/s, so that the energy absorption efficiency of C60-CNT system will not
increase any more. Therefore, the higher velocity is not considered here. In current
study, more impact energy is dissipated with impact velocity increase, which indicates
that specified energy absorption (SEA) of the system is highly related to the impact
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Fig. 6. Specified energy absorption of the C60-CNT system under different velocities.

Fig. 7. The transmitted force reduction under different impact velocities for the comparison
systems of the C60-CNT.

velocity, as shown in Figure 6. The SEA value increases with the impact velocity, and
it reaches up to 1.13 kJ/g at the velocity of 300 m/s, which means a great prospect
for impact protection.

The transmitted force reduction, ∆F, is also given in Figure 7. The result of
System-1/System-2 indicates that the infiltration of buckyballs almost has no influ-
ence on the force mitigation at the low velocity. The small number of infiltrated
buckyballs can be used to explain this phenomenon. The peak force of System-1 is
smaller compared with System-3 and System-4 at a higher velocity, even the ∆F
reaches 40–60% when the velocity varies from 300 m/s to 600 m/s. Which illustrates
that the deformation of buckyballs play a critical role in force reduction at a high
impact velocity.

4.2 The effect of CNT length

In general, nanotube length may affects the nanopore volume of storing poten-
tial energy during impact, this phenomenon has been reported for the water-CNT
system [15,16]. In this section, C60-(10,10)CNT-24 systems with different CNT
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Fig. 8. Energy conversion for C60-CNT system with different CNT length: (a) potential
energy; (b) kinetic energy.

Fig. 9. The energy dissipated efficiency of C60-CNT systems with different CNT length
under various impact velocities.

lengths (L0 = 3.0, 5.0, 7.5 nm) are established and the energy mitigation efficiency
is elaborated.

The elongation of the carbon nanotube facilitates the interaction between C60s
and CNT, which makes more impact energy converted into potential energy and
kinetic energy, as shown in Figure 8. Figure 9 depicts the variation of energy mit-
igation efficiency with impact velocity for different carbon nanotube lengths. The
energy mitigation efficiency increases apparently with the carbon nanotube length
under various impact velocities. Particularly, at the same impact velocity of 300 m/s,
η= 49.1% for C60-(10,10)CNT-L3.0-24 and η= 71.9% for C60-(10,10)CNT-7.5-24.

To sum up, the invasion of buckyballs has no effect on the force mitigation, which
is dominated by the deformation of buckyballs. When elongate the carbon nanotube,
only can one or two more C60s infiltrate into CNT, which in fact has no significant
difference in transmitted force with initial system, as shown in Figure 10.

4.3 The effect of CNT diameter

Similar to the effect of CNT length, CNT diameter also affects the nanopore vol-
ume to storing potential energy [15]. Here, C60-(n, n)CNT-L5.0-24 systems (n= 10,
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Fig. 10. The transmitted force reduction with different CNT length under different impact
velocities.

Fig. 11. C60-CNT system with different CNT diameter: (a) the various impact energy and
corresponding dissipated energy; (b) the energy dissipated efficiency.

12, 14) are established and the diameter of the hole in the center of the left rigid
plate connected to the buckyballs reservoir is also equal to diameter of CNT to dis-
cuss the effect of CNT diameter on the energy mitigation efficiency and transmitted
force reduction. It is noted that the C60-CNT system is different from water-CNT
system, the size of water molecule compared with nanopore is sufficient small, while
the buckyballs are large and the diameter is close to that of CNT, which leads to
the different results compared with water-CNT system [15]. For water-CNT system,
more water molecules can be infiltrated into the CNT with larger diameter. However,
for C60-CNT system, only a few buckyballs may be left in the CNT during impact
process. For instance, 5 buckyballs for C60-(10,10)CNT-L5.0-24 system and 7 bucky-
balls for C60-(14,14)CNT-L5.0-24 system under the impact velocity of 250 m/s, which
indicates that the dissipated energy keep a stable level when various CNT diameters,
as shown in Figure 11a. Figure 11b shows the energy mitigation efficiency at various
CNT diameters, and it is obvious that the increase of CNT diameter cannot improve
the energy mitigation like CNT/water systems.

Similar to the effect of nanotube length, the increase of CNT diameter here cannot
store more buckyballs, because the CNT diameters, ranging from 1.36 nm to 1.90 nm,
are close to the buckyball diameter of 0.71 nm. Which indicates that the transmitted
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Fig. 12. The transmitted force reduction of C60-CNT systems with different CNT diameters
under various impact velocities.

Fig. 13. C60-CNT system with different buckyball number: (a) the various impact energy
and corresponding dissipated energy; (b) the energy dissipated efficiency.

force reduction of C60-CNT would keep a stable level with varying CNT diameters
when identical impact velocity, as shown in Figure 12.

4.4 The effect of buckyballs number

When designing C60-CNT system, the number of the buckyball is considerable. The
buckyballs deformation could not play a remarkable role for energy dissipation and
great transmitted force will be caused because of two rigid plate collision when there is
no sufficient buckyballs to fill the nanopores of system. Taking C60-(12,12)CNT-L5.0
with different buckyball numbers (8, 16, 24, 32) as the representative systems, various
impact velocities ranging from 50 m/s to 600 m/s are adopted. Figure 13a gives the
impact energy (solid lines) and dissipated energy (dash lines) of these systems. When
the system just has 8 buckyballs, it cannot normally work at a higher impact velocity
because most of buckyballs are invaded into the CNT. The remaining buckyballs
extremely deform and two rigid plates collide, resulting in the great transmitted
force. Therefore, there must be adequate buckyballs to make the system work. It is
noted that the system still is effective at a higher impact velocity with the buckyballs
increase, as shown in Figure 13b. However, the dissipated energy efficiency keeps a
stable level as buckyballs increase under different impact velocities.
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Fig. 14. The transmitted force reduction of C60-CNT with different buckyball number
under various impact velocities.

As the buckyball number increase to 24 or 32, the number of invaded buckyballs
is still the same, and the averaging impact energy of each buckyball is similar for
both systems at the same impact velocity, so the transmitted force reduction is also
approximately the same as shown in Figure 14.

5 Concluding remarks

The C60-CNT energy mitigation system combining carbon nanotube with buckyballs
for impact protection is established and explored based on LAMMPS (large-scale
atomic/molecular massive parallel simulator). When the system is impacted by an
impactor, the buckyballs in C60 reservoir will be highly compressed and invaded into
CNT, converting the impacting energy into kinetic energy of buckyballs and excessive
surface energy of the system because of the elastic deformation of C60s and the inter-
actions between C60s and CNT, and reducing the transmitted energy and force to
the receiver. Three comparison systems are also established and discussed to investi-
gate the energy mitigation mechanism of C60-CNT systems. Results indicate that the
deformation of C60s and the interaction between C60s and CNT are dominated. The
transmitted force mitigation of the C60-CNT system is dominated by the deformation
of C60s, and more than 50% force could be mitigated compared to its comparison
systems with rigid C60s. However, the interaction between C60s and CNT have no
distinct difference for transmitted force mitigation. Further, parametric analysis is
performed by varying governing factors, including impact energy, CNT length, CNT
diameter and C60 number. These results indicate that the energy dissipation of the
C60-CNT system is related to the dimensions of the CNT and the impact energy. The
C60-CNT system may be effective in a large range of impact velocities.

Results may pave the road to understand the energy mitigation mechanism of the
C60-CNT system and help to design the nano-device for impact protection.
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