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a b s t r a c t

This study reports an investigation on the effects of nanobuds and heat welded nanobuds chains (C60

chains attached or embedded on the surface of a SWCNT) on the mechanical properties of carbon
nanotubes by molecular dynamics (MD) simulations. The bond order change and the stress concentration
in the distorted connection area of nanobuds when C60 attaches to the surface of the SWCNT are first
studied. Then the effect of multiple randomly scattered and attached C60 fullerenes on the ultimate ten-
sile strength of SWCNT is discussed. It is found that both nanobuds and heat welded nanobuds chains
lower the ultimate tensile strength of individual defect-free SWCNT. However, the mean post-peak
strength of the CNT (after necking) is significantly enhanced by heat welded nanobuds chains.
Moreover, the ultimate tensile strength of the SWCNT with vacancy defects does not decrease by heat
welded nanobuds chains; interestingly, the maximum tensile strength of the SWCNTs bundles with inter-
tube bridging and vacancy defects even can be enhanced by more than 20% by heat welded nanobuds
chains.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Fullerenes and carbon nanotubes (CNTs) have attracted a great
deal of attention due to their unique physical and chemical proper-
ties [1–8]. Experimental and theoretical studies have shown that
fullerenes and CNTs can be combined into nanobuds by covalently
bonding fullerenes to the outer wall of carbon nanotubes, and
nanobuds exhibit properties of both CNTs and fullerenes [9–14].
Nanobuds can be used as molecular anchors to prevent slipping
of SWNTs in composites, thus improving the composite’s mechan-
ical properties [9]. Additionally, nanobuds possess high emission
characteristics and are promising for the development of new
types of vacuum electronic devices [9,12]. In recent years, the
properties of nanobuds have been extensively studied, including
their structures [15–18], electronic properties [19–20], chemical
properties [21–24], thermal transport properties [25], magnetic
properties [26] and mechanical property [14,19]. Our recent study
also showed that nanobuds can promote heat welding of carbon
nanotubes and SWCNTs independent of their diameters can be
welded together via nanobuds even at a temperature below
1500 K [27].

It is well-known that point defects on carbon nanotubes
adversely affect their mechanical properties in general, and thus
nanobuds with embedding configuration should lower the stiffness
and strength of carbon nanotubes. However, it should be different
for nanobuds with attaching configuration where both the
structure of fullerene and carbon nanotube in one nanobud are
defect-free [28]. We have reported the effect of bombardment
formed nanobuds with attaching configuration on the tensile
strength of carbon nanotube [14], however the bombardment
formed nanobuds with attaching configuration is not so typical
because their distortion and stress concentration in the connection
area between C60 and the SWCNT by collision are generally more
serious than those nanobuds synthesized by chemical functional-
ization or formed by applying pressure [27]. More importantly,
how the nanobuds with attaching configuration affect the tensile
strength of carbon nanotubes is not fully understood at present,
and how multiple attached C60 molecules or nanobuds chain with
attaching configuration will affect the tensile strength of carbon
nanotubes still need to be investigated.

Based on the above discussion, this paper has examined the
tensile strength of SWCNTs with nanobuds or nanobuds chain with
attaching configuration formed by applying pressure. A series of
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molecular dynamics (MD) simulations are conducted to test how
the nanobuds or nanobuds chain with attaching configuration will
affect the tensile strength of carbon nanotubes. First, nanobuds
with attaching configuration formed by applying pressure are
investigated for their effect on the tensile strength of SWCNTs;
the bond order change and the stress concentration in the distorted
connection area of nanobuds when C60 attaches to the surface of
the SWCNT are studied, and the effect of multiple randomly scat-
tered and attached C60 fullerenes on the ultimate tensile strength
of SWCNT is discussed. Then, the effects of heat welded nanobuds
chain on the tensile strength of CNT with or without defects are
also presented and discussed in details. In the following works,
the temperatures for getting the mechanical behavior of SWCNT
are 300 K.
Fig. 2. Pattern of the atoms involved in the formation of the different nanobuds.
2. Effects of individual Nanobud with attaching configuration
on the Mechanical Behavior of SWCNT

Different from the C60 bombardment formed nanobuds with
attaching configuration, the configuration and the electronic
structures of the nanobuds formed by applying pressure are more
similar to those synthesized by chemical functionalization. The
simulation method of the nanobuds formation by applying pres-
sure has been described in details in our previous works [27] and
will be employed in this work as well. In the simulations, the initial
distance between C60 and single-walled CNT (SWCNT) is set to a
certain value ranging from 0.8 to 1.6 Å which is less than the van
der Waals distance of 3.4 Å, and thus the effect is similar to apply-
ing a pressure to make the C60 and CNT close. Since no constraints
are set, any atoms are free to move during the simulations. If
interlinking bonds between C60 and CNT form, the structures will
equilibrate at 300 K in 0.2 ns with a fixed timestep 0.5 fs using
the Nosé–Hoover thermostat. Four typical nanobuds A, B, C and
Fig. 1. Typical nanobuds with attaching configuration formed by applying pressure.
D with respective number of interconnected bonds 1, 3, 4 and 5
as formed by applying pressure with the attaching configuration
are shown in Fig. 1. The details of the configuration of the nano-
buds in which the atoms of the interconnected bonds in both tubes
and C60 are highlighted in yellow color as shown in Fig. 2.

The second generation Reactive Empirical Bond Order (REBO)
potential proposed by Brenner [29], which has been used widely
to study the mechanical behavior of various carbon nanostruc-
tures, is employed in our MD simulations. In the MD simulations,
Fig. 3. Tensile stress versus strain relationships for a defect free CNT (10, 10) with
or without nanobud with attaching configuration.



Fig. 4. Simulation slide that two atoms of C60 cut into the tube and defects start to
appear on the tube in the tensile process of SWCNT with nanobud C: (a) front view;
(b) top view of the SWCNT with the atoms of the C60 embeded.

Table 1
Bond length and bond order of the bonds in the distorted connection area of SWCNT
(1, 1).

Bond
length

Standard
deviation of
bond length

Bond
order

Standard
deviation of
bond order

SWCNT with
NanoBud A

1.5038 0.004837 1.12888 0.013401

SWCNT with
NanoBud B

1.5137 0.033026 1.10417 0.090057

SWCNT with
NanoBud C

1.5137 0.042662 1.10657 0.109936

SWCNT with
NanoBud D

1.5227 0.048395 1.08360 0.129988

SWCNT (10, 10) 1.42 1.3826

Fig. 5. The stress distribution and typical tensile state when a C60 attaches on the
surface of SWCNT (10, 10): (a) The stress distribution at initial configuration (a C60

is placed at 1/3 of the CNT length); (b) typical tensile state during plastic yielding (a
C60 is placed at 1/3 of the CNT length); (c) The stress distribution at initial
configuration (a C60 located at middle of the CNT); (d) typical tensile state during
plastic yielding (a C60 located at the middle of the CNT).

Fig. 6. The effect of multiple attached C60 molecules on the tensile strength of
SWCNT (10, 10).
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the length of the open SWCNT (10, 10) is about 4.9 nm (20 axial
period length), and the wall thickness of a SWCNT is taken as
3.4 Å [30,31]. Simulation time step is set to be 0.5 fs. Following
the optimal scheme 2 (S2) described in Ref. [32], the first layers
of atoms on both ends of a CNT are held rigid and all atoms except
the boundary ones rigidly held are attached to a Nose–Hoover
thermostat in the MD simulations of the loading process.

The stress–strain curves for a defect free SWCNTs (10, 10) with
or without nanobuds attaching on the surface under uniaxial ten-
sile strain are shown in Fig. 3. The calculated absolute values of
Young’s moduli for a perfect (10, 10) armchair nanotube is
0.796 TPa which is closed to the values in Refs. [30,33], and the
ultimate tensile stress of SWCNT (10, 10) is 300.1 GPa which is in
good agreement with the results in Ref. [32], in which the wall
thickness of a SWCNT is taken as 3.4 Å. It is obvious that all the
nanobuds with attaching configuration will lower the ultimate ten-
sile strength of the SWCNT. For nanobud A, B, C and D by applying
pressure, the ultimate tensile strengths decease by 12.0%, 10.3%,
19.7% and 10% comparing with a pristine SWCNT, however the val-
ues of Young’s moduli changes very small, which decease by 0.29%,
0.67%, 1.32%, 2.0% comparing with a pristine SWCNT. Here the
mechanical properties of the nanobuds should be directly related
to their configuration. As an example, in our simulation, the atoms
of the nanobuds A, B, and D are not embedded into the tubes in the
tensile process, and the interconnected bonds of nanobuds D cross
two hexagons in the tube, which has a little consolidation effect to
some extent. However, in the special case of nanobud C, as shown
in Fig. 4, its two atoms will cut into the tube and one octagon and
two heptagon defects appear on the tube, which accelerate the
fracture of the tube and lower the ultimate tensile strength. This



Fig. 7. The effect of multiple attached C60 molecules on the Young’s moduli of
SWCNT (10, 10).
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can explain why type C is the weakest one and type D is the stiffest
one.

In fact, when C60 attaches to the surface of the SWCNT, the
curvature of the SWCNT causes the local structure around the
attached C60 to distort. Such distortion leads to change of bond
length and bond order of the bonds in the distorted connection
area of SWCNTs For nanobuds A, B, C, D, the bond length and bond
order of the bonds in the distorted connection area of SWCNT (1, 1)
are shown in Table 1, the method for calculation of the carbon–car-
bon bonds order is based on an empirical equation, fitted to DFT
calculations and described in [34].

In Table 1, it can be seen that, for all the carbon nanotube
nanobuds with the attaching configuration, the bond order of the
bonds in the distorted connection area of SWCNTs is reduced when
comparing with a pristine SWCNT, which should correspond to the
reduction of the tensile strength of the SWCNT attached with
nanobuds.

In addition, the stress concentration appears in the distorted
connection area between C60 and the SWCNT when C60 attaches
Fig. 8. Initial configuration and a typical tensile state of CNT (10, 10) w
to the surface of the SWCNT; in turn, the stress concentration influ-
ences its dynamic behavior in the tensile process of the SWCNT.
Take an example, Fig. 5(a) and (c) show the stress distribution of
each atom in the system when a C60 is placed at 1/3 or 1/2 of the
CNT length, respectively. It can be seen that the stress concentra-
tion is obvious in the distorted connection area between C60 and
the SWCNT before the tensile process starts. Here the stress of each
atom is calculated using the vector sum of components of the
per-atom stress tensor in x, y, z direction and is in units of
(bars ⁄ Angstrom3) because the volume of an individual atom is
not well defined or easy to compute in a deformed solid or a liquid.
We find generally the plastic deformation will start, which is fol-
lowed by necking near the distorted connection area between C60

and the SWCNT in a typical tensile process of SWCNT with nano-
bud, as shown in Fig. 5(b) and (d). Because the chemical bonds
within the junction area between the C60 and SWCNT are pre-
loaded by the presence of C60 attached, with the application of
external tensile force on the tube ends, the C60 affected region
becomes the weakest point and will serve as a damage nucleation
site for progressive failure.

Similarly, for a perfect SWCNT, when C60 molecules scatter and
attach on the surface of CNT, the ultimate tensile strength of
SWCNT will also be lowered based on the above discussion.
However, one concern may be if the strength of the SWCNT will
be seriously worsened when more C60 molecules scatter and attach
on the surface of CNT. To address this point, the effect of multiple
attached C60 molecules on the tensile strength of SWCNT is stud-
ied. SWCNT (10, 10) with 1, 2, 4, 6, 8 C60 molecules random scatter-
ing on the surface of CNT with attaching configuration of nanobuds
B are calculated. In each case, simulations are repeated 4 times
with different C60 molecules random distribution. As shown in
Figs. 6 and 7, the same trend is observed for SWCNT with or with-
out vacancy that the effect of attached C60 molecules on the ulti-
mate tensile strength and Young’s moduli of SWCNT becomes
smaller with the increase in the number of attached C60 molecules.
3. Effects of heat welded nanobuds chain on the mechanical
behavior of individual SWCNT with defects

C60 molecules in nanobuds with attaching configuration can slip
on the tubes, and become trapped and combined with other C60
ith or without a single vacancy defect with two nanobuds chains



Fig. 9. Tensile stress versus strain relationships for a defect free CNT (10, 10) with
or without nanobuds chain with attaching configuration.
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molecules attached to the CNTs at elevated temperature, thus
forming chains of C60 fullerenes [27].

When C60 chains attach on the surface of CNT, both the C60

chain and each C60 molecule will be involved in the tensile process,
thus making the tensile behavior of SWCNT different. To under-
stand how the C60 chains will affect the mechanical behavior of
Fig. 10. Tensile stress versus strain relationships for CNT (10, 10) with or without nanobu
(b) CNT (10, 10) with a double vacancy defect; (c) CNT (10, 10) with 3 random distribute
defect.
SWCNTs, the tensile stress versus strain relationships for SWCNT
with or without defects will be investigated.

Here we will only consider the simplest case, in which two C60

chains attached on the surface of a SWCNT (10, 10) along the tube
direction with or without vacancy defects. The details of simula-
tion method of heat welding for CNTs or C60 chains has been
described in our previous works [27,35–37] and will be employed
here as well. Here first by the contact method [27], the C60 fullere-
nes are attached in a straight line along the upper and lower
surface of the CNT, and then ends of the (10, 10) SWNTs
(1.356 nm diameter) with the formed nanobuds are constrained,
and the system excluding the constrained regions of CNT is heated
from 300 K to a maximum temperature of 1500 K in 2 ns. The tem-
perature is kept at the maximum temperature for 10 ns with a
fixed timestep of 0.5 fs using the Nosé–Hoover thermostat.
SWCNTs attached with the formed C60 chains by heating will then
be annealed from the corresponding welding temperature to 300 K
in 1 ns and will be kept at that temperature for 0.2 ns.

Fig. 8(A)–(C) show the tensile process of a perfect SWCNT
(10, 10) with two C60 chains attaching on the surface, and
Fig. 8(D)–(F) show the tensile process of a SWCNT (10, 10) with a
single vacancy defect and two heat welded C60 chains attaching
onto the CNT surface.

As shown in Fig. 8(B) and (C), in the tensile process of a perfect
SWCNT (10, 10) with two C60 chains attached on the surface, the
fullerenes are involved in the tensile deformation process of CNT.
Compared with the tensile process of the perfect SWCNT without
the C60 chains attached, the ultimate strength of the SWCNT (10,
ds chain with attaching configuration: (a) CNT (10, 10) with a single vacancy defect
d single vacancy defect; (d) CNT (10, 10) with 3 random distributed double vacancy
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10) is reduced obviously and meanwhile the Young’s moduli
decrease slightly by 1.29% (with a Young’s moduli value
793.5 GPa). However, the post-peak strength of the CNT (i.e. once
the ultimate strength is reached) is significantly increased as
shown in Fig. 9. This suggests that the degradation of the bond
order by the attached C60 chains dominates the reduction of the
ultimate strength of the SWCNT in the elastic stage. When plastic
deformation starts, bond breaking occurs, followed by necking
and failure of the tube. During the necking stage, the C60 chains
provide further resistance to deformation, which causes the
post-peak strength to increase. Thus the junctions between the
heat welded C60 fullerenes and the junction between the fullerenes
and SWCNT play an important role in increase of the post-peak
strength and ductility of the SWCNTs, thus delaying the full frac-
ture of the CNT.

Carbon nanotubes can have natural defects and vacancies. It is,
therefore, important to know how the C60 chains will affect the
mechanical behavior of SWCNTs with defects. Fig. 10 shows the
tensile stress versus strain relationships for the defective CNT
(10, 10) with or without nanobuds chains. The tensile strength of
the SWCNTs (10, 10) with a single vacancy defect, a double vacancy
defect, 3 random distributed single vacancy defects or 3 random
distributed double vacancy defects on the surface without
nanobuds chains attached are compared with the cases in which
defective CNT (10, 10) attached with nanobuds chains similar to
the configuration in Fig. 8(D). An interesting finding is the involve-
ment of C60 chains attached in the deformation process can
Fig. 11. Tensile stress versus strain relationships for 2 � 2 SWCNT (10, 10) bundle with or
(10, 10) bundle with 3 random distributed single vacancy defects on each tube (d) 2 � 2 S
vacancy defects on each tube.
increase the post-peak strength and ductility of the SWCNTs in
the plastic deformation stage significantly. More importantly, the
ultimate strength will not be lowered. This suggests that the degra-
dation of the ultimate strength of the SWCNTs with vacancy
defects and C60 chains comparing with that of the perfect SWCNT
is only caused by the vacancy defects.

Results show that the C60 chains have very little influence on
the Young’s moduli of SWCNTs with defects. In Fig. 10(a)–(d), the
Young’s modulis for the defective CNT (10, 10) with nanobuds
chains are 0.7907 TPa, 0.7838 TPa, 0.7821 TPa and 0.7568 TPa,
respectively, and the corresponding Young’s modulis for the defec-
tive CNT (10, 10) without nanobuds chains are 0.7917 TPa,
0.7849 TPa, 0.7825 TPa and 0.7576 TPa, respectively.

4. Effects of heat welded nanobuds chain on the mechanical
behavior of CNTs bundle with intertube bridging and defects

Reinforced single-walled carbon nanotube bundles by intertube
bridging have been reported in Ref. [38], which showed a 30-fold
increase of the bending modulus. However we found the maxi-
mum tensile strength of such SWCNT bundle will also be lowered
comparing with that of the perfect SWCNT due to the intercon-
nected bonds between the tubes, which can be observed by com-
paring Figs. 9 and 11(b). It also can be observed from Fig. 11(b)
that the C60s chains attached will not decrease the maximum
tensile strength of the defect-free carbon nanotubes bundles obvi-
ously. It indicates that the interconnected bonds between the tubes
without nanobuds chains: (a) and (b) 2 � 2 SWCNT (10, 10) bundle (c) 2 � 2 SWCNT
WCNT (10, 10) bundle with random distributed 1 single vacancy defect and 2 double
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in the bundle should be responsible for the degradation of the ulti-
mate strength of the SWCNTs bundle with C60s chains attached
comparing with that of the perfect individual SWCNT.

Fig. 11(c) and (d) show the tensile stress versus strain relation-
ships for 2 � 2 CNTs (10, 10) bundle with or without nanobuds
chains on the surfaces; in Fig. 11(c) there are 3 random distributed
single vacancy defects on each tube; in Fig. 11(d) there are ran-
domly distributed 1 single vacancy defect and 2 double vacancy
defects on each tube. With C60s chains attaching, the maximum
tensile strength of CNTs bundle with vacancy defects can even be
enhanced by 23.4% and 15.8% for the cases in Fig. 11(c) and (d),
respectively. For SWCNT with vacancy defect and C60 chains, the
vacancy defected region becomes the weakest point in general,
and the C60 chains can act as the patch on the SWCNT. Though
C60 chains attaching on the SWCNTs also will result in bond reduc-
tion and local stress concentration, the consolidation effect of the
C60 chains dominates the tensile process of the SWCNTs bundle
with vacancy defects.

Similarly, results also show that the C60 chains have very little
influence on the Young’s moduli of SWCNTs bundles. In
Fig. 11(b)–(d), the Young’s modulis for the SWCNTs bundles with
nanobuds chains are 0.7823 TPa, 0.7613 TPa and 0.7496 TPa,
respectively; and the corresponding Young’s modulis for the
SWCNTs bundles without nanobuds chains are 0.7881 TPa,
0.7649 TPa and 0.7548 TPa, respectively.
5. Conclusions

In summary, the MD simulation approach has been adopted to
investigate the effects of the nanobuds on the mechanical
properties of carbon nanotubes. The key results are summarized
below:

Not only scattered C60 molecules but also C60 chains attached on
the surface of individual perfect SWCNT would lower the ultimate
tensile strength and Young’s moduli of the tube, and the bond
order reduction and the stress concentration in the distorted con-
nection area of nanobuds when C60 attaches to the surface of the
SWCNT is likely to be responsible for the reduction of the ultimate
tensile strength and Young’s moduli of individual SWCNT.

However, when C60 chains attach on the surface of individual
CNT, the mean post-peak strength of the CNT after necking is sig-
nificantly increased. Moreover, the C60 chains attaching can consol-
idate the SWCNT bundles with vacancy defects. Our results show
that when C60 chains are attached, the maximum tensile strength
of CNTs bundle with vacancy defects can be enhanced by more
than 20%.

Nanobuds are new hybrid nanomaterials with extraordinary
properties. To utilize them in engineering applications, it is neces-
sary to predict and model their behavior under different situations
[39–41]. In this study, our results have shown clearly how the ten-
sile strength of SWCNT varies with nanobuds or nanobuds chain. It
should be noted that here we only consider a simple configuration
of the C60 chains and their attaching modes in the investigation, in
which two heat welded C60 chains attached to the surface of a
SWCNT (10, 10) lie in straight lines along the tube direction. In fact,
the configuration of the C60 chains should be more complex in
practice. Moreover, both the configurations of the C60 chains and
the junction between the C60 fullerenes and SWCNT may affect
the results. Therefore, how exactly the mechanical properties of
carbon nanotubes will be affected by these factors still need to
be further investigated.
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