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Softening to hardening of stretched
diamondene nanotubes

Lei Wang, *a Kun Cai,*b Siyu Weia and Yi Min Xieb

Diamondene, a carbon nanomaterial containing both sp2 and sp3 carbon atoms, is obtained by

compressing two or more layers of graphene. By curving rectangular diamondene and matching the

unsaturated C–C bonds on the two unbent edges, a nanotube is built. We build two diamondene nanotubes

(DNTs) with different radii and test their strengths under uniaxial tension. From the stress–strain curves,

we discover that DNTs exhibit softening followed by hardening. The mechanism is as follows: the bond

lengths and bond angles impart different stiffnesses to the tube at different axial strains. Molecular

dynamics simulations demonstrate that the feature of the softening–hardening process is independent

of either the tube radii or the system temperature. The critical strain for the tensile strength of a DNT

becomes lower at a higher temperature. This is caused by thermal vibration of the atoms in the

tubes. At the same temperature, for a DNT with a larger radius, the value of critical strain is higher. These

properties will be beneficial for the potential applications of DNTs in nanodevices.

1. Introduction

Carbon, the sixth element in the periodic table, is one of the
essential elements in living organisms. Carbon materials are
abundant in the earth, and they are essential to various human
functions. Hence, carbon materials attract attention constantly.
Nowadays, the development of new carbon materials is still a
challenge, but it is still a fairly attractive field. Besides naturally
occurring carbon materials such as graphite and diamond,
other carbon materials with special features are also available.
For example, fullerenes (or carbon nanoballs), once predicted
by Osawa,1 were manufactured by Smalley et al. in 1985.2 In
1991, Iijima fabricated carbon nanotubes.3 In 2004, Geim et al.4

obtained a single layer of graphite, i.e., graphene. Currently,
both carbon nanotubes and graphene have been successfully
applied in various fields.5–12

A carbon atom has 2s22p2 electron configuration. Fullerene
as well as graphene can be considered as sp2 carbon materials.
However, diamond is an sp3 carbon material. Due to the unique
electron configuration of the carbon atom, it is assumed that stable
carbon materials containing both sp2 atoms and sp3 atoms can exist.
An increasing number of experiments have provided evidence for
this prediction.13–16 Among the sp2/sp3 composites, diamondene17–22

has attracted more attention in recent years because of the current
popular research involving two-dimensional materials.23–27

It has been found that by compressing two or more
layers of graphene, diamondene can be formed when the
neighboring layers are covalently bonded. Since the fourth
covalent bond is not easily formed in carbon materials, the
fabrication of diamondene needs extremely high pressures,
e.g., above 10 GPa20,21 at room temperature. In diamondene
formed from a double layer of graphene, sp2 and sp3 atoms are
uniformly separated from each other. On the other hand, as a
two-dimensional material, diamondene has relatively higher
bending stiffness than graphene of the same size; therefore, it
still exhibits high flexibility. According to these two character-
istics, we believe that a nanotube can be fabricated by curving
a rectangular diamondene ribbon and welding the unbent
edges using a high-energy electron beam. This type of a new
one-dimensional nanomaterial is called diamondene nanotube
(DNT). Moreover, the buckling behavior of DNTs has been
investigated by Cai et al.28

It should be noted that this type of DNT looks similar to but
is quite different from the so-called prestressed multiwalled
carbon nanotubes (PMWCNTs) with an interlayer distance
less than the regular spacing of 0.34 nm.29,30 In PMWCNTs,
the distances between the adjacent layers are in the range of
0.22–0.29 nm; these values are larger than the cutoff value of
0.2 nm in REBO-style interatomic potential functions. This implies
that the interactions between the carbon atoms in different
layers are not covalent bonds. However, a covalent bond, with
an equilibrium bond length of about 0.16 nm, links two carbon
atoms on the inner and outer walls in the DNT configuration.
Briefly, a DNT has different bond topology as compared to
a PMWCNT.
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In this study, we focus on the thermal stability of a DNT and
the strength of the tube stretched along the tube axis at a finite
temperature. The mechanical properties of a DNT are investi-
gated using the molecular dynamics simulation approach along
with theoretical analyses. Some results can be used as guidelines
for potential applications of this novel nanotube in flexible
nanodevices.

2. Models and methodology

DNTs (n, m) can be considered as reshaped concentric double
carbon nanotubes (n, m). For example, a DNT ((18, 18)), as
shown in Fig. 1, is formed by reshaping two (18, 18) armchair
carbon nanotubes. Such a DNT is also called an armchair DNT.
In this study, two DNTs, namely, ((18, 18)) and ((26, 26)) are
selected for performing strength tests; their radii are B1.25 nm
and B1.80 nm, respectively. The length of ((18, 18)) is B8.29 nm
and that of ((26, 26)) is B2.26 nm.

DNTs are placed in an NVT ensemble for free relaxation
prior to applying tension. To reveal the temperature effect on
the stability of unconstrained DNTs, the system temperatures
are set to T = 1 K, 100 K, 200 K, 300 K, 600 K, and 900 K. For
discussing the temperature effect on the tensile strength of
DNTs, T = 1 K, 50 K, 100 K, 200 K, 300 K, 600 K, and 900 K are
considered. Periodic boundary conditions are adopted along
the three orthogonal directions.

Molecular dynamics calculations are carried out to test the
stability and strength of DNTs. LAMMPS,31 an open source
code, is used to perform the calculations. In each calculation, the
interaction among the carbon atoms in the DNT is estimated by
the AIREBO potential.32 The system is first reshaped by potential
minimization.

After minimization, the system is placed in an NPT ensemble
for 300–500 ps of relaxation with a time step of 0.001 ps.
Furthermore, if necessary, the tube is stretched with a strain ratio
of 6.12573 � 10�5 ps�1 in the NPT ensemble. Geometric mapping

of the simulation box is adopted to provide deformation of
DNTs. To estimate the stability of the nanostructure, the varia-
tion of potential energy (VPE) of the system can be calculated. In
this study, VPE of a DNT is calculated during the relaxation or
loading process.

3. Results and discussion
3.1 Thermal stability of a DNT at finite temperatures

Before testing the uniaxial tensile strength of DNTs, we discuss
the thermal stability of a DNT, e.g., ((26, 26)) at finite tempera-
tures. First, the DNT is built and placed in an NVT ensemble with
PPP boundary conditions. After not less than 300 ps of relaxation,
we observe the configurations of the DNT. Meanwhile, to show the
stability of the system, we draw the potential energy per atom
during relaxation (Fig. 2). The value of the atom’s potential energy
tends to be stable after few picoseconds, i.e., the curve becomes
flat. From the axial views of the DNT at 300 ps at either 1 K or
300 K (the inset in Fig. 2), we can observe that the nanotube is
regular and has no broken bonds. The final stable value of the
potential energy per atom at 300 K is the maximum value
among those of the four cases. The value at 1 K is slightly
lower than that at 300 K. This difference is caused due to
thermal-vibration-induced fluctuations of the potential energy
per atom in the system.

As can be observed, for the curves of potential energy per
atom with respect to higher temperatures, e.g., 600 K or 900 K,
longer time is required to obtain a stable value. Interestingly,
the stable value at 900 K is the minimum among those of the
four cases. We also find that a major drop in the potential
energy occurs within the first 50 ps for the DNT at 900 K, which
is much shorter than that for the DNT at 600 K. Hence, we
believe that the nanotube experiences different variations in its
configuration at different temperatures. To reveal this difference,
we obtain snapshots of the nanotube at both the temperatures
(Fig. 3). It is evident that the initial DNT, i.e., at 0 ps is clearly

Fig. 1 A diamondene nanotube (DNT). (a–c) Views of DNT ((18, 18)) with length L and average diameter d and (d) representative atoms in the cell
of a DNT. Atoms in blue or pink are on the inner surface of the DNT, and atoms in red or grey are on the outer surface. Both the surfaces are bonded
by sp3 carbon atoms (e.g., atoms 2 and 6 in pink or 3 and 7 in grey). Atoms 0, 1, 4, 5, 8, and 9 are sp2 atoms in DNT. Bonds 0–2, 2–3, and 1–3 are vertical
to the z-axis.
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bigger than that at 500 ps. Furthermore, the shape of the tube’s
cross-section varies with time. This demonstrates that the DNT
shrinks at either 600 K or 900 K; in particular, the DNT is not
stable at 900 K. For example, after 8 ps of relaxation, the
column of sp3–sp3 bonds is broken (please see the defect in
the orange frame). At 26 ps, a second defect appears. Before
500 ps, no further defects are generated. From the curves of the
potential energy per atom, shown in Fig. 2, we can infer that the
system tends to be in a stable state. Theoretically, the breakage
of C–C bonds leads to an increase in the potential energy per
atom. However, Fig. 2 shows that the system becomes more
stable (i.e., lower value of potential energy) at 900 K. The major
reason for this is that the DNT has stronger shrinkage at 900 K
than that at 600 K.

At 1 K, we also calculate the representative bond lengths and
bond angles (Fig. 1d), and the results are shown in Fig. 4a
and b, respectively. As bonds 1–3 and 0–2 are vertical to the
tube axis, the values of l35 and l57 are identical; l24 and l46 tend
to have the same value. Bonds (sp3–sp3) 2–3 and 6–7 are of

equal length. Because the atoms of 1, 3, 5, and 7 are on the
outer surface of the DNT and the remaining atoms are on the
inner surface, the value of l13 (B0.1616 nm) is higher than
the interlayer bond length, i.e., B0.158 nm of l23. The lowest
length of the bond is observed for bond 0–2 because both atoms
0 and 2 are at the inner surface of the DNT. Moreover, the bond
is vertical to the tube axis, which means that the bond is under
the strongest compression. For the same reason of different
curvatures of both the surfaces of the tube, bond angle a024 is
much lower than a135, but a246 is higher than a357 (Fig. 4b).

It is known that the interlayer bond length in diamondene20 is
B0.167 nm, and the C–C bond length in graphene is B0.142 nm.
After comparing these two values, we find that all the present
bond lengths (Fig. 4a) are between these values. Furthermore,
l23 has a value of B0.158 nm, which is less than 0.167 nm, and
it is under a compressive state. Bond l13 has a higher value than
0.155 nm (C–C bond length in diamond), which implies that it
is under a tensile state. In particular, for bond 0–2, atom 0 is
subjected to strong repulsion from its neighboring atoms
within 1.0 nm (the cutoff of Lennard-Jones potential33). On
the other hand, as bonds 1–3, 0–2, or 2–3 are vertical to the tube
axis, their neighboring bonds 3–5 and 2–4 are easily broken
than the other three types of bonds if the tube is under uniaxial
tension (along the z-axis).

3.2 Strength of DNTs under uniaxial loading

Fig. 5 illustrates the variations in potential energy and axial
stress of DNTs ((18, 18)) and ((26, 26)) during uniaxial stretching
at finite temperatures. In LAMMPS, the local stress tensor of
each atom is calculated based on a Virial-style definition.34 Some
essential conclusions can be drawn. First, for both the tubes,
their critical strains are not more than 0.3, i.e., the tube extends
not more than 30% of its original length. Second, the critical
strain of the DNT is lower at higher temperatures. Third, at
temperatures below 300 K, the VPE curve (Fig. 5a or c) is smooth
before approaching the corresponding critical strain. However,
at higher temperatures, e.g., 600 K or higher, VPE increases

Fig. 2 Potential energy per atom in DNT ((26, 26)) during free relaxation at
different temperatures.

Fig. 3 Representative snapshots of DNT ((26, 26)) at different temperatures. The cutoff of C–C bonds is 0.2 nm.
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with fluctuations; besides, the related critical strain is clearly
less than that at 300 K. It is necessary to demonstrate that both
the tubes have different properties under the same uniaxial
strain. Fourth, the tube ((26, 26)) has higher critical strain than
the tube ((18, 18)) at the same temperature. For instance, at
300 K, the critical strains are B0.2292 for ((18, 18)) and B0.2758

for ((26, 26)). Lastly, for the tube with a higher radius, its critical
strain reduces as the temperature increases from 1 K to 300 K.

As compared to VPE curves, the curves of the axial stress of
both the tubes (Fig. 5b and d) reveal similar conclusions. For
example, the critical stress with respect to the critical strain is
higher at lower temperatures for the same tube; the critical

Fig. 4 Variation of bond length and bond angle for representative atoms in DNT ((26, 26)) during free relaxation when temperature is 1 K.

Fig. 5 Variation of potential energy and axial stresses of DNTs ((18, 18)) and ((26, 26)) under uniaxial stretching at different temperatures.

Paper PCCP

Pu
bl

is
he

d 
on

 0
6 

A
ug

us
t 2

01
8.

 D
ow

nl
oa

de
d 

by
 A

us
tr

al
ia

n 
N

at
io

na
l U

ni
ve

rs
ity

 o
n 

1/
10

/2
01

9 
8:

31
:1

1 
PM

. 
View Article Online

http://dx.doi.org/10.1039/c8cp03243b


21140 | Phys. Chem. Chem. Phys., 2018, 20, 21136--21143 This journal is© the Owner Societies 2018

stress at 300 K is much higher than that at 600 K or a higher
temperature. However, at the same temperature, the critical
stress of the slim tube ((18, 18)) is higher than that of ((26, 26)).

It is interesting that each stress curve with respect to
temperatures below 300 K has two stages, i.e., softening and
hardening stages. For a lattice structure, both these stages
should have different variations in the bond lengths and bond
angles. To reveal this phenomenon, we draw the histories of the
representative bond lengths and bond angles in the cell in DNT
((18, 18)) at 1 K, as shown in Fig. 6. The reason for choosing the
tube at 1 K is that the thermal vibrations can be neglected, and
the cross-section of the tube is only slightly different from a
standard circular ring. Thus, the representative bonds can be
easily selected.

From Fig. 6a, we find that the length of bond 1–3, i.e., l13

undergoes three stages before the tube approaches the critical
strain of 0.2895. As bond 1–3 is parallel to the xy plane and it
belongs to the outer surface of DNT ((18, 18)), it is under tensile
state before stretching of the tube. During stretching before
the strain approaches 0.1616, l13 decreases; this implies that all
the horizontal bonds at the outer surface of the tube reduce the
axial stiffness of the stretched tube. When the strain is higher
than 0.1616, l13 increases; this means that the bond starts to
support the tensile load applied to the tube. However, after the
axial strain reaches 0.2292, the length remains unchanged
before the collapse of the tube.

Bond 3–5 also behaves uniquely during the stretching of the
tube. For example, l35 increases to B0.17 nm at the fastest
growth rate among those of the five representative bonds before
the axial strain approaches 0.1616; this is because this bond
together with bond 5–7 has the smallest angle with the tube
axis. During the stretching of the tube, the bonds cause the
most resistance against deformation. Furthermore, the axial
strain is mainly caused by the increase in the two types of
bonds and the increase in their intersecting angles, e.g., a357

(a246 in Fig. 6b); thereafter, it grows slowly.
Bond 2–4 belongs to the inner surface of the DNT and is not

vertical to the tube axis. It is under compression before its
length is less than 0.155 nm (C–C bond length in diamond).

During the stretching of the tube, it grows faster than bond 0–2,
which is vertical to the tube axis (the inset in Fig. 6b).

From the curves of the bond angles in Fig. 6b, it is observed
that a246 increases, whereas a135 or a024 decreases. However, the
angles related to the interlayer bonds, e.g., a023 and a132 change
differently. For example, after the axial strain reaches 0.1616,
a023 increases, but a132 decreases. This is because atom 1 (sp2

atom) is subjected to weaker repulsion from its neighboring
nonbonding atoms when the tube is stretched long enough;
e.g., the strain is over 0.1616. Under weaker repulsion, atom 1
gets closer to the tube axis, but bond 2–3 is still along the radial
direction. Hence, bond angle a132 is reduced at this stage. Atom
0 (sp2 atom as well) is always under strong repulsion because it
belongs to the inner surface of the tube, and the repulsion
becomes stronger during stretching. Hence, a023 increases
instead of decreasing.

Now, with respect to the curve of DNT ((18, 18)) at 1 K
(Fig. 5b), we find that the softening of the axial stress ends at
the axial strain of 0.1616. From the growing rates of l13 and l35

(Fig. 6a), the change in the radius of the DNT at this stage
should be investigated. The radius of the outer surface of the
tube can be estimated by the following equation:

Ro = B[l13 + l35 � (�cos a135)] � (18 + 18)/2p. (1)

The related curve of Ro vs. axial strain is shown in Fig. 7a.
According to the curve of the tube radius (Fig. 7a), we know

that the transversal shrinking of the stretched tube is slow at
the softening stage. From Fig. 7b, we can observe that an
increasing number of C–C bonds at the outer surface of the
tube have lengths greater than 0.17 nm; e.g., at strain of 0.2760,
there are a few bonds at the outer surface (Fig. 8a), which
means that the strength of the bonds becomes very weak. From
previous analyses, we infer that most of the bonds are parallel
to either bond 3–5 or bond 5–7. This conclusion is verified by
the snapshots with respect to strain of 0.2292 (Fig. 8a). Some of
the bonds at the inner surface of the tube are stretched longer
than 0.17 nm until the axial strain is over 0.2760. Simultaneously,
some interlayer bonds (sp3–sp3 bonds) become higher than
0.17 nm. However, this does not mean that the tube is broken,

Fig. 6 Variation of representative bond lengths and bond angles in DNT ((18, 18)) under axial tension at 1 K.
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which implies that some bonds are longer than 0.2 nm and
cannot return to their original state after the load is released;
the snapshot at strain of 0.2896 in Fig. 8b may be referred.
From this snapshot, we also find that the local breakage of the
tube leads to stress release in the tube, and a larger number
of bonds at the outer surface shrink to lengths shorter than
0.17 nm.

4. Conclusions

Diamondene is a carbon material containing sp2 and sp3 carbon
atoms, and its physical properties are different from those of
both graphene (sp2) and diamond (sp3). By curving a diamondene
ribbon to form a nanotube, the thermal stability and tensile strength
of the diamondene nanotube (DNT) are estimated. According
to the molecular dynamics simulation results, the following
conclusions are drawn for the potential usage of the new one-
dimensional carbon material in nanodevices:

(1) After full relaxation in an NVT ensemble, a DNT with a
radius of B1.80 nm is stable at temperatures below 600 K, but
it is not stable at 900 K due to the breakage of some sp3–sp3

bonds in the tube.
(2) In the unconstrained state, the sp2–sp3 bonds at the

outer surface and vertical to the axis of an armchair DNT are
under a tensile state; they are longer than the sp3–sp3 bonds.
However, the sp2–sp3 bonds at the inner surface and vertical to
the axis of the DNT are under a compressive state and have the
shortest bond lengths.

(3) For either the longer ((18, 18)) or shorter ((26, 26)) DNT
under uniaxial tension, the critical strain for the tensile
strength is not more than 0.3. In particular, for a DNT with a
lower radius, its critical strain is more sensitive to temperature
than that of a DNT with a larger radius; at the same tempera-
ture, the former DNT has a lower value of the critical strain
than the latter.

(4) The axial stress–strain curve of a DNT at a finite tempera-
ture illustrates that the DNT is initially in the softening state;

Fig. 7 Radius and bond number of DNT ((18, 18)) under uniaxial stretching at 1 K. Statistically, the cutoff of the bond is 0.17 nm.

Fig. 8 Bond distributions in both the surfaces of the stretched DNT ((18, 18)) at 1 K. In these bonds, half side of the tube with respect to x o 0 is filtered by
the slice in the yz plane. At strain of 0.2895, there is no bond in the outer surface in (a). However, when the cutoff of bond is set to be 0.2 nm, both inner
and outer tubes remain undamaged until the strain reaches 0.2896, as shown in (b).
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after the axial strain increases beyond a threshold, e.g., 0.1616
for DNT ((18, 18)) at 1 K, the tube turns into the hardening state
when the temperature is not higher than 300 K.

(5) During the softening stage, the sp2–sp3 bonds at the
outer surface and vertical to the axis of the DNT shrink and
reduce the stiffness of the tube.

(6) At the hardening stage, all the bonds become longer
during stretching of the tube. Meanwhile, an increasing
number of oblique bonds, i.e., the sp2–sp3 bonds at the outer
surface but not vertical to the tube axis become longer than the
bonds vertical to the tube axis; this is the reason for the
hardening of the tube.

Briefly, the constitutive law of a DNT is nonlinear and
temperature-dependent. While using a DNT in a flexible nano-
device, e.g., a resonator, the features must impact the dynamic
response of the nanodevice. In our future study, the potential
applications of this new nanotube in such nanodevices will
be discussed.
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