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We report molecular dynamics simulations of tensile elongation of carbon nanotubes (CNTs) over a wide
temperature range. In particular, we examine temperature and size effects on tensile ductility of CNTs and
compare our results with recent experimental observation on superplastic deformation of CNTs at high tem-
peratures. Our simulations produce substantial tensile ductility in CNTs with large diameters at high tempera-
tures and reveal that similar behavior can be realized over a surprisingly large temperature range between 500
and 2400 K that is yet to be fully explored by experiments. At lower temperatures, tensile deformation modes
become brittle due to defect localization attributed to insufficient thermal energy for wide distribution of defect
nucleation. For CNTs with smaller diameters, our simulations produce strong defect localization which leads to

brittle behavior even at high temperatures. Sensitive dependence on the distribution of incipient defects on
thermal energy results in a significant decrease in the elastic limit with increasing temperature. We propose an
effective tensile ductility enhancement via temperature reduction beyond the elastic limit. The results offer
insights for understanding intriguing temperature effects on tensile deformation modes of CNTs.
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I. INTRODUCTION

Carbon nanotubes (CNTs) exhibit exceptional mechanical
properties.!™* Among the fundamental issues are their elastic
and plastic deformation behaviors under tensile loading and
the associated breaking and failure modes. Previous theoret-
ical studies*® show that the critical failure strain of CNTs
under tensile loadings is no more than 20%, while in early
experiments only 6% was achieved for single-walled CNTs
(SWCNTs) (Refs. 6 and 7) and 12% for multiwalled CNTs.?
However, recent experiments®® performed at high tempera-
tures (about 2 000 °C) revealed surprisingly larger (typically
over 50%) superplastic deformation behavior in CNTs with
large tube diameters. These results present a challenge to the
existing understanding on the mechanical properties of
CNTs, especially their deformation modes at different tem-
peratures and tube sizes.

Several pioneering theoretical works have been reported
by Yakobson and co-workers on the onset of plastic defor-
mation in CNTs at high temperatures.!®!! They pointed out
that the plastic elongation could be achieved by the so-called
Stone-Wales transformation, i.e., the nucleation of pentagon-
heptagon pairs from the well defined hexagonal graphite net-
work via a 90° rotation of a C-C bond. To facilitate large
plastic elongation, high-temperature condition along with
tensile strain is essential for providing external energy to
overcome the energy barrier for defect nucleation and
motion.!0-12

While previous results provide important insights into the
mechanism of nucleation of the topological defects respon-
sible for plastic elongation, several fundamental issues con-
cerning tensile deformation of CNTs remain to be explored.
Most of existing theoretical studies focused on short seg-
ments of CNTs with very small diameters. They are used in
conjunction with engineering modeling analysis to demon-
strate the principles for the nucleation of a single topological
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defect and its subsequent motion on the tube wall. However,
these results do not provide an adequate description for the
generation, distribution, and interaction of a large number of
defects present in realistic CNTs with larger sizes. In recent
experiments,® the observed superelongation occurs in CNTs
with large diameters up to 12 nm, followed by significant
reduction in diameter before eventual breaking of the tube.
Another experiment showed that the inner most tube wall of
a triple-walled CNT breaks first.” These results suggest that
CNTs with large diameters are more ductile, which is in stark
contrast to early theoretical prediction that CNTs with small
diameters are favored for plastic elongation.'? Therefore, the
dependence of tensile ductility of CNTs on the tube size
should be re-examined. Furthermore, in the reported experi-
ments, it is noted that multiple defects and kinks were gen-
erated during the elongation process. As a result, the interac-
tion among the defects becomes inevitable and is expected to
play an important role in the deformation process. It is,
therefore, necessary to go beyond the previously considered
scenario of ideal glide of a single defect on the tube
wall'®!1314 and to examine in detail the complex dynamic
behavior of multiple defects on CNTs. Another important
issue concerns the range of temperatures where large plastic
deformation can be produced in CNTs. Previous studies were
conducted either at room temperature or at high temperatures
around 2 000 °C. It would be interesting to examine the re-
sponse of CNTs subjected to tensile loading at intermediate
temperatures. The results are expected to shed light on the
role of temperature in producing the superplastic behavior
and the interplay between the thermal energy and the me-
chanical strain energy during the elongation process.

In this paper, we report molecular dynamics (MD) simu-
lations on tensile deformation of SWCNTs at temperatures
ranging from 300 to 2400 K. Previous results show that,
regardless of their starting chiralities, SWCNTs will eventu-
ally evolve toward zigzag type.'” We therefore focused on
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zigzag SWCNTs in this study. We found that tensile ductility
can be achieved in CNTs with large diameters [greater than
that for the (31,0) SWCNT] over a surprisingly large tem-
perature range (500-2400 K). Our results also reveal sensi-
tive temperature dependence of the elastic limit of SWCNTs
over a broad range of diameters, in agreement with previous
simulation evidence.'®!7 Furthermore, it is shown that tensile
deformation modes of SWCNTs at high temperatures and
lower temperatures are different because of the different
roles played by the thermal and strain energy. The interplay
of these different roles leads to an intriguing enhancement of
tensile ductility of CNTs by temperature modulation during
the elongation process.

II. METHODS

The second-generation reactive empirical-bond-order po-
tential was adopted in the present simulation. It was devel-
oped for hydrocarbons on the basis of Tersoff-Brenner ex-
pression. The L-J potential in the form of

V(r;j) = 48|:(£>12 - (g)é}
! Tij Tij

describing the long-range van der Waals interaction was also
included, '8! where the L-J constants used in our simulations
are £=51.2 K and 0=2.28 A. The Berendsen thermal
scheme®” was used to control the temperature at a constant
value. In comparison with other computational approaches,
such as Monte Carlo (MC) simulations that use statistical
sampling algorithm to obtain system configurations and thus
do not provide real-time dynamic process or large-scale
quantum mechanical calculations that are prohibitively ex-
pensive in computing costs, the MD simulation approach has
the advantage of providing reasonably accurate descriptions
at acceptable computational costs. It has been widely
adopted as a leading computational method in the study of
atomistic behavior of large size material systems and has
produced accurate descriptions for structural evolution of
carbon systems including C-C bond compression, stretching,
rotation, and bending, as well as lattice twisting of carbon
nanotubes.?!'=?7 In particular, this method has been proven to
be capable of describing the nucleation of topological defects
such as the Stone-Wales transformation responsible for plas-
tic elongation of CNTs at high temperatures.'? It is noted that
this potential produces unphysical results at cutoff bond
lengths between 1.7-2.0 A, and several groups have
made certain modifications to avoid such problems.?%-3!-32
We will show below that, in the present work, this flaw is
largely avoided since the bond length stays below the above-
mentioned cutoff bond length range at high temperatures.
Considering that the Stone-Wales defect activation energy
barrier from quantum mechanical calculations varies in a
large range from 8.5 to 10.4 eV or even beyond,'?!33334 the
energy barrier from Tersoff-Brenner potential of approaching
10 eV (see also, for example, Ref. 17) is acceptable.

In this paper we primarily focus on results for SWCNTs
with diameters ranging from 0.63 nm for the (8,0) tube to 4.7
nm for the (60,0) tube at the same length of 10.6 nm. For the
effect of tube length variation, we performed a comparative
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case study of two (10,0) SWCNTs with the same diameter
but different lengths; the results show that they exhibit simi-
lar local deformation patterns although there are significant
differences in the extent of total tube elongation. In our
simulations, tensile loading was realized by keeping one end
of the tube fixed while adding an axial displacement to the
other end at the loading rate of 0.08 A per 4000 fs, which is
the lowest rate compared to other existing computer simula-
tions on tensile loading of one-dimensional nanomaterials
with similar system size.>>3® We have also performed simu-
lations at lower loading rate (0.08 A per 5000, 10 000, and
20 000 fs) and found the same trend in tensile deformation
modes as obtained at the loading rate of 0.08 A per 4000 fs.
It should be noted, however, that the strain rate in our simu-
lations is about 10 orders of magnitude higher than that in
the reported experiments, which is expected to have a major
influence on the physics studied here.

III. RESULTS AND DISCUSSION

We recently carried out extensive molecular dynamics
simulations of tensile elongation of carbon nanotubes and
examined the atomistic deformation modes at high tempera-
tures. It was shown? that the experimentally observed super-
elongation of SWCNTSs can be achieved at 2000 K and that
nucleation and interaction of multiple defects near the elastic
limit play a crucial role in producing the superplastic behav-
ior. The results reveal rich and complex defect nucleation
mechanism and plastic flow patterns beyond those reported
in previous work. Here we further expand the scope of this
work and address several issues concerning the effects of
temperature and tube size on the tensile deformation of
SWCNTs that are important to understanding their structural
deformation behavior but still remain largely unexplored. We
first examine the situation at higher temperatures above 2000
K and find that similar superplastic tensile deformation can
be achieved in a wide range between 2000 and 2400 K,
suggesting that the observed superplastic behavior is a com-
mon phenomenon at such high temperatures. At still higher
temperatures above 2400 K, sublimation may become an in-
creasingly important factor and, consequently, different
mechanisms would probably have to be considered. In the
present work, we consider the cases without sublimation for
a consistent description for SWCNT elongation at high (up
to 2400 K) and low (down to 300 K) temperatures.

We show in Fig. 1 our calculated strain energy and the
corresponding structural evolution of a (31,0) SWCNT under
tension at 2400 K, which is close to that estimated in
experiments.® The results clearly demonstrate the tensile
ductility of the (31,0) SWCNT at this high temperature.
When the SWCNT is pulled over its elastic limit, a steep
drop in strain energy occurs accompanied by widespread
nucleation of a large number (hundreds) of topological de-
fects on the tube wall. However, the tubular structure is ini-
tially well maintained and still capable of undertaking further
tensile loadings. During the tensile elongation process, the
tube shrinks in diameter due to the plastic flow of the de-
fects. The critical (or breaking) strain at which the tube fails
approaches 51%. These results are consistent with the ex-
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FIG. 1. (Color online) Strain energy (top panel) and structural
evolution (bottom panels) of a tensile loaded (31,0) SWCNT at
2400 K. The SWCNT is 10.6 nm in length and 2.43 nm in diameter.
The inset in the top panel shows the local strain of the elastic and
plastic segments (part T and part I as denoted in configuration f)
during the elongation process. Configurations a—f are snapshots of
the SWCNT structure taken from the simulation. Snapshots x, y,
and z are atomic views of the defect nucleation and motion on the
tube wall (from total strain level 13.8% to 14.1%). Nucleation of an
octagon ring is clearly seen by the rotation of a “shoulder” bond of
the heptagon ring. The dashed lines are schematic illustrations of
the bond rotation and newly formed C-C bonds.

perimentally observed typical elongation (about 50%).% It is
interesting to note that when a plastic segment of the tube
(segment part IT in Fig. 1) is measured, the local strain can
reach a much higher value of 81%. Here we define the break-
ing strain of a CNT when a part of the tube wall is unraveled
into atomic chains bridging two separated segments of the
tube wall, as shown in Fig. 1(f); similar phenomenon has
also been observed in previous MD simulations.'®*" This
criterion is consistently applied to all our simulations results
reported in this paper. It is noticed that the strain energy
undergoes several stages (separated by the vertical dashed
lines in Fig. 1) of rising, falling, holding steady, and rising
again before finally approaching the unraveling of the tube.
Previous work indicated that the strain level and plastic flow
of only a few Stone-Wales defects can affect the thermal
energy*! and the kinetic energy barrier'>*? effectively. The
CNTs in the present simulations contain a larger number of
defects. The observed multistage fluctuation of strain energy
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reflects the complex interplay between the elastic and plastic
segments and the plastic flow of the tube during tensile
elongation.> Our simulations on CNTs with different diam-
eters indicate that tubes with larger diameters are able to
accommodate more stages of necking and kink motion,
yielding larger elongation.

To gain insights into the mechanism for the tensile elon-
gation behavior obtained in the simulations, we examine the
atomistic processes associated with incipient defect nucle-
ation and motion that occur shortly after the strain exceeds
the elastic limit. Configurations x, y, and z in Fig. 1 show
typical simulated structural snapshots of the initiation and
development of the incipient defects on the tube wall of the
(31,0) SWCNT between strain levels from 13.8% to 14.1%,
i.e., slightly beyond the elastic limit. It is seen that the initial
nucleation of the defect takes the form of the 90° rotation of
a C-C bond, resulting in the Stone-Wales defects, which is
consistent with previous predictions.'®!! However, our simu-
lations show that subsequent plastic flow of these defects
does not follow the predicted ideal helical pathway.!®!* In-
stead, it is seen clearly in Fig. 1 (y—z) that due to the rotation
of the C-C bond connecting to the heptagon ring, an octagon
is also nucleated. Other defects such as the nonagon or even
bigger defect rings were also observed in later stages of the
simulated elongation process. Our results are in contrast to
an earlier empirical prediction that the octagon rings are the
source of brittle fracture,'! which was later proven incorrect
by a quantum mechanical calculation.”® A recent experiment
showed that even very large vacancy holes can be involved
in plastic deformation of CNTs,*3 which is in good agree-
ment with our simulation results. These results indicate that
the interactions among the incipient Stone-Wales defects
generate new types of defects and complicate their motion on
the tube wall. Consequently, the kink can propagate in either
a helical or a longitudinal pathway' due to the complex
multiple defect interaction and motion. The large defects
generated by these interactions eventually lead to the forma-
tion of big holes on the tube wall [Fig. 1(d)], as observed in
recent experiment.43 As a result, the local tube structure
gradually unravels into carbon nanoribbons with the subse-
quent plastic flow restricted to a small segment in the vicin-
ity of such a dominant defect localization.

At high temperatures, other types of incipient defects on
CNT walls such as vacancies and/or larger holes’?*3# could
be induced either by bond breaking or by atom
evaporation.®* These defects are expected to reduce the ten-
sile strength of CNTs.3>* However, such defects are also
expected to have strong self-healing ability and eventually
evolve toward Stone-Wales type defects.*4%47 It is also
noted that recent experiments showed that CNTs are ther-
mally stable at temperatures up to 3200 K,*® which suggests
that the atomic evaporation mechanism requires further in-
vestigation, because large thermal fluctuations at tempera-
tures over 3200 K will inevitably impede the proposed dy-
namic evolution along the ideal pathway.'44¢

From the simulation results shown in Fig. 1 we can iden-
tify that when plastic deformation is initiated beyond the
elastic limit of SWCNTs, a large number of defects are acti-
vated almost simultaneously over large segments of the tube
wall. This is a common character observed in our simulations
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FIG. 2. (Color online) Tensile loading of the 10.6 and 3.3 nm
(10,0) SWCNTs at 2000 K. Several key structural snapshots are
shown in each case.

on SWCNTs that exhibit superplastic tensile elongation be-
havior. Without this favorable initial defect distribution, pre-
dominant defect localization would severely impede the mo-
tion of the defects into the structurally stronger defect-free
segment and limit the overall plastic flow of the tube. This is
illustrated by the snapshots shown in Fig. 1, where the left-
most segment of the tube wall retained its hexagonal net-
works throughout the elongation process due to a lack of
initial defect nucleation in that segment. Once the initial de-
fect nucleation occurs shortly over the elastic limit, strain
energy is effectively released by the plastic flow in the de-
fective segment of the tube, making it very difficult to induce
additional defects in the defect-free segment which is stron-
ger than its defective counterpart.*’ At the same time, the
plastic flow around the defective area is energetically favor-
able because of its low energy cost.!® The strain energy re-
lease also leads to significant C-C bond contraction, espe-
cially in the defect-free segment. It is noted that the CNTs
that showed the most dramatic superplastic behavior in the
reported experiments®” have relatively short lengths com-
pared to typical as grown tubes.’®! This choice helped to
optimize the extent of the relative elongation by maximizing
the ratio of the plastic segment of the tube. Use of longer
tubes would probably reduce the extent of the overall elon-
gation since it would be much more likely that the tube
would contain some defect-free elastic segment given the
statistical nature of thermal energy induced defect activation.
This scenario was indeed seen in recent experiments on
stretching metallic glass or nanowires.”>->* It was shown that
while the overall tensile strain of a SiC nanowire is about
28%, a measure of the local plastically elongated part
yielded a superplastic strain of over 200% at room tempera-
ture. This phenomenon was explained by the homogeneously
generated defects within the measured area,> which is con-
sistent with the conclusions drawn from our simulations of
the CNTs. To illustrate this point, we show in Fig. 2 calcu-
lated strain energy versus strain for a 10.6 and a 3.3 nm
(10,0) SWCNT at 2000 K. It is clearly seen that the shorter
(3.3 nm) tube exhibits much larger total elongation despite
that the two tubes have nearly identical local plastic defor-
mation.

We now turn to the influence of tube diameter on tensile
deformation of SWCNTs. Recent experiments®? showed that
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FIG. 3. (Color online) Tensile loading of the (40,0) and (22,0)
SWCNTs at 2000 K. Configurations a—e and x—z are selected
snapshots during the tensile elongation processes, as denoted in the
strain energy plots.

CNTs with larger diameters are favorable for superplastic
tensile elongation, but did not attempt to identify the lower
limit of tube diameter for the superelongation behavior. Our
simulations show that CNTs with larger diameters indeed
exhibit larger tensile elongation under the same tensile load-
ing conditions. It suggests that the energy barrier for defect
activation on CNTs depends on the degree of tube wall cur-
vature which is consistent with recent observation that bind-
ing energy of CNTs shows dependence on tube diameters.>
To analyze this phenomenon, we examine the results for the
(40,0) and (22,0) SWCNTs at 2,000 K shown in Fig. 3. For
the (40,0) tube, when it is stretched over the elastic limit
nearly homogeneous defect nucleation occurs, resulting in
the large tensile ductility. Meanwhile, for the (22,0) tube,
defects are strongly localized and the overall elongation pro-
cess is brittle. Our systematic simulations of a large number
of SWCNTs indicate that tensile ductility occurs in tubes
with diameters greater than that (2.35 nm) of the (30,0) tube.
For tubes with smaller diameters, initial defect nucleation is
localized. In addition to the curvature dependence of the de-
fect activation energy mentioned above, it is also noted that a
small number of defects can lead to a relatively high defect
concentration and significantly affect the stiffness of the
SWCNT within a local area. To evaluate the temperature
effect on this phenomenon, tensile loading at room tempera-
ture (300 K) was also studied. Results in Fig. 4 show clear
brittle breaking pattern even for the larger (40,0) tube. How-
ever, it should be mentioned that brittle breaking modes are
also accompanied by activation of topological defects; but
unlike defects nucleated at high temperatures these defects
are strongly localized due to a lack of sufficient thermal en-
ergy. This can be seen in the tensile loaded (40,0) tube at 300
K: after being stretched over its elastic limit, a short segment
of the tube necks dramatically, but the tubular structure re-
mains intact over a transition regime before the tube finally
broke. Nevertheless, the overall behavior is brittle because
the plastic defect flow restricted within the necked segment

155436-4



MOLECULAR DYNAMICS SIMULATION OF TENSILE...

S 3200 3 oo |2000 g (220
g 2400 300K [1500 300 K
2 1600 7o 1000
w b Meiac
£ 800 % | 500 k
s d’ . -
& ol . [ 1
0 10 20 30 40 0 10 20 30 40
Strain (%) Strain (%)

FIG. 4. (Color online) Strain energy and structural evolution of
the (40,0) and (22,0) SWCNTs under tension at 300 K.

is visibly weak due to the lack of thermal energy. For
SWCNTs with smaller diameters, there is less room for neck-
ing at the locally damaged tube wall. When the diameter is
sufficiently small (such as the case for the (22,0) tube), a
direct breaking of the tube occurs when it is stretched over
the elastic limit, as shown in Fig. 4(b).

Previous experimental and theoretical studies focused on
plastic elongation of CNTs at temperatures over 2000 K. It
would be interesting to investigate whether tensile ductility
can be produced at lower temperatures. Since the reported
experiments did not have precise control over temperature
during the measurement, a theoretical study can provide use-
ful insights into the underlying mechanisms. We conducted
simulations on tensile loading of SWCNTSs over a wide tem-
perature range. Figure 5 shows the results of the (31,0) tube
at several different temperatures. It is seen that the maximum
broken strains are 42%, 36%, and 34% at 1200, 900, and 500
K, respectively. Nucleation of defects and their subsequent
motion lead to the shrinking of the tube wall, demonstrating
that the tube is ductile at these intermediate temperatures. At
temperatures below 500 K, defects on the wall of the (31,0)
tube are localized and the overall elongation becomes brittle,
which can be attributed to the lack of thermal energy at the
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FIG. 5. (Color online) Strain energy, local strain and structural
evolution of a tensile loaded (31,00 SWCNT at different
temperatures.
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FIG. 6. (Color online) Temperature dependence of elastic limit
of SWCNTs under tensile loadings. The insets on the lower-left
corner show the elastic limit at 300 and 2000 K, respectively, for
SWCNTs with different diameters. Symbols representing different
SWCNTs are indicated in the panel on the upper-right corner. The
dash-dotted line is a guide to the eyes.

reduced temperatures similar to the situation at room tem-
perature discussed above. We also measured local strains of
the elastic (containing no defects) and plastic segments of the
tube as shown in Fig. 5. These local strains start to diverge
beyond the elastic limit, reflecting the distinct characters of
their respective deformation modes. They provide a more
detailed and informative description for the elongation of
different tube segments compared to what can be learned
from the overall strain. Our simulations show that for
SWCNTs with diameters greater than that of the (30,0) tube
tensile ductility can be achieved over a wide temperature
range. For example, our simulations show that the (40,0)
tube can be plastically stretched to breaking strain of 68%,
51%, and 37% at 2400, 900, and 500 K, respectively. It is
noted that several previous works showed that the ultrastiff
description of C-C bond at 1.7-2.0 A by the Tersoff-
Brenner potential would lead to unphysical behavior of
CNTs under tensile loading.?8-3° However, this flaw does not
influence the conclusions we draw in this paper. This is be-
cause our simulations were mainly conducted at high tem-
peratures where the elastic limit of CNTs is relatively low as
shown in Fig. 6. For example, at 2000 K, the elastic limit of
all zigzag SWCNTSs saturates at 15%, corresponding to maxi-
mum C-C bond length of 1.62 A in circumferential direction
and 1.52 A in axial direction, which are well below the cut-
off of 1.7 A. An examination of our calculated results shows
that this cutoff is not reached at temperatures above 500 K
(corresponding to maximum bond length of 1.697 A). While
at room temperature, our results show that CNTs are prima-
rily brittle although the maximum bond length slightly ex-
ceeds 1.7 A.

While tensile ductility is generally observed in SWCNTSs
with large diameters over a wide range of temperatures, there
are some differences in the details of their deformation
modes as temperature changes. From results shown in Fig. 5
and Fig. 1, two characteristic features are noticed: first, the
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maximum broken strain decreases with decreasing tempera-
ture as described above; and second, the critical strain for the
onset of plastic deformation (i.e., the elastic limit) varies
with temperature. For the (31,0) tube, the elastic limit in-
creases from 13% at 2400 K to 21% at 500 K. We have
examined this behavior for a large number of SWCNTs at
many temperature points and summarized the results in Fig.
6. It is clear that all the SWCNTSs examined here show nearly
universal linear decreasing trend in their elastic limit with
increasing temperature regardless they are ductile or brittle.
This phenomenon can be attributed to the interplay of the
two main sources for defect nucleation, namely, the thermal
energy and the strain energy, both of which are important to
the defect nucleation and motion that are responsible for the
plastic elongation of SWCNTs.!23% At higher temperatures,
the system would require less energy from tensile loading to
activate the defects compared to the lower-temperature cases
and, therefore, the elastic limit is lower. The almost linear
relationship can be attributed to the linear dependence of
thermal energy on temperature. Beyond the elastic limit, ten-
sile strain energy is effectively released and thermal energy
plays a dominant role in the plastic deformation process.
This explains the observation of the simulated results that
tensile ductility is enhanced for the same tube at higher tem-
peratures since plastic flow becomes easier compared to the
situation at lower temperatures. Previous work on small-
diameter SWNTs showed a similar trend;'®!7 the present
work demonstrates that this trend remains valid for a larger
variety of SWNTs. A recent tight binding calculation showed
that the bond breaking strain of SWCNTs in tension de-
creases with increasing temperature,’® which is similar to our
conclusion, although it should be noted that the bond break-
ing strain is different from the elastic limit. In another recent
theoretical work, Zhu et al.’’ showed that in a uniaxially
compressed Cu nanowire, the surface dislocation nucleation
stress decreases monotonically with temperature, which is
also similar to our results.

Our simulations also reveal a scaling trend for the elastic
limit of SWCNTs with their diameters. The insets in Fig. 6
show the results for a large number of SWCNTs at 300 and
2000 K, respectively. It is seen that at both lower and higher
temperatures the elastic limit initially increases monotoni-
cally with increasing tube diameter; at further larger tube
diameters, this trend weakens and the elastic limit ap-
proaches a saturation value of about 22% and 15%, respec-
tively. We also conducted simulations on a graphene sheet
unraveled from a (31,0) SWNT, the calculated results show
that the elastic limit of this graphene is 21.5% at 300 K and
15% at 2000 K, respectively, suggesting that the same satu-
ration trend holds for zigzag SWNTs with all possible cur-
vatures. It should be noted that although the graphene sheet
simulated here exhibits the plastic deformation mode at 2000
K, it is not sufficient to mimic the plastic behavior of an
infinite SWNT because the width of the structure is very
limited so that the edge effect cannot be neglected. The same
trend is observed in our simulations at other temperatures
although data points are not as dense. This phenomenon can
be attributed to the high curvature of the SWCNTs with
small diameters in its circumferential direction. It induces
strong pre-existing strain energy in the tube and, hence, re-
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quires less tensile strain energy for the onset of plasticity. As
a result, mechanical properties of small-diameter SWCNTSs
such as the Young’s modulus is inferior compared to those
with larger diameters®® that are structurally closer to the un-
rolled planar graphite sheets in geometry. Our results are also
consistent with a previous quantum mechanical calculation
that reported that zigzag SWCNTs with diameters smaller
than that of the (12,0) tube exhibit decreasing elastic limit
with decreasing tube diameter.'3

The finding that the elastic limit of a SWCNT under ten-
sile loadings decreases with increasing temperature has im-
portant implications. For a SWCNT elongated at high tem-
peratures, a reduction in its temperature would reduce the
extent of defect nucleation due to the decreased thermal en-
ergy. It would improve the structural integrity of the tube by
preventing early formation of large, dominant defects on the
tube wall and, consequently, extending the plastic flow of the
tube. This suggests a scenario for a self-enhancing plastic
elongation mechanism for SWCNTs at high temperatures un-
der the experimental heating scheme®? that used Joule heat-
ing to produce the high-temperature conditions by applying a
constant voltage across the tube ends. It was observed that
when the CNTs are plastically deformed, the measured cur-
rent decreases due to the scattering by the structural defects
(see supplementary information of Ref. 8), which is expected
to lead to decreasing temperatures experienced by the tube
after the onset of the plastic deformation. Therefore, the
Joule heating procedure employed in the experiments®® not
only provided the high-temperature environment for the
CNTs, but also generated a perhaps unintended self-
enhancing mechanism for improved tensile ductility in
CNTs. This expectation is corroborated by our simulations
presented below.

In Fig. 7 we present several typical cases of tensile duc-
tility enhancement via temperature modulation by a slight
reduction in temperature beyond the elastic limit, where the
largest drop in current-induced heating is expected to occur.
Significant improvement in tensile ductility is clearly visible.
In particular, it is noticed that the tubular structure is signifi-
cantly better retained when the temperature drops after the
elastic limit. We have varied the magnitude of the tempera-
ture modulation beyond the elastic limit and examined other
SWCNTs with different diameters and obtained similar re-
sults. In general, tubular structural integrity and broken strain
are improved by this self-enhancing mechanism, which can
be attributed to the increasing elastic range with decreasing
temperature. In some cases, the overall tensile strain can be
extended dramatically, as in the case of the (40,0) tube at
1800 K shown in Fig. 7(d) where tensile elongation im-
proved from below 50% to over 70%. Meanwhile, our simu-
lations show that this self-enhancing mechanism does not
work at lower temperatures. For example, for the (31,0) tube
at temperatures below 900 K, our simulations found little
enhancement in tensile ductility via temperature modulation
beyond the elastic limit. This is because at lower tempera-
tures, strain energy plays a dominant role in defect nucle-
ation, which tends to be more concentrated compared to the
situation at high temperatures when large thermal energy
produces wide distribution of incipient defects. The different
mechanism at lower temperatures impedes the plastic flow of

155436-6



MOLECULAR DYNAMICS SIMULATION OF TENSILE...

2000
(a)1200 . —=— 2400K (,bl ' —— 1200K
= g0 (31.0)_,'1 —s— 230K | 31600 (31.0) .,v" —o— 180K
2, T admsa®omn | 1200 /
3 600 P ] B 7\l
3 / 2 800 / e
J w 3 Al
w300 f c 400f =
«n 0 10 20 30 40 50 0 10 20 30 40 50

Strain (%)

Strain (%) _

(c) 2000 (d)
< (40,0)] —=—2000 K A1600(400}- . 1800 K
2 16007755 o o 190K > ! ’"\ —o— 1780 K
R
g sool e S g 800 Sz,
wi i wi ] d
£ a00; £ a0 '
S ol # R
» »

80 0 20 40 60 80

Strain (%)

FIG. 7. (Color online) Tuning tensile ductility of the (31,0) and
(40,0) SWCNTs via reducing temperatures. a;-d; are snapshots
from simulation at constant temperatures; a,-d, are the correspond-
ing structures (with the same tensile strain) obtained with tempera-
ture tuning.

the tube and makes its deformation more brittle.

We also explored the possibility of multiple stages of tem-
perature reduction during the tensile deformation, consider-
ing that in the experiments the current decreases continu-
ously with the elongation process.®® We have performed
simulations with multiple-stage temperature reduction on
several SWCNTs with different diameters and observed vari-
ous degrees of improvement in their tensile ductility. Since
the reported experimental work did not have precise tem-
perature control, a quantitative comparison between the mea-
sured and simulated results is not feasible at this point. It is
not our purpose here to reproduce the yet unknown tempera-
ture variation in actual experimental situations. Instead, we
attempt to demonstrate in principle significant effects of tem-
perature modulation on the tensile ductility of CNTs and to
reveal rich structural responses in such processes. In Fig. 8
we show, as a typical example, the results for the (32,0) tube
tensile loaded at 2000 K, first without and then with tempera-
ture modulation beyond the elastic limit. Without any tem-
perature reduction beyond the elastic limit, the overall bro-
ken strain is 42% as shown in Fig. 8(a). We then examined a
one-stage and two different two-stage temperature reduction
schemes. In all the cases, significant improvement in tensile
ductility is achieved. There is a considerable expansion in the
strain range between the elastic limit and the next steep drop
in strain energy which signals large deterioration in structural
integrity. In the scenario shown in Fig. 8(d), the broken strain
is extended to 60% from the original 42%. Improvement in
the load bearing ability of the tube at larger strains is also
clearly visible. These results demonstrate that the plastic
elongation behavior of CNTs could be successively enhanced
via continuous temperature reduction in the experimentally
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FIG. 8. (Color online) Enhancement of tensile ductility of a

(32,0) SWCNT through successive temperature reduction beyond

the elastic limit. Selected structural snapshots of the elongated tube

are shown in each panel at the strain indicated by the thick dashed-
line arrow.

employed Joule heating scheme.®® The present results raise
intriguing prospect for improving tensile ductility of CNTs
via temperature modulation, which may stimulate further
studies of this phenomenon and lead to better understanding
of temperature control of tensile plasticity of CNTs and pos-
sibly other tubular structures.

Finally, we discuss the statistical nature of the defect
nucleation on CNTs at high temperatures observed in our
simulations. While large tensile ductility is a general behav-
ior at high temperatures, formation of dominant defect nucle-
ation that lead to early tube breaking was also observed even
for SWCNTs with large tube diameters. This is because
large-scale nearly homogeneous incipient defect nucleation
is required to achieve large tensile ductility in large CNTs.
Otherwise, early defect concentration would lead to the
weakening and failure of a small segment of the tube. For
this reason, long tubes, regardless of their diameters, are
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more prone to such early structural failure under tensile load-
ing. This phenomenon has its roots in the statistical nature of
thermal energy that plays a key role in the defect activation.
In some of our simulations, the overall elongation behaviors
are different in different runs with some being ductile while
others more brittle due to stronger defect localization under
the same simulation conditions on the same SWCNTs. This
situation is similar to what was observed in experiments.””
For example, in Fig. 2 of Ref. 9, a CNT was observed to
break soon after being pulled at high temperature, exhibiting
a brittle breaking mode. In a recent simulation on tensile
loading of copper nanowires, it was found that both the
breaking modes and locations of a Cu nanowire can be com-
pletely different at the same strain rate,’> which is similar to
the results for SWCNTs obtained in our simulations.

IV. CONCLUDING REMARKS

In summary, by extensive large-scale molecular dynamics
simulations, we reveal that tensile ductility exists in
SWCNTs with large [above that of the (31,0) tube] diameters
over a wide temperature range between 500 and 2400 K.
Reduction in thermal energy at lower temperatures impedes
defect activation and motion and leads to brittle breaking
modes under tensile loading. For SWCNTs with smaller di-
ameters, strong localization of incipient defects result in
brittle tensile breaking modes even at high temperatures. The
interplay of thermal and strain energy responsible for defect
nucleation and motion leads to an almost linear increase of
the elastic limit of SWCNTs with decreasing temperature.
On the basis of this observation and consideration of the
Joule heating procedure employed in recent experiments, we
propose and demonstrate a self-enhancing plastic elongation
mechanism for SWCNTSs via temperature modulation during
the elongation process by a slight temperature reduction be-
yond the elastic limit. Our simulation results resemble the
experimentally observed superelongation of carbon nano-
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tubes at high temperatures and suggest their tensile deforma-
tion behavior over a wide temperature range for tubes with
different diameters. These results add to a systematic under-
standing of this intriguing phenomenon which may have
broad implications for similar tensile deformation in other
nanostructures.

It should be mentioned that several aspects concerning the
experimentally observed CNT superelongation deserve fur-
ther investigation. The atomistic mechanism of apparent
mass loss at elevated temperatures and its role in the super-
plastic tensile elongation process requires additional work,
although our reported simulations indicate that it is not es-
sential for the superplastic behavior of CNTs. The transition
between armchair and zigzag CNTs in realistic large-scale
tubes at high temperatures is also an unsettled and interesting
issue. The strain rate in the present study is much higher than
that in the experiments of Huang et al.,.>° which is expected
to have a major influence on the physics. Considering that
strain rates in realistic processes under diverse loading con-
ditions could be either faster or slower,3%-%0 a closer exami-
nation of the effect of faster or slower strain rate on some of
these processes may offer further insight into the detailed
dislocation dynamics that could have important implications.
Efforts to resolve these issues are expected to lead to a more
comprehensive understanding of structural deformation of
CNTs and are, therefore, highly desirable.
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