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Coaxial carbon@boron nitride nanotube arrays
with enhanced thermal stability and compressive
mechanical properties+

Lin Jing,?® Roland Yingjie Tay,“® Hongling Li,“® Siu Hon Tsang,® Jingfeng Huang,®®
Dunlin Tan,“¢ Bowei Zhang,® Edwin Hang Tong Teo**“ and
Alfred ling Yoong Tok*®

Vertically aligned carbon nanotube (CNT) arrays have aroused considerable interest because of their
remarkable mechanical properties. However, the mechanical behaviour of as-synthesized CNT arrays
could vary drastically at a macro-scale depending on their morphologies, dimensions and array density,
which are determined by the synthesis method. Here, we demonstrate a coaxial carbon@boron nitride
nanotube (C@BNNT) array with enhanced compressive strength and shape recoverability. CNT arrays are
grown using a commercially available thermal chemical vapor deposition (TCVD) technique and an outer
BNNT with a wall thickness up to 1.37 nm is introduced by a post-growth TCVD treatment. Importantly,
compared to the as-grown CNT arrays which deform almost plastically upon compression, the coaxial
C@BNNT arrays exhibit an impressive ~4-fold increase in compressive strength with nearly full recovery
after the first compression cycle at a 50% strain (76% recovery maintained after 10 cycles), as well as a sig-
nificantly high and persistent energy dissipation ratio (~60% at a 50% strain after 100 cycles), attributed to
the synergistic effect between the CNT and outer BNNT. Additionally, the as-prepared C@BNNT arrays
show an improved structural stability in air at elevated temperatures, attributing to the outstanding
thermal stability of the outer BNNT. This work provides new insights into tailoring the mechanical and
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Introduction

Vertically aligned carbon nanotube (CNT) arrays have been
recognized as promising multifunctional and high perform-
ance structural materials due to their exceptional electrical,’
thermal® and in particular their mechanical properties.*™®
Despite their low density, CNT arrays normally exhibit high
mechanical strength and stiffness.””® In addition, CNT arrays
also possess a unique buckling response upon uniaxial com-
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thermal behaviours of arbitrary CNT arrays which enables a broader range of applications.

pression”? that allows for energy dissipation through struc-
tural deformation and friction between the individual CNTs.
Owing to these interesting characteristics, CNT arrays have
been applied in a wide range of applications, including com-
pliant thermal interface with low inter-facial resistance,'
nano/micro-electromechanical systems (NEMS/MEMS),"" as
well as efficient energy dissipating systems for shockwave,'*"?
acoustic'* and vibration absorptions."”® Moreover, CNT
arrays have also been used as fillers for toughening of
materials.">*° However, it is worth noting that their mechan-
ical properties strictly depend on the geometrical structure of
the CNTs and their buckling behaviour is closely associated
with the interactions between individual tubes.'®"”*'"** Thus
far, the most common method to synthesize CNT arrays has
been thermal chemical vapour deposition (TCVD), while this
growth process usually produces CNTs with thin walls, low
packing density and weak inter-tube interactions, which lead
to their plastic deformation upon compression.'®*"**"2¢ pyr-
thermore, CNTs are known to oxidize readily at ~400 °C when
exposed to air,>”>° which restricts their post-process treatment
and applications in a high temperature environment. To
address the abovementioned issues, many efforts have been
made either by modifying their microstructure through alter-
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ing the growth process®**®*° or applying post-growth treat-
ment to reinforce the as-grown CNT arrays.'®?%*7*% particu-
larly, the latter approach which involves the thickening of the
tube diameter and increase in the array density of the CNT
arrays has been widely studied to strengthen arbitrary CNT
arrays. Recent examples include coating metal oxide nano-
particles onto CNTs,***? infiltrating a polymer into the inter-
spaces of CNTs*® and introducing other forms of carbon
(additional CNT walls or graphene sheets) into arrays.'®>!
On the other hand, as a structural analogue of CNT,
a boron nitride nanotube (BNNT) has also been proved to
possess superior mechanical properties®”° and excellent oxi-
dation resistance at relatively high temperatures (~700 to
900 °C).>” However, the mechanical-related applications for as-
grown BNNTs are not yet mature due to the challenges in
synthesizing densely packed and high quality BNNT arrays
with suitable dimensions.**™® Still, due to its outstanding
physicochemical stability, a BNNT has been applied as a pro-
tective coating material for a CNT.*”*®* Few have already
reported the synthesis of BN coated CNTs for field emission
applications with improved lifetime and stability.**™"
Recently, BN coated single-walled CNT aerogels have been pre-
pared by a solution based assembly process and exhibited
enhanced elastic modulus and shape recoverability.>> Further-
more, it has also been predicted theoretically that not only the
high thermal resistance of the outer BNNT can provide protec-
tion for the inner CNT, but also the inter-wall van der Waals
interactions between the CNT and BNNT will further enhance
the protective effect of the outer BNNT both thermally and
mechanically.”>”* However, to the best of our knowledge, such
reinforcements have not been investigated experimentally.
Herein, we report the fabrication of coaxial BNNT encapsu-
lated CNT (C@BNNT) arrays with two different BN weight
ratios via a two-step growth TCVD method by firstly, the
growth of the CNT arrays and subsequently, encapsulation of
the CNTs with BNNTs. Uniaxial compression tests were carried
out before and after air annealing to characterize the effects of
the outer BNNTs with different wall thicknesses on the mech-
anical and thermal performances of the C@BNNT arrays. The
changes in the morphology and areal density of the NTs before
and after encapsulation/compression/annealing were analysed
by performing scanning electron microscopy (SEM) investi-
gations. Importantly, the compressive mechanical properties
of the C@BNNT arrays could be tailored by varying the wall
thickness of the outer BNNT. Furthermore, the compressive
strength, shape recoverability, cyclic compressive and energy
dissipating properties, as well as structural stability in air at
elevated temperatures have been significantly enhanced due to
the synergistic effect between the CNT and the outer BNNT.

34-36

Experimental section
Preparation of vertically aligned CNT arrays

CNT arrays were grown using TCVD on a Si substrate with a
sandwich-structured catalyst layer consisting of 6 nm Al, 4 nm
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Al,O; and 1 nm Fe and fabricated by electron beam depo-
sition. The CNT was grown at a pressure of 720 mbar with
flowing gases including H, (200 scem, using as an etching
gas), N, (160 sccm, using as a carrier gas) and C,H, (15 scem,
using as a carbon source). The Si substrate was heated up to
730 °C and maintained for 20 min to sustain the growth of
CNT arrays with an average height of ~0.4 mm.

Fabrication of C@BNNT arrays

C@BNNT arrays were prepared by TCVD according to a pre-
viously reported method with slight modification.>® Briefly,
the CNT samples on the Si wafer were firstly located in the
central part of a horizontal reaction tube and boric acid
powder with a specified amount was loaded at one end of the
tube, followed by heating up to 150 °C for 10 min and holding
for 30 min under flowing Ar (300 sccm). The temperature was
then ramped up to 830 °C in 90 min and retained for another
30 min. Ammonia with a desired flow rate was introduced into
the tube when boric acid started to sublimate, and the flow
rate of Ar was adjusted accordingly to keep the total flow rate
of gases in the tube constant. Finally, the tube was further
heated up to 900 °C and maintained for another 1 h, followed
by naturally cooling down to room temperature under protec-
tion of an Ar flow. For simplicity, C@BNNTs with BN weight
ratios of ~40% and 60% were designated as C@BNNT,, and
C@BNNTy,, respectively. By sintering the as-prepared samples
at 400 °C for 1 h in air, annealed CNT and C@BNNTg, arrays
were also successfully prepared, respectively.

Mechanical test

The mechanical responses of the CNT and C@BNNT arrays
before and after annealing were measured using an Instron
5567 Mechanical Tester system at room temperature. In
general, the CNT or C@BNNT sample with a specified dimen-
sion was firstly loaded at the centre of the lower platen, a com-
pression rod with 50 mm diameter was then applied onto the
sample with a controlled speed, and all the compressions were
conducted within the confinement of the small upper platen.
Compressive strain and stress were calculated using the displa-
cement of the compression rod divided by the original height
of the NT arrays and the applied compressive force over the
cross-sectional area of the samples, respectively. Recoverability
of the NT arrays is defined as the displacement recovered over
applied displacement. For the CNT, C®@BNNT,, and
C@BNNTy, arrays, the cyclic uniaxial compression experi-
mental data were acquired at a loading-unloading rate of
0.04 mm min~" at strains of 30%, 50%, 70%, and 90%,
respectively. For the annealed CNT and C@BNNT, arrays, the
data were collected at strains of 50% and 90%, respectively,
while keeping all other test parameters unchanged.

Characterization

Field emission scanning electron microscopy (FESEM, JEOL
JSM-7600F) was performed to characterize the change in the
morphology and areal density of the NTs before and after
encapsulation/uniaxial compression/annealing. Nano-
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structures of the as-prepared CNT and C@BNNT were charac-
terized by high resolution transmission electron microscopy
(TEM, JEOL JEM-2100F). The thermal behaviours of the CNT
and C@BNNT samples were analysed by thermogravimetric
analysis (TGA, Shimadzu DTG-60H thermal analyser) under a
constant flow of air (50 ml min™") and heated from 30 to
1100 °C at a heating rate of 10 °C min~". Fourier transform
infrared spectroscopy (FT-IR, IRPrestige-21 spectrometer) was
performed within wavenumbers ranging from 4000 to
400 cm™'. Raman spectroscopy (WITEC CRM200 Raman
system) was performed to study the crystal structures of the NT
arrays using a laser of 532 nm wavelength.

Results and discussion

In this work, CNT arrays were grown by a commercialized
TCVD process on Si substrates with defined catalyst areas and

View Article Online
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C@BNNT arrays were prepared with the aid of another separ-
ate TCVD process as described in our previous report.”> By
varying the growth parameters, two sets of C@BNNT arrays
with specified BNNT wall thicknesses denoted as C@BNNT),,
and C@BNNTg, were successfully fabricated (see the Experi-
mental section). Fig. la-c show the cross-sectional SEM
images of the CNT and C@BNNT arrays, respectively. It is
obvious that the C@BNNT arrays retained the vertically
aligned structure of the initial CNT arrays with no observable
change in the areal density. To investigate the wall thickness
of the outer BNNT, a systematic TEM study on various NTs was
further carried out. Fig. 1d-f show representative high resolu-
tion TEM images of the individual CNT, C@BNNT,, and
C@BNNTy,, respectively. The initial CNT exhibited an inner
diameter of 6.25 nm with an average wall thickness of 1.15 nm
(corresponding to 3 to 4 walls). An increase in the wall thick-
ness was observed for both C@BNNT,, and C@BNNTg, which
was measured to be 1.60 and 2.52 nm, respectively. Based on
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Fig. 1 Cross-sectional SEM and corresponding high resolution TEM images of (a, d) CNT, (b, e C@BNNT,4o and (c, f) C@BNNTeq, respectively.
BNNTSs with increasing wall thicknesses were successfully encapsulated onto the CNTs without causing any observable change in the areal density
of the NTs. TGA (g), FT-IR (h), and Raman (i) spectra of the various NTs, indicating that the crystal structure of the CNTs was preserved after the

introduction of outer BNNTs with different weight ratios.
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the TEM images, outer BNNTs with wall thicknesses of
0.45 nm (~2 walls) and 1.37 nm (~5 walls) were introduced
into C@BNNT,, and C@BNNTy, respectively. Thus, the
C@BNNT arrays with outer BNNTs of varying wall thicknesses
can be achieved by altering the experimental parameters.

To further determine the BN contents of the C@BNNT
arrays, thermogravimetric analysis (TGA) was employed and
the weight residues at temperatures lower than 700 °C were
extracted. TGA tests were conducted in air from 30 to 1100 °C,
as shown in Fig. 1g. It is observed that the CNTs fully decom-
posed at 700 °C while 41.3% and 60.3% weight residues
emerged for the C@BNNT samples, indicating that the weight
ratios of BN:C were ~40:60 and 60:40 for C@BNNT,, and
C@BNNTy,, respectively, which were in good agreement with
our TEM results. It should be noted that the increase in weight
at ~900 °C for C@BNNT is due to the partial oxidation of
BNNT forming B,0;.>° Fig. 1h and i present the FT-IR and
Raman spectra of the CNT, C@BNNT,, and C@BNNT4y,
respectively. In Fig. 1h, a characteristic C=C stretching at
1643 cm™ is observed for CNT, while additional B-N-B and B-N
vibrations located at 771 and 1358 ecm™' can be clearly seen
for C@BNNT, respectively.”® Raman spectra of all the NTs
show the characteristic D, G and 2D peaks at ~1350, 1580 and
2700 cm™", respectively (Fig. 1i), implying that the crystal struc-
ture of the CNT was preserved after encapsulating with
BNNT.*>*

Uniaxial compression tests of the CNT and C@BNNT arrays
were carried out to study their mechanical behaviours. Fig. 2
schematically illustrates the compression behaviours of the
CNT arrays before and after encapsulating with BNNT. Both
CNT and C@BNNT arrays were compressed uniaxially along
the longitudinal direction (nanotube axis) at a certain strain.
As-grown CNT arrays deformed almost plastically upon com-
pression, while the introduced outer BNNT enabled the
C@BNNT arrays to become resilient and exhibit shape recovery
upon the release of the compressive load.

Fig. 3a shows the compressive stress vs. strain loading-
unloading curves for the CNT, C@BNNT,, and C@BNNTg,
arrays. The as-grown CNT arrays that were compressed at a
90% strain recovered only ~6% upon load releasing and
showed analogous responses also at strains ranging from 10%

(a) As-grown CNT arrays

ﬂ T 8 I
I

Llkekees

Fig. 2 Schematic illustrations of the compressive behaviours of the
(a) CNT and (b) C@BNNT arrays. The as-grown CNT arrays underwent
plastic deformation upon compression, while the additional outer BNNT
walls facilitated the elastic recovery of the C@BNNT arrays after load
releasing.

(b) Coaxial BN/CNT arrays
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BNNT

This journal is © The Royal Society of Chemistry 2016

View Article Online

Paper

to 80% (Fig. S1f). A similar phenomenon has also been
observed in previously reported work, attributed to the small
tube diameter (~8 nm) and thin wall thickness (1.15 nm, ~3
walls), which were determined by a specific fabrication setup
and synthesis method.®"'®?*!**72® When the BN weight ratio of
C@BNNT arrays increased to 40%, a partial recovery (~33%)
upon unloading emerged, while ~77% recovery was observed
for the C@BNNT,, arrays after unloading of 90% compressive
strain, and the two distinct paths corresponding to loading
and unloading processes respectively compose a hysteresis
loop. In addition, the C@BNNT arrays showed an impressive
~4-fold increase in the compressive strength (from 0.47 to 2.47
MPa) with an enhanced compressive modulus, and exhibited
nonlinear behaviour as observed by the increase in the com-
pressive modulus with increasing the applied strain. The re-
coverability of the C@BNNT arrays was further investigated at
various applied strains of 30%, 50%, 70% and 90%, respect-
ively, as shown in Fig. 3b and c. It is observed that the
C@BNNT,, and C@BNNT, arrays exhibited similar strain-
dependent mechanical responses under compressions where
the peak compressive stress increased with increasing applied
strains, while showing differences in their recovery processes.
For the C@BNNT,, arrays, a partial recovery of ~40% was
observed after compressions at various applied strains while
with no critical strain value for full recovery (Fig. 3b and S27).
In contrast, the C@BNNTg, arrays exhibited almost a full
shape recovery when a compressive strain of 50% or less was
applied and partial recoveries of ~79% and 77% were observed
when the applied strain was increased to 70% and 90%,
respectively (Fig. 3c).

Considering the high porosity, resilience and compressive
strength of the C@BNNT arrays, they are expected to show
promising energy absorbing abilities.” To quantitatively
characterize the energy dissipating properties of the NT arrays,
their energy dissipation ratios, E4/E,, are extracted from their
corresponding stress vs. strain curves, where Eq4 is the energy
dissipated during the loading-unloading cycle (i.e. the area of
the hysteresis loop), and E, is the energy absorbed from com-
pression loading (i.e. the area under the loading stress-strain
curve).”” As shown in Fig. 3d, both the C@BNNT,, and
C@BNNTy, arrays showed a strain-dependent energy dissipat-
ing performance. The C@BNNT,, arrays exhibited E4/E, of
75.27%, 79.72%, 85.53%, and 86.25% at applied strains of
30%, 50%, 70% and 90%, respectively, while the C@BNNT,
arrays with better shape recoverability exhibited relatively lower
E4/E, of 57.33%, 71.45%, 74.86% and 78.36% at respective
strains, attributed to the smaller permanent shape defor-
mation and larger energy return. By comprehensively consider-
ing the abovementioned aspects, it is expected that the
C@BNNTy, arrays are more suitable for applications where
both energy absorption and load recovery are critical.

To gain insights into the compression mechanisms of the
NT arrays, cross-sectional SEM images were taken on the CNT,
C@BNNT,, and C@BNNTj, arrays before and after cyclic com-
pressions (Fig. 4). Fig. 4a, d and b, e show the CNT and
C@BNNT,, arrays before and after 3 compression cycles at a
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Fig. 3 Compressive stress vs. strain curves for the (a) CNT, C@BNNT,4o and C@BNNTgq arrays at a 90% strain, (b, c) C@BNNT40 and C@BNNTgq
arrays at strains of 30%, 50%, 70% and 90%, and (d) the energy dissipation ratio of the C@BNNT arrays vs. the applied strain. The CQBNNT arrays
exhibited controllably enhanced compressive strength, modulus, and shape recoverability compared to the as-grown CNT arrays.
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Fig. 4 Cross-sectional SEM images of the NT arrays after cyclic compressions. The CNT arrays (a, d) deformed almost plastically with heavy buckles
(inset) at the bottom region, while the C@BNNT 4, arrays (b, €) and the C@BNNTgq arrays (c, f) exhibited partial recovery with slight buckles (inset)
and nearly full recovery with only curvatures formed on the tubes, respectively, showing the significantly promoted compressive resilience of the
C@BNNT arrays.
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50% strain, respectively. It is observed that the CNT arrays col-
lapsed with minute recovery (55% of the original height was
maintained) and local buckling initiated from the bottom of
the CNTs which propagated upwards with a constant buckle
wavelength of ~4.8 um (Fig. 4a and d). This local buckling can
be attributed to the relatively lower areal density and smaller
diameter of the CNTs at the bottom region (Fig. S3c and ef) as
they follow a “bottom-up growth” mechanism (i.e. the CNTs
grow upwards from the bottom catalyst side).”"**>® Further-
more, unbalanced friction between the substrate and the
bottom NTs could also have some contributions as well.>* In
contrast, ~54% recovery was displayed (77% of the original
height remained) for the C@BNNT,, arrays and buckles with a
longer average wavelength of ~9.4 pm could be observed at the
bottom of the NTs (Fig. 4b and e). The evident increase in the
buckle wavelength of the compressed C@BNNT,, arrays indi-
cates that they possess higher compressive resilience compared
to the starting CNT arrays.”® Hence, the outer BNNT played a
significant role in enhancing the overall compressive resilience
of the NT arrays. As an additional outer BNNT was encapsulated
onto the CNT, radial thickening was evident which provided
additional mechanical support to the NTs."®** More impor-
tantly, the stable van der Waals interactions between the BNNT
wall and the adjacent CNT wall upon compression protected the
inner CNT from buckling, thus improving the effective compres-
sive resistance and stiffness of the NT arrays.>

Fig. 4c and f show the SEM images of the C@BNNT, arrays
before and after 10 compression cycles at a 50% stain. It is
noted that the C@BNNTy, arrays exhibited an ~76% recovery
(maintaining 88% of the original height) even after 10 com-
pression cycles, while only longitudinal distributed curvatures
(i.e. buckles with ultra-long wavelengths) were observed, indi-
cating significant enhancement in the compressive resilience,
which further increase the wall thickness of outer BNNT. It is
noted that the curvature length was gradually decreased from
upper to bottom portions (Fig. 4f), and a similar gradient in
the buckle wavelength was also observed on compressed
C@BNNT,, arrays (Fig. 4e), demonstrating the densification
behaviour of the C@BNNT arrays under compression.”** This

View Article Online

Paper

can be attributed to the strengthened lateral interactions
(i.e. van der Waals interactions) between the NTs due to the
smaller inter-tube spacing after the introduction of the outer
BNNT, resulting in the nonlinear stress-strain relationship of
the C@BNNT arrays.®>* However, no additional interfacial fric-
tions were induced between the NTs for C@BNNT arrays due to
the exceptionally lower friction between the BNNTs than that
between the CNTs.®*®! Moreover, the contact area between the
adjacent NTs became larger with a further increased wall thick-
ness of the outer BNNT, longitudinal sliding was hence
decoupled due to the transversal deformation, resulting in
lower longitudinal shear strength.®® Therefore, no apparent
improvement in compressive strength was observed on the
C@BNNTg, arrays compared to the C@BNNT,, arrays (Fig. 3a).

In addition, it is noted that the C@BNNTg, arrays can
endure the impact of thermal treatment and preserve their
excellent compressive mechanical performance. Both the
C@BNNT, and CNT arrays were annealed in air at 400 °C for
1 h, respectively, prior to compression tests. As shown in
Fig. 5a and b, the annealed CNT arrays exhibited an overall
substantial decrease in the compressive strength and modulus
at both 90% and 50% applied strains, and additional defor-
mations (white arrows in Fig. 5¢) were found at the top portion
of the annealed CNT arrays after compression, attributed to
the oxidation induced defects®” and decreased areal density of
NTs (Fig. S3t). While the annealed C@BNNTg, arrays were
able to perfectly retain their mechanical response and struc-
ture (Fig. 5d) at a 50% strain, a decrease of the stress response
was only observed at larger applied strains, resulting from the
partial oxidation of the top portion of the inner CNTs due to
improved access to air molecules (Fig. S41).°> Therefore, ther-
mally stable C@BNNTy, arrays with excellent compression be-
haviour facilitated by the protection of outer BNNTs show
great potential in high temperature applications.

To study the long-term cyclic mechanical performance of
the C@BNNT and CNT arrays, uniaxial cyclic compression was
further applied at a 50% strain. As shown in Fig. 6a, the CNT
arrays underwent serious plastic deformation during their first
loading-unloading compression cycle followed by minute
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Fig. 5 Compressive stress vs. strain curves for the CNT and C@BNNTgq arrays before and after annealing (ann.) at strains of (a) 90% and (b) 50%,
respectively. Cross-sectional SEM images of the annealed CNT (c) and C@BNNTg, (d) arrays after 3 cycles at a 50% strain. White arrows in (c) show
the additional deformations of the annealed CNT arrays. The outer BNNTs protected most of the CNTs from oxidation-induced degradation.
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Fig. 6 Cyclic compressive stress vs. strain curves at a 50% strain for (a) comparison of the C@BNNTgo and CNT arrays; (b, c) C@BNNT,, and
C@BNNTgo arrays under 100 cycles of compression, respectively, and (d) the energy dissipation ratio of the C@BNNT arrays as a function of cycle
number. The C@BNNT arrays exhibited significantly enhanced cyclic compressive mechanical properties, and the preconditioning effect was observed.

elastic recovery during the subsequent cycles as a result of the
reversible compressions of the compressed portion,® while
the C@BNNTg, arrays displayed almost 100% recovery after the
first compression cycle with slight degradation of recoverability
in the subsequent cycles (~76% remained after 10 cycles). For
the as-grown CNT arrays, the unfolding or unpacking of the
bent CNTs after the release of the load was hindered by the
strong van der Waals attraction between the compressed
CNTs, while for the C@BNNTy, arrays, the stronger generated
restoring force upon load releasing over the van der Waals
interactions among the NTs led to their significantly improved
recoverability.'®>* Fig. 6b and c show the representative stress—
strain curves of the C@BNNT,, and C@BNNT, arrays under
100 cycles of compression, respectively. A transient pheno-
menon in compressive strength (preconditioning effect) can
be observed for the C@BNNT arrays. The compressive strength
of the C@BNNT,, arrays was measured to be up to ~0.55 MPa
during the initial cycles, which gradually decreased to ~0.49
MPa and kept almost unchanged after 50 cycles. A similar
strength evolution was also observed for the C@BNNT, arrays
(from ~0.42 to ~0.35 MPa). This stress softening was due to
the weakened van der Waals inter-tube interactions and the
compression induced defects during the
18,6364 after which a new equilibrium status (collectively

initial several

cycles,

11120 | Nanoscale, 2016, 8, 1111411122

buckled, as shown in Fig. S5}) was gradually reached to
achieve a stable stress response. In addition, the shape recover-
ability of the C@BNNT arrays evolved gradually with increasing
cycles (~68% and 78% of their original height remained for
the C@BNNT,, and C@BNNT;, arrays after 100 cycles, respect-
ively), as identified by the corresponding SEM images
(Fig. S5T). This persistent shape recovery performance was
facilitated by the effective protection of the outer BNNT walls,
as no changes in the structural dimensions of the C@BNNT
were observed throughout the long-term compressive tests
(Fig. S67t). Furthermore, a greater decline in the E4/E, of the
C@BNNT,, arrays (from 79.72% to 45.23%) with the increas-
ing cycles was observed compared to that of the C@BNNT,
(from 71.35% to 61.81%), which remained somewhat consist-
ent after 100 cycles (Fig. 6d), indicating that the enhanced
shape recoverability will enable a more stable energy dissipat-
ing performance over long-term cycling.

Conclusion

CNT and coaxial BNNT encapsulated CNT (C@BNNT) arrays
with two different BN weight ratios (C@BNNT,, and
C@BNNTy,) were successfully prepared and their mechanical

This journal is © The Royal Society of Chemistry 2016
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behaviours were systematically investigated using uniaxial
compression tests at various applied strains and compression
cycles. Importantly, the compressive mechanical properties of
the C@BNNT arrays can be controllably tuned by varying the
wall thickness of the outer BNNT. A tremendous ~4-fold
increase in the compressive strength of the C@BNNT arrays
was achieved by reinforcing the CNT arrays with outer BNNTSs.
Furthermore, as compared to the as-grown CNT arrays which
almost plastically deformed upon compression, the
C@BNNTy, (with outer BNNT of 1.37 nm wall thickness) arrays
showed significant enhancement in their shape recoverability,
cyclic compressive properties (nearly full recovery after 1 com-
pression cycle at a 50% strain, and ~76% recovery retained
after 10 cycles) and energy dissipating properties (~60% E4/E,
remained at a 50% strain after 100 cycles), as well as thermal
stability in air owing to the improved mechanical and physico-
chemical properties of individual nanotubes due to the syner-
gistic effect between the inner CNT and outer BNNT. The
collective mechanical/thermal behaviour of the C@BNNT
arrays would enable many potential applications such as
energy dissipative devices and compressive thermal/mechan-
ical contacts in harsh environments. This work also provides a
new route to tune the mechanical properties of arbitrary CNT
arrays by encapsulating with protective layers.
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