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Density functional theory applied to small-diameter boron nitride nanotubes (BNNTs) finds out-of-plane
structural buckling in contrast to large-diameter tubes that exhibit faceting. Buckling significantly affects interlayer
interactions in commensurate double-walled BNNTSs. Energy corrugation amplitudes in relative motions of BNNT
walls change up to fourfold, depending on interlayer registry relaxation, in marked contrast to carbon nanotubes.
Large differences between relaxed and unrelaxed energy corrugations of BNNTSs could yield energy dissipation
via the strain-induced anelastic relaxation of interlayer locking (or “lattice kinks”), which can be exploited for

mechanical damping applications.

DOI: 10.1103/PhysRevB.95.085406

Understanding the interlayer mechanics of van der Waals
(vdW) bonded materials is of critical importance in exploring
a wide range of their applications, from fabricating superlu-
bric surfaces in nanoelectromechanical systems (NEMS) to
nanocomposites with high mechanical damping. The nature of
the constituents of the surfaces greatly dictates the interlayer
interaction. While both two-dimensional (2D) graphene and
hexagonal boron nitride (2-BN) sheets are widely used as solid
lubricants [1-3], one-dimensional (1D) multiwalled boron
nitride nanotubes (BNNTSs) consisting of multiple concentric
layers of h-BN were shown to possess ultrahigh interlayer
sliding friction [4] and torsional stiffness [5], which contrasts
markedly with their carbon counterparts; the friction between
two interacting incommensurate crystalline layers almost
vanishes for multiwalled carbon nanotubes (CNTs) [6-8]. For
the development of durable nanodevices or ultrahigh strength
nanocomposites utilizing such vdW materials, it is crucial
to elucidate the roles of the highly confined geometry and
chemical specificity of the constituent atoms on their interlayer
sliding mechanism.

Both CNTs and BNNTSs are appealing candidates for NEMS
and nanoengineered composites. Considering their similar
crystallographic structures, the observed high interlayer fric-
tion of BNNTS is intriguing and raised an open question on
their origins. The complex interplay between electrostatic
interactions and vdW forces in determining the interlayer
potentials has been extensively studied for planar #-BN and
graphene, yet not much for their one-dimensionally confined
structures [9—14]. These studies showed that the atomic-scale
details, such as the relatively high ionicity of BN bonds,
have not offered pronounced contrasts between sliding energy
profiles of #-BN and graphene [11]. The vastly different shear
and torsional frictions between multiwalled BNNTs and CNTs
can originate from subtle differences in the tube structure
and morphology, such as circumferential faceting in the tube
cross section [5], which occurs when the tube diameters are
sufficiently large, typically above 5 nm. Very recently, Leven
et al. theoretically showed that the faceting occurred more
abundantly in BNNTSs as compared with CNTs, which was
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explained by their promoted interwall chiral angle correlation
due to electrostatic interactions in the BN system [15]. In
such a limit of large-diameter BNNTSs employed, this faceted
nature could well rationalize the observed ultrahigh frictions
or torsional stiffness; however, there still remains an open
question as to the interlayer mechanics of the other limit of
nonfaceted, small-diameter BNNTSs (<5 nm) which have yet to
be studied extensively, either by theory or experiment. Recent
advances in the synthesis of small-diameter BNNTSs also make
this question far more intriguing than ever before [16—18].

In this paper, we investigate the mechanism of strong
mechanical couplings through atomic lattice interlocking
between concentric layers of commensurate, small-diameter
double-walled BNNTs (DWBNNTSs), which greatly elevates
the threshold forces and internal friction with respect to the
relative motion of the walls. Introducing a tight constraint
on the BNNT circumference to form a small-diameter tube
results in the tube lattice buckling of its minimum energy struc-
ture [19,20], in which B atoms locate slightly inward whereas
N atoms shift outward from the tube axis, respectively. The
resultant structure forms a dipolar shell with the inner cylinder
positively charged and the outer one negatively charged, as
illustrated in Fig. 1(a). This is owing to the slightly asymmetric
hybridization between two different atomic species in the
curved A-BN lattice; B atoms with vacant orbitals prefer to
maintain the planar sp? hybridization while N atoms with
a lone electron pair tend to adopt the sp> bond geometry.
Such buckling effects are inversely proportional to the tube
radius and often impart exotic properties to small-diameter
BNNTs [21,22].

Here, we show using van der Waals (vdW) parametrized
density functional theory (DFT) that the interaction between
the buckled lattices of DWBNNTS gives rise to strong inter-
layer locking between two concentric walls. We consider both
relaxed and unrelaxed energy corrugations of the interlayer
potentials: The former represent interlayer sliding and rotation
slow enough to allow a full structural relaxation (i.e., qua-
sistatic), whereas in the latter the wall motions are fast enough
to preserve any internal structures developed by interlayer
interactions, not allowing the associated strains to be relaxed.
We observe that upon structural relaxation there are drastic
contrasts in the energy landscapes of DWBNNTSs, mainly due
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FIG. 1. Schematic top views of the equilibrium structure of a
(5,5) BNNT forming a dipolar shell structure (a unit cell) (a) and the
concentric double-walled (5,5)@(10,10) BNNT (b). The buckling

distance, ry — rg, is estimated as 0.063 A for the (5,5) BNNT, where
ry (rp) is the mean radius of the N (B) atoms.

to the accumulated strains associated with the strong interlayer
locking or “lattice kinks”; however, the graphitic interwall
interaction has negligible effects on the relaxed structure of
double-walled CNTs (DWCNTs) with two contacting surfaces
remaining atomically smooth, which also agrees with other
previous studies [6,23].

DFT calculations are performed using the Vienna ab
initio simulation package (VASP) with the nonlocal vdW-DF2
functional [24-26]. State-of-the-art density functionals have
been employed to correctly describe vdW forces in the layered
h-BN and C systems, though the adequacy of those results
is rather contradictory. Using the vdW-DF2 approach, the
recent calculations on the most stable stacking modes and
their energy differences for bilayer #-BN were shown to be in
close agreement with those obtained by the high-level ab initio
method of local second-order Mgller-Plesset perturbation
theory (LMP2) [10,14]. We note that slight quantitative inac-
curacies among different functionals would not significantly
affect the main findings of this study. The same qualitative
results are also confirmed by our DFT calculation employing
the empirical dispersion correction (DFT-D2) [27].

We present a comparative study of the BN and C systems by
using a model coaxial (5,5)@(10,10) double-walled nanotube
(DWNT) as shown in Fig. 1(b). The initial tube geometry is
constructed of two concentric cylindrical hexagonal lattices
with constant bond lengths (i.e., 1.45 A for BNNTs and
1.42 A for CNTs). The two walls are axially commensurate
with the same translational periodicity a. The individual
(5,5) and (10,10) tubes have T{0D5h and TéoDloh line group
symmetries, respectively, and the “in-registry” orientation (i.e.,
the highest symmetry) state between the walls shows the
rotational periodicity, 8 = {5, owing to the T!S;o symmetry
of the (5,5)@(10,10) DWNT [28]. The shifts of stacking
registries are performed by translating and rotating the outer
wall with respect to the inner wall, in which the different
stacking positions are denoted by the coordinates of (¢,z),
where ¢ is the angle of relative rotation of the walls about the
tube axis and z is the relative displacement of the walls along
the tube axis.

We first investigate the quasistatic case where one wall
moves infinitesimally slowly relative to the other wall,
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FIG. 2. Calculated rotational energy barriers upon structural
relaxation of the (5,5)@(10,10) DWCNT and DWBNNT with respect
to the relative angle ¢ between two concentric layers. The results from
both vdW-DF2 and DFT-D2 are presented.

allowing a full structural relaxation, and plot the rotational
energy corrugations so obtained in Fig. 2. The results are well
fitted with U(¢) — Up = =32[1 — cos (3 ¢)], where U (@) is
the total interaction potential, Uy the potential energy of
the ground energy stacking order, and AU, the rotational
energy barriers. The 2D energy maps as a function of (¢,z)
are also plotted in Figs. 3(a) and 3(d) for the BN and C
systems, respectively, both of which are found to preserve
the same periodicities (8 = 15, 8, = a/2) of the energy
map pattern calculated on the basis of harmonics invariant
under the symmetry of the (5,5)@(10,10) DWNT [23]. Thus,
in such a quasistatic process, the intrinsic geometry of the
DWNT governs the overall behavior of the energy corrugation.
However, the amplitudes of relaxed energy corrugation differ
slightly between the two systems; the energy barrier to the
relative rotation differs by only ~5%, while that to the wall
sliding is estimated to be 4.5-fold stronger for the BNNT
compared to the CNT, implying that the electrostatic effect
resulting from buckling is more pronounced for the sliding
than for the rotation of DWBNNT. In comparison, very similar
energy barriers were found for bilayer A-BN and graphene
along the same sliding pathways [11]. Our results on the energy
barriers of the (5,5)@(10,10) CNT are found to be in close
agreement with the results in Ref. [29], which were calculated
using the nonlocal vdW functional by Dion et al. [30]. The
results of the rotational barrier of (5,5)@(10,10) BNNT
using the Perdew-Burke-Ernzerhof (PBE/6-13G**) level of
theory without geometry optimization (i.e., with constant BN
bond lengths) in Ref. [12] are comparable to ours, while the
translational motion was found to be frictionless with almost
zero energy barrier.

In Fig. 3, we also present the lattice registries of the (5,5)
and (10,10) tubes at the four critical points in the energy
maps [i.e., (¢,z) = (0,0), (2%,0), (0,%), and (%,%)], which
are constructed by unrolling the (5,5)@(10,10) DWNT onto
a plane and compressing the circumference of the (10,10)
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FIG. 3. Therotation-translation energy barrier maps of (a) and (d) are calculated by full structural relaxation of the (5,5)@(10,10) DWBNNT
and DWCNT, respectively. The lattice registries between the (5,5) and (10,10) tubes at the different critical locations (e.g., denoted by Siy,
meaning the stacking configuration at the location 1 for the BN system) are projected into a plane as presented. For Sy, the lateral view of a
row with eclipsed B and N atoms is also displayed, where r" and r*"* refer to the average inner and outer tube radii and Ari} is the buckling
magnitude as denoted. The energy maps with respect to the stacking mode Sy, Sax. S¢, and Sé without structural relaxation are presented in

(b), (c), (e), and (), respectively.

tube by a scale factor of two radii. The ground state stacking
configuration denoted by Sy for the BN system is in registry
with the highest symmetry maximizing the number of eclipsed
B and N atoms. Unlike the planar case of bilayer graphene
(i.e., AB stacking) or h-BN sheet (i.e., AA’ stacking), the
most stable configuration of S(I: for DWCNT is the same as
that of DWBNNT [31], in which the stacking modes are a
combination of both the staggered and eclipsed configurations.

We now calculate the unrelaxed energy corrugation by
rigidly sliding and rotating the outer wall of (5,5)@(10,10)
DWNT, whose bond coordinates are fixed to the optimum
interlayer locking configurations at the extrema in the energy
maps [Figs. 3(a) and 3(d)], namely, Sy and S3, for DWBNNT
and St and SZ for DWCNT. We first examine the potential
energy landscape starting from the ground state stacking mode
of Sgy» which is plotted in Fig. 3(b). A remarkable change
from the relaxed energy map in Fig. 3(a) is observed; the
degeneracy of the minimum energy states is lifted by reducing

from a 20-fold to a fivefold rotational symmetry and the
translational periodicity from a/2 to a, in which the DWBNNT
strongly locks into the lowest-energy mode of SéN. This
interlattice locking leads to threefold and fourfold increases in
the maximum energy barriers to the relative rotation (AUZ™)
and sliding (AU"™), respectively, compared to those obtained
by full relaxation (see Table I). As we will discuss below, such
large energy barriers arise from the strain energy associated
with the atomistic locking deformation developed through
the out-of-plane degrees of freedom. The lateral view of a
row with eclipsed B and N atoms of S]13N in Fig. 3 shows
that the buckling of a N atom in the (10,10) tube facing
a B atom in the (5,5) tube is suppressed as a result of the
interactions between two buckled walls, and thereby “lattice
kinks” are formed. The interlayer locking structure optimized
at Sz is also used to calculate the energy map as shown in
Fig. 3(c). The DWBNNT locks into the S3y mode, but more
moderately, in which the maximum rotational and translational
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TABLE 1. Maximum rotational (AUZ™) and translational
(AU™) potential energy barriers (in meV per atom) estimated from
the relaxed and unrelaxed energy maps in Figs. 3(a)-3(f) for the
(5,5)@(10,10) DWBNNT and DWCNT.

AUZ™ AU
BNNT full relaxation 0.229 0.068
BNNT stacking S}y 0.654 0.272
BNNT stacking Sz 0.416 0.273
CNT full relaxation 0.241 0.015
CNT stacking S} 0.328 0.098
CNT stacking S% 0.293 0.077

energy barriers are found to be twofold and fourfold increased,
respectively (Table I).

For the case of the DWCNT, however, there is no significant
change from the fully relaxed one, as shown in the energy
maps of Figs. 3(e) and 3(f), which are constructed with Sé and
S(Z: modes, respectively. This suggests that for the DWCNT no
internal structure such as interlayer locking has been developed
upon the interlayer interaction, and hence the shape of its
potential energy surface has not been greatly altered in the
unrelaxed case. This observation validates and agrees with
other previous studies of C-based materials where mostly rigid
translation and rotation were considered [6,23].

The unrelaxed energy corrugation calculated by the rigid
shifts is composed of two energy contributions: The interlayer
potential energy originates from the intrinsic DWNT registry
symmetry, and the strain energy is associated with the lattice
interlocking deformation. Since the former is obtainable from
the relaxed energy corrugation, the latter strain contribution
can be estimated by subtracting the relaxed energy (AUZX)
from the unrelaxed one (AUY), such that E(¢,7)swin =
AUY(¢,z) — AUR(¢,z). Figure 4 demonstrates that in order
to initiate the relative rotational motion between the locked
layers, the large strain-induced energy barrier A E(¢,0) needs
to be overcome for the DWBNNT compared to the DWCNT.
The average stored strain energies over 2m rotation calculated

bye = fh dpE(¢,0)/2m are estimated as PNNT = 0.258 and
eNT = 0.055 meV /atom.

Internal atomic distortion (i.e., “lattice kinks”) developed
through the buckled wall interaction in the DWBNNT would
require a time-dependent relaxation in response to the relative
wall motion through the self-adjustment of B and N atoms to
migrate to their new equilibrium position. This manifests the
anelastic behavior with recovering the equilibrium configu-
ration after a finite time, and thereby dissipating mechanical
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FIG. 4. The unrelaxed (AUVY) and relaxed (AUZX) rotational
energy corrugations for DWBNNT (blue) and DWCNT (red) and their
energy difference E(¢,0)rin = AUV (6,0) — AU*($,0) are plotted.

energy by internal friction, as often observed from the point-
defect or dislocation relaxation in anelastic solids [32,33]. We
emphasize that we disentangle and quantify the estimates of the
different source of anelastic dissipation (stored strain energy &)
from the well-known stick-slip dissipation [34]. Our calcula-
tion clearly shows that, unlike for CNTs, anelastic relaxation
could be the major source of mechanical energy dissipation
in the case of BNNTs, and thus the experimentally observed
ultrahigh frictional drag of BNNTSs is attributed to the strain-
induced internal structural changes upon the wall motion.

In conclusion, our vdW modified DFT calculations identify
the atomistic structural origin that gives rise to the strong
interlayer locking and large energy corrugation by character-
izing in detail important differences between nanotubes of
different compositions. We also propose that a large amount
of accumulated strain energy in buckled DWBNNTSs can be
dissipated via anelastic relaxation through migration of the
“lattice kinks” upon rotation or sliding. There is expected to
be a crossover transition in the dynamical and viscoelastic
properties between the small-diameter multiwalled nanotubes
where buckling occurs as described here and large-diameter
nanotubes where faceting is predicted [15], which will be
critical for exploiting nanotube properties on demand [35].
Anelastic interlayer mechanics can also provide insights to
design different tribological properties of other vdW layered
heterostructures.

This work was supported by National Research Council
Canada Security Materials Technology Program.
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