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1. Introduction

The out-of-plane bending deformability of two-dimensional 
(2D) nanomaterials, such as graphene and hexagonal boron 
nitride nanosheet (BNNS), controls many of their funda-
mental mechanical and physical properties and is of para-
mount importance to their potential engineering applications 
[1–4]. Structurally, 2D materials are layered nanocrystals 
consisting of one or more stacked sheets that are single atom 
thick. The bending rigidity of monolayer 2D materials is 
simply governed by the underlying chemical bond stretching/

compression/rotation behaviors of atoms within the single 
atomic sheet [5]. For multilayer 2D materials, however, the 
bending rigidity becomes more complicated due to the added 
contributions of interlayer interactions [6]. The bending 
rigidities of monolayer and few-layer graphene have been 
extensively studied [7–18]. Studies reveal that weak interlayer 
interactions in graphene, associated with pure van der Waals 
interactions, control its bending deformability through a series 
of structural inhomogeneities, such as interlayer shearing/
sliding, and the formation of delamination-induced ripples 
and kinks [18]. In contrast, hexagonal BNNS possesses much 
stronger interlayer interactions than graphene [19], which is 
ascribed to its partially ionic B–N bonding and the resulting 
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corrugated electronic structure [20]. However, a quantitative 
understanding of how the stronger interlayer interactions con-
tribute to the overall bending deformability of thin hexagonal 
BNNS remains elusive.

Here, we investigate the bending rigidity of two to six 
layers of BNNS by quantifying its self-folded conformations 
on flat substrates using atomic force microscopy (AFM) in 
combination with nonlinear continuum mechanics modeling 
and atomistic simulations. We show that the bending rigidity 
of few-layer BNNS is significantly higher than that of its gra-
phene counterpart, due to the order of magnitude higher inter-
layer shear modulus of h-BN versus graphene.

2. Results and discussion

2.1. Experimental characterization of self-folded BNNS flakes 
by using AFM

The BNNS flakes employed in this study were separated 
from boron nitride microplatelets (Momentive Performance 
Materials Inc.) using mechanical cleavage methods [21] and 
then transferred onto flat silicon oxide substrates. BNNS 
flakes were subsequently inspected at ambient environment 
inside a high-resolution AFM (XE-70 from Park Systems 
operating in tapping mode [22]) and a Raman microscope 
(Renishaw inVia with a laser of 532 nm in wavelength). The 
employed silicon AFM probes, which were purchased from 
Budget Sensors, possess a nominal spring constant of 40 N 
m−1 and a nominal resonant frequency of 300 kHz. A free 
amplitude of 1200 nm and a set-point amplitude of 500 nm 
were used in tapping mode AFM. A small percentage of thin 
BNNS flake samples (less than 3 nm in height) were identi-
fied to stay in self-folded conformations, as exemplified by 
the self-folded BNNS flake shown in figure 1(a). The AFM 
image contrast further shows that this BNNS flake is com-
posed of multiple thickness domains. The AFM height profile 
as displayed in figure  1(b) reveals the respective heights of 
those distinct domains along the marked blue-dashed line in 
figure 1(a) with respect to the substrate baseline. Considering 
that h-BN possesses an interlayer separation distance of 
t0  =  0.34 nm, the four exhibited domains from left to right are 
concluded to be monolayer (1L), bilayer (2L), trilayer (3L), 
and six-layer (6L), respectively. It is noted that the measured 
heights of the BNNS domains by AFM are all noticeably 
higher than their theoretical thicknesses that are calculated by 
the number of layers and the h-BN interlayer distance. This 
discrepancy can be attributed to several factors, including the 
surface roughness of the substrate and the artifact caused by 
the AFM tip-sample interaction [23]. The 6L domain is further 
identified as a self-folded domain based on the existence of 
a prominent hump on the domain edge that possesses a rela-
tive height of about 1.33 nm with respect to the top surface of 
the flipped segment as well as approximately the same thick-
ness for both the underlying and the flipped segments. This 
self-folded domain likely resulted from tearing and folding 
of the initially flat 3L domain either mechanically during the 
sample prep aration/transfer process [24] and/or thermody-
namically through a self-assembly process [25]. The mirrored 

white-dashed lines in figure 1(a) mark the approximate posi-
tion of the flipped segment in its flat conformation. It is noted 
that the assigned numbers of layers (N) of the BNNS domains 
based on AFM height measurements are confirmed with the 
Raman spectr oscopy measurements, which are displayed in 
figure 1(c). The measured G band (E2g) mode peak frequency 
and the FWHM (full width at half maximum) bandwidth for 
2L to 6L BNNS are consistent with prior studies [20, 21]. The 
hump height at the folded domain edge is an important param-
eter in evaluating the bending stiffness of the underlying 
BNNS flake. We characterized a number of self-folded BNNS 
domains that were formed by BNNS flakes of two to six layers 
and the measurements of their hump heights are presented in 
figure 1(d), which displays a linear-increasing trend between 
the hump height and the number of layers in BNNS (and con-
sequently its thickness).

2.2. Quantification of the bending stiffness and interlayer 
shear modulus of BNNS using nonlinear continuum  
mechanics modeling

The elastic deformations of low-dimensional nanomaterials, 
such as those made of B–N and C–C bonds, have been elu-
cidated using continuum mechanics theories and molecular 
dynamics (MD) simulations [26, 27]. We extract the equiva-
lent bending stiffness of BNNS from AFM measurements 
of its self-folded conformation using a nonlinear mechanics 
model illustrated in figure  2(a). In this model, multilayer 
BNNS is treated as a non-stretchable solid elastic sheet sub-
jected to pure bending and the red curve in figure 2(a) repre-
sents its middle-plane (neutral-plane) deformation curvature 
in a self-folded conformation, which consists of two delami-
nation points, i.e. the peel front at point A and the heal front at 
point B. The equilibrium of the folded BNNS sheet is given as

Dm
d2θ

ds2 = P sin (α− θ) , (1)

where s is the length of the curve from the heal front B; θ is 
the rotation angle; Dm is the bending rigidity of the sheet; 
P and α are the internal force in the sheet and its orienta-
tion angle with respect to the deformation slope of the sheet, 
respectively. The boundary conditions are the deforma-
tion curvatures at the two delamination fronts that are given 
as (dθ/ds)A =

√
2WBN−Sub/Dm  for the peeling front and 

(dθ/ds)B =
√

2WBN−BN/Dm  for the heel front, in which 
WBN−Sub is the adhesion energy per unit area between the 
BNNS and the substrate and WBN−BN is the adhesion energy 
per unit area between two adhered BN sheets in the flat-healed 
domain with an equilibrium distance d  =  N  ×  t0. For BNNS 
of two or more layers, these two adhesion energy terms are 
estimated as WBN−Sub = 2

√
γsub · γBN  and WBN−BN = 2γBN, 

in which γsub and γBN are surface energies of the substrate and 
h-BN, respectively. By considering γsub  =  115 mJ m−2 for 
silicon dioxide [28] and γBN  =  233 mJ m−2 [29], WBN−Sub 
and WBN−BN are calculated to be about 328 mJ m−2 and 467 
mJ m−2, respectively, which, for simplicity, are assumed to 
be constants for the few-layer BNNS examined here. The 
deformation profile of the folded sheet at equilibrium can be 
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determined by solving equation (1) with the aid of boundary 
conditions.

The bending stiffness of BNNS Dm is obtained by 
means of matching the predicted hump height to the meas-
ured value (figure 1(d)). Figure  2(b) shows the calculated 
bending stiffness of 2–6L BNNS (red empty squares), 
which are also summarized in table 1 and can be well fitted 
by using a power function of its thickness that is given as 
Dm(eV) = 15.8[N × t0(nm)]

2.35. For comparison, figure 2(b) 
also includes a plot of previously reported bending stiffness 
data (black empty circles) for few-layer graphene that were 
obtained using a similar method as the present study [16]. 
It can be clearly seen that the bending stiffness of few-layer 
BNNS is consistently much higher than that of comparable 
graphene, which is in contrast to monolayer h-BN (0.95 eV) 
[17] that reportedly possesses a lower stiffness than monolayer 
graphene (1.2–1.4 eV) [5, 30]. To the best of our knowledge, 
this study reports, for the first time, quantitative experi-
mental measurements of the bending rigidity of thin BNNS. 

Figure 2(c) displays the theoretically predicted middle-plane 
deformation profiles of self-folded few-layer BNNS, based on 
our experimentally derived average bending stiffness values 
summarized in table 1.

The above findings suggest that interlayer interaction in 
h-BN is strong and has a substantial influence on the bending 
rigidity of multilayer BNNS. We quantify the interlayer shear 
interaction in h-BN using an energy method [11]. The total 
strain energy in a self-folded N-layer sheet, which is the 
bending energy if the N-layer sheet is considered as a one-
piece structure, equals the summation of the bending energy 
in each sheet and the shear strain energy in each interlayer, 
which is given as [11, 16]

Dm

2

ˆ l

0

Å
dθ
ds

ã2

ds =
Ds

2

N∑
i=1

ˆ l

0
k2

i ds +
(N − 1)Gt0

2

ˆ l

0

(
tan−1θ

)2
ds,

 (2)
where Ds is the bending stiffness of monolayer h-BN, G is 
the interlayer shear modulus of h-BN, and ki is the bending 
curvature of each BN sheet and is calculated by using the 

Figure 1. (a) AFM image of one self-folded BNNS flake. The white-dashed lines indicate the possible initial flat position of the folded 
segment. (b) AFM line topography profile of the BNNS flake in (a) along the marked blue line. (c) Representative Raman spectra  
of 2L–6L BNNS. (d) The measured hump height of self-folded BNNS flakes with a linear fitting curve (dashed line).
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theoretically predicted self-folding profiles (figure 2(c)). By 
considering Ds  =  0.95 eV [17], the interlayer shear modulus of 
2–6L BNNS is calculated by using equation (2) and is found 
to be within the range of 3.07–4.31 GPa (figure 2(d)), which is 
consistent with the prior ab initio data for h-BN (2.6–5.1 GPa) 

[31], but is much higher than prior values reported for gra-
phene (0.19–0.49 GPa) [9–11, 16]. The findings of the inter-
layer shear modulus of h-BN, which is close to one order of 
magnitude higher than that of graphene, indicate that the strong 
interlayer interaction substantially stiffens multilayer BNNS.

Figure 2. (a) Schematic of the 1D continuum mechanics model of self-folded BNNS. (b) The comparison of the experimental 
measurements and molecular simulations of the bending stiffness of few-layer BNNS (experiment—empty square; simulation—solid 
square) and graphene (experiment—empty circle; simulation—solid circle). Inserts are schematics of bilayer h-BN and graphene. 
(c) Theoretically predicted neutral-plane deformation profiles of self-folded 2L to 6L BNNS. (d) The calculated interlayer shear modulus of 
h-BN and its comparison with the values reported for graphene. The experimental values of graphene in (b) and (d) are from [16].

Table 1. Summary of experimental measurements and simulations of the bending stiffness (in eV) of h-BN and graphene (the experimental 
values of graphene are from [16]).

h-BN Graphene

No. of layers Experiments Simulations Experiments Simulations

1 — 0.86 — 1.40
2 6.15  ±  0.61 6.32 3.35  ±  0.43 3.76
3 17.69  ±  1.24 19.65 6.92  ±  0.94 6.05
4 33.59  ±  1.35 35.28 12.50  ±  1.34 11.45
5 50.78  ±  2.62 54.00 18.10  ±  1.45 20.33
6 86.26  ±  3.05 90.53 28.29  ±  2.08 30.21

J. Phys. D: Appl. Phys. 52 (2019) 465301
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2.3. Atomistic simulations of the bending and interlayer shear 
rigidities of folded BNNS and graphene

To better understand our experimental findings of higher 
bending and interlayer shear rigidities of BNNS as compared 
with graphene, we conduct molecular static simulations using 
the classical MD code LAMMPS. We adopt a recently devel-
oped Tersoff parametrization to represent the intra-layer inter-
actions in h-BN, which accurately replicates the strain energy 
response, equilibrium lattice constant and phonon dispersion 
relations of BN nanostructures with data from x-ray scattering 
experiments and density functional theory (DFT) calculations 
[32, 33]. The intra-layer atomistic interactions between C 
atoms in graphene are governed by a second-generation reac-
tive empirical bond order (REBO) potential [34], which well 
describes the bond lengths, bond angles, and dihedral angles 
in graphene as well as the mechanical (bending) properties 
[35]. The inter-layer interactions for both graphene and h-BN 
are described by registry-dependent Kolmogorov–Crespi 
(KC)-type force fields [36]; this is as opposed to a traditional 
Lennard–Jones (LJ) type potential which fails to capture the 
anisotropic effect in short-range repulsion in layered crys-
talline structures, and can lead to order of magnitude lower 
sliding energy well depths in comparison with KC results.

We perform stiffness calculations of folded h-BN and 
graphene sheets, with varying number of interlayers. We 

construct atomically-flat h-BN and graphene sheets with 
perfect alternating stable stackings within a periodic simu-

lation cell with in-plane dimensions of (180 × 4.3) Å
2
 and 

(177 × 4.3) Å
2
, respectively. We perturb the atomic dis-

placements of the middle third section  of these stacked 
layers to form a 1D sinusoidal wave with an initial dis-
placement ampl itude of 5–10 Å in the out-of-plane direc-
tion (y -axis) and a half-wave period of 50 Å along one of 
the in-plane directions (x-axis). The perturbed structure is 
then energy minimized using the conjugate gradient method, 
while allowing the box dimensions to relax to achieve zero 
box pressure in all three directions. The resulting folded 
structure then corresponds to a local minimum energy state, 
as exemplified by four-layered h-BN and graphene shown 
in figure 3(a). For the folded sinusoidal-wave nanostructure 
with small values of θ (i.e. sin θ ≈ θ), equation (1) reduces to 
the expression of the bending stiffness Ds/m = Fx

w2 , where Fx  
is the applied external force along the x-axis and is obtained 
from virial stress computations of σxx along the straight-end 
sections of the h-BN and graphene nanostructures and w is 
the wave number of the sinusoidal profile fitted to the out-of-
plane displacements of the folded nanostructures. We sum-
marize in table  1 the bending stiffness Ds/m of the folded 
h-BN and graphene nanostructures with one to six stacking 
layers extracted from our atomistic simulations. Observe 

Figure 3. Selected molecular simulation results of deformed few-layer h-BN and graphene. Folded geometries (a), with interlayer 
normal (b) and shear (c) separations in four-layered h-BN (left) and graphene (right) nanostructures. Insets in (a) display atomic stacking 
deviations, as viewed from the top, at locations of maximum normal and shear separations indicated by red-dashed lines; pink, grey, and 
blue denote boron, nitrogen, and carbon atoms, respectively.
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that the simulation predictions of the bending stiffness are in 
near-perfect agreement with our experimental measurements 
for two to six layers of h-BN and graphene.

The bending stiffness of monolayer h-BN and graphene is 
associated with pure bending of the single atomic layer. In 
contrast, the stiffness of folded two to six layered h-BN and 
graphene has added contributions from interlayer sliding and 
out-of-plane deformation. Figures 3(b) and (c) show the rela-
tive change in the normal (δn) and shear (δs) separations of the 
three interlayers (L1 − L3) for the folded 4-layer h-BN and 
graphene sheets depicted in figure 3(a). Observe that the inter-
layer deformation (δn, δs) localizes near the steepest slope of 
the folded configurations, as marked by red-dashed lines in 
figure  3(a), and results in significant distortions in the AA′ 
and AB stacking sequences for h-BN and graphene (insets of 
figure 3(a)). For h-BN, the relatively stronger binding between 
interlayers and the higher barrier energies for interlayer sliding 
result in smaller normal (figure 3(b)) and shear separations 
(figure 3(c)) compared to graphene. This stronger interlayer 
interaction explains the consistently higher effective stiff-
ness of folded multilayer h-BN versus graphene (figure 2(b)  
and table  1), which is in contrast to the lower stiffness of 
mono layer h-BN versus graphene where the deformation is 
caused by pure bending. While monolayer graphene has a 
higher bending stiffness than monolayer h-BN, the higher 
barrier energy for interlayer sliding and the stronger binding 
across the interlayers ultimately result in the higher effective 
stiffness of folded h-BN.

To compute the interlayer shear properties of h-BN and 
graphene, we adopt periodic, orthogonal simulation cells 
consisting of dual-layer h-BN and graphene in their energy-
minimized state. The respective simulation cells have in-plane 

dimensions of (17.3 × 12.5) Å2 and (17.0 × 12.3) Å
2
, with a 

10 nm thick vacuum layer normal to the exposed h-BN and 
graphene surfaces. We compute the stacking fault energy γ as 
a function of the interlayer sliding displacements by sliding 
one h-BN or graphene layer relative to the other along the 
armchair and zigzag directions. The resulting stacking fault 
energy surfaces of h-BN and graphene are shown in fig-
ures 4(a) and (b), respectively. We indicate with dashed lines 
the minimum energy pathways for interlayer sliding from one 
stable AA′ (h-BN) or AB (graphene) stacking arrangement to 
another, and trace Δγ along these pathways (figure 4(c)). Our 

atomistic simulations confirm our experimental observations 
with a three-fold higher energy barrier for interlayer sliding 
for h-BN (21.2 mJ m−2) versus graphene (6.9 mJ m−2). These 
atomistic results are quantitatively in good agreement with 
prior DFT-obtained sliding barrier energies of 25.7 and 7.9 
mJ m−2 for h-BN and graphene, respectively [37]. We numer-
ically differentiate Δγ with respect to the sliding displace-
ment δ along the minimum energy pathways in figure  4(c) 

to obtain the interlayer shear modulus G = t0 ∂2∆γ
∂δ2  of h-BN 

(2.34 GPa) and graphene (0.85 GPa) near the equilibrium 
position (i.e. δ → 0). These atomistic predictions capture the 
order of magnitude higher interlayer shear modulus of h-BN 
(3–4 GPa) versus graphene (~0.4 GPa) observed in our experi-
ments (figure 2(d)). We remark that the atomistic calcul ations 
of G  are based on perfectly stacked h-BN and graphene 
layers, and can be considered as upper-bound values. In 
deformed structures, the barrier energies for interlayer sliding 
and the corresponding interlayer shear modulus will depend 
on the presence of stacking imperfections or interlayer dislo-
cations, which are more common in graphene [38, 39] rather 
than h-BN layers due to the several-fold smaller stacking fault 
energy of the former (figure 4(c)). This explains the two-fold 
higher predictions of G  for graphene in our simulations as 
compared to prior studies [9–11, 16]. We have conducted 
stacking fault energy calculations for tilted commensurate 
bilayer graphene with a twist angle of θ = 46.83◦ measured 
with respect to AA position, and have confirmed that the pres-
ence of this stacking disorder results in much lower interlayer 
shear modulus values of ~0.23 GPa.

3. Conclusions

In this paper, we investigate the bending deformability 
of BNNS using a combined experimental-computational 
approach. Our studies consistently reveal that few-layer BNNS 
possesses a much higher bending rigidity than comparable 
graphene, which is attributed to the strong interlayer shear 
interaction in h-BN. The properties of high bending rigidity 
and strong interlayer interactions suggest that BNNS is less 
prone to the interlayer delamination-induced structural inho-
mogeneities (e.g. shearing, rippling and kinks) that reportedly 
occur in graphene and enable many of its applications, such 

Figure 4. Stacking fault energy contours for h-BN (a) and graphene (b). (c) Change in energy versus displacement for interlayer sliding 
along the minimum energy pathways outlined by black-dashed lines in (a) and (b).
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as dielectric substrates for graphene electronics [4] and rein-
forcing fillers for nanocomposites [40–43]. The high bending 
rigidity helps to maintain the atomic flatness of thin h-BN, 
which plays a critical role in the reported superior electron 
mobilities of graphene electronics. The high interlayer shear 
rigidity enables superior load carrying capacities of the added 
fillers and thus enhances the bulk mechanical property of 
nanocomposites reinforced with multilayer h-BN, while the 
bulk property of multilayer graphene reinforced nanocompos-
ites might be compromised due to interlayer sliding induced 
catastrophic failure.
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