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Abstract

Boron nitride nanotubes (BNNTSs) are a unique class of light and strong tubular nanostructure
and are highly promising as reinforcing additives in ceramic materials. However, the mechanical
strength of BNNT-ceramic interfaces remains largely unexplored. Here we report the first direct
measurement of the interfacial strength by pulling out individual BNNTSs from silica (silicon
dioxide) matrices using in situ electron microscopy techniques. Our nanomechanical
measurements show that the average interfacial shear stress reaches about 34.7 MPa, while
density functional theory calculations reveal strong bonded interactions between BN and silica
lattices with a binding energy of —6.98 eV nm 2. Despite this strong BNNT-silica binding,
nanotube pull-out remains the dominant failure mode without noticeable silica matrix residues
on the pulled-out tube surface. The fracture toughness of BNNT-silica ceramic matrix
nanocomposite is evaluated based on the measured interfacial strength property, and substantial
fracture toughness enhancements are demonstrated at small filler concentrations.

Keywords: nanotube-ceramic interface, boron nitride nanotubes, ceramic matrix
nanocomposites, fracture toughness, pull-out experiments

(Some figures may appear in colour only in the online journal)

1. Introduction

The envisioned lightweight and high strength and toughness
characteristics of fiber-reinforced ceramic matrix nano-
composites (CMNC) are highly attractive for the aerospace,
automotive and chemical industries [1]. With the addition of a
low concentration of reinforcing filler materials, CMNC not
only inherit the excellent physical properties of the underlying
matrix material (e.g. superior hardness, chemical inertness
and retention of strength at high temperatures [2]), but also
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overcome or mitigate their intrinsic weakness of brittleness
that greatly limits their usage and add new functionalities that
are attributed to the fiber’s physical characteristics. Selection
of appropriate reinforcing filler materials is key to the bulk
property enhancement in fiber-reinforced CMNC. Boron
nitride nanotubes (BNNTs) [3, 4] are a type of light and
strong tubular nanostructure with many extraordinary material
properties and are promising as filler materials for CMNC.
Research reveals that BNNTs are an axially strong and
transversely supple material, as compared to their pure carbon
counterpart, carbon nanotubes (CNTs). BNNTs reportedly
possess a Young’s modulus of up to 1.3 TPa and a tensile

© 2018 IOP Publishing Ltd  Printed in the UK
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strength of up to 33 GPa [5-14], both of which are compar-
able to those reported for CNTs. However, the reported
transverse modulus of BNNTS is substantially lower than that
of comparable CNTs [15-17]. It is therefore energetically
more favorable for BNNTSs, than comparable CNTs, to bend
and conform to ceramic grain surfaces, which is critical to the
improvement of fracture toughness or other physical proper-
ties that rely on an intimate tube-matrix interface (e.g. thermal
conductivity). BNNTSs also possess piezoelectric and radiation
shielding characteristics [18, 19], extraordinary thermal con-
ductivity [20] and thermal and chemical stabilities [21, 22].
Recent studies reveal that BNNTSs possess superior oxidation
resistance and are capable of maintaining their structural and
mechanical properties at up to 850 °C in air, while CNTs
begin to oxidize at temperatures of around 400 °C in air [23].
BNNTs are capable of enduring much higher temperatures in
vacuum [24] and are superior in high temperature environ-
ments, such as those typically encountered in the processing
and/or working conditions of ceramic nanocomposites.
Unlike the metallic or semi-conductive properties of CNTs,
BNNTSs possess a large bandgap of 5-6eV and thus are
excellent insulators [3, 25]. The addition of BNNTSs in cera-
mic matrices enhances their thermal conductivity, while pre-
serving their insulating properties. These extraordinary
multifunctional characteristics of BNNT-reinforced CMNC
enable their widespread industrial usage, in particular for
applications that involve harsh thermal, chemical, and/or
radiation environments.

Substantial mechanical property enhancements in BNNT-
reinforced CMNC have been reported in the literature. The
presence of 4 wt% BNNT in hydroxyapatite composites can
increase the strength by 90% and the toughness by 35% [26].
Similarly, the presence of 1 wt% BNNT in zirconia and Al,O3
was reported to increase the toughness by 65% and 35%,
respectively [27, 28]. More recently, Du et al reported that
adding 5 wt% of BNNT in silica (SiO,) dramatically increases
the fracture strength and toughness by 131% and 109%,
respectively, in part due to microstructural changes [29]. To
date, a variety of spectroscopy and electron microscopy tech-
niques have been used to elucidate the morphology of BNNTs
inside CMNC, microstructural changes of the ceramic matrix,
possible reaction products formed on the nanotube-ceramic
interface, as well as tube morphology in the fractured composites
[27-31]. However, such microscopic observations and bulk
mechanical properties measurements can only provide indirect
and/or qualitative assessment of the interfacial properties.
Quantitative evaluations of the BNNT-ceramic interfacial load
transfer characteristics and interfacial binding interactions
remain elusive, and will have to be ascertained from microscopic
experiments and first principle computations.

In this paper, we quantitatively investigate the interfacial
strength between BNNTs and silica using in sifu electron
microscopy single-nanotube pull-out techniques in conjunction
with micromechanics modeling and density functional theory
(DFT) calculations. The nanomechanical experiments demon-
strate that nanotube pull-out resulting from interfacial failure is
the major toughening mechanism. The DFT studies report
strong interfacial binding interactions between BN and silica,

which explains the high interfacial shear strength measured
from the experiments. The potential fracture toughness
enhancement in BNNT-silica nanocomposites is predicted
based on the measured interfacial strength property and sub-
stantial fracture toughness improvements are demonstrated at
small filler concentrations. To the best of our knowledge, this
nanomechanical study is the first quantitative report on the
BNNT-ceramic interfacial strength. The findings are useful to
better understand the nanotube’s reinforcing mechanism in
nanotube-reinforced CMNC. This study demonstrates that
BNNTs are excellent reinforcing filler materials for light,
strong and durable CMNC. The employed nanomechanical
experimental technique together with the micromechanics and
atomistic theoretical frameworks is readily extendable to the
nanomechanical characterization of interfaces in other nano-
tube/nanofiber-ceramic systems.

2. Results and discussion

2.1. In situ electron microscopy nanomechanical single-tube
pull-out measurements

The mechanical strength of BNNT-silica interfaces is char-
acterized by using in situ scanning electron microscopy
(SEM) nanomechanical single-nanotube pull-out technique,
as illustrated in figure 1(a). This testing technique has been
successfully used to elucidate the interfacial properties of
nanotube-polymer and nanotube-metal composites [32-36].
In this testing scheme, a protruding BNNT from a sandwiched
ceramic-tube-ceramic thin-film nanocomposite is incremen-
tally stretched by an atomic force microscopy (AFM) canti-
lever until the embedded tube segment is completely pulled
out of the ceramic matrix. To avoid bending effects, pull-out
measurements are only conducted for protruding tubes
that are parallel to the axial (stretching) direction of the
AFM tip.

The BNNTs employed in this study were synthesized
using high-temperature pressure (HTP) methods [37, 38].
HTP-BNNTSs reportedly possess highly crystalline structures
with a small number of tube walls and possess lengths of up
to at least a few hundred microns. Figure 1(b) shows an SEM
image of an as-received HTP-BNNT sample, displaying tubes
with lengths of over 10 microns. Recent AFM studies reveal
that over 97% of the HTP-BNNTs are single-to quadruple-
walled [19]. Double-walled structures, as exemplified by the
transmission electron microscopy (TEM) image shown in
figure 1(c), have a dominant presence (about 57%) and their
outer diameters are found to be 1.9-3.9 nm. Such thin shell
(i.e. small numbers of tube walls/diameter) structures allow
for significant contact of the outermost wall with the sur-
rounding matrix, while the long tubular length allows for
substantial load transfer via the tube-matrix interface. How-
ever, most of our nanomechanical single-tube measurements
are performed using relatively shorter tubes of less than 2 yum
in length since the higher bending rigidity allows these tubes
to remain straight inside the matrix. Ultrasonication was
employed to disperse/separate the tubes and to shorten their
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Figure 1. In situ SEM nanomechanical single-tube pull-out testing scheme (a) and sample preparation and characterization (b)—(f): (b) SEM
image of an as-received HTP-BNNT sample. (c) TEM image of a double-walled BNNT of about 3.2 nm in outer diameter. (d) AFM image of
one deposited BNNT on an electron beam evaporated silica surface by using spin-coating. (¢) SEM image of one fractured silica/BNNT/
silica thin-film composite with bridging, pulled-out and fractured BNNTs. (f) SEM of one fractured silica/BNNT /silica thin-film composite
with protruding BNNTs that were employed in the pull-out measurements. (g) TEM image of a protruding BNNT of about 3.2 nm in outer
diameter from a silica matrix. (h)—(j) Selected SEM snapshots showing a typical single-nanotube pull-out experiment conducted on a BNNT-

silica composite sample.

lengths to the desirable level (less than 2 pm) [39].
Figure 1(d) shows a typical straight BNNT of about 1.2 ym in
length and about 2.9 nm in diameter, which was spin-coated
on an electron-beam deposited silica film with an average
grain size of about 25.8 nm. Figure 1(e) shows the fractured
surface of a BNNT-silica thin-film nanocomposite bridged by
BNNT fibers. In this partially fractured sample, many of the
protruded tubes resemble cantilevered or crack-bridging
structures, indicating they were pulled out from the ceramic
matrix. Figure 1(f) shows the cantilevered tubes protruding
from a halved ceramic matrix. As shown by the TEM image
in figure 1(g), the protruded tube structures possess pristine
surfaces without noticeable matrix residue, suggesting that the
BNNT cleanly separates from the silica matrix during pull-
out. This conclusively shows that nanotube pull-out is one
major failure and energy dissipation mechanism in BNNT-
silica nanocomposites.

Figures 1(h)—(j) show three selected SEM snapshots that
were recorded during one representative pull-out measure-
ment. The tip of a calibrated AFM probe was first controlled
to approach the free end of a selected protruding tube, as
shown in figure 1(h). Electron beam induced deposition of Pt
[40] was employed to weld the tube’s free end to the AFM tip

to ensure a firm attachment, as shown in figure 1(i). Subse-
quently, the gripped tube was stretched by means of gradually
displacing the AFM cantilever until it was fully pulled out of
the ceramic film. It is noted that the pull-out test is essentially
a force-controlled measurement. The nanotube pull-out event
occurred when the pulling force reached a threshold value,
which is denoted as the pull-out force, and was observed as a
catastrophic failure of the tube-ceramic interface. For the
tested sample shown in figure 1(j), the applied pull-out force
and the embedded tube length were measured to be 158 nN
and 536 nm, respectively.

We have tested a number of BNNT-silica samples, and
successful single-nanotube pull-out phenomena similar to the
one displayed in figure 1(j) were observed for the majority of
our pull-out measurements. However, interface failure sce-
narios resulting in fracturing of nanotubes and telescopic pull-
out were also observed, as displayed in the selected SEM
snapshots in figure 2. The observed tube fracture occurred in
its free-standing cantilevered portion. For the telescopic pull-
out, the outermost shell(s) of the nanotube was broken by the
stretching force and subsequently the inner tube shell(s) was
pulled out. Both these two scenarios suggest a strongly-
bonded tube-matrix interface, which allows for effective load
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Figure 2. Representative SEM snapshots showing (a) fracturing of a nanotube and (b) telescopic pull-out of a nanotube.
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Figure 3. The measured pull-out force versus the embedded tube
length for BNNT-silica interfaces (solid circle) with the bi-linear
fitting curves (dashed lines).

transfer in the BNNT-reinforced silica nanocomposites [41]
and contributes to energy dissipation. These two failure sce-
narios are excluded from our interfacial strength and load
transfer analysis of the BNNT-silica interface.

Figure 3 shows the pull-out data from 18 successful
single-nanotube pull-out measurements that were conducted
on BNNT-silica samples. The pull-out force recorded in these
independent measurements is found to range from 57 to
190 nN, while the embedded nanotube length is found to fall
between 152nm and 2.0 pm. It is noticed that the pull-out
force initially has a nearly linear dependence with the
embedded length, and then remains in a narrow range, forming
a plateau. The measured pull-out force versus the embedded

tube length dependence displays a shear lag effect [42]. Similar
shear-lag dependences were observed in the nanomechanical
studies of nanotube-polymer [32, 33, 35] and nanotube-metal
[34, 36] interfaces. Therefore, the shear lag effect is seemingly
a universal physical phenomenon governing the interface
failure and the energy dissipation in the nanotube-reinforced
nanocomposites regardless of the matrix material (polymers,
metals or ceramics). The measured pull-out force data set
shown in figure 3 is least-square fitted using a bi-linear fitting
curve, which is a simplified representation of the shear lag
effect and will be used to determine the interfacial load car-
rying capacity and the interfacial shear stress of the tube-matrix
interface. The force plateau represents the load carrying capa-
city limit of the tested BNNT-silica interface and is found to be
165 £ 15 nN (n = 6). The critical embedded length that cor-
responds to the onset of the force plateau is approximated as
the joint value in the bi-linear fitting curve (about 560 nm).

The average interfacial stress strength (IFSS) of BNNT-
silica interfaces, 7,,,, is given as 7,,, = proﬁ, in which D
is the nanotube diameter, L is the embedded tube length and
P, is the pull-out force. Due to the shear lag effect, only
those measurement data in the initial linear segment are used
to calculate 7,,, [32]. In our measurements, the diameters of
individually tested tubes could not be measured precisely
because they are comparable to the resolution limit of
the electron beam. Here we calculate the IFSS based on
the measured median double-walled tube diameter (i.e.
D = 2.9 nm). The average IFSS of the BNNT-silica interface
is quantified to be about 34.7 + 8.2 MPa (n = 12). We also
calculate the average IFSS value based on the lower and the
upper limits of the diameter of double-walled BNNTs (i.e. 1.9
and 3.9 nm) and the results are summarized in table 1.



Table 1. Summary of the measured and calculated interfacial strength properties of BNNT-silica interfaces.

Bi-linear fitting Shear-lag model
Average interfacial shear strength (MPa) Maximum interfacial shear strength (MPa)
BNNT diameter (nm) BNNT diameter (nm)
Maximum pull-out Estimated critical tube embed-
force (nN) ded length (nm) 1.9 2.9 3.9 1.9 2.9 3.9
BNNT-Silica interface 165 + 15 560 53.1 £ 124 347 £ 82 25.8 £ 6.1 2812 + 275 1252 + 122 712 + 69

properties
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2.2. Micromechanics modeling of the interfacial load transfer
characteristics of BNNT-ceramic interfaces

The evolution of the shear stress on the stretched BNNT-
ceramic interface can be divided into two stages: (I) prior to
interface debonding, where the interfacial shear stress starts to
increase under the external applied loading until the max-
imum interfacial shear stress that occurs at the tube entry
position reaches a threshold limit; the BNNT-ceramic inter-
face is fully-bonded at this stage. (II) Progression of interface
debonding, which occurs when the maximum interfacial shear
stress reaches the threshold limit; a crack initiates and starts to
propagate along the BNNT-ceramic interface. The crack
propagation results in a gradual decrease of the bonded length
of the BNNT-ceramic interface until the tube is completely
pulled out from the matrix. We note that the pull-out force
from our single-tube pull-out measurements that were con-
ducted under force-controlled loading reflects the critical load
for transition from stage I to stage II. Here we investigate the
interfacial load transfer characteristics in both stages and
quantify the maximum IFSS value using a micromechanics
model.

The schematic in figure 4(a) illustrates the micro-
mechanics model that is employed to predict the interfacial
shear stress distribution profile along the BNNT-ceramic
interface in Stage I and to determine the maximum IFSS. The
schematic in figure 4(b) illustrates the micromechanics model
that is employed to predict the interfacial shear stress dis-
tribution evolution during the interface debonding process
(Stage II). For simplicity, we assume (1) a homogeneous
interface between the embedded tube segment and the sur-
rounding silica matrix, with no binding interaction between
the debonded tube segment with the matrix, (2) the absence of
residual stress for both the tube and matrix before pull-out
[36], and (3) both the tube and the ceramic matrix to deform
elastically. Load transferred through the BNNT-silica inter-
face dissipates radially and the shear from the BNNT to the
ceramic matrix dissipates radially. Significant interfacial shear
stress is confined to a thin matrix layer that binds directly to
the BNNT surface [34, 43], as indicated by blue shaded
regions in figures 4(a) and (b). With this model setup, the
interfacial matrix layer is under pure shear deformation.

Stage I The equilibrium of the embedded tube segment
along its longitudinal direction is given as

JZ.D+4f4LT,~dz:O, (1)
20

where z is the coordinate axis, zg is the location of the tube’s
embedded end and z; is the tube entry position; o, = Ef d”;(f)
is the normal stress in the tube, and u(z) is the tube’s
displacement and E; is the tube’s Young’s modulus;

2(%"’”[ - u(z) is the interfacial shear stress, and E,, and

Vv, are the Young’s modulus and the Poisson’s ratio of matrix,
respectively, and ¢ is the thickness of the interfacial matrix
layer and also the only fitting parameter in the model. By
inserting this relationship into equation (1), the governing

Ti:

equation for the nanotube’s displacement becomes

d’u(z) 2E,,

D ESEY 44
dZ 2(1 +Vm)'t

u(z) = 0. 2

The boundary condition used in the model includes
0, = 0atz = zo. The stretching force P shall equal the
interfacial shear force on the binding interface, i.e.

m-D f " 7;dz = P. Equation (2) is solved with the follow-
20

ing parameters: E,, = 70 GPa and v,, = 0.17 for silica [44];
E;= 1.09 TPa for BNNTs [13].

The blue segment of the curve in figure 4(c) shows the
displacement of the tube entry position (i.e. the nanotube
length extension) as a function of the applied load for a
BNNT-silica interface with L = 750 nm and P,,, = 165 nN
(the measured average plateau force in figure 3). The segment
end, which is marked as point #1, corresponds to the onset of
interfacial failure (i.e. the applied load reaches the pull-out
value). The corresponding IFSS distribution profile is dis-
played as a blue curve in figure 4(d). The theoretical calcu-
lations are based on D = 2.9 nm (the median tube diameter)
and ¢ = 8.1 nm (a fitting value). The blue curve in figure 4(d)
shows a maximum shear stress (7,.x) of about 1.25 GPa.
Considering the variation in the measured force plateau, the
maximum shear stress of BNNT-silica interface is calculated
to be 1.25 + 0.12 GPa. The remarkably high interfacial shear
strength indicates a strong binding interaction on the BNNT-
silica interface, which is consistent with prior reports
[29, 30, 45]. From the electronic structure point of view, B-N
bonds are mostly covalent, but also are highly polarized due
to unsymmetrical charge distribution. The electrostatic or
Coulomb interactions tend to lead a higher binding interac-
tion. It is noted that the maximum IFSS of BNNT-silica
interfaces obtained in this study is much higher than the
reported values for BNNT-PMMA and BNNT-epoxy inter-
faces (i.e. 219 and 323 MPa), indicating a much stronger
interfacial binding interactions of BNNTSs with silica versus
with those two polymers. DFT calculations, which are dis-
cussed in detail in section 2.4, confirm that strong binding
interactions are formed between BN and silica lattices.

Figure 4(d) also shows that the effective shear stress
transfer occurs on a relatively shorter length compared to the
entire tube embedded length, which is attributed to the fact
that the matrix material (silica) possesses a high Young’s
modulus. The result also implies that the effective contacts
between a BNNT with surrounding ceramic grains likely
occur on a smaller area than the value calculated based on the
entire embedded length. The maximum shear displacement of
the interface matrix layer occurs at the tube entry position, u,,
and is given as u,, = u(L) = 2t * Tmax/Epm/ (1 + Up)). U, is
calculated to be about 0.34 nm, which is close to double the
Si—O bond length (0.16 nm) [46].

Stage II' the aforementioned equilibrium equations in Stage
I can be readily extended to Stage II by taking into account the
following two factors: (i) the length of the bonded interface
decreases as a result of interface debonding. (ii) The interface
debonding occurs under the maximum IFSS at the interface
debonding front. The maximum displacement of the tube at the
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Figure 4. The diagrams of shear load transfer on a fully bonded BNNT-silica interface (a) and on a partially debonded BNNT-silica interface
(b). The shear deformation in the interfacial ceramic layer (shaded region) is illustrated by the orientation of the added short lines.

(c) Theoretical prediction of the nanotube length extension under the stretching force during the whole nanotube pull-out process. (d) Three
selected shear stress distribution profiles that correspond to the three marked positions in (c). The insert diagrams in (d) illustrate the
corresponding interface debonding front positions. An embedded tube length of 750 nm is assumed in the calculation.

interface debonding front remains unchanged during the whole
interface debonding process and equals u,,.

Once the maximum IFSS at the tube entry position
reaches its physical limit, a crack initiates and then propagates
towards the embedded tube end, which leads to a reduction of
the bonded interface length by 6/ and an increase of the
protruding tube length. The stretching force applied to a
partially debonded interface is given by [32],

p= "5 Daz, 3)
20
where z; = L — 0l is the length of the remaining bonded
interface. The corresponding displacement of the tube at its
original entry position (i.e. z = L) or the tube length extension
is given as

Pl
—+um’
ff

u(l) = “

where the first term on the right side of the equation accounts
for the elongation of the debonded tube segment and A is the
cross-section area of the tube. The length extension of the
tube reaches maximum when %% — 0,

The black segment of the curve in figure 4(c) shows the
dependence of the pulling force P on the tube length exten-
sion u(L) during the interface debonding process. It can be
seen that the applied force P is held quite steadily for a
substantial increase of u(L), which is attributed to the elon-
gation of the increasing debonded tube segment as a result of
continuous interface crack propagation. A noticeable drop of
P occurs when the crack front approaches to the embedded
tube end and a sharp decrease of P to zero occurs, which
corresponds to the complete pull-out of the entire tube
from the matrix. The green and the red curves displayed in
figure 4(d) are two selected interfacial shear stress distribution
profiles, which correspond to points 2’ and ‘3’ marked in
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figure 4(c) respectively. The interfacial shear stress distribu-
tion displayed by the green curve, which is calculated based
on a bonded interface length of 450 nm, is found to follow
exactly the same profile as the blue curve. However, the red
curve, which is calculated based on a bonded interface length
of 60 nm, shows a distinct profile as compared with the blue
and green curves. In particular, the interfacial shear stress at
the embedded tube end is found to be about 39.5 MPa, as
compared with a zero stress shown in the blue and the green
curves. The result indicates that the interfacial shear stress
transfer is constrained by the reduced interface length, which
results in a lower stretching force P. The area under the
stretching force-tube length extension curve represents the
amount of dissipated energy during the entire tube pull-out
cycle. The findings here are helpful to better understand the
evolution of the interfacial shear stress distribution profiles on
both fully bonded and partially debonded nanotube-matrix
interfaces and the energy dissipation mechanism during the
interface debonding process.

2.3. Fracture toughness enhancement in BNNT-reinforced
Silica CMNC

In this section, we estimate the fracture toughness enhance-
ment of the composite that is ascribed to the energy dissipa-
tion during the nanotube pull-out process. Here we assume an
ideal tube-reinforced nanocomposite scenario where the
nanotubes are perfectly aligned, parallel to one another, and
distributed evenly inside the matrix and the orientations of the
tube fibers are perpendicular to the crack propagation path, as
illustrated in figure 5(a). The fracture toughness enhancement
AK is given by [47, 48],

J2p

AK = oc—d, 5
j(; W(Af‘i-Am) ’ ©)

where A,, is the cross-section area of the matrix; r is the
distance of the crack front to a tube and its relationship with
the tube elongation is given as [47],

2
u(L) = m}gﬂ\/g (6)

where K¢ is the critical stress intensity factor of matrix.
The silica matrix possesses a K;c value of 0.58 MPa m!/?
and a density of 2.3gcm >. We calculate the fracture
toughness improvement by considering two types of BNNTs:
(1) multi-walled BNNTs of about 40 nm in outer diameter
that were employed in [29]; (2) double-walled BNNTs of
about 2.9 nm in outer diameter that were employed in the
pull-out measurement of the present study. Figure 5(b) shows
the calculated fracture toughness improvements by consider-
ing BNNTSs used in [29] with a tube length of 1 ym and a
density of 1.4gcm > and the measured BNNT-silica inter-
face stress data in the present study, which are contrasted with
the reported experimental values. The results show that the
discrepancy between the theoretically predicted and exper-
imental fracture toughness improvement is within 24.9%—
57.7%. Specifically, the theoretically predicted (experimental)
mean values for 1%, 3% and 5% wt BNNTSs are 54.2%

(29.3%), 111.2% (53.4%) and 143.8% (108.6%), respec-
tively. Potentially, this discrepancy can be attributed to: (1)
non-idealities related to tube dispersion and alignment as well
as the presence of structural defects in tubes in the tested
composites; (2) the difference in processing and interface
conditions between the composites manufactured in [29] and
the present study, which may affect the tube-matrix load
transfer characteristics and thus the fracture toughness
improvement.

Figures 5(c) and (d) show the calculated fracture tough-
ness improvement by considering the double-walled BNNTs
used in the pull-out test with an outer diameter tube of 2.9 nm.
The calculation considers a wide range of tube length that are
consistent with those of HTP-BNNTs (100 nm—10 pm) and a
tube weight concentration of 1%-10%. Figure 5(c) shows the
dependences of the fracture toughness enhancement on the
nanotube length for a variety of tube weight concentrations.
The data show that both the nanotube length and the tube
concentration have a substantial impact on the fracture
toughness enhancement. Specifically, the predicted fracture
toughness enhancement increases linearly with the tube
length, indicating the preference of long tubes in order
to achieve better durability. Fracture toughness is also
more enhanced at larger tube concentrations, however, the
dependence trend as displayed in figure 5(d) is not linear. The
normalized fracture toughness per unit nanotube weight
decreases with an increase of tube concentration. Considering
a tube length of one micron, 1%, 3% and 5% tube weight
concentrations result in fracture toughness increases of about
67.8%, 134.5%, and 170.7%, respectively, all of which are
noticeably higher than the respective values predicted by
using the large-diameter BNNTSs in [29]. The results clearly
show that the usage of BNNTSs of smaller diameter will lead
to a better fracture toughness improvement performance,
which can be qualitatively explained by the fact that in tube-
reinforced composites, only the outermost shell of a tube
makes contacts with the surrounding matrix and contributes to
the load transfer and thus the improvement of the bulk
mechanical properties. The results displayed in figures 5(c)
and (d) show that a combination of long tubes and high tube
concentration will result in substantial fracture toughness
improvements. For example, considering a tube length of
5 pm, a S wt% BNNT will result in an 867% increase of the
fracture toughness. The remarkable value of the predicted
property enhancement clearly shows the potentials of BNNTs
as reinforcing filler materials for making light, strong and
durable ceramic nanocomposites.

2.4. DFT calculations of the BNNT-silica binding interaction

We perform DFT calculations to elucidate the bonding
characteristics between SiO, and BNNT. The projector aug-
mented wave based pseudopotentials [49, 50] are used to
represent the interaction between ionic cores and valence
electrons, while the Caperley—Alder form of the local density
approximation (LDA) as parameterized by Perdew—Zunger is
adopted for exchange and correlation. For simplicity, we
neglect curvature effects [51] and treat BNNTSs as equivalent
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Figure 5. Theoretical prediction of the fracture toughness enhancement in BNNT-reinforced CMNC. (a) Schematic illustration of the fracture
zone with bridging BNNTs. (b) Theoretically predicted fracture toughness improvement based on BNNTs employed in [29] and the
comparison with the reported experimental values. (c), (d) Theoretically predicted fracture toughness improvement based on HTP-BNNTs
that were employed in the present pull-out test: (c) the dependence of fracture toughness enhancement on nanotube length. (d) The
dependence of fracture toughness enhancement on nanotube weight fraction.
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Figure 6. First principle calculations of the bonding characteristics along a SiO,-hBN (0001) interface. (a) Side and top view of the atomic
configuration, with the periodic triclinic supercell in DFT outlined in black. (b) Contours of the electron localized function and distributions
of the interfacial energy along the cross-sectional cuts indicated by dashed lines. Blue, red, green, and gray atoms represent Si, O, B, and N,

respectively.

2D planar hexagonal boron-nitride (hBN) sheets. Our tri-
gonal supercell comprises of a 1 x 1 unit-cell o quartz
crystal with the normal to the closed-packed (0001) plane
aligned with the vertical (x,) axis (see figure 6(a)). Below
the O-terminated closed-packed surface of SiO,, we include
2 x 2 unit-cells of BN separated by an initial distance of
4 A. To prevent the BN sheet from also interacting with the
periodic image of the top surface of the SiO, substrate, a
vacuum layer of 12 A is introduced at the top of the super-
cell. Throughout our simulations, we adopt an electronic
kinetic energy cut-off of 450eV for the plane wave basis
sets describing valence electrons, and we set the energy
tolerance criteria for convergence through the conjugate
gradient method to 0.1 meV. A gamma centered Monkhorst—
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Pack k-point sampling of 5 x 1 X 5 is used to sample the
entire Brillouin zone. After ionic relaxation of the supercell,
we obtain lattice constants of 2.47 A and 4.93 A for BN and
Si0,, respectively, versus the equilibrium lattice constants
of 2.51 A and 4.92 A. The enforced periodicity therefore
induces in-plane lattice mismatch strains of 0.18% within
the BN sheet and 0.24% within the SiO, substrate. Inter-
estingly, the spacing between BN and SiO, decreases to
1.48 A after the equilibration process. The nearest B and N
atoms directly below the O-terminated atoms in SiO, are
also visibly displaced in the out-of-plane direction by
0.425 A and 0.3 A, respectively, toward the O atoms.

To gain insights into the chemical bonding character-
istics, we examine contours of the electron localized function
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(ELF) in figure 6(b), which are observed along a x;—x, cross-
sectional cut. Generally, the ELF is a dimensionless,
empirical function that generates relatively large values of
between 0.5 and 1.0 in regions where electrons are of a high
chance of localization, as found in ionic and covalent bond-
ing, while displaying smaller values (less than 0.5) when
electrons are delocalized, as in metallic bonding. We observe
distinct electron localization (ELF ~0.75) between the
O-terminated atoms of SiO, and the B and N atoms of hBN
directly below, which confirms the formation of strong B-O
and N-O bonds across the interface. We calculate the inter-
facial energies E,, along several (0001) planes as marked by
dashed lines in figure 6(b), by rigidly separating the surfaces
at the designated cross-sections by a distance of 10 A, and
subtracting the per-unit-area energy of the separated system
from that of the combined system. Our results for E; as a
function of distance from the hBN-SiO, interface (located at
x, = 0.9 A) is shown in figure 6(b) (right). We note that the
cohesive energy (—E,) increases almost immediately from
6.98 eV nm ™~ along the hBN-SiO, interface to its bulk value
of ~55eVnm 2. This order-of-magnitude difference in
cohesive energy suggests a cleanly separated interface during
the pull-out of BNNT, as shown by our TEM imaging in
figure 1(g). We remark that the interfacial energy of
E,=—6.98¢V nm > along the hBN-SiO, interface is similar
to the strong adhesion of —6.21 eV nm 2 reported by LDA-
DFT calculations for graphene and O-terminated SiO,.
Similar to the strong N-O and B-O bonding across
hBN-Si0O,, the high cohesive energy for graphene-SiO, is
associated with the formation of strong C—O and C-Si bonds
along the interface [52].

3. Conclusion

We investigate the nanomechanical strength of BNNT-silica
interfaces by using a combined experimental and computa-
tional approach. The nanomechanical measurements reveal a
remarkable interfacial shear strength of about 1.25 GPa on
BNNT-silica interfaces. DFT calculations show strong bind-
ing interaction between BN and silica lattices. The fracture
toughness of BNNT-silica CMNC is predicted based on the
measured interfacial strength property and substantial fracture
toughness improvements are demonstrated even at small
fraction of filler concentrations. The results demonstrate that
BNNTs are excellent reinforcing filler materials for light,
strong and durable CMNC that may find usage in many
demanding applications, such as those that are involved with
harsh thermal, chemical, and/or radiation environments.

4. Materials and methods

The BNNTSs employed were purchased from BNNT, LLC., and
synthesized using HTP methods [37, 38]. The as-received
BNNT were separated in deionized water using ultrasonication
with the aid of ionic surfactants [15]. The sandwiched silica/
BNNT/silica composites were prepared using approaches as
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reported in our recent studies [34, 36]. Silica films of 100 nm in
thickness in each layer were deposited using an ATC Orion
8-E evaporator system (AJA International Inc.) with a silica
target of 99.999% in purity (Kamis Inc.). AFM characteriza-
tions were conducted inside an NTEGRA AFM (NT-MDT).
SEM and TEM characterizations were conducted using a
Supra 55 SEM (Zeiss) and a JEM 2100 F TEM (JEOL Ltd),
respectively. The in situ nanomechanical single-nanotube pull-
out experiment were conducted by using a 3D piezo-stage
based nanomanipulation technique [53-55] and the detailed
experimental setup and operations are reported in [34, 36].
Silicon AFM probes (CSG 01, NT-MDT), acting as the force
sensors in the measurements, have a nominal tip radius
of 10nm and individually calibrated spring constants of
0.04-0.09 N m ™. The pull-out measurements were conducted
with a force resolution of about 0.5-1.0 nN load and a spatial
resolution of a few nm. The DFT calculations are conducted
using the Vienna ab initio Simulation Package.
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