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Abstract

Boron nitride nanotubes (BNNTs) are promising reinforcing fillers for ceramics because of their
extraordinary structural and mechanical properties and thermal stability, but their reinforcing mechanisms
remain elusive. Here, we investigate how BNNTSs reinforce silica nanocomposites by quantifying their
bulk and interfacial mechanical properties using in situ Raman micromechanical characterization
techniques and microstructural analysis. Our studies reveal that the incorporation of small amounts of
BNNTs (0.1 to 0.5 wt.%) substantially increases the flexural strength (~51% to ~153%) and fracture
toughness (~44% to ~167%) of silica. The effective interfacial shear stress in the bulk BNNT-silica
nanocomposite follows a shear-lag model with a maximum value of ~92 MPa. The microstructural
analysis reveals that incorporating BNNTs in silica has a prominent influence on its crystallization, with
a noticeable increase in porosity and a decrease in crystal size and lattice strain. The collective
microstructural changes substantially contribute to the bulk mechanical properties of the BNNT-silica
nanocomposite. The findings provide insights into the reinforcement mechanism of BNNTSs in ceramics

and contribute to the optimal design of light, strong, tough, and durable ceramic materials.
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1. Introduction

Ceramics are renowned for their superior mechanical stiffness and strength, chemical inertness, and
thermal stabilities, but their intrinsic brittleness substantially limits their engineering applications.
Reinforcing the bulk mechanical properties of ceramics with fillers is a possible solution. Boron nitride
nanotubes (BNNTs)!? are a promising reinforcing additive for ceramics because of their extraordinary
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structural and physical properties.®* BNNTSs have a low density of 1.35 g/cm? and large surface-to-volume
ratios. BNNTSs are one of the stiffest and strongest known materials with Young’s modulus of up to 1.3
TPa and tensile strength of up to 30-60 GPa,> ' rivaling those of carbon nanotubes (CNTs). Unlike the
weak van der Waals interlayer interaction in CNTs, BNNTs possess strong interlayer binding
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interactions, '° enabling both exterior and interior tube shells to carry loads within the matrix. The supple

characteristics of BNNTSs in the transverse direction'’!°

enable them to conform well to ceramic particle
surfaces. BNNTSs possess extraordinary thermal conductivity (up to 3,000 Wm'k™")?° and have superior
thermal and chemical stabilities. BNNTSs can survive up to 900°C in the air?! and over 1800°C in an inert
gas environment.”?> Our recent studies reveal that the BNNT-ceramic interface possesses rugged
anisotropic energy landscapes due to the partially ionic B-N bonding, with nanotube pullout as the
dominant interfacial failure mode.?*** The high energy barrier resists shear and improves the load transfer
across the interface. The strong interfacial binding enables BNNTSs to act as crack stoppers in ceramics,
while the pullout of nanotubes from the matrix helps dissipate energy via friction. These desirable

mechanical and interfacial characteristics underpin the superior reinforcement potentials of BNNTSs for

ceramics, particularly fracture toughness improvement.

Substantial bulk mechanical property improvements of BNNT-reinforced ceramic nanocomposites
have been reported.”>* For example, the introduction of 1 wt.% BNNTSs in zirconia (ZrO2) and Al>O3
reportedly increase the ceramic’s toughness by 65% and 35%, respectively.?>?® The addition of 5 wt.%
BNNTs in silica (SiO2) reportedly increased the fracture strength by 131% and the fracture toughness by
109%.2” A recent study reported respective increases in bending modulus and strength by 72% and 55%
from the addition of merely 0.1wt.% BNNTs.?® While these reported bulk mechanical property
improvements are useful to demonstrate the reinforcement potentials of BNNTs for ceramics, the
underlying reinforcing mechanism remains elusive. This is in part because the interfacial load transfer,
which is critical to the mechanical reinforcement, can at most be evaluated indirectly and/or qualitatively
from those bulk mechanical measurements and/or microscopic imaging, while quantitative interfacial
stress transfer in the bulk BNNT-ceramic nanocomposite remains unexplored. In addition, the
incorporation of even tiny amounts of BNNTs may result in substantial microstructural changes of the
ceramic matrix (such as crystallinity, grain size, porosity, etc.), thus influencing the overall bulk
mechanical properties of the ceramic nanocomposite.**® Therefore, it is of importance to consider both
the interfacial load transfer and the microstructural changes to understand the reinforcing mechanism of

BNNTs in ceramic nanocomposites.



In this study, we quantitatively investigate the bulk and interfacial mechanical properties of BNNT-
reinforced silica using in situ Raman micromechanical characterization techniques in conjunction with
detailed microstructural analysis. Silica is chosen for its technological relevance to devices and composites
and widespread industrial usage. Our studies reveal substantial improvements in the bulk mechanical
properties, including flexural strength and fracture toughness, from the addition of small amounts of
BNNTs. A shear-lag effect is exhibited in the effective interfacial load transfer inside the bulk BNNT-
silica nanocomposite. Our studies reveal the BNNT-induced porosity and crystallinity changes to the
underlying ceramic matrix and their contribution to the bulk mechanical enhancement. The findings
reported in this work provide critical insights into the reinforcing mechanisms of BNNTs in ceramic
nanocomposites and contribute to the optimal design of light, strong, tough, and reliable ceramic-based

engineering materials.

2. Materials and Methods
2.1 Sample Preparations

The employed BNNTs, which were purchased from BNNT Materials, were produced using high-
temperature pressure (HTP) methods®® and contain >99% hexagonal boron nitride (h-BN) per the
manufacturer datasheet. Our Fourier transform infrared (FTIR) spectroscopy analysis of the as-received
BNNT puffballs using a Nicolet 8700 FTIR spectrometer (see Fig. S1 in the supporting information)
shows a BNNT purity of ~87-88%. Our recent studies show that a majority (>97%) of HTP-BNNTs are
of 1-4 tube walls with a dominance of double-walled structures, and their diameters are poly-dispersed
with ~2.9 nm in median diameter.***' The as-received BNNTs were dispersed and separated in ethanol
with the aid of ultrasonication*? using a bath sonicator (155 W, 42 kHz) for 3-6 h. Two types of silica
particles with respective diameters of about 1 pm and 20-30 nm (US Research Nanomaterials, Inc.) were
mixed in a weight ratio of 9:1. Subsequently, the dispersed BNNT solution was added to the silica powder
composition and thoroughly mixed using a cup horn sonicator. The resulting slurry was then dried at 70°C

for 12 h.

To fabricate ceramic bars for mechanical measurements, the dried nanocomposite material was first
crushed, ground, and then passed through a 150-um sieve. The obtained fine nanocomposite powders were
pressed into rectangular bars using a rectangular steel die (50 mm x 12 mm x 25 mm) under a pressing
force of 8,000 lbs at 300°C for 1 h using a Carver 15-ton hot press. The molded ceramic nanocomposite
bars were subsequently sintered in nitrogen inside an MTI tube furnace. The sintering was conducted in
three stages: (1) The temperature was raised from room temperature to 200°C at a heating rate of 2°C/min
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and then held for 20 min; (2) The temperature was further raised to 1200°C at a heating rate of 2.85°C/min
and then held for 1 h. (3) The temperature was increased to 1400°C at a heating rate of 1°C/min and held
for 1 h. Specimens with five different BNNT weight concentrations (0 wt.%, 0.1 wt.%, 0.2 wt.%, 0.3
wt.%, and 0.5 wt.%) were manufactured using the same procedure. The nanocomposite bars were
subsequently polished using a MultiPrep polisher and cut into the respective sizes of two types of
rectangular bar specimens (see Fig. S2): (i) single-edge notched bend (SENB) specimen for the fracture
toughness measurement with nominal dimensions of length 25 mm, depth 5 mm, thickness 2.5 mm, notch
length 2.5 mm and notch root radius 0.5 mm; (ii) unnotched rectangular specimen for the flexural strength
measurement with nominal dimensions of length 12 mm, depth 5 mm, thickness 1 mm. The machine

tolerance is ~0.1 mm, except for the notch root radius (~0.05 mm).

2.2 Sample characterization

Raman micromechanical measurements were conducted, in situ, using a Linkam TST350 mechanical
tester that is integrated with a Renishaw inVia Raman microscope (532 nm laser and 50% objective lens).
The three-point bending measurements were conducted at a loading rate of 2 um/s and were held for about
two minutes for Raman spectrum acquisition at each 10 pm displacement mark of the tester’s loading pin.
Stand-alone three-point bending measurements of the ceramic nanocomposite bar were conducted using
an ADMET universal tensile tester with a loading rate of 2 um/s. At least five different samples were
mechanically characterized for each type of nanocomposite specimen. A Zeiss field emission scanning
electron microscope (SEM) was used to image the nanocomposite specimens. Digital image correlation
(DIC) measurements were carried out using a DIC system from LaVison that is composed of M-lite 5-
Mega pixels cameras with a resolution of 2464 by 2056 pixels, a pixel size of ~3.5 um, and a recording
frame rate of 10 Hz. X-ray diffraction (XRD) measurements were carried out using a Panalytical X-ray
Diffractometer. Micro-computed tomography (micro-CT) measurements were conducted using a Phoenix

X-ray Imager.
2.3 Finite Element Simulations

A 3D finite element model was established to simulate the strain distribution in the SENB-type BNNT-
silica nanocomposite specimen under the three-point bending test using commercial code ANSYS. By
assuming isotropy and homogeneity of BNNT-silica nanocomposite specimens, three-dimensional
volume elements ‘SOLID185” with eight nodes and three degrees of freedom per node were used in the

simulations.



3. Results and discussion
3.1 Bulk Mechanical Properties of BNNT-silica nanocomposites

The fracture toughness of the BNNT-silica nanocomposite was evaluated using the SENB method.
Fig. 1a shows the measured rupture force of the notched BNNT-silica specimens, which increases
substantially with the BNNT concentration. Notably, the rupture force increases by ~54% from ~9.1 N to
~14.0 N with an addition of 0.1 wt.% BNNTSs, while an over 2.6-fold increase with adding 0.5 wt.%
BNNTs (see Table 1). The remarkable increase in the rupture force indicates the enhancements of the
mechanical strength and the fracture toughness. Fig. 1b shows the measured flexural strength of the
unnotched BNNT-silica specimens using three-point bending tests, which exhibits a similar degree of
enhancement as the rupture force shown in Fig. 1a. The rupture of the U-notch tip under a three-point
loading condition occurs as a mode I fracture. Here, the mean stress criterion is adopted to calculate the
fracture toughness K, of the U-notched beam using the maximum stress ¢™ at the notch tip and the notch
root radius, R. The mean stress criterion assumes failure occurs when the mean circumference stress over

a critical distance next to the root of the notch tip reaches a critical value, which is expressed as,*>***

i\/ﬂ_R:\/1+7TR (L)2 (1)
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where f; is the tensile strength and can be estimated from the measured flexural strength f;, by assuming
the failure of the specimen follows a Weibull distribution*’ that is expressed as f; = f;, /[2(m + 1)?]*/™,
in which m is a Weibull shape parameter. Considering m = 10 for silica,*® we obtain f; ~ 0.58f,. c™ =
o" - K;, in which ¢"™ = 3FS/2BDr is the nominal maximum bending stress generated from the rupture
load F, B is the specimen thickness, S is the span length between the two support pins, Dk is the reduced
specimen depth at the symmetric plane and is calculated as the original specimen depth minus the notch
length, and K, is the stress concentration factor and is found to be ~ 2.1 based on the geometry of the
notched specimens.*’ Fig. lc shows the calculated fracture toughness K, of the BNNT-silica
nanocomposite of different BNNT concentrations. The fracture toughness of pure silica is found to be
~0.54 MPa-m"2. The addition of 0.1 wt.% BNNTSs increases the fracture toughness of silica by ~54% to
~0.83 MPa-m'?, while the addition of 0.5 wt.% BNNTSs leads to a remarkable 167% increase in fracture
toughness. The substantial increases of the flexural strength and fracture toughness of the BNNT-silica
nanocomposite with the introduction of a small weight percentage of BNNTs clearly show that BNNTs
are an effective mechanical reinforcing filler for ceramic matrices. Notably, the property enhancement
increases per unit concentration of fillers is noticeably higher for lower nanotube concentrations. The
decrease in the reinforcement effectiveness at higher nanotube concentrations can be attributed to the hard-
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to-avoid nanotube agglomeration inside the matrix that is more egregious at higher nanotube

concentrations.*$4°
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Figure 1: Mechanical Properties of BNNT-reinforced silica nanocomposites: (a) The measured rupture
load (insert: one composite specimen, scale bar 10 mm); (b) The measured flexural strength (insert: one
composite specimen, scale bar 5 mm); (c) The calculated fracture toughness; (d-f) SEM imaging of
BNNT-silica composites: (d) BNNTs are attached to the ceramic grain surfaces and bridging grains (insert:
a nanotube bridging over pores, scale bar 500 nm); (e) protruding BNNTs from a fractured composite

surface. (f) Pulled-out nanotubes that bridge across a load-induced microcrack (insert: scale bar 1 pum).

Detailed SEM characterization of the nanotube conformation inside the ceramic nanocomposite was
conducted to understand the failure mode and the reinforcing mechanism of the nanocomposite. Fig. 1d
shows that the dispersed BNNTSs are in good contact with the ceramic grain surface, with some nanotubes
bridging across pores and/or multiple ceramic grains. Fig. le shows a number of nanotubes protruding
from the ceramic matrix on the fractured surface of one tested BNNT-silica specimen. The observed
nanotube pullout from the ceramic matrix, which is a major nanocomposite interface failure mode, is a
clear indicator of effective interfacial load transfer on the nanotube-matrix interface,”* and the associated
friction interactions between nanotubes and matrices dissipate energy and thus increase the fracture

toughness of the nanocomposite. Fig. 1f shows protruding nanotubes that bridge a micro-crack with an



opening of ~1-2 microns inside the nanocomposite, suggesting that the strong interfacial binding

interactions enable the bridging BNNTS to act as crack stoppers in ceramics.

The experimentally measured flexural strength and fracture toughness improvements in BNNT-silica
nanocomposites compare favorably with the literature values. For example, the measured flexural strength
improvement for 0.1 wt.% BNNT-silica nanocomposites (~51%) is in good agreement with the value
(~55%) reported by Sweat et al..?® Overall, as shown in Figs. 2a and 2b, the mechanical property
enhancements obtained in the present study substantially exceed those reported in the literature (see Table
S1), achieving better or comparable reinforcement at much lower filler concentrations. This finding
indicates that the high-purity HTP-BNNTSs that are of few walls, small diameters, and up to a few hundred
microns in length® are superior reinforcing fillers for ceramics. The bulk mechanical property
enhancements reported in the present study are for composites manufactured using facile pressureless
sintering techniques that offer benefits of low manufacturing cost and better manufacturability of the

25273034 are based on

ceramic specimen,”® while a majority of the studies reported in the literature
composites manufactured using sophisticated pressurized sintering techniques that generally yield higher

matrix densification and thus better mechanical properties.
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Figure 2: Comparison of our results of the bulk mechanical properties enhancement of BNNT-ceramic

nanocomposites with the literature values: (a) flexural strength; (b) fracture toughness.



Table 1: Summary of the experimentally measured bulk mechanical properties of BNNT-silica ceramic

composites.
Pure silica 0.1% BNNT  0.2% BNNT 0.3% BNNT  0.5% BNNT
Rupture Force (N) 9.10+2.0 14.02+1.24 16.13+4.6 19.73 +£4.5 23.8+3.9
Flexural Strength 27.03+3.0 40.8+3.1 48.7+9.4 61.2+54 68.3+2.7
(MPa)

Fracture Toughness 0.54+0.14 0.83 £0.05 1.07+0.26 1.22+0.18 1.44+0.29
(MPay/m)

3.2 Interfacial load transfer characteristics of BNNT-ceramic nanocomposites

3.2.1 In situ Raman micromechanical characterization

In situ Raman measurements were conducted to investigate the interfacial load transfer characteristics,
providing insights into the local stress and strain evolution in the fracture response. The Raman spectrum
of BNNTSs, as displayed in Fig. 3a, shows a characteristic peak of its active Ezg band at ~1369 cm! 3152
which is sensitive to strain in response to the length change of the B-N bond.>* Therefore, it is feasible to
assess the mechanical straining of BNNTSs inside nanocomposites by measuring the peak frequency
change of its signature Raman band. Because of their large electronic bandgap properties and the resulting
non-resonant Raman scattering of lights, the Raman peak intensity of BNNTs is generally weak.>* Our
studies show that the Raman band of BNNTs in sintered BNNT-silica is hard to measure precisely because
of its low intensity at low nanotube concentrations. This study only reports the data based on Raman
measurements of 0.5 wt.% BNNT-silica with a distinguishable Raman band and a reasonably strong
Raman peak intensity, as exemplified by the two selected Raman spectra (black and red curves) shown in
Fig. 3a. A down-shift of the BNNT’s Raman peak frequency to ~1367 cm! is observed for the unsintered
nanocomposite, indicating that nanotubes were subjected to tension in the nanocomposite. After sintering,
the BNNT’s Raman peak frequency is found to shift upward to ~1370 cm!, suggesting that nanotubes are
under compression within the ceramic matrix. That can be attributed to the shrinkage of the silica matrix
during the densification process, which compresses the nanotubes. The 2D Raman mapping of an area of
300 um by 300 um at a spatial interval of 7.3 pum, as displayed in Fig. 3b, shows that nanotubes are mostly
under compression with Raman peak frequency within 1369-1371 cm!, while BNNTSs experience tension

at only a few sporadic locations with Raman peak frequency within 1367-1369 cm™.
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Figure 3: Raman Characterization of BNNT-reinforced silica nanocomposites: (a) Comparison of the
Raman spectra of pure BNNTSs (blue) and 0.5 wt.% BNNT-silica before (black) and after (red) sintering.
(b) 2D Raman mapping of the BNNT’s characteristic band peak frequency inside the composite.
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Figure 4: In situ Raman micromechanical characterization of BNNT-reinforced silica nanocomposites.
(a) Schematic drawings of the measurement setup and the specimen near the notch root tip (not to scale);

(b) Selected Raman spectra of BNNTs under various loads.

Fig. 4a illustrates the in-sifu Raman micromechanical measurement performed on a BNNT-silica
SENB specimen. In this experiment, for every 10-um displacement of the loading pin, Raman spectra
were recorded at three selected locations along the symmetric plane, which are of a respective distance of
~10 pm (Point 1), ~130 um (Point 2), and ~1.3 mm (Point 3) from the notch root tip. Fig. 4b shows selected
Raman spectra of BNNTSs near the notch root tip (Point 1) during the three-point bending measurement.
The BNNT’s Raman peak shifts downward after the load is applied, and this downward shift continues
till a loading displacement of 30 pm (3.8 N). The downward peak shifts indicate that the nanotubes
experience tensile strain near the crack tip during loading, which is attributed to the shear load transferred

along the nanotube-matrix interface. With further increases of the loading displacement up to the fracture

10



of the specimen, the Raman peak shift is found to remain relatively unchanged, indicating that the effective
interfacial load transfer between nanotubes and the matrix reaches a saturated level, and slippage occurs
on the nanotube-matrix interface. The spot of the laser beam employed in our measurement is about 1.2
um in diameter, and the observed Raman peak frequency shift represents the collective average straining
of the nanotubes inside the interactive volume of the laser beam with the nanocomposite.*’ The left-
column plots in Fig. 5 show the Raman peak frequency change as a function of the measured applied load
at those three selected locations. The results show that the Raman peak frequency at Point 1 first
downshifts nearly linearly with the applied load up to ~2 N and then reaches a saturated level up to fracture
with a total peak frequency shift of ~1.1 cm™\. A similar trend is also observed for the Raman peak
frequency change at Point 2, with the peak frequency saturated at a load of ~5 N and a total peak frequency
shift of ~1.1 cm™!. The results show the shear-lag effect in the interfacial stress transfer, which has been
observed in nanotube-reinforced polymer nanocomposites.*** In contrast, little Raman peak frequency
change is observed at Point 3. The results show that nanotubes at Point 1 are strained ahead of those at
Point 2, but both experience a similar level of maximum tensile strains, while nanotubes at Point 3 are not
noticeably strained. Overall, the Raman analysis reveals that those nanotubes near the notch tip are under
higher levels of tensile straining, thus contributing more to the improvement of the bulk mechanical

properties.
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Figure 5: Representative in situ Raman micromechanical measurements (dots) at three selected spots

near the notch tip of a 0.5 wt.% BNNT-silica specimen. The solid lines are the respective fitting curves.
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3.2.2 Characterization of local deformations and interfacial load transfer

The straining of nanotubes inside the nanocomposite is caused by the shear load transferred along the
nanotube-matrix interface. Before the onset of interfacial slippage, the strain in the nanotubes equals the
strain in the matrix that is in direct contact with the nanotubes. Here we use the digital image correlation
or DIC technique, in conjunction with finite element method (FEM) simulations (see Fig. S3), to directly
quantify the local deformation of the matrix, in particular, the critical strain in the matrix at the onset of
interfacial slippage. The strain in the SENB specimen along the symmetric plane is dominant in the

longitudinal- or x-direction (Fig. 4a).
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Figure 6: Experimental characterization of the local deformations of BNNT-silica nanocomposites using
digital image correlation (DIC) techniques: (a) Selected DIC strain map overlaid on the optical image of
the test specimen; (b) The comparison between the DIC-measured strain and the FEM-predicted strain at

three selected points. (¢) The measured DIC strains under failure loads for nanocomposite specimens.
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Fig. 6a shows a typical DIC map of the x-axis normal strain in the matrix, which overlays the
corresponding optical image of one notched 0.5 wt.% BNNT-silica specimen that was recorded right
before the onset of fracture. Fig. 6b shows a generally good agreement between the DIC-measured and
FEM-predicted x-axis normal strains at those three selected spots as shown in Fig.4a, which manifests the
validity and accuracy of our DIC strain measurements. Fig. 6¢ shows the matrix’s normal strain at those
three selected spots under fracture load. The results show that a substantial failure strain increase from
~0.66% to ~1.11% is observed at Point 1 with the BNNT concentration increasing from 0 to 0.5 wt.%,
while little change is observed at Point 3. The measured load-strain relationship allows the conversion of
the Raman peak frequency shift versus load relationships (Fig. 5, left column) to the Raman peak
frequency shift versus matrix strain relationships, which are exhibited in Fig. 5, right column. Our analysis

shows that the critical matrix strain in 0.5 wt.% BNNT-silica at the onset of interfacial slippage is ~0.27%.

The nanotubes in the manufactured BNNT-silica nanocomposite are expected to be oriented randomly,
which is confirmed by polarized Raman microscopy measurements (Fig. S4). Therefore, the actual strain
of the nanotubes inside the nanocomposite is smaller than the matrix strain. For a simplified 2D nanotube
nanocomposite system as illustrated in Fig. 7a, the strain in a nanotube ent is given as €,; = €,(cos?6 —
v,,5in%0), where v,, is the Poisson’s ratio of the matrix and @ is the nanotube alignment angle with respect
to the tensile force direction (i.e., x-axis). In a fully random nanotube composite system, the collective
average nanotube strain is given as

edve = %fon/z €,(cos?0 — v,,sin*0)dO = 1_:’" €y (2)

Eqn. 2 shows the average nanotube strain equals the strain of those nanotubes oriented 45° from the
matrix’s stretching direction. The actual critical nanotube strain corresponding to the onset of interfacial
slippage is calculated to be ~0.11% based on Eqn. 2 by assuming v,,, = 0.17.%° This result indicates that
the normal stress in the nanotube reaches a saturated level of ~1.2 GPa at the onset of interfacial slippage

by considering Young’s modulus E,;=1.07 TPa for HTP-BNNTs.!!
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Figure 7: (a) A simplified 2D schematics of nanotube-reinforced nanocomposites. (b) Schematic of a
cylindrical-shaped single nanotube nanocomposite. (¢) The pointwise interfacial shear stress distribution

along the BNNT-silica interface.

As discussed in Section 3.2.1, in-situ Raman measurements indicate that the interfacial shear transfer
inside the BNNT-silica nanocomposite follows a shear-lag behavior. For a sufficiently long and straight
nanotube of diameter D,;; inside a cylindrical matrix of diameter D, as illustrated in Fig. 7b, the pointwise

interfacial shear stress distribution along the nanotube surface 7 is given as*

Ent €nt cosh(2n:s/Dy¢) (3)
2 sinh(n-1/Dpy) ’

T =

where s is the coordinate along the longitudinal direction of the nanotube, / is the length of the nanotube,

Em

n= .

, in which E,, is the Young’s modulus of the matrix. The maximum interfacial
Ent'(1+l7m)’10g(D—nt)

shear stress occurs at the two ends of the nanotube (i.e., s =+ //2) and is calculated to be ~92 MPa at the
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onset of interfacial slippage (i.e., €, = 0.11%) for 0.5 wt.% BNNT-silica. The pointwise interfacial shear
stress distribution profile is shown in Fig. 7c. The following parameters are used in the calculation: E,,, =
70 GPa;56 D,,, = 2.9 nm; D,, = 31.3 nm that is calculated based on the densities of silica (2.3 g/cm?) and
BNNTs (1.35 g/cm®); / = 400 nm. Our analysis shows that the maximum shear stress is independent of the
nanotube length / when /> 72 nm. The maximum interfacial stress obtained here is one order of magnitude
smaller than the value (~1.25 GPa) obtained from our recent in sitzu SEM nanomechanical single nanotube
pullout measurements.>* Single-nanotube pullout measurements were conducted on nearly perfect
interfaces formed by individual straight BNNTs and the silica matrix. The interfaces are free of many
hard-to-avoid processing-induced nonidealities in bulk nanotube nanocomposites (e.g., nanotube
bundling, networking, waviness and misalignment). The much lower interfacial stress in the bulk BNNT-
silica nanocomposite results in a substantially lower reinforcing efficiency of BNNTs. The findings
indicate there is plenty of room for further bulk properties enhancement for BNNT-ceramic
nanocomposites, should the interfacial load transfer be improved by minimizing those processing-induced

nanotube nonidealities.
3.2.3 Influence of the Interfacial Load Transfer on the Bulk Flexural Strength

The quantified interfacial load transfer characteristics in Section 3.2.2 enable the assessment of the
contribution of the interfacial load transfer to the bulk mechanical properties, such as flexural strength, of
the BNNT-silica composite. For the single-nanotube composite as shown in Fig. 7b, its tensile strength
is given as f; = f{"(1 — V1) + 0,V based on the rule of mixtures, where f™ is the tensile strength of
the matrix, g, is the saturated tensile stress in the nanotube at the onset of the interfacial slippage, and
V¢ s the volume fraction of the nanotube. For 0.5 wt.% BNNT-silica composites, we have fi* = 15.67
MPa by assuming f; = 0.58f; (see Section 3.1); g,,; = 1.2 GPa; V,;; = 0.85%. These parameters yield a
tensile/flexural strength enhancement of ~64%, which, however, is significantly below the experimentally
measured enhancement of ~154%. This observation of extra strengthening beyond the rule of mixtures
prediction indicates that the measured bulk mechanical property enhancements of BNNT-silica may not
be fully attributed to the effective interfacial load transfer. The microstructural changes caused by the
incorporation of BNNTs likely substantially enhance the matrix’s properties, thus the bulk properties of
the composite,?” with a contribution level comparable to, or even exceeding, that of the interfacial load
transfer. The substantial contribution of the microstructural changes revealed here is in part because of the
relatively low reinforcing efficiency from the interfacial load transfer, resulting in a transferred nanotube
stress (~1.2 GPa) only a small fraction of the ultimate stress level (~30.2 GPa) obtained from single-

nanotube pullout measurements.'*?* Therefore, the strengthening of the ceramic by the interfacial load
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transfer remains a primary reinforcing factor, provided the interfacial load transfer on the nanotube-matrix
interface can be at least modestly improved. Even though the effect of the added BNNTs on the
composite’s bulk mechanical properties via the induced microstructure change has been reported
qualitatively in prior studies,?®?’ this study is among the first to provide a more quantitative assessment
of this effect. The established experimental-theoretical framework can be readily extended to other
nanofiber-reinforced nanocomposites to assess the respective contributions of the interfacial load transfer

and the microstructural changes toward the bulk property enhancement.

3.3 Microstructural Characteristics of BNNT-ceramic composites

In this section, we investigate the microstructural characteristics of BNNT-silica nanocomposites,

focusing on the microstructural change of the matrix caused by the incorporation of BNNTs.

3.3.1 Densification and porosity

Fig. 8a shows the porosity of sintered BNNT-silica specimens based on the density measurement using
the Archimedes method.?” The results show that the pure silica specimen possesses a porosity of ~1% and
increases with the BNNT concentration. The porosity of 0.5 wt.% BNNT-silica reaches ~4%. X-ray
measurements, as exemplified in Fig. 8b, show that the sintered BNNT-silica nanocomposite specimen
possesses a rather uniform densification without any sizeable internal cracks. We performed detailed SEM
imaging of polished pure silica and BNNT-silica nanocomposite specimens. The results shown in Figs.
8c and 8d confirm that the specimens possess overall uniform densification, which is consistent with our
EDX results (Fig. S5). The pure silica specimen is shown to contain small sub-micron pores (zoom-in
view in Fig. 8c). In contrast, the 0.5 wt.% nanocomposite specimen is featured with larger pores with size
reaching up to 2 microns (zoom-in view in Fig. 8d). The formation of larger pores in BNNT-silica may
be attributed to the enlarged gaps between ceramic particles caused by the nanotube aggregation and
trapped materials (e.g., nanotube impurities) and moisture, which could be mitigated by using high-
vacuum and/or pressurized sintering techniques. The findings about the pore size are consistent with our
density-based porosity measurement. In brief, the addition of BNNTSs noticeably increases the porosity of

silica.
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Figure 8: Densification and Porosity of BNNT-reinforced silica nanocomposites: (a) The measured
porosity of pure silica and BNNT-silica nanocomposites. (b) 3D X-ray image showing that the composite
specimen possesses uniform densification and is free of noticeable cracks. (c-d) SEM images of the

polished surface morphology of (c) pure silica and (d) 0.5 wt.% BNNT-silica nanocomposites and typical

zoom-in views (bottom).
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3.3.2 Matrix crystallinity

Fig. 9a compares the XRD patterns of as-received silica powders, sintered silica, and 0.5 wt.% BNNT-
silica nanocomposite samples. The distinct peaks at 20.8° and 26.6° for silica powders show the presence
of quartz in the as-received powder because the employed silica powder of 1 um in size is polycrystalline
quartz, while the smaller powder of 20-30 nm in size is amorphous silica. After sintering, cristobalite
peaks are observed at around 21.9°, indicating the formation of cristobalite crystals during the sintering
process. A decreasing trend of the quartz peaks with increasing BNNT concentration is also observed.
Meanwhile, the XRD peak intensity of cristobalite in the BNNT-silica nanocomposite is notably higher
than that in pure silica. The analysis of XRD peak ratios, particularly those of the dominant cristobalite
peak at 21.9° and the quartz peak at 26.6°, reveals an increasing trend with the BNNT concentration, as

shown in Fig. 9b. This trend indicates an augmentation in cristobalite crystallization with BNNTSs acting
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Figure 9: Crystallinity of BNNT-reinforced silica nanocomposites: (a) XRD patterns of as-received silica
powder, pure silica and 0.5% BNNT-silica samples sintered at 1400°C; (b-d) Cristobalite to quartz peak
ratio (b); crystallite size (c) and lattice strain (d).
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as a nucleating agent.>®>® These findings underscore the influential role of BNNTs in the crystallization

of silica, which reportedly improves its mechanical properties.®

The lattice spacing of a-cristobalites (d;y1) for silica decreases with the addition of BNNTs. Lattice
spacing dqg1, 1S found to be 0.4069 £+ 0.0001 nm for pure silica, and changes into 0.4056 = 0.0002 nm
(0.1 wt.%), 0.4058nm + 0.0001 (0.2 wt.%), 0.4053 + 0.0001 nm (0.3 wt.%) and 0.4055 + 0.0002 nm (0.5
wt%) for BNNT-silica. While the lattice spacing of BNNT-silica appears insensitive to the nanotube
concentration, the presence of BNNTSs noticeably decreases the lattice spacing of cristobalite compared to
pure silica. This alteration in lattice spacing can be attributed to changes in lattice strain caused by the
contracting phase transformation of a-cristobalite during the sample cooling process.®! Figs 9c and 9d
show the crystallite size and the lattice strain as a function of the BNNT concentration, respectively. Here,
the crystallite size and the lattice strain are calculated by using the Williamson-Hall method®* in the 26
range of 18-70°. The dependence of the intensity and broadening of the diffraction peaks on the crystallite

size and lattice strain is given as
yl .
BcosO = % + 2¢;sin6 4)

where f is the full width at half maximum of the XRD peak, 0 is the Bragg angle, K is Scherer constant
(generally K= 0.9), A is the X-ray wavelength (A = 1.5406 A for Cu Ka radiation), D is the crystallite size,
and e 1s the lattice strain. The crystallite size is determined to be about 42.3 nm for pure silica and follows
a decreasing trend with an increase of the BNNT concentration (Fig. 9¢). The reduction in crystallite size
may have a profound impact on the material’s mechanical properties, including increased strength and
toughness. The lattice strain, as shown in Fig. 9d, decreases with an increase in the BNNT concentration,
implying that the added BNNTSs reduce the lattice structural distortion. The decreases in the lattice strain

and structural distortion enhance the bulk mechanical properties.®*

In summary, the observed microstructural changes in BNNT-silica nanocomposites have a mixed
influence on their bulk mechanical properties. On one hand, the increased pore size and porosity decrease
the mechanical properties as micropores act as stress concentration sites where cracks nucleate. On the
other hand, the decrease in the crystalline grain size and the lattice strain leads to the strengthening of the
ceramic matrix. Nonetheless, the observed substantial mechanical strengthening in BNNT-silica
nanocomposites indicates the reinforcing roles of BNNTSs in ceramics through effective interface load
transfers and collective microstructural influences. Mitigating the porosity issue by improving the
manufacturing process (e.g., by using high-vacuum and/or pressurized sintering techniques) could open

new avenues to further improve the mechanical reinforcement of nanotube-ceramic nanocomposites.
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4. Conclusion

The enhancement of the bulk mechanical properties of BNNT-reinforced silica nanocomposites was
experimentally investigated. The studies reveal a substantial increase in flexural strength and fracture
toughness with the introduction of a small amount of BNNTs. The interfacial stress transfer in bulk
BNNT-silica nanocomposite exhibits a shear-lag behavior. Slippage on the nanotube-matrix interface
occurs before the failure of the matrix. The nanotube pullout and the resulting nanotube bridging across
microcracks are the major strengthening and toughening mechanisms. The incorporation of BNNTs
noticeably changes the porosity and crystallinity of the underlying ceramic matrix. The results reveal that
the effective interfacial load transfer and the collective influence of the microstructural changes contribute
to the remarkable bulk mechanical property enhancement, rendering BNNTSs a superior reinforcing filler
for ceramics. The findings are useful for a better understanding of the reinforcement of nanotubes in

ceramics and contribute to the development of light, strong, tough, and durable ceramic materials.

Supporting information contains additional details about the employed nanotube materials, the tested
composite specimens, mechanical testing methods, and nanotube alignment and distribution inside the

composite specimen, pore size distribution, and literature data on the BNNT-ceramic composite.
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