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ABSTRACT: We report the mechanical reinforcement of
polymer-derived silicon oxycarbide (SiOC) through incorporating
boron nitride nanotubes (BNNTs). Adding small amounts of
BNNTs (up to 1.0 wt %) in SiOC precursors results in a
remarkable 2.5-fold increase in flexural strength and a 3.3-fold
increase in fracture toughness. The study reveals a brittle-to-ductile
transition in BNNT-SiOC nanocomposites, increasing the
deformability of the SiOC matrix. The introduction of small
amounts of BNNTs noticeably reduces matrix porosity and
promotes appreciable increases in matrix crystallinity. The findings
demonstrate the potential of BNNTs as effective reinforcing fillers
in polymer-derived ceramics, opening avenues for developing
lightweight, high-strength, tough, and durable ceramic materials.
KEYWORDS: boron nitride nanotubes, polymer-derived ceramics, ceramic matrix composites, mechanical enhancement, microstructures

1. INTRODUCTION
Polymer-derived ceramics (PDCs) constitute a distinctive class
of ceramics characterized by their superior manufacturability,
enabling a broad range of applications across industries, such
as aerospace, energy, and biomedical sectors.1 In contrast to
conventional ceramics, which are fabricated via glass or
particulate forming followed by sintering, PDCs are synthe-
sized via a polymer-to-ceramic transformation�typically
through thermal decomposition and densification in an inert
atmosphere�offering enhanced malleability for shape-form-
ing. However, pyrolysis-driven volatilization of organic
constituents results in inherently porous microstructures,
which significantly compromise mechanical integrity and
render PDCs susceptible to fracture, a long-standing short-
coming for ceramics. Filler-based reinforcement strategies have
been explored to enhance the bulk mechanical properties of
PDCs. Notably, recent studies report a 3-fold increase in the
fracture toughness of polymer-derived silicon oxycarbide
(SiOC) reinforced with microparticles (diamond, ∼1.2 μm,
20 vol %)2 and nanoparticles (aluminum silicate, ∼700 nm, 35
vol %).3 Despite these enhancements, the relatively high filler
loadings (20−35 vol %)�comparable to those used in
traditional ceramic matrix composites�indicate only moderate
reinforcement efficiency on a per-unit-filler-percentage basis.

Boron nitride nanotubes (BNNTs) have emerged as a highly
promising nanofiller for reinforcing PDCs, owing to their low
density, high surface area-to-volume ratio, and exceptional
intrinsic properties�most notably a Young’s modulus
approaching ∼1.3 TPa and tensile strengths up to ∼60

GPa.4−6 BNNTs also exhibit remarkable thermal stability,
remaining stable up to ∼900 °C in air7 and exceeding 1800 °C
in inert atmospheres.8 The partially ionic nature of B−N bonds
creates a rugged and anisotropic energy landscape at the
ceramic binding interface, leading to enhanced shear resistance
with nanotube pullout as the dominant interfacial failure
mechanism.9,10 The interfacial behavior enables BNNTs to
function as nanoscale crack arresters and to facilitate energy
dissipation through frictional sliding during nanotube pullout
events. Additionally, BNNTs act as nucleation sites during
high-temperature pyrolysis, facilitating phase transformations
and crystallization within the ceramic matrix, thereby
contributing to enhanced structural integrity and improved
mechanical performance.11,12

To date, investigations into the reinforcement of PDCs
using BNNTs remain scarce. The few studies on BNNT-PDC
nanocomposites have primarily focused on thermal properties,
employing relatively high BNNT loadings�for instance, ∼35
vol % as reported by Jia et al.13 and ∼10−80 wt % by Li et al.14

While such high concentrations enhance thermal conductivity
and stability, they inevitably introduce nonidealities such as
nanotube aggregation, bundling, and network formation.
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Those structural defects can compromise dispersion uniformity
and interfacial bonding, ultimately diminishing the reinforce-
ment efficiency of BNNTs or degrading the composite’s bulk
mechanical properties.14

In this study, we investigate the mechanical reinforcement of
polymer-derived SiOC through incorporating small amounts of
BNNTs (up to 1.0 wt %). Our results show that BNNT
addition leads to significant multifold increases in flexural
strength and fracture toughness, along with a markedly
improved deformability. The property enhancements are
attributed to efficient load transfer at the nanotube−matrix
interface and favorable microstructural modifications induced
by BNNTs, including reduced porosity and improved
crystallinity.

2. MATERIALS AND METHODS

2.1. BNNTs and PDCs
BNNTs used in this study were purchased from BNNT Materials,
Inc., with a BNNT purity of ∼88% and BN purity exceeding 99%.11

These tubular BN nanostructures, synthesized using high-temperature
pressure (HTP) methods, exhibit high crystallinity, with very few tube
walls (mostly 1−4 walls), small diameters, and lengths reaching up to
several hundred microns.15 Prior studies indicate that HTP-BNNTs
are predominantly double-walled structures with a mean diameter of
about 2.9 nm.16,17 A commercial preceramic resin H44 (Jen-Tek
Industries, LLC) is used in this study. When pyrolyzed in an inert
atmosphere, H44 converts into a SiOC ceramic matrix with a silicon
oxide content of ∼82%, according to the manufacturer.

2.2. Thermal Processing
The thermal curing process of the white BNNT-PDC specimen is
conducted inside a tube furnace in three stages: (1) heating from
room temperature to 250 °C at a rate of 4 °C/min, followed by a 30
min hold; (2) further heating to 700 °C at a rate of 1.1 °C/min,
followed by a 20 min hold; (3) further heating to 1000 °C at a rate of
1 °C/min, followed by a 2-h hold. The thermal annealing process of
the pyrolyzed BNNT-PDC specimen is conducted inside the same
tube furnace in two stages: (1) heating from room temperature to 250

°C at a rate of 4 °C/min, followed by a 30 min hold; (2) further
heating to 1400 °C at a rate of 3 °C/min, followed by varying hold
time (up to 5 h).

2.3. Mechanical Characterization
The flexural and fracture toughness properties of BNNT-PDC
nanocomposites were evaluated using quasi-static three-point bending
tests: (i) unnotched specimen (Figure S1a in the in the Supporting
Information) for flexural strength measurements with nominal
dimensions of length ∼14.5 ± 0.5 mm, depth ∼3.9 ± 0.1 mm,
thickness ∼1.25 ± 0.1 mm; (ii) single-edge notched specimen (Figure
S1b) for fracture toughness measurements with nominal dimensions
of length ∼17.5 ± 0.5 mm, depth ∼4 ± 0.1 mm, thickness ∼1.8 ± 0.1
mm, notch length ∼2 ± 0.1 mm, and notch root radius ∼0.3 ± 0.05
mm. Both types of specimens were characterized inside a mechanical
tester (ADMET) at a loading rate of 0.2 mm/min. At least five
different samples were mechanically characterized for each type of
nanocomposite specimen. The flexural modulus and fracture tough-
ness are analyzed using the approaches reported in our recent
work.11,18 Unless otherwise specified, all reported mechanical
measurement results regarding the annealed specimens were annealed
at 1400 °C for 3 h (Figure S2).

2.4. Material Characterization
Thermogravimetric analysis (TGA) was performed using Netzsch
Thermogravimetric Analyzer, TG 209 F1. Raman micromechanical
measurements were performed in situ using a Linkam TST350
mechanical tester integrated with a Renishaw inVia Raman micro-
scope (532 nm laser and 50× objective lens). Scanning electron
microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS)
measurements were conducted using a Zeiss Supra 55 field-emission
SEM. X-ray diffraction (XRD) measurements were conducted using a
Panalytical X-ray Diffractometer

2.5. Finite Element Simulations
A 3D finite element model was established to simulate the local strain
in the notched BNNT-PDC nanocomposite specimen under the
three-point bending test using commercial code ANSYS. By assuming
isotropy and homogeneity of BNNT-PDC nanocomposite specimens,
three-dimensional volume elements “SOLID185” with eight nodes
and three degrees of freedom per node were used in the simulations.

Figure 1. Manufacturing and mechanical characterization of BNNT-SiOC nanocomposites: cross-linked films of (a) pure H44 and (b) 0.5%
BNNT-H44; (c) White powder after crushing and ball milling of BNNT-H44 film in (b); (d) Pyrolysis of white BNNT-H44 composite bar into
black bar at 1000 °C; (e−h) The measured flexural modulus, strength and strain, and fracture toughness of thermally pyrolyzed and annealed
BNNT-SiOC. The suffix A in BNNT concentration refers to annealed specimens.
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3. RESULTS AND DISCUSSION

3.1. Manufacturing and Mechanical Characterization

To fabricate pure PDC specimens, H44 resin is dissolved at a
mass ratio of 23% in a solvent mixture of dimethylformamide
(DMF) and acetone (7:3 ratio). The solution is agitated using
a shaker until the resin is fully dissolved. A thin film is then cast
and air-dried at 70 °C for 12 h. The dried film is subsequently
cross-linked at 250 °C for 1 h, yielding a transparent, cross-
linked H44 polymer film (Figure 1a). To manufacture BNNT-
reinforced PDC specimens, as-received BNNTs are first
dispersed in the same DMF/acetone mixture using bath
sonication (1 h per 0.1% weight concentration). Then, H44
resin powder is added to the BNNT suspension. The resulting
mixture is dried and then cross-linked, forming a white, solid
composite material (Figure 1b). It is subsequently crushed,
ground, and sieved through a 50 μm mesh. The produced fine
composite powders (Figure 1c) are pressed into rectangular
bars (50 mm × 12 mm × 2.5 mm) under a pressure of 5000
lbs at 250 °C for 10 min using a 15-ton Carver hot press. The
white BNNT-PDC bars are then thermally pyrolyzed at 1000
°C (referred to as pyrolyzed specimens), with selected
specimens further annealed at 1400 °C (annealed specimens)
in a nitrogen atmosphere inside a tube furnace.

BNNT−PDC specimens are fabricated with nominal BNNT
concentrations of up to 1 wt %, calculated as the weight ratio
of BNNTs to preceramic resins. Unless otherwise specified,
BNNT concentrations are reported as weight percentages
throughout this study. As shown in Figure 1d, pyrolysis at 1000
°C results in ∼22.5% shrinkage and a color change from white
to black, attributed to the formation of free carbon.19

Additional annealing at 1400 °C for 3 h induces further
shrinkage, yielding a total size reduction of ∼30% relative to
the original. EDS analysis confirms a uniform distribution of
BNNTs (1%) within SiOC (Figure S3), indicating that the
processing of PDCs facilitates the effective incorporation of
BNNTs. In contrast, conventional ceramics�particularly those

fabricated using particle-based slurry methods (such as
silica11)�often exhibit microstructural heterogeneity, such as
nonuniform BNNT dispersion.

For both pyrolyzed and annealed BNNT-SiOC, mechanical
property improvements increase with BNNT concentration,
and annealed specimens consistently outperform their
pyrolyzed counterparts with the same BNNT loading. For
instance, incorporating 1% BNNTs increases the flexural
modulus of pyrolyzed SiOC by ∼96% from ∼20.4 to ∼40.0
GPa. Thermal annealing alone improves the flexural modulus
of SiOC by ∼47%, reaching ∼29.9 GPa. For annealed 1%
BNNT-SiOC, the flexural modulus reaches ∼47.6 GPa,
representing increases of ∼133% over pyrolyzed SiOC,
∼59% over annealed SiOC, and ∼19% over pyrolyzed 1%
BNNT-SiOC. A similar trend is exhibited for flexural strength.
Annealed 1% BNNT-SiOC achieves a flexural strength of
∼137.4 MPa, representing a 2.5-fold increase over pyrolyzed
pure SiOC (∼55.5 MPa), a 2.0-fold increase over annealed
pure SiOC (∼69.3 MPa), and a ∼23% increase over pyrolyzed
1% BNNT-SiOC (∼111.6 MPa). The addition of 1% BNNTs
noticeably increases the flexural strain from ∼0.27 to ∼0.33%,
with this enhancement largely unaffected by thermal annealing
(Table 1).

The fracture toughness of pyrolyzed SiOC is measured to be
∼0.9 MPa·m1/2, consistent with reported literature values
(∼0.6−0.84 MPa·m1/2).20−22 The incorporation of 1% BNNTs
leads to a remarkable ∼144% increase in fracture toughness,
reaching ∼2.2 MPa·m1/2. Following thermal annealing at 1400
°C, the fracture toughness of 1% BNNT-SiOC further
improves to ∼3.0 MPa·m1/2, representing a 3.3-fold increase
relative to pyrolyzed SiOC and a 2.7-fold increase compared to
annealed SiOC (∼1.1 MPa·m1/2). The substantial mechanical
improvements achieved with minimal BNNT loadings under-
score the exceptional potential of BNNTs as reinforcing fillers
for PDCs. Moreover, our findings highlight the critical role of
thermal processing conditions in governing the bulk
mechanical properties of BNNT-PDC composites.

Table 1. Summary of the Measured Structural and Mechanical Properties of BNNT-SiOC Nanocomposites (Suffix A in BNNT
Concentration Refers to Annealed Specimens)

BNNT concentrations (%) density (g/cm3) flexural modulus (GPa) flexural strength (MPa) flexural strain (%) fracture toughness (MPa·m1/2)

0.0 1.97 ± 0.02 20.4 ± 4.7 55.5 ± 9.0 0.27 ± 0.04 0.9 ± 0.4
0.0A 2.17 ± 0.04 29.9 ± 2.8 69.3 ± 9.2 0.28 ± 0.03 1.1 ± 0.3
0.1 1.97 ± 0.02 26.6 ± 1.6 68.4 ± 7.4 0.29 ± 0.03 1.3 ± 0.3
0.3 1.99 ± 0.03 31.7 ± 2.1 82.8 ± 10.2 0.31 ± 0.05 1.5 ± 0.2
0.5 2.00 ± 0.03 36.8 ± 5.7 95.6 ± 11.2 0.32 ± 0.02 1.8 ± 0.4
0.5A 2.20 ± 0.02 45.4 ± 6.8 119.6 ± 7.4 0.27 ± 0.05 2.5 ± 0.3
1.0 2.03 ± 0.01 40.0 ± 5.3 111.6 ± 18.2 0.32 ± 0.04 2.2 ± 0.4
1.0A 2.20 ± 0.02 47.6 ± 7.9 137.4 ± 11.9 0.33 ± 0.03 3.0 ± 0.5

Figure 2. Surface morphology of fractured BNNT-SiOC nanocomposites: (a) SEM image showing protruding BNNTs from the fractured surface
that bridge across load-induced microcracks (inset scale bar 1 μm); (b) Optical images of fractured surface of pure SiOC (lef t), 1.0% pyrolyzed
BNNT-SiOC (middle), and annealed 1.0% BNNT-SiOC (right).
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As shown in Figure 2a, load-induced microcracks are
bridged by protruding BNNTs in a fractured BNNT-SiOC
specimen, revealing the primary reinforcement mechanisms at
play. Individual BNNTs protruding from the fractured surface
due to nanotube pullout highlight their thermal stability and
efficient load transfer with the PDC matrix.11 The bridging
nanotubes inhibit crack propagation by physically spanning
microcracks and facilitate energy dissipation through frictional
sliding during pullout. Those microscopic features exhibit the
active strengthening and toughening roles of BNNTs within
the PDC matrix.

Figure 2b shows the surface morphology of fractured
specimens, including pyrolyzed SiOC and both pyrolyzed
and annealed 1% BNNT-SiOC. The fracture surface of SiOC is
predominantly flat, exhibiting minimal plastic deformations,
typical of brittle fracture behavior. In contrast, the fracture
surface of pyrolyzed 1% BNNT-SiOC displays noticeable shear
bands, particularly near the specimen edge. These features
become more pronounced in the annealed 1% BNNT-SiOC,
with shear bands extending across a larger portion of the
fractured surface, indicating significant localized plastic
deformations. Similar behaviors are observed in the annealed
0.5% BNNT-SiOC (Figure S4a), while the pyrolyzed counter-

part exhibits no such features (Figure S4b). The observation
suggests that even small additions of BNNTs can induce a
marked brittle-to-ductile transition in PDCs, with the extent of
this transition strongly influenced by thermal processing
conditions. The improved deformability imparted by BNNTs
is consistent with the increase in flexural strain (Figure 1g).
3.2. Thermographic Analysis and Microstructure
Characterization

Figure 3a,b present the TGA and the corresponding derivative
thermogravimetry (DTG) curves for pure cross-linked H44
and the ones with 0.5 and 1% BNNTs. All samples begin to
lose weight around 200 °C, followed by a sharp decline
between 700 and 900 °C, attributed to the evaporation of
moisture and the release of organic functional groups, such as
CH4 and C6H6.23 The organic-to-inorganic transformation
continues up to 900 °C, beyond which no significant weight
loss is observed. The weight loss decreases with increasing
BNNT loading (Figure 3c). The observation that BNNT
addition reduces weight loss can be attributed to the
constraining effect of BNNTs on carbon oxidation and/or
the trapping of hydrocarbon molecules near BNNT nucleation
sites.13

Figure 3. Thermographic analysis and microstructure characterization of BNNT-SiOC nanocomposites: (a) Measured mass change from TGA
analysis (inset images: before and after heating of the sample; scale bar ∼10 mm) and (b) DTG curves; (c) Measured weight change at 1000 °C;
(d) Measured density after sintering at 1000 and 1400 °C; (e-g) SEM images of 0.5% BNNT-SiOC pyrolyzed at 1000 °C (e); annealed at 1300 °C
(f) and 1400 °C (g).
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The reduced weight loss corresponds to an increase in
density, as shown in Figure 3d. The density measurements
were conducted for at least six different specimens of each
type. The pyrolyzed 1% BNNT-SiOC exhibits a density of
∼2.03 g/cm3, noticeably higher than that of pure SiOC (∼1.97
g/cm3). After thermal annealing at 1400 °C, the density
increases to ∼2.17 g/cm3 for pure SiOC and ∼2.20 g/cm3 for
BNNT-SiOC, indicating a notable densification due to
postpyrolyzed thermal treatment. Figure 3e−g show the
porosity evolution for a pyrolyzed 0.5% BNNT-SiOC speci-
men annealed at different temperatures. Signs of pore filling are
exhibited after annealing at 1300 °C (Figure 3f). The surface
appears nearly pore-free after annealing at 1400 °C (Figure
3g), suggesting significant matrix densification and reduced
matrix porosity. The increased density and reduced porosity
contribute to the enhanced bulk mechanical properties by
improving interfacial contact between nanotubes and the
matrix, and mitigating the crack initiation.

Free carbon in pyrolyzed PDC exists in sp2-hybridized
carbon−carbon bonds, as found in graphene or carbon
nanotubes.24 This is evidenced by Raman spectroscopy
through disorder-induced D bands at ∼1355 cm−1 and a

graphitic G band at ∼1582 cm−1. The free carbon’s strong
Raman signal overshadows the weaker signal of BNNTs, which
is characterized by a G band at ∼1369 cm−1.11

The Raman spectra of pyrolyzed SiOC in Figure 4a show
that the addition of BNNTs noticeably increases the intensity
of the D band, but decreases the intensity of the G band,
leading to a progressive increase of the intensity ratio (ID/IG)
from ∼0.38 (0%) to ∼0.87 (1%), as displayed in Figure 4c. In
comparison, annealed BNNT-SiOC exhibits an increase in the
intensity ratio from ∼1.24 (0%) to ∼1.46 (1%) (Figure 4b).
Thermal annealing at 1400 °C enhances the graphitization,
leading to nanodomains of graphitic carbon nanocrystallites.25

The observation of an increasing D band intensity upon
BNNT addition can be attributed to the formation of more
edges in sp2-bonded carbon structures, resulting from BNNT-
induced smaller clustering of free carbon.

Free carbon atoms tend to form clusters, and the cluster
diameter (La) can be determined using the Tuinstra-Koenig
Equation,26 which is given as

L
C
I I

( )
/a

D G
=

(1)

Figure 4. Raman characterization of BNNT-SiOC nanocomposites: Typical Raman spectra for (a) pyrolyzed and (b) annealed specimens; (c) The
intensity ratio of the D and G bands; (d) Measured cluster size of free carbon; (e) Schematic of in situ Raman micromechanical characterization of
a notched specimen; (f) Load-induced Raman peak shifts of the D and G bands for an annealed 1% BNNT specimen. The strain is calculated using
finite element simulations (see Figure S5).

ACS Applied Engineering Materials pubs.acs.org/acsaenm Article

https://doi.org/10.1021/acsaenm.5c00295
ACS Appl. Eng. Mater. 2025, 3, 2383−2390

2387

https://pubs.acs.org/doi/10.1021/acsaenm.5c00295?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.5c00295?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.5c00295?fig=fig4&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaenm.5c00295/suppl_file/em5c00295_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaenm.5c00295?fig=fig4&ref=pdf
pubs.acs.org/acsaenm?ref=pdf
https://doi.org/10.1021/acsaenm.5c00295?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


where C(λ) = C0 + λC1,, in which C0 = 12.6 nm; C1 = 0.033; λ
is the used laser wavelength (532 nm). Figure 4d shows that
the cluster size of free carbon in BNNT-SiOC substantially
decreases with an increase in BNNT concentration, which can
be attributed to the role of BNNTs as nucleating sites for
carbon clusters.13 The influence of BNNTs on cluster size is
more pronounced in pyrolyzed specimens compared to
annealed specimens. Notably, adding 1% BNNTs decreases
the free carbon cluster size from ∼13.1 to ∼5.7 nm for
pyrolyzed BNNT-SiOC and from ∼3.9 to ∼3.4 nm for
annealed BNNT-SiOC. This can be attributed to the reduction
in cluster size caused by the elevated temperature during
annealing. As a result, the significance of BNNTs in further
reducing the cluster size is diminished compared to their effect
in the pyrolyzed specimen.

Furthermore, we investigate the local load-bearing behavior
of carbon nanodomains in BNNT-SiOC using in situ Raman
micromechanical characterization techniques,18 as illustrated in
Figure 4e. The Raman measurements of an annealed, notched
1% BNNT-SiOC specimen under three-point bending reveal
prominent Raman peak shifts for both the D and G bands at a
location about 10 μm away from the notch tip (Figure 4f). The
results indicate that the local sp2 bonds in the carbon
nanodomain are mechanically stretched in response to the
global deformation of the specimen. The measured Raman
peak shift per 1% matrix strain (∼-4.3 cm−1 for G-band and
∼−2.7 cm−1 for D-band) is substantially lower than the
reported literature values for graphene (∼−8 to −14 cm−1 for
G-band227,28 and ∼−4.7 cm−1 for D-band29). The results
indicate that load transfer occurs between carbon nano-
domains and the SiOC matrix; however, the actual straining of
carbon nanodomains is substantially lower than that of the
local matrix. It is likely attributed to the small size of the
carbon nanodomain that allows at most a modest interfacial
load transfer.10,11 Nonetheless, the findings of load transfer
suggest that the presence of these tiny carbon nanodomains

contributes to enhancing the bulk mechanical properties of the
PDC composite.

Figure 5a displays XRD results obtained from pyrolyzed
BNNT-SiOC, showcasing characteristic spectra indicative of
the amorphous nature of the specimens. Figure 5b presents
XRD results of annealed 0.5% BNNT-SiOC with varying
holding times. Sharp peaks are exhibited at 2θ∼21.9°, 35°, 44°
respectively, with peak at 2θ∼21.9° being the most prominent
and corresponding to the [101] plane for SiO2.

30 The intensity
of this particular peak increases with the holding time from 1
to 3 h, remaining relatively stable with a holding time of 5 h.
Figure 5c illustrates XRD spectra for pure SiOC under three
conditions: pyrolyzed at 1000 °C and annealed at 1400 °C
with two different hold times. Higher-intensity peaks,
indicative of improved SiO2 crystallinity, are observed with
increasing temperature and holding time. The comparison of
the XRD results for annealed specimens in Figure 5d reveals
that the intensity of the SiO2 peak increases with increasing
BNNT loading. The increase in matrix crystallinity can be
attributed to both high-temperature annealing and the
nucleation role of BNNTs,31,32 enhancing the bulk mechanical
properties of BNNT-SiOC. When widely distributed in the
matrix, the low frictional properties of the graphitic sp2 carbon
structure facilitate sliding between adjacent phases, enhancing
the bulk deformability and ductility.

4. CONCLUSIONS
This study demonstrates that adding small amounts of BNNTs
significantly improves the bulk mechanical properties of
polymer-derived SiOC. The enhancements are attributed to
efficient load transfer at the nanotube−matrix interface and
BNNT-induced favorable microstructural modifications of the
matrix. The tiny sp2-bonded carbon nanodomains from the
graphitization of free carbon behave as loading-bearing
elements, contributing to the strengthening of the composite.
Overall, the results highlight the potential of BNNTs as

Figure 5. XRD characterization of BNNT-SiOC nanocomposites: (a) Specimens pyrolyzed at 1000 °C; (b) 0.5% BNNT specimens annealed at
1400 °C with varying hold times; (c) Pure PDC at selected sintering temperatures and holding times; (d) Comparison of spectra of annealed
specimens.
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effective reinforcing fillers in PDCs, opening new avenues for
developing lightweight, high-strength, tough, and durable
ceramic materials.
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