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~74% increase in fracture toughness, a ~28% increase in hardness, \ Nery | | | ‘

and a ~15% reduction in the coefficient of thermal expansion. The Nanotube Pullout &

enhancements are attributed to the exceptional mechanical AT e otinae,  Hardness
properties of BNNTSs, effective interfacial load transfer at the

BNNT—alumina interface, BNNT-induced microstructural refinements, and the critical role of silica additives as high-temperature
sintering aids. Our findings provide valuable insights into the process—structure—property relationships and the reinforcement
mechanisms of BNNT-reinforced ceramics, paving the way for the optimal design and manufacturing of lightweight, strong, tough,
and durable ceramic materials.
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boron nitride nanotubes (BNNTs). In situ Raman micro-
mechanical measurements reveal that incorporating 0.6 wt % {7/ )
BNNTs significantly improves the mechanical properties of “ / 2
alumina fabricated via digital light processing three-dimensional ¢
(3D) printing, yielding a ~71% increase in flexural strength, a e T

I 0% BNNT
T | B 0.2% BNNT

1 0.4% BNNT

]

-
n

0.6% BNNT

A

Normalized Enhancement
= -
n >

e
o>

KEYWORDS: boron nitride nanotubes, ceramics, additive manufacturing, mechanical enhancement, microstructures

1. INTRODUCTION robust BNNT—ceramic interaction arises from the partially
ionic B=N bonding characteristics and the resulting aniso-
tropic energy landscapes, enabling BNNTs to act as crack
arresters within ceramics. The energy dissipation through
frictional sliding during nanotube pullout enhances the
toughness of the ceramic composite.

Those distinctive mechanical properties allow BNNTSs to
significantly enhance the bulk mechanical performance of
ceramics even at low concentrations, as documented in the
literature. For instance, incorporating 0.1 wt % of BNNT's into
silica (SiO,) improves the flexural modulus by ~72%,” flexural
strength by ~51—55%,” and fracture toughness by ~46%.”
Similarly, adding 1.0 to 5.0 wt % BNNTs to alumina (ALO;)
increases flexural strength by 59—67%,”*** fracture toughness
by 17-51%,”*7° and hardness by 117%.”° Notably, these
property enhancements compare favorably to those of
conventional ceramic matrix composites that often require
much higher filler contents, reaching 20—30% or higher.24’27’28
While most of those extraordinary mechanical enhancements

Additive manufacturing (AM) is revolutionizing the manu-
facturing of ceramics, which are renowned for their lightweight
and high-strength properties. However, the inherent porous
microstructure of AM-produced ceramics makes them
susceptible to fracture, a long-standing shortcoming for
ceramics. Reinforcement using nanofillers offers a promising
solution. Boron nitride nanotubes (BNNTs) are exceptional
candidates for ceramics reinforcement' ™ because of their
outstanding mechanical, thermal, and chemical properties.
BNNTs exhibit an ultrahigh Young’s modulus (up to ~1.3
TPa)*~'” and tensile strength (up to ~60 TPa) ,'? comparable
to carbon nanotubes (CNTs) and positioning them among the
strongest known materials. Despite their longitudinal stiffness,
BNNTs are remarkably flexible in the transverse direc-
tion,'*™"” enabling them to conform effectively to the ceramic
particle surface, enhancing load transfer and reinforcement.
Unlike CNTs, BNNTs demonstrate exceptional thermal
stability, maintaining their pristine structure at temperatures
reaching 900 °C in oxidative environments'® or over 1800 °C
inside inert gas."” Additionally, BNNTSs possess a nearly zero Received:  February 26, 2025
or even negative coefficient of thermal expansion (CTE),”**! Revised:  April 16, 2025
which helps preserve or even reduce the already low CTE of Accepted:  April 18, 2025
ceramics. Our recent studies reveal superior load transfer

characteristics at the BNNT —ceramic interface, with nanotube

pullout as the primary interfacial failure mechanism.””** The
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Figure 1. Manufacturing and mechanical properties of DLP-printed BNNT-alumina nanocomposites: (a) schematic representation of the key
manufacturing processes; (b) optical images depicting the green parts, sintered parts, and notch-machined parts (0.6% BNNT); (c) representative
flexural stress—strain curves; (d) flexural strength and fracture toughness; (e) Vickers hardness (inset: SEM image showing a representative Vickers

indentation, scale bar S00 um); (f) coefficient of thermal expansion.

are observed in composites manufactured using traditional
molding methods, studies on AM-produced BNNT-ceramics
remain scarce.” This gap in the literature underscores the need
for further investigations into the potential of BNNTSs in AM
ceramic composites.

AM offers distinct advantages over conventional ceramic
manufacturing methods. It enables the fabrication of complex
geometries with exceptional precision and design flexibility,
often challenging or unattainable using traditional techniques.
A variety of AM techniques have been used for ceramic
fabrications, including fused filament fabrication (FFF),”
selective laser melting (SLM),*® direct ink writing (DIW),*!
and vat photopolymerization (VP).*>** Digital light processing
(DLP), a subset of VP technologies, has emerged as the most
widely adopted AM technology for ceramics because of its
superior printing resolution and rapid printing speed.”* In
DLP-based 3D printing, a photosensitive slurry vat is exposed

to UV light through a glass panel. An integrated projector
beneath the slurry vat projects 3D image slices onto the resin
layers. Once a layer is cured, the build platform moves
vertically upward, allowing a fresh slurry to refill the gap
between the release film and the previously cured layer. The
layer-by-layer process repeats until the complete 3D structure
is fully fabricated.

However, DLP-manufactured ceramics encounter several
challenges, including formation of pore defects, cracks, and
delamination, primarily caused by polymer removal during
high-temperature debinding. Those microstructural defects
significantly compromise the mechanical properties of DLP-
produced ceramics compared to those created using traditional
methods.”> Consequently, enhancing the mechanical proper-
ties of ceramics produced via the DLP technique is essential for
boosting their durability and reliability and broadening the
scope of applications of AM-built ceramics.
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Table 1. Mechanical and Structural Properties of 3D-Printed BNNT-Alumina Nanocomposites

con]zjgllt\IaTtion flexural strength flexural (elastic) fracture toughness hardness  CTE at room temperature densit;r '
(wt %) (MPa) modulus (GPa) (MPa-m'?) (GPa) (ppm/°C) (g/cm?) porosity (%)
0 472 + 4.1 18.1 + 14 1.01 + 0.07 3.6 + 0.6 591 + 022 2.77 + 0.13 29.0 + 3.4
0.2 58.7 + 3.7 222 + 14 1.30 + 0.11 3.7+05 5.70 = 0.15 2.70 + 0.17 309 + 4.4
0.4 68.6 + 3.1 253 + 1.8 1.54 + 0.07 43 + 0.5 5.52 + 0.24 2.61 + 0.13 33.1 + 3.5
0.6 80.6 + 6.3 30.1 £ 2.2 1.76 + 0.13 4.6 + 0.4 5.30 + 0.29 2.59 £ 0.14 33.6 £ 3.6

This study explores the mechanical property enhancements
of DLP-produced BNNT-reinforced alumina nanocomposites.
The bulk mechanical properties, local interfacial load transfer
between BNNTSs and the alumina matrix, and microstructure
of the BNNT-alumina nanocomposite are comprehensively
analyzed using in situ Raman micromechanical measurements
in conjunction with microstructural analysis. The addition of
tiny amounts of BNNT' substantially enhances the mechanical
properties of DLP-produced alumina, highlighting the critical
roles of interfacial load transfer and BNNT-induced micro-
structure alterations. The findings provide valuable insights
into the process—structure—property relationship and the
reinforcement mechanisms of BNNT-reinforced ceramics,
guiding the optimal design and manufacturing of lightweight,
strong, tough, and durable ceramic materials.

2. EXPERIMENTAL SECTION

2.1. Materials and Manufacturing. Figure la illustrates the
essential steps to fabricate DLP-produced BNNT-alumina nano-
composites. Those processes are described in detail in the Materials
and Experimental Methods section of the Supporting Information.
Briefly, the as-received, puffball-like, and high-purity BNNTs (BNNT
Materials, Inc.), produced using high-temperature pressure (HTP)
methods,* are first dispersed in acetone through ultrasonication.
Next, a-alumina powders with an average particle size of ~500 nm
and a specific surface area of ~20 m*/g (US Research Nanomaterials,
Inc.) are blended into the BNNT dispersion. To aid the sintering of
alumina, amorphous silica powders with an average particle size of
~400 nm (US Research Nanomaterials, Inc.) are added at a mass
ratio of 5% relative to alumina. The acetone suspension is then
uniformly mixed using a tip sonicator. The homogenized suspension
is dried on a hot plate at 90 °C for 12 h to remove acetone. The dried
composite material is ground with a mortar and sieved through a 50-
mesh sieve to produce fine ceramic composite powders. The powders
are mixed with UV-sensitive resins and a photoinitiator to formulate
the 3D printing paste.

The green bodies of BNNT-alumina nanocomposites are
manufactured using a bottom-up DLP 3D printer (Hunter, Flashforge
Inc.) equipped with a 405 nm light source, followed by a three-stage
thermal debinding at 429 °C, 535 °C, and 700 °C. The first two
debinding temperatures correlate with two significant mass-loss peaks
in the derivative thermogravimetric (DTG) profile (Figure S1 in the
Supporting Information), which shows stable mass above 650 °C,
indicating complete removal of polymer binders. After thermal
debinding, the BNNT-alumina samples are sintered at 1450 °C for 1
h in a pressureless tube furnace under argon flow, followed by natural
cooling. Alumina nanocomposites with BNNT loadings of up to 0.6
wt % are fabricated using the same approach. Unless stated otherwise,
BNNT concentrations are expressed as weight percentages through-
out this study. Figure 1b shows the optical images of the typical as-
printed green bodies, sintered components, and notch-machined
samples of the BNNT-alumina. The average volume shrinkage for
alumina samples containing BNNT concentrations of 0.0%, 0.2%,
0.4%, and 0.6% is determined to be approximately 42.2%, 40.6%,
38.7%, and 38.2%, respectively.

2.2. Characterization. The rheological properties of BNNT-
ceramic slurries are characterized using a rotational rheometer, while
the thermal debinding behavior of the green body is analyzed via

thermogravimetric analysis (TGA) in air. The microstructure and
morphology of the printed nanocomposites are examined using
microcomputed tomography (micro-CT) and scanning electron
microscopy (SEM). Phase composition is identified by X-ray
diffraction (XRD), and thermal expansion is evaluated using
thermomechanical analysis (TMA). Raman spectroscopy, including
in situ micromechanical Raman testing, is employed to assess BNNT
dispersion and interfacial load transfer characteristics.

Mechanical properties, including flexural strength and fracture
toughness, are characterized through quasi-static three-point bending
and single-edge notched beam (SENB) tests. Flexural stress and strain
are calculated based on classical beam theory, and fracture toughness
is calculated by accounting for notch tip stress concentration and
Weibull statistical analysis. Vickers microhardness testing is performed
in accordance with ASTM E384.

Comprehensive experimental parameters, analytical equations, and
data processing procedures are provided in the Supporting
Information.

3. RESULTS AND DISCUSSION

3.1. Bulk Mechanical Properties. 3.1.1. Flexural
Strength. Figure lc presents the representative flexural
stress—strain curves of alumina nanocomposites subjected to
three-point bending along the width direction (i.e., perpen-
dicular to the layer stacking or building direction, as illustrated
in the inset drawings of Figure 1d). That orientation exhibits
superior properties compared to the thickness (or building)
direction.” The flexural strength of the alumina nano-
composites consistently increases with increasing BNNT
concentrations. However, the fracture strain remains relatively
constant, ranging from approximately 0.26% to 0.28%. Those
observations indicate that the failure mechanism in BNNT-
alumina is dominated by matrix failure. The addition of
amorphous silica noticeably enhances the failure strain of pure
alumina from ~0.15% (without silica, as shown in Figure S2)
to ~0.26% (with silica), while its flexural strength remains
unchanged. Figure 1d shows the flexural strength and fracture
toughness of BNNT-alumina nanocomposites, which are
summarized in Table 1. The measured average flexural
strength of pristine alumina is 47.2 + 4.1 MPa.

Previous studies report that the flexural strength of alumina
ceramics produced using VP-based 3D printing typically ranges
from 3.3 to 50 MPa when sintered at temperatures from 1200
to 1600 °C.”” That wide variation is attributed to the well-
known relationship between the sintering temperature and
alumina density, where higher temperatures and pressure
improve densification. In this study, which employs pressure-
less sintering, the measured flexural strength of 47.2 MPa is
near the upper limit of the previously reported range. The
superior performance is attributed to the use of submicrom-
eter-sized alumina powders. Unlike the micrometer-sized
powders commonly used in previous studies, the finer particles
promote enhanced densification, resulting in improved
mechanical properties. Incorporating BNNTs leads to a
progressive increase in the flexural strength of alumina,
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(b)

Figure 2. Failure analysis of BNNT-alumina nanocomposites: (a) Two-dimensional microcomputed tomography analysis highlighting structural
defects (z axis aligned with the building direction); (b) SEM micrograph revealing interlayer defects; (c,d) SEM images of the fractured surface
morphology (0.6% BNNT). The red arrows indicate protruding BNNTSs, while the blue arrows indicate bridging nanotubes across pores and
particles. The insert atomic force microscopy image in (c): a typical BNNT of ~600 nm in length and ~3 nm in diameter (scale bar: 100 nm).

reaching 58.7 + 3.7 MPa (0.2%), 68.6 + 3.1 MPa (0.4%), and
80.6 + 6.3 MPa (0.6%), corresponding to increases of 24%,
45%, and 71%, respectively.

3.1.2. Fracture Toughness. DLP-printed alumina ceramics
demonstrate a mean fracture toughness of 1.01 MPa-m"/ 2
considerably lower than the reported values of 4.0—6.0 MPa-
m'? for conventionally manufactured alumina.’® The sub-
stantial reduction is primarily attributed to the microstructural
characteristics of the DLP-fabricated alumina ceramics. In
those ceramics, the internal defects form during thermal
debinding and elevated residual porosity remains after
sintering.” Incorporating small amounts of BNNTSs signifi-
cantly improves the fracture toughness of alumina, achieving
1.30 + 0.11 MPa-m'? (0.2%), 1.54 + 0.10 MPa-m"/? (0.4%),
and 1.76 + 0.13 MPa-m'? (0.6%), respectively. Figure le
shows that the introduction of BNNTSs substantially enhances
the hardness of alumina, reaching ~4.6 GPa with 0.6% BNNT,
which corresponds to a 27.8% increase compared to that of
pure alumina (~3.6 GPa).

3.1.3. Coefficient of Thermal Expansion. Figure 1f shows
the evolution of the CTE with temperature for BNNT-alumina
nanocomposites, based on the measured thermal expansion
strain curves along the specimen’s length (Figure S3). The
CTE is calculated as a = d(InL)/dT, where L = L(T)
represents the measured specimen length and T is the
temperature. The CTE of the alumina nanocomposite
increases linearly with the temperature and decreases with an
increase in BNNT concentration. Specifically, the CTE of
BNNT-alumina at room temperature (~25 °C) and 900 °C is
5.91 (8.79), 5.70 (8.30), 5.52 (7.90), and 5.30 (7.41) ppm/°C
for 0%, 0.2%, 0.4%, and 0.6% BNNT concentrations,
respectively. The significant reduction in CTE (up to 10.3%
at room temperature and 15.7% at 900 °C) is primarily
because (i) BNNTs exhibit a considerably lower CTE than the
DLP-produced alumina matrix (~0.57 ppm/°C for BNNT
compared to 6.9 ppm/°C for alumina at room temperature)
and (ii) the effective load transfer at the BNNT—alumina

interface restricts the thermal expansion of alumina caused by
the higher stiffness of BNNTs.”' Notably, adding silica
significantly lowers the CTE of the alumina matrix (~14.4%)
because of its CTE being substantially lower than that of
alumina.

The remarkable enhancement of mechanical properties
achieved with minimal BNNT additions highlights their
exceptional potential as ceramic fillers for advanced ceramics
technology. In this study, the BNNT concentration is limited
to 0.6% to avoid excessive increases in slurry viscosity (see
Figure S4), which could hinder effective layer recoating—a
critical step in DLP-based 3D printing. For instance, adding
0.8% BNNTSs results in an alumina suspension viscosity of
~3.2 Pa-s, which exceeds the threshold viscosity of 3 Pa:s at a
shear rate of 30 s™1.***" Alternative processing methods, such
as conventional powder pressing—sintering, may be necessary
to explore whether the observed mechanical enhancements
continue or plateau at higher BNNT loadings.

The silica additive plays a crucial role in realizing the
superior reinforcement of BNNTSs in alumina. As shown in
Figure S2, the flexural strength of BNNT-alumina fabricated
without silica sintering additives consistently decreases with
higher BNNT concentrations. The decrease is caused by the
pressure-free sintering employed in this study. During
pressureless sintering, densification is primarily driven by a
reduction in surface energy, which promotes atomic diffusion
and the formation of sintering necks between adjacent alumina
particles. However, the incorporation of BNNTSs can negatively
affect the process. Because of their significantly lower CTE as
compared to alumina particles and their poor interfacial
wettability, BNNT's tend to accumulate at particle boundaries,
disrupting particle-to-particle contact and inhibiting neck
formation. The interference with local mass transport limits
the densification of the alumina matrix and can lead to an
increased residual porosity, potentially compromising the bulk
mechanical properties of the nanocomposite.
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Figure 3. In situ Raman micromechanical measurements: (a) Representative Raman spectra; (b) comparative Raman mapping analysis of pristine
BNNTs and 0.6% BNNT-alumina nanocomposites; (c) schematics of the in situ three-point bending Raman spectroscopy (building direction
perpendicular to loading-pin displacement): 3D configuration (left) and planar positions of selected measurement points A, B, and C (right); (d)
evolution of Raman spectra at point A in a 0.6% BNNT-alumina nanocomposite under varying matrix strains during three-point bending tests; (e)
in situ monitoring of the BNNT characteristic peak shifts at points A, B, and C as a function of maximum matrix strain along the x direction.

The incorporation of amorphous silica serves as a sintering
aid and enhances the densification of alumina.** The primary
mechanism lies in the formation of a low-melting glassy phase
during sintering. That liquid glassy phase facilitates densifica-
tion through the wetting of alumina particle surfaces, which
promotes interparticle connections, and the acceleration of
ionic diffusion and recrystallization

3.2. Failure Modes. 3.2.1. Interlayer Defects. Figure 2a
displays the two-dimensional (2D) micro-CT images of
alumina, captured with the X-ray tube oriented perpendicular
(top) and parallel (bottom) to the building direction. The top
image reveals distinct interlayer cracks that are perpendicular
to the building direction, which are commonly observed
defects in DLP-printed ceramics.*’ Those interlayer cracks
originate from weak interlayer bonding forces encountered
during DLP printing combined with gas escaping preferentially
along the layer interfaces during thermal debinding. That

combination of factors ultimately leads to the formation of
interlayer cracks. In contrast, the bottom image does not show
interlayer crack defects but reveals spherical voids and pores of
varying sizes. Those structural defects contribute to the
degradation of mechanical properties in 3D-printed alumina
ceramics, explaining the significant reduction in mechanical
performance compared with conventionally manufactured
counterparts. SEM imaging of DLP-printed alumina along
the building direction, as shown in Figure 2b, clearly depicts
individual layers that are distinctly visible and oriented
perpendicular to the building direction. The SEM analysis
reveals the presence of delamination cracks, which are
consistent with micro-CT findings.

3.2.2. Protruding Nanotubes. Figures 2c and 2d display the
cross-sectional morphologies of a fractured 0.6% BNNT-
alumina specimen. The nanotubes are uniformly dispersed
within the alumina matrix without any noticeable agglomer-
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in the nanotube in a 0.6% BNNT-alumina at failure strain.

ation, which is crucial for optimal load transfer between the
nanotubes and the matrix. Effective load transfer is evidenced
by the individual BNNTs protruding from the fractured
surface, which occurs as a result of nanotube pullout. As
highlighted by the blue arrows, BNNTSs bridge pores and
ceramic particle boundaries.

Stress concentrations typically develop around pores when
the matrix is subjected to external loads. The pore-bridging
behavior of BNNTSs alleviates stress concentrations and
inhibits local crack formation, thereby enhancing the material’s
overall strength. Cracks tend to propagate rapidly through the
pores and particle boundaries in ceramics. The nanotube
pullout and bridging behavior observed within the ceramic
matrix are believed to enhance resistance to crack propagation
through two primary mechanisms: increased energy dissipation
via frictional sliding during nanotube pullout as cracks
propagate and crack path deflection.”” Those microscopically
observed BNNT features within the alumina matrix provide
valuable insights into the macroscopic enhancements of
strength and fracture toughness in ceramic nanocomposite.

3.3. Interfacial Load Transfer Characteristics. 3.3.7. In
Situ Raman Micromechanical Measurements. Figure 3a
displays the typical Raman spectra for pristine BNNTs and
0.6% BNNT-alumina. The pristine BNNTs exhibit a
prominent G band at ~1369 cm™.*’ In contrast, the 0.6%
BNNT-alumina shows a considerably weaker, yet discernible,
G band slightly shifted to ~1371 cm™'. Lower BNNT
concentrations result in G bands that are too weak for an
accurate measurement. Consequently, Raman measurements
were performed exclusively on the 0.6% BNNT nano-
composite to ensure a sufficient peak intensity for reliable
analysis.

Figure 3b presents the Raman mapping of 18 X 36 pm areas
on pristine BNNTs and 0.6% BNNT-alumina with a step
interval of 1.2 um (i.e., the laser spot size). The average Raman
shift is calculated to be 1368.6 + 0.2 cm™ for BNNTs and
1370.2 + 0.6 cm™" for BNNT-alumina. The observed blue shift
indicates that the BNNTSs are compressed within the alumina
matrix. The compression is attributed to the compressive stress
and strain associated with the volumetric contraction of the
nanocomposite green body during sintering and the CTE
mismatch between BNNTSs and alumina during cooling from
high-temperature sintering. The Raman mapping results
confirm the uniform distribution of BNNT's within the ceramic
nanocomposite.

The left schematic in Figure 3c illustrates the in situ Raman
micromechanical characterization of BNNT-alumina used to
investigate the interfacial load transfer behavior. In this
experimental setup, an unnotched BNNT-alumina specimen
is subjected to a three-point bending test, while Raman spectra
are simultaneously recorded at three selected points (A, B, and
C) as indicated in Figure 3c (right).

Figure 3d displays the evolution of the G-band peak
frequency of BNNTS as a function of the maximum strain in
the ceramic matrix (i.e., the strain at point A). The G-band
peak frequency shows a consistent decreasing trend as the
maximum strain increases. The observation indicates that
within the strength range of the nanocomposite, the applied
load is effectively transferred from the alumina matrix to the
nanotubes as the external load increases. After the failure of the
nanocomposite specimen, the G-band peak frequency returns
to its original, preloading position, which is attributed to the
release of strain in the matrix and nanotubes following fracture
failure. The reversible behavior indicates that the BNNT—
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Figure 5. Comparative analysis of the experimentally measured and ROM-predicted mechanical properties of BNNT-alumina nanocomposites: (a)

elastic modulus and (b) flexural strength.

alumina interface maintains its integrity throughout the loading
with no noticeable interfacial sliding or debonding.

The finding aligns well with previous studies that reported
strong interfacial binding interactions between BNNTs and
alumina.'” The failure mechanism of BNNT-alumina is
dominated by matrix failure, which is fundamentally different
from the failure mechanisms observed in BNNT-polymer
nanocomposites,*”*> BNNT-metal nanocomposites,'* or con-
ventionally manufactured BNNT-silica nanocomposites,”
where interfacial failure typically occurs before matrix failure.

Figure 3e illustrates the strain-induced Raman shifts at
points A—C during the deformation of the alumina nano-
composite. A consistent decrease in the G-band peak
frequency is observed at points A and B before macroscopic
failure. The slope of the Raman shift per unit percent of
maximum matrix strain is calculated to be approximately —3.0
+ 0.3 cm™'/% at point A, while point B shows about half that
value at —1.6 + 0.2 cm™'/%. The difference is attributed to the
matrix strain at point B being half that at point A, as predicted
by classical beam theory. That observation demonstrates that
throughout the loading, the applied load on the matrix is
effectively transferred to the nanotubes at points A and B
through interfacial load transfer. At point C, which is located at
the neutral axis of the beam, the Raman shift curve remains
nearly unchanged, indicating that the nanotubes in that region
undergo minimal deformation. Following the macroscopic
fracture of the nanocomposite specimen, the Raman peak
frequencies at all points return to their initial preloading values.
The reversible behavior confirms that the deformations in the
matrix and nanotubes are elastic.

3.3.2. Local Interfacial Load Transfer Analysis. The
straining of BNNTs within the ceramic matrix arises from
the interfacial shear stress transfer. For a sufficiently long and
straight nanotube, the strain accumulates from both ends of
the nanotube and remains constant along its middle region. In
the DLP-manufactured alumina nanocomposite, BNNTs
exhibit a random distribution rather than a unidirectional
alignment, as revealed by polarized Raman spectroscopy
measurements from our recent study.”' Figure 4a depicts a
simplified two-dimensional model of the nanocomposite
system reinforced with uniformly distributed but randomly
oriented nanotubes. The model is based on two fundamental
assumptions: BNNTs are sparsely distributed within the
alumina matrix, maintaining identical nanocomposite cell
dimensions, and the nanotube—ceramic matrix interface is

uniform and fully bonded. In this model, the equivalent strain
(€29) in randomly distributed BNNTSs can be calculated from
1-—

2
v, is Poisson’s ratio of the matrix. The relationship indicates
that the equivalent nanotube strain corresponds to the strain of
nanotubes oriented at 45° relative to the tensile direction of
the matrix. For the BNNT-alumina nanocomposite with a
maximum matrix failure strain of 0.25%, the equivalent strain
in BNNTs is calculated to be ~0.1%, assuming v,, = 0.22.*
The corresponding normal tensile stress in the nanotubes is
estimated to be ~1.07 GPa, based on the Young’s modulus E_;
= 1.07 TPa for HTP-BNNTs."” The calculation demonstrates
the effective stress transfer from the alumina matrix to the
BNNTSs within the nanocomposite structure.

Figure 4b illustrates the simplified nanocomposite unit cell
configuration containing a single nanotube. The interfacial
shear stress (IFSS) distribution along the nanotube—matrix
interface is analyzed using shear-lag theory and is expressed as

Vm

the matrix strain (e,,), which is given by €} = €.,y Where

_ E,€.in cosh(2nz/D,,)
2 sinh(nl/D,,) (1)

E
wheren = m

Em(l + vm)log(g—::)
matrix, D, represents the equivalent diameter of the matrix in
the nanocomposite cell, and D and [ are the diameter and
length of the nanotube, respectively. Figure 4c presents the
pointwise interfacial shear stress (IFSS) distribution along the
nanotube in 0.6% BNNT-alumina. The calculation is based on
the following parameters: E,, = 300 GPa; D, = 2.9 nm (the
median diameter of BNNTs***°); D, = 31.3 nm, calculated
based on the densities of alumina (3.9 g/cm?®) and BNNTSs
(1.35 g/cm®). The maximum IFSS that occurs at the nanotube
ends (i.e., z = £ 1/2) is calculated to be independent of the
nanotube length (/) when I > 44 nm, assuming a shear stress
threshold of 1 MPa. For the calculation, [ is set to 400 nm. The
IESS before nanocomposite failure is calculated to be ~180
MPa.

The average IFSS in the effective interfacial transfer region
(i.e, T > 1 MPa) is calculated to be ~26 MPa, substantially
lower than the previously reported value of ~46.0 MPa
obtained using single-nanotube pullout measurements."> The
discrepancy further supports that the primary failure mode in
3D-printed BNNT-alumina originates from the failure of the

, En is the Young’s modulus of the
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Figure 6. Microstructural characterization of BNNT-alumina nanocomposites: (a) Density and porosity; (b) XRD spectra; (c) representative
Williamson—Hall plots of the pure alumina and 0.6% BNNT-alumina; (d) assessment of crystalline size and lattice strain via the Williamson—Hall

analysis approach.

alumina matrix rather than from the BNNT—matrix interface.
The findings indicate that there is significant potential for
improving interfacial load transfer through optimization of the
microstructure of 3D-printed BNNT-ceramics. Figure 4d
shows the normal stress distribution along the BNNT. The
maximum normal stress under the nanocomposite failure load
reaches 1.07 GPa, substantially lower than the tensile strength
of HTP-BNNTs (up to 60 GPa)."

The micromechanical analysis confirms the effective
interfacial load transfer characteristics as one of the primary
reinforcement mechanisms in BNNT-alumina. The exception-
ally high stiffness and strength of BNNT's enable them to carry
a substantial portion of the applied load when they are well-
bound to the surrounding matrix. The efficient load transfer
facilitates stress redistribution, mitigates local stress concen-
trations, and inhibits crack initiation and propagation, thereby
significantly enhancing the overall strength of the nano-
composite.

3.4. Theoretical Prediction of the Bulk Mechanical
Properties. Predicting how the macroscopic mechanical
properties of ceramic materials vary with the BNNT
concentration is crucial for guiding the optimal design and
manufacturing of advanced ceramic nanocomposites and
pursuing their applications. In this study, we use the Rule of
Mixtures (ROM) model to theoretically predict the bulk
mechanical properties of BNNT-reinforced alumina, specifi-

cally, the elastic modulus and flexural strength. The elastic
modulus of the nanocomposite (E.) using the ROM model is
expressed as™

Ec = nVntEnt + (1 - V;lt)Em (2)
where V,, is the volume fraction of BNNTs and # is the
orientation factor of the nanotube inside the matrix (for
randomly distributed nanotubes # 3/8).%° Figure S5a
compares the normalized elastic modulus between the
experimentally measured values and the ROM predictions.
The measured elastic modulus consistently exceeds the values
predicted by the ROM model. Furthermore, the discrepancy
increases with the BNNT concentration. The tensile strength
(o.) of the nanocomposite using the ROM model is given as

o= 7]‘/[11:Ent€cr + (1 - ‘/nt)j; (3)

where €, is the strain at which interfacial failure occurs. In situ
Raman micromechanical measurements indicate that failure in
BNNT-alumina is governed by the matrix failure. Therefore,
€ can be approximated using the flexural failure strain shown
in Figure lc. The matrix’s tensile strength is estimated as f, &
0.7f, (see Section 1 S in the Supporting Information).
Figure 5b shows that the experimentally measured flexural
strength consistently surpasses the ROM predictions. More-
over, the discrepancy widens with an increasing BNNT
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concentration, mirroring the trend observed in the elastic
modulus comparison. The ROM model only accounts for the
property improvement resulting from the interfacial load
transfer between the reinforcement filler and the matrix. The
observed discrepancy between experiments and predictions
can be attributed to the BNNT-induced microstructure
changes in the 3D-printed alumina. The findings highlight
the need for a systematic microstructural analysis of BNNT-
alumina nanocomposites to better understand the underlying
mechanisms contributing to the enhanced mechanical proper-
ties.

3.5. Microstructural Analysis. Figure 6a shows the
density and porosity of BNNT-alumina, which are summarized
in Table 1. The porosity of the nanocomposite consistently
increases with the BNNT concentration. The increased
porosity and reduced ceramic density are consistent with
prior findings™" and can be attributed to two primary factors:
the inherently lower density of BNNTs compared to the
alumina matrix and the presence of nanotubes hindering
intimate contact between ceramic particles, thus impairing the
localized densification.

The XRD spectra in Figure 6b reveal that a alumina remains
the only detectable phase across all BNNT concentrations,
confirming the absence of reaction phases or matrix phase
transformations. The results demonstrate that incorporating
BNNTSs at relatively low concentrations maintains the superior
characteristics of the a-alumina phase. To further investigate
the effect of BNNTSs on the microstructure of the a-alumina
phase, the Williamson—Hall approach is employed to calculate
the crystallite size and lattice strain in the alumina nano-
composite, which is given as>>

kA w-H_,

Pcos Oy = > + 4€" sin 0, @
where f is the full width at half-maximum (fwhm), 6, is the
diffraction angle, k is the shape factor (0.9 for spherical
particles), A is the X-ray wavelength (1.54 A for Cu Ka
radiation), D is the crystallite size, and €"™ is the lattice
strain. According to the Williamson—Hall model, the crystallite
size and the lattice strain can be calculated from the y-axis
intercept and the slope of the plot of B cos 8, versus 4 sin 0,
respectively. Figure 6c¢ presents a comparative analysis of
Williamson—Hall plots for pure alumina and 0.6% BNNT-
alumina. The fitted straight lines for 0.6% BNNT-alumina
exhibit an increased y intercept and a decreased slope
compared with pristine alumina. Correspondingly, the
calculated crystallite size and lattice strain, as shown in Figure
6d, decrease almost linearly with increasing BNNT concen-
tration. The trend indicates that BNNTSs function as a grain-
refining agent during the sintering of the alumina matrix,
similar to their behavior in metal matrices.> The Hall—Petch
relationship suggests that a decrease in crystallite size increases
the density of grain boundaries, which hinders dislocation
motion and enhances strength and toughness.”® Simulta-
neously, the reduction in lattice strain may further enhance
mechanical properties by softening internal stress concen-
trations and promoting a more uniform crystalline micro-
structure.”

Microstructural analysis of the alumina nanocomposite
highlights the reinforcing role of BNNT-induced micro-
structural modifications. The measured strength enhancement
reflects the combined effects of load transfer and BNNT-
induced changes in the microstructure, whereas the ROM-

predicted strength accounts solely for the load transfer
mechanism. The discrepancy between experimental results
and ROM predictions is therefore attributed to additional
reinforcement provided by microstructural modifications.
Those changes may include beneficial effects, such as particle
refinement and reduced lattice strain, as well as adverse effects,
such as increased porosity. Based on this classification of
reinforcement mechanisms, the respective contributions of
load transfer and microstructural modification to the overall
strength improvement are estimated to be 17.9%/6.4% for
0.2% BNNT, 36.6%/8.8% for 0.4% BNNT, and 54.0%/16.6%
for 0.6% BNNT.

4. CONCLUSIONS

In this study, we experimentally investigate the bulk and local
mechanical properties of AM-produced BNNT-reinforced
alumina nanocomposites. The results demonstrate that even
small additions of BNNTSs significantly enhance the mechan-
ical properties of the nanocomposite. The macroscopic failure
of AM BNNT-alumina is governed by matrix failure.
Microstructural analysis reveals that the introduction of
BNNTSs preserves the crystallinity of @-alumina while inducing
beneficial microstructural changes, including a refined grain
size and reduced lattice strain. The findings suggest that
effective load transfer, nanotube pullout and bridging effects,
and favorable microstructural changes induced by BNNTSs
collectively contribute to the significant strengthening and
toughening of the ceramic matrix. The findings provide
fundamental insights into the reinforcement mechanisms of
BNNTSs within ceramic nanocomposites, thereby advancing
the development of lightweight, durable, and reliable ceramic
materials.
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