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Abstract
Controlling the thermal expansion of ceramic materials is important for many of their
applications that involve high-temperature processing and/or working conditions. In this study,
we investigate the thermal expansion properties of additively manufactured alumina that is
reinforced with boron nitride nanotubes (BNNTs) over a broad temperature range, from room
temperature to 900 ◦C. The coefficient of thermal expansion (CTE) of the BNNT-alumina
nanocomposite increases with temperature but decreases with an increase in BNNT loading.
The introduction of 0.6% BNNTs results in an approximate 16% reduction in the CTE of
alumina. The observed significant CTE reduction of ceramics is attributed to the BNNT’s low
CTE and ultrahigh Young’s modulus, and effective interfacial load transfer at the
BNNT-ceramic interface. Micromechanical analysis, based on in situ Raman measurements,
reveals the transition of thermal-expansion-induced interface straining of nanotubes, which
shifts from compression to tension inside the ceramic matrix under thermal loadings. This study
provides valuable insights into the thermomechanical behavior of BNNT-reinforced ceramic
nanocomposites and contributes to the optimal design of ceramic materials with tunable and
zero CTE.

Keywords: ceramics, boron nitride nanotubes, thermal expansion, interfacial load transfer,
Raman

1. Introduction

Ceramics, like most other engineering materials, expand in
response to an increase in temperature. In their applications
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that involve high-temperature processing and/or working con-
ditions, such as power electronics [1] and aircraft engines
[2], differential thermal expansion can lead to residual stress
in devices/materials, which ultimately affects their reliabil-
ity. Therefore, it is desirable to develop ceramic materials
with tunable and ideally zero thermal expansion properties
that are attractive for a number of demanding applications,
such as optical components [3] and aerospace structures. One
potential solution is the introduction of nanofillers with suit-
able thermomechanical properties. Among the reinforcement
fillers for ceramics, boron nitride nanotubes (BNNTs) are
particularly promising to reduce the thermal expansion of
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ceramic materials [4] due to their low or even negative coeffi-
cient of thermal expansion (CTE) [5] and ultrahigh stiffness.
BNNTs [6, 7] are a type of one-dimensional tubular nano-
structure with extraordinary structural and mechanical prop-
erties and thermal stability [8, 9], which make them effect-
ive reinforcements for ceramic materials [10–12]. Because a
material’s CTE correlates inversely with its Young’s modulus
[13], BNNT’s low CTE properties are commensurate with its
ultrahigh Young’s modulus of up to 1.3 TPa [14–22]. From
an atomistic viewpoint, the CTE of BNNTs comes from the
thermal expansion of the B–N bond and dynamic thermal
vibration, the latter of which results in bond angular rota-
tion and thermal contraction of the nanotube’s apparent axial
length [5]. BNNTs are capable of surviving up to 900 ◦C in
air [23] and over 1800 ◦C in an inert gas environment [24].
These superior thermal and chemical stabilities enable BNNTs
to survive the harsh high-temperature manufacturing and/or
working conditions that are common for ceramics and com-
pare favorably to their pure carbon counterparts, carbon nan-
otubes (CNTs), as ceramic fillers. This is because CNTs pos-
sess much inferior thermal stability compared to BNNTs and
start to oxidize at about 400 ◦C in air [23], which signific-
antly dwindles the reinforcing potential of the strongest known
material as ceramic fillers.

Like mechanical reinforcement, the interfacial load trans-
fer at the nanotube-matrix interface is critical to achieving
the envisioned CTE reduction and BNNTs excel in multiple
ways. First, even though BNNTs are axially rigid, they are
supple in the transverse direction [25–28], and thus can con-
form well to ceramic particle surfaces. The resulting intim-
ate BNNT-ceramic surface is beneficial for an effective inter-
facial load transfer. Second, the covalent and partially ionic
nature of the B–N bond leads to a rugged anisotropic energy
landscape at the BNNT-ceramic interface [29, 30]. The result-
ing high energy barrier helps resist shear forces and transfer
loads across the interface. The strong BNNT-ceramic inter-
face enables the BNNT filler to effectively constrain crack
propagation in ceramics, which increases the fracture strength.
The energy dissipation via interfacial frictional slippage due to
nanotube pullout from the ceramic matrix helps increase the
fracture toughness. Meanwhile, the strong interfacial binding
enables BNNT additives to effectively constrain the thermal
expansion of the surrounding ceramic matrix due to their
much higher Young’s modulus and lower CTE than those of
ceramics.

To date, research on the use of BNNTs as fillers in ceramic
composites has primarily focused on mechanical reinforce-
ment, and substantial improvement in mechanical proper-
ties, particularly fracture toughness, has been documented in
the literature. For example, Du et al reported increases of
131% in fracture strength and 109% in fracture toughness
with the addition of 5 wt.% BNNTs in silica (SiO2) [10].
The introduction of 1 wt.% BNNTs in alumina (Al2O3) [31]
and zirconia (ZrO2) [32] reportedly increases their toughness
by 35% and 65%, respectively. Recent studies on BNNT-
silica composites demonstrate that even the addition of a tiny
amount of BNNTs (0.1 wt.%) results in substantial property
enhancements, which include ∼72% increase in bending

modulus [12], ∼51%–55% increase in flexural strength [11,
12], and ∼46% increase in fracture toughness [11]. Despite
these advances, the thermal-mechanical properties, such as
the CTE of BNNT-ceramic nanocomposites, remain elusive.
Specifically, the CTE of BNNTs has been mostly studied
computationally, while experimental measurements remain
unexplored. For example, a prior molecular dynamics study
reported the CTE of BNNTs ranges from −0.5 × 10−6 to
2× 10−6 ◦C−1 in the longitudinal direction, which depends on
factors such as nanotube chirality, diameter, and temperature
[5]. It is worth mentioning that single-walled CNTs reportedly
exhibit negative CTE properties [33]. However, they are
more useful as a filler material under low-temperature pro-
cessing and working conditions, which are typical for polymer
nanocomposites.

This study aims to fill these knowledge gaps by study-
ing the thermal expansion properties of additively manufac-
tured (AM) BNNT-reinforced alumina composites. Alumina
is chosen as the matrix material here due to its exceptional
properties, including high thermal stability, chemical inert-
ness, and mechanical strength [34–38], and its use in a wide
range of applications, such as catalysis supports, filtration
membranes, and thermal insulation materials [39–42]. The
advent of additive manufacturing techniques, such as digital
light processing (DLP), has transformed the manufacturabil-
ity of ceramic materials [43, 44]. Through its digital, mask-
image-projection-based stereolithography process, DLP offers
superior manufacturing resolution by selectively curing a pho-
tosensitive resin that is mixed with ceramic particles, which
allows the creation of intricate internal features and com-
plex geometries that were previously unattainable using con-
ventional ceramic manufacturing techniques (e.g. casting,
molding and processing). The DLP-produced AM ceram-
ics possess distinct microstructures (e.g. controllable poros-
ity from the adoption of polymer binders) [45] from those
manufactured using conventional methods, which reportedly
have significant impacts on their mechanical properties [46].
Because thermal expansion is a type of isotropic deform-
ations, the thermal expansion of the matrix and nanotubes
will be better accommodated by the microporous structure,
which facilitates the dynamic thermal vibration of BNNTs that
results in their negative CTE properties. The study reveals
a significant reduction of alumina’s CTE by introducing a
small amount of BNNTs and the role of the interfacial load
transfer in the observed CTE reduction. The findings repor-
ted here are useful for better understanding of the thermo-
mechanical behavior of BNNT-reinforced ceramic nanocom-
posites and the optimal design of tunable and zero-CTE
materials.

2. Materials and methods

2.1. Sample preparation

The employed BNNTs (BNNT Materials, LLC.) were pro-
duced using high temperature pressure (HTP) techniques [47]
with a BN purity of over 99% and a BNNT purity of ∼88%
[11]. HTP-BNNTs are reportedly highly crystalline, have very
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few walls and small diameters, and are up to a few hundred
microns long [47]. Prior studies have shown that HTP-BNNTs
have an average diameter of about 2.9 nm, with a dominant
double-walled tubular nanostructure [27, 48]. The as-received
BNNTs, in the form of puffballs, were dispersed in acetone
using ultrasonication bath (155W, 42 kHz) for about one hour.
α-Alumina powder (US Research Nanomaterials, Inc) with an
average particle size (d50) of about 500 nm and a specific sur-
face area of approximately 20 m2 g−1 was used. Two photo-
sensitive resins were employed: HDDA (1,6-hexanediol diac-
rylate, Thermo Fisher Scientific) and PEGDA (polyethylene
glycol diacrylate, Sigma Aldrich) in a mass ratio of 4:1. A sur-
factant (BYK-111, BYK Additives & Instruments) was util-
ized to facilitate the dispersion of ceramic powders into the
resin system. TPO (diphenyl (2,4,6-trimethylbenzoyl) phos-
phine oxide, Sigma Aldrich) was used as the photoinitiator to
crosslink the resins.

Tomanufacture BNNT-alumina nanocomposite specimens,
alumina powders were first added to the BNNT/acetone
suspension, and the mixture was processed in a tip son-
icator (Branson Digital Sonifier 450, 20 kHz, 400 W) for
10 min to achieve uniform dispersion. The resulting alu-
mina/BNNT/acetone suspension was then thermally baked at
90 ◦C to remove the solvent. The dried ceramic/BNNT chunk
was ground using a mortar and then passed through a 50-
mesh sieve to obtain uniformly sized alumina nanocompos-
ite powder. The composite powder was then incorporated into
the HDDA-PEGDA resin system, which was followed by the
addition of BYK-111 (2.5 wt.% relative to solid loading) and
TPO (1 wt.% relative to liquid loading). Finally, a uniform
ceramic composite slurry was obtained using a shearing mixer
(FlackTek Inc.) at 3000 rpm for one hour.

The green body of the alumina composite was manufac-
tured using a ‘bottom up’ DLP 3D printer (Hunter, Flashforge
Inc.) that utilizes a 405 nm irradiation source. A transpar-
ent fluorinated ethylene propylene sheet was affixed to the
bottom of the vat to reduce the release force of each layer.
Each layer was set to a thickness of 50 µm [49, 50] with an
exposure time of three seconds. After the layer-by-layer fab-
rication, green bodies were thermally processed to remove
the polymer binders in three consecutive steps: (1) heating
from room temperature (about 20 ◦C) to 403 ◦C at a rate of
0.5 ◦C min−1 and then holding for 30 min; (2) heating from
403 ◦C to 515 ◦C at a rate of 0.5 ◦C min−1 and then hold-
ing for 30 min; (3) heating from 515 ◦C to 750 ◦C at a rate of
1 ◦C min−1, holding for one hour, and then naturally cooling
down. The debonded BNNT-alumina specimen was sintered
under the following conditions: (1) heating from room tem-
perature to 1000 ◦C at a rate of 4 ◦C min−1; (2) heating from
1000 ◦C to 1450 ◦C at a rate of 2 ◦C min−1, holding for one
hour at 1450 ◦C, and then naturally cooling down. The alu-
mina composites with various BNNT loadings of 0.0%, 0.2%,
0.4%, and 0.6% were fabricated using the above manufac-
turing process. Unless explicitly indicated, BNNT concentra-
tions mentioned throughout this study are expressed as weight
percentages.

2.2. Characterization

Thermogravimetric analysis (TGA) was conducted at a heat-
ing rate of 10 ◦C min−1 in an ambient environment to invest-
igate the debinding weight loss kinetics of the DLP-printed
alumina green body using a TA Instruments Q50 analyzer.
For phase analysis, x-ray diffraction (XRD) was performed
on a PANalytical X’Pert PRO diffractometer equipped with
a sealed Cu tube for Cu Kα radiation (λ ≈ 1.54 Å) at 45 kV
and 40 mA, scanning over a 2θ range of 10◦–70◦. The dens-
ity of the BNNT-alumina specimen was determined by divid-
ing the mass by the volume, while the porosity was calcu-
lated based on the theoretical density of alumina (3.9 g cm−3)
[51]. Thermomechanical analysis (TMA) and thermal expan-
sion measurements were conducted using a TMA Q400 (TA
Instruments) from room temperature to 900 ◦C at a heating
rate of 10 ◦C min−1 in a helium atmosphere. The microstruc-
ture and morphology of the DLP-produced alumina nanocom-
posite were examined using a Zeiss Supra 55 scanning electron
microscope (SEM). Raman spectroscopywas performed using
a Renishaw inVia Raman system equipped with a 532 nm
excitation laser, a grating of 2400 lines/mm, and a 50× object-
ive lens.

3. Results and discussion

3.1. Thermal expansion and CTE measurements

Figure 1(a) shows the as-printed green body and the as-
sintered parts of the BNNT-alumina nanocomposite. The
volume shrinkage values for alumina with BNNT concen-
trations of 0.0%, 0.2%, 0.4%, and 0.6% were calculated to
be approximately 28%, 26%, 24%, and 22%, respectively.
Figure 1(b) presents the TGA results of the printed green body.
The derivative thermogravimetric (DTG) analysis reveals two
significant peaks at approximately 403 ◦C and 515 ◦C. These
temperatures were selected as holding points to minimize
crack formation during the thermal debinding process. At
around 600 ◦C, the weight of the green body stabilizes, which
indicates the complete removal of binders. Figure 1(c) shows
the respective XRD patterns for raw alumina powders, as-
sintered monolithic alumina, and as-sintered 0.6% BNNT-
alumina. In all cases, only the α-alumina phase was detected,
which indicates that the addition of BNNT does not affect its
phase composition. This stability in phase composition sug-
gests that BNNT incorporation does not alter the crystalline
structure of the alumina matrix, which is advantageous for the
preservation of the inherent properties of alumina. Figure 1(d)
shows the density and porosity of the sintered BNNT-alumina
with varying nanotube loadings. The addition of a small
amount of BNNTs (0.2% to 0.6%) to α-alumina results in a
noticeable decrease in density and an increase in porosity. For
example, the introduction of 0.6% BNNT decreases the dens-
ity of alumina by about 13%, from 2.3 g cm−3 to 2.0 g cm−3,
which is accompanied by a similar percentage increase in
porosity, from 42.1% to 48.5%. The observed density/porosity
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Figure 1. Structural and material characterization of 3D-printed BNNT-alumina nanocomposites. (a) Optical images of as-printed and
as-sintered composite specimens (0.6% BNNT); (b) TGA and DTG graphs of as-printed composite specimens; (c) XRD characterization of
raw alumina powder, sintered monolithic alumina, and sintered 0.6% BNNT-alumina; (d) density and porosity of BNNT-alumina.

changes can be attributed to the following factors: (1) BNNT
possesses a lower density (∼1.35 g cm−3) [52] than that of
DLP-printed alumina (∼2.3 g cm−3); (2) Due to the poly-
mer debinding, the density of AM-produced pure alumina
(∼2.3 g cm−3) is substantially lower than that of monolithic
alumina (3.9 g cm−3) [51]. BNNT has a much lower CTE
than alumina (∼8× 10−6 ◦C−1) [53]. The addition of BNNTs
reduces the overall CTE of the alumina powder, which sub-
sequently decreases the sintering driving force and lowers the
density of the AM-produced BNNT-alumina; (3) BNNTs are
likely to be present between the alumina particles, hindering
their densification during the sintering process. These factors
collectively lead to the observed decrease in the macroscopic
density of BNNT-alumina relative to pure alumina.

Figure 2(a) shows the thermal expansion strain curves of
BNNT-alumina. The thermal expansion strain here is calcu-
lated as ∆l

l , where l is the original length and ∆l is the length
change. As expected, the thermal expansion increases with
temperature, but the rate of increase diminishes with higher
BNNT concentration. For instance, at 900 ◦C, the thermal
expansion strain of BNNT-alumina is found to be 0.66% for
0.2% BNNT, 0.64% for 0.4% BNNT, and 0.61% for 0.6%
BNNT, compared to 0.71% for pure alumina.

Figure 2(b) shows the evolution of CTE with temperatures
for BNNT-alumina. The CTE is calculated as.α= dl

l·dT =
d(lnl)
dT

The thermal expansion curves shown in figure 2(a) can be
perfectly curve-fitted using quadratic functions, with a coef-
ficient of determination (R-squared) of approximately 1.0.

Therefore, as exhibited in figure 2(b), the CTE of BNNT-
alumina shows a linear relationship with temperature. The
measured CTE of pure alumina at room temperature is about
6.90 × 10−6 ◦C−1 or 6.90 ppm ◦C−1, which increases to
9.40 ppm ◦C−1 at 900 ◦C. In comparison, the CTE of BNNT-
alumina with 0.2%, 0.4% and 0.6% BNNTs at room temper-
ature (900 ◦C) is found to be 6.31 (8.88), 5.96 (8.51), and
5.81 (7.91) ppm ◦C−1, respectively. Consistently, the CTE of
alumina decreases with an increase in BNNT loading. The
observed CTE reduction is independent of temperature and
reaches about 16% under a BNNT loading of 0.6%.

We employ a modified Turner’s model to quantify the CTE
of BNNTs based on the thermal expansion measurements of
BNNT-alumina. The CTE of the nanotube composite is given
as [54, 55]:

αc (t) =
αm (1−Vnt)Em (t)+ ηαntVntEnt (t)

(1−Vnt)Em (t)+ ηVntEnt (t)
(1)

where Em (t) and Ent (t) represent the Young’s moduli of the
matrix and nanotubes, respectively, and both decrease with an
increase in temperature [56, 57]: Em (t) = ERT

m

(
1− t−20

8800

)
and

Ent (t) = ERT
nt

(
1− t−20

8800

)
, where ERT

m = 33.1 GPa is the elastic
modulus of DLP-printed alumina at room temperature that was
measured using three-point bending tests (see figure S1 in the
supplemental information) and ERT

nt = 1.07 GPa is the elastic
modulus of BNNTs at room temperature [20]. αm and αnt

denote the CTEs of the matrix and the nanotube, respectively.
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Figure 2. Thermal expansion measurements of BNNT-alumina nanocomposites: (a) thermal expansion strain; (b) CTE; (c) fitted CTE
curves using a modified Turner’s model at selected temperatures; (d) CTE of BNNTs.

Vnt is the volume fraction of the nanotube. η is a parameter
that accounts for the orientation of the nanotubes inside the
matrix (η = 1 for perfectly aligned nanotubes). Here, the nan-
otubes inside the ceramic matrix are considered to have a fully
random orientation, which is confirmed by polarized Raman
measurements (see figure S2). For randomly oriented nan-
otubes, η = (1−νm)/2, where vm is the Poisson’s ratio of the
matrix (νm = 0.23 for alumina) [11]. Figure 2(c) shows the fit-
ted curves derived from the modified Turner’s model, based on
experimentally determined CTEs of BNNT-alumina at three
selected temperatures (i.e. 20 ◦C, 450 ◦C, and 900 ◦C). The
volume fractions of BNNTs, Vnt, is calculated to be 0.58%,
1.15%, and 1.71% for BNNT loadings of 0.2%, 0.4%, and
0.6%, respectively, which are assumed as constants (i.e. inde-
pendent of temperature). The effective CTE of BNNTs is
found to be about 0.57 ppm ◦C−1 (20 ◦C), 1.11 ppm ◦C−1

(450 ◦C), and 1.70 ppm ◦C−1 (900 ◦C) with a curve-fitting
R-squared value of 0.95–0.98. Figure 2(d) shows the CTE of
BNNTs across the entire temperature range, which displays
an increasing trend with temperature. The calculated CTE of
BNNTs, along with the experimentally measured CTE values
for alumina and its BNNT nanocomposites, is listed in table 1.
The results of CTE of BNNTs are consistent with prior com-
putational results based on MD simulations [5]. Specifically,
our measured CTE of BNNTs of 2.9 nm in median diameter
at room temperature (∼0.57 ppm ◦C−1) is close to the MD
simulated value (∼0.4 ppm ◦C−1) for BNNTs of a diameter
of 2.8 nm. Furthermore, our experimental results show the

CTE of BNNTs increases by 84.2% (from ∼0.57 ppm ◦C−1

to ∼1.05 ppm ◦C−1) when the temperature increases from
20 ◦C to 400 ◦C, which is in close agreement with the sim-
ulation results (82.5% increase in CTE, from ∼0.4 ppm ◦C−1

to ∼0.73 ppm ◦C−1).

3.2. Structural morphology analysis of BNNT-alumina

Figure 3(a) shows the fracture surface morphology of 0.6%
BNNT-alumina, which reveals nanotubes that distinctly pro-
trude from and are embedded within the alumina matrix. A
sintering neck, highlighted by the dashed box, is observed des-
pite the presence of numerous pores after sintering. Figure 3(b)
shows BNNTs bridging a microcrack with an approximate
2 µm opening length. The BNNTs are uniformly dispersed
within the alumina matrix, in which no significant agglom-
eration is observed. This uniform dispersion facilitates both
reinforcement and the CTE reduction effect. Notably, these
nanotubes bridge neighboring alumina particles, which facil-
itates effective load transfer between the ceramic matrix and
nanotubes under thermal loading conditions. These phenom-
ena help explain why the CTE of BNNT-alumina is notice-
ably lower than that of pure alumina. Figures 3(c)–(f) present
the SEM-EDX mapping results for 0.6% BNNT-alumina.
The elemental distribution analysis reveals a uniform pres-
ence of aluminum, oxygen, boron, and nitrogen atoms across
the examined surface. This homogeneous distribution further
demonstrates the uniform dispersion of BNNTs within the
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Table 1. Summary of CTE of BNNTs, alumina, and BNNT-alumina composites.

Temperature (◦C)

Coefficient of thermal expansion (ppm ◦C−1)

BNNT Alumina 0.2% BNNT-alumina 0.4% BNNT-alumina 0.6% BNNT-alumina

20 0.57 ± 0.88 6.90 ± 0.42 6.31 ± 0.29 5.96 ± 0.20 5.81 ± 0.50
50 0.59 ± 0.67 6.98 ± 0.23 6.40 ± 0.23 6.05 ± 0.31 5.89 ± 0.42
100 0.67 ± 0.72 7.12 ± 0.21 6.55 ± 0.26 6.19 ± 0.39 6.00 ± 0.29
150 0.73 ± 1.05 7.27 ± 0.45 6.69 ± 0.15 6.34 ± 0.44 6.12 ± 0.47
200 0.79 ± 0.70 7.41 ± 0.35 6.84 ± 0.21 6.48 ± 0.17 6.24 ± 0.28
250 0.85 ± 0.84 7.52 ± 0.19 6.99 ± 0.16 6.63 ± 0.48 6.36 ± 0.53
300 0.93 ± 1.02 7.7 ± 0.48 7.13 ± 0.41 6.77 ± 0.32 6.48 ± 0.14
350 0.99 ± 0.94 7.83 ± 0.25 7.28 ± 0.39 6.92 ± 0.42 6.60 ± 0.52
400 1.05 ± 0.82 7.89 ± 0.36 7.42 ± 0.47 7.06 ± 0.11 6.72 ± 0.44
450 1.11 ± 0.92 8.12 ± 0.34 7.57 ± 0.38 7.21 ± 0.39 6.84 ± 0.24
500 1.18 ± 0.73 8.26 ± 0.36 7.71 ± 0.44 7.35 ± 0.16 6.96 ± 0.13
550 1.24 ± 0.51 8.40 ± 0.22 7.86 ± 0.14 7.49 ± 0.11 7.07 ± 0.47
600 1.30 ± 0.89 8.54 ± 0.42 8.00 ± 0.49 7.64 ± 0.23 7.19 ± 0.11
650 1.36 ± 0.80 8.69 ± 0.32 8.15 ± 0.38 7.78 ± 0.25 7.31 ± 0.37
700 1.44 ± 0.64 8.83 ± 0.17 8.30 ± 0.29 7.93 ± 0.33 7.43 ± 0.37
750 1.50 ± 0.93 8.97 ± 0.44 8.44 ± 0.22 8.07 ± 0.38 7.55 ± 0.33
800 1.56 ± 0.69 9.11 ± 0.33 8.59 ± 0.14 8.22 ± 0.16 7.67 ± 0.37
850 1.62 ± 0.86 9.25 ± 0.42 8.74 ± 0.23 8.36 ± 0.29 7.79 ± 0.36
900 1.70 ± 1.05 9.40 ± 0.44 8.88 ± 0.12 8.51 ± 0.55 7.91 ± 0.22

Figure 3. Structural morphology of 0.6% BNNT-alumina nanocomposites: (a) SEM image of a typical fracture surface showing protruding
nanotubes that were pulled out from the ceramic matrix; (b) SEM image of a microcrack with bridging and protruding BNNTs. (c–f) EDX
elemental distribution: (c) aluminum, (d) oxygen, (e) boron, and (f) nitrogen. The scale bars in (c)–(f) are all 20 µm.
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Figure 4. In situ Raman measurements of pure BNNTs and 0.6% BNNT-alumina nanocomposites. (a) Typical Raman spectra at room
temperature; (b) selected Raman spectra from room temperature to 900 ◦C; (c) Raman G-band peak wavenumber of BNNTs and
BNNT-alumina; (d) difference in measured Raman G-band wavenumber between BNNTs and BNNT-alumina.

alumina matrix. The consistent spatial arrangement of all con-
stituent elements suggests an effective integration of the nan-
otubes into the ceramic structure, which is crucial for optim-
ization of the composite’s properties.

3.3. In situ Raman measurement and interfacial load transfer
analysis

The Raman spectrum of BNNTs responds to mechanical
strain due to the resulting B–N bond length change [58,
59]. Specifically, the Raman wavenumber of the BNNT G-
band downshifts under tensile strain (redshift) and upshifts
under compressive strain (blueshift). Figure 4(a) shows typ-
ical Raman spectra for pure BNNTs and 0.6% BNNT-
alumina, both of which exhibit a BNNTRamanG-band around
1369 cm−1. It is noted that the G-band intensity becomes
weaker in composites with lower BNNT loadings. To ensure a
sufficiently robust G-band signal, Raman characterization was
conducted exclusively on 0.6% BNNT-alumina specimens.
Notably, the G-band of the nanocomposite displays a blue-
shift relative to that of pristine BNNTs, which indicates that
nanotubes inside the matrix predominantly experience com-
pressive strain. This compressive strain may arise from two
sources: (1) volumetric shrinkage of the nanocomposite green
body during sintering, which exerts compressive forces on the
nanotube, and (2) the development of residual compressive
strain in the nanotube upon cooling from the high-temperature

sintering process, due to the CTE mismatch between BNNTs
and alumina.

Because the alumina matrix thermally expands more than
BNNTs upon heating, shear stress develops at the nanotube-
matrix interface. We conducted in situ Raman measurements
for both pure BNNTs and 0.6% BNNT-alumina from room
temperature to 900 ◦C to investigate the mechanical strain-
ing of nanotubes within the ceramic matrix. Circular disk-
shaped specimens of BNNT-alumina (figure 1(a)), approxim-
ately 6 mm in diameter and 3 mm in thickness, were placed on
a computer-controlled heating stage (Linkam TS 1500). The
Raman laser spot was carefully positioned in the central region
of the sample to minimize edge effects during heating. The
sample was incrementally heated from room temperature at a
rate of 10 ◦C per minute and held for 20 min at each 50 ◦C
mark before the Raman recording to ensure a steady-state tar-
get temperature inside the sample. Pure BNNTs, in the form of
puffballs, were characterized as controls using the same test-
ing parameters.

Figure 4(b) shows representative in situ Raman spectra
recorded at 100 ◦C, 500 ◦C, and 900 ◦C for both pristine
BNNTs and 0.6% BNNT-alumina. The composite exhibits a
more pronounced G-band redshift of ∼25.9 cm−1 between
100 ◦C and 900 ◦C, compared to merely ∼22.6 cm−1

for pristine BNNTs over the same temperature range. This
discrepancy in Raman redshift magnitude can be attributed
to distinct loading conditions: pristine BNNTs experience
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Figure 5. Interfacial load transfer characteristics of BNNT-alumina nanocomposites: (a) schematics of the equivalent configuration of the
BNNT-alumina; (b) schematic of single-nanotube nanocomposite; (c) selected interfacial shear stress distribution profiles from room
temperature to 900 ◦C; (d) the dependences of the maximum interfacial shear stress at the left end of the nanotube and normal stress inside
the nanotube on temperature. The signs indicate the directions of the interfacial shear stress and the normal stress (tensile or compressive).

redshift solely due to thermally induced changes in bond
length, whereas BNNTs within the composite are subjected
to both thermal effects and mechanical straining induced by
the CTE mismatch between BNNTs and the matrix.

Figure 4(c) shows the temperature dependence of the
Raman G-band peak wavenumber for both pristine BNNTs
and 0.6% BNNT-alumina. Initially, the composite exhibits a
higher G-band wavenumber (∼1369.9 cm−1) compared to
pristine BNNTs (∼1368.8 cm−1), which indicates residual
compressive strain in the embedded nanotubes. As the tem-
perature approaches ∼450 ◦C, the G-band wavenumbers of
both materials converge, which signifies the full release of
the residual compressive strain caused by the CTE mismatch.
Upon further heating from 450 ◦C to 900 ◦C, the Raman
wavenumber of the G-band in BNNT-alumina becomes lower
than that of pure BNNTs, and the difference progressively
increases with temperature. This indicates the onset and
gradual intensification of tensile straining in the embedded
BNNT. Figure 4(d) shows the temperature-dependent evolu-
tion of the differential Raman G-band wavenumber between
BNNT-alumina and pristine BNNTs during in situ heating,
which displays a linear dependence. The wavenumber differ-
ence is found to be approximately −1.43 cm−1 at room tem-
perature and 1.63 cm−1 at 900 ◦C. The temperature-induced
total shift of 3.06 cm−1 in the Raman G-band wavenum-
ber can be attributed to mechanical strain that is calcu-
lated to be ∼0.61% based on the CTE mismatch, given
by εnt =

´
(αm −αnt)dt. The Raman G-band wavenumber

shift per percentage of mechanical strain is calculated to be
about 4.0 cm−1/%, which compares favorably with the values

reported for BNNT-polymer composites (1.2–4.2 cm−1/%)
[52, 59], and is modestly lower than the values reported for
BNNT-silica composites (4.7–5.0 cm−1/%) [11]. The resid-
ual strain of BNNTs in BNNT-alumina at room temperature
is calculated to be ∼0.29% based on a Raman wavenumber
shift of 1.43 cm−1. It is also important to highlight that the
in situ Raman measurement reveals that the nanotube-matrix
interface remains in intimate contact throughout the heating
and cooling, with no evidence of interfacial slippage.

Next, we investigate the interfacial shear stress (IFSS)
transfer characteristics of BNNT-alumina induced by thermal
loading using a shear-lag micromechanics model [11]. The
model, as illustrated in figure 5(a), is established under the
following two assumptions: (1) the BNNTs are uniformly and
sparsely dispersed in the alumina matrix with identical com-
posite cell dimensions; (2) the interface between the nanotube
and the ceramic matrix is uniform and perfectly bonded. The
first assumption considers the low concentration of BNNTs
and ignores the inter-nanotube interactions, while the second
assumption ignores the inhomogeneity at the nanotube-matrix
binding interface. Thus, the IFSS behavior of BNNT-alumina
can be represented using a simplified single-nanotube com-
posite configuration (figure 5(b)), which comprises a straight
nanotube of diameterDnt and length l inside a same-length cyl-
indrical matrix of diameter Dm. The IFSS distribution on the
nanotube-matrix interface τ is given as [60],

τ =
Ent (t) εntn

2
cosh(2n · z/Dnt)

sinh(n · l/Dnt)
, (2)
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where z is the coordinate along the longitudinal axis of the

nanotube, and n=
√

Em(t)

Ent(t)·(1+vm)·log( DmDnt )
. For 0.6% BNNT-

alumina with Dnt = 2.9 nm, Dm is calculated to be 31.3 nm.
The effective IFSS distribution profile is calculated to be inde-
pendent of the nanotube length (l) when l > 75 nm, consid-
ering an IFSS threshold value of 1 MPa. Assuming a nan-
otube length l= 400 nm, figure 5(c) shows the evolution of the
IFSS distribution profiles along the nanotube axis from room
temperature to 900 ◦C. Figure 5(d) shows the evolutions of
the maximum IFSS that occurs at the left end (z = −l/2) of
the nanotube and the maximum normal stress within the nan-
otube. At room temperature, the residual normal stress inside
the BNNT for 0.6% BNNT-alumina is compressive, with a
calculated magnitude of approximately 3.1 GPa. This value
is based on the measured nanotube strain of approximately
0.29%. As the temperature gradually increases, the residual
compressive strain in the nanotube is progressively released
and approaches zero when the temperature reaches approx-
imately 450 ◦C. It is noteworthy that, even though there is
zero normal stress in the nanotube at this temperature, effect-
ive load transfer to the ceramic matrix still occurs, which con-
tributes to the reduction in the bulk CTE of BNNT-alumina.
With a further temperature increase up to 900 ◦C, the nan-
otube inside the composite is found to be under tensile strain-
ing. At 900 ◦C, the maximum tensile stress in the nanotube
is calculated to be approximately 3.5 GPa, corresponding to a
tensile strain of ∼0.33%. This measured tensile stress is sig-
nificantly below the tensile strength of HTP-BNNT, which is
reported to be above 60 GPa at room temperature [61]. The
maximum IFSS reaches ∼171 MPa at room temperature and
∼175 MPa at 900 ◦C. The average IFSS for the entire effect-
ive load transfer region is calculated to be∼27.4 MPa at room
temperature and∼28.1MPa at 900 ◦C, which are substantially
lower than the average IFSS (∼46 MPa) reported for nearly
perfectly bound interfaces between single HTP-BNNTs and
the alumina matrix [61]. This analysis further supports that the
BNNT-alumina interface remains intact (i.e. no interface slip)
during heating up to 900 ◦C and suggests that it could poten-
tially withstand even higher temperatures in a vacuum or inert
gas environment.

3.4. CTE reduction in aligned nanotube-reinforced ceramics

Here, we perform a theoretical analysis to evaluate the ulti-
mate potential of BNNTs to reduce the CTE of ceramics. We
investigate the CTE of BNNT-alumina composites with per-
fectly aligned nanotubes (η = 1 in equation (1). Such com-
posites with nearly perfectly aligned nanotubes were recently
reported using electrospinning techniques, in which nanotubes
were well-aligned along the fiber’s longitudinal direction by
viscous shear forces [52, 60]. Figure 6 shows the predicted
CTE of BNNT-alumina composites with perfectly aligned
nanotubes at three selected temperatures (20 ◦C, 450 ◦C,
and 900 ◦C). The CTE decreases with increasing BNNT
loading at all the selected temperatures. For example, the
incorporation of 5% of BNNTs results in an approximately

Figure 6. Predicted CTE of alumina nanocomposites with perfectly
aligned BNNTs at 20 ◦C, 450 ◦C and 900 ◦C.

78% reduction in the CTE of alumina, which decreases from
∼6.8 ppm ◦C−1 to ∼1.5 ppm ◦C−1 at 20 ◦C. Similar reduc-
tions in CTE are observed at 450 ◦C and 900 ◦C. This analysis
further demonstrates the potential of BNNTs as fillers to sub-
stantially decrease the CTE of ceramics and lays the scientific
foundation for future studies that aim to optimize the thermo-
mechanical properties of BNNT-ceramic composites by con-
trolling nanotube alignment.

4. Conclusions

The thermal expansion properties of BNNT-alumina nano-
composites are investigated. The introduction of small
amounts of BNNTs induces a significant CTE reduction of
alumina. The reduction is attributed to low CTE and ultrahigh
Young’s modulus of BNNTs and the effective load transfer at
the interface between BNNTs and the ceramic matrix. This
study is among the first to report the CTE of BNNTs, which
is found to be about 0.57 ppm ◦C−1 at room temperature and
increases with temperature. The in situ Raman measurement
reveals the evolution of the thermally induced interfacial load
transfer at the BNNT-matrix interface at up to 900 ◦C in
air and the mechanical straining of BNNTs inside the mat-
rix. The study reveals the superior mechanical and thermal
stability of BNNTs and their potential as fillers for tuning
the thermal expansion of ceramics. This study provides cru-
cial insights into the thermomechanical behavior of BNNT-
reinforced ceramic nanocomposites and contributes to the
optimal design of tunable and zero-CTE materials.
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