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ABSTRACT: A fundamental understanding of the thermal
behavior of reinforcement materials is crucial to fully exploit their
properties in composites. Boron nitride nanotubes (BNNTs),
structural analogues to carbon nanotubes, are a strong candidate for
nanofillers in high-temperature composites due to their high
thermal stability, oxidation resistance, excellent mechanical proper-
ties, and high thermal conductivity. In this paper, samples of high-
quality, high-purity BNNTs were tested to thermal failure in an
inert atmosphere for the first time up to 2500 °C. A significant
fraction of the BNNTs survived temperatures as high as 2200°, and
the BNNT samples were completely undamaged at temperatures as
high as 1800 °C. Boron nitride (BN) nanopowders were tested identically to perform a comparative study, as hexagonal BN is
commonly found in purified BNNT samples. Observed color darkening, significant weight loss, an increased boron atomic level,
significant weight gain upon oxidation, the presence of boron oxide compounds in an oxidized sample, and the observed boron
clusters at the nanoscale indicate dissociation of B-N bonds in the BNNT sample at 2200 °C. The stability of BNNT structures was
observed up to 2000 °C, with local/partial wall dissociation or unzipping, and complete survivability of highly crystalline BNNTs is
demonstrated up to 1800 °C. This paper presents the first-ever study on extreme temperature thermal stability of purified BNNTs in
an inert atmosphere analogous to manufacturing processes for high-temperature nanocomposites.
KEYWORDS: boron nitride nanotubes, decomposition mechanisms, extreme temperature, thermal stability, furnace heating,
inert environment

■ INTRODUCTION
Following the discovery of carbon nanotubes (CNTs) in the
early 1990s, tubular structures of boron nitride were theorized
in 1994.1,2 The BN tubular structure is similar to the hexagonal
lattice structure seen in sp2-hybridized carbon−carbon bonds
of graphene and CNTs. The first successful synthesis and
observation of BNNTs occurred in 1995, becoming the first
inorganic nanotube.3 Due to their structure, BNNTs possess
excellent mechanical properties similar to CNTs. With a tensile
strength of 33 GPa,4 Young’s modulus of 1.3 TPa,5,6 a bending
modulus of 760 GPa,7 and a shear modulus of 7 GPa,7 they are
an obvious candidate for fiber-reinforced composite materials.
Along with nanofiller candidate, BNNTs have potential
application in hydrogen storage, water purification, and
biomedical such as anticancer drug delivery and tissue
engineering.8,9

In addition to their excellent mechanical properties, BNNTs
are more thermally stable in oxidative environments than
CNTs.10,11 Many studies have shown that BNNTs remain
stable up to 850 °C in air.12,13 The thermal stability of BNNTs

has also been studied through Joule heating under vacuum by
Ghassemi et al.14 It was estimated that the dissociation of the
B−N bond and failure of nanotubes occurred at temperatures
up to 1900 °C depending on tube geometry. The boron was
evaporated by the Joule heating, causing the dissociation of the
bond, and nitrogen was evaporated and carried away by the
vacuum.14 A similar result and mechanism were achieved by
Xu et al.15 via Joule heating of a single nanotube. These studies
were conducted through electrical heating and a vacuum
atmosphere, having the simultaneous effect of Coulomb force
and temperature on the dissociation of BN bonds. However,
no reports have explored the temperature stability of BNNTs
through a furnace, more similar to a realistic manufacturing
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environment, in an inert atmosphere to study degradation
behavior and thermal stability.

Since 1995, much research has been conducted to improve
synthesis methods, purification methods, and the implementa-
tion of mass production. Although large-scale manufacturing of
BNNTs has become feasible, purification is still a concern. The
as-grown BNNTs often contain impurities such as metallic
catalysts, unreacted precursors, and non-tubular BN com-
pounds.16 Several methods have been developed and adopted
to synthesize BNNTs without metal catalysts producing the as-
grown BNNTs containing ∼50% of various boron derivatives.
Boron and boron oxides may be removed from BNNTs using
well-proven techniques. BN impurities are chemically stable
and oxidation-resistant, similar to BNNTs, and so, they are
more difficult to remove than boron and boron oxide.

The BNNTs used in this study were provided by BNNT
materials, a commercial supplier using the high-temperature-
pressure (HTP) method for production.16 HTP BNNTs are
grown by exposing liquid boron droplets to a high-pressure
nitrogen environment where BNNTs then evolve via a vapor−
liquid−solid pathway. They commonly have 2−5 walls and
contain unreacted boron and BN compounds as byproducts/
impurities. The as-grown, unpurified BNNTs have a dark
brownish-gray appearance, while purified quantities are
white.17 About 50 weight % of the purified BNNTs contain
non-tubular boron nitride structures, most commonly
hexagonal boron nitride (h-BN). Since BNNTs and h-BN
both have an alternating pattern of boron and nitrogen, they
have the same compositional makeup of approximately 50%
boron atoms and 50% nitrogen atoms. This corresponds to a
weight composition of 43.6% boron and 56.4% nitrogen.
Although BNNTs and h-BN share the same composition and
bonding, they may exhibit different thermal behavior due to
different structures; therefore, the h-BN powder is used to
perform a comparative study to determine the effect of high
temperature on BNNTs. While h-BN has the same elemental
makeup and similar thermal conductivity, electrical, and
radiation protection properties, it does not contribute to the
mechanical properties in composites to the extent nanotubes
are capable.

Understanding BNNT behavior at high temperatures will
lead to effective manufacturing of composites that employ
high-temperature processing matrices, like ceramics. Boron is a
low-z element with potential as a neutron radiation shielding
material, as deep space exploration and exoplanetary
exploration will become a reality in the near future.18,19 In
addition to broadening the matrix and manufacturing
possibilities, high-temperature reinforcement materials will be
increasingly important in these extreme environments where
multifunctional materials are required. Therefore, we present
the first-ever study on extreme temperature thermal stability of
purified BNNTs in an inert atmosphere analogous to
manufacturing processes for metal matrix and ceramic matrix
nanocomposites (Scheme 1).

■ EXPERIMENTAL SECTION
For this study, purified few-walled BNNTs (2−3 walls most common)
were provided by BNNT materials. Samples were dried at 200 °C for
2 h prior to heat treatment to remove any excess moisture. Boron
nitride nanopowder (h-BN) with an average particle size ≤150 nm
was purchased from Sigma-Aldrich and used as received. For more
structural details on h-BN used in the study, the scanning electron
microscopy (SEM) images taken during the test are provided in the

Supporting Information Figure S1. BNNTs and h-BN powder were
heated in a high-temperature graphitic furnace (Thermal Technolo-
gies HP-4560-20) at a ramp rate of 20 °C/min to the specified
temperature and held isothermally for 20 min in a flowing helium
atmosphere. Around 50−65 mg of samples was heated in a pre-baked
graphite crucible of about 15 mm diameter. The crucible was
subjected to a bake-out run at 2500 °C with a hold of 20 min before
furnace testing. Weight loss during the furnace heating experiment is
calculated from the difference between the measured weight of the
sample inside the crucible before and after the test. The crucible used
in the furnace testing experiment is ∼1000 times heavy compared to
the sample mass (∼60 g of crucible vs ∼60 mg s of BNNT sample),
the slight change in the crucible mass during the experiment will show
up as a considerable number in the weight measurement of the
sample. To overcome this weight measurement limitation of the high-
temperature furnace, we further performed high-temperature
thermogravimetric analysis (HT-TGA) to get precise weight loss
data. HT-TGA for BNNTs was performed in a Netzsch STA 449 F1
Jupiter in a graphite crucible heated from room temperature to 2050
°C.

SEM imaging and energy-dispersive X-ray spectroscopy (EDS)
were conducted using a Helios G4 UC (Thermo Fisher Scientific,
Waltham, MA, USA) operating at 5 kV accelerating voltage with
100,000 magnification. EDS analysis was performed using the same
instrument with an Oxford X-MaxN detector at 25,000 magnification
to determine the elemental composition of samples before and after
heat testing and oxidation. Iridium-coated samples were analyzed
under SEM/EDS on an aluminum stub and a carbon tape. Therefore,
these elements are removed from calculations. Three distinct sites
were taken and analyzed for each sample to determine the average
composition and are displayed in the Results section with their
corresponding standard deviations as error bars. High-resolution
transmission electron microscopy (HRTEM) imaging was carried out
on a probe-aberration-corrected JEOL JEM-ARM200cF with a cold-
field emission gun at 80 kV.

Oxidizing thermogravimetric analysis (OX-TGA) was carried out
using a Q50 TGA (TA Instruments, New Castle, DE, USA) in air
with a temperature ramp rate of 20 °C/min from 25 to 700 °C with a
20 min isothermal hold at 700 °C. About 10−15 mg mass of each
sample was used for measurement. Fourier transform infrared
spectroscopy (FTIR) was performed using a PerkinElmer Frontier
FTIR/NIR with a conical sapphire attenuated total reflectance (ATR)
accessory (Specac Golden Gate) at room temperature. A total of 8
accumulations were taken for each trial, and a background was taken
to normalize the resultant spectra.

■ RESULTS AND DISCUSSION
Graphitic Furnace Heat Testing. In an inert environ-

ment, BNNTs and h-BN do not readily engage in many
processes other than degradation. They would not oxidize
quickly in the absence of oxygen, and neither boron nor
nitrogen reacts with helium. The most likely undesired
reaction is the formation of boron carbide from elemental

Scheme 1. Thermal Decomposition Mechanism Studies of
Furnace-Heated BNNTs and hBN
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boron (from BNNT or h-BN) and carbon (from the graphite
crucible). At high temperatures, the breakdown of boron
nitride is believed to occur by the following process shown in
eq 1.20

2 BN 2 B N(s) (s) 2 (g)+ (1)

At all temperatures relevant to this investigation, nitrogen is
a gas that is easily taken away by the flowing helium in the
graphitic furnace. Since pure boron has an extremely high
boiling point of roughly 4000 °C, no substantial quantity of
boron is believed to be evaporated during the heat-testing
process.

The pictures of the heat-tested BNNT samples are shown in
Figure 1. It can be easily seen that the pure white BNNTs

change to a dark gray shade as the testing temperature rises.
Throughout the range of increasing temperatures from 1800 to
2500 °C, the observed grayness of BNNTs is as follows: HT-
BNNT 2500 > HT-BNNT 2200 > HT-BNNT 2000 > HT-
BNNT 1800 > Neat BNNT. A similar trend of color change
was observed in heat-tested h-BN samples but is not as
pronounced as in BNNTs.

In addition to the observed color change, the weight loss
measured after the furnace heat testing increases from
∼10.24% for HT-BNNT 1800 to ∼43.50% for HT-BNNT
2200. From Figure 1, it can be observed that the amount of the

BNNT sample left after testing at 2500 °C is minimal. At 2500
°C, the left-over BNNT sample was a hard dark-gray mass.
Although color changes in BNNTs can indicate the presence of
boron, SEM imaging and EDS were conducted to produce a
more detailed study of the morphology and identity of the
remaining material.
High-Temperature Thermogravimetric Analysis. The

high-temperature TGA (HT-TGA) results for BNNT samples
heated to 2040 °C at 20 °C/min, paralleling the graphitic
furnace heating procedure, are shown in Figure 2. Exhibiting
complete stability of the BN nanotubular structure, BNNTs
show negligible amounts of weight loss of 2.2% up to 1400 °C
and 6.3% up to 1800 °C, the lowest temperature at which the
samples were heat-tested. The rate of weight loss up to 1800
°C is less than 0.4%/°C. No significant peaks were found
through derivative analysis. This small amount of weight loss,
coupled with the negligible weight loss rate, is likely due to
moisture content and defective sites in the BN structure that
could cause early dissociation at 1800 °C. Furthermore,
BNNTs show 12.5 and 17.8% weight loss at 2000 and 2040
°C, respectively. This significant weight loss can be attributed
to the unzipping of outer walls as BN bonds may begin to
dissociate. BNNT walls were observed and analyzed through
TEM and other characterization methods to confirm
dissociation.

The results and trends here align with the furnace heat-
tested BNNT results. The weight loss values in the furnace-
tested samples at 1800 and 2000 °C were ∼10.24 and
∼17.88%, compared to 6.3 and 12.5% for the HT-TGA,
respectively. The slightly greater weight loss for the furnace-
tested samples stems from the differences in weight measure-
ment processes for each. The samples were weighed in the
crucible before and after testing, so any small changes to the
mass of the crucible itself, such as oxidation, will be shown in
the weight loss measurements. The crucible for the furnace
runs is also much heavier than for HT-TGA, ∼50 g and ∼150
mg, respectively; therefore, the small oxidation effect of the
crucible due to impurity in purge gas would be more significant
in the furnace runs. The HT-TGA measures weight loss
throughout the run and employs a background subtraction
measured from an identical run with the empty crucible. This
will provide clearer results on the sample’s mass loss as it is not
confounded with the crucible effects. HT-TGA of h-BN
(Figure 2) shows comparatively less weight loss than BNNTs
with a slow and steady progressive loss with increasing
temperature, explaining increased stability at high temperatures
compared to BNNTs. The same trend in an oxidizing
environment has been seen in the literature.13,21 h-BN and
BNNTs both show similar trends in weight loss throughout the
temperature range. Up to 1400 °C, both BNNTs and h-BN
show similar rates of weight loss with minimal overall weight
loss, representing the stability of the BN bond in both layered
and nanotubular structures. Between 1400 and 1800 °C, they
start losing mass at the same time with BNNTs showing a
higher rate of weight loss than h-BN. They both show a
significant increase in weight loss rate after 1800 °C, with h-BN
starting at ∼1970 °C, slightly after BNNTs at ∼1900 °C.
Scanning Electron Microscopy. Figure 3 shows SEM

images of heat-tested BNNTs in the graphitic furnace
compared with the neat, untested BNNTs. The BNNT
entangled structure can be observed in the SEM, with h-BN
appearing as circular, particle-like clusters. The h-BN is often
found as non-tubular BN impurities in the purified BNNTs.

Figure 1. Pictures of (a) neat BNNTs and the heat-tested BNNT
samples in the graphitic furnace at (b) 1800, (c) 2000, (d) 2200, and
(e) 2500 °C. Pictures are of their natural color as captured. Weight
loss shown in the picture is calculated from the measured weight of
the sample before and after the test.
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The BNNT samples used in the experiment are the most
purified and are expected to have about 50 wt % of h-BN as
non-tubular impurities in purified neat BNNTs. SEM is a
localized technique and does not describe the quantitative h-
BN bulk content and may show visual differences in h-BN
content in images. Despite the fact that BNNTs and h-BN
have the same composition and bonding, they may show
distinct thermal stability due to differing structures; hence, h-
BN powder is separately examined for a comparative study to
assess the effect of high temperature on BNNTs. Nanotube
structures appear to have survived in the 1800, 2000, and 2200
°C furnace-tested samples with no distinguishable surface
differences. The SEM shows that the heat-tested BNNTs at
2500 °C have dissociated and did not survive in tubular form

(Figure 3e); nevertheless, at all other temperatures (Figure
3b−d), the structure of the nanotubes appears intact. However,
the walls of multi-walled BNNTs may be damaged, which SEM
imaging cannot detect. The HRTEM, OX-TGA, and EDS
analyses were further performed to establish the entire
survivability of walls up to 2200 °C.
Oxidizing Thermogravimetric Analysis. BNNTs and h-

BN are completely stable up to 900 °C in an oxidative
environment.12 Before 700 °C, boron nitride does not
dissociate or oxidize, but elemental boron and boron carbide
oxidize to generate boron oxide.22,23 Due to the dissociation of
some layers of h-BN or BNNTs, elemental boron or boron-
containing compounds, such as boron carbide, may be present
in HT-BNNTs or HT-hBN samples. The projected weight
gain due to the oxidation of elemental boron may be
approximated using the following eqs 2 and 3.24,25

B
3
4

O
1
1

B O(s) 2 (g) 2 3 (s)+
(2)

1 g (B)
1 mole
10.81 g

1 mole B O
2 mole B

69.63 g
1 mole B O

3.22 g B O

2 3

2 3

2 3

· · ·

= (3)

When oxidized, the sample gains 2.22 g of weight per 1 g of
elemental boron. This weight gain is an upper limit estimate.
Such a large percentage of relative weight gain also means that
boron dissociated from boron nitride can make small amounts
easier to detect. Boron oxide has traditionally been utilized as a
protective layer to increase the oxidation resistance of carbon−
carbon composites by restricting active sites and preventing
oxygen transport.26,27 Thus, newly forming boron oxide can
create a layer surrounding the boron particle, protecting it from
further oxidizing and not allowing elemental boron to gain
weight fully.

A considerable weight increase of ∼76% is seen in the OX-
BNNT 2200 sample (Figure 4a). Unlike OX-BNNT 2200, all
the other heat-tested or oxidized BNNT and h-BN samples
behave similar to the OX-Neat BNNT sample and do not show
any significant weight gain. The considerable weight gain

Figure 2. High-temperature TGA curve of purified BNNTs and h-BN.

Figure 3. SEM images of (a) Neat BNNTs and heat-tested BNNTs at
(b) 1800, (c) 2000, (d) 2200, and (e) 2500 °C.
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shown only by the OX-BNNT 2200 sample indicates the
presence of elemental boron upon heat testings exceeding
2000 °C. EDS analysis can be used to confirm the presence of
elemental boron further.
Energy-Dispersive X-ray Spectroscopy. EDS is used to

compare the existence of contributing elements in the BNNT
heat-tested and oxidized materials. EDS measures chemical
compositions directly and gives relative amounts of elements
present in a sample.
Heat-Tested Samples. Results of the EDS analysis on

heat-tested BNNTs and h-BN samples are summarized in
Figure 5. As shown in Figure 5a, in samples: Neat BNNT, HT-
BNNT 1800, and HT-BNNT 2000, the boron and nitrogen
compositions hover steadily around 50 atomic %, with slight
amounts of oxygen, up to 2000 °C. However, the boron atomic
content suddenly increases by 11.2 atomic % from HT-BNNT
2000 to HT-BNNT 2200. The nitrogen content falls by the
same amount as the increase of boron, but the oxygen content
stays the same. As there is no alternative source of free boron, a

proportionate and significant shift in atomic content suggests
the dissociation of bonds within the tube walls.

The EDS data for HT-BNNT 2500 (Figure 5a) indicate
99% atomic content of elemental boron, indicating full
breakdown of the B−N bond at 2500 °C. SEM imaging also
captured this full decomposition, as shown in Figure 1d. Up to
2200 °C, the oxygen level of all neat and heat-tested samples
remains identical, indicating that the heat testing did not cause
oxidation.

The heat-tested h-BN samples, on the other hand, show a
substantially more stable composition across the temperature
range. The amount of boron content and weight loss in the
sample increases slowly and steadily as the testing temperature
rises. The h-BN possesses a surface area of ∼23 m2/g,21 while
BNNTs have ∼180 m2/g.10 The many-layered structure of the
h-BN sample and the lower surface area by a factor of ∼10
compared to the BNNT sample likely contribute to its greater
stability. The number of bonds dissociated rises as the
temperature rises, and the h-BN platelet loses layers. Layers

Figure 4. OX-TGA curves of oxidized (a) heat-tested BNNTs and (b) heat-tested h-BN.

Figure 5. Atomic composition (%) for (a) heat-tested BNNT samples (HT-BNNT) and (b) heat-tested h-BN (HT-hBN).
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in h-BN platelets are held together through van der Waals
interactions, whereas the layers themselves are chemically
bonded.28 This makes the layers more independent from one
another and can aid in the thermal compositional stability of
the bulk material. Even though methods for synthesizing
monolayer and few-layered h-BN platelets have been
established, they still typically have 2−10 layers.28 However,
in a few walled BNNT structures, the dissociation of a few BN
links might cause an unzipping effect, leading to complete wall
dissociation. Typically, h-BN has more layers than the number
of walls in multi-walled BNNTs, which explains that the h-BN
platelets can still exist after dissociating a few outer layers.
Nevertheless, unzipping/dissociation of the same amount of
walls in BNNTs may completely destroy a nanotube.
Heat-Tested and Oxidized Samples. A part of each

heat-tested sample was oxidized via OX-TGA at 700 °C, and
the resulting compositions observed through EDS analysis are
summarized in Figure 6.

Up to 2000 °C, the OX-BNNT and OX-hBN samples
exhibit no substantial increase in oxygen content after

oxidation, indicating the absence of elemental boron in the
samples heat-tested to temperatures up to 2000 °C. The
oxygen content of the BNNT 2200 sample significantly
increases from 2.8% (HT-BNNT 2200, Figure 5a) to 27.2%
(OX-BNNT 2200, Figure 6a). The atomic fraction of boron
exceeds nitrogen by 18.9% in the OX-BNNT 2200 sample.
This excess of 18.9% boron and the 27.2% oxygen represents
the stoichiometry of B2O3. Furthermore, this explains the
survival of BN compounds at temperatures as high as 2200 °C.
We presume that the majority of the oxygen content in the
BNNT and h-BN samples after oxidation resulted from the
oxidation of elemental boron or boron carbide since BNNTs
and h-BN are unlikely to oxidize much before 700 °C. This
considerable increase in oxygen content through oxidation of
HT-BNNT 2200 indicates the presence of elemental boron in
the HT-BNNT 2200 sample through dissociation of the B−N
bond after exposure to heat testing at 2200 °C. The OX-hBN
samples do not show a substantial gain in oxygen content
(Figure 6b), providing further evidence of the destruction or
unzipping of some layers of BNNTs but not of h-BN at 2200

Figure 6. Atomic composition (%) for (a) oxidized BNNT samples and (b) oxidized h-BN samples.

Figure 7. FTIR results for heat-tested (a) BNNT samples and (b) h-BN samples.
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°C. The presence of elemental boron at 2200 °C in BNNT but
not in h-BN, even though they possess the same chemistry,
explains that the individual BN layers unzipped from BNNTs
due to temperature effects can be readily dissociated into
elemental boron and nitrogen at high temperatures compared
to the stacked BN layers as in h-BN.
Fourier Transform Infrared Spectroscopy. FTIR spec-

troscopy is used to determine compounds and bonds that are
present in a sample. The peak location (wavenumber) is a
function of bond vibrations and can be used to determine the
chemical bonds. This is useful in building on results found by
EDS and confirming whether other reactions are occurring
during heat testing and oxidation.
Heat-Tested Samples. Figure 7 shows the FTIR curves

for heat-tested BNNTs and h-BN. Two characteristic broad-
band B−N bond peaks can be seen in Figure 7a,b: first for out-
of-plane buckling perpendicular to the tube axis at low
wavenumbers between 500 and 800 cm−1 and another for in-
plane optical phonon modes parallel to the tube axis at high
wavenumbers between 800 and 1600 cm−1.29−34 Figure 7a
shows the characteristic peaks for HT-BNNTs, and Figure 7b
shows HT-hBN samples. For heat-tested BNNTs at 2500 °C,
FTIR shows the absence of B−N bond characteristic peaks. As
depicted from the SEM imaging (Figure 3d) and EDS results
(Figure 5a), FTIR further confirms the complete dissociation
of B−N bonds at 2500 °C through the absence of B−N
characteristic peaks. B−N bond characteristic peaks are present
for all other levels of testing temperature (1800, 2000, and
2200 °C), indicating the survival of BNNTs and h-BN until
2200 °C temperature for the most part.

Carbon tape was used in the sample preparation for SEM/
EDS analysis. Any elemental carbon captured through the EDS
analysis will be from the combination of (1) carbon
compounds formed during heating by the reaction of carbon
from the crucible and boron or boron nitride from the sample,
(2) unreacted residual elemental carbon particles on the
sample from the carbon crucible, and (3) carbon from the
carbon tape used for the sample preparation. Carbon atomic
analysis through EDS cannot distinguish between these
reasons for carbon existence. Some samples or sites with less

thickness will show more carbon content in EDS analysis as it
will capture from the bottom carbon tape. Such samples or
sites may also show the aluminum content from the aluminum
stub used for sample preparation. Therefore, elemental carbon,
aluminum, and iridium (coating material) were removed from
the EDS calculations and not depicted in the EDS map results.
However, this limitation of not capturing carbon presence due
to formation of carbon compounds through EDS is covered by
FTIR analysis. The HT-BNNT 2200 sample shows a
characteristic icosahedral boron carbide vibration peak at
1073 cm−1.35 The existence of a visible boron carbide peak for
the HT-BNNT 2200 sample indicates that at around 2200 °C,
dissociated elemental boron interacted with carbon from the
graphite crucible to generate a potentially small amount of
boron carbide. Furthermore, no other samples showed the
carbide peak, proving BN does not react with the crucible
carbon. However, elemental boron formed through dissocia-
tion reacted with carbon from the crucible as captured through
FTIR. These FTIR observations align with the results from
OX-TGA and EDS analyses.
Heat-Tested and Oxidized Samples. Figure 8 shows the

FTIR curves for the heat-tested and oxidized samples of
BNNT and h-BN. Up to 2000 °C, the FTIR curves for OX-
BNNT (Figure 8a) and OX-hBN (Figure 8b) samples indicate
no major peaks other than two B−N bond peaks between
500−800 and 800−1600 cm−1. However, the oxidized BNNT,
OX-BNNT 2200 (Figure 8a), shows strong peaks correspond-
ing to boron oxide compounds at 3177, 1191, 620�, and 555
cm−1.29,35,36 Completely agreeing with the OX-TGA (Figure
4a) and EDS results (Figure 6a), FTIR indicates the presence
of elemental boron or boron carbide in BNNT at 2200 °C by
showing oxidized boron compounds in OX-BNNT 2200. The
absence of boron oxide in OX-BNNTs up to 2000 °C confirms
the stability of B−N bonds in BNNTs up to 2000 °C. In
contrast to the OX-BNNT 2200 sample, OX-hBN 2200 shows
only a slight peak at 3191 cm−1 with the absence of other
oxidized compound peaks, representing the stability of h-BN
up to 2200 °C with dissociation of few layers.
High-Resolution Transmission Electron Microscopy.

HRTEM images of BNNTs can be seen in Figure 9. The

Figure 8. FTIR results for (a) oxidized heat-tested BNNT samples and (b) oxidized heat-tested h-BN samples.
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typical multi-walled tube nature is shown, often exhibiting five
or more walls, with an amorphous structure seen at the tubes’
surface and potentially inside the hollow tubes. The clusters
observed through TEM around the tubes (as seen in Figure
9a) are most likely amorphous BN species clusters.37,38

HRTEM images of the HT-BNNT 1800 sample (Figure
9c,d) show preserved high crystalline structure of BNNTs after
the exposure up to 1800 °C. No wall damage or nanotube
cutting was found in TEM for the HT-BNNT 1800 sample
explaining the complete stability of BNNTs up to 1800 °C
temperature exposure.

The previously observed weight loss of 12.5% at 2000 °C
through HT-TGA suggested few unzipping or dissociation of
the walls. This assumption can be confirmed through HRTEM
image analysis showing specific wall damage at 2000 °C, as
shown in Figure 10a. For 2000 °C (HT-BNNT 2000), a
negligible increment in the atomic level of elemental boron was
seen through EDS, as discussed before, explaining that very few
walls dissociated at 2000 °C. From various TEM images at
different magnifications, ∼30−35 tubes were closely examined,
out of which 2−3 nanotubes were observed to have outer wall
damage, explaining that the outer walls of about <10% of
nanotubes were affected due to heat testing at 2000 °C. During
the synthesis process, there is a chance of having damaged wall
tubes in the as-produced BNNTs. However, the TEM analysis
on neat samples did not capture any suspicion of such
damaged tubes. In addition, such tubes with pre-existing
damaged walls or defects are more likely to dissociate earlier
when exposed to heat. Suspected existence of survived
damaged tube walls in the heat-treated sample at 2000 °C
during TEM analysis suggests that the tubes are more likely
damaged during the heat treatment. By showing the survival of
highly crystalline tubular structure (Figure 10b) and minimal
wall damage (Figure 10a) for HT-BNNT 2000, TEM image
analysis entirely agrees with the previously observed results
through HT-TGA, OX-TGA, EDS, and FTIR. At 2200 °C,
many amorphous boron clusters are seen through TEM
(Figure 10c,d). These additional amorphous boron clusters,
also captured through all previous analyses, suggest the

dissociation of BNNTs in abundant amounts. Color darkening,
a weight loss of ∼43.5% and an increased boron atomic level
upon furnace heating, significant weight gain upon oxidation,
presence of boron oxide compounds in an oxidized sample,
and observation of boron clusters at the nanoscale together
reveal that BNNTs did not entirely survive 2200 °C
temperature exposure.

■ SUMMARY AND CONCLUSIONS
Here, we presented the first study investigating the extreme
temperature thermal behavior and degradation mechanisms of
BNNTs in an inert environment. Through heat testing and
subsequent characterization, it was found that BNNTs remain
wholly stable at temperatures up to 1800 °C. HRTEM
confirmed excellent wall retention and crystallinity with
insignificant weight loss observed through HT-TGA; also, no
evidence of elemental boron was found during oxidation
characterization. After heat testing at 2000 °C, EDS and FTIR
analyses did not show any indications of the presence of
elemental boron; however, the sample lost 12.5% weight
during HT-TGA at 2000 °C. This indicates the possibility of
partial wall damage and unzipping of walls, which was
confirmed through HRTEM imaging.

At 2200 °C, a large fraction of BNNTs survived, but a
significant fraction was also lost to dissociation of the BN
bond, indicated by a weight loss of ∼43.5%. The increase in
boron captured through EDS matched the loss in nitrogen and
is compelling evidence for the dissociation of the stoichio-
metrically equal BN bond. Furthermore, significant boron
oxide peaks in oxidized samples found through FTIR analysis
confirmed the formation of elemental boron during heat
testing at 2200 °C. At 2500 °C, BNNTs did not survive in
tubular form and completely dissociated into amorphous
boron and nitrogen gas.

The heat-tested h-BN samples, on the other hand, showed a
far more consistent composition throughout a wider temper-
ature range. As the testing temperature rises, the level of boron
content and weight loss in the sample increases slowly and

Figure 9. HRTEM images of (a,b) neat/untested BNNTs and (c,d)
heat-tested BNNTs at 1800 °C. All the images are at the same
magnification, with the scale bar shown at the bottom of the image.

Figure 10. HRTEM images of (a,b) heat-tested BNNT at 2000 °C
showing few walls damaged in a red circle marked by yellow arrows
and (c−e) heat-tested BNNT at 2200 °C. All the images are at the
same magnification, with the scale bar shown at the bottom of the
image.
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gradually. The h-BN’s many-layered nature likely contributes
to its stability. The h-BN platelets can still survive after
dissociating a few outer layers as h-BN typically has more
layers than the number of walls in multi-walled BNNTs. In
comparison, the failure of just a few BN bonds in a few-walled
BNNT may induce unzipping, exposing monolayers of BN to
the heat, rapidly accelerating the degradation of the tube. An
interesting area for further study will be to investigate whether
certain regions of an individual HTP BNNT are more resistant
to heat than others. In the HTP method, an individual tube
forms under time-varying thermodynamic conditions. It is
likely that the one end of a BNNT may have fewer defects than
the other and hence be more stable, suggesting that inert gas
testing might be used as a method of purification by weeding
out the more defective sections of the tubes first.

The evidence of BNNT stability in inert environments
should encourage the incorporation of BNNTs into new
matrices with harsh processing conditions. The sintering
process of ceramics is extremely harsh and has limited the
use of filler materials. With high thermal conductivity, excellent
mechanical properties, and thermal stability at extreme
temperatures, BNNTs could be of great benefit for ceramic
matrix composites along with polymer and metal matrix
composites. This novel, fundamental study of decomposition
at extreme temperature is a basis for BNNT nanocomposite
research and future harsh environment applications.
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