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The thermal conductivity of bulk, self-supporting boron
nitride nanotube (BNNT) sheets composed of nominally
100% BNNTs oriented randomly in-plane was measured
by a steady-state, parallel thermal conductance method.
The sheets were either collected directly during synthesis
or produced by dispersion and filtration. Differences between the effective thermal conductivities of filtrationproduced BNNT buckypaper (~1.5 W m-1 K-1) and lower-density as-synthesized sheets (~0.75 W m-1 K-1),
which are both porous materials, were primarily due to
their density. The measured results indicate similar thermal conductivity, in the range of 7 to 12 W m-1 K-1, for
the BNNT network in these sheets. High BNNT-content
composites (~30 wt.% BNNTs) produced by epoxy impregnation of the porous BNNT network gave 2 to 3 W
m-1 K-1, more than 10 the baseline epoxy. The combination of manufacturability, thermal conductivity, and electrical insulation offers exciting potential for electrically
insulating, thermally conductive coatings and packaging.

Thermal conductivity of free-standing BNNT buckypaper,
buckyaper composites, and related materials at room
temperature

Copyright line will be provided by the publisher

1 Introduction Boron nitride nanotubes (BNNTs) are
structurally analogous to carbon nanotubes (CNTs) and
share some similarly exceptional properties, including high
strength and stiffness, low density, and good thermal conductivity, but also offer a different set of multifunctional
advantages that include electrical insulation, higher tem-

perature stability, piezoelectricity and high neutron absorption [1,2]. BNNTs, while first reported soon after CNTs [3],
have received far less attention due to more challenging
synthesis and consequently limited supply. Recent works
[4,5] are addressing this limitation and, with the availability of new commercial BNNTs [6,7], there are increased
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opportunities to study and exploit the properties of BNNTs.
The combination of electrical insulation and thermal conductivity is one case where BNNTs offer a clear advantage
for application to thermal interface materials and electrically insulating substrates/ packaging materials [8-10] or heat
transfer fluids [11].
The thermal conductivity (κ) of individual, highquality CNTs is known to be high (> 3000 W m-1 K-1 at
300 K [12]), and has now been studied with a variety of
CNT samples and measurement methods [13]. In contrast,
there are few experimental measurements for BNNTs. A
through-thickness thermal conductivity of 0.96 W m-1 K-1
was reported for a pellet of BNNTs compressed under
pressure [ 14 ], and a comparable value (~ 2 W m-1 K1
)measured on BNNT bundles led to a prediction of high
κBNNT [15]. A value of ~325 W m-1 K-1 measured on isotopically enriched 11B multi-walled BNNTs was equal to
that of similar diameter CNTs, while a natural abundance
(10B/11B) BNNT gave ~ 200 W m-1 K-1 [16]. This result is
consistent with a reduction in the phonon mean free path
due to isotope scattering. Based on a higher specific heat
capacity for BNNT it was suggested that BNNTs could
have higher κ than CNTs [17], which could be realized in
isotopically pure BNNTs. In any case, the experimental
work to date shows that BNNTs, like CNTs, are good
thermal conductors. Therefore, for BNNT-filled composites or macroscopic BNNT assemblies (e.g., yarns, sheets,
films, arrays) κ could be expected to be similar to related
CNT materials, which cover a wide range from high values
comparable to metals to aerogel-like, low values [13,18].
For paper-thick, non-woven sheets of CNTs, often called
buckypaper, the measured thermal conductivities are generally modest and in the range of 1 to 10 W m-1 K-1 at room
temperature [18]. This is attributed to factors including
nanotube quality, bundling, and tube-tube contact resistance [18]. Simulations have shown the combination of
CNT length and κCNT can explain a wide range of measured values for buckypaper sheets [19].
There are only a few reports of BNNT assemblies including films and arrays composed of nominally 100%
BNNTs (e.g., refs [20-22]) and, aside from BNNT bundles
[15], thermal conductivity of free-standing BNNT assemblies has not been reported in the literature. Here we report
the thermal conductivity of BNNT sheets deposited directly during synthesis, denoted as “as-synthesized” (AS)
sheets, and of higher-density BNNT “buckypaper” (BP)
sheets produced by vacuum filtration, as well as polymer
composites produced by epoxy-impregnation of preformed
buckypaper. The thermal conductivities, the first reported
for large-scale BNNT assemblies, are comparable to those
reported for CNT buckypapers despite the possibility of
lower κ of BNNTs produced from non-isotopically enriched boron. While lower than reports for higher-density,
aligned CNT assemblies [23-26] and metals, the thermal
conductivities are at least 10 higher than typical insulating polymers. Nanotube sheets also offer advantages in
Copyright line will be provided by the publisher

terms of form factor, manufacturability and integration into
composites. These features, along with the present thermal
conductivity results, indicate the potential of BNNT
buckypapers for applications as an electronic packaging
material or heat-dissipating substrates.
2 Experimental Methods BNNTs were synthesized
from hexagonal boron nitride powder (hBN, MK-hBNN70 from MK Impex Corp) fed into a Tekna PS-50 induction plasma torch (Tekna Plasma Systems Inc.). As described elsewhere in greater detail [4], hydrogen is incorporated into the process gas mixture (Ar, N2, H2) and its
presence results in formation of B-N-H intermediate species that provide a more efficient source of nitrogen than a
direct N2 + B reaction. The features of the process (i.e.,
high temperature, high cooling rate and gas composition)
led to the growth of small diameter (~ 5 nm), highly crystalline BNNTs at high yield (> 20 g h-1) [4]. Several morphologies (sheets, fibrous, aerogel) deposit in the reactor
and as-synthesized BNNT sheets (AS sheets, Figure 1a,d)
were collected directly. A continuous layer with no obvious delamination was peeled off and cut into strips for
characterization. SEM imaging (Figure 1d) shows a lowdensity network consisting primarily of high-aspect ratio
particles along with impurities, which include amorphous
boron and hBN [4]. The purity of the as-synthesized material is estimated to be over 50% BNNTs based on thermogravimetric analysis and imaging and the density of the AS
sheets was approximately 0.15 g cm-3. Higher-density
BNNT buckypapers (BP sheets, Figure 1b,e) of approximately 0.3 g cm-3 were produced from solvent dispersions
of purified BNNTs by vacuum filtration. Purification consisted of a series of thermal and solvent treatments prior to
production of the BP sheet [4,27]. These BNNT BP sheets
wet readily with low viscosity epoxy resin, which enabled
production of high-loading BNNT BP-epoxy composites
[27]. This approach, involving wetting the BP sheet with
pre-heated epoxy resin/hardener (Araldite MY0510 epoxy
with 4-4’ DDS hardener at the recommended mixing ratio
of 49 parts per hundred resin) followed by curing at elevated temperature under compression, was employed to produce a BNNT BP-epoxy composite sheet containing ~30
wt.% BNNTs oriented randomly in the plane of the sample
(Figure 1c,f).
Thermal conductivities of the BNNT sheets were
measured using the parallel thermal conductance (PTC)
method [28], which has been applied previously to characterize CNT sheets and yarns [23,24,29]. This steady-state
method is ideal for nanotube sheet samples because they
cannot support thermometers or heaters as required by
some conventional methods. A low-κ support carries heat
in parallel to the sample and the background thermal conductance is accurately measured and subtracted. BNNT
sheets were cut into 3×12×t mm3 strips, where t is the
thickness, and attached to the measurement platform using
silver paint (DuPont 4929 N).
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Figure 1. BNNT sheet materials. (a) AS sheet collected directly
from the synthesis; (b) BP sheet produced by vacuum filtration;
(c) BP-epoxy sheet; and (d-f) SEM images of the AS, BP, and
BP-epoxy sheets, respectively (scale bars = 1 μm).

3

produced BP sheets. For comparison between the two sheet
types and literature results for other nanotube materials, it
is important to note the measured thicknesses are for porous materials where the densities differ and in both cases
are significantly lower than the density of an individual
BNNT. Therefore, the results obtained are effective thermal
conductivities determined by both the BNNT network and
the porosity of the sheets and only a fraction of the crosssectional area of the sheet is actually contributing to heat
conduction. The thermal conductivity of the BNNT network can be estimated by considering this measured κ and
the ratio of the density of hBN (2.1 g cm-3) to the density
of the bulk BNNT sheets determined from their mass and
external dimensions. Table 1 summarizes the thermal conductivities for multiple samples of each sheet and, when
scaled by this density ratio, the AS sheets (~ 7 to 11 W m-1
K-1 on average) and BP sheets (~ 9 to 12 W m-1 K-1 on average) fall in a similar range in terms of the thermal conductivity of the BNNT networks. The BNNT sheets still
show much lower κ than individual BNNTs [15], but the
values compare well with previous measurements of related BNNT [15] and CNT materials [18].

The custom measurement platform (Figure 2a) was
mounted on a standard resistivity measurement puck of a
physical properties measurement system (PPMS, Quantum
Design), which simplified connection of the heater and
thermocouple within the cryogenic and vacuum chamber
of the PPMS. The accuracy of this PTC measurement platform has been verified against known materials including
alumel and nichrome (κ accurate within 10%) and Pyrex
(κ accurate within 5%). The thickness of the BNNT sheet
materials was determined by optical microscopy at several
points along the sample (e.g., Figure 2b). Measurements of
thermal conductance were performed under vacuum (<10 -4
Torr) within the temperature range 50 K to 325 K. Three
measurements (Figure 2a) are required to calculate thermal
conductance for each sample: a total thermal conductance
measurement, a radiation measurement, and a background
measurement [28]. The sample conductance is typically a
small contribution, ~20% of the background at 300 K.
3 Results & Discussion The thermal conductivities
for AS and BP sheets from 50 to 325 K are shown in Figure 3. The sheets show similar temperature dependence to
each other, and to CNT assemblies [23,24], but with higher
κ for the higher density BP sheets. The major contribution
to uncertainty comes from the sample thicknesses. In particular, the greater variability observed in the results for the
AS sheets is attributed to higher uncertainty in their thickness and hence density, which was estimated from the
mass and dimensions of a 10 cm x 10 cm AS sheet, as the
thickness of these sheets varies more than for filtration-

Figure 2. (a) BNNT BP sheet mounted across the PTC
sample stage (radiation shield cap not shown). The long,
narrow supports for the hot platform, which supports a resistance heater and one end of the sample are designed to
minimize background thermal conductance. (b) Measurement of BNNT sheet thickness by optical microscopy
(cross-sectional view).
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lignment [18], and the relative merits of BP compared to
AS sheets in this regard are less obvious. For example the
SEM imaging (Figure 1) indicates smaller bundle sizes in
the AS sheet and dispersion steps involving sonication required to produce the BP sheet can shorten nanotubes, both
of which are known to reduce thermal conductivity of analagous CNT sheets [18].
Table 1. κ of BNNT sheet samples measured at T = 300K and
κBNNT network, the thermal conductivity of the BNNT network.
κ (W m-1 K-1)

κBNNT network* (W m-1
K-1)

AS Sheet 1a
b
c

0.50 ± 0.04
0.80 ± 0.11
0.65 ± 0.12

7.0 ± 1.5
11.2 ± 3.0
9.1 ± 2.9

AS Sheet 2a
b
c

0.49 ± 0.05
0.72 ± 0.07
0.52 ± 0.04

6.7 ± 1.5
10.1 ± 2.3
7.3 ± 1.5

BP sheet 1a
b

1.67 ± 0.31
1.49 ± 0.23

11.7 ± 2.8
10.4 ± 2.1

BP sheet 2a
b
c

1.34 ± 0.19
1.41 ± 0.19
1.59 ± 0.22

9.4 ± 1.8
9.9 ± 1.8
11.1 ± 2.1

Sample

*Scaled result considering the ratio of the apparent cross-sectional area of
the macroscopic sample and the area involved in heat conduction. Scaling
is a simple multiplication by the ratio of the density of hBN (2.1 g/cc) to
the average density of the sheets, which assumes all heat is carried by the
nanotube network.

Figure 3. (a) Contributions to the thermal conductance, K, for
BNNT BP, where Ktot (●), Kback (▲), Ksample (■), and Krad (♦) are,
respectively, the conductance due to the total assembly, the background, the sample, and radiation. (b) κ as a function of temperature of a AS (■) and BP (●) BNNT sheets.

The similarity of the scaled results indicates that the
thermal conductivity of the BNNT network is similar in
both the AS and BP sheets. The individual BNNT thermal
conductivity, κBNNT, is expected to be similar in both cases,
as the BNNTs came from the same production process, and
the higher average value for the BP sheet is likely influenced by its higher purity. The BP sheets were produced
from a purified BNNT sample. However, the thermal conductivity of nanotube networks is also known to be reduced by tube-tube contact resistance, bundling and misa-
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While much lower than for individual BNNTs, the present thermal conductivity values are much higher than
achieved with typical polymers (~0.15 to 0.3 W m-1 K-1)
and also higher than nanotube-polymer composites with
dispersed nanotubes [18,30]. The combination of the modest thermal conductivity of BNNT sheets with their very
high electrical resistivity and thermal stability, as well as
high dielectric constant and breakdown strength, offers a
potentially advantageous set of properties for electronics
packaging materials or substrates. As a representative of
such a composite, an epoxy-impregnated BNNT buckypaper also was characterized using the PTC thermal conductivity measurement method at room temperature. Figure 4
reports the thermal conductivity of similar pristine and
epoxy-impregnated BP sheets, along with comparison to
literature reports. Two samples were measured, to assess
both measurement uncertainty and variation attributable to
the sample preparation; the results were values of 2.9 ± 0.3
W m-1 K-1 and 2.2 ± 0.15 W m-1 K-1. These BP-epoxy
composites contain ~ 30 wt% BNNTs based on the change
in mass after impregnation and thermogravimetric analysis
in air; the latter yields the residual mass of BNNTs left after oxidation of the polymer. The measured thermal conductivity is larger than that for the dry BP sheet, but lower
than that for the BNNT network and compares well with a
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rule of mixtures estimate considering the BP-epoxy sample
as a composite consisting of 30% BNNT network and 70%
epoxy. As illustrated graphically, the thermal conductivity
of the epoxy impregnated sheets is more than 10 times that
of the neat epoxy (0.2 W m-1 K-1). The thermal conductivity of BNNT buckypaper has not been previously reported
but this level of increase relative to epoxy is similar to a
previous report by Zhi et al. [8], where supported BNNT
mats were infiltrated with a series of polymers (PVB, PS,
PMMA, PEVA) to achieve 18 to 37 wt% BNNTs and
measured thermal conductivities of 1.8 to 3.6 W m-1 K-1.
Similarly prepared BN nanoplatlet composites were reported to have lower thermal conductivity (under 1.5 W m1
K-1) at 30 wt% BN, but values as high as 5.2 W m-1 K-1
were reported with BN content of 70 wt% [31].
These report and the present work show significantly
higher values than reported for BNNTs dispersed into a
polymer matrix [9,10,32 ,33 ]. The improved breakdown
strength and reduced coefficient of thermal expansion, also
reported by Zhi et al. [8], illustrates additional multifunctional improvements obtained with electrically insulating,
thermally conductive BNNT-polymer composites.

5

sheet could be attributed to higher BNNT purity, as these
sheets were produced from purified BNNTs, and differences in the network morphology (e.g., bundle size, contacts, alignment), although it is not obvious the latter are
more favourable for the BP sheet. While the thermal conductivities are much lower than for individual BNNTs, the
results for both pure and epoxy-impregnated BNNT sheets
are much higher than for insulating polymers. The measured room-temperature thermal conductivity for the high
BNNT-content composites (~30 wt% BNNTs) is improved
10-fold relative to the epoxy. The combination of the manufacturability of BNNT buckypaper with its thermal conductivity, electrical insulation, and other functional properties of BNNTs offers exciting potential for electrically insulating, thermally conductive coatings and packaging.
This work also provides a first determination of the thermal conductivity of free-standing BNNT sheets produced
at the bulk scale and we anticipate that further development of macroscopic BNNT assemblies, including improved purification, increased density and aligned versions
(sheets and fibers), will lead to high thermal conductivity
values as seen for comparable CNT materials.
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