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ABSTRACT: This article describes the synthesis of nanocomposites for the fabrication of printable ﬁlaments of interest
for additive manufacturing. Boron nitride nanotubes (BNNTs)
stand out from several nanoﬁllers for the improvement of heat
dissipation from polycaprolactone (PCL) nanocomposites. At 30
wt % BNNT content, a 4-fold increase of the heat conductivity was
measured compared to pristine PCL. However, such loadings alter
the rheological properties in the molten state, rendering the
nanocomposite unprocessable by fused ﬁlament fabrication (FFF)
printers. At lower loading (i.e., 10 wt %), a trade-oﬀ was achieved, allowing improved heat dissipation performance and easy
processability. This was exempliﬁed through a 3D printed radiator as a proof of concept. The approach described herein could
enable the development of high performance heat dissipation ﬁlaments for FFF fabrication processes.
KEYWORDS: boron nitride nanotubes, nanocomposites, thermal conductivity, viscosity, 3D printing, fused ﬁlament fabrication
electronic devices or in plastic battery casings.17−19 In these
cases, the interest in additive manufacturing is growing
steadily, in particular for the fabrication of on-demand speciﬁc
shapes. The use of heat sinks has become essential for such
applications in protecting the active components or systems
from failure. In particular, enhanced heat dissipation is
desirable in areas close to electrically active devices, such as
batteries or electronics. In such cases, utilization of a heat sink
with electrically insulating properties can prevent undesired
eﬀects originating from uncontrolled dispersion of charges
such as short-circuit current or electrostatic discharge. The
possibility to deposit heat sink or/and to fabricate radiators on
localized spots, possibly on complex 3D-shaped surfaces, is a
challenge for which 3D printing appears promising. To achieve
this goal, there is a market need to reach high thermal
conductivity coupled with electrically insulation, with easily
processable ﬁlaments. In this report, we show that the
properties of a simple and low-cost matrix made of
polycaprolactone (PCL) can be signiﬁcantly improved by the
loading of nanoﬁllers. PCL was used as the polymer matrix
because it oﬀers signiﬁcant advantages such as a low melting
point (57−65 °C) which gives access to a low printing
temperature, a good resistance to water and lipophilic

1. INTRODUCTION
Additive manufacturing has become a powerful tool to
fabricate objects on-demand with speciﬁc architectures and
chemical compositions. It is seen as a highly ﬂexible technology
with potential in various ﬁelds such as healthcare,1 batteries,2
automotive,3 and aerospace,4 to name but a few. Many
diﬀerent families of materials can be processed, often at
diﬀerent scales by additive manufacturing, including ceramics,5
metals,6 cements,7 biomaterials,8 and so forth. One of the most
widespread additive manufacturing technologies is fused
deposition modeling, also known as fused ﬁlament fabrication
(FFF). It is based on the use of thermoplastic-based ﬁlaments,
which are heated to their melting points and then extruded,
layer by layer, joining layers of materials to build a 3D object
from a surface.9 Most of the materials currently in use are
made of pristine thermoplastics or composites. Although the
development of new materials with improved properties is an
active ﬁeld of research, only a rather moderate number of
ﬁlaments with speciﬁc properties are commercially available.9−11 From an application point of view, high performance
materials for electrical and thermal conduction (or insulation)
are still needed. Signiﬁcant progress has been achieved for the
fabrication of conductive printable ﬁlaments, in particular by
the use of metallic nanowires as ﬁllers.12,13 Concerning thermal
conduction, nanocomposites have shown improved properties
but very few of them have been developed for additive
manufacturing.14−16 This can be ascribed to the fact that the
ﬁlament material not only be the desired thermal characteristics but also be printable. Applications for such ﬁlament
materials include thermal management in plastic substrates for
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Scheme 1. Fabrication Process for the Nanocomposites

for pristine PCL were the following: substrate at 25 °C, 0.5 mm
printing nozzle at 140 °C, printing speed of 15 mm·s−1, and layer
height of 0.25 mm. A poly(ether imide) (PEI) substrate was used to
avoid warping. The optimized parameters for the 10 wt % BNNT
nanocomposite were the following: substrate at 25 °C, 0.8 mm
printing nozzle at 250 °C, printing speed of 15 mm·s−1, and layer
height of 0.4 mm.
2.3. Characterizations. Density was measured in a 1 cm3 cell
with a He gas displacement pycnometry system Accupyc II 1340 from
Micromeritics, and the average value was calculated from 50
measurements. Speciﬁc heat capacity was obtained by a C80 Calvet
calorimeter from Setaram Instrumentation. Two measurements were
carried out for each material. After a 60 min plateau at 20 °C, the
ramp-up temperature was set to 0.1 °C·min−1 up to 60 °C, and the
sample was then maintained at 60 °C for 60 min. Electron microscopy
images were obtained from a LEO 1530 scanning electron microscope
from Zeiss. Thermal diﬀusivity was measured using a LFA 447
Nanoﬂash from Netzsch. The measurements were performed on disks
(12.7 mm diameter, 1.5 mm thickness) obtained by a hydraulic press
with heating plates. Each material was analyzed with three diﬀerent
samples, each measured ﬁve times. Thermogravimetric analysis
(TGA) was performed on a TG92 analyzer from Setaram
Instrumentation. Two measurements were carried out for each
material. A heating rate of 5 °C/min up to 600 °C was applied under
air atmosphere. Diﬀerential scanning calorimetry (DSC) measurements were completed using a LFA 401 apparatus from Netzsch, at a
heating rate of 5 °C/min and cooling rate of 15 °C/min under He
atmosphere. First, the sample was heated from −90 to 100 °C and
was held for 5 min to remove thermal history of the sample. Second, a
ramp from 100 °C to −90 °C with a 5 min plateau was realized.
Finally, a second ramp-up was performed from −90 to 100 °C to
obtain the melting curve. Glass temperature (Tg) and melting
temperature (Tm) were extracted from the second ramp-up curve, and
the crystallinity of the sample was calculated according to eq 1:

chemicals, and a long-term mechanical stability.21 It is also a
biodegradable polyester, and it is not prone to warping eﬀects
under adequate processing parameters. So as to limit the
number of variables during this study, only one molecular
weight (Mn = 80 000 g·mol−1) of the polymer was used.
Another reason for choosing PCL relies on its ability to
dissolve steadily in dichloromethane (DCM), allowing a
straightforward process for the fabrication of the nanocomposites.
The main point of this study is the demonstration that
through ﬁne choice of nanoﬁllers it is possible to improve the
thermal conductivity of the composite while keeping the
electrical conductivity at a very low level. We show that beyond
the chemical nature of the nanoﬁllers, the form factor plays a
crucial role as shown by the use of allotropes of hexagonal
boron nitride nanoparticles with 1D and 2D dimensionalities.
In addition, we also demonstrate that the intrinsic thermal
properties of the nanocomposites are not the only point to be
taken into consideration when selecting a material for 3D
printing fabrication because the viscosity is drastically modiﬁed
with the incorporation of the nanoﬁllers. Thus, an optimal
trade-oﬀ should be determined between the thermal properties
and the processability. To our knowledge, this is the ﬁrst study
dealing with the use of boron nitride nanotubes (BNNTs) as
nanoﬁllers for the fabrication of 3D processable nanocomposites. The results appear very appealing for the
development of new materials printable by the FFF
technology, with both enhanced thermal conductivity and
electrical insulating properties.

2. EXPERIMENTAL SECTION
2.1. Materials. PCL Mw ∼ 80 000 g·mol−1 and dichloromethane
were purchased from Aldrich. AlN (purity 99.5%, 65−75 nm), SiC
(purity 99%, 40−60 nm), and h-BN (purity 99.8%, 70−80 nm) were
purchased from US Research Nano. BNNTs were purchased from
BNNano as Nanobarbs (purity 90%, diameter 60 nm/length 20 μm).
2.2. Fabrication of Filaments and Printing Parameters.
Filaments were fabricated by a Filament Maker Precision Series from
3DEVO, which consists of a single screw extruder with four
temperature controllers and two pullers regulated by an optical
detector. The optimized parameters for pure PCL and the 10 wt %
BNNT nanocomposite were the following: temperature screw proﬁle
from feeder to nozzle of 65 °C−95 °C−95 °C−88 °C, speed screw
rotation of 2.5 rpm, and ﬁlament diameter requirement of 1.75 ± 0.10
mm.
Preliminary printing experiments were performed on a Prusa MK3
printer (Prusa Research), and the radiators were 3D printed using a
3D-FFF HYDRA 430 from HYREL 3D. The optimized parameters

χ=

ΔHm
× 100
ΔHm∞

(1)

where χ is the polymer crystallinity (%), ΔHm is the melting enthalpy
of the sample (J/g), and ΔH∞
m is the melting enthalpy of pure single
crystal of PCL (J/g) selected as 135 J·g−1.20 Rheological measurements were performed with a Bohlin Gemini 2 from Malvern
Instruments in oscillation mode with a parallel plate conﬁguration
(plate diameter = 20 mm). Samples (discs of 25 mm diameter and 1
mm thickness) were molded with a hydraulic press with heating plates
directly from pellets. Sheet resistances (Rs) were measured at room
temperature with a Hiresta-UX MCP-HT800 resistivimeter.

3. RESULTS AND DISCUSSION
The ﬁrst step of this study was focused on benchmarking
various electrically insulating nanomaterials, all selected for
their high thermal conductivity. The chosen nanoparticles were
4775
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rising interest.24−26 This one-dimensional nanospecies appears
as a promising candidate for several reasons. First, its chemical
nature is hexagonal boron nitride, known for the combination
of high thermal conductivity and electrical insulation properties coming from the large band gap, which is radius and
helicity independent.27 Second, the large form factor, deﬁned
as the length over diameter ratio, is particularly interesting in
our targeted application. Indeed, according to stick percolation
theory, such materials are very prone to create a percolative 3D
network within matrixes.28,29 We thus resumed the study by
using BNNTs as a nanoﬁller.
3.3. BNNT-Based Nanocomposites. Matrixes made of
PCL and BNNTs as nanoﬁllers were prepared according to the
same protocol, and diﬀerent loadings were realized. The
composites were named PCL−BNNTXX, XX being the weight
percentage of the nanoﬁller (e.g., PCL−BNNT10 is a PCL
matrix containing 10 wt % of BNNTs). The thermal
conductivity as a function of the nanoﬁller loading is plotted
in Figure 1. It clearly highlights a breakthrough compared to
previously studied nanomaterials, in particular with the h-BN
nanoparticles, which are similar from the chemical nature point
of view. The improvement of thermal conductivity is striking,
with for instance a gain of 415% compared to pure PCL at 30
wt %, with a measured value of 0.79 W·m−1·K−1. Although a 30
wt % loading of BNNTs is consistent with similar studies using
Cu nanoparticles,30 graphite ﬂakes,31 or ceramic−BNNT
nanocomposites,32 it may appear rather high regarding the
current price of BNNTs. However, their fabrication cost is
expected to decrease shortly regarding both the fast growing
demand and the development of cost-eﬃcient processes.33
Having in hand a promising nanocomposite, we ﬁrst
performed a set of characterizations for a better understanding
of the thermal properties. The thermal degradation of the two
raw materials (BNNTs and PCL) and a nanocomposite was
explored by TGA, and the results are plotted in Figure 2.
No weight loss was measured for pristine BNNTs up to 600
°C, which is in agreement with other reports.34,35 Complete
degradation of PCL was observed between 520 °C and 530 °C.
As expected, the residual mass content at high temperature of
PCL−BNNT10 is consistent with the introduced amount of
BNNTs, i.e., 10 wt %. Onset temperatures of degradation
(Tonset), set at 5% weight loss, were measured at 340 °C for
both pure PCL and PCL−BNNT10. Two degradation
temperature peaks (Tdeg) were observed for both pure PCL
and the nanocomposite. These peaks can be ascribed to a twostep degradation process implying ﬁrst a statistical rupture of
the polyester chains via ester pyrolysis reaction, and second the
formation of ε-caprolactone (the monomeric species) coming
from an unzipping depolymerization process.36 Tdeg1 occurs at
385 °C and 395 °C for PCL and PCL−BNNT10, respectively,
whereas Tdeg2 is measured at 515 °C for both materials. The
slight increase of thermal stability for the nanocomposite is
consistent with other recent studies on BNNT-based
composites.32,37,38 Complementary data on thermal properties
were obtained by DSC experiments (Figure S1). It was found
that the integration of BNNTs into the PCL matrix does not
alter signiﬁcantly the transition phases because both glass
transition and melting temperatures are very close for pure
PCL and PCL−BNNT10 (Table S2). Although ﬁllers may
generally have a strong impact on the crystallinity of
composites, in this case no signiﬁcant alteration was measured,
likewise the recently reported polyacrylonitrile−BNNT nanocomposites.39 The temperature is also a key element for the

silicon carbide (SiC), aluminum nitride (AlN), and hexagonal
boron nitride (h-BN), the latter being also introduced in the
form of nanotubes (BNNTs). Although it is possible to extract
some values from the literature for these nanomaterials, a
signiﬁcant discrepancy of the thermal properties ﬁgures was
detected. Thus, we ﬁrst chose to measure their densities and
speciﬁc heat capacities with the same analytical systems under
identical protocols. These data are presented in Table S1.
3.1. Fabrication of Nanocomposites. The nanocomposites were prepared according to the process presented in
Scheme 1. After dissolution of the PCL in DCM, the
nanomaterials were dispersed under vigorous agitation. After
evaporation of DCM, the matrix was passed through a
shredder and the resulting pellets were used for the fabrication
of ﬁlaments and further characterization.
3.2. Characterization of the Nanocomposites. The
thermal conductivity of the nanocomposites can be obtained
through a set of measurements. Indeed the thermal
conductivity can be calculated according to eq 2:
λ = α × ρ × Cp

(2)
−1

Article

−1

where λ is the thermal conductivity (W·m ·K ), α is the
thermal diﬀusivity (m2·s−1), ρ the density (kg·m−3), and Cp
the speciﬁc heat capacity (J·kg−1·K−1).
First, the intrinsic thermal conductivity of PCL was
measured at 0.19 W·m−1·K−1 which is perfectly consistent
with reported values.22,23 The thermal conductivity values of
the nanocomposites were measured at various loadings from 0
to 30 wt %. The results are plotted in Figure 1. Filler loadings

Figure 1. Thermal conductivity values as a function of the loadings in
a PCL matrix for four diﬀerent nanoﬁllers: AlN (green), SiC (purple),
h-BN (blue), and BNNTs (red).

below 5 wt % do not lead to signiﬁcant improvement of the
performance whatever the chemical nature of the nanoparticles. A more visible eﬀect appears at higher contents,
typically around 10 wt % (which corresponds to about 5% as a
volumetric content). Among the nanomaterials without any
speciﬁc form factor, the most eﬃcient one was h-BN
nanoﬁllers. The thermal conductivity was more than doubled
(+120% increase) at 30 wt % content, whereas enhancements
of 74% and 70% were measured for AlN and SiC nanoﬁllers,
respectively, with a similar ratio. This prompted us to look at
other existing nanoparticles made of h-BN. Nanotubes of h-BN
(BNNTs) have recently emerged as nano-objects of a fast
4776
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Figure 2. Thermogravimetric analysis in air of pure PCL, BNNTs, and PCL−BNNT10 with (a) weight loss as a function of the temperature and
(b) weight loss derivative as a function of the temperature.

Figure 3. Variation of the complex viscosity (black) and the elastic G′ (blue) and loss G″ (orange) moduli at 140 °C and 1% strain for (a) pure
PCL, (b) PCL−BNNT10, and (c) PCL−BNNT30. (d) Loss factor (tan δ) as a function of the angular frequency for pure PCL (black), PCL−
BNNT10 (red), and PCL−BNNT30 (green).

rheological properties. This is also clearly noticeable from the
loss factor curves presented in Figure 3d. The tan δ (loss
factor) value describes the ratio of the two portions of the
viscoelastic behavior; thus, when tan δ is equal to 1, the viscous
and elastic behaviors are balanced, and it is the transition point
from liquid to solid behavior. At high content (30 wt %), the
composite shows a viscoelastic solid behavior in the entire
experimental frequency range (tan δ < 1). The complex
viscosity values measured at ω = 0.1 rad·s−1 were 5.89 × 103,
5.68 × 104, and 1.71 × 107 Pa·s for PCL, PCL−BNNT10, and
PCL−BNNT30, respectively. Thus, the addition of 30 wt % of
BNNTs into the PCL matrix leads to an increase of the
complex viscosity by a factor 2900 compared to pure PCL,
rendering the nanocomposite hardly processable by FFF. A
lower viscosity alteration is observed in the presence of 15 wt
% of h-BN compared to PCL−BNNT10 (Figure S2). This
signiﬁcant change measured for the BNNT allotrope certainly
originates from the dimensionality of the nanoparticles as

nanocomposites’ viscosity. Indeed, a potential annoying feature
could be the change in viscosity because the ﬂow resistance of
the melted ﬁlament has to be compatible with the 3D printer
system. After performing dynamic amplitude sweep tests to
determine the linear viscoelastic region, dynamic frequency
sweep experiments were carried out from 1.0 × 10−1 to 6.3 ×
102 rad·s−1 with a constant strain rate of 1% in the linear
domain at a temperature of 140 °C. The complex viscosity
(η*), elastic modulus (G′), loss modulus (G″), and loss factor
(tan δ) data were recorded against the angular frequency for
three materials (BNNTs at 0, 10, and 30 wt % loadings). The
results are plotted in Figure 3.
The rheological behavior of pure PCL appears pseudoplastic, consistently with the literature.40 A drastic change for
all the above-mentioned parameters is observed upon the
introduction of BNNT nanoﬁllers. For instance, the Newtonian region is not observable for the PCL−BNNT30 down
to 10−1 rad·s−1 which is indicative of a severe alteration of the
4777
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Figure 4. (a) 3D view of the radiator from the STL ﬁle. (b) 3D-printed radiator (scale is in centimeters). (c) Temperature as a function of time for
the two printed radiators with pure PCL (blue squares) and PCL−BNNT10 nanocomposite (pink circles) ﬁlaments. (d) Visual evolution of the
cooling of two printed radiators coated with a thermochromic ink.

similarly observed for other nanocomposites,41 in particular
their carbon-based nanomaterials counterparts.42 Viscosity
alteration in nanocomposites is a well described phenomenon,
and loading of ﬁllers is known to often increase dramatically
the viscosity, notably for PCL.43,44 Though the PCL−
BNNT30 nanocomposite holds the best heat dissipation
ability, its too high viscosity prevents its use even at high
temperature for 3D printing due to ﬂow concerns. We found
that the best trade-oﬀ for the fabrication of 3D printable
ﬁlaments was with PCL−BNNT10, having thermal conductivity that is still 35% higher compared to pristine PCL,
and the viscosity compatible for most of the additive
manufacturing systems.45 We ascertained that the electrical
performances were not signiﬁcantly altered: surface conductivity values measured on both pure PCL and PCL−
BNNT10 were below the detection threshold of our
resistivimeter, i.e., 10−14 Ω·sq−1. As expected, the printable
nanocomposite demonstrates good heat dissipation performance associated with a very low electrical conductivity.
Furthermore, a large decrease of the BNNT content within
the matrix should be achievable for the fabrication of high
performance nanocomposites. Indeed, dispersion of BNNTs is
not fully optimized as evidenced by SEM images (Figure S3).
Bundles resulting from stabilizing interactions between the
BNNTs are formed, which reduces dispersion within the
matrix. Although SEM images show the presence of BNNTs
within the matrix, it is worth noting that no signiﬁcant
diﬀerence is observed between BNNT10 and BNNT30.
Unfortunately, SEM images do not provide clear insight into
the enhancement of the thermal conductivity (Figure S4).
Encouraging results through chemical functionalization of
BNNTs have recently been reported, in particular by Simard et
al.,34,37 and should open the way for greater scattering of the
nanoﬁllers in the composite, which should result in an
enhanced percolation and thus a higher thermal conductivity
at much lower loadings.
3.4. Proof of Concept of Thermal Dissipation
Enhancement for 3D Printed Objects. A proof of concept
was realized to show that a clear improvement of thermal
dissipation could be obtained by the BNNT-based nano-

composites. To obtain a simple and visually perceptible
demonstration of the performance, a radiator was produced
by 3D-printing. Filaments with a mean diameter of 1.75 mm
were fabricated by a common route based on melting of the 10
wt % BNNT nanocomposite, extruding, cooling, and winding
onto a spool. Two radiators were then 3D printed, using pure
PCL and PCL−BNNT10 ﬁlaments. Printing parameters are
detailed in Experimental Section, and pictures of the radiators
under diﬀerent angles are provided in Figure S5. They were
placed on glass substrates, and K-type thermocouples were
used to monitor the temperature. In addition, the printed
objects were covered with a thermochromic ink, a chemical
product that undergoes a color change at a speciﬁc switching
temperature (red ↔ white at 42 ± 2 °C). The radiators were
thermalized in an oven at 70 °C and then placed in ambient
atmosphere. The temperature was recorded as a function of
time, and pictures were taken periodically to visualize the
temperature-dependent color change (Figure 4). The temperature of the nanocomposite-based radiator decreased more
rapidly, which is indicative of its improved heat dissipation
capacity. This proof of concept shows that the use of BNNT
nanocomposites can lead to improved performance for FFFfabricated objects.

4. CONCLUSION
In summary, we report the use of boron nitride nanotubes as
promising nanoﬁllers for the fabrication of 3D printable
nanocomposites. This one-dimensional nanospecies demonstrates high potential for improving the heat conductivity of
nanocomposites while keeping the electrical conductivity at a
very low level. We show that the nanoﬁller content has also a
strong impact on the viscosity of the materials, and that a
trade-oﬀ is to be found for real application in FFF. We report a
proof of concept using PCL−BNNT10, showing signiﬁcant
improvement of heat dissipation when BNNT nanocomposites
are used for 3D printed radiators with regard to pristine PCL.
There is still room for improvement, in particular through
dispersion of the nanoﬁllers within the polymeric matrix.
Several approaches are currently ongoing and should allow to
decrease the content of BNNT by improving the percolative
4778
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3D network of nanotubes within the matrix. We think that this
approach could expand the materials portfolio for FFF additive
manufacturing and give access to printable low-cost electrically
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