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ABSTRACT 

Boron nitride nanotubes (BNNTs) are excellent one-dimensional hollow-structured nanomaterial 
similar to their CNTs counterparts in many aspects of their mechanical properties, but have differences 
in other aspects such as high thermal stability, transparency in visible light region and great neutron 
absorption. Unlike CNTs, BNNT-nanocomposites have few literatures due to the limited availability 
of BNNT-materials. In this work, the comparative studies of BNNT- and CNT-Epon828 composites 
were conducted in a bulk composite format by dispersing nanotubes in Epon 828 resin using acetone 
as a solvent with ultrasonication. After removal of solvent, the BNNT-Epon828 formulation was then 
mixed with curing agent by a planetary centrifugal mixer. The nanocomposites were fabricated as 
~200 µm thin films using a metal shim (200 µm in thickness) to control the film thickness between 
two pre-treated borosilicate glass plates. The effects of nanotube type, loading and surface 
modification on the mechanical performance of the nanocomposites were determined. BNNT-
Epon828 composites showed a better wettability, dispersity and consistently better fracture toughness 
than CNT-epoxy composites. In both CNT and BNNT cases, surface chemical modifications were 
clearly sensitive to the mechanical properties. In the case of OH-functionalized BNNT-Epon828 
composites, an optimum BNNT concentration about 2 wt% offered the best mechanical performance.   
 

1 INTRODUCTION 

Common industrial epoxy resins such as MY0510 and Epon 828 have been successfully utilized in a 
wide range of industrial applications over the past few decades and are fast reaching their optimal 
performance limits. In challenge of industrial demands for lightweight and stronger composite 
materials, a promising alteration is to further improve their mechanical performance, along with 
adding multifunctional features like electrical and/or thermal conductivity, and increased thermal 
stability by forming multifunctional and structural composites through reinforcement with nanofillers 
such as carbon nanotubes (CNTs) and boron nitride nanotubes (BNNTs). Both CNTs and BNNTs are 
about 100 times stronger than traditional steel but only 1/6

th
 by weight. CNTs have been intensively 

studied and shown to have superlative mechanical, thermal and electrical properties [1, 2]. Great effort 
to harness the properties of CNTs in composites has been made over the past two decades, showing 
interesting mechanical and conductivity improvements [3, 4]. Generally, the primary factors limiting 
the overall performance improvement is due to the strong van der Waals interactions between 
nanotubes, which promote bundling, and the lack of interfacial interactions limited load transfer 
between nanotubes and matrix. The issues can be mitigated through chemical surface modifications 
[5-8]. While BNNT nanocomposites present many of these same challenges, recent works have 
reported more favorable interaction between BNNTs and epoxides [9-12], including easier wetting 
[11] and stronger interfacial shear strength [12], suggesting that BNNTs may be advantageous for 
reinforcing epoxy.  
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In addition, CNTs are black in color and start to combust around 400 
o
C in air. BNNTs, however, 

offer contrasting multifunctional advantages to CNTs, such as considerably high thermal stability, 
wide band gap (~6 eV) being an electrical insulator, high neutron absorption capability and no 
absorption in the visible light region. In applications such as transparent armor composites, aircraft 
and vehicle windows, transparency and high thermal stability are critical and BNNTs are 
advantageous. Research on BNNTs and their composites is limited and has fallen far behind to CNT 
counterparts [13]. One of the major reasons is that methods for large-scale production of CNTs were 
discovered in the early history of CNT development, which enabled the availability of CNTs in 
quantity from grams to kilotons [14], while even research-quantities of BNNTs are limited. In 2012, a 
break-through development of a pilot-scale RF-plasma production process at the National Research 
Council Canada (NRC) with a demonstrated capacity of ~ 200 g of BNNT material per day 
dramatically increased BNNT production capacity [15]. This and other recent approaches [16, 17] 
enable the availability of large quantity BNNTs now, which offers a great opportunity to advance 
research on BNNT chemistry, BNNT polymer composites and BNNT applications across a broad 
spectrum [11, 18-20]. In this study, we focused on a comparison study of the interactions of CNT and 
BNNT with Epon828 epoxy resin in a bulk format and in their cured composites, which eventually 
provides an opportunity for large scale production in the future, once the performance of BNNT-
composite is optimized. 

 

 

Fig. 1: a) loose, raw MWCNTs from Nanocyl (Belgium), b) CNT buckypaper made from a) by 
vacuum filtration in MeOH (~40 mm in diameter), c) SEM of CNTs as purchased, d) bulk BNNTs as 
produced at NRC, e) BNNT buckypaper made from the highly purified BNNT-suspension from g), f) 
SEM image of BNNTs from g), g) photo of highly purified BNNT-suspension in MeOH, and h) TEM 

image of an individual few-walled BNNT tube. 

 

2 MATERIALS AND METHODS 

Materials : a commercial epoxy resin (Epon828) and curing agent (Epikure 3223) were used in 
this study, and the portion of curing agent applied was 12 parts per hundred parts of resin (PPH) by 
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weight based on the optimized mixing ratio recommended by manufacturer. Fig. 1 shows photos and 
microscopy images of raw BNNTs, CNTs and their products. The raw BNNT material (Fig. 1d) was 
manufactured from an h-BN powder feedstock through an RF-plasma process as reported previously 
[8]. The raw BNNTs can be purified to high purity and estimated over 95% BNNT content by SEM 
analysis with snow-white color as shown in Fig. 1e, f and g by solvent extraction with ultrasonication. 
The BNNTs have high crystallinity, small diameters (~5 nm) and few walls (2-8 walls for the most 
population) (Fig. 1h). Highly purified BNNTs form a tougher BNNT-buckypaper that can be 
repeatedly bended and fully recover once the loading is removed as demonstrated in Fig. 2a, b and c. 
These BNNT buckypapers get wet much faster with epoxy resin than their CNT counterpart 
buckypapers as shown in Fig. 2d, e and f, where the epoxy resin visibly wicks through a horizontal 
BNNT buckypaper strip [21]. Purified BNNTs were also functionalized with OH/NH2 groups by 
breaking their outer layer B-N network with a halogen treatment [22]. CNTs (NC7000

TM
, MWCNTs) 

were purchased from Nanocyl (Belgium) and used as purchased without further treatment.  As shown 
in Fig. 1a, b &c, the loose dry powder of CNTs material Fig.1a can be assembled into a buckypaper 
(Fig. 1b) and have qualitatively high purity based on SEM imaging (Fig. 1c).  
 

 

Fig. 2: (a, b and c): Strong and flexible BNNT buckypaper with good recovery and no visible creasing 
in multiple bending cycles; (d, e and f): wettability comparison of BNNT and CNT buckypapers with 

epoxy resin [21] 
 

Method of epoxy nanocomposite thin film preparation: As an example of the typical 
experimental procedure for a 3 wt% loading case: 834 mg of purified BNNTs as shown in Fig. 3b 
(purity assessed with SEM analysis shown in Fig. 3a) were dispersed in ~ 175 ml of acetone, firstly, 
by grinding BNNT coarse powder/blocks into a fine powder in a small amount of acetone and then 
bath-sonicating for 30 minutes at a time with the remaining acetone in a cap-container until a well-
dispersed suspension formed; secondly, to the BNNT-dispersion in acetone, a small portion (~5g) of 
total amount (24 g) of Epon828 was mixed by magnetically stirring to passivate the BNNTs in a 
diluted epoxy resin environment in order to reach a maximal debundle with the aid of resin in acetone 
solution. The mixture was continuingly stirred overnight at room temperature and then bath-sonicated 
for 30 min. Finally, the remaining epoxy resin was added into the mixture, and the mixture was stirred 
for additional 6 h at room temperature and 3 h at 60 

o
C. Afterward, the acetone solvent was removed 

with nitrogen under stirring at 60 
o
C, and the residue mixture was dried in a vacuum oven at 80 

o
C for 

8 h to further remove any remains of solvent and then cooled to room temperature under nitrogen.  
 Curing procedure : The solvent-free BNNT-epoxy resin was mixed with curing agent (Epikure 

3223), at 12 PPH resin by weight, using a planetary centrifugal mixer (Thinky ARE 310) as shown in 
Fig. 3d for 1 min at 2000 RPM and degassed at 2200 RPM for 30 seconds. The well-mixed liquid 
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sample was casted on a borosilicate glass plates treated with a release agent (Frekote 770-NC, part No. 
83469). A second glass plate was used to compress the resin and a 200 µm metal shim was placed 
between the two glass plates to control the film thickness as demonstrated in Fig. 3e and f. Once the 
top glass plate was carefully and slowly laid down (to minimize trapping air-bubble), a heavy block 
was placed on top of the glass plate. The sample was kept at room temperature for 48 h, after which it 
was post-cured in an air-oven to warm up for 1 h from room temperature to 120 

o
C and additional 2h 

for post curing at 120 
o
C. After cooling to room temperature, the thin film sample was removed from 

the glass plate. CNT-epoxy samples were prepared and cured in the same way as the BNNT-epoxy 
composites. As demonstrated in Fig. 3g and h, the fully cured BNNT-epoxy thin films have pretty 
good transparency with the thickness up to 430 µm (Fig. 3g) and BNNT loading up to 4 wt% (Fig. 3h), 
while CNT-epoxy thin films are completely non-transparent even at low CNT loading and low 
thickness.    

 

 

Fig. 3: a) SEM analysis of purified BNNT material; b) purified BNNT starting material, c) suspension 
of BNNTs in acetone and Epon828, d) planetary centrifugal  mixing and work principle, e) drop-
casting on borosilicate glass plates,  f) cured thin film at room temperature between the two glass 

plates, g) fully cured thin films (1 wt% of CNTs, BNNTs and neat epoxy with different thickness), h) 
4 wt% of BNNTs at thickness of 200 µm, i) curing agent Epikure 3223. 

 
Tensile characterization: A micro-tensile test frame (Fullam Substage Test Frame) was used to 

measure the mechanical properties of the fabricated thin films. At least five dogbone specimens, 
according to ISO 527-2 (Type 1BB), were punched out from each thin film sample and tested. For all 
tests a displacement rate of 1 mm/min was used. Glass transition temperature (Tg) was measured by 
dynamic mechanical thermal analysis (DMA).  

Fracture toughness characterization: Plane-strain fracture toughness (KIC) was measured using 
five rectangular specimens of 2×4×20 mm. A precision saw was used to create a notch of ~ 1×2 mm 
on samples and the notch was then sharpened with a fresh razorblade. A micro-tensile test frame 
(Fullam Substage Test Frame) was used to perform a 3-point fracture toughness test at a displacement 
rate of 3 mm/min. 
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3 RESULTS AND DISCUSSION 

BNNTs and CNTs are structurally and microscopically similar as demonstrated in Fig. 1, however, 
the heteroatomic construction of B and N atoms in BNNTs and their different affinities resulted in a 
polarization of B-N bonds and a large bandgap, which differentiate from homo-carbon-atom built 
CNTs. Such differences may offer some advantages of BNNTs with a better wettability and interface 
compatibility with applied matrix, therefore, uniform dispersion can be achieved to minimize tube 
agglomeration and phase separation in composite samples. As demonstrated in Fig. 2d, e and f, 
BNNTs have faster uptake of epoxy resin by capillary force than CNTs, implying that BNNT-epoxy 
composite have a better interface interaction.  

It is also of interest in this study to examine the effects of impurities in the raw BNNT materials 
on the transparency and the mechanical performance by comparing with purified BNNTs with small 
functional groups such as OH. Due to the elemental boron impurity generated during the production of 
raw BNNT material and the other BN impurities, buckypapers of raw BNNTs (see Fig. 2d, e and f), 
the epoxy impregnated buckypapers and the raw-BNNT-epoxy thin films are grey or dark brown in 
appearance. However, once the elemental boron and other BN impurities are removed, or even 
partially removed, the BNNT buckypaper became whiter (Fig. 1e) and the epoxy composite films 
became much more transparent (Fig. 3g), even at the loading as high as 4 wt% of BNNTs (Fig. 3h, 
~200 µm in thickness). 

 

 

Fig. 4: Young’s modulus (blue) and tensile strength (purple) comparison of r-BNNT-Epon828, 
BNNT-OH-Epon828, CNT-Epon828 and CNT-COOH-Epon828 at 1 and 2 wt%.  

 
The experimental measurements of tensile properties (Fig. 4) show that the Young’s modulus of 

the CNT-Epon828 composites is consistently lower than the neat epoxy and BNNT-epoxy composites. 
The best Young’s modulus for the CNT composites at 1 or 2 wt% loading are about 6% lower than the 
neat sample, while the raw BNNT composite at 2 wt% has Young’s modulus about 25% higher than 
the neat Epon828. The OH-functionalized BNNT composite has equal to or slightly higher Young’s 
modulus than the neat one. In the case of tensile strength, both CNT composites at 1 wt% and 2 wt% 
loading have tensile strength about 25~27%, 21 ~23% and 29~35% lower than the neat epoxy,  r-
BNNT and BNNT-OH samples, respectively. The raw BNNT composites at both 1 and 2 wt% loading 
have about 5~7% tensile strength lower than the neat epoxy sample. Clearly, the OH-functionalized 
BNNT composites at 1 and 2 wt% loading have obvious improvement of tensile strength and the best 
performance at 2 wt% loading is about 12% higher than the neat sample suggesting that some binding 
effect of OH group to the epoxy matrix might occur.  

In addition, as shown in Fig. 4, Young’s modulus and tensile strength of CNT-COOH composites 
are apparently decreased when compared to the neat epoxy sample, suggesting that the acid 
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functionalized CNTs may be significantly damaged (e.g. by shortening the tubes and generating more 
defects through concentrated acid treatment), decreasing the effectiveness of CNTs as nanofillers for 
reinforcement, although acid functionalized CNTs have much better dispersion and solubility than raw 
CNTs. However, the tensile strength of acid functionalized CNT-epoxy composites are slightly higher 
than the raw CNT composite, which may indicate that the acid surface functional groups may have 
certain interaction with the epoxy matrix. 

Fig. 5 compares nanocomposites containing r-BNNT up to 7 wt% and BNNT-OH up to 5 wt%. As 
shown in Fig. 5, the Young’s modulus of both r-BNNT and BNNT-OH composites are higher than the 
neat epoxy resin. With the increase of BNNT loading, both the raw and functionalized BNNT 
composites have consistent increases of Young’s modulus.  The raw BNNT composites at 5 and 7 
wt% loading have the most improvement of Young’s modulus with an increase about 35%. The best 
improvement for BNNT-OH composite is about 21% at 5 wt% loading. It is notable that the raw 
BNNT composites have considerably higher Young’s modulus to the OH-functionalized BNNT 
composites overall of all samples, and the difference for the best sample is about 14%. However, both 
groups of samples have a consistent trend of increased Young’s modulus with the increase of nanotube 
loading. It was expected that the purified and functionalized BNNTs would have better interaction 
with epoxy matrix; therefore, those composites should have a better performance. One factor is to be 
considered that raw BNNTs could have a high population of individual BNNTs or small bundles due 
to impurities deposited on tube surfaces, which could provide an advantage for a better dispersion in 
the matrix, while the purified BNNTs form big bundles (see Fig. 1f) and may have agglomeration. 
Conversely, all the raw BNNT composites from 1 to 7 wt% loading have consistent decrease of the 
tensile strength that are lower than the neat epoxy resin and the BNNT-OH composites from 1 to 5 
wt% loading. The BNNT-OH composites have impressive improvement through all the samples, and 
the best performance is about 12% improvement at 2 wt% loading compared with the neat epoxy 
sample. Both groups of samples do not have the same trend of tensile strength with the nanotube 
loading changes, although bath groups have decreased tensile strength after 2 wt% with a further 
increase of nanotube loading.  
 

 

Fig. 5: Comparison of Young’s modulus (green) and tensile strength (blue) for neat Epon828, raw 
BNNT (r-BNNT) and OH-functionalized BNNT (BNNT-OH) Epon828 composites. 

Figure 6 demonstrated the tensile toughness and modulus of resiliency for both groups of r-BNNT 
and BNNT-OH composites. The tensile toughness of r-BNNT composites is systematically decreased 
with the loading increase compared to the neat epoxy resin. The largest decrease is about 70% and 
each sample from 1 wt% to 7 wt% is about 10 to 20 % diminish of the tensile toughness. In opposite 
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way, the modulus of resiliency of each r-BNNT composite is largely improved compared to the neat 
resin. The best improvement is about 112%, and each sample from 1 to 5 wt%, the step of increase is 
considerably impressive. The 5 wt% addition of r-BNNT increased both Young’s modulus and tensile 
stress at yield, which eventually lead to significantly increase in modulus of resiliency.  The BNNT-
OH composites are in generally improving the tensile toughness. The best improvement is about 49% 
at 2 wt% loading. The largest negative improvement is about -12% at 4 wt% loading. It is clearly 
different from the r-BNNT composites that the modulus of resiliency of BNNT-OH composites has 
the same change trend to the tensile toughness with the increase of nanotube loading. The best 
improvement is about 40% at 2 wt% loading. In contrast to the r-BNNT composite sample, the 
modulus of resiliency of the 5 wt% BNNT-OH sample decreases only 0.5 % compared with the neat 
epoxy sample. 

 

 

Fig. 6: Comparison of tensile toughness (blue) and modulus of resilience (purple) between neat 
Epon828, raw BNNT epoxy composites and OH-functionalized BNNT composites. 

 
Figure 7 demonstrates that the glass transition temperature (Tg) considerably and consistently 

increased with the increase of the r-BNNT loading. The highest increase is the sample at 7 wt% r-
BNNT about 43 

o
C above the neat epoxy sample. In contrast, all the OH-functionalized BNNT 

composites remained almost unchanged in Tg relative to the neat epoxy resin (~ 151 
o
C). It is unclear 

what caused such dramatic increase in the glass transition temperature of r-BNNT composite, but the 
difference between raw and purified BNNTs indicates the impurities likely play a role. It is uncertain 
to say yet that BNNTs do not affect the glass transition temperature in a composite. As shown in Fig. 
7, the effect of the functionalized BNNTs on their epoxy composites is significantly different from the 
raw BNNT composite in strain at break. The composite at 2 wt% BNNT-OH loading had the highest 
strain at break improvement about 22% higher than the neat Epon828. With the further loading 
increase of functionalized BNNTs after 2 wt%, the strain at break slowly decreased and the lowest 
value is about 15% lower for the 4 wt% loaded BNNT-OH composite than the neat epoxy sample. 
Conversely, the r-BNNT composites (1 to 7 wt%) have almost an exponential drop in the strain at 
break. The closest drop to the neat epoxy is about 29 % at 1 wt% loading and the lowest drop is about 
62% at 7 wt% loading. It is quite clear that the specimens with BNNT-OH reinforced composite have 
improved strain at break for a certain nanotube loading range and hence tensile toughness comparable 
to neat epoxy (even at the highest BNNT-OH loading of 5 wt%) 
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Fig. 7: Comparison of Glass transition temperature (blue) and strain at break (green) between neat 
Epon828, r-BNNT- and BNNT-OH composites 

 
From the fracture toughness results shown in Fig. 8, the r-BNNT composites have linearly 

increased fracture toughness with the loading increase up to 5 wt%, and the best improvement of the 
fracture toughness at 5 wt% loading is about 43%. Although at the loading of 7 wt% of r-BNNT the 
fracture toughness has a slight drop compared to the 5 wt% sample, it still has about 38 % 
improvement to the neat epoxy sample.  The BNNT-OH composites also have comparable fracture 
toughness improvement to the neat sample and to the r-BNNT composite samples at the similar 
loading of BNNTs. In the CNT case, the raw CNT composites have similar and comparable fracture 
toughness, only the acid functionalized CNT have slight ly decreased fracture toughness to the neat 
epoxy sample. 

 

 

Fig. 8: Comparison of Fracture toughness between neat, BNNT- and CNT-composites 
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4 CONCLUSIONS 

This parallel study of BNNT- and CNT-Epon828 composites revealed that BNNTs show 

better wettability with epoxy resin than CNTs, therefore, BNNT composites have a better 
loading transfer due to a better interface compatibility. It is hard to obtain a transparent thin 
film of appreciable thickness (within a few hundred micron meter thickness) with 1 wt% CNT 

loading, while  1 wt% (even up to 4 wt%) purified and functionalized BNNT composite thin 
film can provide excellent transparency for thickness of several hundred microns. The OH-

functionalized BNNT composites may have not yet reached to the best dispersion due to large 
bundles with high purity compared with raw BNNTs, however, the overall mechanical 
performance, including higher strength and maximum strain compared to r-BNNT 

composites, seems to indicate that the purified and functionalized BNNTs are promising for 
future study. More covalent surface functionalization (e. g, a variety of functionalization types 

and degrees of functionalization) needs to be carried out to optimize for a better load transfer 
and hence achieve the best mechanical performance for the composite. 
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