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Epoxy resin nanocomposites with hydroxyl (OH) and amino (NH
2
) 

functionalized boron nitride nanotubes

Jingwen Guana  , Behnam Ashraib, Yadienka Martinez-Rubia, Michael B. Jakubineka, Meysam Rahmatc,  
Keun Su Kima and Benoit Simarda

asecurity and Disruptive technologies Research centre, National Research council canada, ottawa, canada; baerospace Research centre, 
National Research council canada, montreal, canada; caerospace Research centre, National Research council canada, ottawa, canada

ABSTRACT

Hydroxyl (OH) and amino (NH
2
) functionalized boron nitride nanotubes (f-BNNTs) were 

integrated into an epoxy resin (Epon828) to achieve improved mechanical properties. While 
raw BNNT-composites yielded the largest values for Young’s modulus and appeared to be well 
mixed, f-BNNTs were found to provide a superior combination of mechanical properties yielding 
improvements in strain at failure, tensile strength and toughness that were not observed using 
raw BNNTs. In particular, an increase of 21% in Young’s modulus is observed with 5 wt% of f-BNNT, 
and increases of 12, 21, and 49% are observed in tensile strength, failure strain, and toughness, 
respectively, with 2 wt% f-BNNT while a 34% increase in fracture toughness is observed with 
3 wt% f-BNNT.

Introduction

Incorporation of nanoiller such as carbon nanotubes 

(CNTs) and boron nitride nanotubes (BNNTs) within 

polymer matrices can improve their mechanical perfor-

mance along with adding multifunctional features like 

electrical and/or thermal conductivity. Great efort to 

harness the superlative properties of CNTs in composites 

has been made over the past two decades, showing inter-

esting mechanical and conductivity improvements.1–4 

Generally, the primary factors limiting the overall per-

formance improvement are the van der Waals interac-

tions between nanotubes, which promote agglomeration 

(bundling), and the lack of interfacial interactions lead-

ing to limited load transfer between nanotubes and the 

matrix. hese issues can be partially mitigated through 

chemical surface modiications.5–8 BNNTs ofer equally 

good mechanical properties to CNTs (e.g. Young’s 

modulus of 1.2 TPa vs. 1.3 TPa for CNTs9,10) and while 

nanocomposites with BNNTs present similar integra-

tion challenges. Recent reports have demonstrated good 

interfacial interactions between BNNTs and polymers 

including easier wetting and higher interfacial shear 

strength.11–14 his suggests that BNNTs may be supe-

rior for reinforcing epoxy than CNTs in some cases. In 

addition, BNNTs provide a range of diferent functional 

properties (e.g. Table 1) including considerably high 

thermal stability, wide band gap (~6 eV), high electri-

cal resistivity and breakdown strength, high neutron 

absorption capability, and transparency in the visible 

light region. hese ofer advantages for certain appli-

cations such as transparent armor, aircrat windows, 

electrical insulation, and space structures.

Recent advances in synthesis and large-scale produc-

tion of BNNTs16,20–22 ofer increased potential to explore 

BNNTs in polymer nanocomposites. Historically, BNNT 

polymer nanocomposites have received relatively lim-

ited studies23 but improvements in mechanical and 

thermal properties have been reported.24–27 Recently, 

we reported improvements in Young’s modulus, frac-

ture toughness, and single-lap-shear strength for an 

epoxy adhesive with raw (as-produced), unfunction-

alized BNNTs (r-BNNT)28; however, tensile strengths 

were decreased. In addition to many examples in the 

CNT literature, nanotube functionalization has also 

mailto:Jingwen.guan@nrc-cnrc.gc.ca
http://orcid.org/0000-0003-1759-2172
http://www.tandfonline.com
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been shown to improve the nanoreinforcing efect of 

BNNTs.29 In this work we employ hydroxyl (–OH) and 

amino (–NH
2
) functionalized BNNTs (f-BNNT), gen-

erated via bromination and hydrolyzation reactions, to 

improve interaction with an epoxy matrix Epon828. he 

mechanical reinforcement efect of these functionalized 

BNNT–epoxy resin composites is compared to that of 

similar r-BNNT nanocomposites28 as well as to similarly 

prepared CNT composites.

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 twelve parts per hundred 

parts of resin (PPH) by weight based on the optimized 

mixing ratio recommended by the manufacturer.30

he r-BNNT material (Figure 1(a)) was manufac-

tured from an h-BN powder feedstock through an RF 

induction thermal plasma process as reported previ-

ously.20 he r-BNNTs contain a noticeable amount of 

impurities (Figure 1(b)) but have a high crystallinity, 

small diameters (~5 nm), lengths of ~1–5 μm and few 

walls (2–10 walls) for the majority of the BNNT pop-

ulation as shown in the transmission electron micros-

copy (TEM) images (Figure 1(c)). he impurities likely 

include untreated h-BN feedstock, newly generated BN 

phases (e.g. h-BN lakes, turbostratic BN, amorphous 

BN), organic BN compounds, polymeric BNs, and ele-

mental boron particles/aggregates generated during 

the BNNT production process. he BNNT materials 

used for the composite preparations in this study were 

r-BNNTs without any treatment, and hydroxyl (–OH)/

amino (–NH
2
) functionalized BNNTs (denoted as 

f-BNNTs) with high purity. he amount of BNNTs is 

estimated to be >50 wt% and >80 wt% by scanning elec-

tron microscopy (SEM) in the r-BNNT (Figure 1(b)) 

and f-BNNT sample (Figure 2(a)), respectively. he 

chemistry and characterization of the combined purii-

cation and functionalization can be found elsewhere in 

detail.31 In brief, r-BNNT material was washed in water 

with assistance of ultrasonication to remove non-tubular 

BN impurities, and then the enriched BNNTs together 

with enriched elemental boron aggregates were treated 

with liquid bromine in water. he non-encapsulated 

elemental boron particles were efectively removed 

by reacting with bromine forming soluble boric acid 

in water solution. Excess bromine reacts also with the 

outer layer of BNNTs. his results in functionalization 

of BNNTs by B-N bond cleavage through bromination 

and hydrolyzation in situ.31 For comparison, industrial 

grade CNTs (NC7000TM) and research grade CNT-

COOHs (NC3101TM) were purchased from Nanocyl 

SA (Belgium) and used as received.

Nanocomposite preparation

he r-BNNT composites were prepared from r-BNNT 

powder (dried at 120  °C overnight) that was mixed 

with Epon828 by planetary centrifugal mixing (hinky 

ARE 310).28 For comparison, CNT-Epon828 and CNT-

COOH-Epon828 were prepared in the same dry mixing 

procedures.

Table 1. comparison of properties of carbon nanotubes and boron nitride nanotubes

Carbon nanotubes (CNTs) Boron nitride nanotubes (BNNTs) Refs.

Building block c B and N
mechanical property elastic modulus 1.3 tpa, strength > 65 Gpa elastic modulus 1.18 tpa 9, 10
electrical conductivity metallic, ballistic conductor, ampacity > 109 a/

cm2 >> cu; semiconducting, bandgap about 
0.5–2 eV

Large band gap (~6 eV), insulator 15–17

thermal conductivity >3000 Wm−1K−1 at 25 °c, better than diamond High, but lower than cNts (minimal data) 16, 17
optical properties absorb across the visible spectrum, NiR luores-

cence
transparent in visible and infrared region, absorb 

UV
16, 18, 19

thermal stability stable up to 400 °c in air stable up to 900 °c in air 16
Neutron absorption cross section c: 0.003 barns B: 767 barns (10B ~3800 barns); N: 1.9 barns 16
Visual appearance Black in mixture of metallic and semiconducting snow white in pure form; beige/brown with 

common impurities
structure and dimension Hollow core in one dimension, high aspect ratio Hollow core in one dimension, high aspect ratio

Figure 1. Raw BNNts: (a) photograph of bulky mass in a plastic bag, (b) sem image of r-BNNts, (c) tem images of individual BNNts.
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In a typical experimental procedure for f-BNNT com-

posite with a 3 wt% content, 834 mg of f-BNNTs (Figure 

2(b)) were dispersed in ~175 ml of acetone (Figure 2(c)). 

he dry f-BNNTs were irst ground into a ine powder 

with a small amount of acetone in an agate mortar and 

then placed into a capped bottle with additional acetone 

solvent. he mixture was bath-sonicated for 30 min at a 

time, and repeating sonication cycles were applied until a 

well-dispersed suspension formed. To this f-BNNT-dis-

persion in acetone, a small portion (~5 g) of the total 

amount (26.9 g) of Epon828 was added and the mixture 

was magnetically stirred to passivate the f-BNNT surface 

in a diluted epoxy resin environment in order to achieve 

a good dispersion with the aid of the dissolved epoxy 

resin. he mixture was continuously 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 an additional 

6 h at room temperature plus 30 min bath-sonication 

followed by a 3 h stirring at 60 °C. Aterward, the ace-

tone solvent was vaporized with a nitrogen low under 

stirring at 60 °C. he residue was dried in a vacuum oven 

at 80 °C for 8 h to further remove any residual solvent 

and then cooled to room temperature under nitrogen.

Curing procedure

he BNNT–epoxy resin composites, ater solvent removal 

where applicable, were mixed with the curing agent 

(Epikure 3223) at 12 parts curing agent per hundred 

parts resin (by weight) using a planetary centrifugal mixer 

(hinky ARE 310) as shown in Figure 2(d), for 1 min at 

2000 rpm followed by degassing at 2200 rpm for 30 s. he 

well-mixed liquid sample was cast onto a glass plate 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 plates to 

control the ilm thickness. Once the top glass plate was 

carefully and slowly laid down (to minimize trapping of air 

bubbles) a heavy block, suicient to compress the sample 

to the thickness of the metal shims, was placed on top 

of the glass plate. he sample was kept at room temper-

ature for 48 h to cure, ater which it was post-cured in a 

convection oven at 120 °C for 2 h. Ater cooling to room 

temperature, the thin ilm samples were easily removed 

from the glass plates (Figure 2(f)). Neat Epon828 and 

CNT-composites were cured under the same conditions.

Tensile characterization

A micro-tensile test frame (Fullam Substage Test Frame) 

was used to measure the mechanical properties of the 

fabricated thin ilms. At least ive dogbone specimens, 

according to ISO 527-2 (Type 1BB), were punched out 

from each thin ilm sample and tested. For all tests a 

displacement rate of 1 mm/min and a load cell of 50 N 

were used.

Fracture toughness characterization

Plane-strain fracture toughness (K
IC

) was measured 

using ive rectangular specimens of 2  ×  4  ×  20  mm 

Figure 2. Functionalized BNNts: (a) sem image from the dry material shown in (b), (b) photograph of the dry functionalized BNNt 
material used along with photographs from the composite preparation via (c) solvent processing in acetone followed by solvent 
removal in vacuum, (d) planetary mixing of the hardener, (e) casting and curing of BNNt epoxy composite and (f ) post-cured thin 
ilm (~200 μm in thickness) that has a relatively good transparency comparing with a similar cNt composite ilm.
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change in tensile strength is qualitatively diferent from 

the trend seen with r-BNNTs and suggests efective 

binding between OH/NH
2
 groups and the epoxy matrix, 

which could be in the form of covalent connections or 

hydrogen bonds. Both types of samples do not have the 

same trend of tensile strength with the tube content, 

although both groups show a decrease beyond 2 wt%. 

his may suggest that the functionalized BNNTs may not 

disperse as efectively as the raw BNNTs, which mainly 

exist as individual tubes and smaller bundles, while 

puriication always result in larger bundles of BNNTs. 

herefore, surface functionalization leads to exfoliation 

and better interactions with the matrix if proper func-

tional groups have been chosen, as in the case here. As 

shown in Figure 3, the enhancement of the Young’s mod-

ulus with these f-BNNTs is not as high as with r-BNNT 

but the trend is similar. In order to better understand the 

trend in Young’s modulus, a dimensionless parameter for 

reinforcement eiciency (e) is introduced:

where E
c
 and E

m
 are composite and polymer Young’s 

modulus, respectively, and V
f
 is volume fraction of ibers. 

A higher e corresponds to a higher eiciency of iber 

reinforcement. A wide range of reinforcement eicien-

cies (commonly in the range of 1–6032) are observed in 

the CNT literature. At low content of r-BNNTs (<1 vol 

%, where 1 wt% ~0.63 vol % BNNTs), e is ~25 in this 

study. his eiciency is reduced to less than 6 for higher 

r-BNNT content (~4 vol %), which can be attributed 

primarily to the agglomeration of r-BNNTs at higher 

contents. he parameter e is generally lower for f-BNNTs 

than for r-BNNTs. his could be explained by damage 

introduced to f-BNNTs (e.g. shortening of the length of 

f-BNNTs as well as damage to wall due to the chemical 

modiication and sonication steps). It has been well doc-

umented in the case of CNTs that the nanotube length 

signiicantly drops in liquid media with increasing son-

ication time, power and temperature through a scission 

mechanism.33–41 In contrast to the case for r-BNNTs, the 

e increases as the f-BNNT content increases from 1 to 5 

wt%. his suggests that the addition of higher contents 

of BNNTs does not cause as much agglomeration in 

the f-BNNT case, as expected due to functionalization. 

Additionally, the solution process employed for f-BNNTs 

may also result in less agglomeration at higher BNNT 

content.

he enhancement of the Young’s modulus is also 

compared to Halpin–Tsai model32,42 for randomly ori-

ented ibers. In this model, the composite Young’s mod-

ulus is given by:

e =
(Ec − Em)

EmVf

,

Ec
/

Em
=

3

8

(

1 + 2s�LVf

1 − �LVf

)

+
3

8

(

1 + 2�TVf

1 − �TVf

)

,

according to ASTM D-5045. 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. he same 

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.

Scanning electron microscopy and transmission 

electron microscopy measurements

he SEM images of BNNTs were taken using a Hitachi 

S-4800 ield emission scanning electron microscope. All 

images were a combination of secondary and back-scat-

tered electrons captured using PCI Quartz SEM imag-

ing sotware. he high-resolution TEM images were 

acquired at 300 kV at NRC and at 80 kV at the Canadian 

Centre for Electron Microscopy at McMaster University. 

Imaging samples were prepared by placing a few drops of 

a suspension of BNNTs in methanol or in water onto an 

aluminum stub for SEM measurement and onto a holey 

carbon ilm coated Cu grid for TEM.

Results and discussion

Figure 3 summarizes the Young’s modulus and tensile 

strength of the BNNT–epoxy nanocomposites. Young’s 

modulus of both r-BNNT and f-BNNT composites were 

higher than the neat epoxy resin and increased with 

BNNT content. We observe these signiicant improve-

ments in Young’s modulus, relative to the neat epoxy 

matrix, even by simple solvent-free mixing of r-BNNTs 

(25% at 2 wt% r-BNNTs).28 his, along with the con-

tinued trend to relatively high loadings, indicates that 

an efective dispersion of r-BNNTs in the epoxy matrix 

has achieved.

While r-BNNT addition improved the Young’s 

modulus, as well as fracture toughness and lap-shear-

strength, the tensile strength was not improved and 

actually decreased slightly (within the error limits) with 

any r-BNNT addition evaluated.28 Conversely, here we 

observed that the tensile strength improved with f-BNNT 

addition (Figure 3, e.g. +12% with 2 wt% f-BNNT). he 

Figure 3.  comparison of Young’s modulus (green bars) and 
tensile strength (blue bars) among neat epon828, r-BNNt 
composite (1–7 wt%,28), and f-BNNt composites (1–5 wt%).
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composites, the modulus of resilience follows the tensile 

toughness, in direct contrast to the case with the higher 

stifness with r-BNNTs.

he fracture toughness was similarly improved with 

f-BNNTs as was observed with r-BNNTs (Figure 5). 

While for some mechanical properties (e.g. Young’s 

modulus and modulus of resilience) the greatest increase 

is obtained with the highest contents of r-BNNTs, high 

where s is the iber aspect ratio (length divided by diam-

eter). Also, η
L
 and η

T
 are given by:

where E
f
 is iber Young’s modulus.

For, an illustrative BNNT with Young’s modulus and 

aspect ratio of ~600 GPa and ~200, respectively, and an 

epoxy Young’s modulus of 2 GPa, this leads to a the-

oretical reinforcement eiciency of ~66. he highest 

reinforcement eiciency observed here, e = 25 for low 

content of r-BNNTs, is still less than half of this predicted 

value and the eiciency falls over 1 order of magnitude 

for the case of f-BNNTs. However, this large gap between 

the Halpin–Tsai model prediction and the experiment 

results is consistent with studies published on CNT-

based polymer composites.32 he Halpin–Tsai model 

considers a perfect load transfer between iber and resin. 

A combination of low polymer–nanotube interaction, 

agglomeration of BNNTs, formation of BNNT bundles 

(leading to a lower efective aspect ratio for BNNTs), 

and the existence of impurities in the BNNT samples 

(leading to lower actual content of BNNTs) can explain 

this large gap between the experimental results and the 

Halpin–Tsai model prediction.

Figure 4 illustrates the failure strain and tensile 

toughness for the r-BNNT and f-BNNT composites. 

With r-BNNT, the tensile toughness decreased con-

tinuously with increasing nanotube content from 1 to 

7 wt%. Conversely, with f-BNNT, the composites gen-

erally have higher tensile toughness, with improvements 

relative to the neat epoxy of up to ~50% with 2  wt% 

f-BNNT content, and comparable tensile toughness 

to that of the neat epoxy even at the highest f-BNNT 

content of 5 wt%. hese diferences in toughness follow 

the diferences in failure strain, and the improved per-

formance of the f-BNNT composites follows from their 

ability to withstand higher strain. he composite with 

2 wt% f-BNNT content had the highest strain at break, 

an increase of over 20% relative to the neat Epon828. 

he modulus of resilience, which is also a measure of 

energy absorption – the amount that is absorbed elas-

tically before permanent deformation – is increased 

for nearly all of the BNNT composites with either r- or 

f-BNNT. he greatest improvement with r-BNNTs is 

about 112%, and for each sample from 1 to 5 wt%, the 

increase is considerably impressive. he 5 wt% addition 

of r-BNNTs increased both Young’s modulus and ten-

sile stress at yield, which lead to the signiicant increase 

in the modulus of resilience, while tensile toughness 

decreased due to the limited strain. Interestingly, the 

intermediate-loading (2–3  wt%) f-BNNT composites 

also showed increased modulus of resilience despite the 

much smaller increase in Young’s modulus. For f-BNNT 

�L =

Ef

/

Em
− 1

Ef

/

Em
+ 2s

and �T =

Ef

/

Em
− 1

Ef

/

Em
+ 2

,

Figure 4. comparison of (a: top) tensile toughness (blue bars) 
and failure strain (purple bars), and (b: bottom) modulus 
of resilience, between neat epon828, r-BNNt composites 
(1–7 wt%), and f-BNNt composites (1–5 wt%).

Figure 5.  comparison of fracture toughness (K
ic

) among neat 
epon828, r-BNNt composites28, and f-BNNt composites.
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r-BNNT content is disadvantageous for strength as well 

as processing considerations (e.g. ease-of-dispersion, 

quantity of nanomaterial). In comparison, the 2–3 wt% 

f-BNNT composites demonstrate increased Young’s 

modulus, modulus of resilience, and fracture toughness, 

along with superior improvements in tensile strength, 

strain at failure, and tensile toughness. his is because 

the f-BNNT ofer improved interfacial interaction with 

the matrix due to the OH or NH
2
 groups and reduced 

level of impurities. Our data suggest that 2–3 wt% of 

these f-BNNTs provides an optimal composition range 

for enhancement of mechanical properties.

In comparison to the r-BNNT and f-BNNT com-

posites, CNT–Epon828 composites (Table 2) did not 

demonstrate any improvement except in fracture 

toughness. his may indicate that poor wettability of 

the CNTs in the dry mixing process compared to the 

BNNTs resulted in severe agglomeration.

Conclusions

Hydroxyl- and amino-functionalized BNNT epoxy 

nanocomposites demonstrate consistently positive 

improvements over the baseline epoxy and correspond-

ing composites with r-BNNTs in Young’s modulus, 

tensile strength, failure strain, tensile toughness, and 

fracture toughness, suggesting that the surface func-

tional OH/NH
2
 groups have signiicant interactions 

and/or covalent connections with epoxide groups thus 

ofering better load transfer and interfacial compatibil-

ity. he range of 2–3 wt% f-BNNT content provides an 

optimal composition for a signiicant reinforcement of 

mechanical properties.
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