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ABSTRACT

Boron nitride nanotubes (BNNTSs) possess excellent mechanical properties due to their unique structural
architectures and are the favorable candidates for fabricating nano-based composite materials. Along with high
thermal stability, high neutron absorption capacity and other desirable features, BNNTs have no absorptions in the
visible range, making them ideal candidates for transparent material application including as reinforcement nano-
filler in transparent polymeric nanocomposites. The recent advances in BNNT production are making sufficient
quantities available for composites development. In this study, we will discuss preliminary results related to the
integration of BNNTS into a polycarbonate matrix (PC). Two different fabrication methods of tensile specimens
were employed. The first method was by hot-pressing powder samples into thin films of about 200 um in thickness
followed by punching dog-bone specimens using a die punch. The second method was by melt-mixing using a twin-
screw micro-extruder followed by hot-compression molding to make plaques, and tensile bars were punched. The
initial target is to gain mechanical improvements by tuning the chemistry, integration and material processing
before aiming at high transparency BNNT-PC composites.

1 INTRODUCTION

Recent breakthroughs in large quantity synthesis of BNNT using an industrially scalable induction thermal plasma
process developed at the National Research Council Canada (NRC) have accelerated the research and development
of chemistry, assembly, composites and applications toward multifunctional engineering materials based on
BNNTSs. The NRC-produced, highly crystalline BNNTs have few-walls, small-diameters (~5 nm) and micrometer-
scales length. At a production rate now 30 g/h, 200 g of raw BNNT have been harvested from a single run with a
standard protocol [1, 2].

BNNTSs exhibit various properties similar to their carbon nanotube (CNTS) counterparts, such as comparable
mechanical properties and thermal conductivity [3-5], but have substantially higher thermal stability (stable > 800
°C in air) [6], a larger band gap of ~ 5 eV [7] and transparency in the visible region that provides advantages for



transparent composite armors. These unique characteristics make BNNTS very attractive in research and industrial
development of higher performance, light-weight and stronger polymer composites that offer potential to impact
various multifunctional engineering structural materials in aerospace and armor industries. Similar to CNTSs,
BNNTSs also tend to bundle together forming ropes or clumps that are not effectively dispersed in a matrix and
therefore have poor interface interactions. However, unlike CNTSs, the high polarization of B-N bonds could make
their chemistry in some cases different from CNTSs, and there are limited reports on chemistry of BNNTs [8-13].
Hence, chemical surface modifications, especially, with desired surface functional groups compatible with a target
matrix become crucial in the development of BNNT-polymer composites. The dispersibility and filler-matrix
interface obtained through surface modifications will also be critical to take advantages of BNNTSs transparency in
the visible light region for applications like transparent armour. In this study, we focused on BNNT-PC composite,
and much attention was paid to the interface compatibility and dispersion. The initially mechanical performances by
minimal surface chemical modlflcatlons of BN NTS were studied in the course toward appllcatlons
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Figure 1. SEM images of raw BNNTs (A) and BNNTSs purified to a certain degree (B).
2 MATERIALS AND PROCESSING

2.1 Synthesis and purification of BNNTs

An industrially scalable plasma process was used for the continuous production of highly crystalline, small-
diameter (~ 5 nm) BNNTs [1, 2]. The raw BNNTs, shown in Fig. 1A, contain impurities such as unreacted
feedstock h-BN powder particles, new h-BN particles and amorphous BN flakes, organic BN species, polyborazine-
like BN polymers, and variety of elemental boron particles. These impurities affect the chemistry on BNNTs and
BNNT-reinforced polymer composites by altering the actual BNNT-polymer interaction and filler composition.
Reducing or eliminating these impurities in as-produced BNNT material is essential for the study of BNNT
reinforcement effect. We have developed an in-house protocol that involves different solvent extractions with
sonication followed by either processing the pre-purified BNNT in bromine aqueous solution or baking in air to
removed most of the elemental B particles as shown in Fig. 1B.

2.2 Chemistry on BNNT tubes

In order to have a better loading transfer and a good interface interaction between BNNTs and matrix, debundling
by surface chemical modification with compatible functional groups becomes desirable. Although the large band
gap (~ 5eV) electronic structure of BNNTs implies that they may have totally different chemical reactive
mechanisms than CNTs, we attempted to use a similar chemistry on BNNTSs to verify whether the same approach
results in the same functionality or different product. As we hawve recently reported, BNNTs negatively charged
through electron transfer from sodium naphthalide can readily carry out a nucleophilic attack on hexyl bromide and
covalently form alkyl-functionalized BNNTSs as shown in Fig. 2 [12].
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Figure 2. Schematic illustration of the reduction chemistry on BNNTs followed by nucleophilic reaction (top); TGA analysis
where the significant weight loss above 400 °C(bottom) [Ref. 12]

This result has indicated that the chemistry on BNNTs may be similar to their CNTs counterparts with certain
reactions, such as for this reduced nanotube chemistry. To serve our purpose for making BNNT-PC composites with
good interfaces, we targeted hydroxyl (—OH) and/or amino (-NH,) functional groups that anchor to the surfaces of
BNNTSs. There are many ways that may covalently attach such functional groups to BNNT surfaces. In this study,
we discovered that in the step of removing elemental boron from the pre-purified BNNTSs in a aqueous solution of
bromine, not only were the enriched elemental boron particles effectively removed, but BNNTs were also
functionalized with —OH and —NH, functional groups, most likely, by generating cavities on the surfaces of BNNTs
as schematically illustrated in Fig. 3.
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Figure 3. Proposed mechanism of —OH/-NH, surface functional group generation of BNNT treated with bromine.

The bromine-treated BNNTs were further analyzed with thermogravimetric analysis (TGA) and in-line
FTIR spectroscopy, wherein we observed two desorption peaks at about 120 °C and 220 °C. The first peak
at 120 °C was mainly from adsorbed water, and the second peak at 220 °C contained a mixture of water
and ammonia, which consistent with decomposition of the —OH and —NH, groups on BNNT surfaces.

2.3 BNNT-PC Composite Material Preparation

In this study, the -OH/NH, functionalized BNNTSs through bromine aqueous solution treatment and the commercial
polycarbonate Lexan PC Resin 141R-112 were used for composite production. A typical BNNT-PC composite
sample preparation with different BNNT loading was carried out in the following example: 35 g PC was dissolved
in 450 ml of chloroform, and 1.46 g BNNT (for 4 wt% loading) was dispersed in 150 ml DMF by bath-sonication.
After stirring for 2 hrs, the BNNT suspension in DMF was bath-sonicated for 30 min and stirred overnight, and then



bath-sonicated for another 30 min. To the well-dispersed BNNT-DMF suspension, 100 ml of PC solution was
dropwise added under vigorous magnetic stirring. After addition the mixture was bath-sonicated for 20 min, and
then poured into the rest of the PC chloroform solution. The temporarily two-layered mixtures were mixed quickly
by shaking and magnetic stirring, and the mixture became hot for a couple minutes. The liquid mixture suspension
was stirred at room temperature overnight. During which time it became very viscous and finally a solid gel as
shown in Fig. 4. The gel was dried in a vacuum oven to remove the solvents and the solid sample was further dried
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Figure 4. BNNT-PC composite preparation process and observations.

2.4 DSC analysis of the powder BNNT-PC composite

A powder sample and a sample melt-processed by micro-extrusion were analyzed by differential scanning
calorimetry (DSC). The first DSC curves shown in Fig. 5 display an endothermic peak at about 233 °C for
all three powder samples and a glass transition temperature (Ty) around 145 °C. However, during the
second run no endotherm peak is observed while T4 remains unchanged. The endothermic peak at 233 °C
might be explained as by fusion of some PC crystalline structure caused by BNNTs during solvent
removal and, once the sample goes through a heating process as during the first heating in a DSC runor as
in melting extrusion, the PC crystalline structure is destroyed and the PC matrix recovers its amorphous
state.
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Figure 5. DSC analyses of BNNT-PC composites before and after the melt extrusion.
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2.5 Analysisof WAXD vs DSC

As shown in Table 1 the wide-angle X-ray diffraction (WAXD) analysis offers a quantitative validation for the
crystalline content of the BNNT-PC samples before and after melting, which further confirms and is consisted with
the results from the DSC analysis.

PC Lexan 141 PC/BNNT-OH 1% PC/BNNT-OH 2% PC/BNNT-OH 4%
Xo % powder Melt powder Melt powder Melt powder Melt
processed processed processed processed
DSC Amorphous 31.2 Amorphous 26.3 amorphous 29.4 Amorphous
WAXD Amorphous 33.0 | Amorphous N/M N/M 37.4 Amorphous

Table 1. DSC and WAXD analysis of crystallinity of neat PC and BNNT-PC composite before and after melt extrusion.

2.6 Thin-film process by hot-press

The dry powder of BNNT-PC composite was poured inside an open mold to produce films of 200 pm in thickness
and 5 cm in diameter. Kapton films were used on both sides to facilitate specimen removal. Stepwise pressing at
elevated temperature was employed to avoid air bubbles trapped in the specimen. Conditions were a starting at
temperature of 150 °C, maximum temperature of 240 °C and maximum pressure of 15000 pounds. Temperature
steps included: 150 °C, 175 °C, 200 °C, 220 °C and 240 °C. A ramp rate of 15 °C/min and a holding time of 5-8
minutes at each temperature stage were selected. The pressed sample was cooled to room temperature using
compressed air. The compression-molded thin films, as shown in Fig. 6, were ready to be punched to fabricate small
tensile coupons for mechanical tests and demonstrated good transparency up to 4 wt% BNNT loading.
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Figure 6. Optical transparency comparison of thin-films with 0, 2 and 4 wt% BNNT loading.

2.7 Tensiletests of thin-films

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 1ISO 527-2 (Type 1BB), were tested. For all
tests a displacement rate of 1 mm/min was used. As reported in Table 2, the highest Young’s modulus is for the
nanocomposite containing 4 wt% of OH-functionalized BNNTs (31% increase versus neat PC). For all
nanocomposites, tensile stress at maximum load increased by up to 20%. On the other hand, stress at failure
essentially remained unchanged while strain at failure was significantly reduced in comparison to the neat PC. This
reduction was more pronounced for specimens containing OH-functionalized BNNTSs.



Young’s Modulus | Tensile stress @ Max load | Tensile strain @ Max load | Tensile stress @break | Tensile strain @ break
(MPa) (MPa) (%) (MPa) (%)
PC-141R 17401170 44.618.1 4.9040.13 42.143.9 60+41
BNNT-OH 1 wt% 1960160 50.1+1.5 5.1240.31 43.612.4 15+10
BNNT-OH 4 wt% 2280+200 51.0£1.6 4.7310.23 42.416.6 412

Table 2. Comparisons of mechanical properties of functionalized BNNT-PC composites with neat PC.

2.8 Melt-mixing of the BNNT-PC powder samples and pelletizing

PC/BNNT powder at BNNT concentrations of 1%, 2% and 4% and pure PC Lexan 141R powder were first dried
overnight under vacuum at 110 °C. The melt-mixing was then carried out at 250 °C using a Thermo Haake MiniLab
conical twin screw co-rotating extruder (5g max capacity). To improve the nanotube dispersion within the PC
matrix the melt was allowed to recirculate for 3 min within the barrel/screw system by controlling a valve at the end
of the screws. The rotational screws speed was fixed at 100 RPM. At the end of the 3 min mixing period the valve
was opened and the composite was melt-extruded through a rectangular die, cooled and pelletized into small pieces.
Figure 7 shows images of the mini twin screw extruder used. For each BNNT concentration about 40g of
nanocomposite was prepared. Pellets of PC Lexan 141R were also prepared under the same conditions to match the

processing history of the nanocomposites.

Figure 7. Top: Twin screw extruder (open view) showing the conical screw configuration; Bottom: A close-up indicating the

position of the recirculation channel (C), exit valve (V) and two pressure transducers (P1 and P2).

2.9 Compression molding of samples, standard ASTM specimen preparations and tensile tests

Part of the collected material was used to make 1.2 mm thick rectangular plaques (10 x 12 cm) by compression
molding using a Carver hot press. The pellets were preheated at 230 °C for 2 min under no pressure within the
rectangular cavity of the mold and compressed for 0.5 min under 1T (tonf/in> = 138 bars), then 2T for 0.5 min and
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finally under 5T for 1 min. Cooling under 5T was then carried out down to 75°C before demolding the plaques.
Four ASTM type IV tensile bars for tensile testing were cut by a water jet technique from the compression molded
plaques.

Tensile properties of the pristine PC and BNNT/PC nanocomposites were determined following ASTM D638
protocol using compression molded type IV tensile bars (gauge length and width of 25 mm and 6.0 mm
respectively), a load cell of 5 kN, and speed of 5 mm/min at room temperature (23 C). Four tensile bars were
tested and the results averaged (Table 3). The tensile modulus increased only slightly when the BNNT
concentration was at 2% and 4%, by ~13% with respect to pure PC (for both samples), while the tensile stress at
yield and maximum load remained about constant or slightly decreased for the highest BNNT concentrations. The
stress and elongation at break were less consistent as they are more prone to experimental error. The lack of
substantial improvement in the tensile strength or modulus is most probably due to the lack of a good dispersion of
the BNNTSs and/or strong adhesion with the PC matrix.

Tensilestress | Tensilestrain | Young’s Modulus | Tensile stress Tensilestrain | Tensilestress | Energy

@Max load @ Max load (MPa) @Yield @break @break @break

(MPa) (%) (0.2% offset), (%) (MPa) )]

(MPa)
PC-141R 67.6 (0.6) 6.4 (0.8) 2405 (94) 39.6 (2) 76.2 (26) 50.1 (2.6) 7.12 (2.4)
PC/BNNT1% 68.2 (0.4) 7.0(0.2) 2435 (141) 39.6 (2.5) 101 (62) 55.8 (7) 9.5 (5.9)
% diff. +0.9 +9 +1.2 0 +32 +11.4 33
65.6 (0.1) 5.7 (0.2) 2730 (207) 36.3 (1.8) 10.6 (4.2) | 13.9(14.1) 0.73 (0.2)

PC/BNNT2%
% diff. -2.9 -11 +13.5 -8 -86 -72 -90
PC/BNNT4% 61.6 (11) 4.4 (1.7) 2705 (51) 42.3 (1.5) 11.3 (8) 49.7 (2.9) 1.0 (0.8)
% diff. -7.4 -31 +12.5 +6.8 -85 -1 -86

Table 3. Summary of tensile properties of neat PC, and of 1, 2 and 4 wt% BNNT-PC nanocomposites melt-mixed by twin-
screw extrusion. Standard deviations are indicated in parenthesis.

2.10 SEM and TEM analysis of BNNT dispersion in the composites

To have a better understanding of the mechanical performance with different BNNT loadings and their
inconsistencies, the standard specimens were further investigated for their surface morphology and
interface interactions and dispersity of BNNTs in the PC matrix with SEM and TEM. As shown from
cryo-fractured surfaces of the micro-extruded BNNT-PC sample at 4 wt% by SEM (Figure 8) there were
obvious aggregations of BNNTs within the PC matrix. These randomly allocated micro-aggregations
inside the specimens could be the main factor to cause the fluctuation of the data. However, from TEM
analysis we also observed a lots of individualized BNNTSs nicely dispersed in PC matrix (Figure 9), which
attributed to the marginal improvement of the mechanical properties, indicating that further efforts need to
reduce the number of aggregations of BNNTs and increase of individual tubes within the PC matrix. It



seems that all these individual tubes are aligned to the same direction. This alignment may be due to shear
flow during the extrusion process or could possibly result from the TEM sample preparation.
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Figure 9. TEM images of micro-extruded BNNT-PC at 4 wt% loading.

As the BNNT sample used was only purified to certain level of purity, there were still many blocks and onion-like
shelled structures remaining in the sample. It was not surprising that we have observed these particles from the
TEM images shown in Figure 9. These particle impurities might impact the actual performance of the composites
and it is expected that the BNNTSs with a higher degree of purity and a better individualization of BNNTs within the
PC matrix may yield a better mechanical performance.
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3 DISCUSSIONS AND CONCLUSIONS

In this study we processed the same BNNT-PC composite materials in two different processes. The first was to hot-
press a powder sample within an open round metal shim into around 200 um thickness thin-films. The second was
to extrude the powder composite sample using a micro-extruder followed by compression molding the extruded
pellets into standard dogbones. The former process is fast and needs only small samples to make tensile specimens.
The latter process needs to have a large size of sample to make sufficient standard specimens (usually over 30 g
composite for each sample) and is a longer process. Although the specimens from these two different processes had
quite different performances such as for their Young’s modulus shown in Fig. 10, the extruded samples had higher
Young’s modulus than the thin film samples; meanwhile, the extruded neat PC also gave high values with small
variation. However, both data sets showed the same trend of Young’s modulus enhancement with the increase of
BNNT loadings.

Modulus (MPa)

Figure 10. Comparison of Young’s modulus from thin-films and extruded samples.

There may have been more fluctuation from one time to another, even for the neat PC specimens, from the thin-film
process than from the micro-extruding process. The causes of the differences can be resulted from many factors
such as a better mixing, more individualized tubes, errors from specimen preparations, and the accuracy of micro-
stage tester to the standard dogbone tester. Nevertheless, the enhancement of Young’s modulus seems to have the
same trend with the increase of BNNT loading as indicated by the dotted arrows in Figure 10. The 200 pm thin-
films showed quite good optical transparency even at 4 wt% BNNT loading indicating a high potential for the
development of transparent coating and armour with BNNT reinforcement. As we have seen from the purity of
BNNT used and the SEM morphology analysis, there was still a significant amount of impurity particles that could
not only affect the mechanical performance but also affect the optical transparency. The future work is relying on
highly purified BNNTs and surface modifications by covalently anchoring desired surface functional groups for a
better compatibility with the polycarbonate matrix.
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