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Abstract

Boron nitride nanotubes (BNNTS) offer complimentary properties to carbon nanotubes (CNTs) and
interact more favorably with epoxies than do CNTs. This could make BNNTs the preferred
nanotube for reinforcing epoxy when electrical conductivity is not required, and particularly where
features such as transparency/color, neutron absorption or electrical insulation are advantageous.
Here we report epoxy nanocomposites containing 1 to 7 wt% raw BNNTSs. The elastic modulus and
fracture toughness increased progressively with loading up to 5 wt% BNNTs. Adhesive joints
(ASTM D1002) indicated average improvements of ~10% in joint strength at 2 wt% raw BNNTS,
but substantially reduced strength for a 5 wt% BNNT adhesive joint. Observation of the failure
surfaces suggests that BNNTs impede crack propagation leading to increased joint performance
despite a mixed-mode failure with a substantial contribution from adhesive failure. BNNTSs purified
by removing the elemental boron impurity were more effective, yielding 15% joint strength

improvements at 1 wt% loading. This nanocomposite is also semi-transparent, showing the potential

for reinforced, electrically insulating, transparent adhesives based on BNNTS.
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1. Introduction

The ability of carbon nanotubes (CNTSs) to reinforce mechanical properties of polymers is
well-established. In many cases the tensile properties are incrementally but significantly improved
relative to the polymer matrix by the addition of < 1 wt% to a few wt% CNTs. However, while
there is much study of CNTSs in adhesive-relevant polymers, the properties of the composites do not
directly predict the bond strength of an adhesive joint and there is a much smaller body of literature
in this area. More recently, nanomodified adhesives were reviewed by Shadlou et al. [1], who
summarized literature results for a variety of nanofillers (CNTs and other carbon nanoparticles,
metal nanoparticles, nanoclays and nanosilica) on stiffness, fracture toughness, peel strength and
shear strength of adhesives and identified the primary mechanism in improved adhesive strength is
increased fracture toughness associated with deviating a crack or by crack bridging. Improvements
in joint strength of 10-50% have been reported for CNT-filled adhesives, mostly in lap shear tests
[2-12]. Addition of CNTSs also imparts functional properties, in particular electrical conductivity,
and the composites can be used as conductive adhesives [2,8] and for heating [13] or structural
health monitoring of adhesive joints [5]. However, in some cases the electrical or optical properties
obtained following CNT integration can be undesirable, such as where electrical isolation is
required or where it is desirable to have a transparent or colorable adhesive or coating.

In this work we evaluate the use of boron nitride nanotubes (BNNTS), a mechanically and
geometrically similar reinforcing material to CNTs that offers differing functional properties [14].
As a result of contrasting electronic structure to CNTs, BNNTSs are all wide-band-gap insulators and
absorb in the UV but not in the visible spectrum. These features differ in comparison to CNTs and

will enable optically transparent, nanoreinforced adhesives with maintained (or increased) the



electrical resistivity and breakdown strength. However, as reviewed by Kim et al. [15], BNNT
synthesis only recently advanced to the point where sufficient quantities of material are available to
produce bulk composites and composite structures. BNNT-polymer composites have been studied
for neutron shielding [16], UV absorption [17] and, in recent report from Takizawa et al. [18], for
thermal conductivity enhancement in a glass-fiber laminate structure.

As a reinforcement for polymers, BNNTSs offer similar mechanical reinforcement potential
to CNTs and have been reported to increase strength and stiffness of polymers [14]. Using as-
synthesized BNNTs, increased Young’s modulus is the most common report (€.g., +5-15% at 1
wt% BNNTs in PS [19], PVA [20] and PC [21]). Larger improvements in modulus (e.g., 20-50%
for 1-3 wt% BNNTS) are reported with functionalized BNNTs and such cases more commonly
show improved tensile strength as well [14,20,21]. Theoretical studies by Nasrabadi et al. [22]
suggest that BNNTs will have greater affinity for polymers, and Chen et al. [23] have measured
both higher interfacial strength and higher interfacial energy for BNNT-epoxy and BNNT-PMMA
interfaces than for similar CNT cases. This indicates higher resistance to nanotube pull-out, and
hence suggests that BNNTs may be more favorable than CNTs in terms of enhancing the fracture
toughness and bond strength of epoxy adhesives. In addition, Nigues et al. [24] determined that
inter-wall friction in BNNTs is much higher than for CNTs, which could make multi-walled
BNNTs a more efficient filler than multi-walled CNTs. Based on this strong potential, we have
investigated BNNT-enhanced adhesives complimentary to those reported with CNTs. Here we
report the integration of 1 to 7 wt% BNNTS into and epoxy adhesive (Epon 828/Epikure 3223) by a
simple, solvent-free planetary mixing process. The effect of BNNTS on the viscosity, transparency,
tensile properties and fracture toughness of the epoxy resin is presented, along with the first report

on the joint strength, using a single lap shear test, for a BNNT-modified epoxy adhesive.



2. Materials and methods
2.1. Materials

Epon 828 and Epikure 3223 were obtained from Miller-Stephenson Chemical Company.
The BNNTs were few-walled, small-diameter (~5 nm) BNNTs produced from hexagonal boron
nitride (hBN, MK-hBN-N70 from MK Impex Corp) using an RF plasma torch method as
previously reported by Kim et al. [25]. The as-synthesized material was homogenized by
mechanical grinding and dried at 120 °C prior to mixing into composites. This homogenized, fluff-
like form, which is referred to as r-BNNT in this work, is also available commercially as BNNT-R
from Tekna Advanced Materials (Sherbrooke, Canada) and through Sigma Aldrich (Aldrich
Product No. 802824). The purity of the as-synthesized material is estimated to be over 50%
BNNTSs, with impurities including elemental boron and hBN derivatives. The boron impurity can be
removed by chemical processes and the hBN-like component minimized by washing and filtration
steps. No metal catalyst is required in the process and hence metal impurities are avoided. In this
work, the BNNTs were also used in a partially purified form (p-BNNTSs) where the elemental boron
impurity had been removed, as verified by X-ray photoelectron spectroscopy (see Figure S1), but
there was no extensive effort to reduce the quantity of hBN-like impurities.

BNNT-epoxy nanocomposites were prepared by solvent-free, planetary mixing (Thinky
ARE 310) into the epoxy resin (Epon 828). BNNTs were mixed with three, two-minute intervals of
mixing (2000 rpm), allowing the resin to cool between the mixing intervals. The baseline and
nanocomposite samples were cured by addition of Epikure 3223 hardener (12 parts per hundred
parts epoxy resin). The samples were debulked in vacuum for 10 minutes prior to preparation of
films or bulk samples, or fabrication of joint panels. In all cases, the epoxy was cured at room

temperature for a minimum of 24 hours, followed by a 2 hour post-cure at 120 °C.



2.3. Nanocomposite Characterization

Viscosity and gel time of the baseline and nanocomposite epoxies were measured using a
TA instruments AR2000 Rheometer with an Environmental Test Chamber accessory.

Sample uniformity was assessed by eye and transmission optical microscopy. Optical
microscopy samples were prepared by compressing a drop of the composite adhesive between a
microscope slide and a glass cover slip. A filter membrane was used as a gasket to ensure samples
were of comparable thickness. Fracture surfaces of specimens employed in destructive tests also
were imaged by optical microscopy and scanning electron microscopy (SEM; Hitachi S4700).

For tensile properties characterization, 200 um thick films were prepared by curing the
composites between two glass plates treated with a release agent. Metal shims were used to control
the film thickness and dog bone shape test coupons made according to 1ISO 527-2 were punched
using a die punch (Type 1BB). These coupons were tested in tension until failure on a micro-tensile
test frame (Fullam Substage Test Frame) to determine the elastic modulus, ultimate tensile strength
and ultimate tensile strain. At least five coupons of each material were tested using a displacement
rate of 0.5 mm/min. Film samples were also assessed by dynamic mechanical analysis (TA
Instruments Q800) using a tension fixture in force control mode with a 1 Hz oscillating
displacement of magnitude 15 um. Temperature was swept from room temperature to 300°C at a
ramp rate of 2°C/min. Finally, thicker dog-bone samples (per ASTM D 0638 Type IV) were
prepared by molding and tested on a servo-hydraulic load frame from MTS Systems Corporation to
verify selected results (baseline adhesive and 2 wt% BNNT nanocomposites).

Fracture toughness characterization was performed on single edge notched bending (SENB)

specimens according to ASTM D 5045. Specimens with dimensions of 2 mm x 4 mm x 20 mm



were prepared by casting the resin in a custom designed Teflon mold. A notch with a length of 1.9
mm was created in the middle of each specimen using a precision diamond saw, and the tip of the
notch was sharpened using a razor blade. The overall notch length was ~ 2 mm. Specimens were
tested in a three-point bending test geometry with a span of 16 mm using the micro-tensile test
frame. Load was applied at a crosshead speed of 0.05 mm/min until the specimens fractured. At
least five specimens were tested for these experiments, and the average value for each formulation is

reported.

2.4. Joint Preparation and Testing

Adhesive joints were prepared using neat and BNNT-reinforced Epon 828 containing 0 to 5
wt% BNNTs (Figure 1). A single lap shear configuration was selected and joint panels were
prepared and tested according to ASTM D1002 due to the relatively simple test method and smaller
quantity of adhesive required. Briefly, 20.3 cm wide aluminum adherends were prepared by grit
blasting and sol-gel treatment. Following addition of the Epikure 3223 hardener to the
nanocomposite resin by planetary mixing, the adhesive was degassed and spread across the
bondline. Piano wires (250 um) were employed as spacers and the joint was completed by adding
the second adherend and curing under compression at room temperature followed by a post-cure
step at 120 °C for 2 hours prior to cutting and testing. All panels were cut into 6 coupons each for
testing. Joints with the baseline adhesive (0 wt% BNNTS) were prepared in parallel with the BNNT-

modified adhesive as a control sample.



Figure 1: Five ASTM D1002 single lap shear joint coupons cut from a joint panel (left), and lap
shear test (right). (Color online)

3. Results and discussion

3.1. Bulk material characterization

Photographs on neat and nanomodified resin are shown in Figure 2. In contrast to the case for
CNTs, an epoxy adhesive containing BNNTs can be semi-transparent. Good transparency is
obtained by using p-BNNTs without a significant amorphous boron impurity (Figure 2b and 2c),
which leads to a darker brown color and lower transparency for composites produced using r-
BNNTs (Figure 2c, inset). Although the integration achieved in this simple method is not sufficient
to produce thick transparent composites, the result already illustrates sufficient integration quality to
employ BNNTSs in transparent adhesive films with a comparable thickness to that of the actual
adhesive bondline. Transmission optical images of thin (10-20 um) films provide an indication of
the uniformity of the nanotube dispersion for CNT samples (Figure 3a), where the high absorption
of visible light by CNTs is the source of contrast. Corresponding BNNT-epoxy films (Figure 3b)
show only minimal contrast, most of which is also observed for neat epoxy indicating it is due to

challenges associated with thin film preparation (e.g., cleanliness, microbubbles) rather than due to



the BNNTs. Nanotubes are clearly observed in SEM micrographs (Figure 4), where fracture
surfaces show the presence of many nanotubes with sizes consistent with the diameter of the
individual BNNTs (~ 5 nm) or small bundles and are distributed reasonably well rather than
appearing to be concentrated into large clumps. Addition of BNNTS increased viscosity of the resin
(see Figure 5 and Figure S2); however, repeated measurements at 1 wt% (4 measurements) indicate
that at this loading the nanocomposite, at 1.4+0.1 Pa s, remains comparable in viscosity to the neat
epoxy (0.6+0.4 Pa s). At 2 wt%, both the viscosity and gel time are still within a practical range for
preparing cured composite samples and adhesive joints, although greater variability was observed
for repeated measurements. Viscosity increases roughly an additional order of magnitude between 2
wt% and the higher loading samples (5 — 7 wt%) and shows high variability, which may be
indicating inhomogeneous mixing when larger quantities of BNNTs are incorporated (i.e.,

inconsistent BNNT content in the small aliquots removed for rheological characterization).

Figure 2.Photographs of (a) neat and (b-d) nanotube-modified epoxy films placed on top of an
illustration of a nanotube structure. 1 wt% p-BNNT-epoxy composite films of (¢) 250 um and (d)
450 pm thickness provide good transparency while a thin (125 pm) CNT-epoxy film, (b), is opaque.
The inset to (c) shows an equivalent composite with r-BNNTs where transparency is much lower
and the background image is barely noticeable. (Color online)
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Figure 3. Transmission optical microscopy images of nanotube-epoxy thin films: (a) CNT-epoxy
shows strong light absorption; (b) p-BNNT-epoxy shows minimal contrast.

Figure 4. SEM image of the fracture surface of a 2 wt% BNNT composite
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Figure 5. Evolution of viscosity during gelation at room temperature for Epon 828/Epikure 3223
(black; —) and related nanocomposites with 1 wt% (red; —), 2 wt% (blue; —), 5 wt% (green;

—) and 7 wt% (purple; —) BNNTSs. Repeated measurements are indicated by additional lines of
the same color. The G’ and G”’ curves are available as Figure S2. (Color online).

The tensile properties determined from thin film samples show a consistent increase in the
elastic modulus with the addition of up to 5 wt% BNNTSs (Figure 6 and Figure S3, online supporting
information). There was no additional increase at 7 wt% and, at that loading, the tensile strength
also dropped relative to the lower BNNT content composites. The trend obtained for elastic
modulus and strength from the thin film characterization was verified using baseline and 2 wt% r-
BNNT-epoxy samples molded to form larger dog bones (ASTM D 0638 Type 1V), which are less
susceptible to edge defects. These samples yield slightly higher strength and modulus for both the
epoxy (6 =62 + 6 MPa, E =2.29 + 0.07 GPa) and 2wt% nanocomposite (¢ =64 = 1, E=2.66 + 0.06
GPa), but verify the increased stiffness and maintained strength following the addition of BNNTS.
These dogbone specimens showed an average increase of 16% in the elastic modulus with the
incorporation of 2wt% BNNTs and minimal increase, within the uncertainty limits, in tensile

strength. Failure strain decreased with addition of BNNTs (from ~6% for the neat epoxy to ~4%
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failure strain for 1-2 wt% BNNTS) and drops further for the highest BNNT loadings (5-7 wt%:

~2.5% failure strain) (Figure S1).
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Figure 6: Elastic modulus and ultimate tensile strength of nanocomposite films of Epon 828/Epikure
3223 containing 0 to 7 wt% r-BNNTSs (error bars correspond to one standard deviation). The raw
data, expressed as stress-strain curves to account for small differences in cross-sectional area, are
available as Figure S3 online.

Consistent with the elastic modulus measurements, dynamic mechanical analysis (DMA)
showed that the storage modulus also increased with BNNT addition up to 5 wt% (Table 1). There
was no consistent trend in the loss modulus data; however, the baseline epoxy and nanocomposites
up to at least 2 wt% BNNTS exhibited qualitatively similar behavior for both E” and E” (see DMA
traces: Figure S4, online). The increased glass transition temperature (Tg), which was determined
from the peak in tand (Figure S4, bottom), is consistent with a strong filler-matrix interaction
hindering the mobility of polymer chains, as described by Wang et al. [26] for BN nanosheets in
PMMA and by Morales-Cruz et al. [27] for BNNTs with epoxy. The increase here is quite
dramatic; however, further study would be required to explain this observation. Notably, a 1 wt%

sample using p-BNNTSs, which was evaluated in the joint tests described below, had only a slightly
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increased Ty (155 °C); therefore, it is not clear if the increased Ty is attributable to the BNNTS or to

other factors such as boron nanoparticle impurities in the r-BNNT material.

Table 1. Dynamic mechanical analysis results for storage modulus (E’) and loss modulus (E’*) for
BNNT-reinforced Epon 828/Epikure 3223 composites. T4 was estimated from the peak in the tan(d)
signal in dynamic mechanical analysis tests. The corresponding DMA traces are available as Figure
S4.

BNNT content E'at25C E”at25C Tg

(wt. %, r-BNNT) (MPa) (MPa) (°C)
0 1700 42 152.8
1 1650 70 163.5
2 2050 43 161.5
5 2650 103 179.1
7 2290 38 197.4

While ultimate strain in the tensile tests progressively decreased with BNNT addition, as can
be seen in the stress-strain data (Figure S3), single-edge notched bending tests show that fracture
toughness increased with BNNT addition (Figure 7). As with the elastic and storage moduli,
fracture toughness approached a maximum around 5 wt% BNNTSs. The fracture surfaces of the
nanocomposites (Figure S5) reveal increased roughness, particularly for the largest BNNT contents
(5 wt% and 7 wt%), indicating that the BNNTS play a role in inhibiting fracture and increase the

energy dissipation as the crack grows.
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Figure 7. Fracture toughness of Epon 828/Epikure 3223 and related composites with up to 7wt% r-
BNNTSs (error bars correspond to one standard deviation).

3.2. Adhesive joint characterization

Based on the tensile and fracture toughness test results, loadings of 0, 1, 2 and 5 wt%
BNNTSs were selected for evaluation as adhesives in single lap shear tests. The macroscopic failure
mode for BNNT composite adhesives was mainly adhesive failure at the interface of the epoxy and
the adherends, as seen from optical observation of the failure surfaces (Figure 8). This observation
demonstrates that the strength of the epoxy is higher than the bond strength between the epoxy and
the aluminum adherends. Notwithstanding, the single lap shear strength still increased with BNNT
addition up to 2wt% (Figure 9) indicating that the addition of nanotubes improved not just the
properties of the epoxy but also the strength of the epoxy-aluminum interface. With a further
increase in loading, to 5 wt%, strength dropped and was equivalent to neat Epon 828 adhesive. The
lower optimum concentration of BNNTSs in comparison to the fracture toughness and modulus may
relate to greater difficulty preparing high quality joints with the higher BNNT contents due to higher
viscosity. At 5 wt% BNNTS the viscosity is 1 to 2 orders of magnitude higher than the neat epoxy,

which affects the mixing and degassing of the composites and also makes it more difficult to spread
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the adhesive uniformly during joint preparation. One approach to address this issue is to use purified
BNNTSs. An initial test of this approach was performed using 1 wt% and 2 wt% p-BNNTS, where on
a per-weight basis the amount of nanofiller added contains a larger amount of BNNTSs due to
removal of the elemental boron impurity in r-BNNTSs. In this case, the 1 wt% purified BNNT
composite yielded an increase in joint performance of 15% relative to the baseline epoxy but no
additional improvement from 1 wt% to 2 wt% p-BNNTSs. The single-lap-shear samples produced
with these p-BNNT-epoxy composites displayed the best joint performance in the present study
(Figure 9), indicating that removal of the boron impurity is useful not just to improve transparency

but also to maximize the joint strength.
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Neat epoxy BNNT-epoxy
(b)

Figure 8. (a) Schematic illustration of the adhesive failure involving both adherends. (b)
Photographs and (c,d) optical microscopy images of the failure surfaces (c: neat epoxy, d: 2wt% r-
BNNTSs). The white specks in the optical micrographs indicate metal from the aluminum adherends

as discussed subsequently.
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Figure 9. Lap-shear strength of Epon 828/Epikure 3223 and related BNNT composite adhesive
joints using raw (r-BNNT) and purified (p-BNNT) BNNTSs. Neat (repeat) is a second panel of the
baseline adhesive prepared by the same method but on a different date. The error bars correspond to
one standard deviation. The raw data, expressed as shear stress vs. displacement to account for
small differences in the bonded area, are available as Figure S6 online.

More detailed observation of the failure surfaces provides a possible explanation for the
effect of nano-reinforcement. In all cases, the fracture surface followed the adhesive-adherend
interfaces (as in an adhesive failure mode) but switched between the two adherend surfaces near the
center of the bondline as illustrated in Figure 8(a,b) indicating failure within the adhesive itself (as
in a cohesive failure mode). A qualitatively similar failure was described by Sydlik et al. [12] for the
case of single-lap-shear joints reinforced with functionalized carbon nanotubes. They attributed the
increased failure strength to crack deflection by the nanotubes along the transferred interface where
the fracture path travels through the adhesive layer [12]. The same type of failure path was observed

in the present work. Optical microscopy of the failure surfaces (Figure 8 c,d) for both neat and

16



BNNT-reinforced joints show similar striations on the surface. In this figure, the white specks, of
which there are proportionally more for the BNNT-reinforced adhesive, are thought to be metal
from the aluminum adherends. The latter observation indicates that failure of the adherends also
contributed to the joint failure in what is actually a mixed-mode failure (interfacial failure, failure
within the adhesive, and failure within the adherend). In a single-lap-shear test, which is the most
commonly used method in literature reports for nanotube-reinforced adhesives, the adherends must
deform/bend as the test proceeds due to the slight tilt of the coupon (away from a perfect vertical
plane) that is necessary to mount it for testing. This leads to stress concentrations in the adherends
proximal to the edge of the adhesive bond and causes interlaminar failure of composite adherends
[28].The failure surfaces observed in the present investigation (including the failure path switching
from one adherend to the other) are consistent with this type of stress concentration. SEM images of
the SLS failure surfaces (Figure 10) show the presence of many BNNTSs distributed reasonably well
across the failure surface, indicating that they are pulled out and therefore likely play a role in the
failure by resisting crack propagation. As suggested by the work of Sydlik et al. [12], the sample
was also tilted in the SEM to obtain a clear view of the crack along which failure switched from one
adherend to the other (Figure 11). We observed a high instance of BNNTSs protruding from the
adhesive and aligned in the failure direction for joints with less BNNTSs but, unexpectedly, relatively
few for the highest BNNT-content adhesive (5 wt%) where performance was inferior to the baseline
epoxy. This may be a key factor in the improved strength in joints with up to 2 wt% BNNTSs despite
the initial observation of an adhesive failure mode along the interface between the nanoreinforced
adhesive and the adherend. Bending of the adherends during single-lap-shear tests also leads to a
bending force (peel force) on the adhesive in addition to shear. In our previous work with CNT-

enhanced epoxy for bonding composite adherends [2], we observed significant increases in peel
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strength but a smaller increase (and with lower maximum nanotube content) for shear strength in a
slotted single-lap-shear configuration, which prevents bending. Therefore, improved strength in the

single-lap-shear test could also relate to the nanotubes improving the peel strength. Use of a slotted

or double-lap configuration in future tests could provide additional insight.

Figure 10. Failure surfaces of neat (left) and BNNT-cmposite (right) adhesives from singl lap
shear tests.
4. Conclusions

Motivated by their complimentary properties to CNTs and recent advances in the
availability large-scale synthesis, the joint performance of BNNT-epoxy adhesives was assessed.
Modest improvements in tensile properties were obtained. In general, the elastic modulus of Epon

828/Epikure 3223 was increased, significantly and progressively with BNNT addition up to 7wt%,

18



but ultimate strain was reduced in all cases. The fracture toughness also increased, reaching to a
plateau around 5 wt% BNNTS, and failure surfaces showed increased roughness indicating a role of
BNNTSs in inhibiting fracture. Single-lap-shear strength was increased despite the mixed-mode
failure with a large adhesive failure contribution. Failure within the adhesive occurred near the
center of the bondline and it appears that adherend failure also plays a role. These observations can
be understood in relation to stress concentrations resulting from deformation of the adherends and
are evidenced by the transferred interface and parts of the metal surface coming off with the
adhesive. SEM images suggest that substantial pull out and alignment of BNNTSs along the test
direction in the region where the failure surface transitioned from one adherend to the other could be
a factor in the improved performance despite failure occurring primarily at the adhesive-adherend
interface. An optimum nanotube content for improvement of single-lap-shear strength was observed
at 1-2 wt% BNNTSs. The increased joint strength strength could also relate to the performance of the
nanotube modified adhesive under bending/peel stress. BNNTs purified by removing the
amorphous boron impurity led to the highest lap shear strength, 23.6 + 0.5 MPa at 1 wt% (15%
improvement relative to the unmodified epoxy), and may be a more effective reinforcement for
enhancement of the joint performance. Use of purified BNNTSs also reduces color and improves
transparency. This work shows the potential of BNNTSs to reinforce structural joints, similar to
CNTs. Due to superior affinity of BNNTs for epoxy and their complimentary properties versus
CNTs, they could become the preferred nanotube for adhesive reinforcement and in particular offer
an alternative to CNTs when electrical insulation, optical transparency, or other unique features of

BNNTSs are desired.

19



Figure 11. SEMimage of tilted (34°) lap-shear failure surfaces along the line where the failure
surface transitioned from one adherend to the other. The 2 wt% r-BNNT-epoxy adhesive joint (Top)
shows substantially higher alignment of the pulled out BNNTS along the failure direction than for
the higher nanotube content joint (5 wt% r-BNNT; Bottom).
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