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ABSTRACT: Hybrid composite materials are a class of materials -
where more than one type of reinforcement is integrated into a "IN g
matrix to achieve superior properties. This typically involves

nanoparticle fillers employed within traditional advanced compo-

sites with fiber reinforcements such as carbon or glass. The current i
study builds on previous investigations of boron nitride nanotube

(BNNT) hybrid composites, specifically glass fiber (GF)—epoxy/

BNNT composite laminates. GF is an effective and affordable

primary reinforcement fiber in many applications, and boron

nitride nanotubes (BNNTs) exhibit impressive mechanical proper-

ties comparable to carbon nanotubes (CNTs) with distinct

functional properties, such as electrical insulation, which is

desirable in manufacturing insulating composites when combined with GF. GF—epoxy/BNNT composite laminates, incorporating
BNNT materials with different loadings (1 and 2 wt %) and purity, were manufactured using a hand layup technique and prepared
for three-point bending, modified Charpy, dynamic mechanical analysis (DMA), and fracture toughness (mode I and mode II)
measurements. A comprehensive microscopy study was also performed using scanning electron microscopy (SEM) showing
prominent failure mechanism, nanotube dispersion, and their mode of reinforcement in different loading scenarios. Enhanced
properties, including a 43% increase in mode II fracture toughness, were observed in hybrid composites with 1 wt % BNNT
compared to the GF composites with neat epoxy, and the reinforcement mechanisms were discussed.
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1. INTRODUCTION

Traditional composite materials, containing a matrix and some
form of reinforcement, are now considered a fully established
option for many applications. Fiber-reinforced polymer (FRP)
composites with long and continuous reinforcements belong to

properties of FRPs. When considering tubular nanostructures,
the literature primarily focuses on carbon nanotubes (CNTs)
as reinforcements to create multiscale hybrid composites
consisting of a primary reinforcement fiber (e.g., GF or carbon
fiber) and a CNT-enhanced polymer matrix."*™'® CNTs also
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the category of advanced composite materials and include
glass-fiber-reinforced polymers (GFRPs), which have demon-
strated their potential for a wide variety of applications from
structures (aerospace, automotive, and wind turbines) to
electronics (circuit board substrates) and armor (impact-
resistant materials).' > The type of glass fiber (GF) can be
selected based on the application; for example, S-glass is suited
for applications requiring high tensile strength, and C-glass is
targeted where chemical durability is desired.” However, FRPs
are prone to interlaminar and matrix-dominated damages,
which calls for a careful consideration when high resistance to
delamination and impact damage is needed. A comprehensive
understanding of the laminated composite material’s resistance
to interlaminar fracture is essential for product development
and material selection. Previous studies on the fracture
toughness of composite materials are well-documented in the
literature.” "

Modification of the matrix polymer with different nanoma-
terials in general,”’12 and nanotubes in particular,l"”14 is
considered a viable approach to improve matrix-dominated

Crown © 2022. Published by American
Chemical Society
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bring multifunctionality to traditional FRP composites, which
include enhancement in electrical (e.g, electromagnetic
shielding and electrostatic dischalrge),w’]8 thermal (e.g.,
thermal conductivity and thermal stability),"” and mechanical
properties (e.g, interlaminar properties),''® as well as
sensing.

Boron nitride nanotubes (BNNTs) offer mechanical proper-
ties as impressive as CNTs and have also been successfully
employed to reinforce polymer matrices.”*” Because of the
similar geometric shapes of CNTs and BNNTs (both tubular
structures), the physical interaction between these materials
and the matrix (including mechanical interlocking, wrapping,
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and so forth) resembles each other. However, the difference in
the molecular structure and polarity of CNTs and BNNTs
leads to more favorable interaction of BNNTs with
polymers’>** and also results in different multifunctional
properties including electrical insulation, lack of absorption in
the visible spectrum, higher thermo-oxidative stability, and
high neutron absorption. Such characteristics make BNNTSs a
promising candidate to use in the modification of FRP
composites. Moreover, recent advances in larger-scale BNNT
synthesis,”” along with the availability of high-quality
commercial BNNTSs at the g-to-kg scale,””*” have opened
new horizons for their use in composites. BNNTs have been
applied to a variety of Polymer matrices and demonstrated
property enhancements.”>> Despite several studies on fracture
toughness of hybrid CNT composites, the current literature
contains a very limited number of studies on the performance
of a hybrid multiscale composite consisting of a BNNT-infused
polymer, and the fracture toughness of these materials has not
been comprehensively studied. The combination of glass fiber/
BNNT hybrid composite maintains the electrical insulation
property (unlike for CNT hybrid composites), while
enhancing other properties of the composite. The incorpo-
ration of BNNTs at the plies interface in a GFRP composite
through dipping of a prepreg into the solvent with dispersed
BNNTs is reported.”® A through-thickness thermal con-
ductivity increased as high as 1.2 W m™" K7, relative to 0.3
W m™ K™! for the GFRP without BNNTSs, was achieved at a
BNNT content of only ~0.01 wt %.** Our previous
studies ' demonstrated the promising enhancements in
the mechanical performance of BNNT-modified polymers and
hybrid GFRP composites, including in the elastic modulus of
the epoxy resin and the dynamic performance (e.g, impact
energy absorption) of the modified resin and hybrid
composite. The shear performance of hybrid GFRP
composites was also enhanced by the incorporation of
BNNTs into the epoxy matrix."** Shi et al,** Han et al,**
and Zhang et al.** mainly focused on the thermal properties of
GF hybrid composites at a significantly higher BNNT content.
The literature on glass fiber/epoxy/BNNT, including the
abovementioned studies, demonstrate impressive performance
of these materials; however, a comprehensive study of fracture
toughness enhancement by incorporating low-content BNNT
in glass fiber/epoxy composites has not been previously
reported.

Mode I fracture toughness studies on nanomodified
polymers and hybrid composites primarily investigate the
effect of CNTs within carbon fiber-reinforced polymers. A
comprehensive review of the previous studies is provided by
Chaudhry et al,,*® where G, enhancements from —51 to +98%
are reported for various types of nanotubes (single-walled
CNTs (SWCNTs) and multiwalled CNTs (MWCNTs), with
and without functionalization) and at different nanotube
contents (ranging from 0.01 to SO wt %). Williams et al.’’
incorporated oxygen plasma-treated MWCNTSs in unidirec-
tional e-glass prepreg and achieved an up to 22% increase in
mode I fracture toughness. Tugrul Seyhan et al.”® studied
mode I fracture toughness of e-glass noncrimp fabric hybrid
composites containing 0.1 wt % of amino-functionalized
MWCNTSs in the matrix and observed no significant
improvement in mode I interlaminar fracture toughness values.
Recently, Domun et al. reported improved fracture tough-
ness” for fiberglass laminates containing a combination of
BNNTSs or BN nanosheets with nanocarbon fillers. A survey of

the open literature revealed that reports of mode II fracture
toughness are far less frequent compared to their mode I
counterparts. Similar to mode I results, mode II fracture
toughness studies on nanocomposites of hybrid composites
primarily employ CNTs as the nanoreinforcement, where
enhancements of up to 75% for the MWCNT /UD-carbon/
epoxy combination is reported.”” Mode II fracture toughness
of e-glass noncrimp fabric hybrid composites containing 0.1 wt
% of amino-functionalized MWCNTSs was studied, and 8%
improvement compared to the baseline composite was
reported.”® Davis and Whelan*' used a spraying technique to
deposit a content of 0.5 wt % functionalized CNTs on the mid-
plane carbon fabric, and then tested the specimens under four-
point bending loads. The results showed a 23% increase in the
average initiation and 27% increase in the average propagation
of mode II fracture toughness compared to the case with neat
resin.

High fracture toughness is critical for performance in
aerospace applications, where a longer service life of a
potentially cracked structure guarantees the integrity of the
structure until damage (i.e, crack) is captured in the next
inspection and maintenance check. Furthermore, ballistic
applications also profit from enhanced fracture toughness,
when a damaged structure maintains its integrity and can
perform for longer use before it is discarded. Following our
previous study of the effect of BNNTs on the shear
performance of hybrid GFRPs, in this work, the effect of
adding BNNTSs to the matrix of GFRP composites on the
fracture toughness performance of the hybrid composites is
investigated. In this work, a comprehensive study of fracture
toughness of glass fiber—epoxy/BNNT hybrid composites is
performed. Such advanced performance characterization is
particularly relevant for composite applications that are
subjected to delamination and crack propagation as it speaks
directly to their major limitation in unstable crack growth and
helps enhance the structure’s life cycle during inspection
intervals. Although many studies address basic mechanical
characterization of nanomodifed polymers, such as tensile
strength, stiffness, and strength, there remain relatively few
studies on this type of performance assessment, mostly for
CNT-modified FRP, making this work both a specific
advancement in the case of BNNTSs and also relevant to the
broader case of multiscale, hybrid composites. Glass fiber—
epoxy/BNNT hybrid composites were fabricated using wet
layup, and the structural properties of hybrid composites were
investigated. Fracture toughness tests in mode I and mode II
loading conditions were the main focus, while three-point
bending, modified Charpy and dynamic mechanical analysis
(DMA) tests were also carried out to investigate other
mechanical properties of the BNNT hybrid GFRPs while
trying to enhance the fracture toughness performance. The
current study provides an insight into how the addition of
BNNTs affects the performance of glass/epoxy composite
structures under complex loading, proving that BNNTs offer
effective reinforcement in combination with complimentary
functional properties to CNT/nanocarbon-reinforced GFRP.

2. MATERIALS AND METHODS

2.1. Raw Materials. The GF fabric was a plain weave S-
glass fabric: S-2 fiberglass fabric style #4522 with the areal
density of 125 g/m?, from ACP Composites (Livermore, CA).
The polymer, a toughened epoxy resin (SC-15), was obtained
from Kaneka Aerospace (Benicia, CA).

https://doi.org/10.1021/acsomega.2c00365
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Figure 1. Schematic of the experimental procedure including BNNT purification (resulting in BN and BN2 batches in Table 1), solvent wash
(producing BNW batch in Table 1), incorporation into SC-15 epoxy part A, mixing with the hardener resulting in nanomodified epoxy, laminate

manufacturing, specimen preparation, and mechanical testing.

The BNNTSs were produced in-house usinsg the hydrogen-
assisted BNNT synthesis (HABS) method,” which uses an
induction thermal plasma torch system to produce highly
crystalline, small diameter (~S nm), few-walled BNNTSs from
an hBN feedstock, as reported in detail elsewhere.”® Raw
BNNT material produced using this method is commercially
available as “BNNT-R” from Tekna Advanced Materials
(Sherbrooke, Canada) and is estimated to be ~50% BNNTSs
by weight, with elemental boron and hBN-like impurities. All
BNNTSs used in the present work were purified to remove the
elemental boron impurity and homogenized by shredding/
grinding into a fluff-like form. The purification is a gas-phase
process, reported in detail elsewhere,*” which involves the
reaction of the boron impurity with a flow of chlorine and
argon gases at high temperatures (ca. 750—1050 °C). Boron
reacts with chlorine to form gaseous BCl;, which is removed in
the flow and neutralized. Chlorine also etches defective BN
structures. For the BNNTSs in this study, this process was
performed at 750 °C.

Following the removal of the boron impurity by gas-phase
purification, the purified BNNT material becomes white in
color and consists of a combination of BNNTs with hBN and
hBN-like derivatives/impurities. This material was further
purified using a solvent washing method consisting of
dispersing 8 g of material in 4 L of solvent (hot water or
acetone, as described below) with bath sonication, followed by
gravity filtration through a 20-micron stainless steel mesh. The
filtrate, which was initially a milky color and was discarded
after each wash, became progressively clearer with an
increasing number of solvent wash cycles. The filtrate was
immediately redispersed, while it was still wet with the solvent,
to minimize BNNT agglomeration. A total of 1 water wash
(with 15 min sonication), followed by 6 acetone washes (30
min sonication), was employed. After the final filtration, the
filtrand was put into water, frozen, and freeze-dried to collect a
fluft-like BNNT purified using chlorine treatment and solvent
washing denoted here as BNNT-washed (BNNT-W). Seven

batches of solvent washing were homogenized, providing >9 g
BNNT-W for the present panels and related work. The yield of
BNNTSs recovered following the 1 + 6 washing steps described
above was typically 15—20%. The schematic of the BNNT
preparation and purification steps is shown in Figure 1.
Purification removes the boron impurity with a minimal effect
on the BNNTSs using the conditions employed here.*” It was
shown that higher-temperature purification would have
removed more defective BNNTs. Hence, it is reasonable to
state that based on the scanning electron microscopy (SEM)
analysis of the powder material and composites, considering
the mild sonication (bath for short periods at a time), solvent
washing removes additional impurities and is not expected to
damage the crystalline quality of the BNNTSs. The quality of
the purified BNNT materials was also evaluated using a
recently reported methodology, and it was demonstrated that
the gas phase plus the solvent-washed process results in higher
purity of BNNTs"™ (for further details, please refer to the
Supporting Information). However, drying the solvent-washed
material (even using freeze-drying was done here) may lead to
nanotube agglomerations. Two types of purified BNNTs in
this work are shown in the Supporting Information.

2.2. Nanocomposite Preparation. BNNTs were added
to an epoxy resin (SC-15 epoxy, Part A) by solvent-free
planetary mixing (Thinky ARV-310) using three rounds of 2
min mixing at 2000 rpm. The resin was allowed to cool
between mixing intervals. In contrast to our earlier
work,””*%**** 3 vacuum mixer was employed. The change to
vacuum mixing avoided mixing of air into the resin, which was
evident in vacuum degassing steps in our earlier work. The
effectiveness of this approach was verified qualitatively by
performing additional degassing under vacuum, where no
bubbling was observed for samples mixed under vacuum. The
BNNT-modified SC-15 Part A component was then mixed
with the hardener (SC-1S5 Part B) using the same mixing steps
(1 X 2 min under vacuum). Nanocomposite epoxies were
mixed such that 1 and 2 wt % BNNTs would be achieved,

https://doi.org/10.1021/acsomega.2c00365
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following subsequent mixing with SC-15 Part B at the mixing
ratio of 30 parts hardener (Part B) to 100 parts resin (Part A).
These steps are schematically shown in Figure 1.

2.3. Laminate Production. Flat composite panels with
dimensions of 34.3 cm X 34.3 cm (13.5 in X 13.5 in) were
manufactured from S-glass plain weave plies with neat and
BNNT-modified SC-15 epoxy using a wet layup technique.
Four different combinations of resin/nanoreinforcements were
used to produce panels with four different BNNT contents
according to Table 1.

Table 1. Specimen Identification and Definition

sample

name definition

BL-X“ baseline, no BNNT content

BN-X BNNT content: 1 wt % purified-1 (gas phase)

BNW-X BNNT content: 1 wt % purified-2 (gas phase + solvent-
washed)

BN2-X BNNT content: 2 wt % purified-1 (gas phase)

“The “X” is a number that indicates the specimen number in a batch
cut from each sample panel.

Each panel contained 30 plies of the woven glass fabric
where liquid resin (neat or modified) was applied and spread
between every two plies. The laminate production step is
shown in Figure 1, and the details of the laminate production
procedure are explained in the Supporting Information. A
similar approach was followed for all four types of panels, and a
slight color difference of clean white for neat resin panel and
milky white for the panels with BNNTs (regardless of the
content) was noticed.

2.4. Specimen Preparation. A series of experimental
investigations was performed on the manufactured panels.
These tests included three-point bending, modified Charpy,
DMA, and mode I and mode II fracture toughness tests.
American Society for Testing and Materials (ASTM) and
International Organization for Standardization (ISO) testing
procedures™>™* were followed in this work. The specimen
preparation step (Figure 1) is described in detail in the
Supporting Information.

2.5. Test Procedures and Coupon Preparation.
2.5.1. General Mechanical Assessment. Three-point bending,
modified Charpy (using a drop tower), and DMA were chosen
as mechanical assessment tests because of a broader use of
these methods in the literature including for comparison to our
previous work. Tests were repeated using at least five
specimens of the same material/manufacturing combination.
Three-point bending tests were performed in accordance with
the ASTM D790 standard,* while for modified Charpy impact
tests, a drop weight tower testing machine was used, and the
ISO 179-1*° and 1SO 179-2*" standards were followed. A
series of DMA tests was performed using the cantilever module
of a TA Instrument Q800. For further method information,
please refer to the Supporting Information.

2.5.2. Mode | Fracture Toughness. Mode I fracture
toughness measurements were performed in accordance with
the ASTM D5528 standard.*® The objective in this test was to
obtain the delamination resistance (normalized energy) as a
function of the crack length. The preexisting crack in the DCB
specimens was simulated by the 12.7 pym thick nonadhesive
Teflon insert on the midplane that acted as the delamination
initiator (Figure 2) (see the Supporting Information for more

Figure 2. (a) A DCB specimen under mode I opening loads. The
preexisting crack created by the nonadhesive Teflon film is
distinguishable from the propagated crack because of different surface
roughness and light reflection. (b) Mode II fracture toughness test
setup.

detail). Mode I opening forces were applied through the piano
hinges bonded to the specimen. Figure 1a shows the specimen
under loading, where the end of preexisting crack and the
beginning of the crack propagation region are distinguishable
in the specimen.

2.5.3. Mode Il Fracture Toughness. Mode II interlaminar
fracture toughness, Gy, was measured from end-notched
flexure (ENF) based on the ASTM D7905 standard.”” At least
five specimens were tested from each batch. Because, unlike
mode I test, the delamination growth for the ENF test is not
stable, the mode II standard proposes two fracture toughness
values to be obtained: (1) when the crack growth starts from
the artificial crack created by inserting the Teflon film
(nonprecracked or NPC) and (2) when the crack growth
starts from a natural preexisting crack (precracked or PC). The
NPC fracture toughness value is determined by loading the
pristine specimen in which the crack tip is where the Teflon
film ends, whereas the PC fracture toughness test is performed
after the NPC test and when the initial crack has already grown
and stopped to create a natural crack tip. For further details of
the procedure, please refer to the Supporting Information. For
very tough composites, large deformations at the onset of
delamination growth may affect the accuracy of the ENF test;
however, the objective in this work is to compare similar types
of specimens, and the comparison is still valid. Dean et al.>’
showed that for typical unidirectional glass and carbon-
reinforced unidirectional composites, the combined effects of
friction and geometric nonlinearities influenced the accuracy of
the recommended approach by approximately 3% or less for
toughness of up to 2.10 kJ/m?* Figure 1b shows the mode II
test setup (details in the Supporting Information).

2.6. Microscopy Studies. A field emission scanning
electron microscope (Hitachi $4800) was used for microscopy.
No coating was applied to the specimens. Fracture surfaces
were exposed (for cases where the two halves of the specimen
were still attached) by applying small tension to separate the
halves.

3. RESULTS AND DISCUSSION

The mechanical performance of composites is strongly
influenced by the fiber volume fraction. In order to correctly
associate any changes in the mechanical properties of the
BNNT-modified specimens to the incorporation of BNNTs, it
was first verified that all laminates have similar fiber volume
fractions. Table 2 lists the fiber volume fraction for each batch
of specimens. It is noted that the range of fiber volume fraction
for these panels is within $% of a laminate volume (between 38

https://doi.org/10.1021/acsomega.2c00365
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Table 2. Summary of Preliminary Test Results

BN: 1 wt % purified (gas
phase) BNNTSs

test parameter BL: baseline
fiber volume fraction (%) 43+ 1 40 £ 2
3 point elastic modulus (GPa) 23.1 £ 06 243 +09
bending 1.y stress (MPa) 478 £ 15 602 + 36
strain (%) 2.7 +02 2.8 + 0.1
DMA glass transition temperature (°C) 92 + 0.1 94.1 + 0.3
modified fracture energy per area (kJ/m?) 112 + 12 132 + 18
Charpy failure stress [max. stress in outside fibers 657 + 44 719 £ 79
due to bending], (MPa)
max stress [max load/area], (MPa) 233+ 18 272+ 2S5

BNW: 1 wt % purified (gas phase +
solvent-washed) BNNT

BN2: 2 wt % purified
(gas phase) BNNT

41 + 1 38+1
22.5 + 0.8 212 + 0.8
517 + 27 520 + 3§
3.0+ 02 2.8 £02
95.5 + 0.6 97 + 0.3
122 £ 5 114 + 11
678 + 17 635 + 34
249 + 1.0 254 + 1.0

Table 3. Opening Mode I Fracture Toughness Summary Based on the Modified Beam Theory (MBT) Technique

BN: 1 wt % purified (boron-

BL: baseline  removed) BNNTSs

mode I fracture 1180 + 130 1280 + 70
toughness (J/m?)

average improvement 9
(%)

standard deviation 48

reduction (%)

BNW: 1 wt % purified (boron-removed +
solvent-washed) BNNT

BN2: 2 wt % purified (boron-
removed) BNNT

1220 + 90 1020 + 170
4 -13
32 -33

and 43% for BN2 and BL specimens, respectively), with the
baseline panel showing the highest value. Therefore, when any
enhancement in the mechanical performance of BNNT-
modified specimens is observed, it is clear that it cannot be
due to different GF contents (specifically for fiber dominant
properties) compared to the baseline specimens. The slightly
lower GF content of the BN2 panel could be a factor in the
performance of that panel.

3.1. General Mechanical Assessment. The main
objective of the current work was to evaluate the effect of
different purified BNNT materials and BNNT content on
fracture toughness properties of the laminates. Therefore, as
the first step, general mechanical performance of the
manufactured composites was evaluated to ensure the results
are comparable with our previous report,”” and no compromise
is made to other mechanical properties.

3.1.1. Three-Point Bending. The three-point bending test
provides the flexural modulus and strength of the material. The
specimens, for all different batches of the material, were loaded
to complete failure, and it was noticed that the failed
specimens did not completely break into two separate pieces.
Close observation showed a slight discoloration close to the
failed region for specimens containing BNNTs. This
phenomenon, perhaps due to plastic deformation of the resin
at the failed region, is clearly seen across the thickness and the
width of the failed region and indicates interactions between
BNNTs and the epoxy matrix probably affecting the matrix
microstructure during deformation. The summary of the elastic
modulus results for all batches of materials is shown in Table 3.
The specimens containing BNNTs showed a slight increase in
modulus (5% improvement for BN specimens with a Student’s
T-test confidence of greater than 98.5%) compared to the BL
samples. The maximum stress and failure strain of the tested
samples are also listed in the table. Clear enhancement for BN
samples, containing 1 wt % of BNNTs purified by the gas-
phase process only, is noticeable, where a 26% improvement in
the maximum stress, compared to the BL, was achieved. For a
detailed analysis of the data, please refer to the Supporting
Information.

10678

3.1.2. Modified Charpy. Modified Charpy determines the
flexural strength and modulus of the material under dynamic
loading. It also provides the amount of fracture energy
absorption under flexural loads. Two indications of the panel
strength are listed in Table 3: the maximum stress and failure
stress. The maximum stress is the index of the average stress
over the entire cross-section and is obtained by dividing the
maximum force by the cross-sectional area. The failure stress is
the highest flexural stress induced to the top and bottom faces
of the specimen (compressive and tensile, respectively) due to
the bending. These two strength indicators show a similar
trend between the baseline and the BNNT-modified speci-
mens. The strength of the baseline specimens is lower than
that of all BNNT-modified specimens (except failure stress for
BN2) and the strongest samples in both strength indicators are
the BN specimens with 17 and 9% increase in maximum stress
and failure stress compared to the baseline, respectively. The
Student’s T-test put a confidence of 93% for failure stress
enhancement. The energy absorption capability of the
materials is evaluated by studying the fracture energy per
area for the modified Charpy tests. The fracture energy is
calculated based on the area under the force—displacement
curve and then divided by the cross-sectional area of the
specimen to demonstrate an average index of energy
absorption for the specimen. A similar trend to that observed
for the strength results was also noticed for the fracture energy
per area, wherein the baseline has the lowest value and BN
specimens show an 18% improvement compared to the
baseline. A previous study by our team showed the same
trend and similar improvements in modified Charpy test
results.”” Similar results were reported previously, where the
incorporation of CNTs led to enhanced energy absorption
properties.” ~> Detailed analysis is shown in the Supporting
Information.

3.1.3. Dynamic Mechanical Analysis. DMA tests were
performed on two specimens from each batch to study the
effect of BNNT incorporation on the glass transition
temperature. As listed in Table 3, BNNT-modified specimens
demonstrated a slightly higher glass transition temperature,
and the enhancement increased with increasing the content of
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BNNTs in the specimen reaching a maximum of 5 °C for
specimens with 2 wt % BNNTSs in the matrix. Glass transition
increase due to the incorporation of BNNTs had been
observed in the literature before.”’ Table 3 summarizes the
results of all general mechanical assessments.

Results from the general mechanical characterization
indicate that improvements were observed when BNNTs
purified using the gas-phase method are incorporated into the
epoxy resin at 1 wt % (BN specimens) and that increasing the
BNNT content to 2 wt % actually had a detrimental effect in
some cases. Interestingly, BNW specimens containing BNNT's
that were subjected to solvent wash steps after gas-phase
purification, to improve the material purity, did not lead to
further improvements. BNW specimens showed a higher
content of nanotubes (refer to the SEM images of different
BNNT types in the Supporting Information), as expected from
the solvent wash purification step. However, after recovering
the BNNT material from the solvent, even using freeze-drying,
the material does not disperse as well by planetary mixing in
comparison to the BNNTSs purified only by the gas-phase
process.

3.2. Fracture Toughness. 3.2.7. Mode |. The mode I
interlaminar fracture toughness, G, of the manufactured
laminate was measured from the DCB specimens according to
the ASTM D5528 standard.** The standard defines three
methods to calculate the mode I fracture toughness, Gy: the
modified beam theory (MBT), the compliance calibration
(CC), and the modified compliance calibration (MCC)
method. There is no preference among these as it is stated
that the difference between the outcomes is no more than
3.1%, but the MBT provided the most conservative results for
more than 80% of the tested specimens.*® Large displacement
effects are also corrected according to the procedure
recommended in the standard.

The entire set of mode I fracture toughness results for all
samples within the four batches of material is shown and
discussed in the Supporting Information. For all material types
tested here, the mode I fracture toughness remained relatively
constant with changes in the crack length. Furthermore, as it
can be seen in Table 3, BN specimens had less scattered data
compared to baseline tests. Decreasing the scatter band and
enhancing the repeatability of the tests are extremely important
for applications where a lower margin of safety is desirable.
Therefore, specimens containing BNNTs may have potential
applications in aerospace industry where a smaller allowable
deviation can lead to weight saving. Compared to the baseline,
the BN samples show a 9% improvement in mode I fracture
results. These results fall within the wide range of the previous
literature on nanoreinforced GFRP.* Moreover, the BN
samples show a 48% smaller uncertainty band compared to
the baseline specimens. The BN2 batch shows a reduction in
the results; however, the higher uncertainty band (—33%)
compared to the baseline is due to one single specimen, as
shown in the Supporting Information. The repeatability and
the band of uncertainty in the result can be due to
inconsistencies in specimen manufacturing, such as deviation
from target ply orientation in plies immediately adjacent to the
crack.

3.2.2. Mode Il. According to the standard, the mode II
interlaminar fracture toughness, Gy, is defined as the critical
value of strain energy rate, G, for delamination growth because
of an in-plane shear force (or displacement) oriented

perpendicular to the delamination front. The nonadhesive
insert placed in the midplane acts as a delamination initiator.

The results of mode II fracture toughness measurements are
presented in Figure 3. The three sets of data indicate the NPC,
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Figure 3. Mode II fracture toughness results summary.

PC, and the average of NPC and PC results for each batch of
material. A quick overview of the results reveals the baseline
specimens to have the lowest and the BN set to have the
highest mode II fracture toughness values. The BN specimens
show an improvement of up to 43% over the baseline. All other
specimens with BNNTs present some level of property
enhancement. However, unlike the mode I fracture toughness
results, the mode II results show a higher variability (less
repeatability and consistency) for the samples containing
BNNTs when compared to the baseline. Mode II fracture
toughness enhancement reports in the literature are limited in
number and cover a range of various nanoreinforcements and
matrices, as summarized in the Section 1. An achievement of
43% improvement in mode II fracture toughness compared to
the case with neat resin surpasses the previous reports in the
literature, where a range of up to 27% improvement (achieved
with CNTs) was reported.*' This could, perhaps, be a case of
BNNTSs integrating more favorably with the matrix compared
to CNT reinforcements. Differences in purities and function-
alization methods to improve integration make a direct
comparison difficult; however, the 43% improvement reported
here has been among the highest mode II fracture toughness
enhancements that are achieved by incorporating nanotubes
into a polymer system.

In agreement with general mechanical characterization, the
largest improvements are observed for specimens containing 1
wt % of BNNTSs purified using the gas-phase method.
Probably, this material purified and incorporated into the
epoxy matrix using solvent-free methods lead to a better
dispersion compared to a higher-purity material, at equivalent
wt %, that was subjected to solvent washes to remove BN
impurities. Solvent processing and subsequent drying of
nanomaterials commonly lead to a material that is more
difficult to redisperse/debundle, especially when no chemical
functionalization is employed, and could lead to deteriorated
dispersion when using the solvent-free planetary mixing
method employed for the integration of BNNTSs into the
epoxy matrix. No further improvements were achieved by
increasing the BNNT content of gas-phase-purified BNNTS,
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Figure 4. (a) Compressive fiber failure at the fracture surface of the baseline specimen. (b) BNNT dispersion at the fracture surface of a BNW

specimen.
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Figure S. (2) Resin failure between longitudinal fibers for a BN2 specimen. (b) Tensile fiber failure at the fracture surface of a BNW sample.

perhaps, due to a similarly unfavorable effect in BNNT
dispersion above 1 wt % loading.

A comparison between the mode I and mode II fracture
toughness improvements achieved in this study shows a more
effective enhancement for mode II (43% improvement for
mode II vs 9% for mode I). One possible explanation can be
attributed to the panels’ manufacturing technique. During the
hand layup fabrication, the impregnation and dispersion of
resin between adjacent plies perhaps favors the in-plane
alignment of nanotubes, which is more beneficial for mode II
fracture toughness (as opposite to mode I, where out-of-plane
alignment of nanotube is desirable). A similar trend was
observed in previous studies on CNT-modified specimens in
mode I and mode II fracture toughness.”* In our previous
study,”” it was found that the characterization tests that involve
a normal mode of crack opening (as opposed to the shear
mode) often show a higher improvement, which possibly could
be due to the bridging effect as the primary reinforcing
mechanism of the nanotubes. Therefore, it was expected to

have more effective reinforcement in mode I tests. In fact, at
the microlevel, mode II tests result in crack opening modes
that are mostly normal, and the bridging phenomenon is
extremely effective in such cases. This phenomenon is
demonstrated in the following Section 3.3.

3.3. Microscopy Studies. Extensive SEM analysis
performed on the specimens and the morphology of the
fracture surface, along with other crucial parameters such as
BNNT dispersion, void content, and fiber alignment, were
studied.

3.3.1. Three-Point Bending. Three-point bending speci-
mens were tested under quasistatic flexural load, and the
specimens mainly failed at the utmost distance from the
neutral axis of the beam. The general morphology of the
fracture surface is provided in the Supporting Information.
Closer views of the fiber failure for a BL specimen are shown in
Figure 4a. A similar fiber failure mode is observed for
specimens with BNNTs. The bending nature of the failure
results in tensile and compression failure modes at different
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Figure 6. (a) Resin fracture surface between fibers parallel to the specimen axis for a BN specimen. (b) Resin fracture surface between fibers

perpendicular to the specimen axis for a BL specimen.

sections of the specimen. The sections in Figure 4a show the
features of a compression failure. The quasistatic compression
in this case demonstrates microbuckling failure in the fibers
where a two-phase damage region on each fiber is observed.
Each fiber cross-section is divided into two sections by a line
called the “chop-mark,”4 which indicates the neutral axis of the
fiber under bending (fiber buckling). The tensile-failure section
of each fiber exhibits riverlines originating from the farthest
part of the fiber from the chop-mark (maximum tensile due to
bending). The neutral axis of the adjacent fibers (i.e., the chop-
marks) are usually aligned, which is indicative of the domino
effect in a region where bundles of fibers collapse in the same
direction, leading to successive rows of buckled fibers.> As it is
observed from the figure, no difference in fiber failure mode
was observed between baseline and BNNT specimens. The
dispersion of BNNTs throughout the epoxy matrix was also
studied for different samples. Qualitative study of the BNNT
dispersion in the matrix was performed by close to S00 SEM
images taken from randomly chosen locations of fabricated
samples. Fairly uniform contents of BNNTs were observed for
BN and BN2 specimens, but it was noticed that the BNW
specimens present more BNNT agglomerations. Figure 4b
shows the BNNT dispersion on an example of BNW
specimens. An agglomeration of BNNTSs on the right side of
the image is noticeable alongside individual BNNTSs in the
epoxy. The SEM analysis of different samples showed that the
gas-phase purification results in a material that is more easily
dispersed. The presence of agglomerations may be the cause
for less-effective reinforcement observed for the BNW batch or
perhaps due to the agglomerations formed during the drying
stage of the solvent-washed material, even using freeze-drying
as it was done here. The spherical objects (or their imprints)
visible in this figure are the toughening agents included in the
neat epoxy, which were added by the epoxy manufacturer to
enhance the epoxy properties and, therefore, are present in all
specimens.

3.3.2. Modified Charpy. The modified Charpy specimens
are loaded under flexural loading, similar to three-point
bending, but the difference is in the dynamic nature of this
test. The epoxy resin failure mechanism between axial direction

fibers of a BN2 specimens is shown in Figure Sa. A typical
morphology of epoxy failure with a 0°/90° interface (between
adjacent plies) under flexural loading is observed for all
specimens, regardless of the BNNT content. The rough
fracture surface of the resin indicates the relatively high
toughness of the epoxy.> The fiber failure mode under
modified Charpy loading is shown in Figure 5b. The image
demonstrates an example of tensile failure (unlike Figure 4a),
where similar flexural loading is applied (but dynamically in
this case) to specimens but the tensile failure is shown. Tensile
failure in fibers typically shows the “mirror, mist, and hackle”
morphology, where the smooth mirror-like section indicates
the initiation site and the gradually rougher surface away from
the initiation site is characterized by the mist and hackled
morphology.”® The BNNT dispersion within the modified
Charpy specimens was also analyzed, and, similar to what was
observed before, BNW specimens showed signs of agglomer-
ation as well as dispersed individual nanotubes throughout the
epoxy matrix.

3.3.3. Mode | Fracture Toughness. The failure surface of
fracture toughness specimens, either mode I or mode 1II, is
relatively large, and, in order to image the surface, a smaller
section of the specimens (roughly 2.54 cm X 2.54 cm) was cut
from the specimens. The in-plane nature of the fracture, as
opposed to through-thickness fracture for three-point bending
and modified Charpy, generally results in interply failure,
where the fracture occurs between two adjacent layers of the
GF reinforcements. The fracture morphology of the epoxy
matrix between axial fibers (along the direction of the
specimen) of the mode I for a BN fracture toughness specimen
is shown in Figure 6a. It is noticed that the riverlines in the
epoxy matrix originate from the fiber/matrix interface and
continue at a slight angle from the perpendicular direction.
These riverlines are perpendicular to the crack propagation
direction and indicate the gradual nature of the crack growth.
No difference between samples with and without BNNTs was
observed in this regard. The epoxy fracture between transverse
fibers (perpendicular to the axial direction of the specimen) for
BL and BN2 specimens is illustrated in Figure 6b. Similar to
the axial direction, there was no clear difference between
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Figure 7. (a) Resin fracture surface between fibers parallel to the specimen axis for BL. (b) Resin fracture surface between fibers perpendicular to
the specimen axis for BL.
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Figure 8. Micrographs of a BN2 specimen with BNNTSs between fibers that are parallel to the axis of the specimen. From the top left to the bottom
right, each picture is a subsection of the previous one, indicated by the red rectangle.

samples with and without BNNTs for the transverse direction. the matrix where multiple fractures, initiated along the crack
In this image, scarps are clearly visible. Scarps are formed in front, begin to propagate on slightly different planes and
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subsequently converge onto one plane, creating a sharp step
parallel to the fiber direction (the left side of Figure 6b). The
image captures dominant riverlines parallel to the fiber
direction, which is perpendicular to the specimen direction.
This again demonstrates the gradual crack propagation, which
is a necessary criterion in the validity of mode I fracture
toughness tests.

Further investigations on the fracture surface revealed
regions with some anomalies (not everywhere) in a few neat
and nanomodified samples (not all). These anomalies included
local voids in some regions and an unusually high content of
the toughening spheres (added by the manufacturer to
enhance toughness) in some samples, specifically for BN2
samples. This perhaps negatively affected the performance of
those samples in those regions and contributed to the
increased fluctuation within the data (more details in the
Supporting Information). However, even the BN samples,
which exhibited the highest mode I fracture toughness among
all sample types, displayed degrees of void content in some
regions. Achieving the highest fracture toughness despite these
local defects indicates the potential of BNNT specimens to
reach even higher performance if these voids can be avoided
during manufacturing.

3.3.4. Mode Il Fracture Toughness. The fracture surface
area of the mode II specimens is similar in size to that of the
mode I specimens, with the difference that the failure has
occurred in the form of in-plane shearing. The patterns of
fibers/fiber imprints are also observed in these samples, and no
significant difference between the fracture morphology of
specimens with and without BNNTS is noticed.

The epoxy fracture surface between longitudinal fibers (i.e.,
along the axis of the specimen) for a BL specimen is shown in
Figure 7a. The image highlights the shear failure pattern of the
epoxy matrix, where a left-to-right shear was applied to the
observed surface by the opposing (i.e., removed) surface. The
signature indication of the shear fracture surface is the
formation of cusps, which are clearly visible in this figure.
The orientation of the cusps shows the direction of shear force.
The size and formation of cusps are affected by the spacing
between fibers and factors such as the moisture content and
testing temperature. At higher temperatures (or for less brittle
polymers), the resin behavior is dominated by plasticity,
leading to thicker cusps with greater deformation. This
increased size of the cusps indicates a smaller number of
such features, which often happens because of higher plasticity
of the material.”> This fracture morphology is only observed
along the direction of shear specimens and clearly demon-
strates the loading condition at the fracture surface. The
fracture surface of a mode II baseline specimen between
transverse fibers (i.e., perpendicular to the axis of the
specimen) is shown in Figure 7b. The riverlines on the
epoxy are mostly at a 45° angle because of shear loading. The
formation of the riverlines shows the direction of crack growth,
indicating the direction of load transfer between adjacent fibers
and failure orientation.

The morphology of BNNTSs on the fractured epoxy between
longitudinal fibers is shown in Figure 8 (the transverse image is
included in Supporting Information). Each micrograph is
marked by a red rectangle that indicates the area of the next
image in the series, at a higher magnification. The fractured
epoxy between longitudinal fibers, Figure 8, shows a gradual
peeling morphology, where the shear stress and the process of
cusp formation and coalescence have led to a fracture surface

with normal-to-the-surface components. In this case, the
fracture also involves surfaces that are perpendicular to the
actual fracture plane, and the nanotubes are pulled out of the
epoxy in a parallel direction to the fracture plane; however,
they are perpendicular to the surface from which they are
pulled out. In this case, the BNNTSs reinforce the epoxy in a
bridging configuration (in a crack opening) and enhance the
mode II fracture toughness. This configuration of reinforce-
ment is believed to have the most influence in enhancing the
mode II fracture toughness, as our previous studies’ have
demonstrated that the nanotubes are more effective in normal
loading, as opposed to pure shear conditions. The nanotube
reinforcement in the epoxy between transverse fibers, included
in Supporting Information, shows a different reinforcing
mechanism wherein the fracture surface is more of a pure
shear nature. In this case, the nanotubes are pulled out of the
epoxy in a parallel direction to the fracture surface (as opposed
to the normal direction shown in Figure 8), and the pulled-out
nanotubes lay flat on the surface. The effectiveness of
nanotubes in this direction is not as large as in the normal
direction, but this section of the mode II specimen also
contributes to the overall mode II fracture toughness
enhancement for specimens with BNNTSs.

4. CONCLUSIONS

The current work primarily investigated the fracture toughness
of boron nitride nanotube/epoxy as the matrix material to
manufacture glass fiber-reinforced composites. A hand layup
technique was employed to manufacture the panels, and
general mechanical assessment tests of three-point bending and
modified Charpy were carried out to compare the results with
our previous BNNT hybrid GFRP panels.”> DMA also
determined the glass transition temperature for the materials,
indicating a mild increase in a few degrees when adding
BNNTSs. However, the main focus of this study was on mode I
and mode II fracture toughness, where adding 1 wt % purified
BNNTSs, purified using a solvent-free, gas-phase process,
resulted in 9% enhancement in mode I fracture toughness
and reduced the standard deviation (improved test repeat-
ability) by 48%, compared to the baseline samples with a neat
epoxy matrix. The same batch of material also showed up to
43% improvement in mode II fracture toughness, when
compared to the baseline. A possible justification of different
success rates in mode I and mode II fracture toughness may be
found in the nature of the layup fabrication manufacture. In
this process, impregnation and dispersion of resin between
adjacent plies result in a more favorable in-plane alignment of
nanotubes, which is more beneficial for mode II fracture
toughness. Specimens with a content of 1 wt % purified
BNNTSs provided superior reinforcement to cases with 2 wt %
of the same BNNT filler or a 1 wt % content of higher-purity
BNNTSs obtained after a subsequent solvent washing step.
Higher agglomeration was observed in imaging of samples
containing solvent-washed material, which indicates that more
effective dispersion of the initial purified material (obtained
from a gas-phase process not involving liquid dispersion) is
responsible for greater reinforcement. Hence, this approach
offers a scalable and more environmentally friendly approach
to produce BNNT-reinforced FRPs. Extensive microscopy
analysis on all specimens also revealed the effectiveness of
BNNTs in a peeling mode that happened because of the
formation of cusps in mode II fracture toughness specimens,
hence enhancing mode II properties significantly. These results
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are in agreement with the previous findings’” that demon-
strated BNNTs are effective in mechanical performance
enhancement under a peeling load, which happens due to
the effective bridging reinforcement mechanism in cracks. The
improved fracture toughness and mechanical performance
across several other tests, which resulted from the incorpo-
ration of a modest content of BNNTs, show that BNNTSs are
an effective reinforcement for interlaminar properties in hybrid
FRP composites. While such composites with BNNTs remain
at an early stage of development compared to those with
CNTs, the ease of integration of gas-phase-purified BNNTSs
into the hybrid GFRP, using only planetary mixing, coupled
with the complimentary functional properties of BNNTSs
relative to nanocarbon fillers, offers strong motivation for
further development and application of BNNT-enhanced
GFRP.
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