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1.0 INTRODUCTION
2.0 MATERIAL AND METHODS

2.1 RAW MATERIAL

The two types of purified BNNTSs in this work are shown in Figure S1.
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Figure S1: BNNT materials after purification by the gas-phase (top) and gas-phase + solvent wash (bottom)

methods in this investigation.

The quality of the purified BNNT materials (BNNT-P) was evaluated using a recently reported methodology
[reference 39 in the main text]. The method relies on the interaction of regiorandom poly(3-
hexylthiophene) (rra-P3HT) with BNNTs and with impurities. The rra-P3HT planarization on BNNTs
dispersed in chloroform induces a significant colour change and leads to the emergence of structured
absorption bands (Figure S2) specific to the presence of BNNTs. No such photophysical changes occur
when rra-P3HT interacts with impurities present in HABS produced BNNT samples (e.g., h-BN and other
nontubular BN derivatives). The method calls first for the identification of the sample-specific rra-P3HT
loading saturation point, which corresponds to the maximum BNNT surface polymer coverage in the
sample. The rra-P3HT methodology suggests that higher rra-P3HT to BNNT mass ratios at a saturation
point (S) and a higher intensity of the partially resolved bands in the absorption spectrum imply higher
BNNT purity (higher BNNT available surface area) since only the BNNT surface significantly induces rra-
P3HT planarization and subsequent ordered aggregation. The saturation point was determined at rra-
P3HT to BNNT mass ratios of 0.06<5<0.08 and 0.08<S<0.1 for BNNT purified by the gas phase only and
BNNT-P purified by gas phase plus solvent washed, respectively. Both, a higher P3HT to BNNT mass ratio
at saturation and a higher intensity of the partially resolved bands in the absorption spectrum (Figure S2)

demonstrate the higher purity of BNNTSs for the gas phase plus solvent washed process.
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Figure S2: UV-Vis absorption spectra of rra-P3HT/BNNT dispersions in CHCI3 at the saturation point (free rra-P3HT

removed by filtration)
2.2 LAMINATE PRODUCTION

Figure S3 shows different steps of laminate manufacturing. The process starts by applying 3 coats of
Frekote to a flat aluminum tool plate, while protecting the edges from the Frekote for bagging. A thin
layer of liquid resin is applied to the tool plate and the glass fabric is gently placed on it. Then with the aid
of release film and a roller, the resin is spread to be absorbed by the ply. This process is continued until
the 15% ply is placed. Afterwards, an 89 mm (3.5 in) wide strip of 0.0127 mm (0.0005 in) thick Teflon film
is placed at the centre of the laminate. Extra attention is given to avoid tares and wrinkles in this film. In
order to avoid undesirable movement of this film, no liquid resin is directly applied to the laminate
between plies 15 and 16. Ply 16 is placed on top of the Teflon film and then liquid resin is gently applied
and spread. During the layup of the rest of the laminate, careful attention is paid to this Teflon film to
avoid sliding or any disturbance. The laminate is then bagged after placing a perforated release film and
a two layers of N10 breather material to distribute the vacuum and also extract extra resin from the
laminate (act as breather and bleeder). Full vacuum is then applied to the laminate (Figure S3b) and
maintained for the next 48 hours, which is then released as the laminate is hardened. The vacuum bag,
however, is opened at least 3 days after vacuum release, and the laminate is allowed to have cure at room
temperature for at least 7 days. Post cure procedure, according to the manufacturer, includes maintaining
the laminate at 93°C for 2 hours. Due to the translucent nature of the glass fibre laminate, the Teflon film
is clearly visible after the cure (Figure S3c). No visible void or damage was noticed upon debagging the

laminate (Figure S3d).
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Figure S3: Laminate manufacturing steps: (a) dry fabric placement and resin spreading, (b) applying vacuum

compaction, (c) vacuum bag removal after cure, (d) final panel before cutting.
2.3 SPECIMEN PREPARATION
All panels were cut to the specified dimensions which are summarized in Table S1.

Table S1: Test specimen dimensions

Test 3-P Bending Charpy DMA Mode I and Il
Dimensions (mm) 60x12.7 x3.5-3.8 80 x 10 x 3.5-3.8 10 x50 x 3.5-3.8 190.5 x 21.5x 3.5-3.8

The fracture toughness specimens (mode | and Il) were cut so as to maintain a 63 mm (2.5 in) of Teflon
insert on the edge of the specimens. Figure S4 shows the location and length of the Teflon insert in
fracture toughness specimens.
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Figure S4: Top and side view of the fracture toughness (mode | and Il) specimens indicating the length and location
of the Teflon insert

Mode | fracture toughness specimens required piano hinges or loading blocks to be bonded to the end of
the double cantilever beam (DCB) specimens. Piano hinges were selected for the current work and were
bonded to the DCB specimen using Loctite EA 9360 QT Aero (Henkel Corporation, USA) two part epoxy.
This adhesive has a resin to hardener mixing ratio of 100:43 and a pot life of 60 minutes. The bond
thickness control was achieved by adding 4 wt.% of 125 um * 6% diameter glass VI beads (Mo-Sci
Corporation, USA) to the adhesive. Figure S5 shows the setup and fixture that was used for the bonding
procedure. Piano hinges were disassembled in advance and cut to a length appropriate to the number of
specimens on the fixture. The bonding surfaces (on the specimen and the hinges) were properly cleaned
with Isopropyl alcohol and grit blasted to achieve a stronger joint. Six specimens were mounted on the
fixture and aligned to have a straight edge. The adhesive was applied to both surfaces (specimen and
hinge) and a compaction force was provided by alligator clamps. The excess adhesive was removed from
the edges to prevent undesirable adhesive leaking in the precracked area simulated by the Teflon insert.
The bonds were then cured for five days at room temperature.

(a) (b)
Figure S5: Hinge bonding process: (a) mounting on the fixture, (b) Assembly after bonding
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2.4 TEST PROCEDURES AND COUPON PREPARATION
2.41 Three-Point Bending

Three-point bending tests were performed in accordance with the ASTM D790 standard [45]. At least five
specimens for each combination of material/manufacturing process were tested. All specimens were cut
to dimensions of 60 mm x 12.7 mm x 3.5-3.8 mm, and a support span of 40 mm was selected. The tests
were performed under displacement control and at a rate of 1.27 mm/min and data load-displacement
data were recorded at a data acquisition rate of 10 Hz. The standard highlighted that the specimens should
fail at strains lower than 0.05 for the tests to be valid. A close-up view of a specimen during three-point

bending test is shown in Figure S6.

Figure S6: Specimen failure during three-point bending test.

2.4.2 Modified Charpy

Modified Charpy impact tests were performed according to the ISO 179-1 [46] and ISO 179-2 [47]
standards using a drop weight tower testing machine. Type 1 specimens, described in the standard, were
selected for use in this study. The specimens had dimensions of 80 mm x 10 mm x 3.5-3.8 mm and a span
between supports of 62 mm, with no notch introduced into the laminate. Every test was repeated using
at least five specimens of the same material/manufacturing combination. The loading direction was
flatwise normal and the tests were conducted at an energy level of 10 J, which was determined based on
a set of previously performed baseline GFRP laminate tests. A total cross-head mass of 5 kg was selected
and the data acquisition rate was set to 205 kHz. The cross-head height was adjusted to provide an impact

velocity of 2 m/s. Figure S7 shows the modified Charpy setup with specimen mounted under the impactor.
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Figure S7: Modified Charpy test setup. The impactor and the specimen are visible in the picture.
2.4.3 Dynamic Mechanical Analysis

A series of DMA tests were performed using the cantilever module of a TA Instrument Q800 at a frequency
of 1 Hz with a temperature increase from room temperature to 150°C at a rate of 2°C/min. Two specimens
with dimensions of 3.5-3.8 mm x 10 mm x 50 mm were tested from each material and the averages and

standard deviations (as error bars) were reported.
2.4.4 Mode | Fracture Toughness

The specimens were loaded by a servo-hydraulic load frame in the displacement control mode at a rate
of 5 mm/min, and the load-displacement data are recorded. Figure S8 shows the specimen under loading,
where the end of pre-existing crack and the beginning of the crack propagation region are distinguishable
in the specimen. A travelling microscope followed the crack front at the edge of the specimen which was
first blackened by ink and then painted white to create a strong contrast. Extra light sources were provided
and a length scale (0.5 mm intervals) were installed on the specimen to assist with measuring the crack
length at any moment. The microscope saved images of the crack front at every seconds and allocated
the time signature with the load-displacement data which was recorded at a frequency of at least 5 Hz.

For every batch, at least 5 were tested. The tests were performed at room condition.
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Figure S8: A DCB specimen under mode | opening loads; the extra light sources and travelling microscope are shown

as well.
2.4.5 Mode Il Fracture Toughness

The mode Il interlaminar fracture toughness setup with an end-notched flexure (ENF) test is shown in

Figure S9.

Figure S9: Mode Il test setup with light sources and microscope to follow the delamination front.

The standard assumes a linear elastic behaviour for the material which is valid when the damage zone or
nonlinear deformation at the delamination front, or both, is smaller than the thickness of the ENF

specimen (i.e. the smallest dimension of the specimen).

A servo-hydraulic load frame under displacement control and at a displacement rate of up to 0.8 mm/min
during loading and 1.6 mm/min during unloading was employed in this work, and load-displacement data
were recorded with a data acquisition rate of at least 5 Hz. At least five specimens were tested from each
batch. Similar to the mode | fracture toughness test setup, for mode Il fracture toughness tests a travelling
microscope followed the crack front at the edge of the specimen which was first blackened by ink and
then painted white to create a strong contrast. Extra light sources were provided and a length scale (0.5
mm intervals) were installed on the specimen to assist with measuring the crack length at any moment.

The mode Il fracture toughness test setup and fixturing, along with the extra slide prevention arm is shown

S8



in Figure S10. The microscope saved images of the crack front at every 5 seconds and allocated the time
signature with the load-displacement data which was recorded at a frequency of at least 5 Hz. For every
Figure S10b shows an extra slide prevention arm that was added to the fixturing assembly for mode Il
fracture toughness tests. In early trials, it was noticed that the specimen was properly fixtured during
compliance calibration tests (the first two loading-unloading curves) and also during the loading step of
the fracture test; however, in the unloading steps of the fracture test (third test for either NPC or PC) the
coupon shifted a few millimetres to the right, which affected the unloading curve slope. This slope is used
for crack length estimation and is crucial for specimen placement in the PC stages. Therefore a bent arm
wrapped in Tooltec silicone film (Airtech Advanced Materials Group, USA) was added to the right side of
the specimen to reduce friction with the edge of the specimen sliding over it. The end of the specimens

were also wrapped in flash breaker tape to reduce friction and allow the specimen to glide on the surface

of the slide prevention arm.

Figure S10: (a) Mode Il fracture toughness test setup with the extra light sources and travelling microscope, (b)

Mode Il fracture toughness test fixture with slide prevention arm.

3.0 RESULTS AND DISCUSSION

3.1.1 Three-Point Bending

Figure S11 show three-point bending specimens after the test. The specimens, for all different batches of
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 failure region
for specimens containing BNNTs. This discoloration was easily distinguishable due to milky off-white
original color of specimens with BNNT, but the white color of neat specimens made it hard to distinguish
a discolored failure region. This phenomenon is clearly seen across the thickness of the samples in Figure
S11.
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Figure S11: BN specimens after three-point bending test.

Raw force-displacement results of the three-point bending tests are shown in Figure S12. The repeatability
and consistency of the tests for BL specimens are demonstrated in this figure. The curves follow the same
trend with close main features including the linear slope, the maximum force, and the shape of the curve

after failure.
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Figure S12: Three-point bending raw force-displacement data for all baseline tests.

Figure S13a show an example of three-point bending specimens after the test.
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Figure 513: (a) Side view of the fracture surface for a BN2 Specimen after three-point bending test. (b) Comparison
between flexural response of BL and BN samples. The red section shows the linear region of the curves used to

calculate the modulus.

The summary of the elastic modulus results for all batches of materials is shown in Figure S14.
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Figure S14: Elastic modulus comparison calculated from three-point bending tests

The maximum stress and failure strain of the tested samples are illustrated in Figure S15.
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Figure S15: (a) Maximum stress and (b) failure strain results obtained from three-point bending tests.

3.1.2 Modified Charpy

Figure S16a shows an example of a BN2 specimen after the test. Similar failure mechanism was observed
for all specimens. It can be seen that, although the specimen fractured under compressive and tensile
loads (top and bottom surfaces), the specimen still remained in one piece and did not fully break into two
separate pieces. For some specimens, the compression failure was less severe and the tensile failure at
the bottom side was the dominant fracture mechanism. Figure S16b shows the force-displacement data

for all BNW specimens to demonstrate the repeatability and consistency of the results.
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Figure S16: (a) Side view of the fracture surface for BN2-C1 specimen after modified Charpy test. (b) Force-

displacement data for all BNW specimens

Figure S17a shows the raw force vs. time for BNW-3 specimen. A 100 data point averaging technique was
applied to the data to smooth the curve and avoid reporting artifacts in the results. This smoothing
procedure led to a slight shift, which is the same for all specimens and is negligible.
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Figure S17: Raw force response of the BNW-3 modified Charpy test with time. The red curve shows a smoothed
version with a 100 data point averaging.

The maximum stress and failure stress are presented in Figure S18.
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Figure S18: Modified Charpy results for different batch of materials: (a) Maximum stress (maximum force divided

by cross-sectional area), and (b) failure stress (maximum flexural stress in the outside fibres due to bending)

The energy absorption capability of the samples is shown in Figure S19.
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Figure S19: Fracture energy per area obtained from modified Charpy tests for all specimens.
3.1.3 Dynamic Mechanical Analysis

The raw data obtained from DMA is shown in Figure S20. The peak in the Tan Delta curve was selected as
the criterion to measure the glass transition temperature.
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Figure $20: Dynamic mechanical analysis raw data

The summary of DMA results are illustrated in Figure S21.
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Figure S21: Glass transition temperature of all specimens.

3.2 FRACTURE TOUGHNESS
3.2.1 Model

The mode | interlaminar fracture toughness, G, of the manufactured laminate was measured from the
DCB specimens according to the ASTM D5528 standard [48]. Based on the load-displacement response of
the sample, there are three definitions for crack initiation and each of these definitions lead to the
corresponding initial G, value: (a) at the deviation from linearity point (NL), (b) upon visual observation of
the crack on the edge of the sample (VIS), and (c) at the point that the compliance increases by 5%
(5%/Max). Among these three, the nonlinear criterion is typically reached before the others and therefore
provides a lower G initiation value. The NL criterion assumes the delamination (crack) to start growing at
the onset of nonlinear behaviour in load-displacement curve. For composites with brittle matrix, this is
generally the same point in which the delamination is visually observed, but for tough matrix composites
a nonlinear region precedes the visual observation of delamination growth. The VIS point is when the first
point at which the delamination growth is visually observed and the load and displacement values
corresponding to this point are recorded accordingly. Finally, the G corresponded to the 5%/Max
criterion is obtained based on the 5% offset load. This load is determined through the intersection of the
load-displacement data (in the nonlinear region), with a line drawn from the origin and offset by 5%
increase in the compliance from the original linear region of load-displacement curve. If the maximum
load occurs before this intersection point, then the maximum load should be used to calculate the
corresponding G,.. Among these three, the nonlinear criterion is typically reached before the others and
therefore provides a lower G, initiation value. The delamination growth is acceptable only when a slow
stable extension is achieved, and the run-arrest extension in which the delamination jumps is not of
interest in this standard. Furthermore, delamination branching from mid-plane was indicated as a
potential phenomenon in non-unidirectional specimens (e.g. the woven laminate in this case) which

nullifies the experiment results; however, no such phenomenon was observed during the tests (see Figure
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S22). It is also expected to observe a higher scatter range in the results for the woven composites due to

the inherent presence of resin pockets in the laminate.

Figure S22: BNW-8 specimen during the reloading phase of mode | fracture toughness test. Every mark on the

specimen measures a distance of 0.5 mm.

The ASTM D5528 standard defines three methods to calculate the mode | fracture toughness, G.: 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 [48].

The MBT method follows the beam theory expression for strain energy release rate in a DCB specimen

that is perfectly clamped at the delamination front as

_ 3P
'™ 2ba
where P is the load, 6 is the load point displacement, b is the specimen width, and a is the delamination

length. However, in practice, the tested beams are not clamped at the delamination front (rotation may
occur), therefore the above equation overestimates the fracture toughness. To compromise this factor,
the standard suggests assuming a slightly longer delamination, a + |A|, where A is determined
experimentally by plotting the cube root of compliance, C*3, as a function of delamination length and
fitting a least square line to the data. The compliance is determined as the ratio of the load point

displacement to the applied load, §/P.

The mode | interlaminar fracture toughness based on the MBT method is then calculated from

_ 3P
= 2b(a+|AD

The compliance calibration method requires a linear least square plot of log(8;/P;) versus log(a;) using

Gy

the visually observed delamination values. The exponent n is calculated from the slope of this line

accordington = A, /A,.
The mode | interlaminar fracture toughness according to the compliance calibration method is calculated
as

nP§
G, = —.
2ba
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The modified compliance calibration method requires a least square plot of the delamination length
normalized by the specimen thickness, a/h, as a function of the cube root of compliance, C¥3. The slope
of this line, A%, is then used to calculate the mode | interlaminar fracture toughness based on the modified
compliance calibration method as

3PZC2/3
GI = .
2A.bh

Large displacement effects are corrected by the inclusion of parameter F in the calculation of G,

— 3 (5)2 3 (&)
h 10 \a 2 \a?
where t is the distance between the specimen’s mid-plane and the axis of hinge. This parameter, F,

accounts for the shortening of the moment arm and tilting of the end blocks.

The raw force-displacement data obtained for an example of baseline samples is shown in Figure S23. The
locations of pip indicators, where the delamination length reach the target values, are also highlighted,
and the 5% offset slope is drawn in red. Based on this graph, it can be seen that there is no significant

difference between different crack initiation criteria (i.e. NL, VIS, and 5%/Max).
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Figure S23: Force-displacement data and the pip indicator marks for sample BL-10

The mode | fracture toughness for a BN specimen is shown in Figure S24. It is obvious from the three
curves that various methods of calculating the mode | fracture toughness (i.e. MBT, CC, and MCC) provide
very similar results. Furthermore, the three crack initiation criteria (i.e. NL, VIS, and 5%/Max) resulted in
similar outcome, as the three first points on the left side of the curve are very close. The overall trend of
the mode | fracture toughness seems to be fairly constant with changing crack length in the range shown
in the figure.
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Figure S24: Opening mode | interlaminar fracture toughness calculated based on different approaches for sample
BN-9

The entire set of mode | fracture toughness results for all samples within the four batches of material is
shown in Figure S25.
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Figure S25: Opening mode | interlaminar fracture toughness for (a) BL: baseline, (b) BN: 1 wt.% purified BNNT, (c)
BNW: 1 wt.% purified and solvent washed BNNT, (d) BN2: 2 wt.% purified BNNT.

The repeatability and the band of uncertainty in the result can be due to inconsistencies in specimen
manufacturing. Figure S26 shows an example of a specimen where the fabric ply placed directly below the
Teflon film (ply number 15) is not entirely parallel to the axis of the specimen. Such anomalies in specimen

manufacturing, sometime inevitable when using dry fabric hand layup technique, may result in increasing
the uncertainty band and should be avoided.

Figure S26: Local fibre misalignment observed during the test

3.2.2 Modelll

Non-precracked and precracked initiation values of interlaminar fracture toughness are calculated from
maximum force and compliance of force-displacement data. The compliance calibration (CC) method is
the method of data reduction where the relationship between specimen compliance and delamination
length is determined prior to testing by measuring specimen compliance at multiple simulated

delamination lengths. The NPC and PC initiation values of interlaminar fracture toughness are calculated
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from maximum force and compliance of force-displacement data. The compliance calibration for the non-
precracked tests (i.e. initial crack length of 20, 40, and 30 mm) are attained from plotting three
compliances from the NPC tests, C, versus crack length cubed, a®. For each of the three tests the
compliance is calculated by fitting a least square line to the force-displacement data to obtain the slope
of displacement versus force. An initial nonlinearity in the data may be excluded in slope calculation (toe
compensation). The compliance calibration coefficients, A and m, are then calculated from a linear least

square regression analysis of compliance, C, versus crack length cubed, @3, as

C=A+mad
in which A is the intercept and m is the slope of the obtained line from regression. The compliance

calibration analysis for pre-cracked tests is performed similarly.

The interlaminar fracture toughness (for non-precracked and precracked tests) is calculated, at first, as a
candidate toughness, Gq, which upon validity check is then considered as Gy, otherwise the results from
that test are discarded and the Ggq is used to modify the CC force for the next tests. The candidate

toughness is calculated from

3MmPZ 4, a3
Go=""p
where m is the CC coefficient, Py is the maximum force from the fracture test, apis the crack length used
in the fracture test (30 mm), and B is the specimen width. In order to evaluate the candidate toughness,
the percentages of Gq (%Ggq) that were achieved during the two compliance calibration tests (at crack

lengths of 20 and 40 mm) are calculated using

100(Ra)]
o |/~ 1,2
(Pumax@o)

where %Gq; are the two values of Gq associated with the two compliance tests, Puox is taken from the

%Goj =

fracture test, P; is the peak value of the force achieved during CC at a;, and g; is the j*" crack length used
during CC. For each NPC and PC test, the two values of %Gq are computed at a; =20 mm and a; = 40 mm.
If both values satisfy 15 < %Gq < 35, then the candidate toughness is accepted. Otherwise, it is
recommended that the results from this test are discarded and, if necessary, CC forces are modified
appropriately for additional testing. For any specimen where the candidate toughness is accepted (NPC
or PC):

Gre = Gq.
The critical force, P, for the CC tests is calculated based on the values of flexural modulus, Ez;, and mode
Il fracture toughness, Gy.. Initial estimates of G, may be obtained from data on similar composite systems,
from previous testing experience on the material of interest, or from an “exploratory test” as described
below. The critical force at fracture can be approximated using classical beam theory (CBT) as

4B

P = 3ag GrcEeh?
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in which, according to CBT, flexural modulus, Eis, is extracted from the results of a test as

L3
~ 24BH3
where A is the CC coefficient obtained during CC testing of that specimen.

Eyf

Proper choice of the CC forces will affect whether or not the candidate toughness, Gq, is acceptable. Thus,
in certain cases, the first test of a new material will produce a value of Gq that is not acceptable. This first
test (NPC and/or PC) can be classified as “exploratory,” the value of Gq that was obtained can be used as
an improved approximation for Gy, the value of E;y may be extracted from the test data as described

above, and these values of Gy and Ef can be used to determine new values for the CC forces.

Peak forces during CC are determined using CBT as 0.5P. at each crack length. This is chosen to produce a
value of G at each crack length that is 25% of Gy.. This yields

2B 3
P = 3_aj GrcEiph

where P; is the peak value of the force to be used during CC at a;, and g; is the j* crack length used during
CC. It should be noted that for each NPC and PC test there are two CC forces and two associated crack
lengths of 20 and 40 mm.

The crack (delamination) propagation during the end-notched flexure test is shown in Figure S27. The
crack front is clearly visible due to the painting process performed on the edge of the sample. The shear
displacement (the in-plane movement of top and bottom half with respect to each other) is more
noticeable at farther distances from the crack front, where vertical marks (placed for specimen positioning

or other purposes) do not alight any longer.

Figure S27: BN2-3 specimen at 30 mm loading phase of mode Il fracture toughness test

The raw loading data (force-displacement curves) for non-precracked tests performed on a BN sample is
shown in Figure S28. It shows the linear curves obtained during the loading stages at 20 and 40 mm,
respectively. According to the standard the tests were stopped at a predefined force, without incurring

damage to the specimen.
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Force-displacement data for (a) NPC-1, and (b) NPC-2 tests performed on BN-4 specimen. The entire

displayed curve was used for line regression.

An example of the raw loading data (force-displacement curves) for non-precracked tests performed on

a BN sample is shown in Figure $29.The graph shows the loading-unloading stages at 30 mm which led to

crack propagation and stiffness reduction, hence a lower slope for the unloading section of the curve. The

linear sections where the slopes of the curve were measured are highlighted by red and orange for loading

and unloading sections, respectively.
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Figure S29: Force-displacement data for NPC-3 test performed on BN-4 specimen. The regions of linear regression

during loading and unloading are distinguished in red and orange, respectively.

The results of mode Il fracture toughness measurements are presented in Table S2.

Table S2: Mode Il fracture toughness results summary

BN: 1 wt.% BNW: 1 wt.% BN2: 2 wt.%

purified purified purified
BL: Baseline (boron- (boron- (boron-
removed) removed + removed)
BNNTs solvent- BNNT
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washed)

BNNT
Mode Il Fracture
1.38+0.12 1.98+0.22 1.75+0.21 1.46 £0.10
Toughness (kJ/m?)
Non-
Average
Precracked ) - 43 27 6
improvement (%)
(NPC)
Standard Deviation
- -83 -75 17
reduction (%)
Mode Il Fracture
1.45+0.10 1.81+£0.14 1.55+0.09 1.59+0.12
Toughness (kJ/m?)
Precracked Average
- 26 7 10
(PC) improvement (%)
Standard Deviation
- -40 10 -20
reduction (%)
Mode Il Fracture
1.42+0.12 1.90+0.20 1.63+0.18 1.52+0.13
Toughness (kJ/m?)
Average of Average
_ - 35 15 7
NPCand PC  improvement (%)
Standard Deviation
- -67 -50 -8

reduction (%)

33 MICROSCOPY STUDIES

3.3.1 Three-Point Bending

The three-point bending specimens did not fully break into two pieces, and in order to observe the
fracture surface, post-testing tensile loads were applied by hand to separate the pieces of the specimens
and expose the fracture surface, without significant further damage to the failure zone. Figure S30 shows
SEM images of the fractured specimens after three-point bending tests. The cross-section of the failure
zone (fracture surface) is shown in Figure S30a and b, and the top surface is illustrated in Figure S30c. The
woven fabric is clearly noticeable in the images. At the cross-section the excess resin at the failure region

is mostly separated from the fibres due to the post-testing separation procedure.

500um MNRC T

2 i

5KV 8 mm x1.00k SE(M) 5/1/2020
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(a) (b) (c)

Figure S30: (a) and (b) Three-point bending fracture surface of the baseline sample, (c) top surface of a BNW

sample after the test.

Closer views of the fibre failure for BL and BNW specimens are shown in Figure S31. Similar fibre failure
mode is observed for baseline and specimens with BNNTSs.

(b)
Figure S31: (a) Fibre failure at the (a) fracture surface of the baseline and (b) BNW samples.

Dispersion of BNNTs throughout the epoxy matrix was also studied for different samples. Figure S32 shows
the BNNTSs dispersion on an example of BNW specimens. A lower magnification, displayed in Figure S32a,
shows an agglomeration of BNNTSs on the right side of the image. Higher magnifications, shown in Figure
S32b, show that individual BNNTs are also available in the epoxy; however, the presence of the
agglomerations may be the cause for sub-optimum reults of the BNW batch. The spherical objects (or
their imprints) visible in this figure are the hardening agents included in the neat epoxy, which were added
by the epoxy manufacturer to enhance the epoxy properties. These hardeners are, therefore, present in

all specimens.

N

-

NRC-BKRY-Z.4mrm x5.00k SE(M) 412712020 '
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Figure $32: (a) BNNT dispersion at the fracture surface of the BNW specimen; (b) higher magnification of a section
of (a).

3.3.2 Modified Charpy

A post-testing tensile separation procedure was also performed in this case. Figure S33 shows the fracture
surface of the modified Charpy specimens for BN and BNW specimens. The cross-sectional and top view
of the failure region are shown in this figure. As observed previously in the macroscale images, the SEM
images also show that the modified Charpy specimens are more damaged and the fibres are more
“disturbed” at the fracture surface. However, it should be noted that the excessive “broom-like”
morphology (shown in Figure S33c) which is typically observed in low fibre-matrix interaction composites,
is perhaps due to the post-testing tensile separation, where the damaged specimen was manually pulled
to separate the two halves of the specimen.

NRC 1.3k 3.9mm x500 SE(M|

(a) (b) (c)

Figure S33: Modified Charpy (a) fracture surface of BNW and (b) BN samples; (c) top surface of a BNW specimen
after the test.

The epoxy resin failure mechanism between axial direction fibres of specimens BN2 and BN are shown in
Figure S34.

(] 1 |'_.'|
20.0um I NRC 1.0kV 3.1mm x10.0k SE(U) 12/23/2019 ©

(a) (b)

Figure S34: Resin failure between longitudinal fibres for (a) BN2 and (b) BN specimens.

NRC 1.0kV 3.8mm x2.00k SE(U) 12/24/2019

The fibre failure mode under modified Charpy loading is shown in Figure S35.
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(a) (b)
Figure S35: (a) Fibre failure at the (a) fracture surface of a BNW sample; (b) higher magnification of a section of (a).

The BNNT dispersion withing the modified Charpy specimens was also analysed (see Figure S36).

(a) (b)
Figure S36: BNNTs (a) well dispersed in a BN2 sample; (b) and agglomeration in a BNW sample.

3.3.3 Mode I Fracture Toughness

Figure S37 shows the failure surface of mode | fracture surface tests for a BN specimen. The two images
depict the two scenarios of interplay separation. Figure S37a shows horizontal fibres, which are along the
axial direction of the specimen, visible on the left side of the image. On the right side of this image fibre
imprints are noticeable, where those fibres remained part of the adjacent ply that was removed from the
top of the micrographed ply. The other scenario is shown in Figure S37b, where vertical fibres (i.e.
perpendicular to the longitudinal axis of the specimen) are visible on the left side of the image, and fibre

imprints can be observed on the right side.
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