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ABSTRACT: Over the past few years, the ability to efficiently increase boron nitride nanotube (BNNT) production has opened up
ample research possibilities. BNNT has garnered significant attention for diversifying its industrial applications. However, the
problem of poor processability resulting from agglomeration and uneven distribution has emerged as a major challenge to integrating
BNNT into the polymer matrix for composite material formation. Utilizing noncovalently attached molecules with various reactive
sites can be a logical method to enhance the compatibility of BNNT with different polymers. The present study explored a simple
approach to protruding BNNT onto the surface of ALO; through tannic acid (TA)-assisted generation of alkyl chains
(octadecylamine, ODA) to fabricate AL,O;@ODA-BNNT. The subsequent compounding of ALO;@ODA-BNNT with epoxy
polymer generates interconnected thermal conduction pathways, thereby improving the thermal conduction and mechanical
performance of the composites. The current research approach allows for the even distribution of BNNT throughout the polymer
matrix, as demonstrated by optical characterization, mechanical performance analysis, and isotropic thermal conductivity analysis.
The fabricated epoxy composite by incorporating a 2 wt % (BNNT = 1.3 wt % and ODA = 0.7 wt %) ODA-BNNT exhibited 5.117
W/mK thermal conductivity and 7.43 MPa mechanical stress. Thermal conductivity improved by 2528, 76.56, and 54.7%, while
mechanical stress enhanced by 270, 221, and 34% compared to neat polymers without BNNT and virgin BNNT epoxy composites,
respectively.

1. INTRODUCTION exceptional electrical insulation, easy fabrication, high dielec-
tric constant, bonding properties, and chemical resistance.””
The aforementioned properties make them highly promisin%
for achieving the necessary heat flux in electronic devices.'*™"

Nevertheless, the heat conduction of polymers in their pure
forms is relatively low, ranging from 0.1 to 0.5 W/mK. This
limited heat dissipation capability prevents their widespread

The rise in heat generation in contemporary electronic devices
as a result of miniaturization, integration, and high power
density has emerged as a significant challenge.'~* The buildup
of heat poses negative effects on the stability, safety, efficiency,
and lifespan of electronic devices." Developing thermal
management materials (TMMs) with high thermal conductiv-
ity to effectively dissipate generated heat from electronic
devices is both challenging and crucial.”® Polymers, including Received:  June 6, 2024
polyethylene, polyurethane, silicon, and epoxy resin,”~'* have Revised:  August 18, 2024
been utilized in the development of TMMs due to their Accepted: August 28, 2024
lightweight, ease of processing, cost-effectiveness, electrical Published: September S, 2024
insulation, and thermal stability.'"'> Epoxy resin has been

extensively utilized in electronic devices due to their
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use in the electronic industry, where there are strict demands
for efficient heat dissipation.'”"®

Using thermally conductive fillers to create polymer
composite materials is a widely used method to enhance the
thermal conduction of polymers.'” Various fillers, such as
carbon materials, metal particles, functionalized graphene, and
ceramics, have been chosen to improve the thermal
conductivity of polymers.”’~>° Carbon materials such as
carbon nanotubes, graphene, and graphite have demonstrated
high thermal conductivity in polymer composites.””?’
However, their significant lower electrical insulation, which is
essential for electronic packaging, restricts their widespread
utilization. In contrast, different inorganic fillers, includin%
boron nitride (BN),”*** boron nitride nanosheet (BNNS)”
silicon carbide (SiC),”" aluminum nitride (AIN),** spherical
aluminum oxide A1203,33 and alumina platelets,34 have been
applied to form electrically insulating yet highly thermal
conduction composites. These fillers are incorporated into the
polymer matrix to create heat conduction paths to dissipate
heat effectively during subsequent device operation. For Al,O;-
filled polymer composites, hi%h loading is required to achieve
high thermal conduction.* ™ High loading of fillers into the
polymer matrix increased the interfacial thermal resistance;
consequently, thermal conductivity was hampered.”® Improv-
ing thermal conductivity poses a significant challenge due to
the lack of efficient thermal conduction pathways. Moreover,
excessive use of microfillers can negatively impact polymer
composites processability and mechanical strength.*”

Incorporating a small fraction of nanofillers with the main
Al, O, filler into the matrix is an effective method that enhances
the thermal conductivity of polymer composites while also
preserving their processability and mechanical performance.”’
In recent years, boron nanosheets (BNNS) and boron
nanotubes (BNNT) have gained immense attention due to
their intrinsic high thermal conductivity, chemical stability, and
neutron shielding.*' BNNS can be formed by both bottom-up
growth and top-down exfoliation to form a 2D sheet structure,
whereas BNNT can be synthesized through the nucleation and
growth of boron and nitrogen-containing precursor materials
that bestow it 1D tubular structure.”” BNNT stands out among
other fractional fillers, including BNNS, due to its unique 1D
structural feature.*> Due to the tubular structure, even a small
amount of BNNT (0—2 wt %) has a high tendency to form a
3D network in the presence of co-fillers to enhance the overall
performance of composites.** BNNT, however, has limited
dispersion in solvents and tends to agglomerate in the polymer
matrix due to strong van der Waals interactions.*>*® This leads
to an increase in interfacial thermal resistance and a decrease in
thermal conductivity."’ Various surface functionalization,
adopting covalent and non-covalent processes have been
performed on BNNT to enhance its processability and
promote compatibility with polymer matrices.”* ™" Defects
and voids are inevitable on BNNT during covalent
functionalization due to harsh modification conditions, while
the intrinsic structure is preserved during non-covalent
functionalization of BNNT due to mild modification
conditions and, therefore, preferred over covalent modification.

Tannic acid (TA), a polyphenol derived from plants,
consists of catechol and phenol in its structure. The binding
affinity and surface adhesion of TA to various substrates have
been demonstrated.”’ TA has been used to exfoliate and
functionalize BN and BNNSs, resulting in enhanced thermal
conductivity.sz’53 Furthermore, TA has significant potential for

further reactions with other functional groups via oxidation.
The presence of functional groups after non-covalent
modifications of BNNT has been utilized to enhance their
dispersion in polar and non-polar solvents and also in the
polymer matrix.*** The oxidized TA can form a quinone
structure, which can then react with different moieties such as
amine, thiol, and poly(acrylic acid).”® These reactions can
generate products having a stror}g binding affinity with the
Al,O, and epoxy polymer matrix.”*>"’

In this study, BNNT was deposited to protrude on the
surface of Al,O; to increase the contact points of fillers inside
the epoxy matrix. For this, we propose a facile method to
fabricate alkyl-functionalized BNNT using TA at very mild
conditions. ODA was attached to the TA-coated BNNT to
create functionalized BNNT (ODA-BNNT). ODA-BNNT was
applied to the Al,Oj surface (ALO;@ODA-BNNT) to form
protruding BNNT on the surface of Al,O;. The protruding
BNNT was exploited to increase the contact points of fillers to
form a continuous network inside the epoxy matrix. The high-
contact 3D network of fillers consequently enhanced heat
dissipation and improved mechanical performance.

2. EXPERIMENTAL SECTION

2.1. Materials. TA and ethanol were obtained from
Daejung Chemicals Co., Ltd., South Korea. Octadecylamine
(ODA) was purchased from Tokyo Chemical Industries
(TCI), Japan. Epoxy resin (171), hardener, and cross-linker
(NADIC methyl anhydride; NMA) were supplied by Kukdo
Chemicals Co., Ltd., South Korea. BNNT was obtained from
Naieel Technology, South Korea. All utilized chemicals were
used as is without any further purification. Deionized (DI)
water was used to perform all of the experiments.

2.2. ODA-BNNT Preparation. For the amine functional-
ization of BNNT, TA (0.5, 1, 1.5, and 2%) was first dispersed
into DI water (1000 mL) through bath sonication. Then, a
fixed amount (1%) of BNNT was charged into the TA-
containing beaker and bath sonicated for 10 min, followed by
adjustment of pH 10 with NaOH (5%). Then, the setup was
tip-sonicated for 60 min at an amplitude of 70% with a 15/02
on/off setting. After that, ODA (0.5, 1, 1.5, and 2%) was slowly
added and tip-sonicated for 40 min. Finally, the product was
recovered after repeated washing with water (S times) and
ethanol (S times) each for 10 min using a centrifuge at 3000
rpm. Finally, the product was oven-dried at 70 °C for 10 h for
subsequent composites formation.

2.3. Al,O;@ODA-BNNT Preparation. The surface-func-
tionalized BNNT after oven-drying was used to deposit on the
surface of Al,O5 (S um). The following technique was used to
deposit ODA-BNNT on Al,0; Ethanol (100 mL) was added
into a beaker of a volume of 300 mL. To this end, different
percentages (0.5, 1, 1.5, 2, and 2.5%) of ODA-BNNT were
added. ODA-BNNT was dispersed into ethanol using bath
sonication for 20 min. Then, 8 g of AL,O; (S ym) was added to
the beaker and further bath sonicated for 10 min. Finally, the
whole setup was moved to a hot plate to attach and protrude
the ODA-BNNT on Al,O; after evaporation of ethanol.

2.4, Epoxy Polymer Composites with Al,0;@ODA-
BNNT. Different filler contents along with the ODA-BNNT
were added to form epoxy composites to optimize the filler
ratio (Table S1). Epoxy polymer composites were fabricated
by mixing bisphenol A epoxy resin (171) and hardener (S:4 wt
%) in a plastic container.* The prepared Al,O;@ODA-BNNT
powder was added into the vessel containing polymer/
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Figure 2. SEM images of (a,b) virgin BNNT and BNNT-ODA. (c,d) TEM images of virgin BNNT and BNNT-ODA SEM images (e,f) of ALLO;@

ODA-BNNT respectively.

hardener and a mechanical paste mix two times for 1 min each.
Then, AL,O; (70 ym) was added and was again paste mixed
two times, 1 min each. Finally, NMA cross-linker was charged
into it and paste mixed two times, 1 min each, to form the
homogeneous composite pastes. The composite pastes were
loaded in the steel mold to cure under pressure (120 °C for 1 h
and at 150 °C for 3 h).>® An identical process was used to
prepare neat epoxy paste and virgin BNNT composite paste.

3. CHARACTERIZATIONS AND INSTRUMENTS

Scanning electron microscopy (SEM, CX-200 COXEM)
combined with energy dispersive X-ray (EDX) was utilized
to capture the microstructures of filler powder and epoxy
composites. Detail surface analysis was performed using
transmission electron microscopy (TEM; G2 F30 S-Twin;
FEI, USA). Thermogravimetric analysis was performed to
calculate the ODA on the surface of BNNT. For this, dried

powder of all samples was loaded to TGA (QS00, TA
Instruments, USA). Heating was applied from 50 to 900 °C at
a rate of (10 °C/min). Crystallinity was observed using an X-
ray diffractometer (XRD, PANalytical BV, the Netherlands).
Differential scanning calorimetry (DSC) was measured by
DSC4000 (PerkinElmer, Waltham, USA). Specific surface area
(BET) was calculated using a Micromeritics ASAP 2420
(Micromeritics Instrument Corporation, Orcross, GA, USA).
Thermal conduction was measured by a hot disk apparatus
(Hot-Disk thermal analyzer, TPSS00S, Sweden). For the
analysis of the mechanical performance of all prepared samples,
a universal testing machine (UMT, WITHLAB Co., Ltd,
South Korea) was used. Thermal conductivity was measured at
25 °C, whereas the coefficient of thermal expansion (CTE)
was performed at 0—190 °C, with a heating rate of 5 °C/min.
Each analysis was conducted S times to obtain average values.
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Figure 3. (a) TGA spectra, (b) XRD analysis, and (c—f) XPS spectra of virgin BNNT and ODA-BNNT.

4. RESULTS AND DISCUSSION

BNNT has been used as a filler to form high-performance
thermally conductive composites to tackle thermal conduction
issues. However, the presence of van der Waals interaction and
entanglement in the virgin BNNT has a high tendency of
agglomeration in the solvents and polymer matrix.”” Moreover,
the aggregated BNNT has a low potential to form a thermally
conductive network to dissipate heat. However, a localized
deposition strategy by depositing functionalized BNNT on the
surface of Al,O; is opted to solve the aforementioned issues.
Schematic diagram (Figure 1) shows the functionalization of
BNNT and the fabrication process of the epoxy composites. A
modified process was used to attach ODA to the surface of
BNNT.** In the first step, TA was deposited on BNNT in an
alkaline environment at pH 10, and it undergoes oxidation and
oligomerization in an alkaline pH that increase its affinity to be
deposited on BNNT.**° The produced quinones, after the
deposition of TA, were further reacted with amines of ODA
through Michael addition to form ODA-BNNT.’" The long
alkyl chain-terminated BNNT can be well dispersed in ethanol
to be deposited on the Al,O; surface after the evaporation of
ethanol. The formed ODA-BNNT was then deposited to
protrude on the surface of Al,O; by utilizing a solvent
evaporation process. The formed Al,O;@ODA-BNNT in
powder form was used to construct a continuous conduction
network in the presence of a large-size ALO; (70 um) filler.
The SEM and TEM images of virgin BNNT and ODA-BNNT
were captured to observe the surface morphology. SEM images
of virgin and ODA-BNNT (Figure 2a,b) showed almost
identical structures. A similar microstructure can be attributed
to the finely localized nanodeposition of the ODA on the
surface of the BNNT. TEM images (Figure 2c,d) displayed the
structures of virgin and ODA-BNNT. A smooth surface
structure of virgin BNNT was observed, having an average
diameter of 30—50 nm, while a noticeable rough structure was
observed in the ODA-BNNT due to the successful deposition
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of ODA on the surface of BNNT. Although a rough structure
was observed after localized deposition of ODA but with a very
thin coating of roughly ~8.3 nm thickness, the average
diameter of BNNT nanotubes did not alter and remained
identical after ODA deposition (Figure 2¢,d). The SEM images
of virgin BNNT and ODA-BNNT-deposited Al,O; were also
obtained to analyze the deposition trend of virgin BNNT and
ODA-BNNT on the Al,O; surface. Virgin BNNT, due to poor
dispersion in the polymer matrix, formed aggregated
deposition on ALO; (Figure 2e and inset). ODA-BNNT,
however, due to the presence of long alkyl chains on the
surface of BNNT, showed homogeneous distribution and firm
attachment on the ALO; surface (Figure 2f and inset).*”

The successful functionalization of BNNT with the
attachment of an ODA is demonstrated by TGA and XPS
analyses. The TGA spectra were obtained in an air environ-
ment to observe the deposited amount of ODA-BNNT (Figure
3a). The bulk BNNT showed almost the absence of any mass
change up to 900 °C. The absence of mass loss is attributed to
the excellent thermal stability and resistance to oxidation of
BNNT.®*** ODA-BNNT, on the other hand, started to
decompose above 200 °C due to the oxidation of aromatic
moieties and the decomposition of carbonyl of TA.%® Based on
the weight retention fraction of virgin BNNT (99.15%) and
the weight retention fraction of ODA-BNNT (64.30%), an
amount of 34.85% of ODA was calculated to be deposited on
the BNNT. The crystallinity analysis (XRD) was performed to
observe the structures of virgin BNNT and ODA-BNNT
(Figure 3b). The absence of any distinct features in both
spectra demonstrated that BNNT, after modification, retains
its inherent structure without any damage.

XPS wide spectra (Figure S2) and C 1s spectra of ODA-
BNNT were obtained (Figure 3c), which revealed three peaks
representing C=C, —C—0, and —C=O0. The further O 1s
spectra (Figure 3d) showed peaks of —O—C and —O—H that
demonstrated the presence of TA-assisted ODA on the surface
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Figure 4. (a) Isotropic thermal conductivity of epoxy composites prepared with different ratios of ODA-BNNT, (b) with different wt % of AL,O,@
ODA-BNNT, (c) tensile stress—strain curves, (d) tensile strength, and (e) CTE and (f) DSC curves and ALO;@ODA-BNNT composite epoxy.

of BNNT, which is well matched to wide-range XPS (Figure
S$2). The wide-range XPS displayed more intense peaks of O 1s
and C Is for the ODA-BNNT than virgin BNNT that clearly
demonstrated the attached TA-assisted ODA deposition on
BNNT. ATR-FTIR (S3) further confirmed the deposited ODA
on BNNT, compared to virgin BNNT, ODA-BNNT displayed
sharp peaks at 29,280 and 2857 cm™" corresponding to —C—
H- symmetric and antisymmetric vibrations that represent CH,
and CH; moieties of TA-attached ODA on BNNT,
respectively.” Also, for B 1s (Figure 3e,(f), the shifting of
high binding energy implies the presence of TA due to the
7—m interaction between BNNT and the amine of the ODA.
The specific surface area was calculated for both virgin and
modified BNNT. A specific surface area of 53.249 + 0.4104
m?/ g was analyzed for virgin BNNT, whereas 54.361 + 0.331
m?*/g was found for ODA-BNNT. The enhanced surface area
can be attributed to the localized deposited ODA on the
BNNT surface.

The 1D structural features of BNNT enable it to display
excellent thermal conductivity while resisting thermal
oxidation.> BNNT, like other 1D fillers, has interaction with
various fillers such as Al,O; and AIN to increase the thermal
conductivity by forming thermal conduction paths.®® However,
due to poor interaction and the absence of any bonding
between Al,O; and the co-filler, there is a high probability that
the 1D filler could lose contact with the main filler to interact
with the polymer matrix, which could subsequently reduce
processability. ODA-BNNT, however, due to its binding ability
on the surface of Al,Oj;, can be a potential strategy to strongly
intact the individual BNNT on the surface of Al,O;. The
attached ODA-BNNT will not only interact with the Al,O4
filler to increase thermal conduction but will also be entangled
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with the polymer matrix to enhance the mechanical perform-
ance of composites.

For this, ODA-BNNT, after optimization of all parameters,
was utilized to prepare composite samples with epoxy resin
(Figure 4ab). Different parameters, including TA, ODA
concentrations, and wt % addition, were analyzed as follows:
first, different concentration ratios (0.5:1, 1:1, 1.5:1, and 2:1)
of TA: BNNT were used to optimize TA concentrations
(Figure SS). A 1:1 ratio was collected to be an optimized ratio.
When increasing the amount of TA (TA:BNNT; 1.5:1 and
2:1), a lower thermal conduction was observed. The lower
thermal conduction can be ascribed to the poor dispersion of
BNNT when containing a higher amount of TA. The higher
amount of TA on the surface of BNNT (more than optimized
1:1) may cause strong binding to form aggregation among the
BNNT, consequently lowering their dispersion in the polymer
matrix. After that, the ODA concentration ratio was optimized
against prepared TA-deposited BNNT (Figure S6). Different
ratios (0.5:1, 1:1, 1.5:1.5, 2:1, and 3:1) of the ODA:TA-BNNT
were used to collect the optimized concentration to fabricate
epoxy composites (Figure 4a). A 2:1 ratio was selected as an
optimized ratio based on the enhancement of thermal
conduction. By further increasing the ODA amount (3:1), an
absence of thermal conduction improvement was observed.
The absence of enhancement may be attributed to the amount
of deposited TA on the BNNT surface. When further
increasing the ODA ratio (3:1), the excess ODA was unable
to be deposited on the TA-BNNT; hence, the excess ODA can
be removed during centrifugation/washing with ethanol.
Therefore, an optimized ratio of 2:1 was set to prepare
epoxy composites to analyze various characteristics, including

https://doi.org/10.1021/acsomega.4c05323
ACS Omega 2024, 9, 38946—38956


https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c05323/suppl_file/ao4c05323_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c05323/suppl_file/ao4c05323_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c05323/suppl_file/ao4c05323_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c05323/suppl_file/ao4c05323_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05323?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05323?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05323?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05323?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c05323?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

mechanical performance, heating/cooling cycles, and CTE
(Figure S4).

An optimized ratio of 2:1 of ODA-BNNT was obtained to
display the highest thermal conductivity when added 2 wt % to
the composite. By further increasing the wt % of ODA-BNNT
(2.5 wt %) to the epoxy matrix, however, a decrease in thermal
conduction was observed. As the loading of the ODA-BNNT
filler exceeds the threshold percolation level (>2 wt %),
aggregation may start because of poor dispersion of ODA-
BNNT into the epoxy matrix at higher concentrations, which
eventually reduces the thermal conduction of composites.’”

The mechanical performance of epoxy composites is also an
important factor, in addition to thermal conduction, for their
effective application. The tensile strength performance of
epoxy composites with ALO;@BNNT and ALO;@ODA-
BNNT was studied (Figure 4c). The tensile strength of epoxy
with ALO;@BNNT and with AL,O;@ODA-BNNT was
reached at 5.54 and 7.43 MPa, respectively (Figure 4d). The
incorporation of both ALO;@BNNT and AlL,O;@ODA-
BNNT significantly enhanced the mechanical performance
due to the unique tube-like structure of BNNT. The
subsequent enhancement can be associated with the 1D
structural features, dispersion effectiveness, and ODA compat-
ibility with the polymer matrix.”® The better performance of
ALO;@ODA-BNNT, however, suggested that the surface
functionalization not only increased the thermal conductivity
due to the strong attachment of ODA-BNNT with Al,O; that
promotes the formation of a thermal conduction network to
dissipate the generated heat but also prevented the formation
of stress concentrations due to the even distribution and
improved interfacial adhesion of ODA-BNNT with the epoxy
matrix.””%*7% Well-distribution of ODA-BNNT into the epoxy
matrix induces strength by transferring the stress from the
epoxy matrix to the ODA-BNNT nanofillers.”'

A low CTE and excellent thermal stability are vital for the
utilization of polymer composites. Low CTE is highly
demanded when high-temperature flux is encountered in
different application areas, including aerospace, composite
coatings, and thermal conduction materials. Numerous fillers
have been used to fabricate polymer composites with low
CTE.”*"? Various factors, such as volume fraction, aspect ratio,
and orientation of fillers, have been involved in effecting the
CTE of composites.”* The CTE of the prepared epoxy
composites in the presence of ALO;@BNNT and ALO,@
ODA-BNNT was compared with that of neat epoxy polymer
(Figure 4e). A high CTE of 180.5 + 8.256 ym/m °C was
obtained for the neat epoxy sample. However, a drastic
reduction in CTE was observed when virgin BNNT and
modified BNNT in the form of AL, O;@BNNT and ALO;@
ODA-BNNT were introduced in the polymer matrix. Lower
CTE values of 39.98 + 4.481 and 28.21 + 3.642 um/m °C
were recorded when virgin and modified BNNT were included
in the polymer matrix. The reduced CTE values can be
attributed to the 1D structural features of modified BNNT that
render their homogeneous distribution into the polymer matrix
along with strong interactions with the epoxy resin. Glass
transition temperature ( Tg) is considered an important
parameter to compare the thermal behavior of the composites.
Since the intermediate temperature is denoted as T, neat
epoxy displayed T, at 132.2 °C, whereas the T, of ALO;@
ODA-BNNT containing epoxy was observed at 137 °C. The
shifting of T, toward higher temperatures can be explained by
the fact that the increase of T, with the addition of fillers

reduced the mobility of epoxy chains. The presence of fillers
can act as a physical interlocking point that restrains the chain
mobility.”" Also, the presence of long alkyl chains on modified
BNNT can be entangled with the epoxy matrix to increase the
T, of composites.”

Microstructures were collected using SEM images to
evaluate the distribution and dispersion of AlL,O;@ODA-
BNNT into the epoxy matrix (Figure Sa—d). An improved

Figure 5. SEM images of composites prepared with epoxy (a) without
BNNT, (b) with ALO;@BNNT, (c) with Al,O;@ODA-BNNT, and
(d) magnified image of AL,O;@ODA-BNNT.

thermal conductivity, mechanical strength, and lower values of
CTE were observed when compared to those without BNNT,
virgin BNNT (AL O;@BNNT) and modified BNNT (AL O;@
ODA-BNNT) were used. The microstructure of composite
without BNNT showed gaps between the Al,O; particles to
allow the heat flow less efficiently (Figure Sa and inset). An
aggregated BNNT was observed in the matrix when virgin
BNNT was used to attach to the Al,O; surface (Figure Sb and
the inset). Modified BNNT in the form of AlL,O;@ODA-
BNNT, however, displayed a homogeneous distribution of
BNNT attached to the surface of AL,O; (Figure Sc). It is worth
noticing that the strong adhesion of ODA-BNNT to Al,O; is
highly retained even after compounding with epoxy resin
(Figure Sd). The robust attached BNNT can be attributed to
the TA-assisted ODA modification that enabled BNNT to be
attached to the surface of Al,O; and subsequently evenly
distributed into the whole epoxy matrix to enhance the
mechanical properties of epoxy composites.

Infrared (IR) thermal images were captured during the
heating and cooling cycles for a particular time of 150 and 250
s, respectively (Figure 6a). The obtained IR images showed
improved heating of the composites in the presence of both
virgin and modified BNNT in the form of AL,O;@BNNT and
ALO;@ODA-BNNT, respectively. A swift thermal response
was recorded in the presence of ALO;@ODA-BNNT. The
improved thermal response (fast absorption and release of
heat) demonstrates the formation of improved thermal
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Figure 6. (a) Infrared images of neat epoxy, epoxy with ALO;@BNNT, and epoxy with Al,O;@ODA-BNNT during heating and cooling cycles.
(b) Temperature variations against time during heating/cooling cycles.
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conduction pathways to dissipate heat more effectively than
neat epoxy and virgin BNNT (Figure 6b).”

The insight into the conduction pathways was further
collected using finite element analysis and an ANSYS
simulation. Three different models were applied, including a
neat epoxy matrix, an epoxy matrix containing Al,O;@BNNT,
and Al,O;@ODA-BNNT-filled epoxy composites. The utilized
models were set with identical boundary conditions, i.e.,
convection at the top with a free air stream of 300 K, both
sides were insulated, and the bottom part was set as a heat flux
of 3ES W/m? (Figure 7a). The simulation calculation is based
on the steady-state heat transfer based on two equations’””®

V-g=Q (1)

q=—kVT @)

where § is the heat flux vector that presents the flow of heat per
unit area per unit time, Q is the heat generation inside the
material matrix, such as heat from chemical reactions (Q = 0 in
this study), T is the temperature, V is a vector differential
operator, and k is the thermal conductivity of materials.
Thermal conductivity values of 0.2, 30, and 300 W/mK were
set for neat epoxy and composites in the presence of ARO3@
BNNT and ARO3@ODA-BNNT, respectively.®’

The addition of fillers, ALLO;@BNNT and AL O,@ODA-
BNNT, significantly increases the heat transfer in the polymer
matrix when compared with neat epoxy polymer (Figure 7b,c).
When neat BNNT was used to attach to the surface of Al O,,
an uneven distribution resulted due to the aggregation of virgin
BNNT. In contrast, ODA-BNNT-attached Al,O;, however,
displayed an even distribution of BNNT into the entire epoxy
matrix to form thermal conduction pathways to effectively
dissipate the heat during TMM applications.

Table S2 summarizes some recent research results on
thermal conduction and mechanical performance with different
polymer matrices and filler systems. Based on the results, a
small fraction of modified BNNT (0.5—2 wt %) can
significantly enhance thermal and mechanical performance by
facilitating improved contact points among the Al O, filler.””
Moreover, the devised modification of the BNNT is simple
and straightforward and can scale up easily.

5. CONCLUSIONS

In summary, this study outlines a successful approach for
achieving a uniform distribution of BNNT within the epoxy
matrix. A TA-assisted amine-modified BNNT is firmly bonded
to the surface of Al,O3, generating a heat transfer network. The
epoxy/ALO;@ODA-BNNT composite demonstrates im-
proved properties, such as enhanced mechanical performance
and high thermal conduction. The optimized filler content
enhances the thermal conductivity while preserving excellent
mechanical performance. The improved performance is
credited to the uniform dispersion of the modified BNNT,
which creates a seamless network throughout the matrix, thus
enhancing thermal conduction. In addition, the BNNT
modified with alkyl chains exhibited a significant interaction
with the epoxy matrix, resulting in improved mechanical
performance. The study offers a practical approach to
producing epoxy composites on a larger scale, which can
effectively address heat dissipation challenges in industries
such as batteries and electric vehicles.
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