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Advanced electronic technology significantly relies on the superior heat-conducting materials to efficiently manage the heat
generated by circuit assemblies. Effective thermal management is essential to ensure the reliability, efficiency, and durability of
electronic devices. The thermal conductivity (TC) of polymers can be improved by initiating several nanofillers and constructing a
three-dimensional (3D) conductive path for phonon transfer. In this review, we discussed the synthesis of boron nitride (BN),
the thermal characteristics of BN, and BN filler in polymer matrix for enhanced TC. It is summarized that the TC of the polymer
composites could be enhanced in case when matrix is added with BN nanosheets (BNNSs) through bidirectional freezing, hot
pressing, roll cutting, and making the 3D structure of reinforcement, making it suitable for the applications of electronic packaging.
Also, hybrid fillers such as short carbon fiber, BN nanotubes (BNNTs), and nanosheets may construct a highly conductive path for
phonon transfer. In addition, we highlighted the challenges and provided the prospects of BN nanostructures in various applica-
tions of thermal management to enhance the functional capability of equipment and electronic gadgets.
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1. Introduction miniaturization and functionalization, and their main chal-

The electrical technology provokes faster electronic communi- ~ lenge is heating transference [3, 4]. The rapid advancement

cation devices and gadgets that generate noticeable heat con-  ©f 5G technology and high-power electronic devices has signif-
tent, and its dissipation is a crucial factor [1, 2]. Modern  icantly increased the demand for efficient thermal management

electronic devices are consistently leading towards  solutions. Those composites/materials that offer high thermal
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conductivity (T'C) while upholding tremendous electrical insu-
lation are essential for efficient heat dissipation in 5G base
stations and other high-power-density systems [5, 6]. The
operation of electronic devices could be smooth by dissipating
heat at a moderate rate through a heat-sinking mechanism, but
sometimes weak thermal linkage between heat sink and the
device restricts heat dissipation [7]. To cater this, thermal inter-
face materials (TIMs) have been engaged to minimize thermal
resistance by building conducting paths between asperities [8].
The polymer resins are extensively used as TIMs due to their
high electrical resistivity, low cost, and good mechanical prop-
erties. However, their intrinsically low TC (0.1-0.5 W/m.K)
restrains their effectiveness in thermal management applica-
tions [9].

Despite challenges, thermally conductive polymer compo-
sites show a great potential in several applications of stretchable
networks, thermal management, and aerospace [10, 11]. There-
fore, the recent research is focused to predict the properties of
particle-reinforced composites and ceramics to develop poly-
mers with metal-like TC for advanced thermal management
solutions [12-14]. For example, slim light-emitting diode
(LED) TVs contain various miniaturized LEDs in a single
panel, and generation of heat due to emissions can cause several
problems for the efficiency of LEDs, for example, color shifts,
reduced light output, and their longevity [15]. The heat sinks
do not efficiently dissipate heat because of thermal barrier
resistance; enhanced thermal conductive materials are placed
between heat sinks and the device interface to dissipate thermal
energy efficiently [16]. Effective thermal management is influ-
ential for battery performance and safety purposes in electric
vehicles. While excessive heat is generated during charging and
discharging, reducing the battery lifetime and increase fire risk
[17]. The cooling strategies including air, liquid, and phase
change material (PCM) systems have been explored where
PCMs offer lightweight, energy-efficient, and uniform thermal
regulation but costlow TC [17, 18]. To address this, researchers
have integrated thermally conductive additives such as metal
fins, foams, and expanded graphite into PCMs. Novel approaches
like central heat sinks have also been proposed to address heat
accumulation in battery cores [19].

Moreover, 5G communication technology uses ultrahigh-
speed signals of millimeter waves, and loss in microwave radia-
tion causes heat. To prevent signal loss, 5G communication tech-
nology demands a very low dielectric constant and to minimize
signal attenuation in high-frequency communications [20, 21].

Boron nitride (BN) is a ceramic compound of boron and
nitrogen with high TC, high thermal expansion coefficient, and
good dimensional strength [22, 23]. BN has strong covalent
bonding and found in different variants like sheets, nanotubes,
and particles having similarities with carbon-based microstruc-
tures [24]. Cubic BN has a diamond-like structure, h-BN has
hexagonal (honeycomb-like) structure whereas the w-BN
seems like a hexagonal diamond [25-27]. To determine the
stress and mechanical properties at nanoscale level, nanoinden-
tation is being used to create trenches on BN surface to boost
the thermal contact of BN and polymer matrix for rapid heat
transfer [28—30]. The h-BN being the most stable allotrope of
BN, and suitable as filler to elevate the TC of polymer matrix,
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improving high-temperature oxidation resistance, and opti-
mize mechanical properties [31, 32]. Having wide energy
band gap (5.9eV) of BN, the BN/polymer composites have
become more auspicious for electronic packaging applications.
The electrical resistance of the material used for electronic
application must be in the range of 10''-10** Q-cm [33].
Therefore, BN having a low dielectric constant of 34.8 and
excellent temperature resistance is appropriate for thermal
management applications [34]. Factors include significant
interfacial thermal resistance (ITR), the inherently low TC of
the filler material, and the limited thermal transfer efficiency
(TTE) per unit mass of the filler, hinders effective heat flow
within the materials/composites, thereby, reducing the overall
thermal performance [35].

Instead, the TC can be significantly improved by using a
hybrid filler, where the mixture of two fillers (hybrid filler)
produces a collaborative effect that exceeds the possible perfor-
mance of a single filler. The production of such nanocompo-
sites is challenging because of repulsion between inorganic filler
and organic polymer. To overcome this problem several tech-
niques have been adopted including surface modification by
surfactants, adhesive agents, and selective functional poly-
mers [36-38].

To avoid agglomeration of filler particles, it is suggested to
enhance matrix—filler interaction while diminishing fillerfiller
interaction by different strategies, such as using particles of dif-
ferent shapes or functionalizing the surface of particle [39]. The
self-agglomeration of a single nanofiller is minimized by choosing
two fillers of different morphology [40]. A filler content of less
than 50 vol.% does not improve thermal efficiency [41]. Fillers are
available in 3D, 2D, 1D, and 0D forms. Surprisingly, the area of
contact decreases with increasing filler dimensions [42, 43]. Since
ITR is essential in reducing TTE, the 3D interfacial filler compo-
sition is highly suitable for enhancing TC in composites [44, 45].
The dispersion of hybrid fillers in a polymeric matrix can be
altered due to their dimensional orientation. Recent research
revealed that spherical fillers are uniform to 1D or 2D fillers
due to less contact area. The dispersion issue of 2D fillers has
been resolved by their hybridization with a filler having better
dispersion ability [46, 47]. This review demonstrates and sum-
marizes the emerging techniques for enhancing the TC of various
polymers by hybrid loading BN with other fillers.

2. Synthesis and Thermal Characteristics of BN

2.1. Synthesis of BN. BN is being fabricated and synthesized in
various forms like 1D BN nanotubes (BNNTSs), 2D BN
nanosheets (BNNSs), BN nanoribbon (BNNRs), and BN nano-
flakes (BNNFs). BN is synthesized using different boron and
nitrogen precursors; the most common are boron powder and
ammonia gas, while boric acid and ammonia gas are popular
precursors for creating BN [48]. BNNS is a hexagonal BN
(hBN) layered structure possessing excellent mechanical and
thermal properties but large energy band gap for electrical
resistivity. Since BNNSs can be synthesized by using different
approaches, among which commonly practiced are chemical
vapor deposition (CVD), laser arc ablation, liquid phase exfoli-
ation (LPE), and ball milling as shown in Figure la—d [49-52].
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FIGURE 1: (a) Chemical vapor deposition [49], Copyright 2020 Elsevier. (b) Laser arc ablation [50], Copyright 2019 Springer Nature. (c) Liquid
phase exfoliation [51], Copyright 2019 IOP. (d) Different methods to produce BN by ball milling method [52], Copyright 2020 ACS.

In addition, ball milling can be employed efficiently and bene-
ficially for scalable exfoliation of layered materials.

Recently, Lie et al. [53] employed ball milling process to
prepare a few layered BNNSs from bulk h-BN by applying
ammonia borane as milling agent. This method is risky for
the integrity of BNNSs, which can create defects in the crystal
structure. Nonetheless, CVD is a readily available way for pro-
ducing 2D materials with a large surface area [49]. Whereas the
BNNSs can be grown on substrates like Cu, Fe, etc. [54, 55].
Added to this, Aamir and co-workers successfully produced
BNNSs of 5-11nm thickness with boron powder (1-2 pm)
and NH; gas in a CVD setup, which was performed at
1200°C for 1h [49]. However, CVD provides good quality
BNNSs at optimum reaction conditions, but low yield and

high energy usage limit its commercial adoption. The LPE is
the most suitable technique in various aspects of BNNS syn-
thesis [56]. hBN can directly produce a few layered BNNSs
through sonication in various chemical solvents such as isopro-
pyl alcohol (CsHgO), dimethyl sulfoxide (C,HOS), N-methyl
pyrrolidone (CsHgNO), and thionyl chloride (SOCL,). These
solvents have enough surface energy that is desired for the
exfoliation of bulk h-BN. Although the LPE method faces of
limitations such as low yield, slow processing, and re-
agglomeration of exfoliated BNNSs, these challenges can be
mitigated through functionalization. The surface modification
enhances the dispersion stability of BNNSs by improving their
compatibility with polymer matrices. Functionalization can be
done through various solutions; for example, Zhao et al. [57]
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used tannic acid for exfoliation and functionalization of BNNSs
and reported a yield of 42.2%. Also, in 1995 the pure BNNT's
were first made by Chopra et al. [58] with arc discharge
method. The BNNTs and its composites are being widely
used in biomedical fields, and nanodevices as well as hydrogen
uptake applications [59] due to their remarkable TC, piezoelec-
tricity, and Young’s modulus [60-62]. Moreover, generally
BNNTSs have been synthesized by several methods like CVD,
ball milling, boron ink annealing, laser ablation, and arc-jet
plasma [63-67]. However CVD is more applicable method
for producing BNNTs in quantity and quality. The systematic
investigation by Zhuang et al. [68] has been carried out to
synthesize the BNNT' on a stainless steel surface by ball milling
followed by an annealing process using N,/H, gas at 1200°C.
Interestingly, the gas flow rate and precursor ratio determined
the morphology, yield, and size of the BNNTs. On the other
hand, Ahmad et al. [69] produced human hair-like BN nano-
fibers by a mixture of boron, magnesium oxide, and iron oxide
powders using CVD technique. Furthermore, this group grew
the bamboo-like structure BNNTSs by argon-supported thermal
CVD. However, the acquired BNNTs showed a pattern of
straight, nearly straight, and curved shapes with a diameter
of 20-80 nm [70].

2.2. TC of BN. TC originates from phonon conduction, where
the phonons are quanta of vibrational energy [71]. On provid-
ing heat, surface particles of the material undergo vibrations.
During the vibrating phenomenon, heat transfers to the nearest
particle. TC k (W/m-k) defines thermal conduction, thereby,
the thermal conduction rate depends on the difference in tem-
perature between opposite faces. So, the higher the temperature
difference leads to higher thermal conduction. TC (k) can be
determined as [72]:

k=a.Cpp (1)

where kisthe thermal conductivity, Cp is the specific heat,
pisthe density, and a is the thermal diffusivity.

The addition of fillers such as carbon nanotubes [73, 74],
metal fillers [75], and ceramic fillers [76, 77] in polymer matri-
ces increases the TC. The h-BN imparts TC to polymer as
of its high TC (400 W/m.K) at ambient temperature. The
recent studies show that TC increased by reducing the
phonon—phonon scattering mechanism [78]. In case, BN is
highly suggested for internal dielectric material in batteries
due to its remarkable TC and electrical resistivity. The TC of
BN composites is drastically influenced by amount and size/
morphology of filler. The smaller BN filler particles support to a
greater number of interfaces, which increases phonon scatter-
ing. Consequently, the overall TC is reduced compared to sys-
tems with large particle sizes of filler that offer fewer interfacial
boundaries [79]. Another report shows that TC increases by
adding micrometer length BNNSs in polymer matrix [80, 81].
For instance, Hatsuo et al. [82] stated that the TC of polyben-
zoaxine (CgH;NO) is improved 30 times higher with the addi-
tion of 225 um lateral size BNNSs with a ratio of 78.5vol.%.
However, processing parameters affect the integrity of the com-
posite, that is, high percentage of filler can cause the porosity.
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Therefore, polymer and BNNSs composite are efficiently pro-
duced by sonication [83], ball milling [84], pressing [85], and
mixing [86], significantly impact the distribution of BN filler in
the polymer matrix.

In current literature, BNNSs and BNNTs-related nanoma-
terials perfectly accumulate in polymer matrix due to their high
surface energy [87]. Mackay et al. [88] presented that good
dispersion occurs when the nanoparticle radius is smaller
than the polymer radius of gyration. As, composite in which
polystyrene (PS) nanoparticles are blended into PS, a miscible
system is achieved when the nanoparticle radius is 14 times
less than the PS radius of gyration. It is stated that good disper-
sion is required in composites at higher volume percentage of
filler, and dispersion impacts little with less filler loading [89,
90]. Fillers do not accumulate at very low filler loading [91].
Thus, it is more profound to examine the interconnectivity
among filler particles and its influence on TC, instead of simply
considering the number of fillers. Once strong interconnections
are established between particles, a three-dimensional (3D)
network can be developed, which significantly improves TC
through more competent phonon transport [92].

3. BN as a Filler in Polymer Matrix for
Enhancing TC

There are numerous approaches that have been reported to
increase the TC of polymer composites/compounds. Some
important routes and approaches are mentioned below.

3.1. BN Filled Composites. Liu et al. [93] investigated that the
TC of composite film is substantially augmented with the addi-
tion of short carbon fibers (SCF) and BN to polydimethylsilox-
ane (PDMS) matrix by creating efficient conductive path in
PDMS. A schematic drawing of the synthesis method of
SCE/BN/PDMS composite is shown in Figure 2a.

The base and curing agents (ratio; 10:1) of PDMS were put
together and blended for 10 min. Then, SCF and BN were put
into this solution and stirred for 20 min to get a homogenous
mixture. The mixture was vacuumed in a tank for defoaming
and subsequently put onto a polytetrafluoroethylene (PTFE)
template by drop casting, and the film was produced through
the spin-coating technique. This film was cured for 30 min. A
total of six films were prepared by changing the composition of
filler contents. The TC of neat PDMS is 0.21 W/m.K, which
increased with the amount of filler loaded into a composite.
The TC of the composite reached up to 0.87 W/m.K with just a
15 wt.% addition of SCF.

The SCF merged each other and made a conductive path
for phonon (see Figure 2b). The addition of BN multiplied the
TC of composite, which concluded that the higher BN content
leads to higher T'C. Different compositions of filler were tried,
and the optimized TC value has been found ~2.29 W/m.K for
15wt.% SCF/20 wt.% BN /PDMS composition. The cross-
sectional images of PDMS and PDMS composite films were
obtained by SEM, as shown in Figure 2c—f. As given the micro-
structure of the films changes noticeably with the addition of
SCF and BN. The SEM image of the pure PDMS film appears
smooth (Figure 2c), while SCFs are clearly visible on the cross
section when 15wt.% SCF is incorporated (Figure 2d). With
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[93]. Copyright 2021 Elsevier.

the further addition of BN particles (5%) to the SCE/PDMS
composite film, the BN particles are uniformly distributed
across the cross section (Figure 2e). By increasing the BN con-
tent (15%) in the composites resulting in a higher number of
BN particles observed (Figure 2f).

The development of nanocomposites aimed at effective
heat dissipation makes them readily acceptable for extensive
applications. Fabrication of PS loaded with h-BN has excellent
thermal transfer properties. Han et al. [94] reported that BN-
based carboxylate PS-coated hydroxylated (OH/PS—-COOH)
nanocomposite has excellent thermal and mechanical charac-
teristics for thermal management applications. Han et al.
claimed to enhance the TC of BN-based OH/PS-COOH nano-
composite to ~1.131 W/m.K at 12 wt.% addition of BN-OH.
This nanocomposite has outstanding mechanical properties. In
situ polymerization was used to construct the BN-based
OH/PS—COOH nanocomposite.

The synthesis of (BN-OH) starts with hydroxylation and
exfoliation of BNNSs involved molten hydroxide-assisted exfo-
liation of BNNSs and hydroxylation (see Figure 3a). For peeling
and hydroxylation of BNNSs, 2.0 g BNNSs, 4.32 g KOH, and
5.68 g NaOH were blended through ball milling and heating at
180°C for 2h. The ball-milled output is seated in deionized
water overnight before collection whereas the final product
was gathered after filtration.

The suspension polymerization prepared PS-COOH. 9¢
styrene, 3 g acrylic acid, and 0.2 g of gelatin were mixed in DI
water (200 ml). The above mixture was homogenized through
ultra-sonication at 90 W for 40 min in the cooling bath and

continue the stirring for 4 h at 500 rpm, during which 0.57 g of
2,2'-Azobis (isobutyronitrile) (AIBN) was added. The resultant
obtained material was washed with H,O and C,HsOH and put
in vacuum to dry it for 24 h at 60°C to attain PS-COOH nano-
spheres.

Suspension polymerization was used to synthesize the BN-
based OH/PS—-COOH nanocomposite. BN-OH powder and
styrene were used as precursors as shown in Figure 3b. This
process is almost the same as preparing PS-COOH. 1.0g
BN-OH powder, 9 g Styrene, 3 g acrylic acid, and 0.2 g of gela-
tin were mixed in deionized water (200 ml) through the ultra-
sonication process in cooling bath for 40 min at 90 W. This
mixture was stirred for 4h at 500 rpm with the addition of
0.57 g AIBN under the presence of N,. The output was washed
with water, ethanol, and subsequent vacuum drying to attain
the BN-based OH/PS-COOH nanocomposite. This nanocom-
posite was reshaped in the form of film (0.2 mm thickness) by
pressing through a molding machine at 170°C and 40 MPa.
Another composite was prepared by hot-pressing of PS/BN
blend to compare results. So, BN-based OH/PS—-COOH nano-
composites were prepared using an in-situ polymerization pro-
cess and styrene monomer, acrylic acid, and BNNSs as
reactants. The mechanism in this process was to build a mac-
romolecular chain on the BN—OH surface through polymeri-
zation and subsequent molding by hot-press. The optimized
quantity of filler measured was 12 wt.%.

Figure 3¢ indicates that PS~-COOH powder has various
nano-spheres with 200 nm diameter. While Figure 3d shows
boundaries of exfoliated BN are apparent, and some are folded.
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At 6 wt.%, PSS-COOH nanospheres are distributed regularly on
the BN—OH surface. Figure 3e shows that PS~COOH is tied up
with the BN—OH surface; the presence of a large carboxyl group
in PS-COOH leads to hydrogen bond formation with a
hydroxyl group at the corner of BN-OH and forms stable
core—shell structure.

Figure 3f shows the TC of BN/PS and BN-based
OH/PS-COOH nanocomposites with different filler loadings.
With increasing filler content in BN-based OH/PS—-COOH
nanocomposite, TC enhanced drastically. The TC of BN-based
OH/PS—COOH nanocomposites increased to 1.131 W/m-k
with filler loading of 12wt.% and ~6 times higher than neat/
pure PS. Hence, this increases TC due to diffusion of BN—OH
filler and good interfacial connection of PSSCOOH/BN-OH,
which prevent phonon to phonon scattering and promote TC.
As presented in Figure 3g, BN-OH@PS-COOH nanocompo-
sites heat up much faster than PS-COOH, with greater sensi-
tivity to BN—OH content. After 5s, their surface temperature
nearly matches that of the hot plate, demonstrating excellent
thermal management capability.

3.2. Orientation of BN Filler. Kim et al. [95] claimed that the
TC of composite was improved by arranging the anisotropic
BN in vertical direction, that is, contingent to heat flow using a
magnetic field. BN hexagonal flakes in 2D show anisotropic
behavior, for example, having a TC of 600 W/m.K in in-plane,
that is ~ 20 times greater than through-plane. The BN coated
with iron oxide nanoparticles gets aligned when the magnetic
field is applied [95]. The filler weightage should be as low as
possible because by increasing the filler amount, degrading the
mechanical properties and affects the processing ability of com-
posite. By vertically aligning fillers (BN on which iron oxide is
deposited), 30 vol.% of filler loading, thereby, TC was drasti-
cally enhanced from 1.765 to 3.445 W/m-k. While depositing
iron oxide nanoparticles on BN where BN is pre-coated with
polyvinyl pyrrolidone (PVP). Next, iron oxide nanoparticles
are deposited, which interact with PVP-coated BN surfaces
by electrostatic interaction because of positively charged iron
oxide nanoparticles and negatively charged PVP. BN has
become a magnetic material after the deposition of iron oxide
nanoparticles. BN has severe chemical resistance due to the
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existence of functional groups on its outer surface. To allow the
surface of BN to bond, a surface treatment is required which
can be overlooked in recent reports [96, 97]. For more detail, a
schematic drawing of BN-Fe;O, synthesis (see Figure 4a).

These particles were then injected into epoxy resin. The
epoxy used was bisphenol-A and DDM (4.4"-diamino diphe-
nylmethane) in the ratio of 1:0.4. After preparing epoxy,
BN-Fe;0, particles were placed and homogenized, followed
by putting in PTFE molds and degassing in the oven for 1h.
The product was placed between two strong magnets (0.4 T) to
allow the BN-Fe;O, to align and then cured at 120°C for 3 h.
By vertically aligning fillers (BN on which iron oxide is depos-
ited), a drastic increment in TC was observed at 30 vol.% filler
loading. Scanning electron microscope micrographs of BN
composite with or without magnetic field are displayed in
Figure 4b—d [95].

Moreover, Sun et al. [98] prepared composite using poly-
carbonate (PC) as a matrix and BN plates as reinforcement.
The BN plates were oriented using hot-pressing techniques.
Proper orientation of reinforcement material builds pathways
for TC. This group claimed to increase the TC of 3.09 W/m.K
across the orientation with BN volume of 18.5 wt.%.

HoBN/PC showed a TC of 3.09 W/m-K with BN of 18%
volume, while the TC of pure PC is 0.2 W/m.K. Figure 4e—g
shows a conducting pathway for phonon transport which
increases with increasing BN loading continuously. BN was
incorporated as reinforcement in the PC matrix, and its per-
centage continuously increased to analyze the increase in TC.
The 18% volume loading shows a sudden positive change in
TC, because of providing the easiest path for phonon conduc-
tion. Hot pressing incremented the contact area for BN, and
thermal contact resistance was diminished accordingly, which
eventually offered a reasonable heat transfer rate for in-plane
conductivity. Therefore, TC in the through-plane reached 0.86
W/mXK at 18.5vol.% loading, which is less than in-plane.
HoBN/PC is a thermally stable material across the in-plane
as its TC increases with the temperature of 30-80°C because
phonons can easily cross the barriers between contact of filler
and matrix, but with a rise of temperature above 80°C TC
decreases due to incense phonon collision. HOBN/PC is a
good choice for those electronics applications that need
high TC.

Furthermore, it enhanced mechanical properties as BN
plates hinder the motion of molecular chains. Storage modulus
was increased to 115% for horizontally oriented BN/PC
(HoBN/PC) composite with 18.5% volume of BN quantity/
loading than pure PC. The preparation of BN/PC composite
using the hot-pressing technique a schematic drawing of this
process is shown in Figure 4h. The TC of all prepared compo-
sites increases continuously with BN loading as shown in
Figure 4i. The in-plane TC of HoBN/PC composites rises
more rapidly than that of RoBN/PC composites which attrib-
uted to contact area between adjacent BN plates in the com-
posite increases, thereby enlarging the effective area for heat
conduction and the number of heat conductive pathways when
heat is transferred along the BN orientation [99]. Conse-
quently, higher TC and enhancement efficiency are achieved
along the orientation through hot pressing. To better illustrate

the extent of improvement, the TC enhancement efficiency of
aligned BN (ABN) within the matrix is evaluated as the
increase in TC per vol% loading. As depicted in Figure 4j, the
enhancement efficiency rises with increasing BN content, sug-
gesting stronger interactions between BN plates at higher load-
ings [100]. Figure 4k presents the heat conduction models of
RoBN/PC and HoBN/PC composites, illustrating their distinct
thermal conduction mechanisms. In HoBN/PC composites,
the improved TC arises from the presence of well-stacked
and highly aligned laminated structures, which facilitate
more efficient heat transfer compared to RoOBN/PC composites.

3.2.1. Characterization of In-Plane and Through-Plane TC.
Comprehending both in-plane and through-plane TC is essen-
tial for assessing the material’s performance in real world appli-
cations based on polymer composites for thermal interface
applications [101, 102]. These two types of TC offer valuable
insights into how heat is conducted across the material,
whether parallel or perpendicular to the composite plane and
have a crucial role in the effectiveness of TIMs.

3.2.1.1. In-Plane TC. In-plane TC refers to the ability of the
composite material to conduct heat along the plane of the
material. In applications where the heat flow is primarily par-
allel to the surface, such as in flat interfaces or horizontal heat
dissipation systems, understanding in-plane conductivity is
vital [103, 104]. The alignment direction of filler particles can
significantly influence the thermal properties of these materials,
specifically the alignment of BN flakes within the composite.

To accurately measure in-plane TC, various experimental
techniques can be employed, such as:

o Laser flash method (LFA): This is widely used technique
involves the application of laser pulse to one side of the
material. The time it takes for the heat diffusion through
the material is measured, allowing for the determination
of thermal diffusivity, which can then be used to calculate
the in-plane TC. This method is often used for thin
materials or when precise measurements of TC are
required [105, 106].

e Hot disk method: In this method, a sensor is placed
between two pieces of material. The installed sensor
works as a heat source and thermometer simultaneously
to provide a real-time measurements of temperature
changes when heat is diffused through the material. By
analyzing the temperature rise and heat flux, the in-plane
TC can be calculated [107, 108].

o Steady-state heat flow method: In this method a heat
source is fixed to one end of the material, and the tem-
perature gradient is measured on the opposite side when
thermal equilibrium is obtained. By applying Fourier’s
law of heat conduction, the in-plane conductivity can be
determined based on the heat flux and the temperature
gradient [109, 110].

In the case of BN-based composites, the in-plane TC is
immensely influenced by the orientation of BN flakes. Materi-
als where the BN particles are well-oriented within the matrix
tend to have superior in-plane conductivity compared to those
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FIGURE 4: (a) Schematic of synthesizing BN-Fe;O,. The cross-sectional SEM images of (b) raw BN composite without magnetic field, (c) BN
composite with an external magnetic field, and (d) BN-Fe;0, composite with an external magnetic field [95]. Copyright 2016 Elsevier.
Microstructure of BN/PC composite taken from SEM (e) Randomly aligned BN/PC composite (11.7 vol.%). (f) Horizontally aligned BN/PC
composite (11.7vol.%). (g) Horizontally aligned BN/PC composite (18.5vol.%). (h) Schematic diagram of the preparation of HoBN/PC
composite by hot pressing. TC of BN/PC composites with different BN quantity/loadings. (i) The in-plane thermal conductivities of HoBN/
PC composites, and RoBN/PC composites as a function of BN quantity/loading. (j) The in-plane TC improvement of HoOBN/PC composites
and RoBN/PC composites in comparison to pure PC. (k) Corresponding heat conduction models [98]. Copyright 2018 Elsevier.

with randomly dispersed fillers. The roll-cutting method, dis- ~ device through the TIM to the heat sink, making the through-
cussed later in the article, performs a central role in achieving  plane TC a crucial property.

this orientation of BN particles, making the composite more Several methods can be employed to characterize through-
effective for thermal management. plane TC, such as:

3.2.1.2. Through-Plane TC. Through-plane TC refers to the e Hot plate method: This method involves applying heat to
ability of the material to conduct heat perpendicular to the one side of the material while measuring the temperature
composite plane. In layered or stacked materials, such as in on the opposite side. The temperature difference across
TIMs between electronic chips and heat sinks, the through- the material is used to calculate the through-plane TC. It
plane conductivity is especially significant [45, 111]. The heat is commonly used for materials with nonuniform thick-
flow in these applications generally occurs from the electronic nesses [107, 112].
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e Guarded hot plate method: This method is like the hot
plate method but with additional thermal insulation
around the sample to minimize heat loss. The material’s
thickness is maintained uniformly, and the temperature
gradient through the material is measured accurately,
allowing for precise through-plane conductivity values
[113, 114].

o Transient plane source (TPS) method: This technique
involves placing a tiny sensor between two pieces of
the material. The sensor emits heat and measures the
time it takes for heat to diffusion through the material,
both in-plane and through-plane. This method is partic-
ularly useful for measuring TC in anisotropic materials
like BN composites, where conductivity differs along
different directions [115, 116].

3.2.2. Significance of Directional TC. The anisotropic nature of
BN-based composites means that TC is typically not uniform
in all directions [117]. In-plane conductivity tends to be higher
due to the alignment of BN flakes, whereas through-plane
conductivity can be affected by interfacial resistance between
layers. Understanding the differences between in-plane and
through-plane conductivity is crucial for designing TIMs that
are optimized for specific applications [118, 119].

In many interface applications, particularly those involving
electronic devices, it is essential to control heat flow in both
directions. The roll-cutting method, which helps align BN
flakes in the plane of the composite, can improve in-plane
TC but may not significantly affect the through-plane conduc-
tivity unless specific processing techniques, such as layered
stacking or alignment, are employed to address through-plane
heat transfer [101, 120].

3.2.3. Linking In-Plane and Through-Plane TC With
Applications. For BN-based composites used in thermal inter-
face applications, it is critical to balance in-plane and through-
plane conductivity. In cases where the material will be used in
vertical heat dissipation (e.g., heat sinks or multilayered pack-
aging), through-plane conductivity becomes more important.
On the other hand, for horizontal heat management systems,
such as flat interfaces between devices, in-plane conductivity
will play a more prominent role [121, 122].

By considering both in-plane and through-plane TC, the
BN-based composites can be tailored to suit a variety of appli-
cations, ensuring efficient thermal management and heat dissi-
pation. The role of the BN filler orientation, influenced by
processing methods like Roll-Cutting, directly impacts the
material’s thermal performance and should be considered
when evaluating its suitability for different thermal interface
applications.

3.3. 3D Network Using BN and CNTs. Hu et al. [123]
described that the TC of polymer composite increased by cre-
ating a 3D path for phonon transport by electrostatic repulsion
of positively charged h-BN and linking of silica-coated carbon
nanotubes, which claims to enhance the TC up to 1.51 W/m.K
which is almost six times greater than neat PVDF. The
manufacturing of 3D networks of BN and CNT provides

good mechanical and insulation properties as well. PVDF is
an excellent candidate for electronic assemblies for its facile
fabrication, better mechanical properties, thermal stability,
and electrical insulation [124]. The neat PVDF possesses a
TC of ~ 0.22 W/m.K, which hinders its usage in practical appli-
cations. The heat transfer rate increases by reinforcing it with
various fillers with intensive loadings [125, 126], which makes
the product expensive, so the task is to attain a high TC at
minor filler quantity/volume. Enhancing the TC of composite
by creating a 3D network is a new area of research [127]. CVD
[128], hydrothermal method [129], and bidirectional freezing
technique [130] are the most common techniques. These tech-
niques can increase TC at a certain level with addition of filler
content.

Hu et al. [123] reported that a thermally conductive 3D
network was constructed in PVDF matrix by the electrostatic
repulsion of positively charged hBN (m-hBN) and linking
MWCNT-SiO,. The preparation of 3D network composite
starts with modification of hBN which is depicted schemati-
cally in Figure 5a—c. To improve the ability of heat dissipation,
the synthesis patterns/level of 3D networks in PVDF material/
composite has been shown in Figure 5d, e. The 3D networks are
established by the combined effect of m-hBN and MWCNTs-
SiO,. The thin and elongated MWCNT-SiO, hybrids served as
connections between the well-dispersed m-hBN platelets, facil-
itating the movement of phonon.

Figure 5f demonstrates the capability m-hBN and
MWCNTSs-SiO, for making 3D networks. The thin and elon-
gated MWCNTs-SiO, hybrids are dispersed between adjoining
m-hBN platelets, effectively connecting them, and facilitating
the development of thermally conductive pathways. The mor-
phological study of m-hBN and MWCNTs-SiO, surfaces was
examined by TEM. However, a uniform and thin amorphous
layer of 3.58 nm was coated on hBN (see Figure 5g).

Figure 5h illustrates the TC and enhancement of PVDF
composites with respect to pristine/pure PVDF matrix. A grad-
ual increase has been seen in TC with increasing filler loading
up to 25 wt.%, indicating a vital role of fillers in facilitating heat
conduction. Notably, the m-hBN/PVDF composite exhibits
higher TC compared to hBN/PVDF even with identical filler
loadings, which attributed to better solubility/mixing and
stronger interfacial bonding of m-hBN. These factors likely
contribute to reduced phonon scattering at the filler/matrix
interface. Likewise, the m-hBN/MWCNTs-SiO,/PVDF com-
posite having a 25 wt.% filler loading attains a maximum TC of
1.51 W/m'K, representing an enhancement of ~5.86 times
superior to pristine/pure PVDF. However, a degradation in
TC is observed beyond 25 wt.% filler loading, merely ascribed
to aggregation of filler within the polymer matrix, strengthens
the phonon scattering and hinders the thermal transport [131].
To explore TC enhancement of m-hBN/MWCNTs-SiO,/
PVDEF composites an effective medium approximation
(EMA) model was applied as shown in Figure 5i. The data of
Figure 5i elucidates the ITR of hBN/PVDF and m-hBN/PVDF
which deteriorated 43.9% due to the co-modification of PDA
and APTMS. Besides, the ITR of m-hBN/MWCNTs-SiO,/
PVDF was further decreased after incorporating MWCNTs-
SiO,. Hence, the predicted results of EMA model employ that
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the surface modification of hBN and formation of 3D-networks
have synergic effect for lowering the resistance of interfacial
thermal.

Chen et al. [132] studied the enhancement of TC in epoxy
nanocomposite up to 1400% with 9.6 vol.% BNNSs as filler.
Chen et al. used cellulose nanofibers that supported 3D inter-
linked BNNSs. They used sol-gel and freeze—drying techniques
to design a 3D BNNS network, where BNNSs self-assembled
on a 3D cellulose skeleton applying the techniques mentioned
above. After preparing 3D BNNSs aerogel, epoxy resin pene-
trated 3D BNNSs aerogel, which ultimately formed a high
thermally conductive composite. With 9.6 vol.% of filler load-
ing, the TC of 3.13 W/m-k was attained, which refers to
improved TC of almost 1400%. Filler loading can vary the
thermal conducting properties; this composite is electrically
insulator, which makes it a promising candidate for thermal
management, for example, electronic packaging, electrical insu-
lation, etc. Thermal conducting networks enhance the TTE per
unit filler mass. It is considered that the TC of BNNSs relies on
multiple sheets. Other, Jo et al. [133] asserted that BN compris-
ing 11 layers of nanosheets exhibits a TC of 360 W/m-k,
approximately equal to TC of basal plane of h-BN. The TC
of the composite has been enhanced promisingly with few
layers of BNNSs.

Chen et al. [132] followed the synthesis rout of epoxy/3D-
C-BNNS nanocomposites as shown in Figure 6a. Initially, they
started with the dissolution of cellulose in NaOH/urea liquid
solution. After that, BNNSs were put on to prepare cellulose/
BNNS collosols. In this collosol, cellulose worked as a stabiliz-
ing element for BNNSs. Because of the hydrolysis reaction in
the sonication process, hydroxyl groups and amino groups
were located on the boundaries/edges of exfoliated BNNSs
[99]. So, hydrogen bonding can be bridged between BNNSs
and the cellulose skeleton, leading to the absorption of BNNSs
in the cellulose skeleton. Cellulose nanofibers worked as a
bridge to join BNNSs. The epichlorohydrin served as a cross-
linking agent of cellulose to build 3D-C-BNNS hydrogel. If
cellulose and BNNS mixtures sustained stable colloidal disper-
sion before crosslinking, they could attain porous aerogel fur-
ther frozen in liquid nitrogen. At liquid nitrogen temperature,
hydrogen suddenly becomes solid and does not let the crystals
grow and shatter the 3D-C-BNNS skeleton; this freezing pro-
cess results in a building frame-like structure [134, 135]. The
resulting aerogel kept the form of 3D-C-BNNSs; epoxy was
injected through the vacuum to get epoxy/3D-C-BNNSs
nanocomposite.

The prepared composite (cellulose aerogel, 3D-C-BNNS;,
aerogel, 3D-C-BNNS,, aerogel, and BNNSs) were centrifuged,
collected, and their microstructures were analyzed using SEM
and TEM as shown in Figure 6b-h. These outcomes revealed
that the h-BN obtained by exfoliation consists of thin and rolled
nanosheets. By Figure 6g, it is evident that BNNSs are foldable
and show plastic behavior. The BNNSs are peeled/exfoliated
from bulk BN, through the electron diffraction pattern of exfo-
liated BNNSs, it is seen that exfoliated BNNSs also have a
hexagonal structure. In addition, the statistical data of atomic
force microscopy (AFM) images of BNNSs (see Figure 6 i,j),
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confirmed that the average thickness of BNNSs is 2—-3 nm and
the lateral size is 1-2 um.

Figure 6k,] shows the TC of nanocomposite with different
filler quantity/loading and temperature. Figure 6k shows the
increment of TC up to 3.13 W/m.K with 9.6 vol.% filler loading
at ambient conditions, which is ~16 times more than neat
epoxy and 11 times more than nanocomposite with randomly
distributed BNNSs. It is worth noticing that the TC graph
grows linearly with BNNS concentration. A higher amount
of BNNSs creates a thermal conductive network and increases
TC. Figure 61 demonstrates the temperature dependent TC of
the epoxy resin, epoxy/3D-C, epoxy/BNNS, and epoxy/3D-C-
BNNS. The thermal conductivities of these composites are
vaguely increases when temperature increases from 25 to
125°C but in epoxy/3D-C-BNNS nanocomposites, the TC
increases comparatively fast with temperature. The TC of
epoxy/3D-C-BNNSs reaches up to 4.04 W/m.K at 125°C,
which is 29% higher as of at room temperature. This improve-
ment is possibly due to large thermal expansion coefficient of
€poXxy resin.

3.4. Roll-Cutting Processing Method. Yin et al. [136] prepared
a silicon rubber and ABN composite, and two different pro-
cesses were employed to prepare the composite, that is, stack
cutting and roll cutting. The ABN composite prepared by a
roll-cutting method shows good TC than the stack-cutting
method [136].

Two techniques were applied to prepare the composites are
follows: first, silicon rubber (MVQ) and BN composites were
made by mixing MVQ, BN, and 2,5-dimethyl-2,5-di (tert-butyl
peroxy) hexane (DBPMH) in two-roll mill whereas an opti-
mized addition of BN content and appropriate blending time is
required to get uniform dispersion of BN in the matrix. Fur-
ther, to prepared MVQ/ABN composites two different meth-
ods have been adopted. First is the stack cutting method in
which a batch of MQV/BN composite, by using a hydraulic
press, undergoes a compression at 25°C for 1 min to get 0.5
mm thick films. This film was cut down in rectangular form
having a size of 100 X 50 mm, and 100 X 2 mm, thereby, stacked
to form MVQ/ABN compounds of 2 mm thickness, as shown
in Figure 7a. Subsequently, MVQ/ABN stack was cured in a
mold by using hydraulic hot press at the temperature of 170°C
under 8 MPa pressure for 20 min to prepare the first composite
(MVQ/ABN-I).

The second method was used to prepare a composite of
MVQ/ABN which subsequently undergoes compression by
hydraulic press to tightly rolled for the cylindrical form of
~10mm diameter. This was further cut to get slices of 2 mm
thickness by cutting in the normal direction to the axis, as
shown in the Figure 7b. Finally, these slices were also cured
at 170°C for 20 min in the hot oven to achieve the MVQ/ABN-
II composites.

However, results revealed that MVQ/BN composite pre-
pared by roll cutting method provided the PC of 6.341 W/m.K,
while the composite accomplished by stack cutting method
showed a TC of 5.972 W/m.K, which inferred that the cutting
method can significantly create the thermal conductive path-
ways by appropriate induction of BN flakes in composite [136].
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Wiley.

The SEM study was established to examine the surface and
fracture morphologies of the MVQ/BN and MVQ/ABN com-
posites. Figure 7c—e represents the SEM images of MVQ/BN30-
80, MVQ/ABN30-80-I, MVQ/ABN430-80-1I. Here, d30 shows
the average particle’s diameter, and 80 indicates the percent-
age content whereas I and II are techniques (I, stack-cutting
method and II, roll-cutting method).

The SEM analysis clearly depicts the orientation of BN in
MVQ/ABN30-80-1 and MVQ/ABN430-80-11 as compared to
MVQ/BNg30-80 composite. Hence, BN as 2D filler invokes in-
plane orientation alignment under compression [137].

However, the TC of ABN composites is higher than non-
ABN composites, and average particle size significantly impacts
TC as 30-micrometer particle size has higher TC than
10 micrometers. The TC of pure silicone rubber (SiR) is just
0.2 W/m.K, which is enhanced to ~ 6 W/m.K by reinforcing BN
and processing through the roll-cutting method [136].

The roll-cutting processing method results in the alignment
of BN particles within the composite, an essential factor for
improving the material’s TC. The alignment of BN flakes
through this method encourages the creation of efficient ther-
mal conductive routes. This is significant because the orienta-
tion of the BN 2D filler has a profound impact on the absolute
performance of composite. Particularly, the ABN particles

facilitate the flow of heat more effectively than randomly dis-
tributed ones, resulting in enhanced TC.

The role of filler orientation in composite materials is well-
established, and the ABN flakes contribute to more effective
heat conduction by establishing continuous directional thermal
pathways. This is because the aligned particles create a struc-
tured network that supports heat transfer in a more organized
and effective manner [138-140].

The alignment of BN flakes through this method results in
anisotropic TC, where the composite exhibits different thermal
conductivities along different directions, which is a character-
istic of oriented fillers. While the roll-cutting method is an
essential technique for producing SiR/BN composites, its
impact on the orientation of BN fillers is central to the materi-
al’s thermal performance [141].

3.5. Covalent Coupling of BN With Other Polymer Matrices.
BN is composed of boron—nitrogen covalent bonds which usu-
ally used as a refractory material. In covalent bonding, atoms
share their valence electrons to form a strong chemical bond.
The BN generally makes weak bonding with other polymer
materials due to its inert and unreactive surface, enabling it
complicated to form strong chemical interactions [142]. Since,
the covalent bonding of BN filler with other polymer matrices
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FIGURE 7: (a) Silicone rubber/BN composite by stack cutting method, (b) silicone rubber/BN composite by roll cutting method. SEM images of
(c) MVQ/BN430-80, (d) MVQ/ABN 43,-80-1, and (e¢) MVQ/ABN30-80-II [136]. Copyright 2021 Elsevier.

(epoxy resins, PS, natural rubber, etc.) commonly two methods
are implemented, that is, introduction of functional groups and
surface modification of BN. To form covalent bonds with other
polymer matrices, BN is being functionalized with reactive
groups like azide (-N;) and silanes [143, 144]. The strong
covalent bonding of BN with different polymer matrices
improves the dispersion of the BN fillers in matrix and interfa-
cial interactions, which ultimately enhance the compatibility,
mechanical properties, and TC [142, 145, 146].

For example, in 2020 Cheng et al. [147] claimed to enhance
the TC of composite by building covalent bonds between filler
and matrix. This group introduced different silane coupling
agents (SCAs) bonding polyvinyl alcohol (PVA) and functio-
nalized BN (fBN) to systematically investigate the TC of
PVA—{BN composite. Cheng et al. added the SCAs and
observed their impact on the TC of the composite. It was
observed that a SCA with a short side chain, that is, vinyl
triethoxysilane, has enhanced the TC of the composite to
1.636 W/m.K, which is ~337.3% of PVA—{BN [147]. With

the addition of BNNS fillers in the PVA matrix, the TC of
the composite is enhanced to 18.63 W/m.K in in-plane by cre-
ating hydrogen bonding between filler and matrix through hot-
pressing technology [148]. The TC of the composite increased
by developing van der Walls forces between BN and PS based
on emulsion template [149]. Noncovalent bonding between
filler and matrix reduces the scattering of phonons and
decreases ITR [150]. Making covalent bond between filler
and polymer matrix to enhance TC is a suitable mechanism
[151]. SCAs are used in many experiments to increase TC.
Moreover, low-concentration SCAs increase TC, while high
concentrations diminish it [151].

3.6. Role of BN Orientation. Zhang et al. [152] investigated the
thermal transport properties of binary filler-based SiR compo-
sites by examining the spatial distribution effects of hybrid
fillers. Unlike prior reports that focusing on size of filler, shape,
structure, and constitutes, this report emphasizes the influence
of filler orientation on TC. Here, they proposed a binary-filler
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strategy using anisotropic 2D h-BN and isotropic 0D spherical
alumina (S-AL,O3). The h-BN filler is aligned to maximize its
intrinsic TC properties, while the S—Al,O; particles are strate-
gically positioned between adjacent h-BN layers. This arrange-
ment significantly enhances the through-plane (2.132 W/m-K)
and in-plane (14.581 W/m-K) TC values of the SiR composites
(40vol.% h-BN and 5vol.% S—AlL,O3). In another study, Liang
et al. [153] explored the enhancement of TC in epoxy resin
composites by incorporating h-BN through AC electric field
induction. Where epoxy resin is extensively used in microelec-
tronic packaging due to its excellent electrical insulation,
mechanical properties, and low TC (0.14 W/m-K), limits its
application in high-power components. To overcome this lim-
itation, they developed h-BN/EP composites with a small filler
quantity/loading (10 wt.%) while achieving high TC. By apply-
ing an AC electric field of 120 V/mm at 50 Hz for 1h, they
attained a TC of 0.310 W/(m-K), 2.214 times higher than pris-
tine/pure epoxy resin and 1.325 times higher than conventional
h-BN/epoxy resin composites without orientation control.

Niu et al. [154] focused on the development of high-
performance TIMs with high through-plane TC, softness,
and electrical insulation, which are essential for modern elec-
tronics but to achieve all these properties simultaneously is a
challenge. To compete the issues, authors used the stacking-
cutting method to fabricate BN film-filled SiR composites. It
preserved the high orientation of BN films, resulting in a
record-high through-plane TC of ~ 19.1 W/m-K while main-
taining a low compressive modulus of 5.42 MPa, ensuring soft-
ness and flexibility. The low BN content (37 vol.%) further
enhances the strength of material.

By employing an advanced interface engineering strategy,
Zhou et al. [155] explored the development of flexible
polyamide-imide (PAI) thermally conductive composite films
and addressed the challenge of phonon transmission disconti-
nuity, which hinders TC in composite materials. They used a
layer-by-layer construction approach to make a hierarchical
structure comprising fBN and polydopamine-modified
BNNTSs. They noted that the optimized hybrid filler structure
significantly improves phonon transmission, reducing scatter-
ing and enhancing heat transfer efficiency and the composite
film achieves an ultrahigh TC of 71.1 W/m-K, marking a 3663%
enhancement compared to traditional polymer materials.

For more detailed insights, Table 1 provides an overview of
enhancing thermal study of different polymer composites
based on BN, prepared through various techniques. In this
table, we summarized the TC values of several BN/polymers
composites to comprehend the performance of BN as filler.

4. Thermal Interface Applications
Based on BNNSs

BNNSs have gained significant attention as TIM having their
excellent TC and electrical insulating properties. The diversity
of fabrication techniques has been established for synthesizing
BNNSs, where the thermal performance is largely modulated
by its thickness, lateral dimensions, and quantity [121]. There-
fore, when BNNSs are incorporated into different polymer
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matrices, TC is promising enhanced and infer an efficient
heat dissipation for modern applications [101].

For example, Jiang et al. [157] reported a stretchable and
self-healable TIM based on BNNSs and a dual-cross-linked
hydrogel. This can boost the thermal transfer and recover
from damage, possibly advancing heat dissipation materials.
Similarly, Zhan et al. [102] presented an interfacial arc-like
phonon bridge approach to mitigate the thermal contact resis-
tance in BNNS-based composites. This strategy could be used
for cooling in fast-charging batteries at industrial level. More-
over, in another study researchers developed a vertically
aligned BNNSs films (VBNFs) using a microfluidic spinning
process and template-assisted CVD conversion method [158].
The VBNFs are applied as fillers to make TIMs and attained
high TC (6.4 W/m.K) and low modulus (2.2 MPa at low BN
loading), contributing high cooling performance for thermal
management high-power electronics. Hence, these advance-
ments in BNNS-based TIMs provide remarkable solutions
for thermal management challenges in recent complex elec-
tronics devices.

5. Prospects

BN and its derivatives hold significant promise for next-
generation technologies owing to their exceptional TC, chemi-
cal stability, electrical insulation, and mechanical robustness.
The combination of high in-plane phonon transport and wide
bandgap characteristics enables their integration into a wide
range of emerging applications as depicted in Figure 8. Looking
ahead, several key prospects are highlighted:

5.1. Electronic Appliances. The BN nanostructures including,
nanotubes, nanoparticles, and nanosheets, exhibit a range of
emerging properties of high TC, excellent electrical insulation,
better resistance to corrosion and oxidation, chemical inert-
ness, biocompatibility, hydrophobicity, lubricity, and outstand-
ing mechanical strength. Due to their exceptional TC-, BN-and
BN-based polymer composites are appropriate to use in elec-
tronic circuit assemblies to eradicate the heat generated in
components such as CPU processors, mobile phones, and
motherboards. Additionally, the ceramic nature of BN makes
it a suitable fire-retardant material for electrical switches, par-
ticularly under short-circuit conditions. In electric motors,
which works for long period of time and produce considerable
heat, but BN-based coatings can be applied to the body of
motor to enhance heat dissipation and improve both opera-
tional integrity and durability.

5.2. Vehicles. The disc brakes have central role in the braking
systems of vehicles, where the contact between the brake pad
and disc generates large amount of frictional heat. However, the
incorporation of BN into the pad material can circumvent the
heat accumulation due to TC of BN. Nevertheless, the BN-
based polymer coatings further support by providing TC and
excellent resistance to corrosion and oxidation.

Moreover, when BN is mixed in engine oils, it works for
both enhancing heat transfer and providing effective lubrica-
tion to critical engine components such as piston rings, pistons,
and cylinder walls. These advantages jointly improve the
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FIGURE 8: Prospects of BN-related materials for next-generation technology.

efficiency and extend the operational lifetime of combustion
engines.

5.3. Hydrogen Gas Storage and Water Purification. The BN
has several advantages owing its compact nanostructure, such
as storing hydrogen gas. Generally hydrogen gas can be escaped
from interstitial vacancies of conventional steel tanks, but inter-
estingly the polymeric composites can prevent hydrogen from
escaping [159, 160]. Another potential application of BN,
owing to its nanostructured configuration, is in the filtration
of effluent gases. Some gas components can be successfully
captured within the BN nanostructure, thereby enabling the
purification of the gasses.

Also, the contaminated water can be filtered by BN because
of its properties of hydrophobicity, BN can dissolve organic
solvents and oils, leaving the clean water behind and further
the BN can be quickly recharged for reuse by heating it at high
temperatures and removing the detained solvents. The intrin-
sically hydrophobicity, BN can be utilized as a filler in surface
coatings for automotive exteriors and low-pressure gas pipe-
lines, which effectively deicing and improving the operational
reliability in winter season.

5.4. Missile and Defense Systems Technology. The BN, espe-
cially in its h-BN and nanoscale forms (e.g., BNNTs and

BNNS:s), extends the promising scope for advanced thermal
management in missile and defense systems technology due
to its auspicious traits of properties. There is various perspec-
tive on its future applications of missile and defense
technologies:

e Due to high TC the electrical insulation can protect sen-
sitive missile components from overheating.

e The stability of BN in extreme environments like high
radiation can support the space-based missile systems.

o Excellent TC of BN renders the high-power RF and radar
components in aerospace and defense technology.

e The BN-based TIMs could be the game changer for next-
generation strategic missile defense implications.

6. Conclusion

In summary, this review provides a comprehensive overview of
BN-based polymer composites with high TC for thermal inter-
face applications. We have outlined key advances in BN syn-
thesis, thermal characterization, its role as a composite filler,
and the benefits of covalent coupling. It is concluded that BN
fillers create continuous thermal conduction pathways,
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facilitating phonon transport and significantly influencing the
overall TC of composites. While TC is generally higher in
parallel alignment than in perpendicular orientation, increas-
ing filler content consistently enhances TC. Moreover, hot-
pressing techniques can directionally align fillers, further pro-
moting phonon movement.

However, these factors embark the emerging properties of
BN materials in enhancing thermal management, mechanical
strength, chemical resistance, and interfacial bonding within
composites. Furthermore, we demonstrated several limitations
and prospect applications of structural change at very high
temperatures, thermal degradation, sintering challenges, ther-
mal shock resistance and scalability that need to be addressed
in future for next-generation technology. The implications of
our review are far-reaching, signifying an efficient utilization in
assemblies of electronic devices, 5G telecommunication tech-
nology, slim LED TVs, super processor cell phones, and fast
charging of heavy charge storing batteries.

However, our review study offers a general strategy for
designing advanced thermal management materials for wear-
able and intelligent electronic equipment.
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