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Abstract: Ever-increasing significance of composite materials with high thermal conductivity,
low thermal expansion coefficient and high optical bandgap over the last decade, have proved
their indispensable roles in a wide range of applications. Hexagonal boron nitride (h-BN), a layered
material having a high thermal conductivity along the planes and the band gap of 5.9 eV, has always
been a promising candidate to provide superior heat transfer with minimal phonon scattering through
the system. Hence, extensive researches have been devoted to improving the thermal conductivity
of different matrices by using h-BN fillers. Apart from that, lubrication property of h-BN has also
been extensively researched, demonstrating the effectivity of this layered structure in reduction of
friction coefficient, increasing wear resistance and cost-effectivity of the process. Herein, an in-depth
discussion of thermal and tribological properties of the reinforced composite by h-BN will be provided,
focusing on the recent progress and future trends.
Keywords: hexagonal boron nitride (h-BN); 2D materials; composite; thermal properties;
thermal conductivity; tribological properties; coefficient of friction; wear resistance

1. Introduction
The rise of graphene in 2004 [1] followed by an in-depth interpretation of the thin carbon film
properties has provoked an exhaustive search on other alternative two-dimensional (2D) materials
due to their newly emerged size-dependent privileges in properties and structures [2,3]. Owing to the
development of efficient structural manipulation approaches, the fast growing list of 2D materials are
no longer limited to graphene and can be expanded to metal oxides/hydroxides [2,4,5], transition metal
carbides and nitrides (MXenes) [6,7], transition metal dichalcogenides (TMDs) [8,9], and h-BN [10].
Among this family, 2D h-BN with high structural resemblance with graphene has gravitated considerable
attention and is so-called as “white graphene”.
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h-BN bulk is a layered material consisting of individual basal planes known as BN nanosheet
(BNNS). Each layer is comprised of alternative boron (B) and nitrogen (N) atoms partially-covalent
bonded in a honeycomb (sp2 ) configuration [10,11]. Due to the electronegativity difference between
B and N atoms (N = 3.04 and B = 2.04 [12]), an ionicity also permeates within the 1.44 Å B-N bond
distorting the electronic states symmetry. Then it reflects a severe lack of delocalized Pz electrons in
both Valance and Conduction bands and subsequent generation of a large band gap of 5.1–5.9 eV [12,13].
Moreover, possessing ultra-flat atomic surface and a negligible lattice constant mismatch with graphene
(1.7%) [14] can idealize them being an ideal supporter for graphene-based nanoelectronics bearing
superior chemical and thermal stabilities [10,15,16]. Furthermore, the outstanding oxidation/corrosion
resistance of h-BN layers as a capping layer and/or dielectric provide an opportunity to protect the
susceptible substances from any chemical/structural damages [17,18]. Being an electric insulator
also paves a way for further optoelectronic applications such as ultraviolet light-emitters [10,17].
Recent efforts on bandgap tunability of h-BN through doping or chemical functionalization has also
revealed their potential for a wide range of electrochemical applications, from energy storage to
biosensors [19–25].
Apart from all these excellences, high in-plane thermal conductivity (TC) of h-BN is capable
of improving heat dissipation in many applications. Therefore, fabrication of various composites
having h-BN as a thermal conductive filler is now highly demanded due to simultaneous provision of
high TC along with high chemical and mechanical stabilities. As an example, in electronic packaging
industries with polymeric materials, longevity and reliability of electronic devices increase when
heat dissipation is well-controlled [26,27]. Furthermore, due to layered structure and weak van der
Waals interactions between the adjacent layers, h-BN is considered as an extensively-used lubricant
material [11]. Therefore, its low shear strength and capability to preserve the lubrication capability at
elevated temperatures or in oxidative environments has gained numerous attentions in improving wear
resistance of durable polymer/metal/ceramic matrix tribo-composites in both dry and wet media [28,29].
Despite all the researches and publications on the TC and tribological properties of
BNNSs-reinforced composites, there has been not a comprehensive article covering all aspects of this
trend. Herein, in the second chapter, we discussed fundamental thermal conductivity theories with
focus on 2D h-BN and conveying h-BN’s superior thermal properties to polymer matrix composite
(PMC) through various synthesis techniques. In the third chapter, we elaborated basics of tribological
properties relevant to h-BN all the way up to its applicability in tribological applications.
2. Thermal Properties
2.1. Conductivity Theory
Generally, heat energy transfer occurs through three different pathways: radiation, convection,
and conduction. In a solid-state material, thermal conduction is the dominant mechanism. According
to a fundamental point of view, thermal energy appears as vibrational energy in materials,
thereby, the transfer of a particle’s vibrational energy to the neighboring particles without moving the
location of matter is called thermal conduction. Heat diffusion mechanism within a solid material stems
from two contributions: (1) atoms collisions and interactions known as wave-like phonon conduction
and (2) electron movements. TC of metals basically originates from energized electrons, while phonon
conduction is dominant in nonmetallic systems [30]. Thermal energy in crystalline systems such
as metals, 2D materials including graphene, h-BN, and etc. disseminates through harmonized
vibrational waves, causing simultaneous vacillation of whole particles with the same frequency.
Figure 1a clearly portrayed the heat transfer mechanism into a crystalline material from surface heat
absorption to heat conduction/radiation to surroundings. However, structural discontinuities such
as defects, grains boundaries, and dislocations induce heterogeneity to the structure that ultimately
are disturbing particles harmonic vibrations. The result of this inharmonious vibration is phonon
scattering, a phenomenon that phonon conduction is not transferred by using a unique vibrational
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2.2. Thermal Properties of h-BN
In the recent decade, layered bulk h-BN as an anisotropic material has gained considerable
attentions towards the thermal management of electronic devices, mainly due to its high in-plane
(parallel to its basal plane) TC of 600 W m−1 ·K−1 . The anisotropy of h-BN stems from strength
difference between strong covalent bonds within hexagonal planes of h-BN (intralayer) and weak
van der Waals forces which attach the adjacent BNNSs (interlayer) [31]. Therefore, most of h-BN’s
properties are direction-dependent, known as anisotropic. Being an intrinsic anisotropic material
makes the h-BN’s out-of-plane (perpendicular to its basal plane) TC at least 1–5 W m−1 ·K−1 and
at most 30 W m−1 ·K−1 [32,33]. Besides its high in-plane TC, high surface area with atomic flatness
provides a platform to dissipate heat without formation of localized hot spots [32,33]. Based on
theories of TC, reduced layer numbers and the absence of weak van der Waals interlayer interactions
subsequently reduce the phonon-phonon scattering. Therefore, in the absence of experimental results
from direct measurements of TC values of h-BN’s monolayers, we can rely on theories that h-BN
monolayers possess significantly higher TC value than their multilayered, bulk counterparts due to
the reduction of phonon-phonon scattering in the 2D structure. According to numerical results of the
phonon Boltzmann transport equation, a theoretical TC value of >600 W m−1 ·K−1 is calculated for h-BN
monolayer which is higher than the calculated value for multilayered, bulk h-BN (400 W m−1 ·K−1 ).
Besides phonon-phonon scattering, the out-of-plane vibration can also determine the TC value in
multilayer h-BN. To be more specific, interlayer interaction in multilayer h-BN leads to a significant
reduction in the TC value compared to monolayer h-BN [2,10,34].
2.3. Fabrication of h-BN-Reinforced Polymer-Based Composites
Highly demanded miniaturization of electronic devices along with their multi-functionality
necessitates a systematic control on heat dissipation to enhance the longevity and reliability. In general,
the responsibility of heat dissipation is appointed to polymer matric composites, known as electronic
packaging materials, which possess high TC while being dielectric [26,27,35]. To meet the required
features for real-time practicality, highly thermal conductive fillers such as ceramic fillers h-BN, silicon
carbide (SiC) [36,37], silicon nitride (Si3 N4 ) [38], aluminum nitride (AlN), aluminum oxide (Al2 O3 ) [39]),
carbon-based fillers (carbon nanotube (CNT) [40], graphene [41], diamond [42], carbon fiber [43]),
and metal fillers (silver nanowires [44], copper [45], aluminum [46]) have been extensively used to yield
thermally conductive polymer composites. High electrical conductivity of carbon-based materials,
metal oxides, and metals as fillers also increases the electrical conductivity of the final composite,
leading to delayed signal propagation in electronic devices and restrict their application in electronic
industry. Among ceramic fillers, h-BN has high TC, high chemical stability, large aspect ratio while
possessing lowest dielectric constant among ceramic fillers (~4) and being a perfect electrical insulator
(σ = 10−11 S·cm−1 ) due to its large band gap. Therefore, all these merits turn h-BN into a promising
candidate for utilization in electronic packaging materials [32,47–50]. Since h-BN is regarded as
an anisotropic filler with distinctive difference in its in-plane and out-of-plane TCs, the TC of the
h-BN-reinforced polymer composite is also affected by filler’s orientation, filler-filler and filler-polymer
interfacial properties [51]. Thereby, many efforts have been devoted to controlling the orientation of
h-BN platelets through synthesis techniques to exploit the ultimate potential of its high TC in polymer
composites. In the following, a wide range of synthesis methods focused on orientation manipulating
and incorporation of h-BN fillers into various polymer matrices are discussed.
2.3.1. Freeze-Drying
Freeze-drying is regarded as one of the effective methods in constructing 3D oriented inner
structures which is capable of maintaining the as-generated structure during the ice-nucleation stage.
In an interesting work, a 3D nacre-shaped thermal conductive network based on BNNSs/epoxy
composite was fabricated through a bidirectional freezing technique, as shown in Figure 2a [52].
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BNNSs/PDMS composite (Reprinted with permission from the American Chemical Society,
Copyrights 2019) [53].
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2.3.3. Mechanical Milling
To harness the highest potential of h-BN’s high in-plane TC, alignment of h-BN platelets towards
one direction seems a promising solution. In a recent work [60], the insoluble and non-melting
characteristics of PI are exploited to fabricate highly in-plane aligned h-BN/PI composite by a facile
and controllable method known as ball milling, high-pressure compression and low-temperature
sintering. SEM images of post-milling demonstrate that the h-BN platelets are uniformly dispersed
within polymer matrix made of spherical PI particles (Figure 4d). By optimizing h-BN content to
30 wt.%, PI particles wearing is minimized due to lubrication characteristic of h-BN protecting them
against wear deterioration and ultimately, preserves the original sizes. High in-plane alignments of the
incorporated h-BN platelets can be seen clearly in SEM cross-section image of half-finished samples
after high-pressure compression (Figure 4e). Since the compression stage is crucial in inducing in-plane
orientation, low-temperature sintering at 290 ◦ C can create well-coalesced PI particles and a complete
plasticization of the composite, as shown in Figure 4f. Therefore, a complete heat conductive network
is prepared, confirming ameliorated TC of h-BN/PI composite.
Being an anisotropic filler has made h-BN capable of producing various TC properties in different
directions. Since heat dissipation between heat sinks and electronic devices majorly happens in
vertical direction, thus, out-of-plane TC takes precedence over in-plane TC. Producing vertically
aligned h-BN structure can be carried out by a variety of techniques including freeze-drying [52,61],
electrically/magnetically induced alignment [62] as well as straightforward mechanical two-roll milling
approach. For instance, a research work [63] focused on two-roll milling technique to fabricate vertically
aligned h-BN/silicon rubber (SR) composite. As illustrated in Figure 5a, a mixture of h-BN/SR is sheared
five times by a two-roll milling machine with the rolling distance of 0.35 mm to obtain a monolithic
aligned h-BN/SR composite sheet. Subsequently, the as-obtained sheet is cut off perpendicular to
the shear direction, lined the as-cut pieces up vertically, and cured at 170 ◦ C in a hydraulic hot
press to deliver vertically aligned h-BN/SR composite. SEM images, shown in Figure 5b, display the
well-dispersed and well-vertically aligned h-BN sheets with the thickness of ~300 nm and diameter
of ~10 µm within SR matrix. In an alternative work [64], the synergistic effect of binary hybrid filler
was exploited to construct a BNNSs-reinforced silicon thermal grease (STG) composite. As shown in
Figure 5c, the hybrid filler is firstly prepared by self-assembly of BNNSs on the surface of reduced
graphene oxide (RGO) in the presence of PVA as a polymeric binder. The adhesive characteristic of
PVA not only bonds BNNSs together in clusters, but also adheres those formed clusters to the surface
of RGO efficiently. The dried RGO/h-BN precursor then is grinded in a planetary ball mill followed
by pyrolization in a tube furnace with argon atmosphere to remove polymeric binder and obtain 3D
RGO/h-BN stacking structure. The final thermal interface material (TIM) is prepared by shearing
a mixture of RGO/h-BN and STG resin 6–9 times in a three-roller machine, the as-synthesized 3D
RGO/h-BN stacking composite with the lateral size of 11 µm in which graphene is encircled by BNNSs
clusters is confirmed by SEM assessment (Figure 5d,e).

h to orientate BNNSs platelets in the vertical direction (Figure 6a). The response of the as-synthesized
FeCo-BNNSs complex to external magnetic field is clearly demonstrated in Figure 6b. During the selfassembly stage, the {001} facets of BNNSs were attached firmly to the {001} facets of PDDA@FeCo
magnetic nanocubes. Upon applying a vertical magnetic field, FeCo nanocubes can easily orientate
along {001} as an easy magnetization direction and accordingly, BNNSs platelets accompany FeCo in
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this magnetic-assisted orientation. The successful vertical orientation of BNNSs in the PDMS
composite is displayed in Figure 6c.

Figure
(a) Schematic
Schematic presentation
presentationof
oftwo-roller
two-rollermilling
millingfabrication
fabricationprocess
processofofvertically
vertically
aligned
Figure 5.
5. (a)
aligned
hh-BN/SR
composite,
(b)
SEM
image
of
30.6
vol.%
h-BN/SR
(Reprinted
with
permission
from
Elsevier,
BN/SR composite, (b) SEM image of 30.6 vol.% h-BN/SR (Reprinted with permission from Elsevier,
Copyrights 2019) [63]. (c) Schematic illustration of self-assembly, three-roller milling technique of
Copyrights 2019) [63]. (c) Schematic illustration of self-assembly, three-roller milling technique of
BNNSs/RGO/STG composite, (d,e) SEM images of BNNSs/RGO (Reprinted with permission from
BNNSs/RGO/STG composite, (d,e) SEM images of BNNSs/RGO (Reprinted with permission from
MDPI, Copyrights 2019) [64].
MDPI, Copyrights 2019) [64].

2.3.4. Magnetic/Electric-Field Assisted
2.3.5. Other synthesis methods
A common approach to intensify the TC of TIMs is loading high amounts of BNNSs fillers
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the synergistic
effect of 3Dthe
hybrid
fillers inproperties
heat dissipation,
chemical
vapor
into aTaking
polymer
matrix,
although
it may deteriorate
mechanical
of the final
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Recently,
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shown obviating
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epoxy
resin
to
produce
a
high
TC
TIM
[68].
For
this
purpose,
catalyst-loaded
BNNSs
are
with flexibility lost in the obtained TIM [65–67]. Thereby, magnetic/electric fields are considered
prepared
by ultrasonication
of a techniques
certain amount
of BNNSs
and
nickelBNNSs
acetate,phonon
vacuumtransmission
drying, and
high
efficiency
and cost-effective
to yield
vertically
aligned
grinding
to
yield
well-dispersed
catalyst-BNNSs.
In-situ
CVD
growth
then
is
carried
in two
networks. In a recent work [62], a flexible TIM was designed based on magnetic-assistedout
vertically
stages:
(1)
the
catalyst-loaded
BNNSs
exposure
to
500
°C
under
the
flow
of
mixed
argon
and
aligned BNNSs/PDMS composite with the assistance of FeCo magnetic nanocubes. To deliver
hydrogen gases
forconduction
1 h to reduce
nickel acetate
nickel nanoparticles
(Figure
6d),separately
(2) the temperature
well-oriented
heat
channels,
surfacetomodification
was firstly
applied
for FeCo
is
raised
to
900
°C
and
methane
gas
as
carbon
source
was
pumped
into
the
quartz
furnace. The
CNTs
nanocubes and h-BN powder to generate positively charged poly (diallyldimethylammonium
chloride)
growth
time
should
then
be
adjusted
between
30-120
min.
At
last,
CNTs/BNNSs/epoxy
resin
is
(PDDA)@FeCo nanocubes and negatively charged BNNSs. Then, the strong electrostatic interactions
between these two opposite-charged particles in the self-assembly process produced FeCo-BNNSs
complex nanomaterials. To obtain FeCo-BNNSs/PDMS composite, a mixture of dried FeCo-BNNSs
nanoparticles and PDMS resin was transferred to a spray gun and spray-coated on a hydrophobic glass
substrate. At last, the spray-coated substrate was placed amid two vertically aligned rare permanent
magnets with the field intensity of 35 mT for 1.5 h to orientate BNNSs platelets in the vertical direction
(Figure 6a). The response of the as-synthesized FeCo-BNNSs complex to external magnetic field is
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2.3.5. Other Synthesis Methods
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solution (HCl:FeCl3 ), pure GTWF was achieved. Eventually, BNNSs/GTWF/PDMS composite was
prepared by infiltration of BNNSs/PDMS mixture into five layers of stacked GTWF and cured at 80 ◦ C,
as depicted in Figure 7a. The morphological changes from pristine Ni substrate to as-synthesized
BNNSs/GTWF/PDMS composite are shown in Figure 7a, confirming the successful hybridization of
these three components in one TMI. In an alternative work, the combination of electrospinning and
vacuum-assisted impregnation was utilized to construct a flexible TIM based on an interconnected
and vertically aligned BNNSs/PVA/PDMS composite [69]. Firstly, a PVA supported BNNSs was
prepared via electrospinning technique on an aluminum foil with the working voltage of 16 kV.
Then, the as-synthesized PVA/BNNSs film was cut into narrow strips with the size of 15 mm, as shown
in Figure 7b. All the obtained strips were rolled up perpendicular to the direction of the electrospun
fibers in a way that the next strip got engaged with the previous one to construct a PVA/BNNSs cylinder
with the diameter of 15 mm. At last, the as-ready cylinder was impregnated with PDMS resin under
vacuum and followed by curing at 100 ◦ C for 1 h. According to the morphological examinations,
electrospun PVA/BNNSs fibers possessed a highly vertical ordered structure in which BNNSs adhered
J. Compos. Sci. 2020, 4, x FOR PEER REVIEW
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impregnation preparation of BNNSs/PVA/PDMS composite, (c,d) SEM images of electrospun
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interconnected
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Copyrights
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2.4. Thermal conductivity evaluations of h-BN-reinforced polymer composites
According to theoretical studies, it is possible to exploit the ultimate potential of h-BN’s TC
within a hybrid composite if the phonon-phonon scattering within its 2D structure is overcome. Agari
et al. suggested a mathematical model to define the TC of filler-reinforced PMC [70]:
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2.4. Thermal Conductivity Evaluations of h-BN-Reinforced Polymer Composites
According to theoretical studies, it is possible to exploit the ultimate potential of h-BN’s TC within
a hybrid composite if the phonon-phonon scattering within its 2D structure is overcome. Agari et al.
suggested a mathematical model to define the TC of filler-reinforced PMC [70]:
"
log kComposite = Vh−BN × Ch−BN × log

#


kh−BN
+ log Cpolymer × kpolymer
Cpolymer × kpolymer

(4)

where kcomposite is the overall TC of the polymer composite, kh-BN is the TC of h-BN fillers,
and kpolymer is the TC of polymer matrix; Vh-BN is the volume content of incorporated h-BN fillers.


kh−BN
Ch−BN × log C
term is the effect of hybridization on the quality of h-BN’s heat conduction,
×k
polymer
polymer


explaining how the TC of polymer matrix limits the TC of h-BN fillers while log Cpolymer × kpolymer
term unfolds how the crystallinity of polymer matrix changes upon incorporation of h-BN fillers.
Cpolymer and Ch-BN are considered as specific heat capacities. kh-BN /kpolymer ratio in the former term is
known as “decreased TC of h-BN fillers”, expounding how much the TC of h-BN fillers within the
polymeric matrix is lower than the TC of pristine h-BN fillers. Since the polymer matrix affects the TC
of its incorporated h-BN fillers, this ratio actually implies that polymer matrix is like an impediment
against heat conduction [12,30].
2.4.1. h-BN as a Single Filler
Recently, a flexible BNNSs/PDMS composite having a 3D network structure was fabricated
via a two-step method of freeze-drying and carbonizing. The resulting 3D BNNSs/PDMS with
15.8 vol.% showed a prominent TC of 7.46 W m−1 ·k−1 which was enhanced by 3900% compared
to neat PDMS. This improvement mainly stems from the dominant thermal transport channels
formed through the polymer matrix. Plus, the residual carbon remaining in the composite structure
led to a tremendous antistatic behavior and preserved the composite from dust and destruction.
Figure 8a,b illustrated the comparison of surface resistivity and volume resistivity of Random PDMS
and 3D BNNSs/PDMS. Both parameter values are dropped down in the 3D-BNNSs/PDMS composite,
which shows that the residual carbon in the PDMS matrix formed a conductive network, leading to
the anti-static performance and preserves the composite from dust and destruction. The schematic of
this mechanism is shown in Figure 8c. A more comprehensible image of this feature is represented
in Figure 8d,e by comparing the charge dissipation ability of Pure PDMS, Random BNNSs/PDMS,
and 3D-BNNSs/PDMS samples. The conductive network in 3D-BNNSs/PDMS composite depletes the
accumulated surface static charges immediately, while the Random BNNSs/PDMS sample adsorbed the
most significant portion of Polystyrene spheres owing to its high surface resistivity. Figure 8f highlights
the developed thermal performance of the 3D network composite compared with the random structure.
In the 3D-BNNSs/PDMS composite, the neighboring BNNSs are welded together and brought efficient
phonon pathways, so that the heat dissipation can occur faster. Yet, the phonon scattering at the
random BNNSs and PDMS interfaces is more likely due to the absence of functional heat conductive
channels, causing a deficient heat dissipation behavior [53].
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size, resulted in a drastic rise of TC in the out-of-plane direction. This behavior is due to the more
compact thermal channels of the structure. Sample C represented h-BN 35 µ m-V composite and
possessed the adequate heat dissipation, owing to the orientated heat conductive pathways formed
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Figure
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electrostatic adsorption of polystyrene spheres, (e) schematic diagram of static dissipation of pure
BNNSs/PDMS, and 3D-BNNSs/PDMS composites (sample size: 10 cm × 10 cm), (f) the comparison
PDMS, random BNNSs/PDMS, and 3D-BNNSs/PDMS composites (sample size: 10 × 10 cm2), (f) the
of TC value for two BNNSs/PDMS composites with different structure (Reprinted with permission
comparison of TC value for two BNNSs/PDMS composites with different structure (Reprinted with
from American Chemical Society, Copyrights 2019) [53]. Schematic illustration of (g) the Aerogel for
permission from American Chemical Society, Copyrights 2019) [53]. Schematic illustration of (g) the
thermoelectric generator device and (h) phonon scattering through the aerogel structure (Reprinted
Aerogel for thermoelectric generator device and (h) phonon scattering through the aerogel structure
with permission from American Chemical Society, Copyrights 2019) [54].
(Reprinted with permission from American Chemical Society, Copyrights 2019) [54].

Similarly, Functional BN/Polyimide (FBN/PI) aerogel was also fabricated using the freeze-drying,
The BNNSs/epoxy resin composite (with 15 vol.% BNNSs) has also been fabricated through the
a light-weight and elastic thermal conductor composite. The particular cellular honeycomb structure
freeze-drying method with the ultimate purpose of having a nacre-mimetic
3D thermally conductive
of FBN-PI has given rise to the anisotropic TC with 6.70 and 2.20 W m−1 ·k−1 for out-of-plane
and
network with strong thermal
stability. As is reported, the achieved TC of 6.07 W m-1 k-1 for
in-plane directions at 30 ◦ C, respectively. The schematic design of aerogel for thermoelectric generating
BNNSs/epoxy can reach up to almost 32 times higher than the TC value of bare resin, showing the
purpose and phonon scattering through the structure are given in Figure 8g,h, respectively [54].
significance of h-BN. To substantiate the commercializing potential of this composite, Han et al. [52]
Xiao et al. [58] fabricated an epoxy resin-based composite having hollow h-BN microbeads (BNMBs).
had compared a commercial silicone sheet and BNNSs/epoxy composite as TIMs, which were
They utilized the salt-template technique to synthesize the hollow BNMBs and introduce the epoxy
resin via the infiltrating method. The segregated structure of this composite with the optimized amount
of 65.6 vol.% hollow BNMBs improved the TC of the neat polymer matrix from 0.2 W m−1 ·k−1 to 17.61
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and 5.08 W m−1 ·k−1 for in-plane and out-of-plane directions, respectively. For determining the practical
application of these materials, h-BN composites were situated on a heating plate with a point-heating
source to record the heat dissipation performance by a thermal imaging camera. This evaluation
demonstrated that heat distributes more effectively in the sample with a bigger size and higher vol.%
of h-BN, without a concentration in one spot. The impact of different h-BN sizes in heat dissipation
revealed that in sample A (composite with 10 µm h-BN and not as compressed as other samples),
the approximative spherical-shape of h-BN microspheres brought a near isotropic low TC. Sample B,
which is more compressed than sample A but with the same h-BN size, resulted in a drastic rise of
TC in the out-of-plane direction. This behavior is due to the more compact thermal channels of the
structure. Sample C represented h-BN 35 µm-V composite and possessed the adequate heat dissipation,
owing to the orientated heat conductive pathways formed by large h-BN microspheres [58].
The BNNSs/epoxy resin composite (with 15 vol.% BNNSs) has also been fabricated through the
freeze-drying method with the ultimate purpose of having a nacre-mimetic 3D thermally conductive
network with strong thermal stability. As is reported, the achieved TC of 6.07 W m−1 ·k−1 for BNNSs/epoxy
can reach up to almost 32 times higher than the TC value of bare resin, showing the significance of
h-BN. To substantiate the commercializing potential of this composite, Han et al. [52] had compared a
commercial silicone sheet and BNNSs/epoxy composite as TIMs, which were integrated within a 20W
LED chip and a Cu heat sink (Figure 9a,b). An Infrared camera tracked the changes in the surface
temperature of the LED chips. Figure 9c presents the temperature change map for both chips in different
time durations after lighting up the LED chips. It can be seen that the Silicone chip faces a sharp rise in
temperature, comparing to BNNSs/epoxy composite. The impressive 10 ◦ C difference in temperature
change (Figure 9d) reveals the exceptional functionality of BNNSs/epoxy composite in heat dissipation
applications. Plus, the thermal stability of this composite was investigated in Figure 9e by recording chip
temperature in “on” (4 min) and “off” (2 min) stages, showing top-notch thermal stability [52].
Ball milling, high-pressure compression, and low-temperature sintering approaches have also
been employed to obtain thermoset Polymer/h-BN composites. The Polyimide (PI)/h-BN composite
reported by Wang et al. [60] was shown having a promising in-plane TC of 2.81 W m−1 ·k−1 compared
with pure PI (0.87 W m−1 ·k−1 ) due to dense and adequate thermal pathways along this direction [60].
Although possessing both high TC and flame-retardancy behavior is challenging to reach, Tian and
co-workers [61] reported an h-BN PMC with the mentioned performance. This composite had
been fabricated via molding techniques with h-BN skeleton (sBN) (12.53 vol.%)/Phosphorus-free
Bismaleimide (BD) resin, which exhibited a 1.53 W m−1 ·k−1 TC and enhanced the bare BD resin
performance 9.4 times along with releasing a fewer smoke amount (42.5%). The flame-retardancy
examination of pure BD resin and BD/h-BN composites with different h-BN structures revealed that
sBN/BD with its high TC transmits the generated heat faster than other samples through the material.
This performance prevents the drastic temperature rise in the material and delays the degradation of
the local material. Plus, the 3D porous framework structure of the sBN/BD composite improves the
fabrication of a protection layer on the surface of BD resin. This structure enhances the development of
a continuous carbon layer and the quality of char graphitization after combustion. On the contrary,
the formed char on the BD resin surface was loose with visible micro-cracks and could not act as a
useful protector. The BN/BD composite flame-retardancy performance is between the bare BN and
sBN/BD, owing to its medium heat conductivity and deficient char protection layer [61]. Moreover,
Silicon rubber has also been extensively utilized as a polymer substrate possessing outstanding TC,
a wide range of temperature stability, and electrically insulation behavior. Further enhancement of
silicon rubber can be done by adding 39.8 vol.% vertically aligned h-BN as filler via rolling technique,
to form active thermally conductive paths through the polymeric matrix. This leads to achieving a
5.4 W m−1 ·k−1 in TC, almost 33 times higher than the pure Silicone Rubber [63].

for both chips in different time durations after lighting up the LED chips. It can be seen that the
Silicone chip faces a sharp rise in temperature, comparing to BNNSs/epoxy composite. The
impressive 10 °C difference in temperature change (Figure 9d) reveals the exceptional functionality
of BNNSs/epoxy composite in heat dissipation applications. Plus, the thermal stability of this
composite was investigated in Figure 9e by recording chip temperature in "on" (4 min) and "off" (2
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2.4.2. h-BN within Hybrid Filler Configurations
Ball milling, high-pressure compression, and low-temperature sintering approaches have also
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with
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embedded
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[61] reported
an h-BNof
PMC
with
the mentioned
performance.
This
composite
had been
a 615% and 380% TC performance improvement for the cross-plane direction compared with pure epoxy
and BNNSs/epoxy composite, respectively. Adding a low volume of CNT (2 vol.%) builds bridges
between BNNSs and improves their connectivity. Plus, BNNSs blockage of CNTs path maintains the
electrical resistivity of the hybrid composite [68]. Another appealing hybrid composite is the vertically
self-aligned BNNSs (50 wt.%)–FeCo (30 wt.%) as fillers in poly (diallyldimethylammonium chloride)
(PDDA) as the matrix. The unique structure of this composite shown in Figure 6c brings the thermal
dissipation channels by transferring more phonons through a superior thermally conductive pathway
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and increases the TC of PDDA from 0.11 to 2.25 W m−1 ·k−1 [62]. Graphene can also be considered as
a potential phonon-transferring substrate for h-BN. This is due to the relative resemblance of their
thermal expansion coefficients (TEC), making a desirable behavior for high heat dissipation [78].
For instance, by taking advantage of the synergic effects of a self-assembly RGO/h-BN and introducing
to the Silicone Thermal Grease (STG), Liang et al. [64] could improve the TC value up to 68% upon
addition of 12 vol.% RGO/h-BN. Figure 10a,b reveals the proper heat dissipation performance of
RGO/h-BN/STG compared to h-BN/STG and pure STG. Infrared thermal imaging was used to study the
thermal management potential of RGO/h-BN/STG, h-BN/STG, and STG. Thermal map of heating and
cooling steps (Figure 10a) demonstrates an accelerated and visible color change for RGO/h-BN/STG,
indicting the most productive heat absorption from the hot-stage among other samples. The cooling
curves of the samples are also plotted in Figure 10b. It is clear that the RGO/h-BN/STG presented the
fastest cooling rate, followed by h-BN/STG and bare STG. This excellent behavior is raised from the
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TC [80]. These drawbacks which have limited GF/epoxy applications in the electronic industry, are
shown to be solved by the addition of h-BN as a thermally conductive filler. Tang et al. reported a
laminated hybrid GF/spherical h-BN/epoxy composite, made by blending-impregnation and hot
compression. The as-fabricated composite exhibited considerable improvement in both vertical (3
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These drawbacks which have limited GF/epoxy applications in the electronic industry, are shown to
be solved by the addition of h-BN as a thermally conductive filler. Tang et al. reported a laminated
hybrid GF/spherical h-BN/epoxy composite, made by blending-impregnation and hot compression.
The as-fabricated composite exhibited considerable improvement in both vertical (3 times) and parallel
directions (6 times) [81]. Table 1 summarizes the recent efforts devoted to the improvement of thermoset
polymer matrices’ TC.
Despite the high potential of thermoplastic polymer matrices, their integrations with h-BN fillers
are much less explored compared with thermoset polymer matrices [12]. Polyethylene glycol (PEG)
is one of these promising thermoplastic polymers with the feature of phase changing, making it
capable of storing and releasing the thermal energy through a cycle. This potential suits them for
many applications such as energy conversion, intelligent textile engineering, and heat management of
different electronic parts [82,83]. Nevertheless, they exhibit deficient mechanical properties and low
TC. As the earliest attempt, Yang et al. [84] addressed these challenges by encapsulating PEG with
BNNSs-doped Cellulose nanofiber, resulting in a shape-stable PEG-composite and 42.8% improvement
in TC upon addition of 1.9 vol.% BNNSs. Thermoplastic polyurethane (TPU) polymer matrices are
other engaging polymer materials for miniaturized high-power electronic devices. One research in
this area showed the significant role of BNNSs size (large and small) and volume content on the
TC of TPU. The TC results showed that BNNSs (10 wt.%)/TPU composite reached 14.7 W m−1 ·k−1
in TC for in-plane direction. The enhanced thermal performance from nearly 0.5 W m−1 ·k−1 can
be ascribed to the connection of small BNNSs to the neighbor large BNNSs, forming a continuous
thermal path, and structural reinforcement. The effect of S-BNNSs content is investigated in Figure 11a.
The higher S-BNNSs content (Up to 10 wt.%) results in the better TC, which is attributable to three
reasons: First, the formation of heat conductive channels is developed by bonding S-BNNSs to their
near L-BNNSs. Second, the S-BNNSs filled the gaps of L-BNNSs and constructed an interconnected
structure through the matrix. Third, the S-BNNSs increased the filler-filler density, plotted in Figure 11b.
The comparison of bare TPU and its nanocomposites is given in Figure 11c. It is visible that the 10 wt.%
BNNSs/TPU is the optimized TPU nanocomposite in TC, which is originated from the advanced thermal
channels built by the interconnection of S-BNNSs and L-BNNSs through the TPU network. A general
comparison of the present nanocomposite with other TPU composite is presented in Figure 11d,
showing the notable TC of this sample compared to others [59].
Table 1. Summary of recent PMCs reinforced with h-BN for enhancing thermal properties.
Matrix

Filler & Content

Procedure

Outcome

Other Features

Ref.

[58]

Epoxy

Hollow h-BN
microbeads (65.6 vol.%)

Salt-template,
Infiltration

17.61 W m−1 ·k−1
(↑ 88 times)

Improved
Thermal
Stability, Lower
Dielectric
constant

Epoxy

BNNSs (15 vol.%)

Bidirectional
Freeze-drying,
Infiltration

6.07 W m−1 ·k−1
(↑ 32 times)

Improved
Thermal
Stability

[52]

[68]

Epoxy

MWCNT (2 wt.%) –
BNNSs (23 wt.%)

CVD, Exfoliation,
Infiltration

∼1.50 W m−1 ·k−1
(↑ 6.15 times)

Enhanced
Tensile
Strength,
Lower
Dielectric
constant

Epoxy

Expanded Graphite
(2.5 wt.%)–h-BN
platelets (70 wt.%)

Mixing, curing

2.08 W m−1 ·k−1
(↑2.08 times)

-

[27]

Polyimide (PI)

Functional h-BN
(50 wt.%)

Ball milling,
freeze-drying,
curing

9.8 W m−1 ·k−1
(↑ ~32 times)

Hydrophobicity,
Enhanced
Thermal
Stability

[54]
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Table 1. Cont.
Matrix

Filler & Content

Procedure

Polyimide (PI)

Functionalized h-BN
(30 wt.%)

In situ
polymerization,
electrospinning,
hot press

Polyamide (PI)

h-BN platelets (20 wt.%)

Phosphorus-free bimaleimide

Outcome

Other Features

Ref.

0.71 W
(↑ 4.73 times)

Enhanced
Thermal
Stability,
Higher Glass
Transition
Temperature

[26]

Plasma-assisted
mechanochemistry

3.68 W m−1 ·k−1
(↑ 14.72 times)

Enhanced
Young’s
Modulus

[85]

h-BN skeleton
(12.53 wt.%)

Frame molding,
curing

1.53 W m−1 ·k−1
(↑ 9.40 times)

Silicone rubber

Vertically aligned h-BN
(39.8 vol.%)

Rolling, curing

5.40 W m−1 ·k−1
(↑ ~33 times)

Potential for
TIMS

[63]

Silicon thermal grease (STG)

RGO–BNNS (12 wt.%)

Exfoliation,
self-assembly,
rolling

3.38 W m−1 ·k−1
(↑ ~1.8 times)

-

[64]

Natural rubber

Functionalized h-BN
platelets (30 vol.%)

Mixing, rolling

0.39 W m−1 ·k−1
(↑ ~4 times)

Lower
Dielectric
Constant

[48]

Polydimethylsiloxane (PDMS)

BNNSs (15.8 vol.%)

Freeze-drying,
carbonization

7.46 W m−1 ·k−1
(↑ 39 times)

Antistatic
Behavior

[53]

Polydimethylsiloxane (PDMS)

Graphite tube woven
fabric (4.2 wt.%)–h-BN
sheets (14 wt.%)

CVD, infiltration

3.10 W m−1 ·k−1
(↑ 2.52 times)

-

[33]

Poly(m-phenylene
isophthalamide) (PMIA)

Nano h-BN (30 wt.%)

Casting
technique

0.94 W m−1 ·k−1
(↑ ~4 times)

Low Dielectric
Constant, Ideal
Dielectric Loss

[47]

Poly(diallyldimethylammonium
chloride) (PDDA)

BNNSs (50 wt.%)–FeCo
nanocubes (30 wt.%)

Exfoliation,
self-assembly,
mixing

2.25 W m−1 ·k−1
(↑ ~20.5 times)

Superb
Flexibility

[62]

Thermoplastic polyurethane
(TPU)

BNNSs (10 wt.%)

Ultrasonic
exfoliation,
self-assembly

14.7 W m−1 ·k−1
(↑ 29.4 times)

-

[59]

Polyethylene glycol (PEG)

BNNS (1.9 vol.%)–doped
cellulose nanofiber
(2.5 wt.%)

Freeze-drying,
layer-by-layer
assembly,
vacuum
impregnation

0.40 W m−1 ·k−1
(↑ ~0.5 times)

Excellent Shape
Stability
against
Pressure,
Tension,
and Bending

[84]

m−1 ·k−1

Flame-retardancy

[61]

plotted in Figure 11b. The comparison of bare TPU and its nanocomposites is given in Figure 11c. It
is visible that the 10 wt.% BNNSs/TPU is the optimized TPU nanocomposite in TC, which is
originated from the advanced thermal channels built by the interconnection of S-BNNSs and LBNNSs through the TPU network. A general comparison of the present nanocomposite with other
TPU
composite
presented in Figure 11d, showing the notable TC of this sample compared to others
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3. Tribological Properties

Table 1. Summary of recent PMCs reinforced with h-BN for enhancing thermal properties.

3.1. TribologyMatrix
Theory

Filler & Content
Procedure
Outcome
Other Features
Ref.
Hollow h-BN
Improved Thermal
Salt-template,
W ago. In fact, the term of
Historically, the study of tribology goes back
to hundreds of17.61
years
Epoxy
microbeads (65.6
Stability, Lower
[58]
Infiltration
-1
m-1 kHowever,
tribology is derived from the Greek vol.%)
word tribos meaning
‘rubbing’ [86]).
the constant
definition and
Dielectric

science behind that are relatively new [87].
Generally, science of tribology studies the phenomena that is taking place between two moving
surfaces [88] and it focuses on science of friction, lubrication, and wear involved in moving
contacts [86,89]. Structural deformation, dimensional variations and degradation of sliding parts in
commercial working systems necessitate the reduction of the friction and enhancing the performance
of the involved counterparts [90]. Therefore, all aspects of mechanical, chemical, and materials
sciences are involved simultaneously to boost up the performance of a system [86,91,92]. The earliest
spikes of considering tribology as a science was seen in the development of high velocity internal
combustion engines in the beginning of 20th century [93]. In fact, reduction of the friction and wear can
mitigate energy consumption of the system. It also provide the appropriate condition for the fast and
precise motions with minimum required maintenance cost and increment of the efficiency [94–100].
Having said that, tribology has rendered several valuable applications such as gas turbine engines,
automotive parts, artificial human joints, hard disk drives for data storage and an increasing number
of electromechanical devices [101–104].
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3.1.1. Friction
Friction is the force resisting the sliding of two surfaces against each other and can be simply
calculated by the Amonton’s law [105]:
F = µW
(5)
where F is friction force (N), µ is coefficient friction (COF) (dimensionless), and W is normal load (N).
From the tribological point of view, µ is an important factor determining wear rate of the components.
Except the nature of the materials, COF mostly depends on the characteristics of the surface as well
as lubrication condition [106–109]. Therefore, tailoring the surface characteristics and lubrication
condition may optimize the performance of the components under friction [110–112].
3.1.2. Wear
Wear is the damage to a solid surface, generally involving progressive loss of material due to
relative motion between the surface and a contacting substance or substances [87]. Despite the massive
development in characterization equipment, it is still not possible to comprehend and examine the
wear phenomena thoroughly. Hence, three main complexities can make the surface analyses difficult:
(1) continuous alteration of the chemical composition on the surface within the process due to wear,
(2) the changing surface topography of the specimen, and (3) the existence of complex and blended
mechanisms of the wear [113–115]. Nonetheless, one common method of measuring the amount of
wear is through the Archard wear equation, represented in Equation (6) [86,87]:
Q = KW/H

(6)

where Q is the volume removed from the surface per unit sliding distance, K is wear coefficient
(dimensionless), W is the normal load applied to the surface by its counterbody, and H is the indentation
hardness of the wearing surface. By variation of K, the severity of different wear processes can be
compared. For instance, for a lubricated condition, it stands in the range of 10−14 –10−6 while a dry
sliding process and usage of hard particles give the ranges of 10−6 –10−2 and 10−4 –10−1 , respectively
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3.1.3. Lubrication
Nowadays, production of hundreds of million lubricants’ barrels per day indicates the
indispensable roles lubrication in many industries [86]. In fact, performance and lifetime of the
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3.1.3. Lubrication
Nowadays, production of hundreds of million lubricants’ barrels per day indicates the
indispensable roles lubrication in many industries [86]. In fact, performance and lifetime of the
components struggling with friction and wear will be diminished without employing lubricants.
As can be seen in Figure 12, a low amount of lubricant (falls on the boundary lubrication) reduces the
K by several orders of magnitude. The friction-lubrication relationship often is described by Stribeck
diagram (Figure 13), in which COF (µ) is directly correlated to the viscosity of the lubricant (η) and
difference in velocity of two sliding surfaces (V), while is inversely proportional to the normal load
(P) (bearing number = ηV/P) [116–118]. When bearing number is high, µ linearly ascends and the
mechanism is fluid film lubrication [116,117]. Indeed, by increasing the load or lubricant viscosity
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and/or decreasing the sliding speed, the bearing number gradually decreases. Thereafter, the lubricant
film gets thinner, and consequently, COF declines to its minimum value [116,117]. For smaller bearing
selenides, tellurides, etc.), soft metals (Pb, Sn, Bi, In, Cd, and Ag), organic compounds with chain
number values, the reducing trend of lubricant thickness continues, and the asperities of the rubbing
structure of the polymeric molecules (PTFE and polychlorofluoroethylene) [119]. Apart from having
surfaces interact slightly, causing an increment in the COF. This behavior is known as mixed lubrication
the lamellar structure, h-BN is in the center of attentions due to capability of maintaining the
mechanism [116,117]. Further declination of the bearing factor causes more severe interaction of
lubrication characteristic up to 1200 °C in oxidizing environment [28]. Here we aim to survey the
the sliding surfaces attributing to thinner lubricant and higher COF value. This regime is often
recent efforts devoted to composite manufacturing by h-BN as a lubricant with the perspective of
characterized by boundary lubrication [116,117].
tribological studies.
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Figure
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3.1.4. Solid Lubrication
3.1.5. Materials development
Solid state lubricants compounds are famous for decreasing COF and increasing wear resistance
of sliding parts [28,119]. Their high stability can suite them for harsh conditions that liquid lubricants
PMC
cannot tolerate. Stable functionality at elevated temperature (>350 ◦ C), ultra-low temperatures
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(e.g.,Growing
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or possessing
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high
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[122]. Apart from
lead to the generation of a lubricating film [127]. In this regard, h-BN has represented supreme
lubrication behavior in water medium [128,129]. For instance, COF of h-BN/h-BN rubbing pair in
aqua is reported 0.06-0.12, while it is 0.18-0.25 in dry friction [130,131]. The reason behind this low
COF in water lubrication condition is claimed the reaction of h-BN with water molecules, resulting
in the formation of a tribo-chemical layer consisting of H3BO3 and B2O3 [29,132]. However, regarding
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having the lamellar structure, h-BN is in the center of attentions due to capability of maintaining the
lubrication characteristic up to 1200 ◦ C in oxidizing environment [28]. Here we aim to survey the
recent efforts devoted to composite manufacturing by h-BN as a lubricant with the perspective of
tribological studies.
3.1.5. Materials Development
PMC
Growing needs to light-weight materials possessing self-lubricating characteristics as well as high
chemical stability in aqueous solution has urged researchers to manufacture new PMCs suitable for
aqueous media applications such as ships, water pumps, and washing machines [126–128]. However,
by working under a high loading and low-velocity condition, the created water film does not reveal a
high carrying capacity because of the low viscosity which results in a mixed or boundary lubrication
condition [129]. Hence, fabrication of durable tribo-materials for aqueous media lubrication condition
is highly demanded. Considering that wear for wet friction is considerably lower than any dry friction
(due to prevention of water medium from material transfer and tribo-chemical phenomenon and
lowering the interface’s temperature), addition of reinforcements will lead to the generation of a
lubricating film [130]. In this regard, h-BN has represented supreme lubrication behavior in water
medium [131,132]. For instance, COF of h-BN/h-BN rubbing pair in aqua is reported 0.06–0.12, while it is
0.18–0.25 in dry friction [133,134]. The reason behind this low COF in water lubrication condition
is claimed the reaction of h-BN with water molecules, resulting in the formation of a tribo-chemical
layer consisting of H3 BO3 and B2 O3 [29,135]. However, regarding the self-lubricating performance of
the tribo-chemical layer, it is declared that H3 BO3 plays the leading role owing to its layered triclinic
structure [136]. Taking advantage of the self-lubrication characteristic and low liquid absorption ratio
of polyformaldehyde (POM), Gao et al. [137] constructed POM/3 vol.% h-BN composite and studied
its tribological behavior in the water medium. Assessments revealed that the COFs of both POM and
POM/h-BN have reduced gradually by increasing the sliding time, while the composite represented
lower COF, especially when the applied load was increased from 50 N to 200 and 300 N. In parallel,
the addition of h-BN reduced the wear rate significantly. For instance, in low and high loads, the wear
rate was about one order of magnitude lower than neat POM. The obtained attenuated total reflectance
Fourier transform infrared spectroscopy (ATR-FTIR) spectra of the inside and outside of the wear scar
indicated no sign of adsorbed water (Figure 14a,b), meaning the composite is suitable for utilizing in
aqueous environment. More importantly, an excess band at 945 cm−1 appeared on the worn surface,
attributing to H3 BO3 (Figure 14a), which is responsible for the superior lubrication performance of the
h-BN composites. The below equations can describe how this surviving compound has been formed,
2BN + 3H2 O → B2 O3 + 2NH3

(7)

B2 O3 + 3H2 O → 2H3 BO3

(8)

dispersive X-ray (EDX) analysis showed the top layer of the boundary film is a B-rich layer, and the
measured lattice fringes of 0.319 and 0.321 nm proved the existence of H3BO3 and B2O3, respectively
(Figure 14f (refer to the tribo-chemical reactions of Equations (7) and (8))). Also, there exist some
intact h-BN with 0.333 nm lattice fringe. Having considered that, these layers are oriented in parallel
to the sliding direction, which enhance the lubrication capability. Moreover, it is shown that using
J. Compos. Sci. 2020, 4, 116
23 of 44
only 10 vol.% carbon fiber (POM/10CF-3hBN) reduces the wear rate by about 50%, which is
originated from reinforcing synergic effect of the fiber and boundary layer of h-BN [134].
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Moreover, the SEM images taken from the steel counterface after rubbing with POM and POM/h-BN
illustrated that the detached particles of POM are concentrated into the roughness trenches, but the
flat areas are mostly intact (Figure 14c). While in the composite rubbing case, the boundary film is
spread over the whole steel counterface (Figure 14d), resulting in higher wear resistance of POM/h-BN.
Figure 14e, depicts the transmission electron microscopy (TEM) image of the continuous boundary
film formed on the steel after rubbing with POM/h-BN. The energy dispersive X-ray (EDX) analysis
showed the top layer of the boundary film is a B-rich layer, and the measured lattice fringes of 0.319 and
0.321 nm proved the existence of H3 BO3 and B2 O3 , respectively (Figure 14f (refer to the tribo-chemical
reactions of Equations (7) and (8))). Also, there exist some intact h-BN with 0.333 nm lattice fringe.
Having considered that, these layers are oriented in parallel to the sliding direction, which enhance the
lubrication capability. Moreover, it is shown that using only 10 vol.% carbon fiber (POM/10CF-3hBN)
reduces the wear rate by about 50%, which is originated from reinforcing synergic effect of the fiber
and boundary layer of h-BN [137].
Epoxy is a popular polymer for structural applications; however, it has a serious shortcoming,
i.e., low wear resistance due to forming a 3D cross linking network during the curing process [138,139].
Adding nano-fillers is a promising way to compensate the poor tribological performance of epoxy.
For example, -OH functionalized h-BN and c-BN were utilized to improve tribological properties of
epoxy coating [140]. Observations showed that there were some long cracks in the neat epoxy coating,
while BN nanofillers acted like a barrier against cracks and hindered their expansion. The outcomes
of the COF evaluation indicated that the minimum value belongs to composites containing 0.5 wt.%
h-BN and c-BN, with 12.4 and 9.74% lower COF in comparison to neat epoxy in dry rubbing test,
as well as 39.27 and 30.03% lower COF in comparison to neat epoxy in seawater sliding condition,
respectively. Except increasing the toughness of the composite through hindering propagation of
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Poly aryl ether ketone (PAEK) is the other polymer which has a great potential to be used in
tribological applications [142]. In a new study, the effect of adding micro and nano h-BN as secondary solid
lubricant was studied [143]. In this regard, the composite of PAEK/30glass fiber-10graphite-10h-BN (named
CHM ) was chosen as the baseline, and then 3% of h-BN was substituted by nano h-BN (named CHN ).
Evaluations revealed that by adding nano h-BN the value of COF and wear rate diminished at both low
and high sliding velocity. According to Figure 16a,b, the boundary film in CHM is thick and discontinuous,
while that of CHN is smooth and uniform. Besides, SEM images of the worn surfaces indicate that the
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CHM is thick and discontinuous, while that of CHN is smooth and uniform. Besides, SEM images of the
worn surfaces indicate that the fibers in CHM are cracked and debonded (Figure 16c,d), resulting in
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Two thermodynamically stables allotropes of BN (h-BN and c-BN) have also been utilized as
reinforcement and matrix, respectively [145]. It’s been shown that addition of h-BN flakes as lubricant

concentration are shown in Figure 17e-g. As can be seen, by increasing the h-BN from 5 wt.% to 15
wt.%, the fracture mode has transformed from trans-granular into inter-granular. As can be seen, 5
wt.% of h-BN additive provides a relatively uniform dispersion of particles in the matrix (Figure 17e).
However, increasing h-BN content to 10 wt.% leads to formation of micro-cracks in c-BN grains
(Figure 17f). Therefore, with higher h-BN amount (up to 15 wt.%), the larger number of micro-cracks
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as well as micro-pores will appear (Figure 17g), resulting in lower mechanical strength. 10 w.t% hBN represented the optimal tribological and mechanical properties [145].
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been observed by increasing the h-BN from 5 wt.% to 15 wt.%, proving the role of h-BN in wear
characteristic enhancement of the composites. Figure 17d shows the COF in five different amount of
h-BN 5 wt.%, 7.5 wt.%, 10 wt.%, 12.5 wt.% and 15 wt.%. As it is obviously observable in the diagram,
the major drop is shown in increasing h-BN from 10 wt.% up to 12.5 wt.% which is from 0.58 to about
0.35 [148]. To interpret the fracture mode transformation of the composite through increment of the
h-BN content, SEM micrographs of the ball’s worn surface as a function of the h-BN concentration are
shown in Figure 17e–g. As can be seen, by increasing the h-BN from 5 wt.% to 15 wt.%, the fracture
mode has transformed from trans-granular into inter-granular. As can be seen, 5 wt.% of h-BN additive
provides a relatively uniform dispersion of particles in the matrix (Figure 17e). However, increasing
h-BN content to 10 wt.% leads to formation of micro-cracks in c-BN grains (Figure 17f). Therefore,
with higher h-BN amount (up to 15 wt.%), the larger number of micro-cracks as well as micro-pores
will appear (Figure 17g), resulting in lower mechanical strength. 10 w.t% h-BN represented the optimal
tribological and mechanical properties [148].
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A study on wear characteristics of Si3 N4 /h-BN ceramic composites under the marine atmospheric
environment reflected a notable enhance in the tribological behavior of silicon nitride with the addition
of the second phase of h-BN [149]. Adding 20 wt.% h-BN lowered the COF to 0.302, and the wear
rate to 2.93 × 10−6 m3 N−1 m−1 [150]. Figure 18a,b show the worn surface of Si3 N4 and Si3 N4 /20%
h-BN, respectively, and the smoother worn surface in 20% h-BN is obvious. This improvement is the
consequence of forming a tribo-chemical film on a worn surface. In marine atmosphere, plenty of ions
will encourage the formation of a tribo-chemical film and higher content of h-BN which rises up the
viscosity of the tribo-chemical film, will increase the resistance of the film [150].
h-BN is also used to boost the tribological properties of carbon nanotubes (CNTs). In a research by
Yuan et al., composites of BNNSs produced by heating boric acid in a pure N2 atmosphere and CNT in
three different ratios (h-BN0.75 C0.25 , h-BN0.5 C0.5 , and h-BN0.25 C0.75 ) were sintered for 48 h and finally
sintered for 2 h at 180 ◦ C [151]. The results of wear test of these samples are reflected in Figure 18c,d.
It is shown that the composites with both h-BN and CNT tend to a reduction in COF as well as wear
rate compared to CNT (COF = 0.1 and wear rate = 1.9 × 10−14 m3 N−1 m−1 and h-BN (COF = 0.095 and
wear rate = 2.2 × 10−14 m3 N−1 m−1 ). It is shown that the lowest COF is 0.075 and the lowest wear rate
is 1.2 × 10−14 m3 N−1 m−1 which belongs to h-BN0.5 C0.5 .
Metal Matrix Composite (MMC):
Apart from PMCs and CMCs, MMCs can also be reinforced by h-BN to enhance the tribological
functionality. Among the alternatives, Cu, Al, Ni, and Fe have recently grabbed the consideration
of tribology scientists. Owing to the supreme electrical and thermal conductivities of Cu, they are
introduced as a platform of various industries; however, their applications are often suppressed by
their low mechanical strength and wear resistance [152,153]. Hence, ceramic nanoparticles are often
used to strengthen the Cu-matrix without considerable negative effect on the electrical and thermal
conductivities [154]. One possible choice, in this group of reinforcements is h-BN, however, there is
only one published report available. It was demonstrated that the addition of h-BN to the Cu matrix
improves the lubricity of the final composite [155]. By detail, addition of 2.5 wt.% h-BN caused only
0.008 reduction in COF, while 5, 7.5, and 10 wt.% h-BN resulted in 0.079, 0.102, and 0.112 reduction,
respectively (Figure 18e). That minor improvement for Cu/2.5 wt.% h-BN nanocomposite could be
due to the pinning and alignment of h-BN planes by the matrix grains within the sintering process.
Also, it seems the optimal amount is obtained by 5 wt.% h-BN since no further improvement was
observed with higher h-BN contents (that could be due to random orientation of h-BN platelets).
Moreover, as it is demonstrated in Figure 18f, wear rate increases by addition of h-BN relating to
existence of low shear strength along the direction of rubbing [155].
Wear behavior of aluminum alloy (AA6082) reinforced by TiB2 and h-BN nano particles has
been investigated by Palanivel et al. [156]. In this research, the friction stir processing (FSP) was
used as synthesis process. The shape and morphology of the nanosized h-BN particles were found
unchanged during FSP, while fragmentation of TiB2 particles varied during the process. Additionally,
nano h-BN particles could enhance the wear resistance by formation of a tribo-film. Initially, the wear
rate of the AA6082 itself was measured 23.75 × 10−5 mm3 N−1 m−1 . However, by addition of
TiB2 and h-BN reinforcements, wear rate reduced around 35% and 40%, respectively. That’s why
AA6082/(TiB2 + h-BN) hybrid composite showed the wear rate as low as 13 × 10−5 mm3 N−1 m−1 .
To understand the morphological difference of the samples, Figure 19a–d exhibit the SEM images of
the worn surface related to pure AA6082, AA6082 composite containing TiB2 , TiB2 + h-BN, and h-BN
particles, respectively. As can be seen, Figure 19a indicates a plastic deformation happened in
the parent material, and the worn surface of the composite reinforced by TiB2 is covered by wear
debris (demonstrated in Figure 19b). However, in Figure 19c, the worn surface is debris-free due
to the lubricative role of h-BN as well as load distribution of TiB2 to lower the material removal.
In the other words, by acting as a solid lubricant, h-BN forms a tribo-film on the worn surface and
creates a smoother surface [157]. Hence, it is expected that the presence of wear debris shown in
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Figure 19b is due to the absence of h-BN. Lastly, wear debris in Figure 19d which are related to AA6082
and AA6082/h-BN particles is originated from material removal in the adhesive mechanism, which was
much lower in the presence of TiB2 , as well as the abrasive mechanism [158]. Importantly, presence of
J. Compos.
Sci. 2020, 4, x FOR PEER REVIEW
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TiB
2 and h-BN in the wear interface can altered the wear mechanism from adhesive to abrasive [156].

Figure 18. SEM micrographs of the worn surfaces of (a) Si3 N4 and (b) Si3 N4 /20% h-BN (Reprinted
Figure 18. SEM micrographs of the worn surfaces of (a) Si3N4 and (b) Si3N4/20% h-BN (Reprinted with
with permission from Elsevier, Copyrights 2017) [150]. (c,d) Friction coefficient of pure composite and
permission from Elsevier, Copyrights 2017) [147]. (c,d) Friction coefficient of pure composite and with
with CNT, h-BN, h-BN0.75 C0.25 , h-BN0.5 C0.5 , h-BN0.25 C0.75 (Reprinted with permission from Elsevier,
CNT, h-BN, h-BN0.75C0.25 , h-BN0.5C0.5 , h-BN0.25C0.75 (Reprinted with permission from Elsevier,
Copyrights 2019) [151]. (e) COF of Cu/h-BN composites compacted at 700 MPa and sintered at 950 ◦ C
Copyrights 2019) [148]. (e) COF of Cu/h-BN composites compacted at 700 MPa and sintered at 950 °C
for 2 h at sliding speed of 0.2 m s−1-1 and 30 N load; (f) Wear rate of Cu/h-BN composites compacted
for 2 h at sliding speed of 0.2 m s and 30 N load; (f) Wear rate of Cu/h-BN composites compacted
under 700 MPa and sintered at 950 ◦ C for 2 h at sliding speed 0.2 m s−1 (Reprinted with permission
under 700 MPa and sintered at 950 °C for 2 h at sliding speed 0.2 m s-1 (Reprinted with permission
from Elsevier, Copyrights 2015) [155].
from Elsevier, Copyrights 2015) [152].
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addition of BNNPs and their self-lubrication characteristic enhanced the weight loss resistance.
Figure 19f illustrates the worn surface of neat Ni3Al containing large debris, while the finer particles
in debris on the worn surface of the composite can be seen, causing a lower wear rate [156]. In another
research, the high temperature tribological properties of Ni-based self-lubricating coatings deposited
by atmospheric plasma sprayed coating were studied [158]. The outcomes displayed that the COF
and wear rate of the samples containing 5 wt.% and 10 wt.% of h-BN decrease when the temperatures
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worn surface of neat Ni3 Al containing large debris, while the finer particles in debris on the worn
surface of the composite can be seen, causing a lower wear rate [159]. In another research, the high
temperature tribological properties of Ni-based self-lubricating coatings deposited by atmospheric
plasma sprayed coating were studied [161]. The outcomes displayed that the COF and wear rate of
the samples
5 wt.%
and 10 wt.% of h-BN decrease when the temperatures is elevating
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presence of both h-BN and graphite provides a good source of solid lubricant and higher volume of
this source supports the formation of the layer [161]. Further increase in h-BN content of lubricant
leads to a higher COF, because of remains following the removal of materials on the wear surface.
However, lower proportions of h-BN in the mixtures enhanced mechanical properties. Figure 20b
exhibits mechanical strengths for the composite with different wt.% of lubricant as well as different
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h-BN and graphite provides a good source of solid lubricant and higher volume of this source supports
the formation of the layer [164]. Further increase in h-BN content of lubricant leads to a higher COF,
because of remains following the removal of materials on the wear surface. However, lower proportions
of h-BN in the mixtures enhanced mechanical properties. Figure 20b exhibits mechanical strengths
for the composite with different wt.% of lubricant as well as different vol.% of h-BN and graphite.
In each group reduction in tensile strength with higher volume of h-BN is clearly shown. For instance,
in total amount of 10% lubricant, with 1% h-BN the tensile strength is 225 MPa while 1.75% and 2.5%
of h-BN in lubricant drop it to 170 and 155 MPa, respectively. Considering 1% h-BN in lubricant, for 5%
of total lubricant, tensile strength is 285 MPa. While this amount is 250 MPa for 7.5% of lubricant and
225 MPa for 10% of it. This may be due to the discontinuity which occurs in matrix as a result of having
solid lubricants [165]. Consequently, the best mechanical and simultaneously tribological improvement
can be achieved in 1 vol.% of h-BN and 9 vol.% of graphite [163]. The recent developments in h-BN
reinforced composites for tribological applications is summarized in Table 2.
3.2. Lubrication Additive
Except enhancing the tribological properties of metal, ceramic, and polymer matrices, h-BN can be
used as lubrication additive in water or oil [131,166–168]. In one investigation, benefiting from different
synthesis routs and treatments, BNNSs with different microstructure and sizes were obtained [169].
The samples obtained from route 2 (Equation (10)) were characterized by thin and small surface area,
in contrast, the BNNSs of route 1 (Equation (9)) were relatively thicker and larger. Utilizing them as
the lubrication additive in water revealed that the COF of bulk h-BN is near to pure water within
the sliding test. In the case of BNNSs, the results become different; the behavior of all the samples
became approximately the same till 500 s. Afterwards, up to 1800 s, the COF of BNNSs-2 and BNNSs-A
gradually increased, whereas BNNSs-1 kept its COF low (Figure 20c). The possible reason is declared
as poor mechanical strength of BNNSs-2 and BNNSs-A, which easily could be broken under applying
high loads. However, thick and large BNNSs-1 can tolerate higher loads. The reason behind not
appropriate performance of bulk h-BN can be the poor dispersion in water. The wear rate variation of
the samples was seen similar to the COF behaviors. It can be concluded that the size of nanoparticles
strongly affects the tribological properties of materials. Typically, size reduction should result in
lowering wear resistance since a high density of defects is introduced to the structure and degrades the
mechanical properties.
air, 900 °C, 3h

Route 1 (R1 ) : H3 BO3 + Zn(CH3 COO)2 −−−−−−−−−−−→ Zn3 (BO3 )2 + ZnO
NH3 , 1200 °C, 3h

(9)

−−−−−−−−−−−−−→ BNNSs − 1
NH3 , 1200 °C, 3h

air, 800 °C, 1h

Route 2 (R2 ) : H3 BO3 + Zn(CH3 COO)2 −−−−−−−−−−−−−−→ BNNSs − 2 −−−−−−−−−−−→ BNNSs − A (10)
In an investigation, composite nanostructure of graphene and BNNSs was utilized to enhance
the friction-reducing and anti-wear lubrication performance of oil [170]. This nanoparticles with
diameter of larger than 200 nm and thickness of 10 nm were synthesized via high-energy ball milling
for 20 h. The result of this harsh process was a flexible layered structure which can decrease the
COF significantly and the wear scar diameters through providing mending and polishing effect
(Figure 20d,e). It is worthy to note that the higher duration of ball milling caused reduction in the size
of nanosheets, promoting forming an inflexible and agglomerated nanosheets. Surprisingly, benefiting
computational calculations it was predicted that a large enough heterostructure of graphene/h-BN can
lead to a low COF [31].
To show the excellent tribological properties of h-BN due to the interlayer slip, Xiaojing et al. used
it as lubricant additive to Gas to Liquid-8 (GTL-8) as base oil [171]. Boron Nitride nanosheets were
synthetized by molten alkali-assisted exfoliation and the mixture (2.84 g NaOH, 2.16 g KOH and 1 gr
h-BN) was maintained in reactor for 2 and 6 h in 180 ◦ C, and samples were respectively named BNNS-1
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and BNNS-2. This increasing of exfoliation time led to declining the thickness from about 150 nm for
raw h-BN to 45 and 3 nm for BNNS-1 and BNNS-2, respectively. The tribological assessments revealed
that utilizing 0.3 mg mL−1 BNNS-1 in GTL-8 has represented the best performance by roughly 35% and
95% reduction in COF and wear volume, respectively. Figure 20f–h exhibits the wear surface taken by
TEM. In the case of BNNS-1, a tribo-film can be observed with a thickness of 150 nm, as it is marked in
Figure 20f. The same way in Figure 20g,h formed tribo-film with the thickness of 50 nm and 40 nm are
shown in wear surface of h-BN and BNNS-2, respectively. The thick tribo-film of 150 nm corresponds
to superior performance of BNNS-1. Also, having some wear debris on the worn surface as black
J. Compos. Sci. 2020, 4, x FOR PEER REVIEW
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Figure 21. (a) Schematic of BNNS-ODTES structure. (b) Wear parameters of polyol ester lube oil with
Figure 21. (a) Schematic of BNNS-ODTES structure. (b) Wear parameters of polyol ester lube oil with
and without h-BNNPs-ODTES (concentration: 0.04 mg mL−1
) under bi-directional sliding contact.
and without h-BNNPs-ODTES (concentration: 0.04 mg mL-1) under bi-directional sliding contact.
−1 , sliding distance: 100 m. Microscopic images of worn track on the
Load: 2 N; speed: 3 cm·sec
Load: 2 N; speed: 3 cm∙s-1, sliding distance: 100 m. Microscopic images of worn track on the steel disc
steel disc after the lubrication tests under the 2N load. Prior to microscopic analyses, steel discs were
after the lubrication tests under the 2N load. Prior to microscopic analyses, steel discs were thoroughly
thoroughly washed to remove the physisorbed content on the materials. (c) Lubricated with polyol
washed to remove the physisorbed content on the materials. (c) Lubricated with polyol−1ester and (d)
ester and (d) lubricated with of h-BNNPs-ODTES blended polyol ester (dose: 0.04 mg
mL ) (Reprinted
lubricated with of h-BNNPs-ODTES blended polyol ester (dose: 0.04 mg mL-1) (Reprinted with
with permission from American Chemical Society, Copyrights 2015) [173].
permission from American Chemical Society, Copyrights 2015) [170].
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Table 2. Summary of recent developments in composites reinforced with h-BN for enhancing tribological properties.
Matrix

Filler & Content

Procedure

COF

Wear Rate

Other Features

Ref.

Poly aryl ether ketone
(PAEK)

h-BN (10 wt.%)

Hot air circling and
injection molding

Minimum COF was shown in
composite with 10 wt.% of
h-BN

Minimum wear rate was
shown in composite with 10
wt.% of h-BN

Self-lubrication nature of BN

[174]

PAEK

h-BN in a combination of
micro 7% and nano 3%

Magnetic stirring and
injection molding

With micro h-BN = 0.055
With micro and nano h-BN =
0.046

-

Fiber damage in micron size.
Flat surface of fiber and no
de-bonding of fibers in
nano size

[143]

Epoxy

Nano h-BN (1 wt.%)

Liquid casting method

Lowest COF at 1 wt.% h-BN
which was 0.48

Lowest wear rate at 1 wt.%
h-BN which was
3 × 10−5 mm3 ·N−1 ·m−1

Restricting crack development
by BN and higher lubricity

[175]

Removing direct contact
between sliding surfaces and
less adhesive wear

[140]

Lower wear rate with c-BN is
due to its hardness and hard
particles of it in sliding
interface increases the COF

[141]

Synergetic role of h-BN and
carbon fiber

[137]

Epoxy

0.5 wt.% of c-BN and
h-BN

Exfoliation and
ultrasonic treatment

COF with 0.5 wt.% c-BN/Epoxy:
9.74% lower than epoxy
COF with 0.5 wt.%
h-BN/Epoxy: 12.4% lower
than epoxy

Wear rate of 0.5 wt.%
c-BN/epoxy:
5.6 × 10−4 mm3 ·N−1 ·m−1
Wear rate of 0.5 wt.%
h-BN/epoxy:
5.88 × 10−4 mm3 ·N−1 ·m−1
Wear rate of epoxy:
22.28 × 10−4 mm3 ·N−1 ·m−1

Epoxy

h-BN and c-BN

Heat treated, centrifuged, and
dried in furnace

In dry sliding with h-BN = 0.62
In dry sliding with c-BN = 0.73

Wear rate in dry sliding with
h-BN was higher than c-BN

Polyoxymethylene
(POM)

3% h-BN
(POM/10CF-3h-BN)

Hot press and heating at 190 ◦ C

With 3% h-BN was between
0.13 to 0.14 in different loadings

B4 C

h-BN (20 wt.%)

Hot press sintering under 350
MPa at 1800 ◦ C for 60 min

Without h-BN = 0.38
With 20 wt.% h-BN = 0.005

Lowest wear rate was shown in
20 wt.% of h-BN

Formation of a tribo-film on the
wearing surface

[29]

B4 C

h-BN (30 wt.%)

Hot press sintering under 350
MPa at 1800 ◦ C, for 60 min

Without h-BN = 0.58
With 30 wt.% h-BN = 0.38

Lower wear coefficient with
increasing h-BN content;
Lowest wear coefficient in
30 wt.% of h-BN

Formation of a transfer film on
the wearing surface, the
reduction of the percentage of
hard particles

[176]

Si3 N4

h-BN (20 wt.%)

Hot press sintering under 30
MPa at 1800 ◦ C for dwell time
of 30 min

Without h-BN = 0.58
With 20 wt.% h-BN = 0.302

Minimum wear rate was
2.93 × 10−6 mm3 ·N−1 ·m−1 in
20 wt.% of h-BN

Forming a tribo-chemical film
in contact surface of
sliding pair

[150]

Si3 N4

h-BN (20 wt.%)

Hot pressing

Without h-BN = 0.58
With 20 wt.% h-BN = 0.31

Lowest wear rate at 20 wt.%
h-BN

Forming a tribo-film of
metal oxide

[177]

c-BN

h-BN (5 to 15 wt.%)

Ball mixing for 30 min and
sintering at 880 ◦ C for 30 min

With 5 wt.% h-BN = 0.7
With 15 wt.% h-BN = 0.3

Wear volume in 5 wt.% h-BN =
0.126 mm3 ·N−1 ·m−1
wear volume in 15 wt.% h-BN
= 0.135 mm3 ·N−1 ·m−1

Forming a tribo-layer in
friction interface

[148]

Wear rate with 3%
h-BN = 6.3 × 10−7 mm3 ·N−1 ·m−1
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Table 2. Cont.
Matrix

Filler & Content

Procedure

COF

Wear Rate

Other Features

Ref.

CNT

h-BN0.75 C0.25 ,
h-BN0.5 C0.5 , h-.25 C0.75

Covalent crosslinking

Lowest COF was shown in
BN0.5 C0.5

Lowest wear rate achieved for
BN0.5 C0.5

Smooth worn surface due to a
tribo-film

[151]

AA6082

TiB2 and h-BN
(50% TiB2 + 50% h-BN)

Friction stir processing

Lower COF with increasing
h-BN

Wear rate of AA6082 =
23.75 × 10−5 mm3 ·N−1 ·m−1
wear rate of AA6082/50% TiB2
+ 50% h-BN =
13 × 10−5 mm3 ·N−1 ·m−1

Change of wear mechanism
from adhesive to abrasive due
to TiB2 and BN in the
wear interface

[156]

Fe–Si–C

h-BN and graphite (10%
of lubricant containing
h-BN: 1 vol.% and
graphite: 9 vol.%)

Isothermal sintering at 500 ◦ C
for 30 min

Lowest COF in the composite
with 1 vol.% of h-BN and 9
vol.% of graphite

An improvement in wear
resistance in the composite
with 1 vol.% of h-BN and 9
vol.% of graphite

Formation of a oxide layer due
to tribo-chemical reaction

[163]

Ni–Ag–Al–MoS2

h-BN (5 wt.%)

Ball milling for 8 h at 200 rpm

Without = 0.32
With 5 wt.% h-BN = 0.23

Lowest wear rate was found in
5 wt.% h-BN

No direct contact between
sliding pair due to a
tribo-layer formation

[161]

Ni60

Nano-Cu and h-BN (from
room temperature to
600 ◦ C)

Ball milling for 3 h at 300 rpm,
Laser cladding at 3 kW and
scanning speed of 2 mm s−1

At all temperatures:
minimum COF was found with
nano-Cu and h-BN lubricant
and it was 0.323 at 600 ◦ C

At all temperatures Ni60 with
nano-Cu and h-BN lubricant
showed the minimum
wear rate

Change of wear mechanism
from abrasive to adhesive
above 400 ◦ C

[178]

Ni3 Al

h-BN nano plate (BNNP)

Electrostatic absorption
dispersion method

Without BNNP = 0.30
With BNNP = 0.22

Depth of wear track for Ni3 Al
= 0.35 µm, depth of wear track
for Ni3 Al/BNNP = 0.28 µm

Weight loss resistance due to
self-lubrication characteristic

[159]

Al6061

h-BN and Al2 O3
(30 h-BN-10 Al2 O3 -5 C)

Stir casting

-

Lowest wear rate for 30
h-BN-10 Al2 O3 -5 C due to hard
h-BN and Al2 O3 particles
reinforcement

Self-lubrication nature of BN
and C. Wear mechanism
was adhesive.

[179]

Co

10 wt.% h-BN

Ball milling and cladding on a
die steel sheet

Without h-BN = 0.52
With 10 wt.% h-BN = 0.422

Wear rate with 10 wt.% h-BN =
7.5 × 10−5 mm3 ·N−1 ·m−1
Wear rate with 10 wt.% h-BN =
24.9 × 10−5 mm3 ·N−1 ·m−1

Improvement in lubricity and
changing the wear mechanism
due to lubricating
characteristic of h-BN

[180]

Cu

2.5 wt.% h-BN

Electroless deposition

Without h-BN = 0.37
with 2.5 wt.% h-BN = 0.008

Wear rate increases with higher
amount of h-BN

Higher wear rate with addition
of h-BN is due to the low shear
strength. Reduction in COF
attributes to lubricity of h-BN

[155]
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4. Conclusions and Future Perspectives
To recapitulate, 2D h-BN nowadays encompasses almost all geographic borders of scientific realms
with its outstanding properties including high TC, electrical insulation character with its tunable
5.9 eV band gap, excellent chemical/thermal stability, superior resistivity against corrosion/oxidation
and being and intrinsically lubricant material as a result of its layered structure. To be more specific,
having high TC and dielectric characteristics at the same time, arises numerous research interests in
this material to be utilized as a reinforcement agent towards enhancing heat transfer quality of PMCs
in the electronic packaging industry. Since h-BN is regarded as an anisotropic filler with a distinctive
difference in its in-plane and out-plane TCs, the overall TC of the h-BN-reinforced polymer composite
is correlated to filler’s alignment in the polymer matrix, filler’s functional groups, the quality of fillers
dispersion and the effort in producing a continuous heat conduction path, filler-filler and filler-polymer
interfacial properties. In addition, possessing atomic flatness, high aspect ratio, and crystallinity of
h-BN favors efficient heat dissipation without the formation of localized hot spots. According to
theoretical points of view, BNNSs takes precedence from bulk h-BN due to the suppressed phonon
scattering in the few-layered materials. Thereby, many efforts have been devoted to controlling the
orientation of h-BN platelets through synthesis techniques to exploit the ultimate potential of its high TC
in polymer composites. Herein, we discussed comprehensively the most common techniques focused
on orientation manipulating and incorporation of h-BN fillers which are freeze-drying, magnetic
field/template-assisted, CVD, mechanical milling, and electrospinning. Apart from that, easy sliding
layers, low friction coefficient as a result of low shear strength and ability to function in a wide range
of environments such as wet/dry/oxidative/high temperatures have been favored in producing highly
durable composites with increased wear resistance.
Despites of virtues and merits of h-BN in improving thermal properties and tribological behaviors
of polymer/metal/CMCs, this research topic is still faced with some challenges that affects the overall
performance of the final composite in their relevant applications and hinders h-BNs utilization in those
fields. The first challenge is developing fully controlled BNNSs in terms of crystallinity, morphology,
number of layers, functionalization and surface chemistry. The next one aims at the compatibility of
the BNNSs-matrix interface that plays a crucial role in their correspondence application. Meticulous
evaluation of these problems undoubtedly paves a new path for the utilization of h-BN in novel
thermal and tribological applications where other materials could not enter and endure.
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