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Abstract: Aramid, chemically known as para phenylene terephthalamide or PPD-T, has been widely
used in the reinforcement of telecommunication cables, rubber materials (transmission belts, pneu-
matic belts), ballistic clothing, and frictional materials primarily due to their high tensile resistance,
high elastic modulus, and excellent thermal stability (−80–200 ◦C). These unique properties of aramid
originate from its chemical structure, which consists of relatively rigid polymer chains linked by
benzene rings and amide bonds (-CO-NH-). Here, in this work inspired by these properties, a heat
spreader called Thermal Interface Material (TIM) is developed by synthesizing a resin from scrap
aramid fibers. When hexagonal boron nitride (h-BN) as filler is introduced into the as-synthesized
aramid resin to form a thin film of thermal sheet (50 µm), an in-plane thermal conductivity as high as
32.973 W/mK is achieved due to the firmly stacked and symmetric arrangement of the h-BN in the
resin matrix. Moreover, the influence of h-BN platelet size is studied by fabricating thermal sheets
with three different sizes of h-BN (6–7.5 µm, 15–21 µm, and 30–35 µm) in the aramid resin. The results
of the study show that as platelet size increases, thermal conductivity increases significantly. Since the
resin reported herein is developed out of scrap aramid fibers, the cost involved in the manufacture
of the thermal sheet will be greatly lower. As the thermal sheet is designed with h-BN rather than
graphene or carbonaceous materials, this high heat spreading sheet can be employed for 5G antenna
modules where properties like a low dielectric constant and high electrical insulation are mandated.

Keywords: hexagonal Boron Nitride (h-BN); scrap aramid; heat spreader; TIM

1. Introduction

New advanced and next-generation technologies such as artificial intelligence, au-
tonomous vehicles, wearable devices, smart cities, wireless technology, and virtual reality
are rapidly developing and already impacting life around the globe. Alongside these
advancements, another advanced technology essential to all these technologies is 5G com-
munication. Since this fifth generation of mobile network enables high transmission speed,
low latency, and hyper-connectivity, it creates a wide range of opportunities in production
operations, where latency of even a few microseconds could cause costly disruptions for
the manufacturer, and in autonomous vehicle operations, where it facilitates handling
the massive data requirements of cellular vehicles. In the telecommunications sector, to
contend with the phenomenal growth in data and connectivity, the 5G networks bring
in bigger channels for faster data uploads as well as downloads, and also for connecting
multiple devices at once [1].

Generally, to maintain a network functioning with such astounding capabilities, 5G
technology demands high-power components that utilize lots of energy, and this energy
utilization means an immense amount of heat is generated, which can be pernicious to
device performance, reliability, and the lifespan of the electronic devices [2]. As far as 5G
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mobile devices are concerned, the mobile antenna, chip, and numerous radio units must be
housed in a smaller space. This heavy packing density of the components during operation
generates uncontrolled heat, and if left unmanaged, electronic components could burn out,
resulting in complete breakdown and network failures [3]. Therefore, the true success of
the 5G mobile network lies in the efficient thermal management of 5G mmWave antenna
modules. Unlike traditional thermal management techniques that use metallic and carbon-
based spreaders, 5G mmWave antenna modules require sophisticated heat spreaders
made from hexagonal boron nitride (h-BN) because metallic and graphite spreaders are
electrically conductive and cause high radio frequency interference [4]. Therefore, this type
of h-BN thermal insulation is designed to attach to 5G mmWave antennas for preventing
hot spots on the surface with minimal radio frequency interference and for maintaining 5G
signal duration to achieve a superior user experience [5–10].

In the manufacture of these specific heat spreaders for 5G mmWave antenna modules,
researchers in the field of Thermal Interface Materials (TIMs) prefer two-dimensional h-BN
as a filler material over carbon-based material due to the excellent thermal conducting
property and low dielectric constant of h-BN [11,12]. For employing it in the thermal man-
agement of electronics packaging, h-BN is dispersed in various resin systems, such as SEBS
(styrene-ethylene-butylene-styrene), TPU (thermoplastic polyurethane), PI (polyimide),
and epoxies as matrix. Some of the notable works that showed decent thermal performance
include: (i) Liu et al. developed a composite film of polyimide by blending hexagonal
boron nitride with ethyl cellulose (C20H38O11) and functionalizing graphene oxide with
2,2′-Bis(trifluoromethyl) benzidine (TFMB- GO). The resulting film, formed with ethyl
cellulose, possessed a better thermal conduction network for achieving enhanced thermal
conductivity [13] and (ii) Lin Chen et al., using a mussel-inspired approach, functionalized
the surface of BN with an infinitesimally thin layer of polydopamine coatings and fabricated
a thermal conductivity composite sheet by dispersing the above-mentioned functionalized
h-BN in polypropylene (PP) resin. This functionalized BN suppressed phonon scattering
and improved thermal conduction by improving filler dispersion and void formation in
the PP matrix [14]. Yao et al. reported a highly conductive (thermal) boron nitride/epoxy
(BN/EP) composite, wherein hexagonal boron nitrides dispersed in an ethanol solution
were filtered by a vacuum pump to form a cake of h-BN. Subsequently, the premade h-BN
cake was then infiltrated with a mixture of epoxy monomers (diglycidyl ether of biphenyl-
A), curing agent (hexahydro-4-methylphthalic anhydride), and curing accelerator (2, 4,
6-Tris dimethylaminomethyl phenol). The resulting composite sample, after degassing
and curing at 100 ◦C, delivered a thermal conductivity (k) as high as 9 W/mK at a filler
concentration of 44 vol% [15]. Similarly, Hsu et al. created polyimide composites with a
30 wt% mixture of micro- and nanosized BN (PI/BN) in a weight ratio of 7:3. It is claimed
that the micro-sized BN platelets act as primary channels for thermal passage in composites,
whereas the nanosized BN particles serve as a bridge between micro-sized platelets to im-
prove the connectivity of thermal pathways [16]. In a recent study to investigate the effect of
pressure on thermal behavior, Moradi et al. developed epoxy-thiol-filled composites with
hexagonal BN of sizes 2, 30, and 180 µm. From the experimental results, it is claimed that
the application of pressure during curing is found to significantly influence the density and
thermal conductivity of the composites, i.e., the enhancement in the thermal conductivity
was as a result of improved interfacial interaction between matrix and filler [17,18].

Although a wide range of resin systems are commercially available and have been reported
so far (polyolefins [19,20], polypropylene [21], polyethylene [22], poly (vinylidene fluoride) [23],
polyphenylene sulfide [24], diglycidylether of bisphenol-A—DGEBA [25], polyurethane [26],
polyacrylic resin [27], polyethylene oxide [27], and expanded polystyrene [28,29]) most of them
are expensive (Figure 1a), and some show poor flexibility at sufficiently high filler loadings
(>60%). Therefore, formulating a cost-effective resin system that is capable of sufficiently
dispersing h-BN to make an efficient thermal spreader for 5G antenna modules would
be highly desirable [30–33]. In search of an ideal raw material for resin formulation that
meets the fundamental criteria of cheaper price, mass producible, good impact resistance,
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and flexibility, we landed on one of the lightest and yet extraordinarily strong materials—
aramid fabric—for the synthesis of resin solution. The chemical structure of aramid is
primarily composed of relatively rigid polymer chains connected by amide bonds (-CO-
NH- attached directly to two aromatic rings) and benzene ring structures. The chemical
structure of the chain molecules is shaped in such a way that the bonds are aligned along
the fiber axis. This structural chemistry of the aramid, together with the strong bonding
between relatively short molecules, gives the material its strong tenacity, high modulus,
and tremendous toughness. Due to its toughness, flame resistivity, and high strength, it
is well-known for its use in defense (stab-resistant vest), the chemical, gas, and electronic
sectors [9] (Figure 1b). As these fabrics are used and aged, they become coarse and brittle,
losing their effectiveness and providing no protection. Since these weakened industrial
and waste fabrics are challenging to recycle, many users prefer either to incinerate them or
simply dispose of them in landfills. However, unlike other materials, aramid fabrics are
100% recyclable, and these recycled aramid-derived products can also retain its inherent
properties like low flammability, good integrity at higher temperatures, high melting point,
and tenacity. Motivated by the promising aspects of recycling aramid fibers, in this work,
scrap aramid fibers (aramid from aged product) were utilized in the manufacturing of a
cheaper resin system to replace the expensive thermosetting and thermoplastic materials.
Since the resin is made from scrap aramid, the developed h-BN/AF thermal spreader is
lightweight and possesses excellent strength and good insulation characteristics. Due to the
recycling of scrap aramid, this work could not only reduce the amount of discarded aramid
from being disposed of in the form of landfilling and incineration but also transform post-
industrial aramid waste into a truly sustainable product for electronic thermal management.
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Figure 1. A cost comparison of different resins that are suitable for heat spreader applications (a) and
a pie chart showing the aramid fiber market by application (b).

2. Materials and Method

From discarded impact-resistant panels, aramid fibers were removed and sorted from
the products that cannot be recycled. The scrap AF was dissolved in dimethyl sulfoxide
(DMSO) in the presence of potassium hydroxide (KOH) under continuous stirring for 72 h
(Figure 2). After complete dissolution of AF in the DMSO, h-BN with different wt% was
added and stirred for 1 hr. The well-dispersed mixture of AF resin and h-BN filler is then
coated into a thin film of thickness 200 µm and immersed immediately in water. The film
should remain in water for 4–6 h for a thorough solvent exchange, during which water
re-protonates the AF (Figure 3). The hydrogel film was then carefully removed from the
water and dried at 80 ◦C. The dried film was hot pressed for 30 min at 150 tons and 150 ◦C,
resulting in a uniform, flexible, and thin film with a thickness of 40–45 µm. To investigate
the effect of h-BN size on the thermal performance, various sizes of h-BN (Figure 4) were
procured (CFP-0075: 6–7.5 µm, Haihang: 15–21 µm, and PCTP30: 30–35 µm).
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3. Characterization

The structure of the (CFP-0075: 6–7.5 µm, Haihang: 15–21 µm, and PCTP30: 30–35 µm)
BNs used and the surface morphology of the samples synthesized were identified by
field emission scanning electron microscopy (FESEM; JSM-IT700HR, Joel). The thermal
properties such as thermal diffusivity—α (mm2/s), density—ρ (gm/cm3), and specific heat
capacity—Cp (J/g. K) of the fabricated sheets were determined by Laser Flash Analysis
(LFA 467, Netzsch), an electronic density meter (ES-E120D), and a Differential Scanning
Calorimeter (DSC 241 Polyma, Netzsch), respectively.

4. Results and Discussion

The thermal conductivity ‘k’ of the samples was calculated based on the transient
thermal analysis method, i.e., temperature is not held constant with respect to time [34].
From the cross-sectional SEM image (Figure 5), the lamellar arrangement of h-BN within
the aramid fibers is clearly visible. Since the scrap aramid was dissolved in a DMSO/KOH
mixture, the aramid fibers could be broken down to nanofibers, and this nanofibrous
aramid form serves as a polymeric building block that offers robust mechanical properties
to the BN composite [35–37]. During the hot-press stage, since a high pressure of 150 tons
is uniaxially applied, it introduces deliberate orientation of the BN platelets along the
horizontal direction. It should be stressed here that, by the application of pressure, not
only the majority of the h-BN filler dispersed in aramid resin were horizontally oriented
but also the BN platelets were firmly stacked between the aramid fiber networks. The
symmetrically layered arrangement of the hexagonal BN within the aramid resin offers an
increased number of connections, thereby allowing a seamless path of the thermal network
with decreased interfacial resistance [17,38–40]. The surface morphology of the composite
samples AF/BN with different h-BN sizes (CFP-0075: 6–7.5 µm, Haihang: 15–21 µm, and
PCTP30: 30–35 µm) is illustrated in Figure 5a–c and the uniform distribution of h-BN in the
proposed aramid matrix is confirmed from the elemental mapping as shown in Figure 6d–i.
Figure 7b,c, shows the in-plane thermal conductivity with respect to filler wt% (Table 1).
The loading of h-BN in the aramid solution was increased to 12, 24, 36, 48, and 60 wt%. As
anticipated, at the higher filler concentration of 60 wt%, a maximum thermal conductivity
of 23.614 W/mK was obtained. The higher the filler content, the greater the thermal
conductivity enhancement. However, usually an elevated filler fraction of 60 wt% will
severely degrade the mechanical properties like tensile strength, toughness, and flexibility
of the thermal spreader. More importantly, during processing, slurries with a higher filler
fraction possess higher viscosity and density, subsequently leading to poor coating and
dispersibility. Although the sample with a 60 wt% filler concentration showed excellent
thermal conductivity, the sample was almost rigid and exhibited poor flexibility, requiring
careful handling. Even though the sample at the filler loading of 48 wt% exhibits a 21.45%
decrease in the thermal conductivity compared to that of 60 wt%, this optimal loading
imparts good flexibility. Therefore, considering the above properties and difficulties during
processing, an optimal loading of 40 wt% h-BN is best suited for our proposed aramid
resin composite. The samples’ Cp with respect to filler loading BN has been identified
from differential scanning calorimetry (DSC), and it was determined to be 1.098 J/g.K,
0.915 J/g.K, and 0.807 J/g.K for samples AF with no fillers, AF with 36 wt% h-BN, and
AF with 60 wt% h-BN, respectively. The thermal diffusivity of all the samples along the
through-plane direction was not significantly higher compared to the in-plane direction,
and this can be attributed to the fact that the h-BN, due to its platelet morphology, likely
aligns in the direction of resin flow (horizontally), forming effective thermal networks that
are favorable for spreading heat. In addition to its heat transfer properties, it is highly
advantageous for the heat spreader to show great insulation whenever electric elements
are insulated from each other and the ground, and this insulating behavior is obtained by a
breakdown voltage test. Our composite samples with h-BNs (CFP-0075: 6–7.5 µm; Haihang:
15–21 µm; and PCTP30: 30–35 µm) dispersed in aramid resin were capable of withstanding
a voltage of 1.5–1.8 kV/mm. The proposed thermal sheet, after withstanding this high
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voltage, will conduct electricity, and it should be noted that this value is not guaranteed in
real-time application over time.
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Table 1. Thermal diffusivity measurement settings are tabulated below [40].

Parameters Through Plane In-Plane

Detection size 12.5 mm 24.80 mm

Sample coating Graphite Graphite

Voltage 260 V 250 V

Duration 2000 ms 4000 ms

Pulse width 30 µs 50 µs

Main gain 5087 5087

By fixing the filler concentration at 48 wt%, the influence of the size of the h-BN on
the thermal performance of the heat spreader was investigated by using fillers of average
sizes 6–7.5, 10–15, and ~30 µm. From Figure 7d, it can be observed that as the h-BN size
increases, proportionally, the thermal conductivity (in-plane) also increases, suggesting
that larger sizes and higher wt.% are more effective towards heat dissipation. It has been
found that PCTP30 BN platelets with the size of 30–35 µm delivered the maximum in-plane
conductivity of 32.973 W/mK, whereas h-BNs falling under the size range of 6–7.5 µm
(0075) and 15–21 µm (Haihang) exhibited a conductivity of 18.547 and 23.870 W/m.K,
respectively (Table 2). This is due to the fact that when smaller h-BN fillers are used,
interference with thermal transfer will be high, whereas if a larger particle size is employed,
a smooth and uninterrupted (with less resistance) heat flow can be achieved. This can be
explained theoretically by calculating the interfacial area, which is given by the ratio of
area to volume (A/V) of the h-BN:

A
V

=
2
t
+

8(
d√3

)′ (1)

where t—thickness (assume t = 0.2 µm) and d—particle size.
Reference BN (CFP-0075), A/V = 2/0.2 + 8/(7.5

√
3) = 10.615 µm−1.

Haihang, A/V = 2/0.2 + 8/(25
√

3) = 10.184 µm−1.
PCTP30, A/V = 2/0.2 + 8/(35

√
3) = 10.132 µm−1.

Table 2. Comparison of the thermal conductivity of the AF/BN with that of other high-loading
BN-based composite films.

Composite k (W/mK) Reference

f-BNNS/PVA 90/10 4.5 [41]

BN/PVA 57/43 7.47 [42]

f-BNNS/CNF 70/30 30.25 [43]

BNNS/GO 95/5 29.8 [44]

BNNS/GO 11.9 [45]

ANF/BNNS 90/10 2.4 [46]

AF/BN 32.973 This work
f-BNNS: functionalized BN nanosheets; PVA: poly(vinyl alcohol); ANF: aramid nanofiber; GO: graphene oxide;
CNF: cellulose nanofiber.

A lower A/V value suggests a smaller interfacial area, i.e., the larger h-BN (25 µm)
provides significantly more continuity for the heat transport in the parallel direction than
the smaller h-BN (7.5 µm). The sample, even after 500 bending cycles, retained its thermal
conductivity, as only a deviation of 5–6% was observed. From the results of the study, it
can be claimed that scrap aramid can be utilized in the manufacture of low cost, durable
heat spreaders for TIM applications.
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5. Conclusions

By utilizing aramid fibers from scrap, a low-cost resin system is developed for TIM
applications. The introduction of h-BN platelets into the aramid resin aided in the formation
of thermally conductive channels, while the aramid nanofibers in the resin served as a
polymeric building block that offers robust mechanical properties. The study has been
extended by investigating the effect of BN platelet size on thermal conductivity. It has been
found that PCTP30 BN platelets with the size of 30–35 µm delivered the maximum in-plane
conductivity of 32.973 W/mK, whereas h-BNs falling under the size range of 6–7.5 µm
(0075) and 15–21 µm (Haihang) exhibited a conductivity of 18.547 and 23.870 W/m.K,
respectively. By the process of hot pressing at a sufficiently high pressure of 150 tons,
most of the h-BN fillers dispersed in aramid resin were symmetrically and yet horizontally
oriented in the aramid fibers, which allowed for a seamless path of the thermal network.
However, given the promising thermal performance of the sheet made from scrap aramid,
the current work also highlights the feasibility of recycling discarded fiber waste for thermal
management applications.
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