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growing demand for heat dissipation management materials was urgent. However,
Keywords: the continuous fabrication of thin highly thermally conductive polymer composites
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V' Aluminum nitride; of fillers. in this, we reveal an effortless, effectual method to progress the thermal
v Rice husk; conductivity by using hybrid filler rice husk (RH) and aluminum nitride (AIN) with

v’ Thermal conductivity (TC),

. . . . o
V' Coefficient of Thermal Expansion epoxy resin were made by hand layup technique and varied weight from 30 to 40 %

with different ratios (1:1, 1:3. & 3:1 wt. %) are considered in the current research
Citation: Balaji J., Nataraja M. M.., study. The thermal characteristics like thermal conductivity is determined by using
Sadashiva K. (2023) Studies on Lee disc method. Co efficient of thermal expansion (CTE) and glass transition
thermal characterization of hybrid — temperature (Tg) are determined by using Thermal mechanical analyzer (TMA) by
filler polymer composites with Rice . h ¢ d it Hvybrid e’ lecul
husk and  Aluminium nitride. J. varying wi empera ure under nitrogen gas. Hybri c'ompos1.e s I.nO ecular
Mater. Environ. Sci.,14(4), 511- structure and peripheral morphology analyses as well as the interaction with epoxy

519. resin are studied under the scanning electron microscope (SEM).

1. Introduction

Due to the demands of both commercial and domestic clientele, technology has substantially
evolved over time (Lee et al., 2021). Electronic components have evolved into increasingly
sophisticated gadgets (Kim et al., 2020). One of the significant advancements made in recent decades
is the speedy processing of gadgets (Jian et al., 2018) like computers and smart phones. However,
because of the increased heat generated throughout device operation, these developments have also led
to a rise in the heat flow from electronic components (Wu et al., 2020; Blaschike et al., 2021; Sadashiva
K. et al, 2023). It is widely established from numerous research and practical experience that the
thermal environment they operate in directly affects the stability and lifespan of electronic components
(Lee et al., 2021; Moradi et al., 2021, Sadashiva. K et al, 2023). In order to keep the working
temperatures of devices at an acceptable level, it is crucial that the heat that has accumulated inside the
device is dispersed as quickly as feasible. Current advances in heat dissipation include the invention of
under fill materials and electronic encapsulation, which are now the most cutting-edge methods
available. In order to protect the die bumps from thermo-mechanical stress created between the die and
substrate or another die and to improve the link strength of electrical junctions, an ideal under fill
material must not only have high thermal conductivity but also a low coefficient of thermal expansion.
Failure to do so could result in equipment malfunction (Lee et al., 2017; Chang et al., 2017). Underfill
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materials are typically polymer composites filled with fillers that have high thermal conductivity, such
as epoxy matrix mixed with silica particles. Despite the remarkable performance of polymer
composites, Underfill encapsulated materials with improved mechanical characteristics and better TC
are commonly needed for future-generation chip connectors (Ren et al., 2014; Dittanet et al., 2017).
Very thermally conductive fillers have frequently been added to epoxy matrices to produce composites
with thermal conductivity higher than the neat matrices' typically quite low (0.1-0.3) W/(m*K) values.
(Bai et al., 2021; Salunke et al., 2021). Metals and ceramics like silver, aluminium, copper, AIN and
BN are examples of typical filler materials to enhance thermal conduction (Ouyang et al., 2018; Sun
et al., 2018). Yet with the quick development of materials and technology, numerous novel materials
have been used, including carbon-based materials to enhance the polymer composite thermal
conductivity (Soong et al., 2021). The widespread use of such novel materials in electronic packaging
is nonetheless constrained by the high electrical conductivity of carbon nano-materials (Samsudin et
al., 2022; He et al., 2019). The inherent characteristics of flake particles, however, have proven in
several experiments that it is difficult to reach the specified thermal conductivity by improving
dispersion and obtaining high boron nitride content (Moradi et al., 2019; Isarn et al., 2021; Nayak et
al., 2019). Thermal conduction channels the connections between filler particles and matrices are
crucial to thermal conductivity. Filler loading, filler distribution, filler inherent qualities (i.e., size,
shape, and form), filler high specific surface area, filler orientation, filler-matrix interface suitability,
and process parameters are just a few of the variables that influence the creation of these conductive
pathways (Kimet al., 2015; Bae et al., 2016; Dang et al., 2019; Chiu et al., 2011; Lee et al., 2022; Zhang
et al.,2021; K. Sadashiva et al, 2022). Creating continuous thermally conductive pathways in the
polymer matrix by fusing different material characteristics and building a connected heat-conductive
structure is also a good way to increase heat conduction, decrease the thermal resistivity at the matrix
and filler interface, and maximize filler consumption. Using hybrid fillers in composites with various
proportions has been associated with enhance heat conductivity, according to numerous research. With
superior filler distribution of BN and graphene oxide at different proportions in polymer matrices,
(Huang et al., 2017) achieved improved thermal conduction than neat polymer resin. HDPE was made
by (Feng et al., 2022) using 3 wt% MWCN and 30 wt% BN as fillers. Compared to the binary and
ternary composites, the ternary composites displayed a higher thermal conductivity1.54 W/m* (Ramu
et al., 2022) investigated the thermal conductivity of polymer composites containing a hybrid filler of
rice husk and MWCNT and discovered that thermal conductivity increases with MWCNT
concentration rather than rice husk presence. Thermo-gravimetric analysis performed by (Tejsingh et
al., 2019) revealed that increasing the rice husk and walnut shell particles improved the thermal stability
of the hybrid composites. (Dayanidhi Jena et al., 2022) compared the thermal conductivity of hybrid
polymer composites with rice husk and carbon fiber reinforcement of experimental value with
mathematical model and discovered that experimental values are close to analysis value. (Balaji et al.,
2022; Balaji et al., 2022; Ngo et al., 2019) investigated the thermal conductivity of hybrid filler
composites with randomly distributed fillers numerically and experimentally, and discovered that
numerical values are very close to experimental values, allowing the cost of composite fabrication to
be significantly reduced. (Naizi et al, 2014) performed heat conduction and coefficient of thermal
expansion simulations by creating RVE models in Digimat and importing them into Cosmol. The
results were not closer to the experimental values.

In this study simple approach was utilized for fabrication of hybrid filler composite by simple hand
layup method. Thermal characterization of prepared specimens with varying ratios and weights of rice
husk (RH) and aluminium nitride (AIN), as well as the impact of filler on polymer. SEM was used to
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perform morphological analysis of the hybrid filler interaction with neat epoxy. Ansys software was
used to simulate the effective thermal conduction, which was then compared to experimental values.

2. Experiments

The main components of the composite were epoxy, aluminium nitride, and rice husks. From vruksha
composites in Telangana, rice husks and micro-sized aluminium nitride with a particle size of 25
microns were purchased. Epoxy (LY 556), also known as Bisphenol-A-Diglycidyl-Ether, is used as the
matrix material (BADGE or DGEBA). When epoxy is combined with the hardener tri-ethylene-
tetramine (TETA), an aliphatic essential amine with the trade name HY 951, it produces a solvent-free
room temperature curing system. Nano Technologies Bangalore supplied the hardener HY-951 and the
epoxy resin LY 556.Table 1 Details of materials.

Table 1. Details of materials

Material description Particle size in pm TC (W/m K) Density (g/cc)
Epoxy 0.310 1.1
Rice husk 100 0.03 0.5
Aluminium nitride 25 200 3.26
A B C

Figure 1. A Epoxy B Rice husk C Aluminium nitride

2.1 Preparation of epoxy with hybrid filler

The traditional hand lay-up process is used to make the epoxy-based hybrid composites. For this
investigation, two different types of fillers were used; one was synthetic AIN and the other was
organic RH, and both were distributed at random. fabrication of specimens with various weight
proportions, such as 30 and 40 weight percent, while maintaining weight ratios of 1:1, 1:3, and 3:1
between aluminium nitride (AIN) and rice husk (RH). The positioning and naming of several
composite specimens created utilising epoxy as the basis matrices are shown in Table 1 below,
accordingly. Epoxy LY 556 and hardener HY951 are combined in this composite matrix at a ratio of
10:1 by weight, as recommended. Sensibly increased amounts of AIN and RH were added to the
Epoxy matrix as needed to ensure uniform particle dispersion and prevent large molecule aggregation.
The mixtures were combined into a single batch and stirred mechanically for 30 minutes at room
temperature. The mixture was then degassed after being heated to 50° C. The samples were created
using a traditional casting process in a wooden mould. The mould has been treated with a releasing
agent to make it simple to remove the composite material. The specimens were created using a wood
mould and a traditional casting technique. The mould has been treated with a releasing agent to make
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it simple to remove the composite material. The uniformly combined solution is slowly poured into
the 30x30x0.3 centimeter wood mould. The castings were allowed to cure for 24 hours at room
temperature. The curing took place in an oven for 1 hour at 80°C, followed by 2 hours at 145°C, and
then it was cooled at room temperature to obtain the AIN/RH filled epoxy composite. The composite
was then removed from the mould and cut using a water jet in accordance with ASTM requirements
to conduct the thermal properties.

Table 2 Composite composition with varying weight and ratios

Sino Ratio Composite composition
1 1:1 RAC7 Ep (70 wt.% ) + RH (15 wt.% ) + AIN (15 wt.% )
2 RACS Ep (60 wt.% ) + RH (20 wt.% ) + AIN (20 wt.% )
3 1:3 RAC9 Ep (70 wt.% ) + RH (22.5 wt.% ) + AIN (7.5 wt.% )
4 RACI10 Ep (60 wt.% ) + RH (30 wt.% ) + AIN (10 wt.% )
5 3:1 RACI11 Ep (70 wt.% ) + RH (7.5 wt.% ) + AIN (22.5 wt.% )
6 RACI12 Ep (60 wt.% ) + RH (10 wt.% ) + AIN (30 wt.% )

2.2 Investigation Technique

Thermal characteristics of the hybrid polymer composites specimen was determined as per ASTM
standards. The dimension of the specimen should be 10 cm diameter with thickness 3 mm for testing
thermal conductivity by using Lee hot disc method, the specimen was placed between top hot plate and
bottom cold plate and studied the heat conduction between plates through the hybrid polymer sample.
Co-efficient of thermal expansion is most important property of the material in which the material
could expand or contract due to rise in the temperature. The linear co efficient of thermal expansion of
polymer composite was measured by using Thermal mechanical analyzer (TMA). The glass transition
temperature is an ideal property of the material and it is determined by using TMA. The samples were
cut to required dimension 8 X 3X 3 mm and heated in rig at a rate of temperature 5° C/ min to 130 °
C under the atmosphere of nitrogen. Samples for scanning electron microscopy (SEM) were prepared
by shattering a rectangular sample using diagonal cutting pliers and coating the sample surface with
platinum. The morphology of all composites was characterized using a field emission scanning electron
microscope (JEOL JSM-6480LV).

3. Results and Discussion
3.1 Thermal conductivity

Figure 2 shows that the changes in the thermal conduction of the distinct polymer composites with
different weight and ratios of fillers loading. Resin (epoxy) exhibits low thermal conductivity of 0.310
W/m K. Overall, thermal conductivity of epoxy composite increases and decreases with filler
concentration in all above cases. More aluminium nitride filler interacts with rice husk and epoxy
establishing efficient thermal conductive path and improving thermal conductivity of composite. It was
noticed that the thermal conductivity of sample RAC10 is 0.785 W/mK significantly higher than rest
of the samples, due to presence of higher percentage of AIN forms the heat transfer channels. On the
other hand, RAC12 exhibits the low thermal conductivity 0.279 W/mK because of higher percentage
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of rice husk which blocks the heat conductive path. This result was attributed to the incorporation of a
small amount of AIN filler. The thermal conductance of sample RACS is 0.428 W/mK comes between
the above two samples because the AIN and RH are present in equal proportions, heat transfer channel
as well as the heat restricting path were in equal phase.
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Figure 2. Thermal conductivity v/s Filler loading

3.2 Co-efficient of thermal expansion

Coefficient of thermal expansion is most important property of composite to maintain the
dimensional stability. Figure 3 depicts variation of CTE with respect to the filler loading, CTE of the
neat epoxy exhibit higher than the AIN and RH, these fillers help in the maintaining stability in
dimensions of the composite. CTE of the composites was depend on the filler inclusive and interaction
with epoxy. CTE of the RH/AIN/EP composites (RAC7) at 30 wt% showing 46.36 ppm/°C high
compare to the composites (RACS) at 40 wt% (42.22 ppm/°C).
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Figure 3. CTE (ppm/°C) v/s Filler loading (wt %)

The higher filler particle restricts the expansion of epoxy composites due to efficient interaction
between epoxy and fillers. Similarly the sample RAC10 (43.65 ppm/°C) exhibits lower CTE than the
RAC9 (45.67 ppm/°C), Synergic effect of two fillers results in more efficient filler and epoxy
interaction and avoiding the expansion of epoxy composites. RAC11 and RAC12 sample exhibit CTE
was 43.34 and 40.21ppm/°C, RH restrict the expansion of the composites by significant interaction
with AIN and epoxy which will be useful for electronic industry.

Balaji et al., J. Mater. Environ. Sci., 2023, 14(4), pp. 511-519 515



3.3 Glass Transition temperature

The glass transition temperature (Tg) is defined as on continous heating of materials leads to
change its physical state from solid to rubber, this transformation due to the mobility of molecules at
particular temperature that is considered as glass transition. Figure 4 plots Tg for different samples
with respect to the filler loading for varying ratios and wt%. The RAC7 showing the 110 °C as compare
to the RACS is 112 °C, this due to the RH restricts the movement of molecules of epoxy and AIN by
efficient interaction. Similarly, the RAC9 and RAC10 showing 100 °C and 97 °C, thereby the larger
content of AIN does not have efficient interaction with epoxy and RH, allows the molecule mobility.
The Tg of the sample RAC12 is higher than the rest of the samples as shown in the figure 4, here with
higher concentration of RH have significant interaction with both AIN and epoxy, restrict the mobility
of molecules. Overall increase the Tg of composites involves the significant interaction of filler / epoxy
can restrict the mobility of polymer chain and interaction of composites can be enhanced by increasing
the filler content and distribution.
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Figure 4. Glass transition tempt (°C) v/s Filler loading (wt%)

3.4 Morphological study of polymer composite

Figure displays cross-sectional scanned pictures of RH/AIN/Ep with different weight and ratios.
There is no agglomeration, as shown in Figure 5 A, despite the fact that the RH and AIN filler is very
evenly dispersed throughout the polymer matrix. Due to the fact that these hybrid fillers have the least
contact area, they do not generate a conductive channel even when AIN particles are loaded at a 20 wt
% concentration. Minute holes are identified due to combustion reaction between hybrid fillers and
polymer resin. Furthermore, the AIN particles in Figure 5 B may be seen to be evenly spread and to
create thermally conductive channels, but there is also some agglomeration, which can be attributed to
one of cause. The larger surface area and inherent shape of AIN particles allow for mutual attachment
of the particles. The AIN particles have a larger specific surface area than the RH particles due to their
smaller size, which intensifies the intermolecular interactions that encourage agglomeration. However,
as seen in Figure 5 C, the RH/AIN/EP composite has a continuous connection with negligible
agglomeration, indicating that the RH/AIN hybrid filler creates a more powerful interfacial coupling.
Compared to RH particles, AIN particles have a lower particle size. As a result, during mixing, shear
motion allows the AIN particles to fill the spaces between the RH particles. As a result, aggregation is
reduced and a non-heat conduction path is created. In the RH/AIN/EP composites, no additional
functional heat routes were thereby produced.
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Conclusion

To establish the influence of RH/AIN particle on thermal characteristics of polymer composites
through experimental study has been conceded. The specimens are fabricated by varying the
concentration of fillers with respect wt% and ratios. The RH/AIN polymer composite that was produced
had a thermal conductivity of 0.785 W/mK at a filler loading ratio of 1:3, which is nearly twice as high
as neat epoxy. The conduction path that was created is what increased the polymer composites'
exceptional capacity for thermal management and thermal conductivity. Because of the filler
interaction and restriction of molecule mobility to generate space, these composites exhibit low
coefficient of thermal expansion (40.21 ppm/°C) and thermal stability compared to the other
composites, which is suitable as encapsulation for electronic applications. Glass transition temperature
of polymer composites is 114 °C which is higher than neat epoxy, where RH upholds the AIN and
epoxy by restriction of mobility of atoms so that the maintain the stability of the composites.
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Compliance with Ethical Standards: This article does not contain any studies involving human or animal subjects.

References

Bai X., Zhang C., Zeng X., Ren L., Sun R., Xu J. (2021) "Recent progress in thermally conductive
polymer/boron nitride composites by constructing three-dimensional networks" Composites
Communications, 24, 100650, https://doi.org/10.1016/j.coc0.2021.100650

Balaji J., Nataraja M.M., Vinod K.L., Sadashiva K. (2022). Experimental Investigation on Mechanical
Properties of Epoxy with Hybrid Filler Composites. Proceedings of Fourth International Conference
on Inventive Material Science Applications. Advances in Sustainability Science and Technology.
Springer, Singapore. https://doi.org/10.1007/978-981-16-4321-7_57.

Balaji J., Nataraja M.M. (2022), Achunala Rajesh. Experimental investigation on mechanical properties of

polymer composites reinforced with aluminium nitride & rice husk, Materials Today: Proceedings,
52, Part 3, , Pages 1781-1787, ISSN 2214-7853, https://doi.org/10.1016/j.matpr.2021.11.445.

Blaschke F., Marx P., Hirner S., Miihlbacher 1., Wewerka K., Wiesbrock F. (2021) Dielectric Properties of
Shrinkage-Free Poly(2-Oxazoline) Networks from Renewable Resources. Polymers, 13, 1263.
https://doi.org/10.3390/polym13081263

Chang YW., Cheng Y., Helfen L. et al. (2017) Electromigration Mechanism of Failure in Flip-Chip Solder Joints
Based on Discrete Void Formation. Sci Rep 7, 17950 https://doi.org/10.1038/s41598-017-06250-8

Chiu CW., Lin, C.A, Hong, P.D. Melt-spinning and thermal stability behavior of TiO»
nanoparticle/polypropylene nano composite fibers. J. Polym. Res. 2011, 18, 367-372.

Dittanet P., Peerapan et al. (2017). “Thermo-mechanical behaviors and moisture absorption of silica nanoparticle
reinforcement in epoxy resins.” [International Journal of Adhesion and Adhesives 78, 74-82.
DOI:10.1016/J.IJADHADH.2017.06.006

Balaji et al., J. Mater. Environ. Sci., 2023, 14(4), pp. 511-519 517



Kim H.S., Jang J.U., Yu J., Kim S.Y. (2015) Thermal conductivity of polymer composites based on the length
of  multi-walled  carbon  nanotubes. Compos. B Eng, 79, 505-512. DOI
10.1016/j.compositesb.2015.05.012.

Kim H., Bae H., Yu J. et al. (2016). Thermal conductivity of polymer composites with the geometrical
characteristics of graphene nanoplatelets. Sci. Rep., 6, 26825. https://doi.org/10.1038/srep26825

Kim C.Y., Dang T.M.L., Zhang Y., Yang J.F., Wang B. The alignment of AIN platelets in polymer matrix and
its anisotropic thermal properties. J. Mater. 2019, 5, 679-687. DOI:10.1016/j.jmat.2019.04.01.

Lee Sanchez WA, Li JW, Chiu HT, Cheng CC, Chiou KC, Lee TM, Chiu CW. (2022) Highly Thermally
Conductive Epoxy Composites with AIN/BN Hybrid Filler as Underfill Encapsulation Material for
Electronic Packaging. Polymers (Basel). 14(14), 2950. doi: 10.3390/polym14142950.

Lee Sanchez W.A., Huang C.-Y., Chen J.-X., Soong Y.-C., Chan Y.-N., Chiou K.-C., Lee T.-M., Cheng C.-C.,
Chiu C.-W. (2021) Enhanced Thermal Conductivity of Epoxy Composites Filled with AI203/Boron
Nitride  Hybrids for  Underfill  Encapsulation  Materials.  Polymers, 13,  147.
https://doi.org/10.3390/polym13010147.

Lee, C.-C. (2017) Effect of Wafer Level Underfill on the Microbump Reliability of Ultrathin-Chip Stacking
Type 3D-IC Assembly during Thermal Cycling Tests. Materials, 10, 1220.
https://doi.org/10.3390/mal10101220

Li A., Zhang C., Zhang Y.F. (2017) Thermal conductivity of graphene-polymer composites: Mechanisms,
properties, and applications. Polymers, 9, 437.

Huang T., Zeng X., Yao Y., Sun R., Meng F., Xu J., Wong C. (2017) A novel h-BN-RGO hybrids for epoxy
resin composites achieving enhanced high thermal conductivity and energy density. RSC Adv., 7,
23355-23362.

He P., Cao J., Ding H., Liu C., Neilson J., Li Z., Kinloch L.A., Derby B. (2019) Screen-printing of a highly
conductive graphene ink for flexible printed electronics. ACS Appl. Mater. Interfaces 2019, 11,
32225-32234. https://doi.org/10.1021/acsami.9b04589.

Lee S., Kim J. (2021) Incorporating MXene into Boron Nitride/Poly(Vinyl Alcohol) Composite Films to
Enhance Thermal and Mechanical Properties. Polymers, 13, 379.
https://doi.org/10.3390/polym13030379

Kim Y., Kim J. (2020) Carbonization of Polydopamine-Coating Layers on Boron Nitride for Thermal
Conductivity Enhancement in Hybrid Polyvinyl Alcohol (PVA) Composites. Polymers, 12, 1410.
https://doi.org/10.3390/polym12061410.

Jian W., Yun L. (2018) "On-chip silicon photonic signaling and processing: a review”, Science Bulletin, 63,
Issue 19, 1267-1310, ISSN 2095-9273, https://doi.org/10.1016/j.s¢ib.2018.05.038

Kim Y., Kim J. (2020). Carbonization of Polydopamine-Coating Layers on Boron Nitride for Thermal
Conductivity Enhancement in Hybrid Polyvinyl Alcohol (PVA) Composites. Polymers, 12, 1410.
https://doi.org/10.3390/polym12061410.

Jena D., Das A.K., Mohapatra R.C. et al. modelling and analysis of thermal conductivity of a hybrid polymer
composite reinforced with particulate rice husk and particulate carbon fibre. J Therm Anal Calorim
147, 7761-7773 (2022). https://doi.org/10.1007/s10973-021-11098-2

Isarn 1., Ferrando F., Serra A., Urbina C. Novel BN-epoxy/anhydride composites with enhanced thermal
conductivity. Polym. Adv. Technol. 2021, 32, 1485-1492, https://doi.org/10.1002/pat.5184

Moradi S., Calventus Y., Roman F., Hutchinson JM. Achieving High Thermal Conductivity in Epoxy
Composites: Effect of Boron Nitride Particle Size and Matrix-Filler Interface. Polymers. 2019,
11(7),1156. https://doi.org/10.3390/polym11071156.

Mai V.-D., Lee D.-1., Park J.-H., Lee D.-S. Rheological Properties and Thermal Conductivity of Epoxy Resins
Filled with a Mixture of Alumina and Boron Nitride. Polymers 2019, 11, 597.
https://doi.org/10.3390/polym11040597.

Moradi S., Roman F., Calventus Y., Hutchinson J.M. Densification: A Route towards Enhanced Thermal
Conductivity of Epoxy Composites. Polymers 2021, 13, 286. https://doi.org/10.3390/polym13020286

Balaji et al., J. Mater. Environ. Sci., 2023, 14(4), pp. 511-519 518



Mai V.-D., Lee D.-1., Park J.-H., Lee D.-S. Rheological Properties and Thermal Conductivity of Epoxy Resins
Filled with a Mixture of Alumina and Boron Nitride. Polymers 2019, 11, 597.
https://doi.org/10.3390/polym11040597.

Nayak S.K., Mohanty S. &Nayak S.K. Mechanical properties and thermal conductivity of epoxy composites
enhanced by h-BN/RGO and mh-BN/GO hybrid filler for microelectronics packaging application. SN
Appl. Sci. 1,337 (2019). https://doi.org/10.1007/s42452-019-0346-2.

Sadashiva K., Purushothama K.M. (2022) Flexure and interlaminar shear properties of ramie/ silk fibre epoxy
hybrid composite. Materials Today: Proceedings. 68, 2536-2540.
https://doi.org/10.1016/j.matpr.2022.09.357

Sadashiva K., K.M. Purushothama. “Physical and Mechanical Properties of Bio Based Natural Hybrid
Composites” Journal of Materials and Environmental Science, 14, no. 1, 131-140, 2023.

Sadashiva K., Nataraja M.M., Balaji J., Kishan G.B., Preetham V., Nithin Teja B.M., Nitin N. “Investigation
on Mechanical Behavior of Bio Based Natural Hybrid Epoxy Composites” Journal of Materials and
Environmental Science, 14, no. 2, 246-254, 2023.

S. Ramu N., Senthilkumar Saravanan Rajendran., B. Deepanraj., Prabhu Paramasivam. "Thermal Conductivity
and Mechanical Characterization of Bamboo Fiber and Rice Husk/MWCNT Filler Epoxy Hybrid
Composite", Journal of Nanomaterials, 2022, Article ID 5343461, 10 pages, 2022.
https://doi.org/10.1155/2022/5343461.

Salunke D.R., Gopalan V. (2021) Thermal and electrical behaviors of boron nitride/epoxy reinforced polymer
matrix composite, A review Polymer Composites., 42, 1659-16609.
https://doi.org/10.1016/j.jmrt.2022.03.032.

Sun N., Sun J., Zeng X., Chen P., Qian J., Xia R., Sun R. (2018) Hot-pressing induced orientation of boron
nitride in polycarbonate composites with enhanced thermal conductivity. Compos. Part A Appl. Sci.
Manuf., 110, 45-52. https://doi.org/10.1016/j.compositesa.2018.04.010.

Soong YC., Chiu CW. (2021) Multilayered graphene/boron nitride/thermoplastic polyurethane composite films
with high thermal conductivity, stretchability, and washability for adjustable-cooling smart clothes. J
Colloid Interface Sci. 599, 611-619. doi: 10.1016/j.jcis.2021.04.123.

Soong YC., LiJW., Chen YF., Chen JX., Lee Sanchez WA, Tsai WY ., Chou TY., Cheng CC., Chiu CW. (2021)
Polymer-Assisted Dispersion of Boron Nitride/Graphene in a Thermoplastic Polyurethane Hybrid for
Cooled Smart Clothes. ACS Omega., 6(43), 28779-28787. doi: 10.1021/acsomega.1c03496.

Samsudin S.S., Abdul Majid M.S., Mohd Jamir M.R., Osman A.F., Jaafar M., Alshahrani H.A. (2022) Physical,
Thermal Transport, and Compressive Properties of Epoxy Composite Filled with Graphitic- and
Ceramic-Based Thermally Conductive Nanofillers. Polymers, 14, 1014.
https://doi.org/10.3390/polym14051014.

Ren Liyun., Kamyar Pashayi., Hafez RaeisiFard., Shiva P. Kotha., Theodorian Borca-Tasciuc., and RahmiO
zisik. (2014) “Engineering the coefficient of thermal expansion and thermal conductivity of polymers
filled with high aspect ratio silica nanofibers.” Composites Part B-engineering 58, 228-234.
DOI.10.1016/j.compositesb.2013.10.049.

Ouyang Y., Hou, G., Bai L., Li B., Yuan F. (2018) Constructing continuous networks by branched alumina for
enhanced thermal conductivity of polymer composites. Compos. Sci. Technol., 165, 307-313
https://doi.org/10.1016/j.compositesa.2019.105673.

Wu Y., Zhang X., Negi A., He J., Hu G., Tian S., Liu J. (2020) Synergistic Effects of Boron Nitride (BN)
Nanosheets and Silver (Ag) Nanoparticles on Thermal Conductivity and Electrical Properties of Epoxy
Nanocomposites. Polymers, 12, 426. https://doi.org/10.3390/polym12020426

(2023); http://www.jmaterenvironsci.com

Balaji et al., J. Mater. Environ. Sci., 2023, 14(4), pp. 511-519 519



