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Abstract: The imperative for composite materials possessing high thermal conductivity and electrical insulation has
recently come to the forefront to address the heat dissipation challenges in high-integration and high-power systems.
Notably, while carbon nanotubes (CNTs) have garnered attention for their outstanding physical properties, they are inher-
ently limited by aggregation and non-uniform dispersion due to van der Waals forces. To overcome these aforementioned
drawbacks and achieve multifunctionality, a hybrid filler strategy utilizing CNTs in conjunction with two-dimensional
materials, ceramic fillers, and other components is attracting significant interest. This review provides an in-depth analysis
of the theoretical background of the hybrid filler strategy, its principal components, manufacturing processes, and the
resulting changes in the thermal conductivity, electrical insulation, and mechanical properties of the composites. Fur-
thermore, it comprehensively presents recent research trends and highlights the potential value of these materials in
diverse applications such as electronic devices and batteries. Through this, we aim to propose a directional framework
for the development of next-generation, high-performance composite materials.
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Figure 1. Structural model of a CNT showing its cylindrical sp>
bonded carbon lattice.
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Figure 2. Structural model of a single-layer graphene with a two-
dimensional sp? carbon lattice.

Polym. Korea, Vol. 50, No. 3, 2026



376 Al13

(a) CNT/h-BN

Figure 3. SEM image of the CNT/h-BN hybrid filler. Reproduced
from Ref. 32, Zhang, T. et al., High Voltage, 2024, 9, 546-555. (©2023
The Authors. Published by John Wiley & Sons Ltd under the Cre-
ative Commons Attribution-NonCommercial-NoDerivs License.
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Figure 4. SEM images of AIN/CNT/SR nanocomposites with AIN/
CNT hybrid fillers highlighted in the orange-marked regions. Adapted
from Ref. 38, Gao, J. et al., Molecules, 2024, 29, 2864. (©2024 by the
authors. Licensee MDPI, Basel, Switzerland. Distributed under the Cre-
ative Commons Attribution License (CC BY 4.0).
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Figure 5. TEM image of the CNT/SiC fiber, showing a magnified
view of the local SiC/CNT/SiC region. Reproduced from Ref. 39,
Zhang, X. S. et al., RSC Adv., 2017, 7, 23334-23341. (©2017 The Royal
Society of Chemistry. Licensed under a Creative Commons Attri-
bution-NonCommercial 3.0 Unported Licence.
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Figure 6. STEM images of Cu-CNT-Cu samples from (a) 5 wt%;
(b) 10 wt% PVP dispersions; insets show the porous CNT network
and Cu nanoparticles/single atoms. ABF images in (c¢) and (d)
reveal the nanotube structures. Reprinted with permission from Ref.
46, Li, K. et al., ACS Appl. Nano Mater., 2020, 3, 6863-6875. Copy-
right (©2020 American Chemical Society.
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Figure 7. SEM image of the Ni-CNTs structure, showing the porous
and intertwined morphology of Ni-decorated carbon nanotubes.
Reproduced from Ref. 48, Wang, D. et al., Nanomaterials, 2022, 12,
2548. (©2022 by the authors. Licensee MDPI, Basel, Switzerland.
Distributed under the Creative Commons Attribution License (CC
BY 4.0).
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Figure 8. Cross-sectional SEM image showing the branched hybrid
MWCNT filler network within the PI matrix. Reproduced from Ref.
51, Wang, C. et al., RSC Adv., 2020, 10, 13517-13524. (©2020 The
Royal Society of Chemistry. Licensed under a Creative Commons
Attribution 3.0 Unported Licence.
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Table 1. Mechanical Property Enhancements in CNT-Based Hybrid Filler Systems

Hybrid Type Summary of key mechanical properties of CNT-based hybrid fillers Refs.

CNT + Graphene Tensile strength +20~80%, elasticity modulus +10~50%, toughening effect 1 4,8, 23
CNT + BN Slight increase in stiffness (5-20%) 1, 12, 30, 57, 58
CNT + Ceramic Hardness and wear resistance +30~100%, impact strength improved 41, 45, 59
CNT + Metal (Ag, Cu, Ni) Metal matrix strength +15~50%, fatigue performance 1 46, 47, 48
CNT + Polymer (PI, PEEK) Tensile strength +20~70% (PEEK, PI), heat resistance and toughness?t 51, 52, 54
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Table 2. Representative Reported Thermal Conductivity Values of CNT-Based Hybrid Fillers According to Filler System, Matrix,
and Filler Loading

CNT hybrid filler system Matrix Filler loading Thermal conductivity Refs.
MWCNT/micro-SiC Epoxy 5 wt% MWCNT + 55 wt% micro-SiC 24.3 x epoxy 60
Cu/CNT Cu CNT 50 mg/L in electrolyte 441 W/m-K 61
Cu/CNT Cu CNT 100 mg/L in electrolyte 487 W/m-K 61
Cu/CNT Cu CNT 250 mg/L in electrolyte 637 W/m-K 61
MWNT/Ni Ni 1 vol% MWNT 70.3 W/m-K 62
MWNT/Ni Ni 3 vol% MWNT 75.8 Wm-K 62
CNT/AIN composite filler Silicone rubber 50 vol% 10.5 W/m-K 36
AIN + CNT (simultaneous addition) Silicone rubber 60 vol% 9.1 WmK 36
MWCNT-BN TPU 40 wt%(in-plane) 7.28 W/m-K 30
MWCNT-BN TPU 40 wt%(through-plane) 0.54 W/m-K 30
GO-CNTA PS around 1.0 wt% GO-CNT aerogel 0.127-0.128 W/m-K 23

Table 3. Electrical Property Characteristics of CNT-Based Hybrid Filler Systems

Hybrid Type Summary of key electrical properties of CNT-based hybrid fillers Refs.
CNT + Graphene Electrical conductivity 10°~10° S/m, low percolation threshold (~0.1~0.5 wt%) 23, 24, 25, 26
CNT +BN Insulation maintenance (volume resistance 10> Q-cm level) 30, 63
Comni b ulon b possile hd when combined it O, phosslyic 3,49
CNT + Metal (Ag, Cu, Ni) Electrical conductivity 10°~10° S/m (Cu based), EMI shielding 60~90 dB 46, 47, 48, 49

CNT + Polymer (PI, PEEK)  Designable for both insulation and conductivity, with polyimide maintaining insulation 51, 54, 55
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Table 4. Features, Processing, and Applications of CNT-Based Hybrid Fillers

Summary of additional features, processing considerations, and

Hybrid Type representative applications of CNT-based hybrid fillers Refs.
CNT + Graphene 3D network formation, suitable for crack pinning and sensor applications 8, 23, 33
CNT + BN Electronic packaging and underfill materials, insulation and high heat conductivity 1, 30, 57, 58
CNT + Ceramic 30-50% reduction in filling rate when growing directly (core-shell CNT/ceramic) 39, 40, 45, 59
CNT + Metal (Ag, Cu, Ni)  Disadvantages of electrodes and conductors: corrosion and increased density 46, 47, 48, 49
CNT + Polymer (PI, PEEK) High-temperature structural materials and biomaterials can be applied 51, 52, 54, 64
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