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Fig. 1. Comparison of thermal conductivity among typical materials.
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Fig. 2. Thermal transport mechanism in crystalline materi-
als: (a) Phonon scattering mechanisms; (b) spring-mass

model of a crystal and a one-dimensional polymer chain.
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Fig. 3. Application of different theoretical models for thermal conductivity prediction: (a) Semi-empirical model™); (b) minimum

thermal conductivity modell®; (c) effective medium model®; (d) Allen-Feldman model®".
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Fig. 5. Mechanisms of microscopic interactions affecting thermal conductivity in polymer systems!*?: (a) Schematic of covalent and

non-bonding interactions; (b) thermal transport pathways via intrachain, interchain, and chain translation; (c) contributions of co-

valent bonding, non-bonding interactions, and chain translation to thermal conductivity.
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Fig. 9. A first-principles investigation of the thermal transport in polymer crystals with high thermal conductivity®.
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Fig. 13. Machine learning-based identification of distinct atomic interaction contributions to the TC of polymer chains and amorph-
ous systems: (a), (b) Dominant roles of cross-sectional area and dihedral potential in single chains!'®®; (c), (d) key contributions of
backbone ordering degree and bond strength in amorphous polymers('?%; (e) schematic of tuning the carbon dihedral potential in
polyethylene; (f), (g) comparative impact of dihedral potential on the TC of different systems; (h) variation of chain rotational or-

der parameters with potential energy in both systems.
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Fig. 14. ML framework integrating high-throughput screening and efficient inverse design/''%: (a) Benchmark and exploration poly-
mer datasets; (b) construction of ML models for predicting TC of polymers; (¢) MD validation of TC for polymers; (d) design of
novel thermally conductive polymers via Monte Carlo tree search.
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SPECIAL TOPIC —Heat conduction and its related interdisciplinary areas

Research progress of thermally conductive polymers”
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Abstract

The development of 5G, artificial intelligence and new energy technologies imposes stringent requirements
on thermal management, driving the need for polymers with high intrinsic thermal conductivity (TC). In this
review, we summarize recent progress in this field. We begin by examining heat transfer mechanisms in
polymers, from atomic-scale phonon transport to the collective effects of chain conformation, alignment, and
morphology. We then analyze how key structural factors—mnotably intra-chain and inter-chain interactions—
govern thermal transport. Furthermore, we review experimental strategies to enhance TC, with a focus on
improving chain alignment and molecular design. The complementary role of computational methods, such as
first-principles calculations and molecular dynamics simulations, in revealing microscopic transport mechanisms
and predicting thermal properties. We further highlight the growing influence of machine learning, which
accelerates the mapping of structure—property relationships, enables high-throughput prediction of thermal
conductivity, and supports the inverse design of new polymers. Finally, we identify prevailing challenges
concerning fundamental mechanistic understanding, the scalability of fabrication techniques, and long-term
performance stability, while suggesting promising research directions for the rational design and practical

implementation of next-generation, high-TC polymers in advanced thermal management.

Keywords: thermally conductive polymer, heat transfer mechanisms, machine learning, advanced thermal

management
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