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Polymer composites continue to redefine the boundaries of what materials can achieve.
Their inherent versatility, particularly in tailoring thermal, electrical, and mechanical prop-
erties, makes them indispensable across key technological sectors—f{rom energy storage
to electronics, biomedicine, packaging, and construction [1,2]. The modern demand for
lightweight, multifunctional, and sustainable materials has accelerated innovation in this
field, bridging fundamental research with real-world applications.

Recent decades have witnessed tremendous growth in the development of composites
and nanocomposites that combine polymer matrices with a wide range of fillers, including
carbon-based nanomaterials, natural fibers, metal oxides, and hybrid structures [3-5]. A key
challenge has been to achieve property enhancement through optimal filler dispersion, ori-
entation, and interfacial compatibility, without sacrificing processability, cost-effectiveness,
or environmental sustainability. In electrically insulating polymers, for instance, the tran-
sition to conductive behavior often relies on percolation thresholds, a phenomenon that
remains under active investigation [6,7]. Foundational works, such as the review on critical
filler concentrations for electroconductive polymer composites [8], remain essential to
frame the progress achieved during the last decades. For thermal applications, predict-
ing degradation pathways and long-term stability is crucial—particularly in composites
designed for energy or outdoor use [9].

This Special Issue, Advances in Thermal, Electrical and Mechanical Properties of Poly-
mer Composites, offers a representative and forward-looking collection of 16 peer-reviewed
articles. These contributions encompass fundamental insights, modeling strategies, novel
material systems, and application-oriented studies, highlighting how the design and pro-
cessing of composites can be optimized to deliver multifunctionality and performance.

Several contributions address sustainable and biodegradable systems. Fartash Naeimi
et al. [10] developed hemp-reinforced starch/agar composites and used finite element
simulations together with machine learning to predict mechanical performance, showing
the potential of combining experimental and computational tools. Rubiano-Navarrete
et al. [11] evaluated the effects of UV radiation on polymer composites for beehives, an ap-
plication directly linked to ecological balance and biodiversity. Duan et al. [12] investigated
water vapor and oxygen barrier properties of food packaging paper, achieving impressive
reductions in permeability without the need of additional coating layer of a synthetic non-
biobased polymeric surface film. Maldonado et al. [13] explored ethylene-scavenging films
based on PLA and nano-TiO;, offering promising strategies for extending fruit shelf life.
Faba et al. [14] used supercritical CO, to foam 3D-printed PLA /CaCOj parts, developing
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sustainable food-contact foamed materials with enough mechanical and thermal stability
for food contact applications.

Electrically conductive composites remain a vibrant research area. Demski et al. [15] en-
hanced the mechanical and electrical properties of acrylic resins by incorporating chemically
modified multi-walled carbon nanotubes (MWCNT), achieving significant conductivity
improvements. Mi et al. [16] demonstrated how filler orientation and dispersion govern the
anisotropic properties of CNT/polypropylene composites, linking processing conditions
with percolation behavior. Tariq et al. [17] applied statistical modeling to optimize filler
composition in conductive polypropylene composites for bipolar plates, underscoring the
role of design of experiments in materials engineering. Shchegolkov et al. [18] reviewed the
potential of CNT-based nanocomposites for strain sensors, self-regulation heating systems,
and antistatic coatings, revealing multifunctionality as a major research direction.

In the area of structural and thermal behavior, Yuan et al. [19] analyzed aging in
oil-immersed transformer insulation under combined electrical-thermal-mechanical con-
ditions, emphasizing the accelerated deterioration produced by mechanical stress. Fang
etal. [20] developed a multi-scale model for the aging performance of particle-filled polymer
composites based on matrix of hydroxyl-terminated polybutadiene/toluene diisocyanate
and ammonium perchlorate particles (with a diameter of 50-200 um), establishing relation-
ships between microscopic crosslinking density and macroscopic modulus. Podlozhnyuk
et al. [21] synthesized few-layer graphene through high-temperature methods and inte-
grated it into epoxy resins, obtaining substantial improvements in compressive, flexural,
and tribological properties. Bouharras et al. [22] developed core-double-shell-structured
nanocomposite films based on polyvinylidene fluoride (PVDF). For that, PVDE-grafted
BaTiO3 nanofillers were incorporated into a PVDF-co-hexafluoropropylene (HFP), enhanc-
ing dielectric properties and thermal stability for energy storage devices.

Additive manufacturing emerges as another important theme. Garcia et al. [23] exam-
ined graphene oxide nanocomposites for Stereolithography (SLA) 3D printing, conducting
extensive mechanical testing under diverse loading modes. Sanchaniya et al. [24] proposed
a strategy to improve the transverse mechanical properties of oriented polyacrylonitrile
(PAN) nanofiber electrospun mats doping with polyvinyl alcohol (PVA) in different con-
centrations via using a dip-coating method, confirmed both experimentally and through
finite element modeling. These studies show how combining processing innovations with
advanced characterization is essential to tailor multifunctionality in next-generation com-
posites.

Complementary works demonstrate the versatility of polymer composites in civil and
environmental engineering. Li et al. [25] reported that bentonite-modified acrylate grouting
materials significantly improve resistance against washout in high-flow groundwater
environments. Such practical applications highlight how polymer composites are not only
enabling cutting-edge technologies but also solving urgent infrastructure challenges.

The studies included in this Special Issue collectively show the diversity and maturity
of the field. From biodegradable packaging to dielectric films and conductive structures for
energy systems, they demonstrate that the properties of polymer composites and nanocom-
posites can be tuned almost without limit when composition, morphology, dispersion, and
processing are optimized. Importantly, predictive approaches—including finite element
modeling, response surface methodology, and machine learning—are becoming standard
tools in the design of polymer composites, reducing trial-and-error and opening pathways
to accelerated discovery [26,27].

Looking forward, several key directions can be identified. First, greater integration
of multiscale models, from molecular dynamics to continuum mechanics, will enhance
predictive accuracy for composite performance [28]. Second, the pursuit of sustainable and
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green composites—those that combine biodegradability with advanced thermal, mechan-
ical, or electrical properties—will likely intensify, especially for electronic, medical, and
food packaging applications. Third, recycling and upcycling strategies must be developed
in parallel with new composites to align with circular economy principles [29]. Finally,
addressing challenges related to large-scale processing, reproducibility, and long-term
stability will be critical to transition from laboratory prototypes to industrial adoption.

In conclusion, this Special Issue demonstrates not only the remarkable progress made
in polymer composite research but also the emerging opportunities and challenges that
define the path forward. It provides a foundation for developing materials that are multi-
functional, sustainable, and technologically transformative.

Funding: This editorial paper received no external funding.

Acknowledgments: We acknowledge all authors and reviewers who have contributed to this Special
Issue. In addition, we would like to thank the MDPI technical support team for their assistance in
preparing this Special Issue.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Utracki, L.A.; Mukhopadhyay, P.; Gupta, R.K. Polymer Blends Handbook; Springer: Dordrecht, The Netherlands, 2014.

2. Mittal, V. (Ed.) Modeling and Prediction of Polymer Nanocomposite Propertiess; John Wiley & Sons: New York, NY, USA, 2012.

3. Moniruzzaman, M.; Winey, K.I. Polymer nanocomposites containing carbon nanotubes. Macromolecules 2006, 39, 5194-5205.
[CrossRef]

4. Tjong, S.C. Structural and mechanical properties of polymer nanocomposites. Mater. Sci. Eng. R Rep. 2006, 53, 73-197. [CrossRef]

5. Kuilla, T.; Bhadra, S.; Yao, D.; Kim, N.H.; Bose, S.; Lee, ].H. Recent advances in graphene-based polymer composites. Prog. Polym.
Sci. 2010, 35, 1350-1375. [CrossRef]

6.  Bauhofer, W.; Kovacs, ].Z. A review and analysis of electrical percolation in carbon nanotube polymer composites. Compos. Sci.
Technol. 2009, 69, 1486-1498. [CrossRef]

7. Al-Saleh, M.H.; Sundararaj, U. Review of the mechanical properties of carbon nanofiber/polymer composites. Compos. Part A
Appl. Sci. Manufact. 2011, 42, 2126-2142. [CrossRef]

8.  Pinto, G.; Maaroufi, A K. Critical filler concentration for electroconductive polymer composites. Soc. Plast. Eng. (SPE) 2011, 10.

9.  Arshad, M.A,; Maaroufi, A.K.; Benavente, R.; Pinto, G. Predicting thermal degradation mechanisms in urea—formaldehyde
cellulose composites filled with tin particles. Polym. Compos. 2018, 39, 4341-4354. [CrossRef]

10. Fartash Naeimi, E.; Selvi, K.C.; Inang, 1; Ungureanu, N. Mechanical and thermal behavior of hemp-reinforced starch/agar
biocomposites: Insights from finite element simulation and machine learning models. Polymers 2025, 17, 855. [CrossRef]

11.  Rubiano-Navarrete, A.; Lesmes Fabian, C.; Torres-Pérez, Y.; Gémez-Pachén, E. UV radiation effect in new materials developed for
the construction of beehives. Polymers 2023, 15, 4249. [CrossRef]

12. Duan, Y,; Wang, S.; Xu, T.; Bian, H.; Dai, H. The effect of fibrillation, semi-dry pressing, and surface treatment on the barrier
properties of water molecules and oxygen on food packaging paper. Polymers 2024, 16, 1892. [CrossRef]

13. Maldonado, A.; Aguilar, T.; Hauser, C.; Wehnert, G.; Séthje, D.; Schlachter, H.; Torres, A.; Bruna, J.; Valenzuela, X.; Rodriguez-
Mercado, F. Ethylene scavenging films based on ecofriendly plastic materials and nano-TiO,: Preparation, characterization, and
in vivo evaluation. Polymers 2024, 16, 853. [CrossRef] [PubMed]

14. Faba, S.; Agtiero, A.; Arrieta, M.P; Martinez, S.; Romero, J.; Torres, A.; Galotto, M.J. Foaming of 3D-printed PLA/CaCOj3
composites by supercritical CO, for sustainable food contact materials. Polymers 2024, 16, 798. [CrossRef]

15. Demski, S.; Brzakalski, D.; Gubernat, M.; Dydek, K.; Czaja, P.; Zochowski, K.; Kozera, P,; Krawczyk, Z.; Sztorch, B.; Przekop, R.E,;
et al. Nanocomposites based on acrylic resin with the addition of chemically modified multi-walled carbon nanotubes. Polymers
2024, 16, 422. [CrossRef] [PubMed]

16. Mi, D.; Zhao, Z.; Bai, H. Effects of orientation and dispersion on electrical conductivity and mechanical properties of carbon
nanotube/polypropylene composite. Polymers 2023, 15, 2370. [CrossRef]

17. Tariq, M.; Utkarsh; Syed, N.A.; Behravesh, A.H.; Pop-Iliev, R.; Rizvi, G. Optimization of filler compositions of conductive
polypropylene composites for the manufacturing of bipolar plates. Polymers 2023, 15, 3076. [CrossRef]

18.  Shchegolkov, A.V.; Shchegolkov, A.V.; Kaminskii, V.V,; Iturralde, P.; Chumak, M.A. Advances in electrically and thermally

conductive functional nanocomposites based on carbon nanotubes. Polymers 2024, 17, 71. [CrossRef]


https://doi.org/10.1021/ma060733p
https://doi.org/10.1016/j.mser.2006.06.001
https://doi.org/10.1016/j.progpolymsci.2010.07.005
https://doi.org/10.1016/j.compscitech.2008.06.018
https://doi.org/10.1016/j.compositesa.2011.08.005
https://doi.org/10.1002/pc.24516
https://doi.org/10.3390/polym17070855
https://doi.org/10.3390/polym15214249
https://doi.org/10.3390/polym16131892
https://doi.org/10.3390/polym16060853
https://www.ncbi.nlm.nih.gov/pubmed/38543458
https://doi.org/10.3390/polym16060798
https://doi.org/10.3390/polym16030422
https://www.ncbi.nlm.nih.gov/pubmed/38337311
https://doi.org/10.3390/polym15102370
https://doi.org/10.3390/polym15143076
https://doi.org/10.3390/polym17010071

Polymers 2025, 17, 2419 4 0of 4

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Yuan, Z.; Wang, Q.; Ren, Z.; Lv, F,; Xie, Q.; Geng, ].; Zhu, J.; Teng, F. Investigating aging characteristics of oil-immersed power
transformers’ insulation in electrical-thermal-mechanical combined conditions. Polymers 2023, 15, 4239. [CrossRef]

Fang, C.; Wang, H.; Zhang, Y.; Zhang, M.; Shen, T.; Du, ]J. Multi-scale model for aging performance of particle-filled polymer
composites. Polymers 2023, 15, 3158. [CrossRef]

Podlozhnyuk, N.; Vozniakovskii, A.; Kidalov, S.; Voznyakovskii, A. Performance properties of epoxy resin modified with
few-layer graphene obtained by the method of self-propagating high-temperature synthesis. Polymers 2025, 17, 812. [CrossRef]
Bouharras, F.E.; Atlas, S.; Capaccioli, S.; Labardi, M.; Hajlane, A.; Ameduri, B.; Raihane, M. Synthesis and characterization of
core-double-shell-structured PVDE-grafted-BaTiO3 /P (VDF-co-HFP) nanocomposite films. Polymers 2023, 15, 3126. [CrossRef]
[PubMed]

Garcia, G.E.S,; Sousa Junior, R.R.; Gouveia, ].R.; Santos, D.J. Graphene oxide-based nanocomposites for stereolithography (SLA)
3D printing: Comprehensive mechanical characterization under combined loading modes. Polymers 2024, 16, 1261. [CrossRef]
[PubMed]

Sanchaniya, J.V.; Lasenko, I; Vijayan, V.; Smogor, H.; Gobins, V.; Kobeissi, A.; Goljandin, D. A novel method to enhance the
mechanical properties of polyacrylonitrile nanofiber mats: An experimental and numerical investigation. Polymers 2024, 16, 992.
[CrossRef] [PubMed]

Li, Z.; Huang, F; Yang, Y.; Xiong, Y.; Su, E; Wang, Y.; Tian, X. Improving the anti-washout property of acrylate grouting material
by bentonite: Its characterization, improving mechanism, and practical application. Polymers 2023, 15, 3865. [CrossRef]
Mohanty, A.K.; Vivekanandhan, S.; Pin, ].-M.; Misra, M. Composites from renewable and sustainable resources: Challenges and
innovations. Science 2018, 362, 536-542. [CrossRef]

Zhi, C.; Bando, Y.; Terao, T.; Tang, C.; Kuwahara, H.; Golberg, D. Towards thermoconductive, electrically insulating polymeric
composites with boron nitride nanotubes as fillers. Adv. Funct. Mater. 2009, 19, 1857-1862. [CrossRef]

Fish, J.; Wagner, G.J.; Keten, S.; Fish, J.; Wagner, G.J.; Keten, S. Mesoscopic and multiscale modelling in materials. Nat. Mater. 2021,
20, 774-786. [CrossRef]

Ragaert, K.; Delva, L.; Van Geem, K. Mechanical and chemical recycling of solid plastic waste. Waste Manag. 2017, 69, 24-58.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/polym15214239
https://doi.org/10.3390/polym15153158
https://doi.org/10.3390/polym17060812
https://doi.org/10.3390/polym15143126
https://www.ncbi.nlm.nih.gov/pubmed/37514515
https://doi.org/10.3390/polym16091261
https://www.ncbi.nlm.nih.gov/pubmed/38732730
https://doi.org/10.3390/polym16070992
https://www.ncbi.nlm.nih.gov/pubmed/38611250
https://doi.org/10.3390/polym15193865
https://doi.org/10.1126/science.aat9072
https://doi.org/10.1002/adfm.200801435
https://doi.org/10.1038/s41563-020-00913-0
https://doi.org/10.1016/j.wasman.2017.07.044
https://www.ncbi.nlm.nih.gov/pubmed/28823699

	References

