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Study on Synergistic Improvement of Electrical Insulation and Mechanical Properties
of PA6 Composites Based on Functionalized Nano-SiO, Interface Design

YOU Lingling', ZHOU Li*, HAO Ying'
(1. Taishan College of Science and Technology, Taian 271000, China; 2. Shandong Vocational College
of Information Technology, Weifang 261061, China)

Abstract: To address the issue of insufficient synergy between electrical insulation and mechanical properties of PA6
under strong electric field coupled with temperature and humidity conditions, the article proposed a modification strategy
involving "interfacial design with silane (KH-550) functionalized nano-silica (Nano-SiO,)". Four types of model systems,
namely PA6, SiO,/PA6, KH-550/PA6, and SiO,(KH-550)/PA6, were constructed using molecular dynamics simulations.
Key property parameters including free volume distribution and fractional free volume, mean square displacement,
interfacial binding energy, hydrogen bond statistics, radial distribution function, elastic modulus, bulk modulus, relative
dielectric constant and breakdown strength were systematically calculated. The results showed that the interfacial coupling
of Si0, (KH-550)/PA6 was significantly enhanced, inducing structural densification. The fractional free volume of SiO,
(KH-550)/PA6 decreased from 15.78% to 12.13%, the number of hydrogen bonds increased from 66 to 112 with shortened

average distances, and the absolute value of interfacial binding energy reached the maximum, indicating the formation of a
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more stable interfacial bound layer. The segmental motion was overall restricted (as evidenced by reduced mean square

displacement), while local short-range ordering was enhanced (as indicated by more concentrated radial distribution

function peaks). In terms of macroscopic properties, the elastic modulus and bulk modulus of SiO,(KH-550)/PA6

increased to 4.37 GPa and 4.72 GPa, respectively. Relative dielectric constant decreased from 3.14 to 2.32, and breakdown

strength increased from 6 869x10° kV/m to 8 751x10° kV/mm, achieving a synergistic optimization of "reduced

permittivity and enhanced breakdown strength". KH-550 functionalized Nano-SiO, effectively improved the electrical

insulation margin and mechanical load-bearing capacity of PA6 composites through the action chain of "interfacial

reinforcement—hydrogen bond network densification—>free volume compression—>segmental confinement", providing

reference for interface engineering and formulation optimization of thermoplastic insulating composites.

Keywords: PA6; Molecular dynamics; Nano-SiO,; KH-550; Electrical insulation
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