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ABSTRACT

The demand for next-generation aerospace materials is driving the development of lightweight, ultra-
strong, and multifunctional composites. With long-duration missions, including Mars expeditions, on the
horizon, materials must combine exceptional mechanical performance with low weight and high reliability.
Computational modeling provides a powerful tool to accelerate this development by revealing molecular
mechanisms underlying macroscopic behavior.

This research integrates multi-scale modeling within an Integrated Computational Materials Engineering
(ICME) framework to predict property evolution during composite processing and use. Molecular dynamics
(MD) simulations with a reactive force field (IFF-R) were employed to model the curing of an epoxy system.
Property predictions were generated as a function of crosslink density, revealing non-linear, property-
specific trends. These results inform higher-scale process-structure-property models. Further studies
investigated interfacial behavior in composites reinforced with flattened carbon nanotubes (ICNTs). MD
simulations evaluated interaction energy, sliding resistance, and transverse binding strength with three
polymers: epoxy, bismaleimide (BMI), and benzoxazine. BMI showed the strongest interfacial adhesion
and transverse strength, positioning it as a promising matrix for ICNT-based composites. Additional work
focused on epoxy nanocomposites reinforced with graphene quantum dots (GQDs). Functionalization with
hydroxyl groups significantly enhanced stiffness and yield strength by 18.4% and 56.1%, respectively, due
to improved molecular packing and reduced free volume.

Together, these studies demonstrate a cohesive computational approach for designing high-performance
composites, with broad applications in aerospace, energy, and other advanced engineering systems.
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