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The development of advanced ceramic materials for extreme environments is limited by challenges associated with processing, including challenges related to printability, shrinkage control, and defect formation during pyrolysis. Preceramic polymers offer attractive pathways to complex ceramic architectures; however, their low ceramic yield and significant volumetric contraction restrict their use in additive manufacturing. This dissertation addresses these limitations through the design and investigation of preceramic polymer-grafted nanoparticles (PCP GNPs) as tunable, multifunctional building blocks for ceramic additive manufacturing. In this work, silica nanoparticles were functionalized with covalently grafted preceramic polymer brushes to create hybrid materials that integrate inorganic cores with ceramic-forming polymer coronas. By systematically varying PCP GNP loading, polymer matrix composition, and nanoparticle core size, this dissertation establishes fundamental structure–dynamics–processing relationships governing rheological behavior, nanoscale dynamics, and thermal conversion in polymer-derived ceramic systems. Rheological characterization revealed pronounced shear-thinning behavior and percolation-driven transitions in viscoelastic properties, enabling inks with improved printability and shape retention. X-ray photon correlation spectroscopy (XPCS) provided direct insight into nanoparticle dynamics, revealing transitions from diffusive to ballistic motion that correlate with network formation and macroscopic mechanical response. Thermal analysis demonstrated that incorporation of PCP GNPs significantly enhances char and ceramic yield relative to neat preceramic polymers, mitigating mass loss and shrinkage during pyrolysis. Furthermore, a systematic core-size study showed that smaller nanoparticle cores, which provide higher effective graft density, promote stronger particle interactions, increased storage modulus, and improved ceramic yield. These results demonstrate that nanoparticle architecture serves as a powerful design parameter for tailoring both processing behavior and final ceramic outcomes. This dissertation demonstrates that preceramic polymer-grafted nanoparticles function as active, molecularly engineered constituents rather than passive fillers, enabling predictive control over rheology, nanoscale dynamics, and ceramic conversion. The design rules established herein provide a framework for the rational development of printable, high-yield, defect-resistant ceramic inks for additive manufacturing. In addition, block copolymer templating was employed to introduce controlled nanoscale morphologies into PCP GNP-based systems in order to enable hierarchical microstructural control in printed ceramic architectures. This work advances the fundamental understanding of polymer-derived ceramic nanocomposites and establishes PCP GNPs as a promising platform for next-generation ceramic components relevant to aerospace and other extreme-environment applications.
