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Nanocrystalline oxides can have attractive properties such as high mechanical hardness,
wear resistance, and high temperature plasticity. Fine (<500nm) grain and pore sizes are also
beneficial for optical transparency and can help reduce dopant agglomeration beneficial for
photoluminescence. However, most transparent polycrystalline oxides have large grains
(>10um) as a byproduct of their high-temperature fabrication conditions. Use of
nanocrystalline powders as precursors and reactants seems an obvious choice for producing
nanocrystalline oxides, but their use is complicated by high surface energies and reactivity with
the environment. An improved understanding of the reaction and densification of
nanocrystalline reactants is necessary to produce oxide ceramics of varying grain sizes,

porosity ranges, and functionalities.
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Here, the reaction and densification kinetics of three important oxide ceramics, MgO,
Al203, and Magnesium Aluminate Spinel (MgAI204) are studied. Investigations lead to novel
method to produce polycrystalline MgAl.O4 via widely available metastable and nanocrystalline
reactants using current-activated, pressure-assisted densification (CAPAD). First, a
comprehensive processing and densification study was performed, exploring the effects of
nanocrystallinity and moisture adsorption on nanocrystalline MgO - which may be used as an
analogue for alternative hygroscopic oxide systems and is an integral part of synthesizing MgAl204
by reaction densification. Second, the effects of metastability and nanocrystallinity (MgO and
v—Al203, <30nm) on MgAIl>O4 phase formation, densification, and transparency of CAPAD
densified reactant powder was considered. Finally, transition metal doping of MgAIl>O4 from
reactant powder is explored.

These results show metastable and nanocrystalline reactant powders combined with the
flexibility of CAPAD allow for enhanced densification and reactivity. A wide array of
microstructures, and new functionalities in polycrystalline MgAIl.O4 are demonstrated. The
metastable/nanocrystalline reactant powders facilitate comparably low temperatures for product
formation and full density in MgAIl,O4 — with up to 400°C reduction in the temperature for full
phase formation and 300°C reduction for full density when compared to large-grained, stable
reactant densification studies. The microstructural flexibility of this route is also highlighted with
the production of both fully-dense transparent and robust nanoporous spinels, which
conventionally arise from entirely different processing routes. Inclusion of transition metal dopants
with reactant powders yields dense polycrystalline MgAIl2Oa, capable of tunability in the visible

and previously unreported in published literature in polycrystalline form.
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1. INTRODUCTION TO PROCESSING, DENSIFICATION, AND
FUNCTIONALIZATION OF BULK OXIDE MATERIALS

1.1 Oxide Ceramic Materials — Introduction/Motivation

Oxide compounds are those which contain a metal or metalloid atom combined with
oxygen, and are common in many applications. Several common oxide and mixed oxide ceramics
frequently used in engineering applications include Al2O3, MgO, Y203, Y3AIls012, and MgAl>Oa.
These materials are often produced for extreme applications, where exposure to high temperatures,
mechanical robustness, and mechanical properties are crucial. Prior use of these materials is vast,
and includes use in refractories, laser host materials, porous materials, and thermal barriers.

Powder processing and consolidation (densification) methods for the production of these
materials are often heavily researched as many different variables exist (processing conditions,
temperatures, etc.), and manipulation of these variables typically effects the resultant
microstructure and density of samples/parts — which are typically engineered for specific uses.

Microstructures with fine-grain sizes have many benefits relevant to engineering
applications, including enhanced mechanical and optical properties. However, achieving these
fine-grained microstructures in bulk ceramic oxides is often complicated, as high temperatures are
often encountered in sintering procedures, which are known to facilitate large grain sizes. In
addition, fine-grained microstructures generally require use of fine powders — which can be
challenging to work with due to high surface energies and enhanced reactivity. It is crucial to
investigate the consolidation of these fine-grained powders, as a better understanding could unlock
further advances in the production of more robust ceramics that can assist with pushing the

boundaries of modern engineering and science.



The subsequent chapters and sections of this dissertation include a brief introduction to
some areas where fine-grained oxide ceramics are used, how they are processed, previous variables
that have been explored, and various functionalities of these materials