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Abstract: Nanoscale materials differ from their bulk counterparts not only in size,
but because a significant fraction of their atomic volume lies within interfacial
regions. Consequently, many properties of nanomaterials arise from the
complexities of atoms primarily located at surfaces or grain boundaries. In
nanoceramics, this makes grain boundary characteristics critical for
understanding and tailoring their properties. While there are various ways to
analyze grain boundaries, a thermodynamic approach provides an inclusive
measure that naturally accounts for physicochemical and mechanical stresses. In
this presentation, we explore how grain boundary energies—measured via
rigorous microcalorimetric experiments—can serve as a powerful design tool for
enhancing the mechanical performance of nanoceramics. Using yttria-stabilized
zirconia as a model system, we demonstrate how hardness and the inverse Hall–
Petch behavior correlate directly with systematically increasing grain boundary
energies for grain sizes below 30 nm. We further show that grain boundary
energies can be deliberately modified by segregation-prone dopants to fine-tune
mechanical properties. By introducing lanthanum or gadolinium ions, not only is
the absolute grain boundary energy affected, but so too is the grain boundary
distribution, leading to macroscopic improvements in toughness through crack-
deflection mechanisms. These findings suggest that grain boundary engineering
is indeed feasible in nanoceramics—albeit in ways that differ from conventional
approaches.
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