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Abstract of Thesis

Predicting precipitation kinetics is critical in materials science and engineering to optimize alloy properties, improve
manufacturing processes, and enhance product durability and performance. Accurate predictions enable the design of heat
treatments that tailor alloy properties such as strength, hardness, and corrosion resistance, while also reducing development time
and costs. These predictions support the design of advanced alloys with specialized properties to meet demanding applications.
Therefore, understanding and predicting precipitation kinetics allows precise control of the microstructure, resulting in the
production of high-quality, reliable alloys. Light alloys (Al and Mg alloys) are widely accepted as essential structural materials
in the automotive and aeronautical industries, because of their low density, high fracture toughness and strength. The hardness
of light alloys is increased through aging, in which the formation of nano-precipitates hinders plastic deformation. Therefore,
understanding the formation process of nano-precipitates is crucial for tailoring the age hardening process of light alloys.

The nucleation process of metastable nano-precipitates is controlled by time, temperature, and solute concentration. Our
understanding of the complex interaction among these factors remains limited. In this work, we used a variety of atomistic
simulation methods, including atomistically informed classical nucleation theory (CNT) and kinetic Monte Carlo (kMC) to study
the nucleation kinetics of nano-precipitates in typical light alloys Al—Cu and Mg—Y, and to demonstrate the effects of the
controlling factors on the nucleation process, e.g., evolution of nano-precipitates, nucleation rate, and incubation time.

For Al-Cu alloys, we characterized the nucleation preference of coherent Guinier—Preston (GP) zones and semicoherent
nano-precipitates in Al-Cu alloys at various temperatures and solute concentrations using the CNT along with a recently
developed neural-network potential with near first-principles accuracy. Our atomistically informed CNT model revealed the
overall temperature and solute-concentration dependencies of the nucleation barriers of the nano-precipitates, which determine
the crossover temperatures at which the ease of formation of each precipitate alternates at the solute concentration of interest.
Moreover, time-temperature-transformation (TTT) diagrams over a wide temperature range and the nose temperature at which
the incubation time for GP zone formation is the shortest were obtained using the CNT. These predicted results were in good
qualitative agreement with the experimental observations. Furthermore, two formation scenarios of double-layer GP (GP2)
zones, considering synchronous and asynchronous attachments of solute atoms to clusters, were compared in terms of nucleation
efficiency. This provides new insights into the nucleation pathways of the GP2 zone in Al-Cu alloys. Moreover, we developed
a neural network kinetic Monte Carlo (NN-kMC) method for simulating the GP zone nucleation in dilute AI-Cu alloys. The use
of the neural network (NN) greatly improves the efficiency of the on-the-fly kMC calculation by directly predicting the jump
frequency of the vacancy-atom exchange based on the geometry surrounding the vacancy, achieving an accuracy near that of the
nudged elastic band (NEB) method. We employed the NN-kMC method to quantitatively determine the incubation time of GP
zones in Al-2.0 at%Cu alloys at various temperatures. The results were in good agreement with experimental observations, and
the predicted incubation times are closer to the experimental values than those predicted using the CNT.

For Mg-Y alloys, we applied the kMC approach to explore the nucleation kinetics of the B precipitates in the Mg-3.0
at%Y system using an “on-lattice” DFT-based interatomic potential. The time evolution of nucleation of the B precipitates
was characterized based on the kMC results. Using these results, we predicted the existence of an optimum temperature for the
formation of the B" precipitates to be 550 K, at which the time necessary for nucleation is the shortest. Moreover, an upper
temperature limit, above which the B’ precipitates cannot nucleate, was computed as 700 K. This study explains precipitate
nucleation in Mg-Y alloys at an atomic level and provides the theory for obtaining an optimal age-hardening response.

Our findings will provide a theoretical basis for developing optimal aging strategies and contribute to the understanding of
nucleation of nano-precipitates in Al-Cu and Mg—Y alloys at the atomic level as well as facilitate the development of high-

strength light alloys.
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