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Achieving high strength together with adequate room-temperature ductility remains a central challenge for body-
centered-cubic (BCC) refractory alloys and complex concentrated alloys. This talk presents an integrated computational
framework that connects predictive ductility modeling and alloy design with fundamental dislocation physics to enable
mechanism-guided development of next-generation structural materials.

The first part of the talk focuses on computational prediction and design of ductile refractory alloys. First-principles
calculations, physics-informed descriptors, and statistical learning models are used to quantify intrinsic ductility, deformation
energetics, lattice distortion, and solute-defect interactions across large compositional spaces. These approaches enable
hierarchical screening and multiscale design strategies that identify alloy chemistries with improved strength-ductility
balance and guide experimental realization, including alloys tailored for advanced manufacturing environments. Together,
these results demonstrate how electronic structure, bonding characteristics, and chemical complexity can be systematically
engineered to enhance ductility in BCC multicomponent systems.

The second part addresses the fundamental dislocation mechanisms that ultimately govern plastic deformation and
strength in these materials. In chemically complex BCC alloys, screw dislocations move through spatially heterogeneous
energy landscapes created by local chemical fluctuations, lattice distortion, and nonplanar core structures. Atomistic
simulations and statistical analyses reveal how kink nucleation, migration, cross-kink formation, and alternative depinning
pathways collectively determine the critical stress required for dislocation motion. These mechanisms exhibit strong
dependence on strain rate, dislocation line length, and local atomic environment, highlighting the need for physics-based
descriptions beyond classical strengthening models.

Recent studies further quantify how atomic-scale chemical disorder and nanoscale ordered domains emerge from
thermodynamic stability, kinetic accessibility, and processing pathways, and how these structural features control dislocation
motion. Integrated thermodynamic, kinetic Monte Carlo, and large-scale statistical simulations reveal how nanoscale
ordering, cluster size distributions, and domain morphology evolve under realistic thermal histories such as annealing and
quenching, and how these features modify dislocation resistance through competing cutting and bypass mechanisms. These
results establish quantitative connections between processing conditions, nanoscale chemical structure, and the statistical
distribution of migration barriers that govern macroscopic strength. By identifying how compositional selection and thermal
processing control the formation of nanoscale disorder or ordered domains, this framework provides direct guidance for
experimental design, enabling targeted selection of alloy compositions and processing parameters to tune dislocation
mobility, critical stress, and ultimately the strength-ductility balance.

Overall, this work illustrates how ductility-focused materials design and fundamental dislocation physics can be
integrated within a unified multiscale framework, enabling rational development of refractory alloys with improved
mechanical performance in extreme environments.
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