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Introduction

In powder bed fusion (PBF) additive manufacturing (AM), local heating by laser (LB) or electron beam (EB) irradiation produces an extreme thermal gradient exceeding 107 K/m, referred to as a super-thermal field. This leads to ultra-rapid cooling above 106 K/s and crystal growth rates approaching 10 m/s—conditions that are difficult to realize in conventional casting or welding. Under such circumstances, unique crystal growth phenomena such as absolute stability emerge, opening new possibilities for innovative materials creation. This presentation summarizes the achievements of the JSPS Transformative Research Area (A) project “Creation of Materials by Super-Thermal Field,” initiated in FY2021, and discusses the future outlook of materials science enabled by AM.

Developments of Digital Research Platform for Super-Thermal Fields

Under the concept of Digital-Twin Science, we measured surface temperature distributions in PBF using high-speed cameras and two-color pyrometry, and conducted computational thermal-fluid dynamics (CtFD) simulations to elucidate the extreme solidification conditions.

Data science–based image analysis and microstructure–property prediction models were developed, leading to the discovery of new descriptors. A data-assimilation framework for phase-field simulations of crystal growth was also established.

In-Situ Observation and Advanced Analysis of Crystal Growth under Super-Thermal Fields

Synchrotron X-ray imaging enabled visualization and quantitative evaluation of melting/solidification behavior, spatter formation, and powder motion under super-thermal conditions, revealing PBF-specific crystal growth dynamics such as solidification in the absolute-stability regime.

Advanced analytical techniques—TEM, neutron diffraction, and positron annihilation spectroscopy—have provided new materials-scientific insights, such as the dependence of cellular/dendritic morphologies and dislocation structures on solidification rate, and the incorporation of supersaturated vacancies caused by rapid solidification.

Materials Creation by Super-Thermal Fields

Research has expanded to include heat-resistant titanium alloys, biomedical titanium alloys, and ceramics.

For heat-resistant titanium alloys, optimization of PBF and post-heat-treatment conditions enabled β/α phase control, improving creep properties without degrading fatigue performance. In biomedical applications, in-process alloying has enabled simultaneous design of composition and properties for new low-modulus, high-strength alloys suitable for bone replacement. In ceramics, novel processes such as laser-beam sintering, laser-beam CVD, and fine-particle spraying under super-thermal fields have achieved, high-rate epitaxial growth of eutectic films and microstructure control. These findings demonstrate that material formation by super-thermal-field are applicable not only to metals but also to ceramics.

New Directions through Publicly Offered Research

In addition to the core projects, 32 publicly Offered studies were conducted. These explored new analytical and observational methods, expanded targets to shape-memory alloys, composites, glasses, organic materials including metal–organic frameworks (MOFs), and extended energy sources from LB and EB to plasma and microwaves. These studies have deepened and broadened the scientific foundation of "Creation of Materials by Super-Thermal Field".

Conclusion

Through the investigation of melting and solidification phenomena induced by super-thermal fields, this research area has pioneered new directions in materials science via AM, aiming to establish Science for Creation of Materials by Super-Thermal Field as a new academic framework for the advancement of materials science and engineering.
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