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1. Introduction 

To clarify the grain refinement mechanism in Ti6Al4V alloy with heterogeneous nucleation site particles 

TiC, a space mission named Hetero-3D was carried out using the electrostatic levitation furnace in the 

International Space Station (ISS-ELF). Meanwhile, melting and solidification experiments with the same 

samples in electrostatic levitation (ESL), electromagnetic levitation (EML) and aerodynamic levitation (ADL) 

were necessary as ground-based reference experiments. According to the previous research1), ESL, EML, and 

ADL provide different levitation environments such as the Reynolds numbers of 15, 2.4 × 104 and 923 in 

droplets, respectively. Thus, the objective of this study was to reveal the solidification behavior of the samples 

and the grain refinement effects of heterogeneous nucleation site particles in these levitation methods. 

2. Experimental Procedures 

Ti6Al4V powder with 5 mass% TiC was sintered using the spark plasma sintering method and cut into 

cubes of approximately 30 mg for ESL, 700 mg for EML, and 20 mg for ADL. The samples for ESL and ADL 

were solidified into spheres in an arc furnace for stable levitations. The samples were melted using lasers and 

solidified spontaneously in all levitation methods. The numbers of prior-β grains per 1 mm2 were counted on 

grain maps of cross-sections of the samples obtained by SEM-EBSD after the levitation experiments. 
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3. Results 

The numbers of prior-β grains in the cross-sections of the samples for ESL, EML (surface), EML (inside), 

and ADL were 6, 23, 15, and 272 /mm2, respectively. In the ADL sample, larger grains (A in Fig. 1(c)) are 

located on the lower side, while extremely fine grains (B in Fig. 1(c)) are situated in the middle area. 

 

Figure 1. Grain maps of prior-β in the samples in (a) electrostatic levitation (ESL), (b) electromagnetic 

levitation (EML), and (c) aerodynamic levitation (ADL). Corresponding counts of grains per      

1 mm2 are also provided. The arrow in (c) indicates the direction of gravity. Due to a sample 

rotation, the gravitational direction could not be identified in ESL and EML. 

4. Discussion 

In an ADL sample, a large temperature gradient exists in the vertical direction due to gas jet and laser 

heating1). This leads to nucleation starting from the lower side of a sample and subsequent columnar grain 

growth. However, as columnar grains grow, equiaxed grains also form due to a decrease in the temperature 

gradient caused by latent heat and solute concentration. It is referred to as columnar equiaxed transition. 

In ESL and EML samples, most nucleation occurs near a sample surface, where temperature begins to 

drop first due to contact with the atmosphere during cooling. As a result, most grains in the ESL sample, as 

shown in Fig. 1(a), were in contact with the sample surface. In contrast, in a molten sample that experiences 

significant convection, it is hypothesized that growing crystals do not stay in their nucleation locations but 

move along the flow. Therefore, a greater number of grains with nearly the same size were formed throughout 

the EML sample, which was significantly different from the ESL and ADL samples, as shown in Fig. 1(b). 

5. Conclusions 

In EML, the significant convection in a molten sample with heterogeneous nucleation site particles TiC 

results in a greater number of prior-β grains with more uniform grain sizes than those in ESL. An ADL sample 

with temperature gradient solidifies in vertical direction, which generates both columnar and equiaxed grains. 
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