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Supplementary Figures
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[bookmark: _Hlk131151139]Fig. S1 CALPHAD results of (a) Nb50V50, (b) Nb49.5V49.5Ta1, (c) Nb47.5V47.5Ta5, and (d) Nb50V41Ta9. 

Note: Figures S1 presents the CALPHAD results of other potential compositions of a BCC phase. It is clear that the melting temperatures of Nb50V50, Nb49.5V49.5Ta1, and Nb47.5V47.5Ta5 are lower than that of the Nb50V42Ta8 (this study), whereas the unfavorable Laves phases are produced in the Nb50V41Ta9 within the working-temperature range. Thus, the Nb50V42Ta8 is the optimal choice for the BCC phase in the present work. 
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[bookmark: _Hlk131151322]Fig. S2 CALPHAD results of (a) Nb51V39Ta7Si3, (b) Nb52V35Ta7Si6, (c) Nb53V32Ta6Si9, and (d) Nb56V22Ta4Si18.
Note: Figures S2 shows the CALPHAD results of other potential NbVTaSi REHEAs. The melting temperatures and phase fractions of Nb5Si3 in the Nb51V39Ta7Si3 (0.92Nb50V42Ta8 + Nb5Si3), Nb52V35Ta7Si6 (0.84Nb50V42Ta8 + 2Nb5Si3), and Nb53V32Ta6Si9 (0.76 Nb50V42Ta8 + 3Nb5Si3) are lower than those of the Nb55V25Ta5Si15, while the additional M5Si3 is formed in the Nb56V22Ta4Si18 within the fabrication-temperature range. Therefore, it suggests that the Nb55V25Ta5Si15 MEA is the optimal choice in the current work from the point of view of the HTC design.
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Fig. S3 Phase-distribution mappings of (a) Nb51V39Ta7Si3, (b) Nb52V35Ta7Si6, (c) Nb53V32Ta6Si9, and (d) Nb56V22Ta4Si18.
Note: Figures S3 present the phase-distribution mapping of other potential NbVTaSi REHEAs. It can be found in Fig. S3(a) that the size of the Nb5Si3 phase in the Nb51V39Ta7Si3 is small, but its volume fraction is low (1.1 vol. %) as well. Although the volume fraction and distribution of Nb5Si3 phases are improved in the Nb52V35Ta7Si6 [Fig. S3(b)] and Nb53V32Ta6Si9 [Fig. S3(c)] REHEAs, they are still not as good as those in the Nb55V25Ta5Si15 REHEA. Figure S3(d) shows that a high-volume fraction of M5Si3 [about 23.3 vol. %] can be found in the Nb56V22Ta4Si18 REHEA, and the total volume fraction of intermetallic compounds is over 57 vol.%. This trend may bring large difficulty in the regulation of microstructures and properties. Therefore, it suggests that the Nb55V25Ta5Si15 REHEA is the optimal choice from the point of view of microstructures in the current work.
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Fig. S4 Compression stress-strain curves of Nb51V39Ta7Si3, Nb52V35Ta7Si6, Nb53V32Ta6Si9, and Nb56V22Ta4Si18 at (a) RT and (b) 850 ℃.
Note: Figure S4 shows the compression properties of other potential NbVTaSi REHEAs. It can be found in Fig. S4(a) that the yield strength of the Nb53V32Ta6Si9 REHEA at RT is about 2.5 GPa, close to that of the Nb55V25Ta5Si15 REHEA. However, its compression strain [about 13.7 %] is lower than that of the Nb55V25Ta5Si15 REHEA [about 15.8 %]. Although the Nb56V22Ta4Si18 REHEA exhibits similar compression strains, its yield strength [about 2.42 GPa] is lower than that of the Nb55V25Ta5Si15 REHEA [about 2.60 GPa]. It is clear from Fig. S4(b) that the compression strengths and strains of these four potential NbVTaSi REHEAs at 850 ℃ are far less than those of the Nb55V25Ta5Si15 REHEA. Comprehensively considering the mechanical properties at RT and 850 ℃, it suggests that the Nb55V25Ta5Si15 REHEA is the optimal choice from the point of view of mechanical properties in the current work.
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Fig. S5 (a) TEM image of dissociated He bubbles and (b) corresponding SRIM simulation results within the irradiation-damage zone of the NiMo DPS alloy. High-magnification (c) under-focus TEM image of dissociated He bubbles in the NiMo DPS alloy and (d) its measured size, number density, and volume fraction. (e) Variation of nanohardness and Young’s modulus of the Ni matrix in the NiMo DPS alloy after the He-ion irradiation. (f) Increment of nanohardness and Young’s modulus of β-Nb5Si3 and Nb50V42Ta8 phases in the Nb55V25Ta5Si15 REHEA and Ni matrix of the NiMo DPS alloy.
Note: The TEM image in Fig. S5(a) and SRIM result in Fig. S5(b) show that the peak-damage depth of the NiMo DPS alloy is about 5.2 µm, shallower than that of the Nb55V25Ta5Si15 REHEA due to its high density of the NiMo DPS alloy. Figure S5(c) represents the under-focus TEM image at the same position [see Location, C, in Fig. S5(a)] exhibiting the size and distribution of the dissociated He bubbles in the NiMo DPS alloy in the peak-damage zone. Its measured size, number density, and volume fraction were determined in 3 random-selected areas in the peak-damage zone to ensure statistical significance as well [Fig. S5(d)]. The mean size, number density, and volume fraction of dissociated He bubbles in the Ni matrix of the NiMo DPS alloy are 9.04 nm, 1.45 × 1021 /m3 and 45.07 × 10-5, respectively, much higher than those in the Nb55V25Ta5Si15 REHEA. Figure S5(e) shows the nanohardness and Young’s modulus of the irradiated/unirradiated NiMo DPS alloy measured via the same route with the Nb55V25Ta5Si15 REHEA. Figure S5(f) presents that the nanohardness increment of the Ni matrix in the NiMo DPS alloy is 1.50 GPa (24.1 %), whereas the Young’s modulus increment of the Ni matrix is 50.45 GPa, which is higher than that of the Nb55V25Ta5Si15 REHEA. Therefore, this feature suggests that the Nb55V25Ta5Si15 REHEA possesses the superior He-irradiation resistance relative to the NiMo DPS alloy.
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Fig. S6 Lattice structures of the initial (a) Nb100, (b) Nb50V42Ta8, (c) Nb100He25, and (d) Nb50V42Ta8He25 model cells. (e) XRD diffractograms of Nb100 and Nb50V42Ta8 model alloys and (f) comparison of experimental and equivalent lattice constants.
Note: Figures S6(a-d) show the initial-built model cells in the DFT and AIMD calculations of the Method section. It is confirmed from Fig. S6(e) that the model alloys of Nb100 and Nb50V42Ta8 keep the single BCC phase, which coincide well with the CALPHAD results. The experimental lattice constant is then calculated, based on Bragg’s law and equation of d-spacing for a cubic cell. Figure S6(f) presents that the experimental lattice constants of Nb and Nb50V42Ta8 model alloys are 3.3121, and 3.2464 Å, respectively, < 1% errors in comparison with the DFT results. Therefore, the composition design and corresponding modelling method of the BCC phase based on the CALPHAD and DFT calculations are reliable in this study.
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