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Supplementary Fig. 1. Fabrication process of the heat-concentrated zone from carbon felt. a 

Photograph of the carbon felt starting material, with a size of ~10 cm × 4.5 cm × 3 mm. b 

Photograph of the center of the heater cut out to form an area of about 3.14 cm × 2 cm × 1 mm. c 

Photograph of the center of the heater split down the middle to form an open column space 

(diameter ~1 cm, length 2 cm). d Photograph of the heater under Joule heating. Due to the higher 

electrical resistance of the carbon column, a Joule heating-concentrated zone is consequentially 

formed. 



 

Supplementary Fig. 2. Temperature characterization of the heat-concentrated zone, which 

can reach ~3000 K. a Temperature mapping of the heater at 3000 K. b Temperature profile of the 

heater that can reach as high as ~3000 K. 

 

 

 

Supplementary Fig. 3. Simulated heating temperatures of different elemental powders  (Fe, 

Co, Ni, Al, Si, Cr) of 1 micron in diameter in the center of the heating region vs. the traveling 

time in the heater at 3000 K. When the temperature of the heater is set to 3000 K, the metal 

powders with a diameter of 1 micron can melt into liquid in less than 3 ms. 

 



 

Supplementary Fig. 4. Simulated heating temperature of different elemental powders (Fe, 

Co, Ni, Al, Si, Cr) of 5 microns in diameter in the center of the heating region vs. the traveling 

time in the heater at 2500 K. At 2500 K, when the size of the metal powders is increased to 5 

µm, it takes no more than 12 ms for the six different elements to melt, which is much less than the 

residence time in the heater (60 ms), ensuring complete melting during heating. 

 

 



 

 

Supplementary Fig. 5. Simulated cooling rate of the melted NiFeCrCo. For simplification, in 

the model, a melted NiFeCrCo droplet was added onto a ceramic substrate (5 cm×5cm×1cm) and 

formed a half sphere with a diameter of ~0.6 cm. The simulation was performed using COMSOL 

Multiphysics. The cooling rate of the melted NiFeCrCo during the initial cooling phase (0–2 s) 

reaches > 400 K/s. Overall, the temperature of the melted NiFeCrCo decreased from ~1760 K to 

~400 K in ~ 10 s with an average cooling rate of 136 K/s.  



 
 

Supplementary Fig. 6. Digital images of the printed NiFeCrCo MPEA droplets with diameter 

of 6 mm and 3 mm. We obtained droplets of ~6 mm in diameter using a carbon felt heater with 

an outlet hole cut to a similar size. By further decreasing the size of the column opening in the 

carbon felt heater to ~3 mm, we obtained smaller droplets of ~3 mm in size.  

  

 

Supplementary Fig. 7. SEM of the Ni powder and size distribution. a SEM of the Ni powder. 

b The Ni powder size distribution. The average size of the Ni powder was ~1 µm. 



 

Supplementary Fig. 8. SEM of the Fe powder and size distribution. a SEM of the Fe powder. 

b The Fe powder size distribution. The average size of the Fe powder was ~1 µm. 

 

 

Supplementary Fig. 9. SEM of the Cr powder and size distribution. a SEM of the Cr powder. 

b The Cr powder size distribution. The average size of the Cr powder was ~1 µm. 



 

Supplementary Fig. 10. SEM of the Co powder and size distribution. a SEM of the Co 

powder. b The Co powder size distribution. The average size of the Co powder was ~0.5 µm. 

 

 

Supplementary Fig. 11. SEM and EDS of the mixed NiFeCrCo powder. The elements are 

uniformly mixed in the powder. 



 
Supplementary Fig. 12. XRD of the printed NiFeCrCo MPEA, fabricated by the high-

temperature melt printing platform, showing an FCC dominant structure.  

  
 

Supplementary Fig. 13. SEM of the NiFeCrCo MPEA by rapid melt printing at high 

magnification (compared to Fig. 3c). The large proportion of light-grey and mid-grey areas 

appear to match with the FCC phase labeled in EBSD (Fig. 3e). 

 



 
Supplementary Fig. 14. EBSD image and grain size distribution of the arc-melted NiFeCrCo 

MPEA, which features a significantly large grain size (~188 µm). 

  

 
Supplementary Fig. 15. EBSD and grain size distribution of the printed CuAlSn alloy 

fabricated by the high-temperature melt printing platform. Al and Cu alloyed into a major 

FCC phase (~94.5 vol.%), with a small fraction of other minor phases containing Sn (~5.5 vol.%). 



 
Supplementary Fig. 16. XRD of the printed CuAlSn alloy fabricated by the high-temperature 

melt printing platform, showing an FCC dominant structure.  

 

 
Supplementary Fig. 17. EBSD image and grain size distribution of the arc-melted CuAlSn, 

demonstrating severe Sn loss. The proportion of Sn containing phases (~0.6%) is significantly 

lower than that of the melt-printed sample shown in Fig. S15.  

 



 

Supplementary Fig. 18. Schematic of the metal particles traveling in the heating zone, where 

the diameter and length of the heater is 𝐷ℎ and 𝐻ℎ, respectively, the temperature of the wall is 𝑇ℎ, 

and the flow rate of the metal particles is 𝑚̇𝑝. 

 

Supplementary Fig. 19. Spectral refractive indices of different metal particles (Fe, Co, Ni, 

Al, Si, Cr); (a) real part, (b) imaginary part9–13. The refractive indices are adopted to simulate 

the transmission of the metal particles traveling in the heating zone. 



 

Supplementary Fig. 20. Transmission factor of the metal particles traveling along the central 

line of the heating zone for particle diameters (𝑫𝒑) of (a) 𝟏 µ𝒎 and (b) 𝟓 µ𝒎. The feeding rate 

of the metallic powders was 300 mg/min. As metal particle size decreases, the transmission factor 

decreases since the diameter of small size particles (i.e., 1 µm) is more comparable to the 

wavelength of high temperature radiation. 

 

Supplementary Fig. 21. Temperature-dependent heat capacity of different elemental 

powders  (Fe, Co, Ni, Al, Si, Cr)1. The heat capacities were used as the input for simulating the 

heating process of the metal particles traveling in the heating zone. 



 
Supplementary Fig. 22. Temperature-dependent thermal conductivity of different elemental 

powders  (Fe, Co, Ni, Al, Si, Cr)2–5. The thermal conductivities were used as the input for 

simulating the heating process of the metal particles traveling in the heating zone. 

 
 

 
Supplementary Fig. 23. Spectral emissivity of different elemental powders  (Fe, Co, Ni, Al, 

Si, Cr)6,7. The spectral emissivities were used as the input for simulating the heating process of 

the metal particles traveling in the heating zone. 

  



Supplementary Table 1. The composition of CuAlSn before and after rapid melt printing 

and arc melting. The CuAlSn alloy produced by rapid melt printing has an overall composition 

of Cu90.3Al3.8Sn5.9 (wt.%), which is very close to the initial ratio of the metal powder precursors 

(Cu90Al4Sn6). The arc-melted CuAlSn sample suffers severe Sn loss (~30 wt.%), with a 

composition of Cu92Al4Sn4. 

 
Composition (in wt.%) 

Cu Al Sn 

Initial ratio (before melting) 90 4 6 

Rapid melt printing 90.3 3.8 5.9 

Arc melting 92.0 3.8 4.2 

 

 

Supplementary Table 2. Materials studied and their corresponding physical and 

thermodynamic properties.  

 

Property 
Density 

(solid) 

Melting 

Temperature 

Density 

(liquid) 

Boiling 

Temperature 

Enthalpy 

(S to L) 

Unit kg/m3 K kg/m3 K J/g 

Cobalt 8900 1768 8860 3143 305 

Iron 7860 1608 6980 3134 222 

Nickel 8900 1728 7810 3003 298 

Aluminum 2710 933 2375 2743 391 

Silicon 2330 1687 2570 3538 1726 

Chromium 7190 2180 6300 2945 501 

NiFeCrCo 8183     

 
  



Supplementary Note 1 

As shown in Supplementary Fig. 18, the radiative heating process of the metal particles can be 

simplified by assuming a dilute particle flow in a cylindrical heating zone with a wall temperature 

of 𝑇ℎ. The metal particles with an ignorable initial velocity are first introduced at the top of the 

heating zone; then, they flow through the heating region driven by gravity (flow time is 𝑡𝑝 =

√2𝐻ℎ/𝑔, where 𝑔 is the gravitational constant). Since the flow rate is very low (< 0.4 m/s), we 

only considered radiative heating in our work. Due to the diameter of the µm-scale metal particles 

being close to the peak wavelength of the black body emission of the high-temperature heater (e.g., 

2500 K), the thermal radiation emitted by the heater will be attenuated by the dispersed particles, 

resulting in a lower heating rate. With the assumption of the random distribution and low volume 

fraction (< 0.01%) of the metal particles in the heating zone, each metal particle can be treated as 

an individual scattering center. Therefore, the scattering (𝑄𝑠𝑐𝑎), extinction (𝑄𝑒𝑥𝑡), and absorption 

(𝑄𝑎𝑏𝑠) efficiency factors can be evaluated by Lorenz-Mie theory8,  

𝑄𝑠𝑐𝑎,𝜆 =
2
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∑(2𝑙 + 1)

∞

𝑙=1
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𝑄𝑎𝑏𝑠,𝜆 = 𝑄𝑒𝑥𝑡,𝜆 − 𝑄𝑠𝑐𝑎,𝜆 (3) 

where 𝑥 = 𝜋𝐷𝑝/𝜆,  𝑙 is an integer, 𝑎𝑙 and 𝑏𝑙 are Mie coefficients as a function of 𝑥 and complex 

refractive index (i.e., 𝑚 = 𝑛 + 𝑖𝑘, see Supplementary Fig. 19). 

The spectral extinction coefficient of the dispersed metal particles in the heating zone can be 

estimated by,  



𝛽(𝜆) =
3

2

𝑉𝑓𝑄𝑒𝑥𝑡,𝜆

𝐷𝑝

(4) 

where 𝑉𝑓 = 4𝑚𝑝
̇ 𝑡𝑝/𝜌𝑝𝜋𝐷ℎ

2𝐻ℎ is the volume fraction of the metal particles in the heating zone and 

𝜌𝑝 is the density of the metal particles (Supplementary Table 2). To estimate the heating time of 

the metal particles, we modeled the heating process of the metal particles that travel along the 

central line of the cylindrical heating zone (dashed line of Supplementary Fig. 18) as these particles 

should undergo the lowest transmission factor with the longest melting time. The spectral 

transmission factor (Supplementary Fig. 20), which evaluated the attenuation of the thermal 

radiation emitted by the heater, can be determined based on Beer’s law14,  

𝑆(𝜆) = 𝑒−
𝛽(𝜆)𝐷ℎ

2 (5) 

We see that the transmission factor of Si and Al powder with a diameter of 1 µm at the peak 

wavelength of the blackbody radiation at 2500 K (~1 µm, based on the Wien’s law2) is around 0.2 

(Supplementary Fig. 20a), while for Co, Fe, Ni, and Cr, the transmission factor is ~0.6 

(Supplementary Fig. 20a). When the particle diameter is increased to 5 µm in Supplementary Fig. 

20b, the transmission factor is smaller for the Co, Fe, Ni, Al, Si, and Cr particle (~0.7–0.8).   
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