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contamination (~8 wt%), which can be attributed to the washing of 
powders with fine particle size. J. Lee et al. introduced a one-pot syn
thesis for production of ultrafine Sm2Fe17N3 nanoparticles with an 
average size of 300–400 nm. However, this method yielded powders 
with a modest maximum magnetic energy product (BH)max of 13.9 
MGOe [18]. All described methods involve multiple-step procedures, 
posing difficulties in controlling the final particle size and oxygen con
tent, and making the production of sintered magnets challenging. 

Recently, S. Sato et al. prepared an anisotropic Sm-Fe-N magnetic 
powder and its sintered magnets using the RD process and a low-melting 
eutectic LiCl-CaCl2 [19]. Near single-phase Sm1Fe7 alloy powder was 
obtained using this approach, which enabled the reduction to occur 
below the melting temperature of Ca (Tmelt = 842 ◦C). However, upon 
sintering the obtained bulk magnet possessed inferior hard magnetic 
properties (BHmax = 6.1 MGOe, relative density of 86.8 %). Neverthe
less, this approach suggests the feasibility of obtaining pure Sm2Fe17N3 
alloy powders using CaCl2 as a molten salt during high-temperature 
reduction-diffusion process. In this study, we utilized CaCl2 as a flux 
during RD to prepare low-oxygen Sm2Fe17N3 powders, which are crucial 
for bulk magnet fabrication, maintaining the same level of 
hard-magnetic performance as was observed in powders. The developed 
process involves mechanochemical activation of precursors by milling 
with CaCl2, followed by Ca-assisted RD, washing, nitrogenation, and 
finally by spark plasma sintering (SPS). Introduction of CaCl2 allows to 
decrease the RD reaction temperature due to its lower melting point 
(Tmelt CaCl2 = 772 ◦C) compared to Ca (Tmelt Ca = 842 ◦C). The molten 
CaCl2 serves as a liquid flux in which Ca dissolves and diffuses to reduce 
Sm2O3. As-formed Sm metal dissolves in CaCl2 flux and diffuses to react 
with Fe particles, thereby completing RD by formation the Sm-Fe alloy. 
The commonly used deionized water (DIW) washing step applied after 
the reduction process effectively removed impurities and produced 
high-quality Sm2Fe17N3 powder. In addition to utilizing CaCl2 as a 
dispersant agent during the mechanochemical activation of precursors 
and as a molten salt flux, its high solubility in water significantly reduces 
washing time. This, in turn, results in minimal oxidation of the final 
powder particles. Thus, our proposed approach produces low-oxygen 
Sm2Fe17N3 powders with high values of coercivity, saturation magne
tization, and maximum energy product [(BH)max] which is beneficial 
during consolidation into a bulk magnet. 

2. Experimental procedure 

The starting precursors – Sm2O3, Fe, and CaCl2 – were procured from 
Sigma-Aldrich. To eliminate absorbed moisture, Sm2O3 was annealed at 
800 ◦C for 12 h. To obtain anhydrous compound, CaCl2 was annealed 
with NH4Cl in Ar flow at 350 ◦C for 4 h. The Sm2Fe17N3 powder particles 
were prepared by mechanochemical milling of precursors followed by 
the molten salt assisted RD process. Briefly, the starting precursors, 
including Sm2O3, Fe and CaCl2, were ball milled for a duration ranging 
from 1 to 10 h. Thereafter, the milled powder was mixed with Ca- 
granules and annealed at 800 to 1000 ◦C for 1 h under Helium (He) 
gas. The RD powder was crushed in mortar to produce a coarse powder, 
which was then subjected to nitriding in an atmosphere consisting of a 
mixture of gasses comprised of NH3-H2 (1:2 vol/vol) at a temperature of 
420 ◦C for 1 h. Afterward, the powder was annealed in an H2 atmosphere 
to adjust the nitrogen content, followed by a 1 h annealing in an Ar 
atmosphere to remove any absorbed hydrogen from the Sm2Fe17N3 
[20]. Finally, the removal of the by-products from nitridated powders 
was carried out by washing step. For this purpose, we utilized washing 
with deionized (DI) water while sonicating. Then, powder was rinsed 
with acetone to remove any traces of water and dried under a vacuum to 
obtain the final magnetic powder used for consolidation. To produce 
bulk magnets, the obtained powders were placed into a 5 mm diameter 
cylindrical die made of tungsten carbide (WC) within an Ar atmosphere 
glovebox to avoid oxidation. Subsequently, the die was positioned in the 
chamber of a Spark Plasma Sintering (SPS) system (Dr. Sinter Lab Jr. 
SPS-211Lx 247, Sumitomo Mining Co., Ltd.). The SPS chamber was 
evacuated and backfilled with Ar gas pressure less than 0.5 Pa. Sintering 
was performed by applying a uniaxial compressive pressure of 750 MPa 
at a temperature of 420 ◦C for 5 min 

X-ray diffraction (XRD, PAN Analytical, USA) using Cu Kα radiation 
was utilized to assess the phase and crystal structure of the samples. The 
field emission scanning electron microscopy (FE-SEM, Teneo LoVac, FEI, 
USA) was employed to examine the particle morphology and size, 
chemical composition, and microstructure. A vibrating sample magne
tometer (PPMS-Dynacool, Quantum Design, USA) was utilized to mea
sure the magnetic properties. 

Fig. 1. BSE-SEM images of the precursor powders obtained by milling for different times: (a) 1 h, (b) 3 h, (c) 6 h, and (d) 10 h.  
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