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Abstract
In this work, (Nb 0.25 Ta 0.25 Ti 0.25 Hf 0.25 )Si 2 high-entropy disilicide nanopowders were successfully
fabricated via molten salt-assisted magnesium thermal reduction for the rst time. The results showed
that the as-obtained nanopowders possessed a single hexagonal structure (TaSi 2 -type) and consisted
of numerous nanopowders with an average particle size of 55 nm . These nanopowders exhibited highly
compositional uniformity at microscale , but shown the aggregation of Ti element at nanoscale. In
addition, a typical template formation mechanism was proposed and analyzed in detailed. This work
would provide a new way to synthesis of high-entropy disilicise powders for potential high-temperature
harsh environment applications.

1 Introduction
The newly developed eld of crystalline high-entropy ceramics (HECs) are completely disorder solidsolution that consists of four or more components in equiatomic or near equiatomic rations.1,2 Compared
to conventional single phase ceramics, HECs process unique properties and potential applications in
many elds due to their high-entropy, severe lattice-distortion, sluggish diffusion, and cocktail effects.3
Heretofore, numerous HECs, including oxides,1,4 carbides,5–8 diborides,3,9−11 and disilicides,12–14 have
been extensively investigated due to their high-melting point (> 3273 K), excellent chemical stability at
high temperature, and high hardness. Among these HECs, high-entropy disilicides are considered as the
most promising high-temperature candidate material in that their individual components possess high
melting points, high-temperature mechanical property retention, and excellent oxidation resistance.14 The
fabrication of the high-entropy powders is critical for achieving the application of high-entropy disilicides.
Up to now, limited research focused mainly on the fabrication of transition metal disilicide high-entropy
bulk materials,12,13 whereas the synthesis of high-entropy disilicide (HES) powders was rarely reported.
In this communication, the high-entropy disilicides (HES) nanopowders, i.e., (Nb0.25Ta0.25Hf0.25Ti0.25)Si2,
are fabricated by molten salt-assisted magnesium thermal reduction method. The in uence of Mg
contents on purity of HES powders was rstly studied and then the phase compositions, microstructure
and compositional uniformity of the as-synthesized powders were investigated in detail, as well as the
formation mechanism.

2. Experimental Procedure
The commercially transition metal oxides Nb2O5, Ta2O5, TiO2, HfO2 (99.9% purity, particle size: 1–3 µm,
Shanghai Chao Wei Nanotechnology Co. Ltd), SiO2 (99% purity, particle size: 1–3 µm, Shanghai Chao Wei
Nanotechnology Co. Ltd), Mg powders (99% purity, particle size: 1–3 µm, Shanghai Aladdin Biochemical
Technology Co. Ltd), NaCl and KCl (99.5% purity, Shanghai Aladdin Biochemical Technology Co. Ltd)
were utilized to synthesize the HES nanopowders. The detailed fabrication process described as
following: (1) MeOx (Me = Nb, Ta, Ti, Hf) powders were mixed with the equal molar fraction of metal
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atoms, 200 mol% excess amount SiO2 powders, and 250 mol% (350 mol% and 400 mol%) excess amount
Mg powders. The weigh ratios of mixture molten salt (the molar ration of NaCl/KCl was 1:1, melting point
at ~ 737 K)/(MeOX+Mg + SiO2) were 10:1 according to previous work.8 Then, the mixture powders were
heated to 1073 K for 6 h in a horizontal alumina tube furnace under a steady ow of Ar with a heating
rate of 4 K/min. After that, the products were washed by deionized water at 363 K to remove the residual
salts, followed by washing with 0.5 mol/L HCl solution to remove MgO byproduct. Finally, the products
were washed by deionized water and dried at 363 K.
The phase compositions, microstructure, and compositional uniformity of the as-synthesized powders
were investigated by X-ray diffraction (XRD, X’pert PRO; PANalytical, Almelo, Netherlands), scanning
electron microscopy (SEM, Supra-55; Zeiss, Oberkochen, Germany) equipped with energy dispersive
spectroscopy (EDS), and transmission electron microscopy (TEM, Tecnai F30G2; FEI, Eindhoven,
Netherlands) equipped with EDS.

3. Results And Discussion
The XRD patterns of the as-obtained samples were shown in Fig. 1. As shown in XRD pattern, when the
molar ration of Mg content at 250 mol%, the primary phase was (Ta0.25Hf0.25Ti0.25Nb0.25)Si2 and the
impurities, including HfO2 and Nb, were also detected. Theoretically, the formation of HfO2 phase may
lack of reducing agent, i.e., Mg powders (melting point ~ 848K) because of the severe volatilization at
such high temperature. To future address this issue, the molar ration of Mg content increased to
350 mol% and 400 mol%; the XRD patterns were also shown in Fig. 1. Unexpected, the HfO2 still existed in
the as-obtained powders and led to increase the Nb phase with increase the molar ration of Mg. Thus, the
Mg content is not a major factor affecting the purity of HES powders.
SEM images of the as-obtained HES nanopowders shown that they were all composed of many
nanoparticles in the range of several nanometers to hundreds of nanometers (Fig. 2). Figure 2b shows
the EDS maps of four main transition metal elements in the as-synthesized powders at micrometer scale.
Obviously, the distribution of elements is highly uniform without any aggregation or segregation. This
indicates that the as-synthesized HES powders have highly compositional uniformity at microscale.
Figure 3a presents a typical TEM image of the as-obtained HES nanopowders. It obviously indicates that
HES nanopowders consist of numerous individual nanoparticles. Figure 3b shows a typical highresolution transmission electron microscopy image (HRTEM). It clearly exhibits a periodic lattice structure
with a set of fringes with the d-space of 0.409 nm, corresponding to the {100} plane of HES phase, which
is in good agreement with the calculation value (0.414 nm) from XRD pattern. Meanwhile, it should be
noted that there is an amorphous layer with the thickness of 2–4 nm coated on surface, which may be
due to the presence of amorphous SiO2. The selected area electron diffraction (SAED) pattern along with
zone axis of [] indicates that the as-synthesized powders possess a single hexagonal structure. In
addition, the average particle size of HES was con rmed to ~ 55 nm according to 50 individual
nanoparticles (Fig. 4). The scanning transmission electron microscopy (STEM) image and the
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corresponding EDS elemental maps (Fig. 4) of the as-synthesized HES nanopowders demonstrate that
the distribution of three metal elements and Si element is basically uniform except Ti element
aggregation at nanoscale.
Figure 5 demonstrates the possible formation mechanism of the as-synthesized HES powders via molten
salt-assisted magnesium thermal reduction. It is generally accepted that the mixed salts rstly melted
into the liquid during heat process (Fig. 5a). After that, four metal oxides, SiO2 and Mg gradually
dissolved into the mixed molten salts (Fig. 5b) by the following reactions: 8

During this process, Mg gradually dissociated to mobile cations (Mg2+) and delocalized electrons (e−) in NaCl/KCl molten salts according
to Eq. 1. Meanwhile, four metal oxides and SiO2 also dissolved in NaCl/KCl molten salts to produce mobile cations and anions. It has
been reported that the molten salt synthesis method involves two mechanisms, including template formation and dissolutionprecipitation. According to the similarity-intermiscibility theory,15 it is considered that SiO2 is an atomic crystal; while the bond between
four metal oxides and NaCl/KCl is mainly ionic. The solubility of SiO2 in NaCl/KCl molten salts is much less than that of four metal
oxides.16 In this content, four transition metal cations would move to silicon ion surface and capture free electrons around it to generate
HES molecules in molten salt according to Eq. 4 (Fig. 5c). Thus, it can be deduced that the formation mechanism in this work is mainly
template formation mechanism. As the reaction proceeded, when the concentration of the generated HES molecules in molten salt
medium reached the supersaturation condition, they could precipitate from the molten salt to nucleate and grow. Finally, numerous HES
nanoparticles are obtained after removing the remnant reactants (Fig. 5d).

4. Conclusion
In summary, the high-entropy disilicide nanopowders, i.e., (Ta0.25Hf0.25Ti0.25Nb0.25)Si2, have been
successfully fabricated by molten salt assisted magnesium thermal reduction for the rst time. The asobtained nanopowders possessed a single hexagonal structure (TaSi2-type) and high compositional
uniformity at microscale, but shown Ti element aggregation at nanoscale. In addition, the template
formation mechanism was proposed to explain the formation of HSE powders.
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Figures

Figure 1
XRD patterns of the as-synthesized HES powders
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Figure 2
SEM characterizations of the as-synthesized HES powders (a) SEM image; (b) the corresponding EDS
compositional maps (labeled by an orange square in Figure 1a)

Figure 3
TEM analysis of the as-synthesized HES nanopowders (a) TEM image; (b) HRTEM image (insert shown
the SAED pattern)
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Figure 4
TEM analysis of the as-synthesized HES nanopowders: (a) histogram of the particle sizes with a
Gaussian tting to the data. The Gaussian peak is centered at 55 nm; (b) STEM image and the
corresponding EDS elemental maps
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Figure 5
Schematic diagram of the possible formation process for HES nanoparticles
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