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Refractory high-entropy alloys (RHEAs) are a new type of metal materials composed of four or more refractory
elements. However, the melting point and liquid viscosity coefficient of RHEAs are high, which leads to low
fluidity. Therefore, powders of such alloys are difficult to prepare by conventional methods. In this study, a new
method called a hydrogen plasma-arc melting has been developed for the preparation of RHEA powders. Results
show that the TiZrHfNbMo RHEA powders have single body-centered-cubic (BCC) structures, consisting of a

large number of irregularly-shaped powders and small numbers of spherical powders. The average particle size of
the powder was 66.97 pm. There is no obvious composition segregation on the surface and inside of the RHEA
powders. In addition, this method greatly reduces the oxygen content of the powders.

1. Introduction

With progress in the science and technology of materials, a variety of
new materials continue to emerge. High-entropy alloys (HEAs) have
excellent physical and chemical properties, such as high hardness, great
strength, and corrosion resistance [1-3]. Especially, due to their
high-temperature strength and thermal stability, they are widely used in
high-temperature resistant fields, such as in the nuclear and aerospace
industries [4-7].

At present, there are two main preparation methods for HEAs pow-
ders [8,9]. One method is mechanical alloying, which is commonly used
to prepare HEAs powders [10]. It is a process in which a highly deformed
layer of particles containing a mixture of different elements is formed by
interactions between alloy-powder particles and their interactions with
high-energy balls in a ball mill. Although mechanical alloying has the
advantages of simplicity and low cost, impurities are easily introduced,
and pollution also spreads. The other method is the widely-used atom-
ization method for preparing fine-metal spherical powder. In the powder
preparation by atomization, high-speed gas/liquid flow acts on the
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flowing molten metal, forming fine droplets, which then solidify into
powder particles [11-13]. However, due to the high melting point, high
liquid viscosity, and poor fluidity of HREAs, it is difficult to prepare this
kind of powder by the conventional-atomization method. In addition,
some researchers have used a composite-plasma spheroidization
method, which processes raw materials into fine powder and then
spheroidizes the powder by plasma. For example, Park et al. [14] have
prepared a spherical WTaMoNbV HEA powders by inductively-coupled
thermal plasma spheroidization. Liu et al. [15] have prepared spherical
ultrahard NbMoTaW refractory HEAs powders by spray drying and
plasma spheroidization, showing a uniform particle-size distribution.
The HEA powders present an overall single body-centered-cubic struc-
ture. However, this method usually requires multiple steps and special
equipment, which is both time-consuming and harmful to energy con-
servation and environmental protection.

In present work, the MoNbHfZrTi RHEA powders were successfully
prepared by hydrogen plasma-arc melting method. The crystalline
structure, morphology, and elemental distribution of these RHEAs were
characterized and analyzed. This method is expected to solve the
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problem that RHEA powers are difficult to prepare due to high melting
point and high liquid viscosity coefficient and low fluidity.

2. Experimental methods
2.1. Powder preparation

It is well known that hydrogen embrittlement is a common phe-
nomenon in nature, usually accompanied by fracture failure of materials
[16]. In other words, hydrogen embrittlement has an irreversible
negative effect on the mechanical properties of the alloy. In order to
better understand, a schematic diagram of the mechanism of action of
hydrogen on the alloy at high temperature was drawn, as shown in Fig. 1
(a). The hydrogen atoms preferentially segregate at the grain boundary
and reduce the interfacial bonding force [17]. In addition, high tem-
perature accelerates the diffusion rate of hydrogen atoms, which not
only occupies vacancies and voids, but also reacts with dislocations,
eventually causing intragranular fracture. According to this principle,
this study attempt to pulverize RHEA ingots by hydrogen embrittlement,
and finally achieve the purpose of preparing powders. Hence,
high-purity refractory metals, Ti, Zr, Hf, Nb, and Mo (purity >99.9 %
weight percent), were provided by the Beijing Dream Material Tech-
nology Co., Ltd. (Beijing, China). The raw materials were melted into
alloy ingots with uniform compositions in the Ar atmosphere. Then, the
alloy ingot was melted in 15 % (volume percent) Ha/Ar atmosphere and
300 A current for 10 min to obtain the powder. After melting, the
powder is cooled in the vacuum furnace for 8 min to avoid oxidation.
The alloy powder attached to the copper tank and furnace wall were
collected for characterization tests. Under the action of plasma,
hydrogen atoms were ionized into hydrogen ions into the alloy ingot, as
shown in Fig. 1(b). The number of hydrogen ions increases with the
increase of melting time, resulting in the embrittlement of the alloy

Intermetallics 173 (2024) 108435

ingot to form irregularly-shaped powders, as shown in Fig. 1(c). How-
ever, due to the high temperature in the arc column region, a small
amount of irregularly-shaped powders located at this position quickly
melted and condensed into spherical droplets under surface tension,
forming spherical powder after contacting with the copper mold (Fig. 1

().
2.2. Microstructural characterizations

After hydrogen-plasma arc-melting, the alloy powder was gathered
for characterization. An X-ray diffractometer (XRD, Shimadzu Corp.,
Kyoto, Japan) was used to analyze the crystalline structure of the
powder, for which the scanning angle ranged over 20-100° and scan-
ning speed 5°/min. The powder morphology and elemental distribution
were observed and analyzed by scanning electron microscopy (SEM; FEI
Q45, FEI Co., Hillsboro, OR, USA) equipped with an energy-dispersive
spectrometer (EDS, Oxford Instruments plc, Abingdon, UK). The phase
of the powder was analyzed by transmission electron microscopy (TEM,
FEI Tecnai G2 F20, FEI Co.). Samples for TEM were prepared, using a
focused ion beam (FIB; FEI Helios Nanolab 600i dual beam SEM, FEI
Co.). In addition, the oxygen content of ingot and powder was detected
by LECO ONH analyzer.

3. Results and discussion

Fig. 2(a) and (b) present the SEM images of as-cast TiZrHfNbMo
RHEA. It can be seen that the alloy exhibits a typical dendritic structure,
which is caused by composition segregation. Several studies have shown
that the solidification sequence is different due to the large difference in
the melting point of the elements [18,19]. During the cooling process,
the elements with high melting point are first enriched to form dendritic
arms, while the elements with low melting point are pushed to the
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Fig. 1. Schematic diagram of (a) hydrogen embrittlement at high temperature, (b) hydrogen absorption, (c) irregularly-shaped powders, and (d) spherical pow-

ders formation.
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surrounding region to form interdendritic. After hydrogen plasma-arc
treatment, RHEA powders are mainly composed of irregular blocks
and a small amount of spheres, as shown in Fig. 2(c) and (d). The XRD
patterns of the RHEA ingots and powders are shown in Fig. 2(e). It can be
confirmed that RHEA powders still maintains a single BCC structure, and
no other intermetallic compounds are formed. The particle-size distri-
bution of the powders was statistically analyzed using an MIPAR soft-
ware, as shown in Fig. 2(f). The results show that the sizes of most of the
powder were between 20 and 100 pm and a small amount of >140 pm,
with an average particle size calculated to be 66.97 pm.

Fig. 3(a) and (b) show the elemental distribution of irregularly-
shaped and spherical RHEA powders, respectively. It can be concluded
that the powders have no obvious composition segregation. Fig. 4 shows
the element content in the square region in the two shapes of powders.
The actual composition floats slightly up and down the nominal
composition, which further indicates that the element distribution is
relatively uniform. Since the content of impurity elements will affect the
purity and properties of the powder, especially the oxygen with high
affinity with TiZrHfNbMo RHEA, its content should be strictly
controlled. No information about oxygen is obtained in SEM-EDS, which
could be attributed to the fact that the equipment could not be accu-
rately identified due to the low oxygen content, and it could also be
confirmed from the XRD pattern that no other diffraction peaks
appeared (Fig. 2(e)). Therefore, the oxygen content of RHEA ingot and
powder was determined by LECO ONH analyzer to be 418 and 293 ppm,
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respectively. The oxygen content of the powder after hydrogen plasma-
arc melting is greatly reduced, which indicates that the process can
decrease oxygen pollution. The decrease of oxygen content is mainly due
to the following three reasons: First, before melting, the titanium ingot
used to ignite the arc will absorb a certain amount of oxygen. Second,
the high-purity argon environment effectively reduces the production of
oxides during the melting process. Last but not least, high temperature
will accelerate the reaction of hydrogen with oxides, and the product
water will evaporate rapidly [20]. Previous studies reveal that the
sheath gas of hydrogen is not only a good deoxidizer, but also promotes
the evaporation of water on the powder surface by high temperature
plasma to prevent oxidation [21]. Here, the reaction of hydrogen with
metal oxides can be expressed as

TiO, + 2H, = Ti + 2H,0 (€))
ZrO, + 2H, = Zr + 2H,0 2)
HfO, + 2H, = Hf + 2H,0 3)
Nb,Os + 5H; = 2Nb + 5H,0 4
MoO; + 3H, = Mo + 3H,0 5)

To further determine the crystal structure of the RHEA powders, the
samples were cut in the red square region by the FIB technique for TEM
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Fig. 2. SEM images: (a) ingot, (b) enlarged image of (a), (c) powers, (d) enlarged image of (c). (e) XRD pattern of the ingot and powders. (f) Particle size distribution.
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Fig. 3. SEM images and its EDS mapping of (a) spherical and (b) irregularly-
shaped powders.
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Fig. 4. Atomic percentage of elements in spherical and irregularly-
shaped powders.

analysis, as shown in Fig. 5(a). The selected area electron diffraction
(SAED) pattern (Fig. 5(b)) show that the RHEA powders have a single
BCC structure, which was consistent with XRD results. The TEM-EDS
shows that the elements inside the RHEA powder are uniformly
distributed, as shown in Fig. 5(c).

By microscopic morphology characterization, it can be found that the
RHEAs powders have smaller particle size and larger specific surface
area than the bulks, which will make them more flexible and plastic
during processing and manufacturing. In addition, RHEAs powders have
unique microstructure and excellent performance characteristics, which
lead to their broad application prospects in the fields of aerospace,
electronic equipment, biomedicine and hydrogen storage [22]. This
preparation method can solve the deficiencies of as-cast bulk RHEAs,
such as serious composition segregation, coarse grains and many defects
[23]. It should be noted that the powder prepared by this method can
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Fig. 5. (a) SEM image of spherical powder, (b) the SAED pattern, and (c) TEM
image and its EDS mapping.

achieve high sphericity through subsequent plasma spheroidization,
which is expected to provide high-quality raw materials for additive
manufacturing.

4. Conclusions

In summary, a low-cost method for preparing RHEA powders are
developed. The TiZrHfNbMo RHEA powders were successfully prepared
by this method and systematically characterized. The results show that
the powders have a single BCC structure. The powders are composed of a
large number of irregular shapes and a small amount of spheres. The
powder particle sizes were mostly between 40 and 100 pm, with an
average particle size is 66.97 pm. There is no obvious element segre-
gation and oxidation phenomenon in the powder. Therefore, hydrogen-
plasma arc melting is a potential new method for preparing RHEA
powders.
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