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Abstract: V-Nb-Mo-Ta-W high-entropy alloy (HEA), one of the refractory HEAs, is considered as
a next-generation structural material for ultra-high temperature uses. Refractory HEAs have low
castability and machinability due to their high melting temperature and low thermal conductivity.
Thus, powder metallurgy becomes a promising method for fabricating components with refractory
HEAs. Therefore, in this study, we fabricated spherical V-Nb-Mo-Ta-W HEA powder using hydrogen
embrittlement and spheroidization by thermal plasma. The HEA ingot was prepared by vacuum arc
melting and revealed to have a single body-centered cubic phase. Hydrogen embrittlement which
could be achieved by annealing in a hydrogen atmosphere was introduced to get the ingot pulverized
easily to a fine powder having an angular shape. Then, the powder was annealed in a vacuum
atmosphere to eliminate the hydrogen from the hydrogenated HEA, resulting in a decrease in the
hydrogen concentration from 0.1033 wt% to 0.0003 wt%. The angular shape of the HEA powder was
turned into a spherical one by inductively-coupled thermal plasma, allowing to fabricate spherical
V-Nb-Mo-Ta-W HEA powder with a d50 value of 28.0 µm.

Keywords: high-entropy alloy; refractory metal; powder; hydrogen embrittlement; spheroidization;
thermal plasma

1. Introduction

High-entropy alloys (HEAs), composed of five or more metallic elements in an equimolar or
near-equimolar ratio, have been intensively studied since the first development by Yeh et al. [1]. As
HEAs possess a high-entropy effect, severe lattice distortion, sluggish diffusion, and the cocktail
effect, they exhibit unique properties such as high hardness [2,3], high strength [4–6], low electrical
conductivity [7], low thermal conductivity [7–9], and high thermal stability [10]. So HEAs have been
considered as promising candidates for high-strength alloys [11–13], corrosion-resistant alloys [14–16],
wear-resistant alloys [17,18], and diffusion barriers [19,20].

There are two primary categories of HEAs: HEAs with a face-centered cubic (FCC) structure [1–7]
and HEAs with a body-centered cubic (BCC) structure [21,22]. Cantor alloy, as a typical form of FCC
HEA which is composed of Cr, Mn, Fe, Co, and Ni, has been studied for cryogenic alloys because the
alloy has high toughness and strength at low temperature [23]. On the other hand, refractory BCC
HEAs, which usually contain Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, and W, were researched intensively as
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high-temperature alloys due to their enhanced mechanical properties at elevated temperatures [11,21].
For example, the yield strengths of Ti-Nb-Mo-Ta-W and Ti-V-Nb-Mo-Ta-W was reported to be 586 MPa
and 659 MPa at 1200 ◦C, respectively [21]. In addition, V-Nb-Mo-Ta-W and Nb-Mo-Ta-W alloys, as
reported by Senkov et al. [11], have yield strengths of 405 MPa and 477 MPa at 1600 ◦C, respectively.

Refractory HEAs have low castability and machinability because they have a high melting point
and low thermal conductivity. Also, HEAs have low formability due to their low ductility and brittle
nature. Therefore, the near-net-shape processes based on the powder metallurgy would be an effective
approach in fabricating components for refractory HEAs. However, to do this, the powder for refractory
HEAs needs to be fabricated. In particular, a fine spherical powder is needed for near-net-shape powder
metallurgy processes, such as additive manufacturing [24] and metal powder injection molding [25].
However, fabrication processes for the spherical powder of refractory BCC HEAs have not yet been
developed; conventional methods for the fabrication of spherical powder, such as gas atomization,
seem not to be applicable for the refractory BCC HEAs due to their extremely high melting temperature.

Grinding could be a way of fabricating powder if an ingot is sufficiently brittle. However, The
V-Nb-Mo-Ta-W HEA ingot is not brittle enough to be crushed, indicating that additional processes
are needed to make it brittle. Hydrogen embrittlement is a good approach to obtain the required
brittleness, which is simply achieved by exposure of metals to hydrogen atmosphere at an adequate
temperature, resulting in the hydrogen-triggered ductile-to-brittle phenomenon [26]. The loss in
strength of metals, when exposed to hydrogen, can be explained by the hydrogen-enhanced decohesion
mechanism [26,27]. It is known that crack can be initiated and even propagated by the localized
stress, induced by hydrogen absorption [28]. Among the HEAs, FCC HEAs are reported to have high
hydrogen-embrittlement resistance, but BCC HEAs are not studied well yet [29–32].

Therefore, in this study, we introduced a new method to fabricate spherical V-Nb-Mo-Ta-W HEA
powder, where hydrogen embrittlement and spheroidization by thermal plasma were used. In addition,
we investigated the morphology, microstructure, and crystal structure of the ingot and powder.

2. Materials and Methods

A process was designed for the fabrication of spherical V-Nb-Mo-Ta-W HEA powder and is shown
in Figure 1. The HEA ingot, with a chemical composition of 20V-20Nb-20Mo-20Ta-20W (at%), was
prepared by vacuum arc remelting. The ingot was remelted five times and cast into a water-cooled
copper crucible with a cylindrical shape. To homogenize the composition, the ingot was annealed at
1400 ◦C for 10 h in a high-purity (5 N) argon atmosphere. The chemical composition of the ingot was
examined by wavelength-dispersive X-ray fluorescence spectrometry and the results are shown in
Table 1.

Table 1. The chemical composition of each component in the VNbMoTaW HEA ingot.

Element Ta W Nb Mo V

Atomic% 21.07 19.75 19.3 20.39 19.49

To make the ingot brittle, the ingot was heated at the rate of 10 ◦C/min and annealed at 600 ◦C for 1
h in a 100% hydrogen atmosphere. The hydrogen-annealed ingot was crushed into particles with sizes
less than 1 mm by a jaw crusher. The particles were ball-milled in 1000 cc stainless steel containers
using tungsten carbide balls with a 5 mm diameter as the milling media. The milling container was
purged by 5 N argon and the ball-to-powder ratio was 5:1 by weight. After ball-milling for 5 h at the
rotation speed of 200 rpm, the powder was sieved using a 45-µm mesh. To eliminate hydrogen, the
powder was heated at the rate of 10 ◦C/min and annealed at 600 ◦C for 1 h in a high-vacuum (~10−5

Torr) atmosphere.
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Figure 1. Schematic process for the fabrication of spherical V-Nb-Mo-Ta-W high-entropy alloy (HEA) 
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Figure 1. Schematic process for the fabrication of spherical V-Nb-Mo-Ta-W high-entropy alloy
(HEA) powder.

The vacuum-annealed powder was spheroidized using inductively-coupled thermal plasma
(PLASNIX, RFP-10). The powder was injected into a chamber with the feeding rate of 500 g/h using
a vibration-type feeder. Argon gas was used as the center gas and powder-carrier gas at the flow
rates of 5 and 2 slm (standard litre per minute), respectively. An argon-and-helium gas mixture, with
an argon/helium ratio of 4, was injected as the sheath gas, with a flow rate of 75 slm, to protect the
chamber from plasma. The pressure of the plasma chamber was set to 90 kPa during plasma treatment.
The plasma power was 8 kW and the oscillation frequency was 13.56 MHz.

The shapes of the ingot before and after hydrogen annealing were observed by an optical camera.
The microstructure of each sample was analyzed by a field-emission scanning electron microscope
(FE-SEM) (QUANTA FEG 250, FEI, Hillsboro, OR, USA). The dendritic structures were observed by
back-scattered electron (BSE) imaging and the grain boundaries were evaluated by electron backscatter
diffraction (EBSD) (DigiVeiw, EDAX, Mahwah, NJ, USA). The chemical compositions of the dendritic
structure in the ingot were analyzed by an energy dispersive spectrometer (EDS). The phases of the
samples were analyzed by using an X-ray diffractometer (XRD) (Empyrean, Malvern Panalytical,
Malvern, UK). The oxygen, nitrogen, and hydrogen concentrations were obtained by using an O/N/H
analyzer (736 series, LECO, St. Joseph, MA, USA). The thickness of the dendritic structure of the
spheroidized powder was about 150 nm. The chemical compositions of the dendritic structure in the
spheroidized powder were analyzed by transmission electron microscopy (TEM) (JEM-2100F, JEOL,
Akishima, Japan). The TEM sample was prepared by a focused ion beam (FIB) (NOVA-200 NanoLab,
FEI, Hillsboro, OR, USA).

To examine the mechanical properties of the ingots before and after hydrogen annealing,
compression tests were carried out with a strain rate of 2 × 10−3 s−1, using a universal testing
machine (5982, Instron, Norwood, MA, USA). Cylindrical samples with a 4-mm diameter and 7-mm
height were used for the compression tests. The Vickers hardness test was performed to evaluate the
brittleness of the samples before and after hydrogen annealing using an indenter (Mitutoyo, HM-200).
The indentation load for the hardness test was 2 kgf.

3. Results and Discussion

Figure 2a shows the V-Nb-Mo-Ta-W HEA ingot with a size of φ 70 mm × 20 mm H fabricated by
vacuum arc remelting. The BSE image in Figure 3a shows the microstructure of the ingot. Similar to a
previous report [12], the V-Nb-Mo-Ta-W ingot had a dendritic microstructure. The thickness of the
dendrite arm was about 20 µm and that of the interdendritic region was about 3 µm. Figure 4 shows
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the EDS mapping results of the ingot. The results showed that the dendrite arm was a W- and Ta-rich
phase and the interdendritic region was an Nb-, Mo-, and V-rich phase.
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Figure 2. Photographs of the V-Nb-Mo-Ta-W ingot (a) before and (b) after hydrogen annealing. The
ingot underwent self-crushing after hydrogen annealing.

EDS point analysis was performed for the dendrite arm; the interdendritic region and the
percentages of each component are shown in Table 2. The weight percentages of V, Nb, Mo, Ta, and W
at the dendrite arm were 6.00%, 14.43%, 15.60%, 30.86%, and 33.11%, respectively, while they were
18.61%, 19.12%, 17.63%, 27.46%, and 17.19%, respectively, at the interdendritic region. These results
agree well with the EDS mapping results (Figure 4). It is known that a dendritic structure can be
formed by the difference of the melting temperatures among the elements comprising the alloy [12].
Therefore, the W- and Ta-rich phase with a relatively high melting temperature was solidified first and
then the Nb-, Mo-, and V-rich phase with a relatively low melting temperature was solidified, making
the dendritic structure.
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(BSE) image and (b) an inverse pole figure map overlapped with the BSE image. The ingot had a
dendritic microstructure with grain boundaries located at the interdendritic region.

Table 2. The concentrations of elements at the dendrite arm and the interdendritic region in the ingot
and spheroidized powder.

Sample V Nb Mo Ta W

Ingot

Dendrite arm
wt% 6.00 14.43 15.60 30.86 33.11

at% 14.97 19.75 20.68 21.34 23.26

Interdendritic
region

wt% 18.61 19.12 17.63 27.46 17.19

at% 36.56 20.59 18.39 14.95 9.51

Spheroidized
powder

Dendrite arm
wt% 4.00 12.52 13.73 30.55 39.21

at% 10.62 18.23 19.35 22.48 29.31

Interdendritic
region

wt% 17.04 24.31 19.84 22.47 16.34

at% 32.94 25.76 20.37 12.03 8.89
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Figure 4. BSE image and energy dispersive spectrometer (EDS) results of the V-Nb-Mo-Ta-W ingot.
Mo, Nb, and V were segregated at the interdendritic region.

To investigate the crystal structure, the ingot was analyzed by an XRD. As shown in the XRD
results in Figure 5a, the XRD pattern of the ingot was matched with the single BCC phase and no
other peaks of intermetallic compounds were detected. This result means that both the dendrite arm
with bright contrast and the interdendritic region with dark contrast (Figure 4) had a BCC crystal
structure. EBSD analysis was performed to investigate the crystallographic orientation of the dendrite
arm and interdendritic regions. Figure 3b shows the inverse pole figure map overlapped with the BSE
image. As shown in Figure 3b, the grain boundaries existed in the interdendritic region and the other
interdendritic region without grain boundaries had the same crystallographic orientation as the nearby
dendrite arm.
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Figure 5. XRD results of each sample with 2θ ranges of (a) 30–90◦ and (b) 38–41◦. The 2θ position of
the (110) peak was shifted by 0.21◦ to a lower angle after hydrogen annealing and it returned to the
original value after vacuum annealing.

In the XRD results of the ingot, the 2θ angle of (110) peaks was 39.85◦ with a d-spacing of 2.260 Å
and the lattice parameter was calculated to be 3.197 Å. The lattice parameters of V, Nb, Mo, Ta, and
W pure metals are 3.024 Å, 3.300 Å, 3.147 Å, 3.303 Å, and 3.165 Å, respectively. The average lattice
parameter of the elements is 3.188 Å, which is smaller than the obtained lattice parameter of 3.197 Å.
By converting the weight percentages to the atomic percentages, the atomic percentages of V, Nb,
Mo, Ta, and W at the dendrite arm were determined to be 14.97%, 19.75%, 20.68%, 21.34%, and
23.26%, respectively.

Based on the lattice parameter and atomic concentrations of elements comprising the phase, the
lattice parameter of the dendrite arm could be calculated using the following equation:

alat = 2·save/(3)
1
2 (1)

where alat is the lattice parameter of the BCC structure and save is the average of interatomic spacing.
The average interatomic spacing can be predicted by the following equation [33]:

save =
∑

sij·ci·cj (2)

where sij is the interatomic spacing between atoms i and j, and ci and cj are the concentrations of
atoms i and j, respectively. The interatomic spacing between two atoms is approximately similar to the
average of interatomic spacing between the same atoms. Based on this assumption and Equations (1)
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and (2), the lattice parameter of the dendrite arm can be predicted to be 3.196 Å, which is very similar
to the lattice parameter obtained in the experiment.

To make V-Nb-Mo-Ta-W HEA brittle, the ingot was annealed in a hydrogen atmosphere.
Hydride-forming metals, such as V, Nb, and Ta become brittle and fracture during annealing in
a hydrogen atmosphere, which is known as hydrogen embrittlement [34,35]. Though Mo and W do
not form metal hydrides, V-Nb-Mo-Ta-W HEA has the potential to have a brittle nature after hydrogen
annealing because of V, Nb, and Ta. Figure 2b shows a photograph of the HEA ingot obtained after
hydrogen annealing. As shown in Figure 2b, the ingot was self-crushed during hydrogen annealing.

To investigate the reason for the self-crushing during hydrogen annealing, the O, N, and
H concentrations and XRD patterns of the ingot before and after hydrogen annealing were
investigated. Table 3 shows the results of the O/N/H analysis. The oxygen, nitrogen, and hydrogen
concentrations of the ingot were 0.065 wt%, 0.004 wt%, and 0.0009 wt%, respectively. After hydrogen
annealing, the oxygen, nitrogen, and hydrogen concentrations became 0.066 wt%, 0.011 wt%, and
0.1033 wt%, respectively, demonstrating a drastically-increased hydrogen concentration. The hydrogen
concentration of 0.1033 wt% corresponds to a hydrogen concentration of 11.0634 at%, which indicates
that a hydrogen atom exists per about 4.5 unit cells.

Table 3. The weight and atomic percentages of oxygen, nitrogen, and hydrogen in each sample.

Sample Composition Oxygen Nitrogen Hydrogen

Ingot
wt% 0.065 0.004 0.0009

at% 0.488 0.034 0.1074

Hydrogen-annealed powder
wt% 0.066 0.011 0.1033

at% 0.442 0.084 11.0634

Vacuum-annealed powder
wt% 0.067 0.004 0.0002

at% 0.504 0.034 0.0241

Spheroidized powder
wt% 0.042 0.005 0.0003

at% 0.316 0.043 0.0359

According to the XRD results shown in Figure 5, the sample after hydrogen annealing still had a
BCC structure but the XRD peak positions were shifted to the left. This result means that the lattice
parameter increased after hydrogen annealing. As shown in Figure 5b, the 2θ position of the (110)
peak was shifted from 39.85◦ to 39.64◦, increasing the lattice parameter from 3.197 Å to 3.213 Å. The
hydrogen concentrations and XRD patterns of the ingot before and after annealing indicate that the
hydrogen penetrated into the HEA ingot, extended the lattice during hydrogen annealing, and induced
self-crushing by the local volume change.

To investigate the toughness of the ingot before and after hydrogen annealing, compression and
indentation tests were performed on the ingots before and after hydrogen annealing. Figure 6a,b
shows the results of the compression and indentation tests, respectively. For the ingot before hydrogen
annealing, the maximum compressive stress was 1884 MPa and the strain at fracture was 5.1%. On the
other hand, the maximum compressive stress and the strain at fracture of the ingot after hydrogen
annealing decreased to 439 MPa and 3.1%, respectively. The toughness, which is the area of the curve
in Figure 6a, was reduced by about 86% after hydrogen annealing. This means that only 14% of the
energy for crushing the ingot was needed to crush the hydrogen-annealed ingot.
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Figure 6b shows the images of the indentation test where the left and right figures are the
indentation results of the ingot before and after hydrogen annealing, respectively. As shown in
the indentation result of the ingot before annealing, no cracks were observed near the indentation
mark. However, the hydrogen-annealed ingot became brittle so that many cracks appeared near the
indentation marks after indenting, indicating that a simple milling method could be appreciable for
powder fabrication. Based on the hydrogen-enhanced decohesion mechanism, the absorbed hydrogen
causes not only a decrease in bonding strength of the lattice but an increase in brittleness as well, as
a result of the accumulation of the absorbed hydrogen atoms at crack tips [26–28]. As a result, the
absorbed hydrogen gets the BCC HEA ingot weakened to pulverization [36].

The ingot after hydrogen annealing was pulverized easily by jaw crushing and ball-milling
because of its brittle nature. After sieving, the powder was annealed in a vacuum atmosphere to
remove hydrogen from the powder. Figure 7 shows the morphologies of the vacuum-annealed
powder. The powder has angular shapes, similar to Nb and Ti powder fabricated by the
hydrogenation-dehydrogenation reaction [35,37,38]. As shown in Figure 5b, the 2θ position of
the (110) XRD peak returned from 39.64◦ to 39.86◦ after vacuum annealing. The oxygen, nitrogen, and
hydrogen concentrations of the vacuum-annealed powder were 0.067 wt%, 0.004 wt%, and 0.0002 wt%,
respectively, which are similar to those of the ingot. According to these results, hydrogen present in
the HEA powder after milling was successfully eliminated by vacuum annealing.
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Figure 7. Morphologies of the vacuum-annealed V-Nb-Mo-Ta-W powder observed by SEM at (a) low
and (b) high magnification. The powder had an angular shape.

The vacuum-annealed powder was spheroidized by inductively-coupled thermal plasma. The
maximum temperature in the thermal plasma chamber can reach 10,000 K [39]. The HEA powder can
be fully melted and spheroidized to reduce the surface area due to the surface tension effect. Figure 8
shows the morphologies of the spheroidized powder. As shown in Figure 8, the HEA powder was
successfully spheroidized and the d10, d50, and d90 values of the spherical powder were 15.0, 28.0, and
43.8 µm, respectively.
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Figure 8. Morphologies of the spheroidized V-Nb-Mo-Ta-W powder observed by SEM at (a) low and
(b) high magnification. The powder had a spherical shape.

The oxygen, nitrogen, and hydrogen concentrations of the spheroidized HEA powder were
0.042 wt%, 0.005 wt%, and 0.0003 wt%, respectively. The oxygen concentration of the vacuum-annealed
powder was 0.067 wt% and it decreased to 0.042 wt% after thermal plasma treatment. If oxidation
occurs during the thermal plasma treatment, the oxygen concentration of powder should be increased
or at least maintained. However, as oxidation is an exothermal reaction, the driving force of oxidation
decreases with temperature and as a result, the atmosphere of the thermal plasma treatment could be
changed to a reducing atmosphere due to the extremely high temperature, as high as 10,000 K, leading
to the reduction of the oxygen content.

To investigate the microstructure of the spheroidized powder, the cross-sections of the spherical
powder were investigated by SEM and the results are shown in Figure 9. To observe the cross-section
of powder, the spheroidized powder was hot-mounted with conductive carbon resin and polished. In
Figure 9a, the BSE image of the cross-section clearly shows a fine dendritic structure formed in the
powder after spheroidization. The thickness of the dendrite arm ranged from 1 to 10 µm and that
of the interdendritic region was less than 0.5 µm, which are much smaller than those of the ingot.
Since the thickness of the dendrite arm decreases with increasing solidification rate [40], the fine
dendritic structure of the spheroidized powder could be a result of rapid solidification during the
plasma treatment. As shown in Figure 5a, the XRD pattern of the spheroidized powder was similar
to that of the vacuum-annealed powder without any phase transformation. Figure 9b–d shows the
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IPF maps of other spheroidized powders observed by EBSD in the cross-sectional view. The points
with a confidence index value under 0.1 were colored black to eliminate the region of the resin. As
shown in Figure 9b–d, all of the observed particles had only one crystallographic orientation, being a
single crystal.
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Figure 9. (a) SEM image and (b–d) inverse pole figure(IPF) maps of the spheroidized V-Nb-Mo-Ta-W
powder particles. The spheroidized powder shows a single crystal, as well as a dendritic structure.

To investigate the difference between the dendrite arm and the interdendritic region, a sample
near the interdendritic region taken by FIB was observed by TEM, as shown in Figure 10. Figure 10a,b
shows the location of the line scanning and the results of line scanning, respectively. Similarly to
the dendrite structure of the ingot, the dendrite arm consisted of a W- and Ta-rich phase and the
interdendritic region was a V- and Nb-rich phase. As shown in Table 2, the atomic percentages of V,
Nb, Mo, Ta, and W at the dendrite arm were 10.62%, 18.23%, 19.35%, 22.48%, and 29.31%, respectively
and those at the interdendritic region were 32.94%, 25.76%, 20.37%, 12.03%, and 8.89%, respectively.

Based on the concentration of each element, the lattice parameters of the dendrite arm and the
interdendritic region in the spheroidized powder can be predicted to be 3.202 and 3.166 Å, respectively,
using Equation (2). Based on the prediction, the (110) d-spacings of the dendrite arm and the
interdendritic region could be calculated to be 2.264 and 2.239 Å, respectively. After spheroidization,
the 2θ position of the (110) XRD peak was 2θ = 39.83◦ (Figure 5). The XRD result indicates that the (110)
d-spacing of the spheroidized powder was 2.262 Å, which is similar to the calculated (110) d-spacing
value of the dendrite arm.
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4. Conclusions

The spherical refractory BCC HEA powder with a chemical composition of 20V-20Nb-20Mo-
20Ta-20W (at%) was successfully fabricated through the combination of hydrogenation and
spheroidization processes. During hydrogen annealing, the ingot underwent self-crushing as a result
of the hydrogen embrittlement, where the hydrogen concentration was increased from 0.0009 wt%
up to 0.1033 wt%. The brittle characteristic of the hydrogen-annealed ingot made it possible to to be
pulverized further by only the ball-milling process. The angular shape of the ball-milled powder could
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be spheroidized by the vacuum annealing, followed by the thermal plasma process. The resulting
powder showed the spherical shape and its size was revealed to be 15.0, 28.0, and 43.8 µm in terms of
d10, d50, and d90. As in the case of the ingot, the spherical powder also had a dendrite structure but
showed a very narrow interdendritic distance, as short as 0.5 µm, which would be ascribed to the rapid
solidification. The compositional analysis revealed that the dendrite arm was a Ta- and W-rich region
with a lattice parameter of 3.202 Å, whereas the interdendritic region was an Nb- and V-rich region
with a lattice parameter of 3.166 Å.
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