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Abstract

In this work, the hydrogenation behavior of a near-equiatomic Ti-V-Zr-Nb-Mo-Hf-Ta-
W refractory high-entropy alloy (R-HEA) exposed to pressurized hydrogen has been
thoroughly investigated. Isothermal gas-phase hydrogen absorption experiments have
been performed and a maximum uptake of 1.13 wt.% H has been achieved after exposure to
a pure H2 atmosphere at 350 ◦C and 60 bar H2 for 6 h. This hydrogen absorption capacity is
rather low compared to previous literature, where capacities as high as 2.7 wt.% have been
reported. The presence of two distinct (Hf,Zr)-mixed oxides at the surface of the particles
has been deduced from X-ray diffraction analyses and identified as the main reason for
the relatively low H uptake and the minimal impact onto the mechanical integrity of the
R-HEA after hydrogenation. The results hereby reported suggest that R-HEAs containing
strong oxide-forming elements such as Hf, Zr, and Ti undergo surface hydrogenation-
regeneration upon intermittent exposure to a hydrogen atmosphere. The cyclic nature of
such phenomena should be further investigated, as it could lead to the development of
novel, self-regenerating protective materials against hydrogen diffusion and embrittlement
to be potentially used as permeation barriers.

Keywords: high-entropy alloy; spherical powder; plasma centrifugal atomization; hydrogen
absorption capacity; hydrogen embrittlement

1. Introduction
The green transition from fossil fuel-based societies towards more sustainable energy

systems relies largely on the exploitation of hydrogen as a clean energy carrier. Therefore,
efficient and safe hydrogen storage and transportation are areas of great interest. Traditional
hydrogen storage options include high-pressure gaseous H2 tanks, cryogenic storage of
liquefied H2 at temperatures as low as −253 ◦C, or the use of porous media such as activated
carbons or metal-organic frameworks (MOFs) as physisorbents [1]. Solid-state hydrogen
storage in the form of metal hydrides has recently attracted notoriety as an alternative
for static hydrogen storage, thereby avoiding the safety concerns related to pressurized
hydrogen [2].

The most commonly used compounds for solid-state hydrogen storage are binary and
ternary intermetallics containing at least one strong hydride-forming element among the
rare-earth elements or the early transition metals. Examples of such compounds include
LaNi5, CeNi3, TiMn2, TiFe intermetallics, Mg2Ni, TiCo, or ZrB2, to name a few [3,4]. In this
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context, refractory high-entropy alloys (R-HEAs) with suitable combinations of five or more
principal elements in relative concentrations within 5–35 at.% have attracted notorious
research interest in recent years. Indeed, some refractory metals such as Ti, Zr, Nb, or Hf are
reported to exhibit the highest affinities towards hydrogen after the rare-earth elements [5].

Kao et al. [6] authored one of the earliest works on the hydrogen absorption capacity
of HEAs containing refractory elements. The single-phased CoFeMnTixVyZrz alloys with
hexagonal C14 Laves phase structure investigated in this study exhibited hydrogen storage
capacities within the range of 0.75–1.8 wt.%, with a remarkable room temperature uptake
equivalent to 1.6 wt.%. The hydrogen absorption by a combination of refractory elements
and 3d transition metals was further investigated by Kunce et al. [7]. The near-equiatomic
FeNiVCrTiZr under consideration consisted in a main C14 Laves phase and minor amounts
of a Ti-rich solid solution. The authors reported a remarkable hydrogen uptake within
1.56–1.81 wt.% at a near-room temperature of 50 ◦C, and the hydride phase was partly
retained after dehydrogenation.

Kunce et al. would later on investigate the hydrogen absorption capacity of all-
refractory TiZrMoNbV HEAs [8]. Multi-phase HEAs consisting of a primary dendrite-
forming BCC solid solution, an orthorhombic NbTi4-like phase, and α-Zr-rich precipitates
exhibited an outstanding hydrogen storage capacity of 2.3 wt.%. In contrast, single-phased
HEAs with BCC structure exhibited a hydrogen uptake capacity as low as 0.59–0.61 wt.%,
with no noticeable phase transformation from the metallic R-HEA into the corresponding
hydride upon exposure to the hydrogen atmosphere. Further on, Sahlberg et al. [9] re-
placed Mo with Hf, and investigated the hydrogen absorption capacity of near-equiatomic
TiVZrNbHf. The authors reported that hydrogenation started at temperatures from 200 ◦C,
and achieved a remarkable hydrogen absorption of 2.7 wt.% at 53 bar H2 and 300 ◦C.

The hydrogen absorption capacity and the structural modifications upon hydrogenation-
dehydrogenation of R-HEAs have been extensively investigated in the recent years [10–15].
Some authors claim that the hydrogen absorption capacity is enhanced in R-HEAs thanks
to the severely distorted crystal lattice, which would create additional absorption sites to
accommodate relatively large amounts of hydrogen atoms. In contrast, other authors claim
that the entropy stabilization of compositionally complex, fully disordered solid solutions
may be detrimental to hydrogen absorption due to enhanced phase stability. The latter,
combined with suitable surface engineering through, e.g., selective oxidation, should be
regarded as promising candidates for the development of novel metallic-ceramic hydrogen
permeation barrier materials. Indeed, thanks to denser microstructures and lower gas
permeabilities, ceramic compounds such as oxides, nitrides, and carbides are expected to
surpass the performance of polymeric and metallic coatings [16–18].

In the present work, the hydrogenation behavior of a near-equiatomic Ti-V-Zr-Nb-
Mo-Hf-Ta-W R-HEA is thoroughly investigated. The hydrogen absorption capacity of
spherical powder fabricated by plasma-assisted centrifugal atomization is determined
through isothermal gas-phase charging experiments. The structural modifications upon
hydrogenation and the impact on the mechanical integrity of the R-HEA under considera-
tion are investigated. Finally, the role of surface oxides in limiting the hydrogen absorption
into HEAs containing strong oxide-forming elements is discussed, and a hydrogenation-
regeneration mechanism upon intermittent exposure to pressurized hydrogen is proposed.
Further research in this regard is required, but the authors of this work are confident that
such phenomena have the potential to eventually allow for the development of novel,
self-regenerating protective materials against hydrogen diffusion.
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2. Materials and Methods
In the present work, elemental powders of Ti, V, Zr, Nb, Mo, Hf, Ta, and W

(purity >99.5%, particle size < 45 µm) were purchased from Shanghai Xinglu Chemical
Technology Co., Ltd. (Shanghai, China). The powders were blended under a pure Ar
atmosphere in a high-density polyethylene bottle, followed by ball-mixing for 1 h at a
rotational speed of 100 rpm. Zirconia milling beads, in 1:1 weight ratio with respect to the
powder blend, were used as a mixing aid. This low energy mixing operation resulted in
intimate mixing of the elemental powders without mechanical alloying. The powder blend
was then used as feedstock to fabricate spherical powder of a Ti-V-Zr-Nb-Mo-Hf-Ta-W
R-HEA by a two-step plasma-assisted centrifugal atomization process at Höganäs Sweden
AB (Luleå, Sweden).

In the first step, the powder blend was manually packed into the atomization crucible
and the plasma centrifugal atomization was carried out at a rotational speed of 3000 rpm,
under a pure Ar atmosphere and pure Ar plasma carrier gas. A mixture of spherical powder
and unreacted elemental powders was collected at the bottom of the reactor. The spherical
powder, with particles sizes within 326–494 µm (D50 = 424 µm), was recovered through
mechanical separation with vibrating plates and mechanical sieving.

In the second step, the spherical powder previously fabricated was continuously fed
into the rotating crucible from the top and re-atomized at a rotational speed of 11,000 rpm,
under a pure Ar atmosphere and pure Ar plasma carrier gas. The process was stopped as
soon as all the feedstock had been fed into the system and no more droplets were observed
being ejected from the rotating crucible. A blend of spherical powder and irregularly
shaped pieces of the solidified melt was collected at the bottom of the reactor. The spherical
powder was recovered through mechanical separation with vibrating plates. Moreover, the
re-atomized spherical powder with particle sizes within 111–148 µm (D50 = 132 µm) was
separated from the un-melted spherical feedstock through mechanical sieving at 250 µm.
The average chemical composition of the re-atomized powder is shown in Table 1. For
further details on the fabrication route followed in this study, the reader is kindly invited
to refer to previous publications by the co-authors [19,20].

Table 1. Average bulk chemical composition of the spherical Ti-V-Zr-Nb-Mo-Hf-Ta-W R-HEA used in
the present study.

Ti (at.%) V (at.%) Zr (at.%) Nb (at.%) Mo (at.%) Hf (at.%) Ta (at.%) W (at.%)

11.4 ± 2.8 12.5 ± 3.0 13.6 ± 2.7 12.7 ± 1.9 13.6 ± 2.0 13.7 ± 2.4 12.3 ± 2.2 10.2 ± 3.0

The spherical Ti-V-Zr-Nb-Mo-Hf-Ta-W R-HEA was manually sieved to obtain mono-
sized powder with a particle size of 125 µm. An IsoSORP® sorption analyzer (TA In-
struments, New Castle, DE, USA) was then used to investigate its gravimetric hydrogen
absorption capacity. To that end, a sample of approximately 80 mg of powder was placed
in a suspended crucible inside the main chamber and degassed at 150 ◦C under vacuum
for 1 h. Next, a buoyancy calibration run was performed from vacuum up to 50 bar under a
helium atmosphere and at room temperature to determine the true mass and volume of the
powder sample. After these pretreatments, the system would be put under vacuum once
again and the actual test would proceed by first heating the powder sample to the nominal
test temperature, followed by the introduction of pure hydrogen at varying pressures. The
hydrogen uptake of the R-HEA under investigation was measured at temperatures of 20,
100, 200, and 350 ◦C, and under pressures of 20, 30, and 60 bar. The test duration was varied
between 20 min and 6 h to investigate the effect of exposure time upon the total amount of
absorbed hydrogen.
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Specimens for metallographic inspection of the bulk of individual particles were
prepared by depositing a monolayer of powder inside a steel ring (effective inner diameter
of 8 mm), followed by hot-mounting in PolyFast® (Struers, Ballerup, Denmark) at 180 ◦C
and 250 bar for 3.5 min using a SimpliMet 1000 Automatic Mounting Press (Buehler, Lake
Bluff, IL, USA). Grinding and polishing of the specimens thus produced was performed
in accordance with the standard procedures described in [21] prior to microindentation
hardness testing. A final polishing stage using amorphous colloidal silica (MasterMet 2,
Buehler, Lake Bluff, IL, USA) was applied for 25 min before scanning electron microscopy
(SEM) investigation of the cross-sectional specimens. The microstructure of the R-HEA
under investigation was revealed solely by the chemo-mechanical polishing effect of the
colloidal silica and additional chemical etching was therefore not necessary.

The surface condition and the bulk microstructure of individual particles were investi-
gated by scanning electron microscopy with a Magellan 400 Extreme-High Resolution SEM
(FEI Company, Eindhoven, The Netherlands). Moreover, the local chemical composition
and the distribution of all the principal elements within the high-entropy structure were
investigated by energy-dispersive X-ray spectroscopy (EDS). The commercially available
software package AZtec (version 6.2) by Oxford Instruments (Abingdon, Oxfordshire, UK)
was used to record and process the EDS data.

The crystal structure of the R-HEA was investigated by X-ray powder diffraction
(XRD) using an Empyrean diffractometer (Malvern PANalytical, Malvern, UK) equipped
with a Cu-Kα LFF HR X-ray tube and a PIXcel3D detector. The specimens for XRD investi-
gation were prepared by depositing a monolayer of powder onto a piece of double-sided
tape. The diffraction patterns were recorded within the 2θ range of 20–140◦, with a step
size of 0.013 ◦ and time per step of 300 s (effective scan speed of 0.011◦/s). The com-
mercially available software package HighScore Plus (version 5.2, Malvern PANalytical,
Malvern, UK) and the 2023 ICDD PDF database were used to analyze the obtained diffrac-
tion data, while polycrystalline silicon (Si 99%, −325 mesh; Sigma-Aldrich, St. Louis,
MO, USA) was used as an external standard to determine the correct positions of the
diffraction peaks.

The microindentation hardness of individual particles was investigated on the polished
cross-sectional specimens using an MXTa1 hardness tester (Matsuzawa Seiki Co., Ltd.,
Tokyo, Japan) equipped with a Buehler OmniMet MHT Microindentation Hardness Testing
System (Buehler, Lake Bluff, IL, USA). The test load was set to 2 N, and the dwell time was
10 s. To investigate the evolution of the hardness from the surface to the core, the specimens
were polished and subsequently idented at two different depths, namely h1 = 5 µm from
the outermost surface (corresponding to the outer shell) and h2 = 65 µm (corresponding to
the equatorial plane of the particles). Only one indentation was performed at the center of
the circular cross-section of each particle to avoid shear stresses at the interface between
the particle and the embedding resin. Ten different particles were tested for each polished
specimen to ensure statistical representativity, and the average and the standard deviation
were subsequently determined for each set of data.

3. Results and Discussion
The Ti-V-Zr-Nb-Mo-Hf-Ta-W R-HEA powder fabricated by plasma-assisted centrifu-

gal atomization is characterized by a remarkable sphericity, smooth surface, and complete
absence of satellite particles, as shown in Figure 1a. The bulk of the as-atomized particles
is characterized by a refined flower-like, dendritic microstructure from the core and to
the outermost surface (shown in Figure 1b), with primary and secondary dendrite arms
of approximately 1.8 and 0.7 µm in thickness, respectively, and interdendritic spacing of
approximately 0.4 µm. The compositional contrast observed with backscattered electron
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imaging (highlighted with arrows on Figure 1c) suggests the partitioning of the principal
elements between the dendrite arms and the interdendritic region. The elemental distri-
bution of the area shown in Figure 1c, obtained through EDS compositional mapping,
confirms that the primary dendrite arms are richest in the most refractory elements in
the composition (i.e., W, Ta, and Mo with melting temperatures of 3422 ◦C, 3017 ◦C, and
2623 ◦C, respectively). Conversely, the interdendritic region corresponding to the last
liquid to solidify is enriched in elements with significantly lower melting temperatures
(e.g., Ti and V with melting points of 1668 ◦C and 1910 ◦C, respectively). Such chemical
segregation is common in R-HEAs obtained from the liquid state, whereas refined dendritic
microstructures are inherent to solidification processes at high cooling rates.

 

Figure 1. SEM investigation of the spherical R-HEA powder in the as-atomized condition: (a) overall
morphology of the spherical particles, (b) polished cross-section of an entire particle, and (c) high mag-
nification image of the bulk microstructure, showing the primary dendrite arms, the interdendritic
region, and the elemental distribution determined by EDS compositional mapping.

The XRD analysis of the as-atomized powder (shown in Figure 2a) revealed the
existence of a single BCC-structured solid solution incorporating all the principal elements,
as well as the formation of minor amounts of two distinct (Hf,Zr)-mixed oxides. The
presence of an oxide with chemical composition of the type HfxZryO, x + y > 2, and
hexagonal crystal structure was deduced by comparison with the standard ICDD diffraction
patterns PDF 04-017-7354 (Hf6O), PDF 01-078-5817 (Hf4.8O), and PDF 01-082-7085 (Hf4O).
Moreover, the presence of an oxide with chemical composition of the type HfxZr1−xO2,
0 < x < 1, and monoclinic crystal structure was deduced by comparison with the standard
ICDD diffraction patterns PDF 00-034-0104 (HfO2), PDF 04-006-7678 (Hf0.5Zr0.5O2), PDF
04-017-5852 (Hf0.254Zr0.746O2), and PDF 01-087-7158 (ZrO2).
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Figure 2. (a) XRD diffractograms of the R-HEA powder in the as-atomized condition (black line)
and after hydrogenation-regeneration (red line), and (b) schematic representation of the passivation-
hydrogenation-regeneration mechanism proposed in this work.

Isothermal hydrogen absorption experiments were performed to determine the uptake
capacity of the as-atomized R-HEA, as well as to investigate the structural modifications
and the impact on the mechanical properties due to the exposure to pressurized hydrogen.
The most relevant gravimetric measurements performed in the present study are sum-
marized in Table 2, where the pressure and the temperature were kept constant, and the
absorption phenomena were monitored through variations in the mass of the sample. In
all the experiments, the equilibrium conditions corresponding to mass fluctuations within
±100 µg were reached within the first 15 min of exposure to hydrogen.

Table 2. Summary of the isothermal hydrogen absorption experiments performed during the present study.

T (◦C) P (bar) Exposure Time H Absorption (mg/g) H Absorption (wt.%)

20 20 25 min 0 0
100 20 28 min 0 0

200 20 22 min 2.73 0.273
200 30 22 min 3.19 0.319
200 30 28 min 2.90 0.290
200 60 1 h 25 min 2.73 0.273

350 60 6 h 11.34 1.134

At the lowest pressure of 20 bar H2, no hydrogen uptake was measured at room
temperature (indicated as 20 ◦C in Table 2) or 100 ◦C. Hydrogen absorption under 20 bar
H2 was first observed at a temperature of 200 ◦C and for an exposure time after equilib-
rium as short as 22 min (0.27 wt.% H). The experiments performed at the temperature
of 200 ◦C and varying H2 pressures of 20, 30, and 60 bar suggest that the pressure and
the exposure time after equilibrium play a marginal role in the maximum hydrogen ab-
sorption (0.27–0.32 wt.% H). Conversely, the maximum hydrogen uptake of 1.13 wt.% H
was achieved at 350 ◦C and 60 bar H2, with an exposure time after equilibrium of 6 h.
These results suggest that the temperature plays the most critical role in the hydrogenation
behavior of the R-HEA exposed to pressurized hydrogen.

After hydrogenation in a pure hydrogen atmosphere at 350 ◦C and 60 bar for 6 h, the
R-HEA powder was investigated by XRD in air (the corresponding diffractogram is shown
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in Figure 2a). The formation of small amounts of WH (PDF 01-082-3230) upon exposure to
pressurized hydrogen and its subsequent retention after re-exposure to air further support
the claim that partial hydrogenation of the R-HEA occurred. The XRD results also reveal
the presence of the two distinct (Hf,Zr)-mixed oxides, namely HfxZryO, x + y > 2, and
HfxZr1−xO2, 0 < x < 1, which had already been observed in the as-atomized R-HEA. The
surface passivation of alloys containing strong oxide-forming elements such as Ti, Zr, Hf,
and W upon exposure to air is not uncommon. Nevertheless, the reduction of these surface
oxides should be expected upon exposure to hydrogen. In the present work, two different
hypotheses have been developed to explain the presence of (Hf,Zr)-mixed oxides at the
surface of the R-HEA even after hydrogenation.

The first hypothesis states that exposure to hydrogen leads only to a partial reduction
of the surface oxides, resulting in residual amounts of these oxides being retained even after
exposure to pressurized hydrogen. The second hypothesis is that hydrogenation leads to a
full reduction of the surface oxides, leaving the bare metallic R-HEA exposed. Due to the
presence of Hf and Zr, the R-HEA under investigation is extremely reactive and undergoes
almost immediate re-oxidation upon exposure to air after hydrogenation. It is at present
not possible to ascertain which of these two phenomena is predominant. Nevertheless, the
experimental evidence suggests that the passivation of R-HEAs containing Hf and Zr as
principal elements cannot be prevented. The proposed cyclic hydrogenation-regeneration
of partially oxidized R-HEAs upon intermittent exposure to hydrogen (schematically
shown in Figure 2b) should be thoroughly investigated and experimentally proven in
future studies, as it could be used to develop novel, self-regenerating protective materials
against hydrogen diffusion and embrittlement.

The microindentation hardness of the R-HEA was investigated both at the sub-surface
region (h1) and in the bulk (h2) of the particles, as schematically shown in Figure 3a. As
shown in Figure 3b, the as-atomized R-HEA exhibits a homogeneous hardness from the
core of the particles (7.5 ± 0.2 GPa) and to the outermost surface (7.6 ± 0.2 GPa). No cracks
were observed to develop from the indentation vertexes, denoting the remarkable ductility
of the R-HEA in the as-atomized condition. Conversely, a slight yet statistically significant
increase in hardness is observed in the sub-surface region of the regenerated R-HEA powder
(7.8 ± 0.1 GPa), whereas the bulk microindentation hardness appears to remain unaltered
(7.5 ± 0.2 GPa). This local hardening is attributed to a combination of enhanced solid
solution strengthening within the principal high-entropy solid solution, together with
significant interface strengthening thanks to the formation of (Hf,Zr)-mixed oxides at the
surface and sub-surface regions following the hydrogenation-regeneration process. Once
again, cracks were not observed to develop from the indentation vertexes, suggesting that
no significant embrittlement occurred upon sustained exposure to pressurized hydrogen.

Figure 3. (a) Schematic representation of a polished cross-sectional specimen, indicating the two
depths where the microindentation hardness was measured, and (b) summary of the microindentation
hardness results of individual particles. The error bars correspond to the standard deviation of each
set of ten particles.
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4. Conclusions
In this work, the hydrogenation behavior of a near-equiatomic Ti-V-Zr-Nb-Mo-Hf-Ta-

W R-HEA has been investigated through gas-phase isothermal absorption experiments. A
relatively low hydrogen uptake of 1.13 wt.% H has been achieved after exposure to a pure
hydrogen atmosphere at 350 ◦C and 60 bar for 6 h. The presence of strong oxide-forming
elements such as Hf, Zr, and Ti has been identified as the main reason for the low absorption
capacity and the extremely slow hydrogenation kinetics, ultimately leading to a minimal
impact on the mechanical integrity of the R-HEA under investigation.

The presence of (Hf,Zr)-mixed oxides at the surface of the particles has been related
to the relatively low absorption capacity due to (1) hydrogen being consumed in the
reduction of the oxides rather than in the hydrogenation of the R-HEA, and (2) lower
concentrations in the main solid solution of the strongest hydride-forming elements. These
results suggest that partially oxidized R-HEAs containing strong oxide-forming elements
undergo surface passivation-hydrogenation-regeneration upon alternative exposure to air
and hydrogen atmospheres. The cyclic behavior of such compounds upon intermittent
exposure to pressurized hydrogen should be further studied, as it could lay the foundation
for the development of novel, self-regenerating materials with reduced hydrogen uptake
and enhanced resistance against hydrogen embrittlement.

Moreover, direct permeability tests will also be critical to achieving a fundamental
understanding of the hydrogen diffusion mechanisms through compositionally complex
solid solutions, ultimately allowing for the development of novel HEA compositions with
optimized permeation barrier properties.
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