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HIGHLIGHTS:

o Alloys of non-equiatomic Ti-V-Nb-Cr-Al systems for hydrogen absorption storage were designed
theoretically via HEAPS, CALPHAD, and PCT code.

e Both the VEC and dr parameters rises with the Nb/Cr/Al content, signifying rise in lattice distortion for
increase in gravimetric capacity.

e Maximum hydrogen absorption capacity of the Nb-based alloy reaches 3.68wt.% with plateau pressure to
~1 bar at room temperature condition in the Tiz4V24Nb20Cri6Alis alloy.

o A single-phase SS BCC structure was obtained predominantly for all the combination of different
proportion of non-equiatomic TiVNbCrAl-based alloys.
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Abstract

Hydrogen, as a clean alternative energy carrier, is a key element in the global energy transition with great potential to
significantly reduce the carbon footprint of transportation and other sectors. In this context, high-entropy alloys
(HEAs) have emerged as promising candidates for hydrogen storage. Among them, refractory body-centered cubic
(BCC)-based HEAs have demonstrated exceptional storage properties, achieving hydrogen-to-metal ratios up to 2.0
H/M, which motivates research into novel systems under moderate conditions. However, their practical application is
hindered by thermodynamic and kinetic limitations, such as low-pressure conditions, difficult activation, high hydride
stabilities, and consequently, high desorption temperatures. In this study, four lightweight refractory HEAs
(LWRHEAS)—Ti33V33Nb14CrioAlio, TizoV3oNbisCrizAliz, TizzVa7NbigCrisAlis and  TizgVaaNbooCrisAlie—were
selected from eight candidates that satisfied empirical phase criteria and were predicted to form a single BCC solid
solution; their hydrogen-storage properties were then systematically characterized. Pressure-composition-temperature
(PCT) curves revealed an unusually high hydrogen uptake of ~2.0 H/M at 25 and 100 °C. The equilibrium plateau

pressure increased steadily with composition, reaching nearly 1 bar for Ti2aV24Nb2oCrisAlis. Gravimetric capacity
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indicated a steady, marginal variations with Nb/Cr/Al additions ranging from 3.60 to 3.68 wt% as the valence electron
concentration (VEC) value increases, showing a remarkable capacity not commonly reported in BCC-based alloys.
This study provides important insights into the compositional tuning of TiV-based BCC HEAs, demonstrating the
effective synergy of Al/Cr additions with increased Nb content, and thereby offers guidance for the design of novel

LWRHEAs for advanced hydrogen storage applications.

Keywords: CALPHAD-based method, Hydride, Hydrogen storage, TiVNbCrAl, Thermo-physical parametric

calculations.
1 INTRODUCTION

Developing functional materials that place a premium on safety, efficiency, and economic storage is pivotal in driving
the economic sustainability of hydrogen energy [1]. The development of alternative sources of energy to replace fossil
fuels as the primary source of energy and carriers has become imperative to mitigate future global energy challenges
owing to carbon emissions. It is on this premise that the Member States of the United Nations, regarding the global
agenda a decade ago (2015), adopted the Sustainable Development Agenda for 2030. The Sustainable Development
Goals (SDGs), in which SDG 7 is captured among the 17 goals, aim to ensure access to energy globally, affordably,
reliably, and sustainably. Its motto is “Clean energy for all” [2]. Hydrogen is considered clean, affordable, renewable,
and carbon-free compared to fossil fuels, and its products, which are mainly water vapor, are safe and harmless to the

environment.

Research on environmentally carbon-free substitutes has been underway for several decades, and hydrogen energy
has been regarded as a means to this end [3]. However, despite its great prospects, the high hydrogen density to

gravimetric capacity in metallic materials 1s crucial to its potential for generation and storage [4,5].

However, the commercial demands for future hydrogen storage systems are still far-fetched according to the United
States Department of Energy (DOE); and this ranges between 6.5 and 7.5 wt% for gravimetric density, while the
storage conditions range from —40 to +150 °C in temperature and from 5 to 12 bar in pressure [6]. Compared to other
options, solid-state metal hydride composition is the safest and most reliable storage mode that can meet such targets
for mobile and stationary applications. High-entropy alloys (HEAs), among the various metal hydrides, are materials
that can be tailored economically and technologically to meet these demands [7]. However, with several works that
have been done to date on HEAs, the mechanism attributed to the properties of the hydrogen storage and their designs
have remained unclear [8].

HEAs, also known as multi-principal element alloys, have received immense attention from both academia and
industry for hydrogen storage-based metal hydrides because of the vast compositional fields that can be accessed.
They are defined as alloys containing five or more principal elements, with each element’s concentration ranging
between 5 and 35 at.% [9,10]. The formation of HEAs is driven by the tendency to lower the Gibbs free energy through
]an interaction between the enthalpy of mixing and the entropy of mixing. Specifically, the randomized simple phase
solid solution formation is greatly enhanced compared to competing intermetallics when the entropy of mixing in

metallic materials outweighs the enthalpy from the combination of multi-principal elements during solidification [11].
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The main feature of HEAs is the formation of single- or multi-phase solid solutions. These phases derive their stability
and high strength from fundamental material characteristics associated with ‘core’ effects of HEAs. As a result, they
predominantly exhibit simple crystal structures such as body-centered cubic (BCC), face-centered cubic (FCC), or
hexagonal close-packed (HCP), rather than intermetallic or other complex phases. These defining ‘core’ effects include
high configurational entropy, lattice distortion (strain), sluggish diffusion, and the cocktail effect [12].

Various strategies have been attempted over the years to tune the hydrogen sorption performance, including the
concept of binding-energy engineering, adjusting the atomic radii ratio, optimizing the chemical composition of the
lightweight and transition elements, hydrogen affinity, and grain refinement [13,14]. Moreover, the storage properties
of HEAs can be tuned by any strategy that raises the equilibrium plateau pressure above 1 bar. This increase lowers
the onset desorption temperature, leading to effective hydride destabilization [15].

Theoretical design methods rely on thermophysical parameters such as valence electron concentration (VEC),
electronegativity difference (Ay?), enthalpy of mixing (AH,i), entropy of mixing (AS,.), atomic size mismatch (5%),
and atomic radius ratio (r4/rg), among others, to anticipate the formation of either simple- or multi-phase structured
alloys. However, there are contradictory reports on which parameters drive the single-phase solid solution (SPSS)
formation that offers prospects in a bid to design HEAs with larger A/B ratios by utilizing the benefits of BCC or laves
structure [16,17]. Although thermodynamic empirical calculations are insufficient for the design of HEAs because of
the intrinsic complexity of their composition, they have provided the means to quickly screen several alloys based on
single- or multi-phase solid solutions and BCC structures. Many studies have reported that the BCC phase displays a
better hydrogen-to-metal ratio, storage capacity, and hydrogen absorption/desorption kinetics than traditional alloys
[18-20]. Several HEAs have been examined for hydrogen storage within the last decade [21], such as Tis +
xV3s5(CrMnFe)so-x (x=0, 10, 20,30) [22], Ti31V26Nb2eZr12Ms (M = Fe, Co or Ni) [23], ZrTiNiCrMn [24], TiV,ZrCrMnFeNi
[25], TiZrNbMoV [26] and Tio.50-x V0.25Cr:Nbo.2s (x = 0.15,0.25, 030 and 0.35) [27] with the aim of optimizing their properties.
However, further studies are imperative to construct these alloys by examining the thermodynamic properties and
propensity of the chemical compositions to tune the hydrogen storage performance.

In light of the increasing quest for novel functional HEA-based materials that exhibit improved characteristics as
stipulated by the US DOE, this study explored the use of empirical methods and thermodynamic modeling to simulate
and predict the phase and metal hydride materials for reversible hydrogen storage applications. The non-equiatomic
TiVNbCrAl-based lightweight refractory HEAs (LWRHEAs) compositions investigated in this work have not been

reported in the literature.

The purpose of this research is to identify optimal stoichiometries of HEAs from the following lightweight and
refractory transitional elements (Ti, V, Nb, Cr, Al) for developing room-temperature SPSS hydrogen storage systems
using thermodynamic computational modeling tools. The specific objectives are: (1) to design SPSS-BCC HEAs
samples using predictive tools (HEA predicting software (HEAPS), calculation of phase diagrams (CALPHAD), and

pressure-composition-temperature (PCT) modeling); and (2) to model and simulate the most promising non-

equiatomic TiVNbCrAl-HEA systems.

2 Materials and method
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2.1 Selected materials in the LWRHEASs’ design based on hydrogen storage

The performance integrity of an engineered material in use is predicated on the material behavior, which is directly
dependent on the manufacturing process and the starting materials [28,29]. In this work, a strategy for BCC-HEA-
based materials for hydrogen storage system design was proposed by utilizing the alloy’s chemical composition and
the combinatorial properties of a model “TiV’ binary system. The matrix was used to design LWRHEAs. The set of
elements (Ti, V, Cr, Nb, Al) were carefully selected based on their unique characteristics and potential combinations,
as suggested in the literature, and on the basis of the boundary conditions introduced in this study for maximum

hydrogen storage performance. The primary rationale behind this selection is as follows:

(1) Nygérd et al. [21] and Mayer Dias et al. [30] have shown that both Ti-V- and Ti-V-Cr-based HEAs systems are
found to produce mainly the BCC phase structure, which is notable for its high hydrogen storage properties.
Their studies have also shown that no activation treatment is required for equiatomic HEAs.

(2) Both Cr and Al are B-type, non-hydride formers with less negative enthalpies, and have been reported to yield less
stable hydrides, resulting in higher plateau pressures suitable for hydride destabilization. Moreover, studies have
also shown that increasing the Cr/Al content (>10 at.%) acts as a good hydride destabilizer, resulting in a lower
hydrogen desorption temperature [31]. As a low-density element, Al enhances the stability of the BCC phase
relative to other lightweight elements. This effect thereby lowers the onset temperature for hydrogen desorption
and improves cycling properties [32]. The addition of Al also maintains a high H/M ratio, which concomitantly
reduces the system's molar mass.

(3) High-melting-point refractory elements are known to enhance the thermodynamic stability of solid-solution HEAs.
Among these, niobium (Nb), with its exceptionally high melting point 2,477 °C (2,750 K) and a BCC crystal
structure at room temperature, plays a crucial role in stabilizing the BCC phase within the multicomponent solid
solution. This stabilizing effect is attributed to the high-temperature processing conditions required for such
alloys and the inherent structural compatibility [33,34]. Moreover, few Nb-based HEA compositions have been
reported [35]. However, the ongoing examination seeks to explore the introduction of Nb for further groundwork

in the field of Ti-V-Cr-based alloys to determine the mechanism attributed to its alloy hydriding/dehydriding.

2.2 Design conditions and basis for HEAs for hydrogen storage application

Some key concepts for the design of HEAs that can be deployed for hydrogen storage applications have been examined
by Luo et al. [36] and Zhang et al. [37]. As verified in the literature, the conditions specified in designing SPSS-BCC-
based HEAs for hydrogen storage systems should meet the minimum standards stipulated by the US DOE for onboard

(mobile and stationary) applications. These include:

(1) The hydrogen gravimetric capacity should fall between 6.5 and 7.5 wt%, achievable within a temperature range
of —40 to +150 °C and a pressure range of 5—12 bar. [6].

(2) HEAs systems must achieve hydride destabilization at an equilibrium plateau pressure above 1 bar to enable
hydrogen release without compressors [30].

(3) HEAs should also exhibit excellent thermal cyclic stability (cyclability) and maintain their life-cycle

performance over repeated hydrogen absorption/desorption cycles without degradation or pulverization [32].
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2.3 Thermophysical parametric calculations

Just as the knowledge of Hume-Rothery rules has been used in the design of traditional alloys, the information gained
from the thermophysical properties is crucial for anticipating the behavior of HEAs through modeling before the
manufacturing process (Table 1) [38—45]. This is critical for determining the solubility of mixtures of elements in each
other, and factors such as atomic size mismatch, crystal structure, valency, and electronegativity difference have been
utilized. These factors influence the behavior of the mixture elements; for instance, whether the enthalpy of mixing
(AH,ix) is negative, positive, or close to zero. Hence, LWRHEAS for room-temperature solid-state hydrogen storage

are designed via a thermo-empirical-based method.

In the first step, the hydride formers A-type elements (Ti, V) and non-hydride formers B-type elements (Cr, Al) were
combined in some non-equiatomic compositions. The element Nb is a weak hydride-forming element that was

incorporated in increasing order to enhance the hydride stability of the LWRHEAs.

Second, boundary conditions were introduced to obtain configurations predominantly exhibiting a high tendency for
BCC phase formation and to promote maximum hydrogen storage capacity. These key conditions and constraints are

listed in Table 1.

The terms are defined as follows: Ay” is the Allen electronegativity difference, and C; and C; are the atomic percentages
of the i-th and j-th components, respectively; 7; denotes the atomic radius; 7, represents the melting point calculated

from the atomic percentage, and VEC; is the valence electron concentration.
The various constraints introduced in this study are:

N Each element was prepared at a concentration of >10 at.% to ensure a high configurational entropy of
mixing ( AS, > 1.5 R) [46-48].

2) The chromium (Cr) content was capped at 20 at.% to prevent the predominant formation of secondary
phases (C14 Laves, HCP, FCC) over the desired BCC phase [49,50]. Beyond a threshold of ~10 at.%,
Cr effectively increases the equilibrium plateau pressure, thereby reducing the thermodynamic stability
of the hydride and lowering the desorption temperature. Additionally, interphase boundary formation in
HEAs plays a crucial role in addressing the activation drawbacks and improving the
absorption/desorption kinetics. Therefore, Cr must be carefully alloyed to serve a dual purpose: primarily

to stabilize the BCC phase, and ultimately to optimize the hydrogen storage performance.

Table 1: Thermophysical parameters of the screened LWRHEAs, TiVNbCrAl for hydrogen storage properties

S/N Parameter Formulae Condition of SPSS HEAs Refs.

1 Electronegativity Ayt = /Z?: .G ( X; — Ay > 7% (Laves is present) [38]
difference, (Ay*
(4 X1 G X; )2
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2 Mixing entropy, ASmix " ASmix>12.47 J-mol -K™! [39]
ASmix = —R Z Xi In Xi
=t where ASuix = 1.5 R
1 ISASmlx 5195 J'mol" 'K_l
3. Mixing enthalpy, AHumix L —22<AHuix <7 kI-mol! (40]
AHpi = Z Z 4 AHmixiniX]
Jj#i=1
4. Atomic size mismatch, & n §<6.6% [41]
5 = Z ci(1="Ti/ )2
T ' ( /rr) 8> 5% (Laves is present)
n
T = Z Cim;
i=1
5. Intercepting parameter, Q 0= TinASmix Q>1.1 [42]
AHmix
6. Atomic radii ratio, 14 /7 74/7g 1.05—1.64 (Laves is present) [43]
7. Valence electron VEC = Z nC, (VEC), VEC > 8.0 for FCC [44]
L L
i=1
concentration, VEC VEC <6.87 for BCC
VEC <4.75 for HSC
8 Melting temperature n 45
g temp Tn=D. ) )

Note: HSC: hydrogen storage capacity; SPSS: single-phase solid solution; HEA: high-entropy alloy; LWRHEA: lightweight
refractory HEA; FCC: face-centered cubic; BCC: body-centered cubic.

2.4 Alloy and hydride designing via thermodynamic calculation

The alloy compositions obtained by thermo-physical parametric calculations were carefully evaluated by Open
CALPHAD CAE 0.1.0 version 2022 to check the phase stability based on the equilibrium conditions and the number
of phases and confirm the possibility of BCC-phase formation.

An open-source code, written in Python, was employed to simulate PCT plots for the studied compositions. This was
done to predict their hydrogen storage capacities (expressed as wt% or H/M) and the corresponding operating pressure
and temperature conditions [51]. The fundamental principle of the code is based on the thermodynamic model by
Zepon et al. [52], which uses the chemical composition of an alloy to design hydrogen storage systems. The simulated

PCT plots were used to evaluate the hydrogen absorption capability of all eight LWRHEAs. Andrade et al. [8] studied
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the interplay between the equilibrium plateau pressure (Pequ) and the hydrogen absorption/desorption temperature.
Pequ. 1s a key parameter for assessing the enthalpy and entropy changes required for hydride destabilization; therefore,

a strategy is to maintain P.q, above 1 bar to achieve effective hydride destabilization [53,54].

3 Result and discussion

3.1 Thermodynamic properties of LWRHEASs, TiVNbCrAl by HEAPS

In Table 1, the thermodynamic empirical equations are the tools employed to optimize the parameters and calculate
the properties (physical) of a set of HEAs, which satisfy the design conditions for hydrogen storage-based BCC-phase
structures. The HEAPS code was employed to perform these calculations [42]. Table 2 lists the stoichiometries of the
designed LWRHEAs, along with the results of the semi-empirical parameters to BCC phase formation and the
tunability of hydrogen storage performance in the Ti-V-Nb-Cr-Al alloys. As shown in Table 2, the randomized solid-
solution LWRHEAs were successfully designed, with all key parameters falling within the prescribed ranges for
single-phase BCC-based HEAs (Table 1). Specifically, these key parameters include: (1) VEC, in which the values
depict HEAs that fall, not only within the BCC phase, but also within the value for maximum hydrogen storage
performance as stipulated by the US DOE, (2) the atomic size mismatch () values obtained satisfying the condition
reported in the literature, and (3) the electronegativity difference (Ay*) values that satisfy the conditions for both BCC
phase and Laves (C14) formations [50]. It is acknowledged that empirical parametric calculations have limitations for
HEA design. Their predictive accuracy is constrained by the compositional complexity of HEAs, and they cannot
determine the number of equilibrium phases or predict detailed phase diagrams [28]. However, they have provided a
means to quickly screen several alloys as a preliminary approach to designing HEAs, which is complemented by the

incorporation of a thermodynamic modeling method using the phase diagram technique (CALPHAD).

Table 2: Results of the semi-empirical parameters of the chemical composition of the optimized lightweight refractory
high-entropy alloys (LWRHEAs)

Alloy composition ~ Structure . VEC ()  3(%) ()  AHumi (kJ-mol 1) ASmix (3'mol™-K1)  Tn AP
(at.%) K )
TizsV33Nb14CrioAlio - BCC 4.57 5.52 289 -8.69 12.20 2,067 9.7

TisoV3oNbisCri2Ali2 BCC 4.58 5.58 265 -9.79 12.68 2,051 10.0
Ti7V27Nb1gCrisAlia  BCC 4.59 5.65 247 -10.8 13.02 2,044 10.2
Ti24V24Nb2oCrisAlis  BCC 4.60 5.71 231 -1171 13.25 2,038 10.4
Ti21V21Nb22CrigAlis  BCC 4.61 5.77 216 1253 13.35 2,031 10.6
Ti1sV1sNb24Cra0Al2o  BCC 4.62 5.83 2.04 -13.25 13.33 2,025 10.7
Ti1sV1sNb2sCra2Alz2 - BCC 4.63 5.89 192 -13.88 13.18 2,018 10.8
Ti12V12Nb2sCrasAl24  BCC 4.64 5.95 1.80 -14.82 12.89 2,012 108

Note: for max. hydrogen storage capacity VEC < 4.75 [44]. BCC: body-centered cubic; VEC: valence electron concentration.
3.2 Thermodynamic calculation of the designed LWRHEAs by CALPHAD technique

3.2.1 Equilibria phases
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Fig. 1(a)—(g) show the equilibrium mole percent of the phases of the alloys studied and evaluated by an Open
CALPHAD CAE 0.1.0 2022 version. The diagrams of the equilibrium phase mole percentage as a function of
temperature calculated by CALPHAD indicate that all the alloys form, predominantly the BCC-phase structure (more
than 60%) in the thermodynamic equilibrium condition. Moreover, the BCC-phase formed remained in the liquid
phase and began to grow below 2,000 K until full solidification with a large interval. These intervals observed for all
the studied LWRHEAS are higher than those reported by Mayer Dias et al. [30], where the proportion of hydride-
formers (Ti, V) decreased with an increase in non-hydride formers (Cr, Al). However, the increase in weak hydride-
forming elements (Nb) in the alloys may be attributed to this phenomenon, which results in increased solute
partitioning (solidus temperature) upon solidification [33,34]. Studies have reported that elements with elevated
melting points promote random formation of stable solid-solution structures at high processing temperatures. Hence,
Nb, which has a high melting point, plays a crucial role in favoring and sustaining the BCC phase structure in the
LWRHEA S solid solution [35]. These diagrams revealed regular trends in the amount of BCC phase formation, which
may be attributed to many competing factors, including the incorporation of Al content, where studies confirmed it as
a strong BCC phase (and its variants) stabilizer. However, the amount maintained at low temperatures (~800 K),
particularly between Fig. 1(a)—(d), is significantly higher than that of some TiVCr- or TIVNbCr-based systems

reported in the literature.

In addition to the high trend of BCC-phase formation, the thermodynamic equilibrium also revealed other phases at
temperatures below 800 K with very low fractions (below 0.30) for alloys calculated under equilibrium conditions
apart from Fig. 1(e)—(h). Notably, while the CALPHAD method predicts HCP and FCC as secondary phases at

relatively low temperatures, the large range exhibited during the cooling process provides a high tendency for SPSS

formation.
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Fig. 1: CALPHAD-predicted equilibrium phase fractions (in mole percent) as a function of temperature for the eight
lightweight refractory high-entropy alloys (LWRHEAS): (a) TizsV33NbiusCrioAlo, (b) TizoVioNbisCrizAliz, (¢)
Tiz7VINbi1gCrisAlls,  (d)  TizgV2aNbooCrisAlis, (€)  Ti2iVaiNbaCrigAlis, (f)  TiisVisNbauCroAlo, (g)
Ti15V1sNbasCraAlz, (h) TiizVi2Nb2sCrasAla.

3.2.2 Simulation of PCT curves for the designed LWRHEASs

The PCT curve has become a tool for obtaining the parameters for the studied HEA compositions to predict the

gravimetric capacity, as well as their corresponding operating conditions.

Fig. 2(a)—(d) present the PCT curves for four of the eight non-equiatomic TiVNbCrAl BCC-HEAs, calculated at both
25 and 100 °C. These alloys exhibit hydrogen storage capacities ranging from 3.60 to 3.68 wt% and approximately
2.0 H/M. The calculated alloys with the Cr/Al content beyond 16 atomic percent (at.%) recorded values below 3.5

wt% and did not produce any Van’t Hoff plots while the absorption plateau pressures reveal values above 10° atm.
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Fig. 2: Pressure-composition-temperature (PCT) curves at 25 and 100 °C for the four designed BCC-phase lightweight refractory high-entropy
alloys (LWRHEAS) (a) Ti33V33Nb14CI‘10A110, (b) Ti30V30Nb1(,C1’12A]12, (C) Ti27V27Nb13CI'14A114, and (d) Ti24V24Nb20CI'15A11(,.

Nygard et al. [44] reported that HEA configurations with a VEC below 4.75 exhibit a high hydrogen capacity (>2.0
H/M). Furthermore, the formation of non-stoichiometric hydrides in HEAs, particularly those with higher VEC values
(e.g.,>5.00), can be influenced by the significant atomic size and electronegativity differences among the constituent

elements.

Hence, all the LWRHEAs investigated exhibited VEC values within the range of 4.57-4.64, which is significantly
below 4.75 (as shown in Table 2) within the design and boundary conditions introduced. Interestingly, this is confirmed
from the PCT curves for all the studied LWRHEAs, yielding a high of 2.0 H/M (as the Cr/Al content increases).
Moreover, studies have shown that careful substitution of hydride formers with non-hydride formers in TiVNb-based
HEA materials enhances the absorption uptake (H/M) under moderate conditions. However, increasing the Cr/Al
content beyond a critical value can reduce the gravimetric capacity (wt%) of TiIVNbCr-based HEAs, which is similar
to the findings of Pineda-Romero et al. [53] and Pineda-Romero and Zlotea [54]. Hence, a strategic balance is required

in the composition to avoid maximum capacity loss.

There is a relationship between the non-hydride-forming elements and pressure (Pequ.), which is one of the factors that
determines the hydrogen uptake performance of HEAs. In this study, the values of Peq. parameters increase as the
Nb/Cr/Al content rises as against Ti/V ranging from 0.01 bar for Ti33V33Nb14CrioAlig to ~1 bar for TizsV24Nb2oCrisAlie

alloy showing promising reversible hydrogen absorption properties.
4 Conclusions

This study investigated the prediction of the thermodynamic parameters, phase property characteristics, and hydrogen
storage properties of non-equiatomic TiVNbCrAl BCC LWRHEAs for eight alloys. Four were selected in terms of
their BCC phase/secondary composition to evaluate their potential for hydrogen storage. The results indicated that all
the designed alloys satisfied semi-empirical conditions with the constraints introduced and exhibited a predominantly
single-phase solid-solution BCC structure. Moreover, the increase in the Nb/Cr/Al content revealed a steady increase

in Pequ pressure, reaching ~1 bar for the TinV24Nb2oCrisAlis alloy. Although all the alloys studied exhibited
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significantly high 2.0 H/M at 25 and 100 °C, the gravimetric capacity indicated a marginal variation (within the range
of 3.60 to 3.68 wt%). Therefore, the incorporation of Cr/Al into hydrogen storage systems should be studied to

determine the optimum properties and to further exploit their fine-tuning characteristics for hydrogen storage systems.

This work has demonstrated the significant effect of the combinatorial properties of Nb as a less negative enthalpy,
weak hydride-forming element, and Cr/Al, as a promising strategy for further tuning of non-equiatomic TiVNbCrAl-
based HEA configurations. The results reveal the potential for reversible hydrogen storage applications under
moderate conditions, as shown by the CALPHAD-based method and PCT diagrams. However, the values of hydrogen
storage properties are based on theoretical studies and hence require further experimental characterization and

validation through hydrogenation testing.

Future work will focus on experimental procedures using a laser-engineered net shaping directed energy deposition

additive manufacturing (LENS-DED AM) process for hydrogenation testing and different characterization methods.
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