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Abstract. High entropy alloys (HEAs) are identified as essential materials
for enhancing hydrogen storage applications. However, hydrogen storage
processes and the material used are still a challenge, since no single material
meets all the requirements. In this study, density functional theory technique
is employed to aid in the design of TiNbVZrHf alloy with potential
applications for hydrogen storage by examining their structural and
mechanical properties. The calculated lattice parameters agree well with the
experimental data, within 2%. The band structure showed that the alloy
conducts electricity. Additionally, TiNbVZrHf was found that to be
mechanically stable and has ductile behaviour. The findings will contribute
to the development of HEASs as alternative materials for hydrogen storage.

1 Introduction

High entropy alloys (HEAs) are alloys that contains a high concentration of multi-principal
elements [1]. Unlike traditional alloys, they do not relay on a single main elements. They are
created by the combination of five or more main elements in equalmolar proportions or nearly
equimolar ratios [2]. These alloys can form solid solutions, with structures such as body-
centered cubic (BCC), face-centered cubic (FCC), and hexagonal close-packed (HCP) types
[3]. The high configurational entropy of HEAs contributes to their exceptional strength,
ductility, and corrosion resistance, which makes them particularly well-suited for use in
demanding environments [4]. For example, HEAs have demonstrated unique characteristics
that are particularly advantageous in high-temperature applications in gas turbines, rocket
nozzles, and nuclear construction [5, 6]. Low-density refractory HEAs, in particular, are well-
suited for the aerospace sector, where lightweight materials that can endure extreme
temperatures are critical [5]. Furthermore, HEAs exhibit superior cryogenic properties,
making them suitable for applications such as rocket casings, piping, and equipment designed
to handle liquid oxygen or nitrogen [7].

HEAs show significant potential for hydrogen storage applications due to their
remarkable ability to store hydrogen as hydrides in a range of hydrogen-to-metal ratios [8].
These alloys exhibit exceptional hydrogen storage properties, including high storage
capacity, rapid hydrogen absorption and desorption at moderate temperatures and pressures
[9]. According to the recent research, alloys originating from the Ti-V-Nb system might be
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promising contenders to store hydrogen. For example, TiVNDbCr [10], exhibited a remarkable
capacity for reversible hydrogen storage at room temperature and moderate pressures (1.96%
wt%) without requiring any activation process. Furthermore, to create an equimolar
TiZrNbMoV alloy, Kunce et al. [11] used the additive manufacturing process known as laser-
engineered net shaping (LENS). This material demonstrated a hydrogen absorption capacity
of 1.79 hydrogen atoms per metal atom (H/M), corresponding to 2.3 wt.%.

However, there are several challenges associated with the materials and methods
currently used for hydrogen storage. One of the primary issues is the limited capacity of these
alloys to store hydrogen efficiently. Existing methods often require high temperatures and
pressures, which can be both costly and impractical for widespread adoption [12].
Additionally, much research has focused on hydrogen storage capacity, However, the
understanding of the structural properties of materials before hydrogenation remain
insufficiently understood. This lack of knowledge makes it difficult to predict and improve
hydrogen storage performance. Further investigation into the structures of pre-hydrogenation
materials is necessary to enhance the design and efficiency of hydrogen storage systems.

Hence, the purpose of the study is to is to use computational techniques, particularly
density functional theory (DFT), were utilized to investigate structural and mechanical
properties of the TINbVZrHf high entropy alloy. The examination of structural properties
such as phase formation is a critical consideration, as materials must possess the ability to
develop stable phases with hydrogen. This capability is particularly important, as hydrogen
storage materials depend on phase transitions to efficiently absorb and release hydrogen.
Additionally, a comprehensive understanding of the mechanical properties of materials,
including ductility and toughness, is essential in the design of alloys that resist embrittlement,
thereby enhancing their durability and reliability.

2 Methodology

The calculations are performed using a first-principles method that is based on the DFT coded
within the Vienna ab initio simulation package (VASP) code [13]. A generalized gradient
approximation (GGA) [14] of Perdew-Burke-Ernzerhof (PBE) [15] addressed the exchange-
correlation effect. Extensive electron interactions have been described using the projection-
enhanced wave method (PAW) [16, 17]. for Ti, V, Nb, Zr and Hf, the extranuclear electrons
were selected as 3d?4s?, 3d%4s?, 4p°4d*5s!, 4d25s% and 6d%46s?, respectively. Monkhorst-Pack
grids were used to integrate over Brillouin zone sampling to ensure highly converged results.
The total energy of the structures was converged using a k-point mesh of 5x5x5 and a kinetic
energy cutoff of 500 eV. When calculating elastic properties, 0.006 strain was chosen for the
lattice deformation. The phase formation parameters of the alloy were predicted using the
High-Entropy Alloys Predicting Software (HEAPS) [18].

3 Results and discussion

3.1 Structural properties

Figure 1(a) presents a detailed depiction of the crystal structure of a single-site TINbVZrHf
high-entropy alloy, which is represented by a supercell with dimensions of 2 x 5 x 5. This
supercell comprises a total of 100 atoms, with each of the five constituent elements, titanium
(Ti), niobium (Nb), vanadium (V), zirconium (Zr), and hafnium (Hf), each contributing 20
atoms. The arrangement of these elements results in a solid solution, characterized by
randomly distributed atomic positions. The X-ray diffraction (XRD) (figure 1(b)) reveals that
the TiNbVZrHf alloy crystallizes in a body-centred cubic (BCC) configuration, which
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belongs to the Im3m space group (No. 229). The results indicated that the calculated lattice
parameter (a = 3.306 A) and the experimental value (a = 3.3659 A [19]), are in good
agreement, to within 2%. The slight discrepancy of less than 2% between these values
underscores the reliability of the computational methods used and suggests that the
theoretical model effectively captures the essential characteristics of the alloy structure.
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Fig. 1. (a) Atomic arrangement and (b) X-ray diffraction (XRD) Pattern of TiNbVZrHf high
entropy alloy.

3.2 Thermodynamic phase formation

The enthalpy (AH,,;,) and entropy (AS,,;,) of mixing, the atomic size difference (8), ration
of entropy and enthalpy of mixing () and valence electron concentration (VEC) are key
parameters that can be used to predict whether the alloy can form a solid solution phase.

Table 1. The calculated AH,,; and AS,,ix, the §, Q and VEC of TINDVZrHf

alloy.
Parameter Formular TiNbVZrHf

AH,,;, (KJ/mol) N ‘ 0.8

AHmix = Z 4AHIZrE'xCiCj

i=1,i#j

ASix(J/Kmol) ASpix = RInN 13.4
& (%) N N 2 7.1

5= Y at=n/O) em)

i=1 i=1

T) Q = TrixASmix /| AHmix| 38.5
VEC VEC = Z C,(VEC) 44

¢;¢;j is the atomic percentage of the i-th (j-th) component. r; is the atomic radius, Ris the gas
constant and N the number of microstates or distinguishable configuration and Tmix= 2302
and is the mixing temperature of the alloy

A solid solution phase in high-entropy alloys provides structural simplicity, efficient
diffusion pathways, thermodynamic flexibility, and mechanical stability, which are all
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essential for effective and reversible hydrogen storage. Table 1 presents the thermophysical
parameters proposed for predicting phase formation.

The solid solution is considered thermodynamically stable due to a high entropy of mixing
(ASmix), which can occur if the enthalpy of mixing (AHmix) is low. Zhang et al. (2008) [20]
proposed that high entropy alloys typically form solid solution phases when the mixing
enthalpy is within the range of —10 KJ/mol < AHix <5 KJ/mol, as long as the mixing entropy
is between 12 J/Kmol < ASpix<17 J/Kmol, and the atomic radius difference (9) is less than
6.5% [19]. Additionally, Yang et al. (2014) [21] introduced the parameter Q to illustrate the
thermodynamic stability of multi-principal element disordered solid solutions at room
temperature, indicating that the solid solution is relatively stable when Q (T) > 1. Our results
show that AHmix is low (0.8 kJ/mol), leading to a high entropy of 13.3, and Q (T) > 1, thereby
satisfying these stability conditions. This suggests that the structure is thermodynamically
stable and capable of forming a solid solution.

However, we found that 6 > 6.5%, which indicate that the intermetallic compounds may
form rather than a solid solution. This may be results from the significant size difference
between atoms like V and Zr or Hf, which causes the lattice strain and drives the system
towards intermetallic formation to reduce energy. Guo et al. (2011) [22] introduced the
Valence Electron Concentration (VEC) criterion, which suggests that FCC phases exhibit
greater stability when VEC exceeds 8.6, BCC are more stable when VEC is below 6.87 [23,
24]. Our results indicate that the structure adopts a BCC solid solution phase as VEC is 4.4.
This indicates that the alloy's crystal lattice will accommodates hydrogen atoms within its
interstitial sites with minimal structural disruption.

3.3 Electronic properties

The band structure calculations were conducted to gain a better understanding of the
electronic properties of TINDVZrHf alloy. This approach helps determine how easily an
electron can be excited from the valence band (where electrons generally exist) to the
conduction band (where electrons can travel freely and enhance electrical conductivity). The
analysis reveals the distribution of energy bands. Figure 2 presents the band structure of
TiNbVZrHf along the Z, G, X, P, N and G Brillouin zone directions. From this figure, no
band gap at the Fermi level was found. The results suggests that TINbVZrHf is a conductor,
which allows the current to flow when energy is supplied, such as through heat. Additionally,
this observation suggests that electrons are available to participate in both the formation and
dissociation of hydrogen bonds.

Energy (eV)

z 6 X P N G
Fig. 2. The calculated electronic band structure for TINbVZrHf structure.
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Figure 3 shows the total density of states (tDOS) and the partial density of states (pDOS)
for TINbVZrHf alloy. From the graph the black dashed line represents the fermi energy,
which is used as the zero of the energy scale. The tDOS has peaks at certain energy values,
which indicate specific electronic states (s, p and d states). Meanwhile, the pDOS gives
insights into how different atomic orbitals contribute to the overall density of states. It can be
noted that there are states observed at the Fermi level (Er), which indicates that the structure
shows a metallic behaviour. Furthermore, there was no pseudo-gap was observed at the E¢
which indicates that the structure is electronically unstable. The pDOS shows a very broad
peak in the valence band contribution concentrated at -8 eV, which consists mainly of d-
orbital. Then follows by the peak contribution at 0 eV (Fermi), which also consists mainly of
d- orbital corresponding to a peak in the tDOS. The lower peak of the conduction band is
dominated by the d-orbital, ranging around 2 eV to 7 eV. All the upper peaks ranging in the
conduction band at 8 eV to 20 eV are occupied by the s - and p- orbitals.
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Fig. 3. The calculated total and partial density of state for TINbVZrHf alloy.

3.4 Elastic properties

The calculated elastic properties of TINbVZrHf high entropy alloy are shown in Table 2. One
of the most crucial physical characteristics of materials is their elasticity. Understanding
elastic properties is crucial for experimental mechanics as well as structural design. [25]. The
elastic constant serves as an indicator of a material's mechanical stability, with varying
structural orientations imposing distinct criteria. The stability criterion for the elastic
constants must be fulfilled for the structure to be classified as stable. In the case of a cubic
system, the number of independent elastic moduli is reduced from 39 to 9 as cj;=c;; and there
being strong symmetry in the two lattice [26]. The mechanical stability condition for a cubic
system can be defined by [27]:

c4s>0; cri>ci2 and c11+2¢12>0 (D
The results indicate that TINbVZrHf alloy satisfies the cubic stability criteria, since c;j are

positive. Therefore, the structure is mechanically stable. This also indicates that the alloy can
withstand multiple cycles of hydrogen absorption and release without deteriorating.
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The elastic moduli such as bulk (B), shear (G), and Young ‘s modulus (E) are also
determined. The bulk modulus assesses how a solid resists changes in volume and provides
an estimate of the elastic behaviour of the material when subjected to hydrostatic pressure.
The shear modulus characterises a material's ability to resist deformation. Lastly, Young’s
modulus describes the relative stiffness of a material. The structure also has high values of
B, G, and E modulus, indicating that it can bear large stress and deformation without failure.
This suggest that the alloy can accommodate hydrogen without degrading. The ductility of
the alloy was also investigated, this was determined using the Pugh and Poisson ratios. Pugh
proposed the value of B/G is related to the material's malleability and brittleness. In
particular, a high B/G value indicate malleability, whereas a low value is suggested to
indicate brittleness. Moreover, the value of 1.75 [28] is a critical point that distinguishes
between ductile and brittle materials. Poisson’s ratio can also be rewritten based on the bulk
and shear modulus as follows [29]:

__ 3B-2G
2(3B+G) ’

@

To obtain ductility, the value must be greater than 0.26 [30]. The data revealed that the
structures demonstrate ductility as their values are more than 1.75 and 0.26 for B/G and o
ratios, respectively. This suggest that TINbVZrHf alloy is likely to survive the stress caused
by hydrogen absorption/desorption without cracking.

Table 2. Elastic properties of TINbVZrHf high entropy alloy.

Elastic Properties | Alloy: TINbVZrHf
Elastic constant (cjj)
Cn 320.16
Ci2 21941
Cas 44.08
Elastic Moduli (GPa)
Bulk modulus (B) 266.78
Shear modulus (G) 39.92
Young’s modules (E) 114.06
Ductility
Pugh ratio (B/G) 6.682
Poisson ratio (a) 0.428

4 Conclusion

Using the first principle approach, we studied the structural and mechanical properties of
TiNbVZrHf high entropy alloy. The lattice parameters matched the experimental results
within 2%. The structure was found to form a solid solution phase with a BCC configuration,
which this makes the structure a highly desirable material for various hydrogen storage
application. Furthermore, results showed the alloy to be mechanically stable at room
temperature. The pugh and poisson ratio indicated that the TiNbVZrHf high entropy alloy
has a ductile behaviour. The results obtained indicated that TiINbVZrHf alloy is preferred for
reversible absorption and desorption of hydrogen.
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