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a b s t r a c t 

The equiatomic TiZrNbHfTa high entropy alloy (HEA) and its hydrides (TiZrNbHfTaH 0.4- 2.0 ) have been 

modelled at the atomic scale and the phase transformations that occur during hydrogen absorption have 

been simulated. The thermodynamics of vacancy formation, hydrogen accommodation and hydride de- 

composition have been examined using density functional theory, linking results to experimental inves- 

tigations. A model predicting the decomposition of the TiZrNbHfTaH system is proposed based on the 

temperature dependence of configurational and vibrational entropy terms and the hydrogen solution en- 

ergies of individual interstitials. The presence of hydrogen in the HEA structure was shown to promote 

the formation of vacancies due to a 0.21 eV reduction of the energy barrier for vacancy formation. In- 

terstitials placed around vacancies were observed to relax onto octahedral sites from initial tetrahedral 

positions, while interstitials placed in the same environment, without the vacancy present, were observed 

to relax onto tetrahedral sites from initial octahedral positions. This provides a mechanistic basis for ex- 

perimentally observed behaviour. The phase stabilities of each arrangement of the TiZrNbHfTaH structure 

were explored, identifying that the FCC arrangement of the dihydride at the hydrogen to metal atom ratio 

(H/M) = 2.0, is more stable than the BCT arrangement at 550 K. The spontaneous BCC to BCT transfor- 

mation, observed in the H/M range 1.2 – 1.6, and the thermodynamically favourable BCT to FCC phase 

transformation at H/M = 2.0, provides a comprehensive depiction of the mechanistic behaviour of the 

TiZrNbHfTa HEA during hydrogen absorption. 

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Metal hydrides are of interest as hydrogen storage materials due 

o their reasonable capacity and ability to provide long term stor- 

ge [1] . Currently, the metal hydride compositions with the largest 

torage capacities incorporate rare earth elements, lanthanides and 

ttrium, driving up costs and reducing the commercial viability 

f these materials. High entropy alloys (HEAs) [2–6] offer an in- 

eresting alternative to conventional simple metal hydrides. These 

aterials consist of five or more elements in near equimolar con- 

entrations (between 5 and 35 at.%) and form simple single-phase 

olid solutions as a result of their high configurational entropy 

 7 , 8 ]. HEAs are known to adopt body centred cubic (BCC), face cen-

red cubic (FCC) or hexagonal close packed (HCP) structures [9–

1] , however, it is the large capacity for hydrogen storage in BCC 

tructures [ 12 , 13 ] that has been of particular interest in HEA de-

elopment for hydrogen storage [14] . Their ability to form stable, 

igh-density hydrides means that HEAs could feasibly replace rare 
∗ Corresponding author. 

E-mail address: s.middleburgh@bangor.ac.uk (S.C. Middleburgh). 
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arth metals in hydrogen storage media [15–19] . This is an impor- 

ant point as removing rare earth metals would reduce the cost of 

he storage material while also minimising the environmental and 

cological impact of its production. 

HEAs have demonstrated a range of impressive properties such 

s high strength, good corrosion resistance, reasonable ductility 

nd many others [20–22] . With this range of interesting properties 

hat can be readily tailored by altering the alloy’s composition, and 

he aforementioned hydrogen storage properties, HEAs have been 

f considerable interest in terms of industrial, automotive and nu- 

lear applications [23–26] showing promise for applications that 

equire radiation resistance and shielding (hydrogen isotopes, par- 

icularly deuterium, are excellent moderators of neutrons). 

Previous reports on HEA hydrides have focused on the effects 

f lattice distortion and composition on the efficiency of hydrogen 

torage and release and the maximum storage capacity [ 27 , 28 ]. It

as been noted that during hydrogen absorption some HEAs have 

een observed to undergo phase transformations [29–32] and yet 

here are few computational studies that investigate this process. 

lotea et al. [33] demonstrated experimentally that TiZrNbHfTa, a 

EA with an initial body centred cubic (BCC) arrangement, under- 

ent an anisotropic expansion, producing a body centred tetrag- 
nc. This is an open access article under the CC BY license 

https://doi.org/10.1016/j.actamat.2022.117832
http://www.ScienceDirect.com
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nal (BCT) structure, during the formation of the monohydride 

TiZrNbHfTaH 1.0 ). A further phase transformation was also ob- 

erved to have occurred at higher hydrogen concentrations forming 

he dihydride (TiZrNbHfTaH 2.0 ) with a face centred cubic arrange- 

ent (FCC). 

The arrangement of the atoms in metal structures means that 

nterstices are formed in the lattice which are either tetrahedral 

r octahedral sites based on the number of surrounding nearest 

eighbour lattice atoms. For the TiZrNbHfTa HEA it was suggested 

hat initially, random tetrahedral sites were occupied by hydrogen 

nterstitials before certain octahedral interstitial positions, O z , were 

referentially occupied. This change in preference was suggested to 

e the result of increased hydrogen concentration in the structure 

nd was proposed to cause a distortion in the lattice, breaking the 

ubic symmetry of the initial BCC arrangement, and producing the 

CT structure. 

An alternative process by which the change in preferred site 

ay occur is due to the formation of superabundant vacancies in 

he HEA structure. Previous studies have focused on similar pro- 

esses which occur in single metal hydride structures, such as Ni- 

 and Fe-H, where the introduction of hydrogen interstitials re- 

uced the vacancy formation energy, inducing the formation of va- 

ancies in the material [34–36] . Hydrogen interstitials surrounding 

acancies in these metal hydride systems have been reported to 

avourably occupy octahedral interstitial sites while the absence of 

acancies demonstrated a preference towards tetrahedral site oc- 

upation [37] . While it is important to note that these single metal 

ydrides were not observed to undergo a phase transformation and 

hat they maintained their original BCC structures. The high lattice 

train, that is characteristic of HEAs, is a result of the disparity in 

he metallic radii of the elements they contain and could lead to 

 phase transformation when additional distortion in the lattice is 

aused by a change in interstitial site occupation and so this war- 

ants investigation. 

In this study, we develop atomic scale descriptions of the 

iZrNbHfTa HEA system with the aim to promote better under- 

tanding of key thermodynamic processes such as vacancy forma- 

ion, hydrogen absorption and hydride decomposition. To the best 

f our knowledge, the formation of hydrogen induced vacancies 

nd changes in interstitial site occupation, resulting from the pres- 

nce of vacancies, have not previously been modelled in HEAs. As 

uch, this study offers a first attempt at establishing a correla- 

ion between trends observed in simple metal hydrides and this 

ew and industrially exciting class of alloy, whilst also providing a 

echanistic understanding of the hydriding/dehydriding process in 

his HEA system. 

. Methodology 

The Vienna Ab initio Simulation Package [ 38 , 39 ], VASP, density 

unctional theory (DFT) [40] code was used to calculate defect and 

ydrogen solution energies in order to investigate key thermody- 

amic processes. The exchange-correlation function used was the 

erdew-Burke-Ernzerhof generalized-gradient-approximation (PBE- 

GA) [41] in accordance with the projected-augmented wave po- 

entials [42] that are provided with the package. The partial occu- 

ancies for each orbital were accounted for via Gaussian smearing 

ith a smearing width of 0.2 eV in line with the metallic nature 

f the system [43] . 

Special quasi-random structures (SQS) [44] were used to rep- 

esent the HEA systems and were generated using the Alloy Theo- 

etic Automated Toolkit [45] . This approach has been used in previ- 

us studies of HEAs [46–48] . A 3 ×3 ×3 SQS supercell containing 54

toms was constructed with the defect free structure containing 11 

itanium, hafnium, niobium and zirconium atoms and 10 tantalum 

toms in a BCC arrangement. The SQS method was also employed 
2 
or the construction of the HEA hydrides in order to randomly as- 

ign hydrogen interstitials throughout the structure at various con- 

entrations (hydrogen to metal atom ratio, H/M, = 0.4, 0.8, 1.2, 1.6, 

.8 and 2.0) where both tetrahedral and octahedral sites were sep- 

rately considered. All structures generated using ATAT produced 

n objective function between −0.96 and −0.99, identifying that 

ll structures were random. 

Before relaxation, the defect free BCC alloy (TiZrNbHfTaH 0.0 ) 

nd the FCC dihydride (TiZrNbHfTaH 2.0 ) super-cells had equal 

ide lengths of 9 Å. Other concentrations that were considered 

TiZrNbHfTaH 0.4 , TiZrNbHfTaH 0.8 , TiZrNbHfTaH 1.2 , TiZrNbHfTaH 1.6 , 

iZrNbHfTaH 1.8 and a BCT arrangement of TiZrNbHfTaH 2.0 ) had ini- 

ial dimensions of a = b = 9 Å and c = 12 Å to give a tetragonal

ystem. 

All calculations utilised a 4 ×4 ×4 �-centred Monkhorst-Pack 

rid with an energy cut-off of 450 eV for the planewave basis set. 

ue to the disordered nature of HEAs, symmetry effects were dis- 

ounted. Energy minimisation calculations were conducted consid- 

ring the stress tensor while cycling the allowed degrees of free- 

om to achieve a fully relaxed system. Initially constant cell vol- 

me was maintained while atomic positions could relax, this was 

ollowed by a relaxation that maintained constant atomic positions 

hile the cell volume and shape could change. This concluded in 

 full relaxation of all degrees of freedom. The cut-off criteria for 

lectronic and ionic relaxation were 10 −4 eV and 10 −3 eV/ ̊A unless 

therwise stated. Convergence testing regarding the energy and 

orce cut-offs have established that a cut-off energy of 450 eV and 

he electronic and ionic relaxation stopping criteria were sufficient 

or these systems. 

Density functional perturbation theory [ 49 , 50 ], DFPT, as im- 

lemented in the Phonopy code [ 51 , 52 ], allowed for phonon cal- 

ulations to be conducted producing the zero point energy val- 

es for the systems presented in this report, primarily to account 

or the inclusion of hydrogen interstitials in the structures [53] . 

rior to the phonon calculations, the structures were fully relaxed 

ith a stricter minimisation criterion of 10 −8 and 10 −7 eV/ ̊A. The 

ero point energy values were used in thermodynamic calculations, 

uch as vacancy formation and hydrogen solution energies, to pro- 

ide an energy correction for the static DFT calculations, allowing 

or a more complete comparison to the previously reported exper- 

mental data. 

. Results and discussion 

.1. Modelling the stability of TiZrNbHfT HEA 

In this section, the physicochemical properties of the modelled 

iZrNbHfTa structure are discussed and compared to previous ex- 

erimental results. These properties include the lattice constant of 

he system and parameters regarding the stability of the solid so- 

ution. 

The average lattice constant for TiZrNbHfTa was determined to 

e 3.411 Å, this was produced from 10 different HEA supercells. 

 standard deviation from the average lattice constant of 0.154 Å 

ighlights the variance in the crystal structure. The reported value 

f 3.411 Å is in good agreement with the previously determined 

xperimental value of 3.404 Å [9] . 

As stated by King et al. [54] , dividing the change in Gibbs free

nergy for the formation of a truly disordered solid solution from 

ts compositional elements, �G ss , by the lowest (for intermetallic 

ystems) or highest possible (for segregated phases) Gibbs free en- 

rgy that can be obtained from the formation of binary systems 

omprised from the elemental components of the mixture, �G max , 

hown in Eq. (1) , provides the parameter �. King et al. [54] es-

ablished that this was an important parameter in terms of the 

tability of the solid solution where a value ≥ 1 suggests the for- 
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ation of a stable solid solution which would persist until the 

elting temperature of the material. A negative value would in- 

icate a positive formation enthalpy for the solid solution and as 

uch would be thermodynamically unfavourable. Using the Alloy- 

SAP method developed by King et al. [54] , the TiZrNbHfTa HEA 

as determined to have � = 2.5, predicting the formation of a 

table solid solution which is confirmed by the experimental ob- 

ervations of Zlotea et al. [33] . 

= 

�G ss 

−| �G max | (1) 

Another important parameter in terms of the stability of solid 

olutions for HEAs is the lattice distortion, δ, [55] which is given 

y Eq. (2) . 

= 100 

√ 

N ∑ 

i=1 

C i 

(
1 − r i 

r A 

)2 

(2) 

Where N is the number of constituent elements, c i is the per- 

entage composition of each element, r i is the atomic radius of the 

omponents [56] and r A is the average metallic radii of the sys- 

em. Zhang et al. [55] determined that a structure with δ ≥ 6.6% 

ill not form a stable solid solution and this is supported by the 

ndings of King et al. [54] . The TiZrNbHfTa structure that was gen- 

rated during this study was calculated to have δ = 4.3%, similar 

o the experimentally produced δ = 4.6% recorded by Zlotea et al. 

33] . 

These two parameters, � and δ, predict the formation of a sta- 

le solid solution for the TiZrNbHfTa HEA and this is verified by 

he experimental results of Zlotea et al. [33] where the TiZrNbHfTa 

icrostructure was determined to consist of a single-phase solid 

olution. 

.2. Vacancy formation energy in TiZrNbHfT HEA 

The vacancy formation energies throughout the HEA are now 

onsidered. The vacancy formation energy for each atomic position 

n the 54 atom SQS supercell was calculated using the following 

quation: 

 f ( vacancy ) = E [ M vac ] + E [ A ] − E [ M ] (3) 

Where E[M vac ] is the energy of a structure with a single va- 

ancy, E[A] represents the cohesive energy of an atom removed to 

orm a single vacancy in the pristine supercell and E[M] is the en- 

rgy of the original HEA structure with no vacancies. The value of 

[A] for each vacancy is considered to result in the formation of 

ure metal outside of the HEA system (i.e. the formation of a Ta 

acancy results in the formation of bulk Ta metal outside of the 

EA system). Similarly, to calculate the average vacancy formation 

nergy across the TiZrNbHfTa structure, it is considered that the 

ombined vacancies of Ta, Ti, Hf, Nb and Zr in the HEA will form a

nit cell of TiZrNbHfTa. 

Calculated vacancy formation energies ranged from 0.3–2.8 eV, 

his was attributed to elemental variations in the local environ- 

ents surrounding each vacancy. We define the local environment 

s the surrounding nearest neighbour lattice atoms for a given po- 

ition (i.e. for a BCC arrangement, the local environment for a lat- 

ice site will consist of the surrounding eight nearest neighbours). 

he energy required to form a vacancy was reported to reduce 

s the average metallic radii of the local environment increased, 

nd this was highlighted most prominently by the environments 

ith the smallest and largest average metallic radii requiring the 

ost and least energy (respectively) to form a vacancy. The aver- 

ge metallic radii of the local environment was generated from the 

urrounding eight nearest neighbours of a given lattice site. And 

he metallic radii for each of the compositional elements was taken 
3 
rom previously reported data [56] . Attempts to relate vacancy for- 

ation energy to defect volume, internal strain along the (1 1 1) 

irection and chemicals trends failed to highlight any clear corre- 

ation although, as already mentioned, the average metallic radii of 

he local environment surrounding the vacancy, presented a weak 

nverse correlation and can be observed in Fig. 1 . The two graphs 

f Fig. 1 illustrate the range of vacancy formation energies from 

cross the HEA and the distribution of those reported energies. 

hese graphs identify the mean and mode of the reported values 

nd subsequently highlight a skew in the data which is a result of 

he varying atomic structure which causes a change in the average 

etallic radii and other chemical properties throughout each local 

nvironment. 

Previous work by Fullarton et al. [34] highlights a correlation 

etween the vacancy formation energy of a material and its melt- 

ng point. In order to apply this to the TiZrNbHfTa system we con- 

ider the energy required to remove of a unit cell of the HEA from 

he pristine supercell. This unit cell was considered to consist of 

 single BCC arrangement with equal representations of each con- 

tituent element, providing a representative vacancy formation en- 

rgy for the HEA system. To account for the large range of local 

nvironments present in the HEA structure, the contribution for 

ach constituent element used the averaged vacancy formation en- 

rgy from all corresponding positions of the same element across 

he HEA structure. Using the E[A] of each constituent element in 

he HEA and the combination of the averaged vacancy formation 

nergies for each constituent element, a value of 1.45 eV was pro- 

uced (including zero point energy corrections which account for 

 reduction of 0.02 eV from the uncorrected 1.47 eV) representing 

he energy required to remove a unit cell of TiZrNbHfTa. The diver- 

ence in defect energies for forming a vacancy on each lattice site 

n the HEA produces a standard deviation of 0.47 eV, representing 

he uncertainty caused by the wide range of local environments in 

he system. From the work of Fullarton et al. [34] , and the calcu- 

ated energy required to remove a representative unit cell of HEA, 

e predict a melting point temperature for TiZrNbHfTa at ∼1400 K. 

The rule of mixtures, a weighted average used to predict prop- 

rties of alloys, can also be used to predict the melting point tem- 

eratures of HEAs [57] . When applied to the TiZrNbHfTa system, 

he rule of mixtures provides a melting point prediction of 2522 K, 

uch higher than our initial prediction of 1400 K. The uncertainty 

aused by the range of local environments does not account for 

his disparity in the melting point predictions and highlights a 

istinct difference in behaviour between this HEA and the sim- 

le monoatomic systems on which Fullarton et al. [34] based their 

odel. The low vacancy formation energies that we report could 

e representative of phase changes or potentially issues regarding 

rdering, but this falls beyond the scope of this study and would 

eed to be explored further in future work. 

.3. Hydrogen interstitial accommodation in TiZrNbHfT HEA at low 

oncentrations 

Here we consider the accommodation of hydrogen in the HEA 

tructure at low concentrations and the role vacancies play on the 

referential site of occupation. 

The BCC unit-cell contains 12 tetrahedral and 6 octahedral 

quivalent interstitial sites. Hydrogen accommodation at these in- 

erstitial sites was studied for the HEA. This was carried out by 

lacing a single hydrogen atom at a random tetrahedral or octahe- 

ral interstitial site in the HEA (H concentration of 1.8 at.%) and al- 

owing the structure to fully relax. To account for the wide range of 

ocal environments throughout the HEA and the disparity in defect 

nergies that result consequently, this process was repeated for 60 

ifferent interstitial positions in the same supercell with an even 

epresentation of both tetrahedral and octahedral sites. By consid- 
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Fig. 1. The energy required to form a vacancy in TiZrNbHfTa. The left graph identifies the range of vacancy formation energies that were recorded with the average high- 

lighted by the dashed line at 1.38 eV and the solid grey line represents the line of best fit. The right graph illustrates the distribution of vacancy formation energies and 

highlights the most common vacancy formation energy, or mode, in the 1.15–1.35 eV range. 
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ring 60 different, random, interstitial positions, 12.3% of all pos- 

ible interstitial sites in the 3 ×3 ×3 supercell were investigated. A 

tandard deviation of 0.10 eV was reported for the results and this 

quates to a confidence interval of ± 0.03 eV indicating that the 

ample data was sufficient for the purpose of this study. 

In the instances of interstitial atoms, we consider the local envi- 

onment to consist of the nearest neighbour lattice atoms that pro- 

uce the interstitial site (i.e. the local environments surrounding a 

etrahedral site consists of the four nearest neighbour atoms and 

or octahedral sites, it’s the six nearest neighbours). After structural 

elaxation, most octahedral sites were found to be unstable: of the 

0 hydrogen atoms initially placed at octahedral sites, only four 

emained after the structures were fully relaxed indicating a barri- 

rless relaxation to tetrahedral sites. The hydrogen solution energy 

or each interstitial position was calculated as follows: 

 sol = E [ MH X ] − E [ M ] + E [ H ] (4) 

Where E[MH x ] is the energy of the fully relaxed HEA structure 

ith a hydrogen atom in solution, E[M] is the energy of the origi- 

al HEA structure before adding a hydrogen atom and E[H] is the 

nergy of ½H 2 . E[H] was calculated to be -3.36 eV, this was the

esult of placing a H 2 molecule in a large box (15 Å) and allow-

ng it to fully relax, and this is comparable to previously calculated 

alues in literature [53] . 

The hydrogen solution energy for every example was negative, 

ndicating this is a thermodynamically favourable process in agree- 

ent with experimental observations [33] . We report the average 

olution energy for tetrahedral sites as −1.37 eV ± 0.10 eV and oc- 

ahedral sites as −1.34 eV ± 0.07 eV (including zero point energy 

orrections), where the error accounts for the divergence in defect 

nergies due to the wide range of local environments in the HEA. 

he atomic environment has a clear effect on hydrogen interstitial 

ite preference. 

The relation between interstitial site size and lattice atoms of 

 monatomic structure in a BCC arrangement, is given by ∼0.29R 

or a tetrahedral site, where R is the metallic radii of the lattice 

toms. A similar relationship can be considered for the TiZrNbHfTa 

EA system where local environments with larger average atomic 

adii will result in larger interstitial site sizes. As such, the hy- 

rogen solution energy was related to the available interstitial site 

ize by considering the average metallic radii of the local environ- 

ent for a given interstitial, where the metallic radii for each el- 

ment was gathered from literature [56] . As the average metallic 

adii of the local environment increased, so too does the size of 
4 
he interstitial site, which allows for hydrogen interstitials to be 

ccommodated more readily Fig. 2 . demonstrates this relationship 

lthough it is important to note that this is a loose correlation, 

ighlighted by the low R 

2 value of the fitted line. Other factors, 

ncluding chemical interactions, will impact the vacancy formation 

nergy. The hydrogen solution energies for each interstitial posi- 

ion produce a wide distribution of defect energies caused by the 

ariance in atomic structure across the HEA, these results are dis- 

layed in Fig. 2 . 

Previous reports have established that hydrogen absorption in 

ther, simple, BCC metallic structures favour accommodation in the 

arger tetrahedral sites [37] . Nb and Ta, for example, both adopt 

CC structures and hydrogen interstitials favourably occupy tetra- 

edral sites (E sol = -0.39 eV, -0.41 eV, respectively) rather than oc- 

ahedral sites (E sol = -0.10 eV, -0.08 eV, respectively) [ 58 , 59 ]. 

Hydrogen absorption in the tetrahedral sites for systems such 

s W and Fe, both of which possess a BCC arrangement but have 

maller metallic radii than Nb and Ta, were found to be less 

avourable due to the reduced interstitial site sizes (E sol = 0.86 eV, 

.2 eV, respectively) [ 60 , 61 ]. However, it is important to note that

his, of course, does not consider the chemical interactions be- 

ween the hydrogen interstitials and the surrounding atomic struc- 

ure which will cause a significant difference in the solution en- 

rgies. This same trend is observed in Fig. 2 where local environ- 

ents with smaller average metallic radii, that produce interstitial 

ites with reduced sizes, have higher solution energies than the 

arger interstices. 

The solution of small concentrations of hydrogen at tetrahedral 

ites in this HEA is in agreement with experimental work by Zlotea 

t al. [33] where hydrogen atoms were observed to occupy random 

etrahedral sites at low hydrogen concentrations. 

The presence of hydrogen interstitial atoms has previously been 

hown to reduce the vacancy formation energy in other metallic 

ystems: W [62] , Fe and Ni [34] . To establish whether the vacancy

ormation energy, E f(vacancy) , of the TiZrNbHfTa HEA is impacted in 

 similar manner, vacancies were placed in structures containing a 

ingle hydrogen interstitial and the following equation was consid- 

red: 

Where E[MH Vac ] is the HEA structure with a vacancy and hy- 

rogen interstitial, E[MH X ] is the energy of the HEA with a hydro- 

en interstitial and E[A] is the energy of the atom being removed 

o form the vacancy. 

The point defects were placed as nearest neighbours to each 

ther, with only one interstitial and one vacancy present during 
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Fig. 2. The graph of the left demonstrates the weak correlation between hydrogen solution energies and the average metallic radii of the local environment. The average 

solution energy of all sites is -1.37 eV and is highlighted by a dashed line while a line of best fit, showing the trend, is represented by a solid grey line. The right graph 

illustrates the distribution of hydrogen solution energies and identifies that the most common hydrogen solution energy occurs in the range between -1.34 and -1.37 eV. 
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Fig. 3. The top image shows a hydrogen interstitial occupying a tetrahedral site 

when there is no vacancy present while the bottom image shows the same struc- 

ture, however, the octahedral interstitial site is occupied due to the presence of a 

vacancy (represented by a cube). 
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ach relaxation. To account for the wide range of local environ- 

ents present in the HEA structure, vacancies were placed on 15 

ifferent sites (with an equal representation of each constituent 

lement being removed) and interstitials were placed in different 

nvironments around the vacancies to provide an average and ac- 

ount for the variance in local environments for each point defect. 

The presence of hydrogen interstitials in the structure reduced 

he average vacancy formation energy to 1.22 eV from 1.38 eV (in- 

luding zero point energy correction). This is consistent with the 

bservations of Fullarton et al. [34] who reported a drop of 0.79 eV 

or the monoatomic Fe system in the presence of a single hydrogen 

nterstitial. 

When considering clustering of hydrogen in the HEA, the most 

avourable arrangement for two hydrogen interstitials was consid- 

red. Interstitials were placed in second nearest neighbour, fourth 

earest neighbour and fifth nearest neighbour positions to each 

ther and the structures were allowed to fully relax. This was re- 

eated for 10 different locations in the HEA structure to calculate 

n average binding energy between interstitials and to account for 

ariances in the local environments. These structures did not con- 

ain vacancies. The average binding energy, given by the equation 

elow, was determined to be 0.89 eV ± 0.16 eV (including zero 

oint energy corrections), where the error accounts for the diver- 

ence in binding energies caused by the wide range of local envi- 

onments. This value is comparable to previous reports for similar 

EAs [ 31 , 63 ] and identifies that the effect of interstitial clustering 

eed not be considered in terms of vacancy formation energies at 

ow hydrogen concentrations. 

 B = E [ MH 2 ] + E [ M ] − 2 ( E [ MH 1 ] ) (6) 

Where the hydrogen binding energy, E B , is defined in terms of 

he energy of the pure HEA, E[M], the energy of the HEA with a 

ingle hydrogen interstitial, E[MH 1 ], and the energy of the HEA 

ith two hydrogen interstitials, E[MH 2 ]. 

The introduction of vacancies in the structure resulted in inter- 

titials, surrounding the vacancies, relaxing onto octahedral sites 

n environments which had previously, in the absence of vacan- 

ies, demonstrated interstitials relaxing to tetrahedral sites. The 

riving force behind the site of occupation is due to the avail- 

ble space present around the interstitial, meaning that when a 

acancy is placed on an adjacent site, the neighbouring octahedral 

nterstitial position becomes much larger and thus more able to 

ccommodate the interstitial than the tetrahedral site. It is neces- 

ary to point out that chemical interactions between the interstitial 
5 
nd the surrounding atomic structure were not considered directly. 

ig. 3 shows two examples of an extended local environment in a 

ully relaxed structure where the hydrogen interstitial, which was 

nitially placed in the same location in both examples, relaxes to a 

etrahedral site when all lattice sites are occupied by constituent 

lements but relaxes to an octahedral site when a vacancy (repre- 

ented by a cube) is present. 

Hydrogen-induced interactions such as the reduced vacancy for- 

ation energy and the promotion of octahedral interstitials have 

reviously been reported for single metal hydride systems [ 35 , 37 ] 

ut to the best of our knowledge this has not previously been re- 

orted for a HEA system. This marks an interesting similarity in 

ingle metal hydrides and HEAs and identifies a potential avenue 

y which octahedral sites might be occupied in the TiZrNbHfTa 

EA at low hydrogen concentrations. 

.4. Hydrogen interstitial accommodation in TiZrNbHfTa HEA at high 

oncentrations 

Low concentrations of hydrogen almost exclusively favouring 

ccupation at the tetrahedral interstitial sites, is in line with the 

eport by Zlotea et al. [33] . It was observed in the same work that
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Fig. 4. TiZrNbHfTaHx with various concentrations of hydrogen interstitials where x represents the M/H ratio that is present in the structures. 
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t higher concentrations, between H/M = 0.6 and 1.2, certain octa- 

edral positions were occupied causing distortion in the lattice and 

esulting in an anisotropic expansion. As such, calculations were 

erformed with greater hydrogen concentrations and compared to 

he experimental observations. 

To account for the wide range of local environments available, 

our different hydrogen concentrations, each with ten distinct ar- 

angements, were modelled in the BCC structure: 

TiZrNbHfTaH 0.4 , TiZrNbHfTaH 0.8 , TiZrNbHfTaH 1.2 and 

iZrNbHfTaH 1.6 (examples displayed in Fig. 4 ). The SQS method 

as used to randomly distribute hydrogen interstitials throughout 

he structures with initial positions in both tetrahedral and octa- 

edral sites. Each structure was then allowed to fully relax using 

FT and, as with the structures that were modelled with a single 

ydrogen interstitial, it was observed that interstitials initially 

laced in octahedral sites would tend to relax onto neighbouring 

etrahedral sites for all concentrations considered. 

In agreement with the previous experimental work, the struc- 

ures transformed spontaneously from the BCC arrangement to a 

CT arrangement, most notably between the TiZrNbHfTaH 1.2 and 

iZrNbHfTaH 1.6 structures, highlighted by the diverging axis ratio 

a:c). The scale of this phase transformation was observed to be 

maller than the 18% increase in the a:c ratio reported by Zlotea et 

l. [33] . 

A second phase transformation is recorded in the experimen- 

al report of Zlotea et al. [33] and was observed to occur between 

/M = 1.8 and 2.0, resulting in formation of the FCC dihydride. 

iZrNbHfTaH 1.8 and the dihydride TiZrNbHfTaH 2.0 structures (with 

oth BCT and FCC arrangements for the two hydrides) were gen- 

rated using the SQS method, producing 10 different supercells for 

ach arrangement/concentration. Interstitials were initially placed 

n both tetrahedral and octahedral sites and the structures were 

llowed to fully relax. The hydrogen interstitials that were ini- 

ially placed on octahedral sites were again reported to relax onto 

eighbouring tetrahedral sites. The generated FCC structures con- 

ormed to experimental reports with a lattice constant of 4.617 Å 

 ± 0.092 Å) and where hydrogen interstitials occupied available 

etrahedral sites [33] . Using the energy of fully relaxed structures, 

he normalised free energy of formation, G f orm 

, could be calculated 

sing Eq. (7) . The phase stability of each arrangement is illustrated 

y plotting normalised free energy of formation for each composi- 

ion against hydrogen concentration. 

 form 

= 

H form 

− S conf 

n 

(7) 

here H form 

is the enthalpy of formation, n is number of atoms 

n the structure and S con f is the configurational entropy of given a 

omposition and was determined using the following equation: 

 = k B ln W (8) 
conf 

6 
here k B is the Boltzmann constant and the number of possi- 

le configurations of a composition is given by W. It is important 

o note that the configurational entropy terms were calculated by 

onsidering only the tetrahedral sites as occupation of octahedral 

ites was low across all structures and including these sites in the 

alculation would be indicative of a higher energy state than the 

round state HEA system. 

By considering the free energy of formation, the temperature 

ependence on phase stability is highlighted. It is noted that be- 

ow 250 K, TiZrNbHfTaH 1.6 in a BCT arrangement is unstable while 

round 300 and 350 K, TiZrNbHfTaH 0.4 and the BCT arrangement 

f TiZrNbHfTaH 1.8 become stabilised, respectively. It is noted that 

he FCC TiZrNbHfTaH 1.8 is never considered to be the most stable 

rrangement at that concentration, indicating that the formation of 

n FCC arrangement only occurs once the material has attained a 

/M = 2.0. Up to 550 K, the FCC arrangement of TiZrNbHfTaH 2.0 is 

ore stable than the BCT arrangement, complementing the obser- 

ations of Zlotea et al. [33] . 

.5. Thermal decomposition of the high entropy hydride 

One of the most interesting behaviours of the hydrides pro- 

uced from HEAs is the release of the stored hydrogen over a range 

f temperatures [ 14 , 64 ]. This is due to the various local environ-

ents throughout the structure that will have different affinities 

or hydride formation and as such the hydride stability will differ 

or each environment. The temperatures required for the decom- 

osition of the TiZrNbHfTaH means that vibrational entropy terms 

eed to be considered for the hydrogen interstitials. The inclusion 

f the vibrational and configurational entropy terms accounts for 

he temperature dependence of the TiZrNbHfTaH stability and al- 

owed for the hydride decomposition temperatures to be calculated 

ith the use of Fig. 5 : 

 ( T ) = H sol − T S vib − T S conf (9) 

here H sol is given by the hydrogen solution energies, T is a set 

emperature, S vib is given by the vibrational entropy term of the 

ydrogen interstitials (collected from literature [65] ) and S conf is 

he configurational entropy term calculated using Eq. (8) . 

The absorption of hydrogen into the HEA becomes thermody- 

amically unfavourable at temperatures where the Gibbs free en- 

rgy, G(T), is positive and this is indicative of hydride decomposi- 

ion. The TiZrNbHfTaH hydride, where hydrogen interstitials were 

ot bound to vacancies, was predicted to decompose over a tem- 

erature range of 550–750 K due to the wide range of local en- 

ironments present in the HEA structure. The distribution of de- 

omposition temperatures produced a distribution that is compa- 

able to previous experimental results [33] . Accounting for inter- 

titials bound to a vacancy, or “trapped interstitials”, with an av- 

rage trapping energy of −0.59 eV, led to the prediction of de- 

omposition temperatures in excess of 900 K. This would suggest 
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Fig. 5. The normalised free energy of formation for the different arrangements of TiZrNbHfTaHx are shown and the temperature dependence of phase stability is illustrated. 

The different arrangements of TiZrNbHfTaHx are highlighted by different symbols. 

Fig. 6. The dilute limit solubility temperature ranges for TiZrNbHfTaH with energy 

corrections for interstitials bound to a vacancy highlighted, previous experimental 

data by Zlotea et al. [33] is represented by the dashed line. 
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hat hydrogen is retained in the structure even after the major 

ecomposition temperature range which may present a concern 

or thermogravimetric analysis. The wide range of local environ- 

ents in the HEA leads to an uncertainty in the average trap- 

ing energy and a standard deviation of ± 0.20 eV was calculated 

rom the results used to form the average. When this uncertainty 

s accounted for in the prediction of the hydride decomposition, 

or interstitials trapped around a vacancy, a second peak is ob- 

erved in the 70 0–80 0 K range. This second peak, with a major 

ecomposition peak at 780 K, is consistent with the experimen- 

al results of Zlotea et al. [33] and the results are displayed in 

ig. 6 . 
7 
The trend observed in Fig. 6 is consistent with a release of 

ydrogen from the structure over a temperature range compared 

o the single release temperature expected in a standard alloy or 

etal. This, along with the other interesting properties that HEA 

re known to possess, indicates the potential for these materials in 

 range of applications and environments. 

. Summary 

In this work we have successfully modelled the TiZrNbHfTa HEA 

nd its hydrides as well as the phase transformations that occur 

t certain H/M ratios to produce BCT and FCC arrangements. Va- 

ancy formation energy calculations were conducted, and a repre- 

entative energy value was assigned to the HEA structure providing 

 prediction of the materials melting point temperature. Dispari- 

ies between the predicted melting point using the vacancy for- 

ation energies and the melting point prediction produced from 

he rule of mixtures, highlights an important discrepancy between 

he method used to predict melting point temperatures of standard 

etal alloys and HEA systems. 

The effect of hydrogen interstitials on vacancy formation ener- 

ies was explored and, similar to reports on single metal hydrides 

uch as Fe-H, a lowering of the energy barrier to vacancy formation 

as reported and the stabilizing effect of hydrogen interstitials was 

eported to reduce distortion in the local environment surround- 

ng a vacancy. Previous reports have suggested that octahedral site 

ccupation of hydrogen interstitials is related to hydrogen concen- 

ration in the HEA structure and that certain interstitial positions 

re occupied during the formation of the monohydride. As we re- 

ort here, hydrogen concentration did not affect the preferred site 

f occupation, although the presence of vacancies at low hydrogen 

oncentrations was reported to promote the occupation of octahe- 

ral sites. 
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The decomposition of TiZrNbHfTaH was established to occur 

ver a range of temperatures where the inclusion of an energy 

orrection, accounting for hydrogen interstitials trapped by vacan- 

ies, produced a second decomposition peak and was comparable 

o the experimental findings of Zlotea et al. [33] . The results of the

ecomposition model produced in this report, justifies the combi- 

ation of hydrogen solution energies and the configurational en- 

ropy term as well as vibrational entropy terms of the hydrogen 

nterstitials in predicting the decomposition of HEA hydrides. The 

redicted release of hydrogen from the structure, over a range of 

emperatures, highlights the possible uses of HEAs, or more specif- 

cally their hydrides, in a range of versatile applications and envi- 

onments and warrants further study. 
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