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 A B S T R A C T

Hydrogen uptake in complex multicomponent alloys, including high-entropy alloys (HEAs), governs both 
hydrogen storage capacity and resistance to hydrogen-induced degradation. We combine high-pressure exper-
iments, density-functional theory (DFT), and a GRACE universal interatomic potential to investigate hydrogen 
absorption in Al0.3CoCrFeNi and Al3CoCrFeNi HEAs. In H2 as a pressure-transmitting medium, the FCC 
Al0.3CoCrFeNi alloy forms hydrides at ambient temperature above 3 GPa, whereas the Al-rich B2 Al3CoCrFeNi 
alloy shows no evidence of hydride formation even upon heating at pressures up to 50 GPa. Experiments and 
calculations show that aluminum suppresses hydrogen uptake by increasing solution energies and destabilizing 
interstitial sites. The universal potential, employed in the calculations and pretrained on large DFT databases, 
closely reproduces DFT energetics and demonstrates transferability from the dilute limit to the hydride-forming 
regime. Simulations further disentangle the roles of local ordering, volume changes, composition, and crystal 
structure. Overall, our results indicate that hydrogen solubility in Al-containing HEAs is governed primarily 
by composition, with Al-driven B2 ordering as a strong secondary effect.
1. Introduction

Hydrogen uptake and hydride formation in high-entropy and other 
multicomponent alloys are central for both hydrogen storage [1,2] 
and the development of hydrogen-resistant structural materials [3]. In 
the dilute limit, the solution energy of hydrogen depends not only on 
chemical composition but also on the underlying crystal structure and 
the size of the available interstitial volume. Yet, in general, hydrogen 
solubility and transport are determined by a combination of geometric, 
electronic, and chemical factors, and do not usually follow a purely 
structural trend [4].

Aluminum-containing Al𝑥CoCrFeNi high-entropy alloys provide a 
prototypical system in which electronic structure, chemistry, and crys-
tal structure are intrinsically linked. At low Al contents (up to 𝑥 ≈
0.3), the alloy stabilizes in a single-phase face-centered cubic (FCC) 
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structure, whereas increasing the Al concentration above 𝑥 ≈ 0.9 leads 
predominantly to a body-centered cubic (BCC) or primitive cubic B2 
phase (CsCl-type) [5,6]. This change of structural stability from FCC to 
B2 is associated with pronounced differences in lattice volume, bonding 
character, and interstitial site geometry, all of which can influence 
hydrogen uptake.

Beyond structural considerations, other factors must be given due 
attention. Metallic aluminum exhibits a comparatively low solubility 
for hydrogen [7]. Increasing the Al concentration may therefore re-
duce hydrogen uptake through chemical effects, while simultaneously 
altering phase stability and equilibrium volume, both of which strongly 
affect hydrogen accommodation. How these interacting chemical and 
structural effects counterbalance within the Al𝑥CoCrFeNi system has 
remained an open question.
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High-pressure experiments in hydrogen as a pressure-transmitting 
medium provide a powerful tool to probe hydrogen uptake under 
extreme conditions, where elevated hydrogen chemical potentials can 
stabilize hydrides that are not stable at ambient pressure or tem-
perature. The technique has been applied to several multicomponent 
alloys, revealing that some readily form hydrides and some remain 
essentially inert even when subjected to tens of gigapascals of hydrogen 
pressure [8,9]. While these measurements offer valuable macroscopic 
insight into hydrogen incorporation, they do not provide atomistic 
information on how local chemical and structural factors control the 
underlying energetics.

Density-functional theory (DFT) can effectively supplement the ex-
perimental studies, as it enables quantitative predictions of hydrogen 
solution energies and identifies favorable interstitial sites [7]. Extensive 
DFT sampling of hydrogen configurations has been carried out for a few 
prototype high-entropy and multicomponent alloys [10–13]. However, 
it remains computationally prohibitively expensive to apply such an 
approach systematically across many compositions and structures. Re-
cently developed machine-learned interatomic foundational potentials, 
also known as ‘‘universal’’ potentials, offer a promising route to over-
coming this limitation [14]. These potentials, including foundational 
potentials utilizing the Graph Atomic Cluster Expansion (GRACE) ap-
proach [15,16], have demonstrated broad transferability across chem-
ically complex metallic systems, enabling DFT-comparable accuracy at 
a fraction of the computational cost [17]. However, their capability to 
describe hydrogen energetics, both in the dilute-interstitial limit and 
in concentrated hydrides, remains unchallenged for chemically and 
compositionally complex, disordered alloys.

In this work, we investigate hydrogen uptake in two represen-
tative single-phase alloys: FCC Al0.3CoCrFeNi and B2 (CsCl-type)
Al3CoCrFeNi. We use DFT calculations and GRACE foundational po-
tentials to quantify hydrogen solution energies, assess site stability, 
and evaluate hydride-formation tendencies, which are compared with 
high-pressure experiments. This complementary approach allows us to 
probe and to disentangle the respective roles of composition, lattice 
volume, and crystal structure in controlling hydrogen uptake. We find 
that hydrogen affinity in these alloys is primarily governed by the alu-
minum content and associated volume effects. In contrast, differences 
between FCC and BCC/B2 crystal structures has a secondary role once 
composition and volume are fixed.

2. Methods

2.1. Computational details

Spin-polarized DFT calculations were performed using the Vienna
Ab initio Simulation Package (VASP, version 5.4.4) [18–20], employ-
ing the projector-augmented wave (PAW) method [21]. Initial mag-
netic moments were assigned to the transition-metal elements (Co, 
Fe, Ni, and Cr), while Al was initialized with zero magnetic moment. 
The exchange–correlation energy was described using the Perdew–
Burke–Ernzerhof (PBE) generalized gradient approximation (GGA) [22].
All calculations used an energy cutoff of 300 eV, Gaussian smearing of 
0.2 eV, and 3 × 3 × 3 𝑘-point meshes and 6 × 6 × 6 𝑘-point meshes 
for the 216-atom and 64-atom supercells, respectively. Structural re-
laxations allowed internal atomic positions to relax while keeping 
the cell shape fixed (ISIF=2). Chemically disordered alloy configura-
tions were represented by special quasi-random structures (SQSs) [23] 
generated with the ICET package [24]. The SQS structures and corre-
sponding Warren–Cowley short-range order parameters are available in 
Ref. [25]. The B2 structure was generated by placing all Al atoms on 
the corner sites, while all remaining atoms were distributed randomly 
across the unoccupied lattice positions.

To model the two compositions Al3CoCrFeNi and Al0.3CoCrFeNi, we 
employed the following setup to match the experimental compositions: 
The 64-atom supercells correspond to Al CoCrFeNi (Al: 28, Co: 9, 
3.11
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Cr: 9, Fe: 9, Ni:9) and Al0.27CoCrFeNi (Al: 4, Co: 15, Cr: 15, Fe: 15, Ni: 
15), while the 216-atom supercells correspond to Al2.97CoCrFeNi (Al: 
92, Co: 31, Cr: 31, Fe: 31, Ni: 31) and Al0.32CoCrFeNi (Al: 16, Co: 50, 
Cr: 50, Fe: 50, Ni: 50).

The ionic convergence criteria (EDIFFG) were set to ten times the 
electronic criteria (EDIFF). For the 64-atom cells, we used EDIFF = 
1×10−5, corresponding to an ionic convergence better than 0.1meV per 
supercell, while for the 216-atom cells EDIFF = 1 × 10−2 was sufficient 
to ensure convergence better than 0.5meV per atom. These different 
targets reflect that the 216-atom cells were compared on a per-atom 
energy basis (pure alloys and hydrides). In contrast, the 64-atom cells 
were used to evaluate the performance of the foundational potential in 
predicting solution energies on a per-supercell basis.

The H2 molecule was modeled in a 20 Å cubic box, employing the 
same 300 eV plane-wave cutoff as used for the hydride and H-solution 
calculations, and sampled at the 𝛤 -centered point.

All alloy configurations were evaluated using the GRACE frame-
work [15] together with the recently introduced universal founda-
tional potentials [16]. We employed the GRACE_2L_SMAX_OMAT_large 
model, which was trained on a subset of the OMat24 dataset [26] 
(excluding all calculations using a +U-correction) together with more 
than one million structures generated via the maximum-entropy princi-
ple [27], also computed without +U-correction. Details of the potential 
training procedure are described in Ref. [28]. For each supercell size, 
all alloy variants and all octahedral and tetrahedral interstitial sites 
were evaluated using the Atomic Simulation Environment (ASE) [29] 
utilizing the BFGS optimizer with forces converged to below 0.01 eV/Å.

2.2. Experimental details

The two alloys, FCC Al0.3CoCrFeNi and B2 Al3CoCrFeNi, were 
prepared by induction melting of stoichiometric mixtures of high-purity 
elemental powders [30]. Melting was performed in ℎ-BN crucibles 
placed inside an Ar-filled glove box to ensure an inert processing envi-
ronment. Complete melting of both alloy compositions was achieved at 
temperatures exceeding 1580 K. Following a holding time of 1–2 min 
at the melting temperature, the melts were allowed to cool naturally 
to ambient conditions. To promote chemical homogeneity, each alloy 
ingot was subsequently re-melted three additional times under identical 
conditions. A detailed structural and compositional characterization of 
the alloy family, including energy-dispersive X-ray spectroscopy (EDX) 
analysis and X-ray diffraction (XRD) evidence for B2 ordering in the 
Al-rich alloy, is given in Ref. [30].

Room-temperature compressibility data for both alloys were mea-
sured in Ne and H2 as pressure-transmitting media using diamond 
anvil cells (DACs) at the P02.2 beamline of PETRA-III, DESY [31]. 
Measurements were conducted up to 55 GPa at room temperature, 
using an X-ray wavelength of 𝜆 = 0.2907 Åand a Perkin Elmer XRD1621 
detector (beam size 3(v) × 8(h) μm2, FWHM). The samples were loaded 
into symmetric DACs equipped with 300 μm Boehler–Almax anvils. 
Ruby and gold powder placed close to the sample as pressure cali-
brants [32]. Ruby was used for the pre-compression purposes and the 
pressures shown in the figures below were extracted from Au EOS for 
consistency. Diffraction images were integrated with DIOPTAS [33]. 
Unit-cell parameters, background, and profile functions were refined 
using TOPAS [34], and the obtained pressure-volume data were fitted 
using EoS-Fit 5.2 [35].

High-temperature compression data for the FCC Al0.3CoCrFeNi alloy 
in a H2 fluid were collected using the Hall-type Aster–15 six-ram, large-
volume multi-anvil press (LVP, MAVO LPQ6-1500-100) at the P61B 
energy-dispersive beamline of PETRA-III, DESY [36]. Approximately 
5 mg of alloy powder was pressed into a pellet (1.2 mm outer diameter, 
0.8 mm height) and sealed inside a NaCl capsule (3 mm outer diameter, 
3.55 mm height) together with two NH3BH3 pellets of identical size. 
NH3BH3 (Sigma Aldrich, 97%) served as the hydrogen source, supply-
ing a ∼2.5-fold molar excess of H relative to the metal content. Upon 
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Table 1
Equilibrium EOS parameters from GRACE, DFT, and experiment (Exp). 𝛥𝐸eq
is referenced to the lowest-energy phase within each composition (bold).
 Al0.3-HEA Al3-HEA

 BCC FCC FCC BCC B2  
 𝛥𝐸eq (meV/at.), GRACE 24 0 164 154 0  
 𝛥𝐸eq (meV/at.), DFT 24 0 150 149 0  
 𝑉eq (Å3/at.), GRACE 11.39 11.23 12.53 12.60 12.12  
 𝑉eq (Å3/at.), DFT 11.40 11.32 12.62 12.65 12.17  
 𝑉eq (Å3/at.), Exp. – 11.56a – – 11.97a 
 11.62b  
 𝐵eq (GPa), GRACE 154 176 135 146 151  
 𝐵eq (GPa), DFT 161 161 127 137 151  
 𝐵eq (GPa), Exp. – 201a – – 197a  
 𝐵′

eq, GRACE 2 6 5 8 5  
 𝐵′

eq, DFT 5 6 4 7 5  
 𝐵′

eq, Exp. – 4a – – 4a  
a Experimental EOS parameters from Ref. [30].
b Lattice parameter from Ref. [43].

decomposition induced by heating at high pressure, BH3NH3 yields 
inert BN as the solid residue [37]. Complete capsule preparation was 
carried out in an Ar-filled glove box. The samples were compressed 
using 14/7 multi-anvil assemblies [38]. Pressure was determined from 
the NaCl equation of state [39], and the temperature was calibrated 
using power–temperature curves established from offline in situ LVP 
runs employing Type-C thermocouples.

The sample assembly was compressed to 10 GPa and then gradually 
heated to 720 ◦C to decompose NH3BH3 and generate H2. After equili-
bration, it was cooled to room temperature and decompressed to ambi-
ent pressure. PXRD data were collected continuously during compres-
sion, heating, cooling, and decompression using the high-energy white 
X-ray beam as a probe with a high-purity Ge energy-dispersive detector 
equipped with a collimator–slit system positioned at the diffracted an-
gle 2𝜃 = 4.9621◦. Energy-dispersive diffraction patterns were analyzed 
using the PDIndexer software [40].

3. Results and discussion

3.1. Validation of the foundational potential

We first examine the phase stability of the hydrogen-free
Al0.3CoCrFeNi and Al3CoCrFeNi parent alloys. We computed total 
energies for the FCC and BCC structures using 216-atom supercells 
with both the GRACE foundational potential and explicit DFT calcu-
lations. For each composition and structure, we used identical atomic 
configurations in the DFT and GRACE calculations to enable a di-
rect, method-to-method comparison. In addition to the random BCC 
structure, we also constructed an ordered B2 phase for Al3CoCrFeNi, 
which has been reported experimentally in the literature [6,41]. The 
resulting energy–volume curves are shown in Fig.  1. The experimen-
tally established phase stability — FCC for Al0.3CoCrFeNi and B2 
for Al3CoCrFeNi — is well reproduced. The equation-of-state (EOS) 
parameters are summarized in Table  1. For GRACE and DFT, the 
equilibrium energy differences, volumes, and bulk moduli were es-
timated by fitting the calculated energy–volume data to the Vinet 
EOS [42], while the experimental values correspond to EOS parameters 
fitted from high-pressure X-ray diffraction measurements in Ne as a 
pressure-transmitting medium [30]. Overall, GRACE and DFT yield 
consistent equilibrium properties that are in reasonable agreement with 
experiment. For FCC Al0.3CoCrFeNi, the results are also consistent with 
ambient-pressure lattice parameters of the as-cast alloy measured by 
XRD [43].

We next validate the performance of the foundational potential for 
hydrogen solution energies, 
𝛥𝐸 = 𝐸(alloy + H) − 𝐸(alloy) − 𝜇 , (1)
sol H

3 
Fig. 1. Energy–volume curves for Al𝑥CoCrFeNi with (a) 𝑥 = 0.3 and (b) 𝑥 = 3.0
for 216-atom supercell models. Predictions using the GRACE foundational 
potential (blue) and DFT calculations (black) are presented for the BCC 
and FCC phases. For Al3CoCrFeNi, the B2 phase is also included. Symbols 
denote the calculated data, and lines show the fits using the Vinet EOS. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.)

where 𝐸(alloy + H) and 𝐸(alloy) denote the total energies of the alloys 
per simulation cell with and without the hydrogen atom, respectively, 
and 𝜇H = 1

2𝐸H2
 is the hydrogen chemical potential. In contrast to 

the non-hydrogenated EOS energies, which are compared as per-atom 
quantities, the solution energies are evaluated as differences per su-
percell. The latter comparison provides a more rigorous validation. 
Specifically, we calculated the energies in 64-atom supercells, as de-
tailed in Section 2.1. Smaller supercells enable more accurate DFT 
parameters, which are essential for achieving high precision per su-
percell. We restricted the analysis to the experimentally stable phases, 
namely FCC Al0.3CoCrFeNi and B2 Al3CoCrFeNi. All calculations were 
initialized with atoms placed on ideal FCC or BCC-based B2 lattice 
sites and the interstitial hydrogen atom located at the corresponding 
ideal interstitial site, followed by complete atomic relaxation in both 
methods. As shown in Fig.  2, the two methods exhibit a strong lin-
ear correlation. A mean signed difference of approximately 72 meV 
per H atom, obtained from a constrained regression with fixed unit 
slope, reflects a systematic shift in the reference hydrogen chemical 
potential associated with the H2 molecule in the foundational potential 
employed, likely because the foundational potential does not explicitly 
include H2 energetics. The corresponding centered RMSE, obtained by 
subtracting the systematic shift, is 42 meV per H atom, which translates 
to an accuracy of well below one meV per atom. More importantly, 
our results suggest that the qualitative trends and relative stability of 
hydrogen sites are accurately captured.

To complement the analysis of the just-discussed dilute-limit solu-
tion energies and to assess the stability of highly hydrogenated phases, 
we further examine two idealized 1:1 metal–hydrogen hydrides, cor-
responding to a concentration of one hydrogen atom per metal atom 
(H/M = 1). For both systems, we employed the same 216 metal-
atom supercells as used for the non-hydrogenated EOS calculations 
discussed above and derived their energetics from newly computed 
energy–volume EOSs. The FCC Al0.3CoCrFeNi hydride with H/M = 1 
was constructed by filling all octahedral interstitial sites. In contrast, for 
B2 Al3CoCrFeNi, we populated the most favorable interstitial positions 
identified by GRACE (predominantly tetrahedral sites) to construct 
the hydrogenated structure. Representative alternative concentrated 
hydride configurations were also evaluated for both the FCC and B2 
alloys and were found to be energetically less favorable than the 
reference hydrides considered here (see Supplementary Material). Both 
hydrides were assessed using the GRACE foundational potential and 
explicit DFT calculations. As summarized in Table  2, hydriding leads 
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Fig. 2. Comparison of hydrogen solution energies obtained from DFT and 
the GRACE foundational potential for FCC Al0.3CoCrFeNi and the B2-ordered 
Al3CoCrFeNi using 64-atom supercells. Each point corresponds to a unique 
interstitial configuration. The black dashed line represents the correlation with 
a mean signed difference of 𝛥𝜇 = −72 meV, as determined by linear regression, 
indicating a systematic difference in the hydrogen chemical potential. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.)

Table 2
Hydride formation energies (𝐸form) and the associated volume increases (𝛥𝑉H) 
for hydrides with H/M = 1, obtained with GRACE and DFT. Hydrogen atoms 
occupy interstitial sites as described in the main text, yielding a 1:1 metal–
hydrogen ratio. 𝛥𝑉H corresponds to the effective hydrogen volume. 𝛥𝐸B2−FCC

form
denotes the formation-energy difference between the FCC Al0.3CoCrFeNi- and 
B2 Al3CoCrFeNi-based hydrides. Values in brackets are obtained from non-
spin-polarized calculations.
 Hydrogenated phase 𝐸form (meV/metal) 𝛥𝑉H (Å3/H)

 GRACE DFT GRACE DFT 
 FCC Al0.3CoCrFeNi −53 7 (4) 2.04 2.11 
 B2 Al3CoCrFeNi 224 285 (283) 3.69 4.02 
 𝛥𝐸B2−FCC

form 277 278 (279) –

to effective hydrogen atomic volumes of approximately 2Å3 per atom 
in the FCC alloy and nearly 4Å3 per atom in the B2 alloy. The 
substantially larger effective hydrogen volume in the B2 phase indicates 
a greater volumetric penalty associated with hydrogen incorporation 
than in the FCC alloy. The respective volume changes are in reasonable 
agreement between the GRACE foundational potential and the explicit 
DFT calculations.

When comparing absolute hydride formation energies, the deviations 
between the GRACE results and DFT are larger: −60 meV and −61 meV 
per metal atom for the FCC hydride and B2 hydride, respectively. The 
nearly identical magnitudes of these deviations indicate a systematic 
shift, which we again attribute to the hydrogen reference chemical 
potential. As this offset is essentially constant, it does not affect the 
relative stability between the two hydrides. A clear formation energy 
favoring the FCC hydride is observed compared to the B2 hydride, 
with a predicted difference in formation energies of 277 meV using the 
foundational potential and 278 meV from the explicit DFT calculations.

3.2. Hydrogen uptake from theory and experiment

The calculations performed above consistently show that hydro-
gen incorporation is energetically favorable in FCC Al CoCrFeNi, 
0.3

4 
whereas it is unfavorable in B2 Al3CoCrFeNi. This qualitative trend is 
reproduced by both DFT and the GRACE foundational potential, with 
hydrogen insertion in the B2 phase associated with an energetic penalty 
of approximately 0.3 eV.

To examine whether this predicted structural dependence of hy-
drogen stability is reflected experimentally, we performed complemen-
tary high-pressure experiments, summarized in Fig.  3. High pressures 
impose a large hydrogen chemical potential and therefore promote 
hydride formation [8]. We do not attempt a quantitative mapping 
between pressure–temperature conditions and the hydrogen chemical 
potential. Instead, we use the volume-pressure relations 𝑉 (𝑝) as a direct 
experimental indicator of hydrogen uptake, where discontinuities or 
pronounced growth in 𝑉 (𝑝) signal hydride formation.

For FCC Al0.3CoCrFeNi, Fig.  3(a) clearly shows signs of hydrogen 
absorption. When the alloy is compressed at room temperature above 
approximately 3GPa, a noticeable increase in atomic volume occurs, 
indicating the formation of a hydrogen-containing phase. To estimate 
the hydrogen content, we used the DFT-computed effective hydrogen 
volume (cf. Table  2), which is close to the empirical value of about 
2.1Å3 per H atom commonly employed for similar FCC alloys [9,44,
45]. A hydrogenated phase with a metal-to-hydrogen ratio of about 
MH0.8 (denoted as high H) is observed. High-temperature high-pressure 
experiment in the LVP pushes the system toward equilibration. As 
a result, a higher hydrogen content, with approximately MH0.9, has 
been observed. For comparison, the computed pressure–volume curves 
derived from DFT and the GRACE foundational potential for both 
the hydrogen-free parent alloy and the corresponding hydride with 
H/M = 1 are presented in Fig.  3(a) as thick solid and dashed lines, 
respectively. While both theoretical models slightly underestimate the 
absolute volumes, they accurately reflect the experimental trends and 
capture the extent of volume expansion upon hydrogenation.

In contrast, Fig.  3(b) shows that the B2-ordered Al3CoCrFeNi alloy 
exhibits no evidence of hydride formation across the entire pressure 
range studied at ambient temperature. The B2 alloy does not show any 
detectable growth of its atomic volume in the presence of hydrogen, 
compared with the pristine compressibility experiment in an inert 
pressure-transmitting medium (Ne or He) [30]. Our GRACE and DFT 
calculations, which predict an energetic penalty of approximately 0.3 
eV for hydrogen incorporation in the B2 phase, support this find-
ing. The alloy exhibits a smooth, continuous compression curve up 
to 50 GPa, without any detectable volume anomalies indicative of 
hydrogen uptake or phase transformations.

Moreover, the calculated EOS for the hydrogen-free B2 parent alloy, 
obtained from both GRACE and DFT, aligns well with the experimen-
tally measured 𝑉 (𝑝), corroborating the absence of hydrogen incorpo-
ration under pressure. Even after heating to 150 ◦ C, no significant 
deviation from the hydrogen-free compression behavior is observed 
(see Supplemental Material). This clear qualitative difference under-
scores the much lower hydrogen affinity of the B2 phase compared to 
its FCC counterpart.

The systematic underestimation of the experimental equilibrium 
volume for the FCC Al0.3CoCrFeNi alloy and the hydride, as calculated 
using PBE, is consistent with previous findings reported for the Al-free 
CoCrFeNi alloy [46]. This behavior aligns with known trends of PBE 
for transition metals, where the equilibrium volumes of Fe, Co, and 
Ni are underestimated even for pure elements [47]. In contrast, PBE 
results in equilibrium volumes for Al that are larger than those observed 
experimentally [48,49]. The closer agreement with the experimental 
results reported here for the Al-rich B2 Al3CoCrFeNi alloy can therefore 
be qualitatively interpreted as a partial compensation between these 
opposing trends for the individual elements.
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Fig. 3. (a) Compressibility data obtained from DAC and LVP experiments for FCC Al0.3CoCrFeNi. The samples collected in DACs were surrounded by either H2 
or Ne pressure-transmitting medium. Symbols denote experimental measurements. The dotted vertical lines indicate the pressure range in which two FCC phases, 
with lower and higher volumes, respectively, coexist. The data associated with solid triangles was collected in a DAC on compression. LVP data (open circles) 
were collected at room temperature during compression and then at high temperature (closed circle). Solid and dashed lines show pressure–volume curves of the 
hydrogen-free parent alloy and of the ideal hydride with H/M = 1, respectively, obtained from DFT and GRACE calculations for comparison. (b) Corresponding 
DAC measurements for B2 Al3CoCrFeNi in H2 and Ne, demonstrating the absence of hydride formation up to 50GPa. GRACE and DFT calculated EOS curves for 
the hydrogen-free parent alloys are shown for reference.
Fig. 4. Histograms of hydrogen solution energies for interstitial octahedral 
and tetrahedral sites in FCC Al0.3CoCrFeNi (upper part) and B2 Al3CoCrFeNi 
(lower part) obtained using the GRACE foundational potential. The bar height 
represents the number of sites per metal atom. Semi-transparent bars indicate 
dynamically unstable configurations in which the hydrogen atom relaxes from 
its initial site to a more stable one.

3.3. Chemical and structural factors governing hydrogen uptake in
AlxCoCrFeNi

To understand the atomistic origin of the difference in hydrogen 
affinity between FCC Al0.3CoCrFeNi and B2 Al3CoCrFeNi, we per-
formed a comprehensive screening of hydrogen solution energies across 
a wide range of structural, compositional, and volumetric scenarios. 
Such an extensive sampling would be computationally prohibitive using 
explicit DFT alone. We thus utilized the efficient GRACE foundational 
potential, which we carefully confirmed reliably reproduces DFT ener-
getics for both hydrogen-free alloys and hydrogen-containing reference 
structures in Section 3.1.

To assess the hydrogen affinity, we considered the hydrogen solu-
tion energies for the 216-atom supercells. We evaluated all interstitial 
sites in the FCC, BCC, and B2 phases of Al0.3CoCrFeNi and Al3CoCrFeNi. 
Zero-point vibrational contributions were neglected, as they are ex-
pected to largely cancel in hydrogen solution and in formation energies 
when comparing different sites, structures, and compositions, and are 
therefore not expected to affect the relative trends discussed here. In the 
216-atom supercells considered, the BCC lattice hosts 648 octahedral 
and 1296 tetrahedral sites, while the FCC lattice has 216 octahedral and 
5 
432 tetrahedral sites, yielding a total of 5184 interstitial configurations 
across both alloys.

We first analyze the hydrogen solution energies obtained for the 
stable phases of both alloys, summarized in Fig.  4. The upper panel 
shows all interstitial configurations in FCC Al0.3CoCrFeNi, while the 
lower panel presents those in B2 Al3CoCrFeNi. Overall, FCC Al0.3CoCr-
FeNi exhibits markedly lower hydrogen solution energies, by roughly 
0.3 eV per H atom, compared to B2 Al3CoCrFeNi, which is consistent 
with the difference in hydride formation energies, cf. Table  2. For B2 
Al3CoCrFeNi, many interstitial configurations are dynamically unsta-
ble, with hydrogen relaxing away from the initially imposed prototype 
position into a different, energetically more favorable interstitial en-
vironment, most frequently of tetrahedral character. These unstable 
configurations were identified by comparing the relaxed hydrogen 
positions to a set of ideal interstitial prototypes and assigning each to 
the nearest interstitial environment. To provide a complete overview 
of the available interstitial landscape, such unstable configurations 
are shown using their unrelaxed energies (faded bars in Fig.  4). This 
comparison clearly indicates that FCC Al0.3CoCrFeNi has significant 
stable (negative) solution energies, whereas B2 Al3CoCrFeNi has very 
few low-energy sites, making it thus significantly more resistant to 
hydrogen uptake. A detailed nearest-neighbor analysis of the stable 
hydrogen sites, included in the Supplementary Material, shows that 
the lowest-energy sites are associated with Al-poor local environments, 
while the presence of Al in the coordination shell increases the solution 
energy significantly.

We next examine how composition, chemical order, and volume 
determine the hydrogen solution energies in these alloys. In particular, 
the substantial volume expansion associated with increasing Al content, 
the intrinsically low affinity of Al for hydrogen, and changes in chem-
ical order, e.g., from Al-ordered in B2 to disordered in FCC, represent 
three competing effects. To disentangle their individual contributions, 
we constructed a sequence of intermediate states connecting the two 
stable reference alloys, B2–Al3CoCrFeNi and FCC–Al0.3CoCrFeNi.

For each intermediate state, all available tetrahedral and octahedral 
interstitial sites were systematically evaluated.  The B2, BCC, and FCC 
configurations entering Fig.  5 were generated independently and do not 
correspond to a direct transformation of the same atomic arrangement. 
To construct the distributions shown in Fig.  5, we focused on the 
dynamically stable sites, which simplifies the visualization while still 
capturing all relevant energetic trends.
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Fig. 5. Solution energies of hydrogen for tetrahedral (orange) and octahedral (blue) interstitial sites across different structures, compositions, and volumes of the 
Al-containing HEAs, obtained using the GRACE foundational potential. Each state is shown as a distribution of site-resolved energies, with mean values indicated 
by outlined markers: blue squares for tetrahedral sites and orange circles for octahedral sites. Arrows denote the corresponding change in chemical order, volume, 
structure, or Al content. The black-dashed line marks zero-solution energy. The stable reference states (B2 Al3CoCrFeNi and FCC Al0.3CoCrFeNi) are highlighted. 
1. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
The first transition in Fig.  5, from the ordered B2 Al3CoCrFeNi to 
chemically disordered BCC Al3CoCrFeNi, clarifies the impact of chem-
ical order. The disordered alloy exhibits a broader distribution with 
several lower-energy sites, reflecting the presence of locally Al-poor 
environments that occur much more frequently in the random alloy 
as compared to the B2-ordered structure. While low-energy hydrogen 
solution sites are statistically rare in the B2-ordered alloy, they are 
not strictly forbidden. According to our calculations, for example, one 
such locally Al-poor configuration is observed in the 64-atom B2 cell 
(light-blue points in Fig.  2).

In the next step, the BCC Al3CoCrFeNi alloy is compressed in 
our simulations from its large equilibrium volume (12.13 Å3/atom, 
cf. Table  1) to a smaller volume of 11.25 Å3/atom to mimic the 
volume of the Al0.3CoCrFeNi composition (Table  1). This reduction, 
which mimics the volume effect of decreasing Al content, increases the 
solution energies and illustrates that the larger equilibrium lattice vol-
ume associated with Al-rich compositions actually facilitates hydrogen 
uptake. At this constrained volume, a structural change from BCC to 
FCC stabilizes several octahedral sites, but the overall solution energies 
remain comparatively high. In the subsequent step, the transition from 
the volume-compressed FCC Al3CoCrFeNi to FCC Al0.3CoCrFeNi stabi-
lizes the majority of octahedral sites for hydrohen uptake, reflecting the 
much higher availability of Al-poor configurations in the Al0.3CoCrFeNi 
alloy.

The sequence is then mirrored for the Al0.3CoCrFeNi alloy. A hy-
pothetical BCC Al0.3CoCrFeNi phase, with slightly increased volume 
(cf. Table  1), would exhibit even lower solution energies than FCC 
Al0.3CoCrFeNi, and increasing its volume comparable to the Al-rich 
alloys of 12.6 Å3/atom would reduce them further. This shows that, 
if stabilized, a BCC variant of the Al0.3CoCrFeNi composition — or an 
FCC phase with an expanded lattice — would accommodate hydrogen 
more readily.

Overall, Fig.  5 demonstrates that hydrogen solution energies are 
governed primarily by Al content and ordering, secondarily by volume. 
At the same time, although directly correlated with changes in composi-
tion and material properties, the structural changes have only a modest 
effect once composition and volume are fixed in the simulations.

Finally, we examine whether magnetic effects could influence the 
energetic trend with hydrogen. Since magnetism is only implicitly 
considered in the GRACE potential, we conducted this analysis using 
DFT. To obtain an upper bound on the possible impact of magnetism, 
this analysis focused on the hydride formation energies of the two 
stable parent alloy phases, B2 Al3CoCrFeNi and FCC Al0.3CoCrFeNi, 
as discussed in Section 3.1. We evaluated these hydride formation 
energies using both spin-polarized and non-spin-polarized DFT calcu-
lations, with the latter representing the limiting case in which mag-
netic energies are suppressed. The non-spin-polarized results, shown 
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in parentheses in Table  2, differ only slightly from the spin-polarized 
values. Importantly, both the absolute hydride formation energies and, 
crucially, the energy differences between competing hydrides remain 
essentially unchanged. This indicates that magnetic contributions play 
a negligible role in our case when comparing the relative stabili-
ties of hydrides and therefore do not affect the trends in hydrogen 
affinity identified earlier. A detailed analysis of element-resolved local 
magnetic moments, including their pressure dependence in the parent 
alloys, is provided in the Supplemental Material.

4. Conclusions

We have investigated hydrogen uptake and hydride formation in 
Al-containing high-entropy alloys by combining high-pressure experi-
ments, DFT, and a GRACE foundational potential. An important prereq-
uisite for the hydrogen-uptake analysis was the validation of GRACE for 
hydrogen energetics in chemically complex transition-metal alloys. We 
have demonstrated that GRACE reliably reproduces DFT-level trends 
for hydrogen-free alloys, dilute-limit hydrogen solution energies, and 
hydride configurations. While small systematic offsets in absolute en-
ergies arise from the hydrogen reference chemical potential, relative 
energetics, volume changes, and stability are consistently captured.

Complementary high-pressure experiments conducted with DAC 
and LVP provide a direct benchmark for our predictions. At ambient 
temperature, FCC Al0.3CoCrFeNi readily absorbs hydrogen and forms 
hydrides under elevated pressure, whereas B2 Al3CoCrFeNi remains 
inert even at hydrogen pressures up to 50 GPa. The experimentally 
observed volume expansion and the qualitative differences in hydride 
formation behavior are in good agreement with the pressure–volume 
relations and hydride energetics obtained from DFT and GRACE. Al-
though the calculations differ slightly in absolute volumes, they de-
scribe well the magnitude of the volume change upon hydriding and 
the contrasting hydrogen affinities of the two alloys, with the remaining 
absolute-volume offsets consistent with known PBE volume trends for 
transition metals and Al.

By systematically varying composition, chemical order, volume, and 
crystal structure, we have identified the dominant factors governing hy-
drogen solution energies in Al𝑥CoCrFeNi alloys. The aluminum content 
primarily controls hydrogen affinity. Increasing the Al concentration 
strongly destabilizes interstitial hydrogen through chemical effects. 
Changes in volume provide a secondary contribution: the larger equi-
librium volumes of Al-rich alloys partially compensate for the chemical 
penalty but do not reverse it. Chemical ordering further suppresses 
hydrogen uptake by reducing the statistical occurrence of locally Al-
poor environments, although low-energy hydrogen sites are not strictly 
forbidden even in the B2-ordered alloy. In contrast, the choice between 
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FCC and BCC lattices has only a minor effect once composition and 
volume are fixed. For the equilibrium FCC and B2 reference phases, 
the relative hydride formation energies — and hence the stability 
between competing hydrides — are robust with respect to magnetic 
contributions.

Overall, our results demonstrate that hydrogen uptake in Al-
containing high-entropy alloys is primarily governed by chemical com-
position, with chemical ordering providing a secondary effect, while the 
underlying crystal structure and magnetism play a comparatively minor 
role once composition and volume are fixed. The ability of GRACE 
to reproduce DFT energetics while enabling exhaustive sampling of 
hydrogen environments highlights its value for studying hydrogen 
behavior in complex alloys. This approach provides a practical route 
for composition-driven screening and design of hydrogen-resistant or 
hydrogen-affine multicomponent materials.
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