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Refractory medium/high-entropy alloys (M/HEAs) are emerging as promising alternative materials for hydrogen
storage and hydrogen combustion engines due to their favorable thermodynamic and kinetic conditions for
hydrogen accommodation (for the former) and promising high-temperature mechanical properties (for the
latter). A better understanding of hydrogen-metal interactions is necessary to advance the development of this
material class, thus helping leverage hydrogen-based applications. Here we reveal the microstructural evolution
of a TiNbZr MEA by in-situ synchrotron high-energy X-ray diffraction (HEXRD) during hydrogenation in pure Hy
gas at atmospheric pressure. At 500 °C, dissolved hydrogen atoms gradually expand the crystal lattice iso-
tropically, and the body-centered cubic crystal remains stable up to a hydrogen concentration of ~46.4 at.%. The
thermodynamics of hydrogen accommodation associated with experimental observations in the crystal lattice is
elucidated using density functional theory (DFT). The calculations suggest that tetrahedral interstitial sites are
the thermodynamically favorable positions for hydrogen accommodation in both cases (i) for a single hydrogen
in the special quasirandom structure supercell and (ii) at a high hydrogen concentration (~45.4 at.%). In the
latter case, hydrogen interstitials are randomly distributed on the tetrahedral sites. Upon cooling, it is observed
that the body-centered cubic lattice transforms to a body-centered tetragonal structure. The DFT calculations
show that this change is related to the ordering distribution of hydrogen interstitials within the TiNbZr lattice. By
combining in-situ HEXRD experiments and DFT calculations, the study provides fundamental insights into
hydrogen accommodation in the interstitial positions and its impact on the lattice symmetry in TiNbZr MEA.

1. Introduction

The hydrogen economy can provide sustainable solutions to
reducing the use of fossil fuels, thus mitigating CO, emissions and
combating global warming [1-3]. Such a paradigm shift necessitates the
rapid development of advanced metallic alloys, particularly for
hydrogen storage and transportation as well as for applications in which
safety-critical components where hydrogen is used as an energy carrier
(for example, in hydrogen combustion engines or electrochemical
energy-related devices) are exposed to hydrogen-rich reactive atmo-
spheres [2,4,5]. Body-centered cubic (BCC) refractory
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medium/high-entropy alloys (M/HEAs), as an emerging alloy class,
have been considered to be potential candidates for hydrogen storage
and high-temperature applications [6-12]. The compositional
complexity of M/HEAs systems provides a broad spectrum of mechani-
cal and functional properties for various applications [7,13]. For
example, Ti-based refractory M/HEAs stand out, exhibiting decent
room-temperature tensile ductility [10]. Moreover, a carefully adjusted
composition of Ti-based refractory M/HEAs shows promising perfor-
mance for hydrogen storage, with a hydrogen-to-metal ratio of ~2.5 and
favorable thermodynamics and kinetics required for rapid and
low-barrier hydrogen absorption and desorption [5,14,15]. Both
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thermodynamic and kinetic aspects are fundamental in the field of
hydrogen storage. Increasing the concentrations of trapping sites and
stored hydrogen atoms is an essential thermodynamic requirement, yet
they are insufficient as standalone design targets for hydrogen storage.
Additionally, applications require adequately tailored reaction and
diffusion kinetics enabling tunable hydrogen absorption and release,
pertaining to the targeted application scenarios.

The interactions between hydrogen and the host alloying atoms that
constitute refractory M/HEAs play a salient role in that respect [14,16,
17]. Hydrogen was reported to accommodate to the tetrahedral sites of
the face-centered cubic (FCC) hydride phase during hydrogenation [5,
17]. In contrast to such hydrogen storage considerations (where both
hydrogen storage capacity and remobilization upon dehydrogenation
are essential criteria), it is also well known that hydrogen-induced
embrittlement can drastically and abruptly reduce the lifespan of
metallic components under mixed mechanical, thermal and chemical
boundary conditions, already with as little as a few wppm diffusible
hydrogen present [18-22]. Hydrogen has a high tendency to segregate
to grain boundaries driven by the reduction of the free energy of the
system, thereby reducing the cohesion between grains and leading to
crack formation and propagation along grain boundaries and cata-
strophic failure of metallic structures [23,24]. Hence, an in-depth un-
derstanding of the hydrogen-metal interaction associated with hydrogen
ingression becomes critical to the design of novel metallic alloys that
might be potentially applicable to the hydrogen economy [25-28,98].
However, one major problem to making profound progress in this field
lies in directly observing the dynamic interaction of hydrogen atoms
with metals, due to the challenging intrinsic features of hydrogen, e.g. it
is the lightest element (1.008 u), has the smallest atomic radius (53 pm),
and highest diffusion coefficient in metals (~1071° m2/s at ~500 °C)
[29,30].

In this study, the time-resolved microstructural transitions and
associated hydrogen accommodation in an equiatomic TiNbZr alloy
were quantitatively probed using in-situ synchrotron high-energy X-ray
diffraction (HEXRD) during heat treatments in Hy and Ar atmosphere at
500 °C under atmospheric pressure. The reasons for selecting the
equiatomic TiNbZr alloy as a model material for this study are as fol-
lows: (1) Most of the alloys that have been considered so far for
hydrogen-related applications belong to the TiNbZr alloy family and
variants of it, e.g., TiNbZr-Ta, TiNbZr-V, and TiNbZr-HfTa (see supple-
mentary materials Table S1) [6,7,10,31-33]. (2) Ti, Zr, and Nb are the
three most critical elements in this M/HEA class, where Ti and Zr are the
major elements in more than 80 % of the reported M/HEAs systems for
hydrogen storage due to their high affinities to hydrogen, and Nb is the
main element to stabilize a BCC crystal structure (a low packing density
of 68 %, facilitating hydrogen diffusion). (3) Compared with the qua-
ternary and quinary alloys mentioned above, the TiNbZr alloy is a sys-
tem that is on the one hand common to most of these more complex
alloys. On the other hand, it is thermodynamically their simplest
possible phenotype. Both features qualify this ternary system as a core
alloy for studying hydrogen effects on the microstructural transition
using both experiments and simulations, to provide an in-depth under-
standing of the underlying mechanisms along the spirit ‘as simple as
possible but not simpler’. (4) This alloy reveals a hydrogen-to-metal
ratio of up to ~1.9, which is attractive for hydrogen storage. The
advantage of the HEXRD method lies in the capability of providing the
real-time evolution of lattice structures in a statistically representative
volume with an excellent time resolution (down to the sub-second
regime) [34,35]. Additionally, density functional theory (DFT) calcu-
lations were employed to reveal the thermodynamically favorable sites
for hydrogen in the crystal lattice. For a fundamental understanding of
various properties of metal-hydrogen systems, such as phase stability,
fracture toughness, and hence structural integrity, it is essential to know
the relationship between hydrogen concentration and site occupancy.
Such a combination of experimental and computational results offers
new insights into the hydrogen-metal interactions in refractory MEAs
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and their corresponding impacts on the lattice structure.
2. Materials and methods
2.1. Materials

The equiatomic TiNbZr alloy was prepared using high-purity ele-
ments (99.9 %) in an arc-melting furnace with a water-cooled copper
crucible. To prevent the alloy from oxidation during melting, the furnace
was filled with high-purity Ar (99.999 %), and an oxygen-getter material
(ie., a piece of pure Ti) was placed in the furnace. Fine TiNbZr powders
(dendrite microstructure) with a median particle size of 30 ym were
prepared from the ingot by gas atomization (Angstrom Sciences, Ger-
many). The oxygen content of the pristine TiNbZr powder is 0.81 at.% as
determined by thermal desorption spectroscopy (TDS). The potential
influence of oxygen contamination on hydrogen storage and release
kinetics might consist of several aspects: (1) A reduction in hydrogen
storage capacity because oxygen occupies the same sites in the host
crystal otherwise used by hydrogen; (2) The surface oxidation with a
dense structure might act as an additional entry and release barrier for
hydrogen [36-38]. However, the latter point is of moderate concern as
the high solubility of oxygen in this alloy (i.e., ~8 at.% oxygen for p-Ti)
implies that oxide formation is unlikely in the present alloy [39].

2.2. Microstructure characterization

The microstructure of the pristine and hydrogen-charged powders
was characterized by a combination of backscattered electron (BSE)
imaging and electron backscatter diffraction (EBSD) techniques in a
Zeiss Sigma 500 scanning electron microscope (SEM). To observe the
cross-sectional area of the TiNbZr powders, they were embedded in a
conductive phenolic resin contacting carbon fillers (Polyfast Struers)
and then ground with sandpapers with grit sizes ranging from 400 to
4000. Subsequently, the samples were polished with 50 nm colloidal
silica (OPS) suspension mixed with hydrogen peroxide (H202, 30 vol.%).
The EBSD measurements were performed with a step size of 50 nm
under an accelerating voltage and probe current of 15 kV and 7 nA and
the collected data were analyzed using the software OIM Analysis™
V8.0. In addition, the local chemistry of powders was probed by electron
dispersive spectroscopy (EDS) in the SEM. Moreover, the surface
morphology of the TiNbZr powders was characterized by secondary
electron (SE) imaging. In this case, the TiNbZr powders were directly
dispersed on a copper tape holder and coated with 4-nm thick carbon. To
analyze the local crystallographic information of the hydrogen-charged
specimen, the selected area electron diffraction (SAED) pattern was
collected using transmission electron microscopy (TEM). The TEM
lamella was prepared using focused ion beam (FIB, FEI Helios NanoLab
600i dual-beam FIB/SEM instrument). The TEM analysis was conducted
using a Titan Themis instrument G2 300 operated at 300 kV.

2.3. In-situ synchrotron high-energy X-ray diffraction

In-situ synchrotron high-energy X-ray diffraction (HEXRD) was
employed to study the hydrogenation behavior of the TiNbZr alloy. The
HEXRD experiments were conducted at the Powder Diffraction and
Total Scattering Beamline P02.1 of PETRA III at Deutsches Elektronen-
Synchrotron (DESY) in Hamburg, Germany [40]. Fig. 1 schematically
shows the HEXRD experimental setup. A chemical reaction cell for
gaseous charging was placed between the incident X-ray beam and a
two-dimensional detector. TiNbZr powders (3-5 mg) were loaded into a
single-crystal sapphire capillary with an inner diameter of 0.6 mm,
which was assembled in the reaction cell [41,42]. A hot air blower
(Oxford Instrument) was employed to heat the sample. The temperature
of the sample was measured using a type K thermocouple. Both pure Hy
(for hydrogenation) and Ar (as reference) gases with a purity of 99.999
% were used in the experiments at a pressure of 1 bar. The flow rate was
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Fig. 1. Schematic illustration of the experimental setup of the in-situ synchrotron high-energy X-ray diffraction (B; and Bp, indicate the vectors of the incident and
diffracted beams, respectively; D is the distance between the sample and the two-dimensional detector; 26}y indicates scattering angle; Q stands for the scattering
vector). Insert figure (marked by the black dash box) shows the integrated diffractogram of pristine TiNbZr powders at 30 °C, demonstrating a single body-centered

cubic (BCC) structure with a lattice parameter of 3.3836 A.

kept at 50 mL/min, which was controlled by a mass flow controller.
Prior to heating, the capillary was purged with the Hj or Ar gas for 30
mins to remove residual air in the cell for the hydrogenation or reference
experiments, respectively. Then, the sample was heated to 500 °C with a
heating rate of 0.3 °C/s and subsequently held at 500 °C for ~1800 s,
followed by cooling the cell in air. During the heat treatment, the
HEXRD patterns were recorded to investigate the real-time microstruc-
ture evolution. The beam energy of the X-ray was fixed at 60 keV to
obtain a monochromatic X-ray with a wavelength of ~0.207 A. The
beam size of the incident beam was 1 mm x 1 mm. The Debby-Scherrer
patterns were recorded every second by the fast area detector Varex
XRpad 4343CT (2880 pixels x 2880 pixels, with a pixel size of 150 um x
150 pm). Thanks to the ‘powder’ feature of the sample, the pattern
revealed isotropic scattering behavior along the azimuth angle. Thus,
half-ring configuration was employed, i.e., half of the Debby-Scherrer
rings were captured. In this case, the crystal information at a high
scattering vector (with a Qmgx up to ~15 10\’1) could be accessed
simultaneously.

The HEXRD patterns were integrated over an azimuth angle of 180°
into intensity-scattering vector Q plots using the GSAS-II software [43].
The sequential Rietveld refinement was conducted for selected data
points to deconvolute the HEXRD patterns and quantitatively analyze
the fraction of individual phases as well as their corresponding lattice
parameters. The values of the weighted profile R-factor (Ry;) for all the
refinements were below 8.0 %, demonstrating the high reliability of the
results obtained. Furthermore, the pair distribution function (PDF)
profiles (G(r)) were obtained from the total scattering data with a Qnax
of around 15 A~ via the Fourier transform of the structural function S
(Q)). The peak widths (¢) and interatomic distances of the first three
coordination shells were also determined from the PDF analysis.

2.4. Density functional theory (DFT) calculations

DFT calculations were performed to identify and verify the experi-
mentally observed lattice structures of the TiNbZr alloy charged with
hydrogen. The DFT calculations used the projector augmented wave
(PAW) method [44] as implemented in the Vienna Ab-initio Simulation
Package (VASP) [45,46]. The provided PAW potentials [47] were
employed, treating the 4p%4d*ss?, 3p®3d%4s?, 4s255'4d%4p®, and 1s' or-
bitals as valence electrons for Nb, Ti, Zr, and H, respectively. The
generalized gradient approximation (GGA) with
Perdew-Burke-Ernzerhof (PBE) [48] parameterization was used for the
exchange-correlation function. All calculations were performed using a
500 eV kinetic-energy cutoff and a 6 x 6 x 6 k-point mesh according to
the Monkhorst-Pack scheme [49,50]. Fermi-Dirac smearing with an
electronic temperature of 0.07 eV (corresponding to about 800 K) was
used. Electronic minimization and stress relaxation with total energy
convergence parameters of 2 x 104 meV/atom and 2 x 10~ meV/atom
were employed respectively. A 3 x 3 x 3 MEA BCC conventional
supercell with 54 metallic atoms was used in the simulation, which al-
lows to conduct calculations for an equiatomic composition. The
supercell was constructed using the special quasirandom structure (SQS)
method [51]. An averaged, effective solution enthalpy, AHy, (per
hydrogen atom) was calculated by,

EM+nH - EM _
n

AHy, (€]

Hu

where n indicates the number of hydrogen atoms in the supercell. The
total energy E for each supercell was calculated allowing for stress
relaxation (i.e., supercell volume/shape and atomic positions). The
chemical potential of hydrogen, py, was calculated as half of the total
energy of the Hy molecule.
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3. Results
3.1. Microstructure of the pristine TiNbZr sample

The pristine TiNbZr sample exhibits a spherical morphology
(Figs. 2a-b) and the average diameter of the particles is 23.56+0.82 pm,
as quantified by analyzing more than 200 particles (Fig. 2¢). As shown in
the cross-sectional SEM image (Fig. 2d), the pristine powders reveal a
typical dendritic microstructure formed during solidification after the
atomization process. Nb accumulates in the dendritic regions (with an
area fraction of 52 %) while the interdendritic regions (with an area
fraction of 48 %) are enriched in Ti and Zr (Figs. 2d-e). Such a dendritic
microstructure was also observed in as-cast refractory M/HEAs [32,52,
53]. The segregation behavior is attributed to the large solidification
temperature region (~300 °C) among these elements [54,55]. The ten-
dency of Ti and Zr to undergo co-segregation is mainly due to the lower
mixing enthalpy between these two elements (0 kJ/mol as compared to
2 kJ/mol for Ti-Nb and 4 kJ/mol for Zr-Nb) [53,56]. The composition of
the dendritic region was quantified by EDX as Tiz3.3sNbsi.70Zr34.92 (in
at.%), while the composition of the interdendritic region was deter-
mined to be Tig]_ngb37v4GZI'31.25 (lIl at.%, Table S2) Such a small
chemical fluctuation has negligible effects on phase stability, as
confirmed by HEXED measurements (in Section 3.2). Despite the local
chemical fluctuation, the average concentration is consistent with the
nominal composition (Table S2). The sample possesses randomly
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oriented grains with an average grain size of 8.83+2.74 pm (Fig. 2f).
Additionally, the high-angle grain boundaries constitute a major part of
the grain boundaries, accounting for 83.8 %, while low-angle grain
boundaries occupy 16.2 %.

3.2. Hydrogen solution in the TiNbZr alloy

The hydrogenation behavior of the TiNbZr powder was investigated
by employing in-situ HEXRD during hydrogen charging. Figs. 3a and ¢
show the overall evolution of the integrated HEXRD peaks of TiNbZr
samples upon heat treatment in pure Hy (Fig. 3b) and Ar (as a reference,
Fig. 3d). The HEXRD confirms that the pristine sample possesses a single
body-centered cubic (BCC, Im3m space group) crystal structure. In both
cases, an evident peak shift to a lower scattering vector (Q) is observed
during heating from room temperature to 500 °C, suggesting an increase
in interplanar spacing of the crystal lattice. During the isothermal
treatment at 500 °C, a further systemic peak shift to a lower Q and peak
broadening are observed for the sample treated in pure Hj (Fig. 3a). In
comparison, no change in the diffraction peaks is found in the reference
sample that treated in Ar under the same heat treatment (Fig. 3c). This
fact confirms that the peak shift and broadening in the sample treated in
Hy is related to hydrogen ingression in the crystal lattice, resulting in
lattice expansion. Upon cooling, the sample treated in H; reveals further
peak broadening with gradual loss of the symmetry of diffraction peaks
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Fig. 2. Secondary electron images of (a) TiNbZr powder and (b) a particle at high magnification in the pristine state. (c) The corresponding size distribution
measured from (a) using the software ImageJ over 200 particles. (d) Backscattered electron imaging of a particle and the corresponding individual elemental maps of
Ti, Nb, and Zr probed by electron dispersive spectroscopy. (e) Elemental distribution across dendrites along the red arrow in (d). (f) Inverse pole figure (IPF), image
quality overlaid with grain boundaries (IQ + GB), and kernel average misorientation (KAM) maps of the particle probed by the electron backscatter diffraction. The

red arrow in (f) represents the same line scan in (d).



C. Wuetal

Low Intensity (a.u.) High
 — b

Acta Materialia 288 (2025) 120852

a 4200 - e f
’ At1900 s A At 4200 s
35001 ; e3 500°C f3 38°C
; seBCC +BCT A BCC/BCT +BCT
28001 ‘ 2 2
7 | 7} 7]
S c c
© 2100 [110  [200 |211 220 310 3 . 3
o i -
E i\ £ 02! At1800s | £ 2 At 4000 s
g il 500°C 74°C
F 14004 3 t °
L;‘ 11 Shift direction of peaks E‘
(] ii ©
7001 TLeﬂ shift £ £
Max.500°C | 5 - 7 5 .
0 y T z i At 1700 =z At 3800
2.1 3.2 4.2 5.3 63 0 300 600 el RS f1 e
QA" Temperature (°C)
C 3700 d
r \ 21 32
2960 4 Right shift g
< 3.396 0.012
W 2220 =
° 110|200 |211 220 310 2 3303
E 1480 N £ oo <
= = 3.390 ~
@ <
740 T o - 0.004
) Left shift 8 3.387
£
0 . : B 3.384 : : : r —0.000
21 3.2 4.2 53 63 0 300 600 0 100 200 300 400 500
QA" Temperature (°C) Temperature (°C)

Fig. 3. Contour maps of the diffraction intensity integrated over the azimuth angle of 180° probed by in-situ high-energy X-ray diffraction (HEXRD) during heat
treatments of the TiNbZr alloy in (a) H, and (c) Ar, (b) and (d) the corresponding temperature profiles. HEXRD profiles of the sample treated in H, for (el) 1700 s,
(e2) 1800 s, (e3) 1900 s (at the beginning of the isothermal process at 500 °C), (f1) 3800 s, (f2) 4000 s, and (f3) 4200 s (upon cooling). (g) Lattice parameter and the
relative change (A) in the lattice parameter of the sample during heating from room temperature to 500 °C in Hj.

(Fig. 3f), suggesting the formation of a crystal structure with low sym-
metry. In contrast, the reference sample treated in Ar reveals only
thermal contraction [57,58], implying that the TiNbZr alloy remains a
BCC structure in Ar.

The response of crystal structures to heat treatment in these two
samples was further studied by analyzing the pair distribution function
(PDF) profiles (Figs. $3 and S4). This method reveals the probability of
finding two atoms within the alloy by a distance r, based on the Fourier
transformed from the reciprocal space to the real space [59]. For the
reference sample, no obvious change is detected in the PDF profiles
along the whole heat treatment. In contrast, the loss of long-range cor-
relations is observed in the sample treated in Hy, particularly during the
onset of isothermal treatment and subsequent cooling processes, indi-
cating the disordering of the metal matrix [59]. Such disorder implies
possible transitions of the crystal structure, which will be analyzed in
detail in the following sub-chapters.

3.2.1. Evolution of lattice structure upon heating

During heating the sample in Hy up to 500 °C, the lattice parameter
increases linearly as a function of temperature (Fig. 3g). Such linear
behavior is mainly due to an increase in lattice vibration stimulated by
increasing temperature [57,58]. The linear thermal expansion of the
TiNbZr alloy is subtle (A = 0.010 ;\) with a thermal expansion coeffi-
cient a of 6.578 x 107%/K in the temperature range from 30 °C to 500 °C.
These results are consistent with those for the sample treated in Ar (A =
0.012 A, a = 6.578 x 10°° K’ Fig. $6a). This comparison suggests that
no significant Hy uptake in the sample heated in Hy to 500 °C, which
otherwise is supposed to result in an additional change in the lattice
parameter.

3.2.2. Hydrogen uptake during isothermal treatment at 500 °C
The temperature of 500 °C has been selected for the isothermal

treatment as it falls within the temperature range (300-600 °C) typical
for studying phase transformations during hydrogenation (Table S$3). It
is worth noting that temperatures can impact phase stability via the
change in free energy (i.e., hydrogen solubility), and can also influence
the kinetics of structural transitions (i.e., hydrogen absorption rate) by
affecting vacancy concentration and atomic diffusion [30,60,61]. Dur-
ing the isothermal treatment in Hy at 500 °C, the diffraction peaks shift
significantly to a lower Q-vector (Fig. 3a) within the initial 200 s (the
elapsed time from 1700 s to 1900 s), suggesting a rapid increase in the
lattice parameter. Such lattice expansion is attributed to the fast
hydrogen uptake in the TiNbZr powder. There is no further shift of the
diffraction peaks after the elapsed time of 2000 s (Fig. S7). Such stag-
nation indicates the saturation of the TiNbZr lattice with hydrogen
atoms. To better understand the hydrogen absorption process, we next
focus on the microstructure evolution within the first 200 s of the
isothermal treatment. The integrated HEXRD profiles, as shown in
Fig. 3e, reveal that the original BCC peaks (a = 3.391 A at 500 °C, 1700
s) split into multiple sets of BCC peaks, and then transit back to one set of
BCC peaks, yet, with a larger lattice parameter (a = 3.540 A at 500 °C,
1900 s). A small peak at the left shoulder of the {110} reflection of the
BCC phase is observed (Fig. 3e), which is most likely a sign of the
occurrence of a body-centered tetragonal (BCT, I4/mmm space group)
structure. Due to its small fraction (< 5.0 wt.%), this BCT peak is not
taken into consideration in the Rietveld refinements for the isothermal
treatment.

As exemplarily revealed in Fig. 4a, two BCCj19 peaks are further
distinguished at slightly different Q values (2.600 A~! and 2.615A71) at
1700 s, suggesting two BCC structures, namely BCC-1 (85.7 wt.%, a =
3.391 A) and BCC-2 (14.3 wt.%, a = 3.411 A). During isothermal
treatment, three more sets of BCC peaks can be deconvoluted and noted
as BCC-3, BCC-4, and BCC-5 with an increase in the lattice parameters
(Fig. 4b and Figs. S8a-c). The fraction of initial BCC-1 peaks gradually
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Fig. 4. Deconvoluted BCCy1¢ peaks of the sample treated in H at 500 °C for (a) 1700 s (starting time for the isothermal heat treatment), (b) 1800 s (isothermal
holding for 100 s), and (c) 1900 s (isothermal holding for 200 s). (d) Evolution of lattice parameters (Here the initial time point (0 s) represents 1700 s during the
elapsed time for the HEXRD experiment, which is the starting point for isothermal heat treatment). (e) Detailed view of lattice parameters and (f) corresponding
fractions of multiple BCC structures in the early stage of the hydrogen uptake. (g) Schematic diagram showing the gradual expansion of the BCC lattices during the
isothermal heat treatment process at 500 °C. a and Xy represent lattice parameter and hydrogen concentration, respectively.

decreases and disappears at 1900 s, while the fraction of BCC-2, BCC-3,
and BCC-4 peaks first increases followed by a decrease (Fig. 4f), sug-
gesting that they are the transient structures. The appearance of these
transient structures with the intermediate lattice parameters is attrib-
uted to the evolution of the hydrogen concentration gradient along the
radius of the particles depending on the penetration depth of hydrogen
as a function of time [62,63]. As shown in Fig. 4g, when hydrogen dif-
fuses into the particle at the beginning of the isothermal process, it
generates a corresponding local gradient in the hydrogen concentration
(the concentration gradually decreases from the shell to the core) [64,
65]. The solute hydrogen atoms expand the BCC lattice (below the sol-
ubility limit), resulting in an increase in its local lattice parameter,
which is proportional to the hydrogen concentration and indicated by
the shift of the diffraction peaks to smaller Q values in the HEXRD
profiles. Due to the hydrogen concentration gradient along the diffusion
path, the BCC lattice reveals a continuous variation of the lattice
parameter, as shown by the asymmetric broadening of the diffraction
peaks. For the sake of simplicity, in total five transition BCC structures
with distinct lattice parameters were considered in the HEXRD analysis,
yielding reliable Rietveld refinement results. Finally, BCC-5 becomes the

predominant structure in the microstructure (88.4 wt.%, a = 3.534 ;\,
Figs. 4d and f). Additionally, only BCC-5 can be detected after 2000 s
(isothermal holding for 400 s) (Fig. S7). This fact can be ascribed to the
saturated hydrogen concentration across the whole particle. For the
sample treated in Ar, the lattice parameter increases only slightly by
0.006 A to 3.406 A after isothermal heat treatment for about 400 s
(Fig. S6b). Then, there is no change observed in the HEXRD profiles
(Fig. S13).

3.2.3. Change in lattice structure upon cooling

Compared with the isotropic expansion of the BCC lattice during the
isothermal heat treatment, the evolution of the lattice structure upon
cooling back to room temperature is more complex. An asymmetric
broadening of diffraction peaks is observed upon cooling, which is
attributed to the presence of BCT crystal structure. The deconvoluted
{110} peaks are shown in Figs. 5a-c. One BCC peak and two series of BCT
peaks (BCT-1 and BCT-2) are determined upon cooling. Lattice param-
eters and phase fractions were extracted from the sequential Rietveld
refinements (Figs. 5d-e). The fraction of the BCT-1 structure with a c/a
ratio of 1.18 slowly increases to ~15.5 wt.% during the cooling process,
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Fig. 5. Deconvoluted {110} peaks of the sample treated in H, during cooling at (a) 3800 s, (b) 4000 s, and (c) 4200 s (elapsed time). The evolution of (d) lattice
parameters and (e) phase fractions of the deconvoluted BCC, BCT-1 and BCT-2 crystal structures.

while the fraction of the BCT-2 phase with a c/a ratio of around 1.06
reaches up to 59.3 wt.% at the final stage of cooling. In other words, in
total ~80 wt.% of BCC transforms into tetragonal crystal structures upon
cooling triggered by the saturated hydrogen in the BCC lattice. This
transformation in crystal structure from BCC to BCT under hydrogen
exposure upon cooling will be further discussed in Section 4. In the
reference sample (treated with Ar), the BCC structure remains and there
is no asymmetric broadening of the peaks observed (Fig. S13). In this
case, its lattice parameter decreases linearly from 3.406 A to 3.390 A due
to the lattice contraction induced by cooling (Fig. S6c). It should be
noted that no FCC hydride (space group: Fm3m) is found during the
entire hydrogenation process under the treatment conditions in this
study.

TEM was also employed to determine the tetragonality of the crystal
structure after the heat treatment in Hy (Fig. 6 and Fig. S14). Two
overlapping diffraction patterns corresponding to the BCC and BCT
crystal structures were distinguished in Fig. 6b. One set is found to stem
from a BCC crystal structure with a lattice parameter of 3.395 A, while
the other indicates the occurrence of a BCT crystal structure (a = 3.249 A
and ¢ = 3.475 A). The corresponding BCT crystal structure is shown in
the inverse fast Fourier transform (IFFT) image (Fig. 6¢). The c/a ratio is
approximately 1.07. Such results are consistent with the simulated
patterns along the same <001> zone axis (Fig. 6d). This structural
evolution from BCC to BCT results in the spontaneous symmetry
breaking of the lattice structure and the discontinuous change in the
lattice constant. These features meet the characteristics of a dilatation-
dominated displacive phase transformation [66,67]. In this case, the
ordered distribution of hydrogen interstitials, is supposed to be the main
factor causing this transformation [29,68]. The above findings provide
strong evidence of tetragonality within the TiNbZr matrix after the heat
treatment in Hy. The underlying mechanisms for the presence of tetra-
gonality will be discussed in the Discussion section (Section 4.2).

3.2.4. Change in lattice volume during hydrogenation

The relative changes in the lattice volume during the heat treatment
in Hy and Ar are shown in Fig. 7. The lattice volume is calculated with
the equation, V; = 7 (fi x V;), where V, is the weighted average vol-
ume of a unit cell at time ¢, f; and V; represent the fraction and lattice
volume of structure i, respectively. Here we use the change in relative
volume, V;/Vy (V, is the initial lattice volume), to evaluate the evolution
of the lattice volume. The lattice parameters and corresponding volumes
at different time points are listed in Table $S4 and Table S5. The volume
changes of both samples treated in Hy and Ar are consistent during the
heating to 500 °C, revealing a subtle increase by 0.627 AS, corre-
sponding to the relative volume change of 1.010. Upon hydrogen up-
take, the lattice volume is significantly increased by 4.845 A3 due to the
hydrogen absorption and solution in the lattice, yielding a total relative
volume change (V;/Vj) of 1.142. This volume expansion corresponds to
a hydrogen-to-metal atomic ratio of 0.865 (hydrogen concentration is
determined to be 46.4 at.%), assuming that a volume expansion of 2.8 A3
is caused by introducing a single hydrogen atom in the unit cell [29,69].
Such a high hydrogen concentration is mainly attributed to the high
solubility of hydrogen in group IV elements [29]. It is worth noting that
a slight drop in the relative volume change happens in the sample
treated in Hy before its steep increase. This reduction in lattice volume is
supposed to be due to the endothermic effect caused by hydrogen
dissolution, indicating the onset of hydrogen ingress [5]. A decrease in
the lattice volume is observed in both samples treated in Ar (by 0.551
A®) and H, (by 0.726 A®) during cooling. In the former case, the lattice
volume almost recovers to its original size with a relative volume change
of 1.002 in the final stage. In the latter case, such a decrease is probably
due to both the thermal effect and the decrease in hydrogen solubility
upon cooling.

3.3. Microstructure after the treatment in Hz

The microstructure of the TiNbZr sample after the treatment in Hp is
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d Simulated [001]

Fig. 6. (a) A representative high-resolution TEM (HRTEM) image of TiNbZr powder after the heat treatment in H, with a zone direction of [001], along with (b) its
corresponding Fast Fourier transform (FFT) pattern and (c) inverse FFT (IFFT) image of the body-centered tetragonal (BCT) crystal structure. (d) Simulated selected
area electron diffraction (SAED) patterns showing the coexistence of BCC and BCT crystal structures along the [001] zone axis.
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Fig. 7. Relative volume change of the crystal lattices in TINbZr samples treated
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displayed in Fig. 8. The treatment causes no obvious change in the shape
and surficial morphology of particles due to the low heat treatment
temperature (500 °C) and short treatment time (0.5 h). The particle size
is measured to be 22.90+0.44 pm, consistent with that of the pristine
state (Fig. 2¢). The dendritic microstructure remains, as revealed in the
cross-sectional SEM images (Fig. 8d). In addition, the chemical fluctu-
ation of individual elements between interdendritic and dendritic re-
gions is the same as that in the pristine sample (Fig. 8e). Such unchanged
microstructure features are mainly attributed to the slow diffusion of the
refractory elements at 500 °C (T/T, = ~0.29, where Ty, is the liquidus
temperature of TiNbZr. As shown in Fig. S15, Ty, is determined to be
~1720 °C by Thermo-Calc in conjunction with the thermodynamics
database TCTI2). Despite the random orientation of grains after the
treatment in Hy (Fig. 8f), an increasing number of low-angle grain
boundaries (2-15° misorientation) is observed, accounting for 46.2 %
over all the boundaries (which is 16.2 %, and 19.6 % for the pristine
sample and the sample after heat treatment under Ar (Fig. S16),
respectively). Additionally, the local KAM value at these low-angle grain
boundaries in the hydrogen-treated sample can reach values up to 2.04°
as compared with 0.69° in the sample treated in Ar. The density of the
geometric necessary dislocation (p) can be approximated following the
equation, p = $¥M where b and Ax represent the magnitude of the
Burgers vector and step size used for the EBSD scan, respectively [70,
71]. After the heat treatment in hydrogen, the dislocation density (7.07
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Fig. 8. Secondary electron images of (a) TiNbZr particles and (b) an individual TiNbZr particle after the treatment in H,. (c) Size distribution of the TiNbZr particles.
(d) Backscattered electron imaging of a particle and the corresponding elemental maps of Ti, Nb, and Zr probed by electron dispersive spectroscopy. (e) Elemental
distribution across dendrites, as marked by the red arrow in (d). (f) Inverse pole figure (IPF), image quality overlaid with grain boundaries (IQ + GB), and kernel
average misorientation (KAM) maps of the particle probed by the electron backscatter diffraction. The red arrow in (f) represents the same scan in (d).

x 10'®> m~2) is about three times higher than the reference sample (2.39
x 10 m~2), suggesting the significant internal distortion and associ-
ated strain localization caused by hydrogen ingress. The formation of
low-angle grain boundaries can be attributed to the accommodation of
the internal stress induced by hydrogen interstitials [19,72,73]. Spe-
cifically, the incorporation of a substantial amount of hydrogen solutes
(>40 at.%) into the lattice induces a crystal structure transition from
BCC to BCT. The presence of hydrogen solutes and the associated
structural transformation result in significant lattice distortion, leading
to the build-up of misfit dislocations. As these dislocations accumulate
and multiply, they relax the local stresses by reorganizing into low-angle
grain boundaries. Interestingly, these low-angle grain boundaries are
distributed along the interdendritic regions, where Ti and Zr are
enriched, which is mainly ascribed to the higher affinity of hydrogen to
Ti and Zr than to Nb [56].

4. Discussion

The results presented in Section 3 show the evolution of the TiNbZr
crystal lattice upon hydrogen uptake, i.e., the isotropic lattice expansion
during isothermal treatment in Hy at 500 °C and followed by an aniso-
tropic lattice expansion during the cooling schedule to room tempera-
ture. In this section, we discuss the preferred occupancy site of hydrogen
atoms in the BCC lattice of TiNbZr alloy and the origin of the anisotropic
tetragonal expansion of the lattice, to better understand the effect of

hydrogen atoms on crystal structures. As listed in Table S1, TiNbZr
undergoes a similar BCC-to-FCC phase transformation as most of the
refractory M/HEAs at high pressure of hydrogen, underscoring the
suitability of TiNbZr as a model material. Additionally, the simplicity of
TiNbZr among the refractory M/HEA family facilitates the study,
particularly in DFT-based simulations. The obtained result can provide
valuable reference points for other refractory M/HEA systems.

4.1. Site occupancy of hydrogen atoms in the TiNbZr crystal lattice

The fundamental question is what the favorable accommodation site
of one single hydrogen atom in the crystal lattice is, i.e., devoid of any
sublattice or Zener ordering correlations with other hydrogen atoms.
The TiNbZr lattice with its BCC structure possesses two types of inter-
stitial sites that can accommodate hydrogen atoms, namely, 12 tetra-
hedral sites and 6 octahedral sites per conventional BCC unit cell [54].
For the following qualitative and geometry-based discussion, the
reasoning is built on the simple BCC rigid lattice, with geometric con-
siderations applied to tetrahedral and octahedral sites. Generally, the
radius (r) of a tetrahedral site (0.291 R, R is the radius of the host metal
atom) is approximately twice that of an octahedral site (0.155 R) [54].
Because of the larger accommodation space of a tetrahedral site in the
TiNbZr alloy (calculated to be 0.426 A, considering a lattice parameter
of 3.3836 A from Fig. 1), intuitively, a hydrogen atom (with a radius of
0.53 A) should prefer to occupy a tetrahedral site rather than an
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Fig. 9. Statistical distribution of the solution enthalpy per hydrogen atom in a TiNbZr special quasirandom supercell after a full stress relaxation with one hydrogen
atom initially positioned at all possible (a) octahedral interstitial sites and (b) tetrahedral interstitial sites. Corresponding distribution of relaxed hydrogen states in
(c) octahedral and (d) tetrahedral sites. DFT calculations were conducted with a 3 x 3 x 3 conventional supercell (54 metallic atoms) at T=0 K. (e) Calculated
frequency for the tetrahedral and octahedral occupancy assuming a Fermi-Dirac distribution of energy states in the case of dilute and concentrated hydrogen solution
corresponding to 1 and 45 hydrogen atoms in the supercell, respectively (hydrogen mole fraction: 2 at.% and 45.4 at.%, respectively).

octahedral site [29,68,74,75]. The validity of this hypothesis is further
rationalized by DFT calculations (Fig. 9). We therefore computed the
hydrogen solution energies on the various symmetry inequivalent
interstitial tetrahedral and octahedral sites in the constructed TiNbZr
SQS supercell. After the relaxation of the atomic positions, about half of
the considered octahedral sites turned out to be unstable: the hydrogen
occupies a neighboring tetrahedral site (Fig. 9a). In contrast, the
considered tetrahedral sites were almost all stable, and we observed that
only for a few cases relaxation into an octahedral position after the full
stress relaxation (Fig. 9b). Having the energy distribution over the
different sites and knowing that a single site can only be occupied by a
single hydrogen atom, we can use the Fermi-Dirac statistics to calculate
the ratio of hydrogen in tetrahedral vs. octahedral sites as a function of
temperature (T) and hydrogen concentration (Xy) [76]. Since a single

10

interstitial site can accommodate no more than one single hydrogen
atom, the statistics describing the hydrogen distribution is given by
Fermi-Dirac distribution,

AHsol —H o
_— 1
kT )"
where AHjg, is the solution energy of a hydrogen interstitial on a specific
site, and u, kg, and T stand for the chemical potential of hydrogen,
Boltzmann constant, and temperature, respectively. The total hydrogen

concentration x (relative to the total number of available interstitial sites
(ie., tetrahedral and octahedral sites)) is given by,

f(AHg; T, p) = {exp( )
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where the density of states n(AHg,) has been determined from energies
calculated by DFT for various interstitial sites for a single hydrogen
atom. Eqgs. (2) and (3) are solved self-consistently to obtain the hydrogen
chemical potential u(T,x) for a given hydrogen concentration. As
revealed in Fig. 9e, for a dilute hydrogen concentration (corresponding
to a single hydrogen atom in the SQS supercell with 54 metallic atoms),
T = 0 K gives almost 100 % of tetrahedral occupancy. Higher temper-
ature gives a lower tendency to occupy the tetrahedral sites, asymptotic
to an approximately 2:1 ratio of the number of tetrahedral and octahe-
dral interstitials when the temperature approaches infinitely large
values. Over the temperature of interest, more than 80 % of tetrahedral
occupancy is the result. Thus, the above DFT calculations strongly
indicate that tetrahedral sites are energetically preferable to accom-
modate a hydrogen atom no matter whether it is initially introduced to a
tetrahedral or octahedral site. Such a preference for hydrogen accom-
modation at tetrahedral sites is in line with the previous studies in the
literature with low hydrogen concentrations [68,77,78]. It is worth
noting that the impact of the zero-point energy on the hydrogen binding
energy is negligible. Explicit calculations showed that it gives rise to
only very subtle contributions (—0.01 to 0.03 eV/H-atom) to the solu-
tion energies (~0.4 eV/H-atom) (Fig. S17). Additionally, unstable
octahedral sites at T=0 K may be dynamically stabilized by temperature,
including thermal vibrations and electronic excitations. However, given
that this would require significantly computationally expensive molec-
ular dynamics simulations, we consider this to be beyond the scope of
the present work.

Next, we discuss the scenario where a large number of hydrogen
atoms are present. The Fermi-Dirac distribution of energy states gives a
similar trend of the temperature-dependent tetrahedral occupancy when
45 hydrogen atoms are present in the supercell (corresponding to the
saturated hydrogen concentration, following the experimental results
shown in Fig. 7) except for the low-temperature region (<500 K) where
the tetrahedral hydrogen stabilized at around 85 % of occupancy.
Nevertheless, the tetrahedral sites remain the preferred positions for the
hydrogen atoms (Fig. 9e). It is worth noting that the above Fermi-Dirac
analysis is suited mainly for qualitative interpretation. Three main as-
sumptions have been made for the Fermi-Dirac analysis: (1) The volume
change due to hydrogen is ignored, which might be important for cases
where high hydrogen concentrations apply. (2) The predicted results for
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low hydrogen concentrations should be interpreted with caution, as they
are highly sensitive to the sampling of the low-energy region. (3) The
hydrogen-hydrogen interaction is neglected. To address these limita-
tions, we explicitly introduced 45 randomly distributed hydrogen atoms
in the supercell. For the sake of simplicity, a random distribution of
hydrogen interstitials was assumed in the supercell using two different
configurations with initial occupancy of all hydrogen atoms in only
octahedral sites and only tetrahedral sites, respectively. In total, 200
different configurations with 45 hydrogen atoms have been considered
for DFT calculations (Table S7). Specifically, two BCC SQS cells were
utilized for DFT calculations, and we sampled 50 octahedral and 50
tetrahedral configurations for each SQS cell. The minimum distance of
neighboring hydrogen-hydrogen bonds was constrained to values larger
than 2.0 A (see computed force and interactions between nearest-
neighbor hydrogen atoms in Fig. S18) to avoid the large hydrogen-
hydrogen repulsive interaction [29,75,79]. Fig. 10a shows the calcu-
lated solution enthalpy for the two cases before and after the full stress
relaxation. For the former case, the presence of hydrogen interstitials on
octahedral sites is unfavorable, as evidenced by the higher averaged
solution enthalpy of 0.035 eV/H-atom than that (—0.469 eV/H-atom) of
the tetrahedral configuration. Even after the full stress relaxation, the
solution enthalpy of hydrogen atoms initially positioned at the octahe-
dral sites remains higher (—0.336 eV/H-atom) compared with the latter
case when hydrogen atoms are placed on the tetrahedral sites prior to
relaxation. The solution enthalpy of the latter case with initial tetrahe-
dral hydrogen configuration decreases further to —0.605 eV/H-atom
upon full relaxation. Additionally, the volume expansion of the super-
cell is determined to be approximately 11.1+0.3 % after the incorpo-
ration of 45 hydrogen atoms (randomly distributed, see Fig. S19),
consistent with the value derived from the HEXRD experiment. These
results confirm that even at such a high concentration of hydrogen (46.4
at.% hydrogen), tetrahedral sites are more favorable sites for hydrogen
accommodation. As tetrahedral interstitial sites reveal isotropic geom-
etry, hydrogen atoms exert a uniform force on the nearest neighboring
host atoms, leading to an isotropic expansion of the lattice [68]. When
hydrogen atoms are randomly distributed at tetrahedral sites, they result
in almost isotropic expansion of TiNbZr lattices with a small c/a ratio of
1.007 (Fig. 10b). This c/a ratio is consistent with the constructed SQS
supercell without hydrogen atoms (1.006, due to finite size of the
supercell). Such a case reflects the situation at an elevated temperature
during the isothermal heat treatment process, where hydrogen atoms
can be expected to be randomly distributed within the TiNbZr crystal

b 30

Initial positions for H:
I 1 Octahedral site
I 1 Tetrahedral site

N
[3,]
1

1.007+0.006

N
(=]
1

-
o
1

1.030£0.030

5.

o JULT . . e

1.000 1.022 1.044 1.066 1.088
c/a ratio

Fig. 10. (a) Statistical distribution of calculated solution enthalpy per hydrogen atom before and after atomic relaxation when 45 hydrogen atoms are positioned at
octahedral or tetrahedral sites in a supercell with 54 metal atoms. The data has been obtained from DFT calculations. (b) Statistical distribution of calculated c/a ratio
with all hydrogen initially settling at the tetrahedral and octahedral sites after relaxation based on DFT calculations. DFT calculations were conducted with a 3 x 3 x

3 conventional supercell (54 metallic atoms) at T=0 K.
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due to the configurational entropy effect at high temperatures [29].
Thus, the current BCC structure is predominantly stable with hydrogen
interstitials randomly distributed at the tetrahedral sites at a high tem-
perature, as also suggested in the in-situ HEXRD experiments (Fig. 4).

4.2. Occurrence of lattice tetragonality upon cooling

An intriguing observation is the tetragonal distortion of the
hydrogen-saturated crystal lattice upon cooling as determined by
HEXRD and TEM methods (Figs. 5 and 6). The advantages and disad-
vantages of both methods shall be briefly summarized and discussed for
the determination of tetragonality. HEXRD is commonly used in the
detection of tetragonality, especially for the tetragonal distortion of Fe-C
martensite [80,81]. For HEXRD, the X-ray diffractograms reflect the
crystal structures averaged over the probed volume (here, ~0.4 mm?®)
with excellent statistical information [80,81]. However, measuring tet-
ragonality relies on indirect profile analysis of the peak splitting and
broadening [82]. The uncertainty arising from the deconvolution of
diffraction peaks (based on the least squares method) hinders its direct
utility for interpreting tetragonality [82,83]. In contrast, the TEM-based
electron diffraction technique provides local but direct information,
despite the challenging and time-intensive preparation of thin films for
TEM observations. Concerning the micro-size powder sample in this
study, the focused ion beam (FIB) cutting method was used for the
site-specific TEM lamella preparation, although it can unavoidably
introduce artifacts during the thinning process, limiting the explanation
of the results [84,85]. Therefore, in our study, a combination of HEXRD

Scenario I: H at tetrahedral sites

b30
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and TEM methods was employed to validate local lattice tetragonality,
and to understand and minimize the inaccuracies resulting from relying
solely on a single testing method. Both the occurrence of peak splitting
and broadening in the HEXRD experiment, and the overlap of two
diffraction spots in the TEM analysis strongly support the tetragonality
of TiNbZr lattices upon cooling. Nevertheless, a slight variation of c/a
ratios is observed for the sample measured using the two methods
(ranging from 1.06 for HEXRD to 1.07 for TEM). Such a discrepancy in
the c¢/a ratios might be due to the spatial/angular resolution limit
associated with these two techniques, one being local (TEM) and the
other integral (HEXRD).

The presence of tetragonality upon cooling indicates a change in the
configuration of hydrogen atoms in the accommodation sites, which
results in an asymmetric lattice expansion (expansion along the c-axis in
this study). Based on the hydrogen concentration (~46.4 at.%) and the
presence of tetragonality, two reasonable atomic configurations are
considered (Fig. 11a). For the sake of simplicity, we only consider sce-
narios where hydrogen atoms occupy a single type of interstitial site,
either a tetrahedral or octahedral site. Scenario I: all hydrogen in-
terstitials are positioned at tetrahedral sites with a specific hydrogen
occupancy of (0,3,3) and (0, 1, ), as these sites are calculated to be the
energetically favorable positions for hydrogen accommodation (see
Section 4.1). Although a tetrahedral hydrogen atom applies uniform
force on four neighboring metallic atoms, the specific arrangement of
the hydrogen atoms in a lattice can result in a joint force along the c-axis,
thus causing an asymmetric lattice expansion [68]. Scenario II: all
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Fig. 11. (a) The proposed lattice configurations, which are possible to result in lattice tetragonality, namely, the asymmetric expansion along the c-axis. Scenario I
with all hydrogen atoms positioned at the tetrahedral (0, §, %) and (0, 1, ) sites (In this case, only half of the marked sites are occupied by hydrogen atoms), while all
hydrogen atoms are located at the octahedral sites (hydrogen occupancy: (0, O, %) and (%, %, 0)) in Scenario II. Statistical distribution of (b) calculated solution

enthalpy per hydrogen atom and (c) calculated c/a ratio of Scenario I and Scenario II after stress relaxation. DFT calculations were conducted with a 3 x 3 x 3
conventional supercell (54 metallic atoms) at T=0 K.
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hydrogen interstitials are positioned at octahedral sites with an ordering
distribution (hydrogen occupancy: (0, 0, 3) and (£, 1, 0)). In comparison
to the tetrahedral hydrogen atoms, octahedral hydrogen interstitials
exert a non-uniform force, exhibiting higher forces on the two nearest
neighboring atoms [68]. Owing to these ordered distributions of
hydrogen interstitials, a reduction of the total energy of the system is
expected [29]. This hypothesis will be further testified through ab initio
DFT calculations.

To validate the tetragonal distortion caused by the ordering distri-
bution of hydrogen atoms, all of them were located in tetrahedral or
octahedral sites within the lattices. It is noted that the solution enthalpy
of the Scenario I configuration reaches a lower value (—0.646+0.014
eV/H-atom) compared with the Scenario II (—0.547+0.008 eV/H-atom)
(Fig. 11b), suggesting a more stable configuration for hydrogen ac-
commodation. The difference in configurational entropy between
random solid solution (in tetrahedral sites) and Scenario I configuration
(under the ideal mixing assumption, see supplementary materials Note
1) is determined to be AS ., ~ 1.24kp per hydrogen atom. With this
value, the phase transformation temperature of Scenario I from a
random solid solution is predicted to be 382 K. Since other factors, such
as composition variations, exchange-correlation functionals, and ther-
mal vibrations, will also contribute to the transition temperature, this
predicted temperature is in qualitative agreement with the BCT-2 tran-
sition temperature observed in the HEXRD experiment (~723 K).
Simultaneously, the c/a ratio of Scenario I is determined to be 1.05

+0.009 (Fig. 11b), in agreement with that of the predominant BCT-2

crystal structure (~1.06) as evidenced by the HEXRD result (Fig. 5).
Although the Scenario II configuration exhibits a higher solution
enthalpy, the c¢/a ratio with 1.224+0.008 is in line with the BCT-1 crystal
structure (~1.22). This result implies that the Scenario II configuration,
in which all hydrogen atoms are periodically positioned at the octahe-
dral sits, is likely to be an intermediate configuration. This configuration
is considered to be a transformable state from BCC to FCC during the
hydrogenation [14,15]. Such octahedral occupancy of hydrogen atoms
is thought to increase the disorder of hydrogen-hydrogen bonds, thus
destabilizing the BCC crystal structure and inducing subsequent phase
transformation. This metastable nature also explains why the Scenario II
configuration with a c/a ratio of ~1.22 is challenging to be detected
when using TEM characterization techniques, which were conducted
several weeks after the in-situ HEXRD experiment. The underpinning
physics leading to the presence of tetragonality upon cooling are mainly
due to, (1) the occupation of a tetrahedral (or octahedral) site which
produces an elongation of the c-axis, which, in turn, facilitates the oc-
cupancy of neighboring tetrahedral (or octahedral) sites by other
hydrogen atoms, a phenomenon referred to as collective interstitial
ordering [29]; (2) the local anharmonicity in the strain fields induced by
interstitials, which substantially stabilizes the collective ordering [86].

In this study, a single-step BCC-to-BCT transformation is observed in
the TiNbZr alloy upon cooling from 500 °C after hydrogenation (1 bar
Hy). In the literature, a fully hydrogenated TiNbZr at 40 bar H; reveals a
FCC crystal structure [87], which is a typical hydride phase in
TiNbZr-based HEAs (Table S1). Notably, a different transformation
pathway is also observed for some alloys with similar compositions,
forming BCT hydride as the fully hydrogenated form, e.g. in TiVZrNbTa
[88]. The discrepancy in transformation pathways can be attributed to:
(1) Composition difference: Alloys appearing to form BCT metal hy-
drides often contain vanadium (V), where V tends to stabilize the BCT
hydride phase at high hydrogen concentrations [29,89]. Moreover, in
the case of group IV elements (i.e., Ti, and Zr in this study), tetragonal
lattice distortions can be observed at hydrogen concentrations
exceeding 60 at.% hydrogen [90,91]. Refractory M/HEAs with a high
proportion of these elements have a high tendency to form BCT hy-

drides; (2) Lattice distortion (8): Variations in §, calculated as 6 =
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2
>ici (1 - ’7) x 100, where ¢;, and r; denote the atomic fraction, and

the radius of element i respectively, while 7 stands for the averaged
atomic radius, can also influence the transformation pathway [14,92].
This parameter is closely related to the availability of the interstitial sites
within lattices. Here, TiNbZr have a § value of 4.3 %, aligning with a
classical BCC-to-FCC transformation that is typical for alloys with small
§ values. In contrast, TiVNbZrTa, which forms BCT hydrides, has a §
value of 5.8 %. Refractory M/HEAs with high 6 values are accompanied
with more available interstitial sites (especially for octahedral sites)
within the lattice. The large lattice distortion can lead to the reduction in
the energy barrier for hydrogen octahedral accommodation. The occu-
pancy of octahedral sites can induce the elongation of the c-axis, thus
favoring the formation of BCT hydrides. While these factors suggest a
connection between phase transformations and composition/lattice
distortion, establishing a quantitative relationship remains challenging.
Additional physicochemical parameters, i.e., valence electron concen-
tration (VEC), electronegativity (5,), might also influence phase trans-
formation pathways [14,87].

4.3. Preference of hydrogen accommodation towards Ti/Zr

It is also worth noting that an increase in the fraction of low-angle
grain boundaries is found after the treatment in Hy (Figs. 2 and 8).
Even though heat treatment typically results in recovery of low-angle
grain boundaries [93,94], the increase in their presence in this study
is primarily attributed to the volume change and lattice distortion
associated with the uptake of hydrogen atoms within TiNbZr lattices.
More specifically, the hydrogen atoms, especially in a high concentra-
tion, can severely distort the lattice structure, leading to the subsequent
generation of low-angle grain boundaries [19,56,72,73]. Moreover,
these newly formed low-angle grain boundaries are mainly distributed
along the Ti and Zr-rich interdendritic regions (Fig. 8), supporting the
fact that hydrogen exhibits a higher tendency towards Ti and Zr rather
than Nb due to the lower mixing enthalpy [56]. This tendency is also
known from their mixtures (e.g., hydride) according to the elementary
phase diagram (i.e., Ti-H), where only phase diagrams of Nb+H, Zr+H,
and Ti+H systems have been experimentally assessed or evaluated using
the CALPHAD (CALculation of PHAse Diagram) method [90,91,95]. The
partial molar enthalpy of hydrogen solution in §-Ti is nearly —59.4
kJ/mol as compared with 43.0 kJ/mol for that of Nb, indicating the
higher affinity of hydrogen to Ti than that to Nb. A similar trend can be
obtained for Zr (partial molar enthalpy of hydrogen solution in f-Zr is
—74.5 kJ/mol), suggesting a higher affinity to hydrogen for Zr as
compared with Nb. Our DFT calculations also revealed that the solution
enthalpy of hydrogen is lower when more nearest neighboring Ti atoms
are present (Fig. 12). The solution enthalpy drops from 0.23 eV/H-atom
to approximately —0.32 eV/H-atom as the number of nearest neigh-
boring Ti atoms increases from O to 2 for octahedral hydrogen in-
terstitials. A similar trend is found for the tetrahedral hydrogen
interstitials, with the lowest solution enthalpy of —0.63 eV/H-atom
when surrounded by 4 nearest neighboring Ti atoms. The Nb atoms,
however, exhibit an opposite effect on hydrogen interstitials compared
with Ti. The solution enthalpy associated with hydrogen increases with
the number of nearest neighboring Nb atoms, while Zr exhibits similar
behavior as Ti. These findings are important, suggesting that the local
chemical environment provided by the surrounding host alloying atoms
can entail local hydrogen preference (i.e., where the hydrogen is pref-
erably stored or less preferably stored). The same fact applies to the
kinetic barriers when extracting the hydrogen atoms from the metal
again for generating hydrogen molecules [7,96,97]. Translated to the
application of such MEAs as high-temperature materials exposed to
hydrogen (e.g., combustion engines), this fact also means that specific
lattice regions enriched in Ti, Zr, or both might be particularly suscep-
tible to an embrittling effect due to such hydrogen-induced local
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Fig. 12. Calculated statistical distribution of the hydrogen solution enthalpy per hydrogen atom of TiNbZr with one hydrogen solute relaxed to either tetrahedral
interstitial sites or octahedral interstitial sites surrounded by different amounts of nearest neighbor (a, d) Ti atoms, (b, e) Nb atoms and (c, f) Zr atoms. DFT cal-
culations were conducted with a 3 x 3 x 3 conventional supercell (54 metallic atoms) at T=0 K.

distortion.
5. Conclusions

This study investigated the real-time microstructural evolution of
TiNbZr alloy during the heat treatment in pure hydrogen using in-situ
synchrotron high-energy X-ray diffraction combined with density
functional theory calculations to understand the hydrogen accommo-
dation down to the atomic scale. The main conclusions are:

(1) The body-centered cubic (BCC) lattice exhibited a significant
isotropic expansion during hydrogen uptake at 500 °C, with a
lattice volume increase of 4.845 A3 (corresponding to a hydrogen
concentration of 46.4 at.%). It is worth noting that such a high
hydrogen concentration did not induce the formation of hydrides,
due to the comparably high solubility of hydrogen within these
metallic elements. The DFT calculations revealed that tetrahedral
sites were the energetically more favorable positions for
hydrogen accommodation for both dilute and high concentra-
tions of hydrogen.

The hydrogen-saturated BCC crystal structure at 500 °C trans-
formed into a body-centered tetragonal (BCT) structure upon
cooling to room temperature. The transformation followed the
dilatation-dominant displacive transformation pathway with a
spontaneous lattice symmetry breaking and discontinuous lattice
constant change. The presence of tetragonality is due to the
change in the distribution of hydrogen interstitials. The ordered
distribution of hydrogen interstitials along tetrahedral sites
(hydrogen positioned in tetrahedral (0, 1, ) and (0, 1, 3) sites) led
to the asymmetric lattice expansion along the c-axis. This ordered
distribution of hydrogen atoms during the structural evolution is
attributed to the minimization of the system solution enthalpy as
shown by DFT calculations. The underlying mechanisms resulting
in tetragonality are mainly due to the collective interstitial
ordering.

Hydrogen atoms demonstrated a higher tendency to occupy Ti/
Zr-rich interstitials compared with those surrounded by Nb
atoms as analyzed from the elementary phase diagrams known
from these mixtures (e.g., Ti/Zr/Nb-H). As a consequence, a

(2

3

14

significant increase in the fraction of low-angle grain boundaries
(by approximately 30.0 %) was found along Ti/Zr-enriched
interdendritic regions after the heat treatment in Hy. The DFT
calculations also revealed a higher affinity of hydrogen to Ti/Zr
atoms as compared to its affinity to Nb atoms.

Thus, this study provides fundamental new insights into hydrogen
accommodation in the interstitial positions in the TiNbZr medium-
entropy alloy, highlighting its impact on the lattice symmetry and
distortion. These findings shed light on the potential applications of this
alloy class in the emerging hydrogen economy.
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