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Full length article
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A B S T R A C T

Understanding hydrogen-metal interactions is critical for developing refractory complex concentrated alloys 
(CCAs), applicable to the hydrogen economy. In this study, we revealed a hydrogen-assisted spinodal decom-
position phenomenon at the nanoscale in an equiatomic TiNbZrHfTa CCA upon its exposure to H2 at 500 ◦C. Such 
a decomposition pathway was characterized by a periodic compositional modulation with an up-hill diffusion 
behavior of the principal metallic elements, particularly Zr, over an extended treatment period (from 0.5 h to 2 h) 
in an H2 atmosphere, probed by three-dimensional atom probe tomography. Consequently, the decomposed alloy 
consisted of a needle-shaped phase enriched in Zr and Ti and a phase enriched in Nb and Ta. Crystallographi-
cally, the spinodal features aligned preferentially along 〈001〉 directions of the matrix phase to minimize elastic 
strain energy. To better understand the role of hydrogen in spinodal decomposition, a statistical thermodynamic 
model was further developed by incorporating hydrogen to predict the phase stability of the TiNbZrHfTa-H 
system. This analysis suggested that hydrogen destabilizes the single solid-solution phase by expanding the 
spinodal region. Such nanoscale spinodal decomposition enhanced the hardness and anti-abrasive properties of 
the investigated alloy. Thus, this study not only provides fundamental insights into the effect of hydrogen on 
phase stability, but also demonstrates a novel alloy design strategy by introducing hydrogen as an interstitial 
alloying element to tailor the microstructure.

1. Introduction

Hydrogen has become attractive as a promising green energy source 
due to its potential to mitigate anthropogenic CO2 emissions associated 
with the use of fossil fuels [1–3]. The deployment of hydrogen energy 
necessitates the development of advanced metallic alloys tolerating 
hydrogen-rich atmospheres, even at elevated temperatures [4–6]. Re-
fractory complex concentrated alloys (CCAs), particularly those of the 
TiNbZrHfTa family have been recognized as potential candidates under 
such application conditions due to their extensive compositional design 
space and excellent mechanical properties (with a yield strength of 
~300 MPa at 1000 ◦C) [7–10]. One of the key peculiarities in designing 
CCAs lies in the stabilization of a single-phase solid solution depending 
on the maximization of configuration entropy [11–13]. However, phase 
decomposition via secondary phase precipitation and ordered phase 
formation has been frequently observed in some refractory CCAs after 

heat treatment [14–16].
Hydrogen is bound in various chemicals, such as H2, NH3, and hy-

drocarbons, etc. It is worth noting that the size of a neutral H0 atom, as 
measured by the Bohr radius, is only 0.529 Å [17]. This enables 
hydrogen to readily enter metal lattices, especially for loosely packed 
body-centered cubic (BCC) metals like refractory CCAs with a packing 
density of 68 % [18–20]. This feature facilitates hydrogen diffusion and 
interaction with host metallic atoms in bulk materials. Additionally, the 
medium electronegativity of hydrogen (2.2) allows it to form various 
kinds of chemical bonds (ionic bond and covalent bond) with metallic 
elements [17,21]. Hydrogen has long been treated as a detrimental 
element for structural materials, which can cause catastrophic failure of 
metallic components, known as hydrogen embrittlement [22–24]. 
Moreover, hydrogen forms metal hydrides with several alkali (e.g., Li, 
Na, K), alkaline earth (e.g., Mg), and refractory (e.g., Ti, Zr, Hf) metals 
via the reversible phase transformation, which is the basis of hydrogen 
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storage materials [7,25,26]. Therefore, a better understanding of the 
interaction between hydrogen and constituent metallic elements in re-
fractory CCAs is essential for optimizing their composition and micro-
structure suited for applications in hydrogen-rich environments as 
structural or hydrogen-storage materials.

In this study, nanoscale spinodal decomposition is observed in an 
equiatomic TiNbZrHfTa CCA upon exposure to H2 at 500 ◦C for 0.5 h, 
resulting in two phases enriched in Ti/Zr and Nb/Ta, respectively. A 
statistical thermodynamic model incorporating hydrogen has been 
developed to elucidate the mechanisms of such hydrogen-assisted spi-
nodal decomposition. The hydrogen acquired from the environment 
expands the spinodal region of TiNbZrHfTa CCAs, thus promoting spi-
nodal decomposition. Our findings highlight the significant role of 
hydrogen in altering the thermodynamic boundaries by expanding the 
spinodal decomposition region in the TiNbZrHfTa alloy. The spinodal 
features improve the hardness and wear resistance. This study provides a 
novel strategy for designing spinodal-strengthed refractory CCAs by 
deploying acquired hydrogen from the environment to modify the 
thermodynamic conditions of the alloy system and modulate local 
chemical and structural patterns at the nanoscale.

2. Methods

2.1. Material fabrications

The five-component TiNbZrHfTa complex concentrated alloy (CCA) 
with an equiatomic ratio was fabricated using the corresponding pure 
metals with a purity of 99.95 wt.% by arc melting under an Ar atmo-
sphere. To ensure the homogeneity of the constituent elements, the in-
gots were remelted at least five times during the arc-melting process. A 
piece of Ti getter was placed in the arc melter to avoid potential oxygen 
contamination. The as-cast material was cold-rolled down to ~1.2 mm 
with a thickness reduction of 80 %. Subsequently, the material was 
annealed at 1100 ◦C for 5 h in a He-filled quartz tube, followed by forced 
cooling outside the furnace (air quenching), which was referred to as the 
as-received state in this study. The as-received specimens were exposed 
to pure H2 gas with a purity of 99.999 % in a thermal dilatometer (DIL 
805A/D, TA Instruments, USA). Before the exposure to H2 gas, the DIL 
chamber was evacuated by a vacuum pump to a pressure below 10− 6 

bar. Then H2 gas was introduced into the DIL chamber up to 0.8 bar. The 
specimens were heated with the induction coil to 500 ◦C with a heating 
rate of 20 ◦C/min. The isothermal treatments were conducted for 0.5 h, 
1 h, and 2 h, followed by furnace cooling. The corresponding samples 
were referred to as HT-H2, HT-H2-1h, and HT-H2-2h, respectively. In 
addition, a reference specimen was exposed to pure Ar (99.999 % pu-
rity) at 500 ◦C for 0.5 h, referred to as HT-Ar sample.

2.2. Materials characterizations

The dissolved hydrogen and oxygen contents of the as-received, HT- 
Ar and HT-H2 specimens were determined by a melt extraction method 
using the GALILEO G8 ONH (Bruker, Germany) equipment. The mea-
surements were performed immediately after heat treatment with a 
transferring time shorter than 12 h. The specimen surfaces were ground 
with 1000-grit SiC paper to eliminate the surficial oxide layer during 
sample transfer. Measurements were conducted at a power of 35 %, 
using tin baskets as the carrier. A thermal conductivity detector was 
employed to detect the hydrogen and oxygen contents, and helium was 
used as the carrying gas.

To identify crystal structures and quantify phase compositions, 
synchrotron high-energy X-ray diffraction (HEXRD) experiments were 
performed at the Powder Diffraction and Total Scattering Beamline, 
P02.1, of PETRA III at Deutsches Elektronen-Synchrotron (DESY, 
Hamburg). HEXRD profiles were acquired with a fixed beam energy of 
~60 keV (λ = 0.207354 Å) and processed with the aid of the GASA-II 
software [27].

The microstructures of the as-received and heat-treated samples 
were characterized by backscattered electron (BSE) imaging, energy 
dispersive X-ray spectroscopy (EDS), and electron backscatter diffrac-
tion (EBSD) techniques using a Zeiss Merlin scanning electron micro-
scope (SEM). Specimens for SEM characterization were mechanically 
ground (from 400 to 4000 grits of SiC papers) and polished with 30 vol. 
% H2O2-contained colloidal silica suspension solution until a mirror- 
finish surface was obtained. EBSD data was acquired at an accelera-
tion voltage of 15 kV with a step size of 0.1 μm. The datasets were 
analyzed using the software OIM Analysis™ V8.0.

The nanoscale structures were further characterized using an image- 
corrected transmission electron microscopy (TEM, Titan Themis G2 
300). The TEM specimens were prepared by the focused ion beam (FIB) 
lift-out method using the FEI Helios NanoLab 600i dual-beam FIB/SEM 
instrument. The TEM images were acquired at an acceleration voltage of 
300 kV along the [001] zone axis. The local strain map was obtained 
from geometric phase analysis (GPA) using the open-source program 
Strain++ [28]. Atom probe tomography (APT, CAMECA LEAP 5000 XR) 
was employed to investigate the elemental distribution at a near-atomic 
scale. The sharp-tip specimens were prepared by lift-out and annular 
milling procedures using the FIB. All the APT measurements were con-
ducted under laser mode with a base temperature, laser energy, pulse 
rate, and detection rate of 70 K, 60 pJ, 100 kHz, and 0.5 %, respectively. 
The reconstruction of the three-dimensional atom maps and data anal-
ysis were conducted using the commercial software AP Suite 6.1.

2.3. Microhardness and scratch tests

The Vickers hardness measurements were performed using Zwick-
Roell ZHV10 hardness testing machine with a load of 0.2 kg. A minimum 
of six indents were collected for each specimen, and the data was shown 
as the mean Vicker hardness values (HV0.2) plus the standard deviation. 
The wear behavior was evaluated in the Keysight G200 nanoindenter 
using a 5-μm-radius spherical diamond tip. The scratch tests were con-
ducted with a constant load of 20 mN in ambient air and a wear velocity 
of 1 μm/s. The depth of the scratch was characterized using the same 
diamond tip with a force of 0.1 mN before and after scratch tests, while 
the surface topography was captured using white-light confocal 
microscopy.

3. Results

3.1. Hydrogen-assisted spinodal decomposition

The as-received TiNbZrHfTa sample reveals a single BCC phase with 
a lattice parameter of 3.406 Å, as suggested by the HEXRD profile 
(Fig. 1a). Upon the heat treatment in H2 atmosphere at 500 ◦C for 0.5 h, 
a large amount of hydrogen is absorbed by the TiNbZrHfTa CCA, which 
was quantified to be 8.60±0.41 at.% by TDS analysis. This content 
surpasses those in the as-received and HT-Ar samples by a factor of 19 
and 8, respectively (Table S1 and Fig. S1). The HEXRD measurements 
suggest that the HT-H2 sample maintains a BCC crystal structure and no 
formation of hydride is observed in Fig. 1a. These facts are supposed to 
be due to the high solubility of hydrogen in these principal elements (for 
instance, 54.55 at.% for β-Zr) [29]. Nevertheless, the diffraction peaks of 
the HT-H2 sample shift to lower Bragg angles and become asymmetric 
(Fig. 1b). Such peak shift indicates an increase in the lattice parameter, 
and peak asymmetry suggests that two BCC phases possibly co-exist with 
different lattice parameters. For instance, the (211) peak can be 
deconvoluted into two peaks (Fig. 1d). From the Rietveld refinement on 
the full HEXRD profile, the BCC Phase 1 with a lattice parameter of 
3.414 Å (a1) accounts for 56.0 wt.%, and the amount of BCC Phase 2 
with a lattice parameter of 3.398 Å (a2) is 44.0 wt.%.

Microstructures were further evaluated by coupling BSE and EBSD 
analyses (Fig. 2 and Fig. S2). The as-received sample shows an equiaxed 
grain morphology (Fig. 2a) with a grain size of 78.79±27.40 μm 
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(Fig. S2g). The inverse pole figure reveals that grains are randomly 
oriented and high-angle grain boundaries (>15◦) constitute the major 
type of interfaces (>80 %, Fig. S2a), suggesting the complete recrys-
tallization of the as-received sample. After heat treatment in H2 and Ar 
gases, the HT-H2 and HT-Ar samples maintain identical microstructural 
features compared with the as-received sample, in terms of grain 
morphology, size, and crystallographic orientation (Figs. 2a-c and 
Fig. S2). EDS elemental mapping across multiple grains confirms a 
spatially uniform distribution of all five constituent elements at the 
microscopic scale in all three samples (Fig. S3), and the bulk composi-
tion is determined to be Ti22.95Nb18.93Zr20.89Hf18.22Ta19.01 (in at.%). 

These findings imply that heat treatment under both H2 and Ar atmo-
spheres has a negligible impact on structure and composition at the 
microscopic scale.

At a higher magnification down to the nanometer scale, two distinct 
regions are identified in a modulated pattern in the HT-H2 sample, as 
observed in terms of dark and bright contrast, respectively, in Fig. 2f. 
The dark regions with a width of 3.30±0.64 nm are homogeneously 
distributed and intersect at an angle of approximately 90◦. The bright 
features with a width of 8.45±1.41 nm interweave with the dark re-
gions. Such an interwoven pattern was also observed using TEM, as 
shown in the bright-field image (Fig. 3a). The width of the bright and 

Fig. 1. (a) Overall high-energy X-ray diffraction (HEXRD) profiles and (b) enlarged views of BCC211 peaks of the as-received, HT-Ar, and HT-H2 specimens. (c) The 
plot of (sinθ)2 as a function of (h2+k2+l2) of individual HEXRD peaks to determine the lattice parameters of the as-received and HT-Ar samples. (d) Enlarged image 
showing the deconvolution of BCC211 peaks of the HT-H2 specimen.

Fig. 2. Backscattered electron (BSE) and representative enlarged images of (a, d) as-received, (b, e) HT-Ar, and (c, f) HT-H2 samples, respectively. Insert in (f) shows 
the width distribution of regions with dark (black) and bright (red) contrast. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.)
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dark regions are quantified to be 3.56 nm and 7.97 nm, respectively, 
which concur well with the SEM observations (Fig. 2f). These inter-
woven structures are crystallographically aligned along the 〈100〉 di-
rections, as determined by TEM analysis. Such an orientation 
dependence minimizes elastic strain energy in the TiNbZrHfTa alloy (see 

Supplementary Note 1) [30,31]. The selected area electron diffraction in 
Fig. 3b also reveals a BCC crystal structure of the HT-H2 sample and no 
secondary crystal structure is observed, being consistent with the 
HEXRD results. Thus, the contrast in Figs. 2f and 3a is primarily 
attributed to the inhomogeneous elemental distribution, as particularly 

Fig. 3. (a) Typical bright-field transmission electron microscopy (TEM) image, and the corresponding (b) selected area electron diffraction pattern exhibiting a single 
BCC phase. The electron beam is along the [001] zone axis. Three-dimensional reconstruction map of (c) Ti distribution, Zr distribution, and superimposed Ti and Zr 
distribution probed by atom probe tomography (APT). (d, e) APT maps showing the Ta-rich nanofeatures in the matrix. The Ta-rich nanofeatures are highlighted 
using iso-concentration surfaces containing 22 at.% Ta. (f) Concentration profiles computed along the cyan cylinder marked in (e) with a binning size of 0.5 nm. The 
error bar represents the standard deviation of the counting statistics in each bin.

Fig. 4. Three-dimensional APT maps of the distribution of Ti and Zr in (a) as-received and (b) HT-Ar specimens. Concentration profiles of principal elements along 
the yellow cylinders in (c) as-received and (d) HT-Ar specimens, respectively. The fifth nearest neighboring distribution of Ti atoms of (e) as-received, (f) HT-Ar, and 
(g) HT-H2 specimens, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the backscattered electron signal is sensitive to chemistry.
To further assess the elemental distribution in the HT-H2 sample, we 

employed APT, which allows for local chemical analysis down to near- 
atomic resolution. The overall composition of the HT-H2 specimens is 
determined to be Ti19.66±0.91Nb21.02±0.91Zr19.05±0.90Hf19.05±0.06Ta19.45 

±0.33 (in at.%) by averaging the composition over three APT tips, 
agreeing with the nominal bulk composition. The three-dimensional 
elemental distribution maps, e.g., Ti and Zr maps (Fig. 3c), reveal a 
nano-structured interwoven pattern, similar to that observed in the BSE 
and TEM images. Two regions are distinguished by the periodic chem-
ical modulation. A needle-shaped region with an average width of ~1.0 
nm is enriched in Ti (21.34±0.73 at.%) and Zr (22.88±0.82 at.%), yet 
depleted in Ta (17.72±1.56 at.%) and Nb (19.20±0.33 at.%) as shown 
in Figs. 3c and f. The other region, marked by the iso-concentration 
surface of 22 at.% Ta (Fig. 3d), is depleted in Ti (16.86±0.78 at.%) 
and Zr (14.41±0.59 at.%), while it is enriched in Ta (23.85±1.46 at.%) 
and Nb (23.10±1.15 at.%). The average width of this Ta/Nb-rich region 
is about 4.0 nm. Such a nano-scale elemental separation is primarily 
attributed to the relatively low quantity of mixing enthalpy between Ti 
and Zr as well as Nb and Ta [32]. In comparison, the periodically 
modulated chemical pattern is not observed in the APT tips of the 
as-received and HT-Ar specimens (Fig. 4), where all five principal ele-
ments are homogeneously distributed in the whole tips. Moreover, the 
clustering behavior in the HT-H2 sample is confirmed by the nearest 
neighboring distribution, describing the probability of another Ti atom 
existing within some distance of a Ti atom [33–35]. As shown in 
Figs. 4e-g, the experimental line of the HT-H2 sample does not match 
well with the calculated line that indicates the random distribution of Ti 

atoms, suggesting the clustering of Ti atoms. Similar trends can be ob-
tained from the μ-values extracted from the APT datasets (Fig. S4). 
μ-value reflects the local clustering of the principle element, where it is 
indicative of element clustering when μ closes to 1, while it means 
random distribution of elements when μ closes to 0 [36,37]. The 
μ-values for each principle element of the HT-H2 specimen are larger 
than those of the other two specimens, suggesting the clustering and 
redistribution of elements in the HT-H2 sample.

Based on the above results, the original BCC matrix decomposes into 
two BCC phases with distinctive lattice parameters (a1 and a2) and 
constituent elements (enriched in Ti/Zr and Nb/Ta) after heat treatment 
under H2. The process of this decomposition can proceed either via a 
nucleation and subsequent growth pathway or by a spontaneous spi-
nodal decomposition without nucleation [38]. The nuclei for the 
nucleation pathway are formed with an equilibrium concentration (or 
deviate from the tie-line concentration for the case of a multicomponent 
system) in the initial state, maintaining this concentration (or evolving 
towards the equilibrium concentration) throughout the coarsening 
process [38–41]. In such cases, a sharp change in local concentration can 
be anticipated. In contrast, the spinodal decomposition amplifies with 
time, and the local concentration gradually deviates from the initial 
concentration until the equilibrium concentration is attained [42]. Thus, 
the amplifications of local composition over time (0.5, 1, 2 h) for heat 
treatment in H2 are investigated to elucidate the decomposition process 
in the present TiNbZrHfTa CCA. The characteristic uphill diffusion 
behavior of elements over time rationalizes a spinodal decomposition 
process, rendering the periodically modulated chemical pattern of the 
TiNbZrHfTa alloy treated in the H2 atmosphere (Fig. 5). While the alloy 

Fig. 5. APT reconstruction of Zr iso-concentration surfaces of the specimens treated in H2 for (a) 0.5 h, (b) 1 h, and (c) 2 h and the corresponding two-dimensional 
contour plots. (d) Concentration profiles of Zr along the yellow cylinders marked in (a-c), the error bar represents the standard deviation of the counting statistics in 
each bin of the cylinder. (e) Evolution of spinodal wavelength with annealing time under H2. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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maintains a BCC crystal structure (Fig. S5), an interwoven chemical 
pattern gradually develops with prolonged treatment durations. As 
exemplified by the Zr concentration profile, Zr concentration increases 
over time (0.5, 1, 2 h) in the needle-shaped region from 21.70 at.% at 0.5 
h, to 27.07 at.% at 1 h, and reaching 34.39 at.% at 2 h (Fig. 5d). Such an 
uphill diffusion behavior and the isostructure of the Ti/Zr-rich and 
Ta/Nb-rich regions (i.e., both in BCC crystal structure with coherent 
interface) characterize a spinodal decomposition pathway [38,39,43]. 
An increase in the wavelength of the spinodal decomposition over 
annealing time under H2 is observed, evolving from the initial 4.21 
±0.19 nm (0.5 h) to 9.17±0.90 nm and 11.21±0.45 nm for the 
HT-H2-1h and HT-H2-2h specimens, respectively (Fig. 5e and Fig. S6) 
[44,45]. Such a hydrogen-assisted phase decomposition phenomenon 
has not been reported in the literature. Its underlying mechanism will be 
discussed in the Discussion Section.

3.2. Enhancement in hardness and wear resistance via hydrogen-assisted 
spinodal decomposition

The hydrogen-assisted spinodal composition results in confined 
nanostructuring, associated with the generation of a periodic strain field 
(Figs. 6a and b). The crystal lattices of two isostructural phases possess 
slightly different lattice parameters (Δ = 0.007 nm), due to the different 
atomic radii of Zr (0.155 nm) from those of Nb (0.145 nm) and Ta (0.145 

nm) [46]. Thus, the coherent interface of the periodic isostructural 
phases is characterized by a subtle strain misfit of ~0.2 % (Fig. 6b). Such 
a feature is attractive in enhancing mechanical properties [47,48].

The micro Vickers hardness of the TiNbZrHfTa alloy is shown in 
Fig. 6c. The hardness values are similar for the as-received (312.10 

±5.03 HV0.2) and the HT-Ar (301.00±28.43 HV0.2) specimens. In 
contrast, the heat treatment in the H2 atmosphere (HT-H2) increases the 
hardness by ~91 HV0.2 to 401.83±27.92 HV0.2. Hydrogen is consid-
ered as a strengthening element in Ti alloys mainly due to its solid so-
lution strengthening effect, and the occurrence of hydrogen-induced 
secondary phase formation [49–51]. For solid solution strengthening, 
the increment in yield strength (σ) is proportional to the hydrogen 
concentration (Δσ∝

̅̅̅̅̅cH
√ , cH is the H concentration). In addition, 

hydrogen will increase the lattice strain (ϵ), thus leading to larger lattice 
distortions which enhance the friction stress in the material [52]. In our 
case, the hydrogen concentration inside the alloy drops down to 108 
ppm before the hardness measurement (one week after hydrogen 
charging) due to the high hydrogen diffusivity (~10− 10 m2/s for β-Ti) 
[53]. The HEXRD results shown in Fig. 1 exhibit no significant change in 
lattice parameters between the HT-H2 and the as-received specimen 
states. These results suggest that the solid solution strengthening effect 
from hydrogen is negligible in this specific case. Additionally, from our 
experimental results (Figs. 1 and 2a), besides spinodal phases, no other 
secondary phases can be detected. Therefore, the enhanced hardness is 

Fig. 6. (a) Image-corrected high-resolution TEM (HR-TEM) image of the HT-H2 specimen along [001] zone axis. (b) Map of strain distribution (εxx) of the HT-H2 
specimen determined by geometric phase analysis (GPA) of HR-TEM image from the same area in (a). (c) Hardness (HV0.2) of as-received, HT-Ar, and HT-H2 
specimens after the heat treatment (hardness measurements were conducted one week after the heat treatment). (d) Hardness (HV0.2) evolution of specimens treated 
in H2 at 500 ◦C for 0.5 h (HT-H2), 1 h (HT-H2-1h), and 2 h (HT-H2-2h).
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supposed to be predominantly ascributed to the hydrogen-assisted spi-
nodal decomposition effect. The strengthening effect of the spinodal 
features can be derived from both lattice misfit strengthening and 
modulus strengthening based on Kato’s model [54]: 

Δσ =
AκY

2
+

0.65ΔGb
λ

(1) 

where A stands for the amplitude of composition modulation (A = 0.08, 
Fig. 3f), while κ is the variation in lattice constant (κ = 0.063, Fig. 1d) 
with respect to the composition fluctuation. 
Y = (C11 +2C12)(C11 − C12)/C11 is related to the elastic constant Cij [47], 
(Y = 55.7 GPa based on literature data [55]), and ΔG stands for the 
amplitude of the shear modulus fluctuation (ΔG = 3.1 GPa). b denotes 
the Burgers vector (b = 2.942 × 10− 10 m determined from Fig. 1a) and λ 
is referred to the wavelength of modulation (λ = 4.2 × 10− 9 m, Fig. 5e). 
Thus, the spinodal decomposition predominantly yields a misfit 

strengthening effect of ~140 MPa and a modulus strengthening effect of 
~141 MPa, resulting in a total increase in strength (Δσ) of ~281 MPa. 
Using a conversion factor between hardness and yield strength of 
ΔHV0.2 ≈ 3⋅Δσ [56,57], an increment in hardness is thus predicted to 
be 84.3 HV0.2 (the unit of microhardness is converted by 1 HV = 10 
MPa). The measured value of the hardness increased by 91 HV0.2 agrees 
well with this predicted value. Moreover, the hardness is further 
enhanced with prolonged heat treatment in H2 associated with the 
intensified composition fluctuation (Fig. 6d).

The wear behavior of the as-received and HT-H2-2h samples was also 
studied by scratch tests. As revealed by the three-dimensional 
morphology of the wear surfaces using confocal microscopy (Figs. 7a- 
c), the HT-H2-2h sample reveals a narrow (2.38 μm in width) and 
shallow (210 nm in depth) wear track, which is profoundly different 
from the wide (3.54 μm) and deep (278 nm) wear track of the as- 
received sample. A much higher steady-state friction coefficient of 
14.23±0.58 is detected for the HT-H2-2h sample as compared with that 

Fig. 7. Three-dimensional profiles of the wear surface of (a) the as-received and (b) HT-H2-2h samples. (c) The corresponding cross-sectional depth profiles and (d) 
friction coefficients as a function of the scratch distance. (e) Averaged friction coefficients of the as-received and HT-H2-2h samples, primarily from the (110), (100), 
and (111) crystallographic planes.
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of the as-received sample (1.66±0.42, Fig. 7d), which is primarily 
attributed to the spinodal decomposition [58,59]. It is worth noting that 
such a higher steady-state coefficient for the HT-H2-2h sample is inde-
pendent of crystallographic orientation (Fig. 7e). Moreover, yield 
strength and plastic properties are evaluated based on scratch tests (see 
Supplementary Note 2) [60,61]. Compared with the estimated yield 
strength of the as-received sample (929 MPa), an increase in yield 
strength by 401 MPa is observed in the HT-H2-2h sample. Additionally, 
the HT-H2-2h sample possesses a higher strain hardening exponent of 
0.153 than that of the as-received sample of 0.146. Such a higher strain 
hardening exponent implies a stronger work-hardening effect in the 
HT-H2-2h sample. These two examples (i.e., enhancement in hardness 
and wear resistance) demonstrate that the hydrogen-assisted spinodal 
decomposition is an effective tool to tailor the mechanical properties of 
TiNbZrHfTa CCAs.

4. Discussions

The preferential spinodal decomposition in specimens treated in a 
hydrogen atmosphere poses one intriguing question regarding the role 
of hydrogen in this phase decomposition process. To unravel the un-
derlying mechanisms of hydrogen-assisted spinodal decomposition, we 
next assess the role of hydrogen from both the thermodynamic and ki-
netic perspectives. Thermodynamically, Gibbs free energy was calcu-
lated by adopting a sub-regular solution model considering the chemical 
complexity of the present system (see Supplementary Information Note 

3) [42,62]: 

G = Gid + Gex (2) 

where, Gid and Gex represent the ideal Gibbs free energy and excess 
Gibbs free energy, respectively. Here, Gid takes the form of a weighted 
average of all the alloying elements: 

Gid =
∑

i
xiGi (3) 

where, xi and Gi are referred to as the atomic percentage of i element in 
the alloy system including hydrogen (which satisfies 

∑
ixi = 1) and the 

corresponding ideal Gibbs free energy respectively. For the sake of 
simplicity, we assume xZr = xTi = xHf , and xTa = xNb, according to the 
elemental separation tendency. For hydrogen, its content (xH) is fixed 
either 0 at.% (for as-received condition) or a constant of 8.60 at.% (for 
HT-H2 condition), consistent with the total hydrogen content measured 
by TDS in the HT-H2 sample. The Gex is the excess Gibbs free energy 
contribution due to the mutual interaction of binary, ternary, quater-
nary, and quinary elements as well as the senary interactive 
contribution: 

Gex = Gex
binary + Gex

ternary + Gex
quaternary + Gex

quinary + Gex
senary (4) 

To avoid redundancy in the main text, the analytical details 
regarding the calculation of Gibbs free energy as well as the corre-
sponding interaction parameters are all summarized in Supplementary 

Fig. 8. Zr composition dependence of Gibbs free energy in the TiZrHf-NbTa pseudo-binary system (a) without and (b) with the presence of hydrogen. Insert in (b) 
showing the existence of miscibility gap, indicated by the points where the second derivative of Gibbs free energy with respect to Zr composition is 0. (c) Eigenvalues 
(λ1) as a function of temperature for TiNbZrHfTa with and without the incorporation of hydrogen. (d) Calculated vacancy concentration as a function of temperature.
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Note 3. As illustrated in the Gibbs free energy landscape as a function of 
Zr composition (Figs. 8a and b), the incorporation of hydrogen into the 
alloy changes the free energy landscape of the TiNbZrHfTa alloy, 
revealing a characteristic double-well potential with a region of negative 
curvature in between the local free energy minima, which are delineated 
by the chemical spinodal points ∂2G/∂x2 = 0. The equiatomic 
TiNbZrHfTa composition falls in between the spinodal point. Moreover, 
the eigenvalues (λ1) of the Hessian matrix were calculated to assess the 
extent of the thermodynamic effect of hydrogen on spinodal decompo-
sition in this multicomponent alloy system (Fig. 8c) [63]. A positive λ1 

indicates a stable configuration, while the phase instability is reflected 
by a negative λ1. The results suggest that spinodal decomposition can 
occur in the TiNbZrHfTa alloy system without the presence of hydrogen 
below the critical temperature point (~500 ◦C), implying that the single 
BCC phase is unstable. A single solid solution is prone to be stabilized by 
the entropy effect at high temperatures, while it becomes unstable at low 
temperatures, decomposing into multiple phases [11,64,65]. The sta-
bility of a solid solution with multiple elements, particularly those 
exceeding three, remains a topic of ongoing debate [64,65]. The stability 
of the initial TiNbZrHfTa alloy system is not the main topic in this study. 
We, however, note that the addition of hydrogen expands the spinodal 
region to a high-temperature region, with a critical temperature of 570 
◦C. The lower λ1 value with the incorporation of hydrogen (Fig. 8c) 
suggests a larger driving force for spinodal decomposition as compared 
with the TiNbZrHfTa alloy system. Thus, spinodal decomposition is 
prone to occur at 500 ◦C in the TiNbZrHfTa alloy system in the presence 
of hydrogen, supporting the experimental observations. Such a change 
in the spinodal region can also be triggered by a small amount of other 
interstitials, for instance, 2 at.% of oxygen can control the formation of 
the spinodal structure by influencing the spinodal gap of the Ti-V-Hf-Nb 
system [48].

Hydrogen, in this regard, contributes saliently to the activation of 
spinodal decomposition from a thermodynamic perspective by 
expanding the spinodal region. This is probably ascribed to the inten-
sively negative mixing enthalpy between hydrogen and the principal 
elements (<− 40 kJ/mol) [32]. The more negative mixing enthalpy 
values of Zr-H (ΔHmix

ZrH = − 69 kJ/mol) and Ti-H (ΔHmix
TiH = − 54 kJ/mol) 

pairs as compared with those of Nb-H (ΔHmix
NbH = − 46 kJ/mol) and Ta-H 

(ΔHmix
TaH = − 46 kJ/mol) pairs predominantly drive the separation be-

tween Zr/Ti and Nb/Ta [32]. These results suggest that hydrogen can 
result in a significant thermodynamic modification in the TiNbZrHfTa 
alloy system.

From the kinetic perspective, the introduction of hydrogen increases 
the vacancy concentration via the reduction of vacancy formation 
enthalpy, on the one hand, thus facilitating substitutional diffusion via 
vacancies [66,67]. On the other hand, the formation of 
hydrogen-vacancy clusters can significantly impede vacancy migration, 
leading to opposing effects on diffusion [17,68,69]. Since the stagnation 
in atomic diffusion (e.g., principle elements) does not contribute posi-
tively to spinodal decomposition, here we could first focus on the va-
cancy concentration to evaluate the kinetic effect caused by hydrogen on 
spinodal decomposition. Therefore, vacancy concentration (Ca

v) was 
calculated to evaluate the kinetic influence of hydrogen on the activa-
tion of spinodal decomposition: 

Ca
v = exp

(

−
Gv

f

kT

)

≈ exp
(

−
Hv

f

kT

)

(5) 

where, Hv
f , k, and T denote the formation enthalpy for vacancy, Boltz-

mann constant, and absolute temperature, respectively. The calculation 
details and corresponding vacancy formation enthalpies of the individ-
ual principle elements with and without incorporating hydrogen are 
summarized in Supplementary Note 4 and Table S5. As seen in Fig. 8d, 
there is little difference in vacancy concentration with and without the 
presence of hydrogen at 500 ◦C, demonstrating a negligible kinetic effect 

caused by hydrogen on spinodal decomposition. Thus, the hydrogen- 
assisted spinodal decomposition is predominantly rationalized by the 
thermodynamic effect of hydrogen in the TiNbZrHfTa alloy system, 
which modifies the local thermodynamic landscape of the system and 
promotes phase separation.

5. Conclusions

In summary, we show that hydrogen can be introduced as an effec-
tive tool to modify the local thermodynamics in an equimolar 
TiNbZrHfTa complex concentrated alloy at 500 ◦C, facilitating spinodal 
decomposition. A periodically modulated chemical pattern forms with a 
wavelength of ~10 nm and consists of one phase enriched in Ti and Zr 
and the other enriched in Nb and Ta. The needle-like spinodal features 
are preferentially aligned along <001> directions, to minimize the 
elastic strain energy of the system. Such a hydrogen-assisted spinodal 
decomposition is rationalized by the modification of the local thermo-
dynamic landscape by hydrogen, rendering an expanded spinodal re-
gion. Moreover, we exemplarily demonstrate that this hydrogen-assisted 
spinodal decomposition improves the hardness and wear resistance in 
the alloy system. Thus, we show here a novel strategy to trigger spinodal 
decomposition by introducing hydrogen as an acquired alloying element 
from the heat treatment environment, opening up alternative avenues 
for designing metastable alloys and improving mechanical properties.

Appendix. Supplementary Materials
The supplementary materials associated with this study is available 

online.
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