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a Faculty of Mechanical Engineering, Institute for Materials, Ruhr-Universität Bochum, Universitätsstraße 150, 44801 Bochum, Germany
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A B S T R A C T

The present work aims to explore how oxygen impacts the phase stability and mechanical behavior of the 
initially single-phase, body-centered cubic (bcc) HfNbTaTiZr high-entropy alloy. For this purpose, transmission 
electron microscopy and atom probe tomography were employed to investigate the structural and compositional 
evolutions in two alloys: HfNbTaTiZr and HfNbTaTiZr-3O (3 at.% oxygen) during aging at 500 ◦C up to 1000 h 
under an argon atmosphere. Tensile tests and micro-mechanical tests were performed to study the mechanical 
properties. In the early stage of decomposition of the bcc parent phase in HfNbTaTiZr, Zr-Hf-rich channel-like 
body-centered tetragonal (bct) features with a thickness of ~2.7 nm form along <001>bcc directions, likely 
driven by lattice relaxations of the bcc solid solution. Meanwhile, a Zr-Hf-rich hexagonal close-packed (hcp) 
phase of ~3.6 nm in size forms at the nodes of the bct channels, near which a ~11.1 nm Ti-rich ω phase is 
present. As aging proceeds, the ω phase dissolves and the bct phase transforms into a distorted hexagonal phase. 
Similar phases and microstructural features were also observed in HfNbTaTiZr-3O with finer bct channels of 
~2.1 nm in width, where the bct-to-hcp transformation is hindered due to the stabilized bct channels by oxygen. 
After longer aging heat treatments, the ω phase persists accompanied by an increase in oxygen concentration. 
The microstructures comprised of nanometer-sized bct channels, ω, and hcp phases increase the strength of grain 
interiors, which can be used to improve the mechanical properties of HfNbTaTiZr in future research.

1. Introduction

Refractory high-entropy alloys (RHEAs) commonly have a body- 
centered cubic (bcc) crystal structure and are considered promising 
candidates for application in the aerospace [1,2], nuclear [3,4], and 
bio-medical industries [5,6]. One of the most prominent RHEAs is the 
equiatomic HfNbTaTiZr alloy. This alloy exhibits a good combination of 
strength and ductility under both compressive [7] and tensile [8] 
loading at ambient temperatures, allowing cold work processing of the 
alloy [9]. It forms a stable single-phase bcc solid solution at around 1100 
◦C, whereas secondary phases have been found to form upon aging at 
intermediate temperatures (500 ◦C – 900 ◦C) [10–14]. For example, 
Chen et al. [11] investigated the phase stability of a coarse-grained 
HfNbTaTiZr alloy with a mean size of ~50 µm between 550 ◦C and 

1000 ◦C. They observed two distinct bcc phases at 900 ◦C, i.e. the bcc 
matrix (bcc1) and another Nb-Ta-rich bcc2, while at 700 ◦C, their 
transmission electron microscopy (TEM) and atom probe tomography 
(APT) investigations revealed three phases, i.e., the bcc matrix de
composes into a Nb-Ta-rich bcc2 phase, with the same crystallographic 
orientation as the matrix, and a Zr-Hf-rich hexagonal close-packed 
(hcp1) phase exhibiting the Burgers orientation relationship (BOR) 
with the bcc phases. At 550 ◦C, the volume fraction of the original bcc 
matrix further decreased. These observed phase constitutions have been 
qualitatively reflected in the work of Schuh et al. [10]. The authors 
studied the stability of a nanocrystalline HfNbTaTiZr fabricated by 
high-pressure torsion with a mean size of ~50 nm, whose phase 
decomposition was accelerated due to the high density of defects acting 
as nucleation sites and fast diffusion pathways. The bcc solid solution 
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decomposed into bcc1 and bcc2 phases at 900 ◦C, whereas three phases, 
namely Zr-Hf-rich bcc1, Nb-Ta-rich bcc2, and Zr-Hf-rich hcp1 phase, 
were identified at 800 ◦C.

At temperatures ≤ 500 ◦C, the phase stability of the HfNbTaTiZr 
alloy remains controversial. Schuh et al. [10] reported that the alloy 
aged at 500 ◦C for 100 h is composed of bcc2 and hcp1 phases, while 
Moschetti et al. [14] observed an additional hcp2 phase under the same 
aging condition in the HfNbTaTiZr alloy with an average grain size of 
~40 nm. However, the composition and formation mechanism of the 
hcp2 phase were not addressed. Notably, a microhardness evolution of 
the alloy aged at 500 ◦C for different durations was observed in these 
two works [10,14], which exhibits a maximum hardness value after ~1 
h of aging and subsequent softening as the aging time increased. The 
hardening was thought to be related to high defect mobility and the 
retained solid solution strengthening after a short aging time at 500 ◦C 
[10]. The gradual growth of the grains, decreased defect density, and 
reduced solid solution strengthening during aging were proposed to 
account for the softening after 100 h [14]. Nevertheless, direct evidence 
linking microstructural evolutions and mechanical behaviors was 
missing.

In addition to these bcc and hcp phases, which are considered stable 
in the HfNbTaTiZr alloy, metastable phases and local chemical clusters 
have also been reported, typically at temperatures ≤ 500 ◦C. Yasuda 
et al. [13] found the presence of spherical ω phase with a size of ~10 nm 
after aging at 400 ◦C for 24 h, while Wang et al. [15] observed the 
deformation-induced ω phase with a lath-like morphology during tensile 
testing at 227 K and 77 K. ω phase is a well-known metastable phase that 
forms in Ti-, Zr-, and Hf-alloys and can serve as a nucleation site for 
hcp-phase precipitation. Compared to the extensive study of the ω phase 
in traditional alloys, the formation mechanism of this phase in the 
HfNbTaTiZr alloy lacks thorough investigation. Wu et al. [16] observed 
Zr-rich clusters along <001>bcc directions, promoted by H interstitials 
in the bcc lattice, whereas similar microstructural features were found in 
the alloy aged at 1800 ◦C in the work of Maiti and Steurer [17], who did 
not report the effects of interstitial elements. This raised the question of 
the temperature-dependent stability of such chemical clusters and the 
role of interstitials.

Indeed, interstitial elements have been found to influence the phase 
stability and properties of RHEAs. Doping 2 at.% N into the 
Ta0.5Nb0.5HfZrTi alloy led to the formation of chemical short-range 
clusters in bcc single phase, which was claimed to increase the 
strength and ductility of the alloy simultaneously. The stress-induced 
position changes of N between the chemical clusters and random ma
trix was proposed to be the reason for high damping capacity of the alloy 
[18]. Such chemical short-range clusters were also reported in the 
TiZrHfNb and Ta0.5Nb0.5HfZrTi alloys with 2 at.% O addition, exhibiting 
superior mechanical ductility than the alloys doped with N [18,19]. For 
the HfNbTaTiZr HEA, O could strongly affect its phase stability due to 
the high affinity for O of the alloying elements, especially Ti, Zr, and Hf 
[20–23]. Furthermore, density functional theory calculations suggested 
an attraction between non-compact screw dislocation cores and inter
stitial atoms (such as O, N and C), explaining observed dynamic strain 
hardening behaviors at high temperatures [24]. Recently, by performing 
long-term heat treatments up to 1000 h, Poulain et al. [25] showed that 
HfNbTaTiZr is single-phase bcc at 900 ◦C, but the addition of O induced 
decompose of the bcc phase into bcc2 and hcp1 phases. O is known to 
stabilize the isothermal ω phase and increases the formation energy 
barrier of the athermal ω phase in Ti-alloys [26–28]. However, the in
fluence of O on the formation mechanism of ω phase and its relationship 
with the hcp phase in HfNbTaTiZr has not received much attention. 
Also, the effects of O on the stability of the local chemical clusters 
observed in the previous works [16,17] during long-term heat treatment 
is poorly understood.

In short, compared to the already established phase stability of the 
HfNbTaTiZr at high temperatures, its stability at temperatures ≤ 500 ◦C 
needs to be further elucidated, particularly regarding the impact of O. 

This is essential for broadening the application temperature range of the 
alloy. To address this, the current work focuses on the aging behavior of 
the alloy at 500 ◦C to ensure measurable kinetics. The first objective of 
this study is to clarify the role of O in the phase stability of the initially 
single-phase bcc HfNbTaTiZr alloy at 500 ◦C. Two alloys with nominal 
atomic compositions Hf20Nb20Ta20Ti20Zr20 (HfNbTaTiZr) and 
Hf19.4Nb19.4Ta19.4Ti19.4Zr19.4O3.0 (HfNbTaTiZr-3O) were produced and 
aged at 500 ◦C from 1 h to 1000 h followed by TEM and APT to inves
tigate structural and compositional evolutions. This will provide a 
deeper understanding of the formation and the stabilization of the 
nanosized ω phase/chemical clusters/hcp phase [11,13,15,17] and 
potentially enable microstructural design via metastable phases for 
improved mechanical properties in future work. The second objective of 
the present work is to study how O and the formation of secondary 
phases affect mechanical properties, which were investigated at 
different scales using tensile, microhardness, and micropillar compres
sion tests.

2. Materials and methods

The HfNbTaTiZr was synthesized by arc melting from high-purity 
elements (purity > 99.95 wt.%) under an Ar atmosphere. A fully 
recrystallized microstructure was obtained by cold rolling with a total 
thickness reduction of ~80 % (around 30 passes in total), and subse
quent homogenization in a He atmosphere at 1100 ◦C for 5 h. The alloy 
was confirmed to be a homogeneous single-phase bcc solid solution with 
a mean size of ~80 µm [29,30]. The HfNbTaTiZr-3O was also arc melted 
from high-purity elements (purity > 99.95 wt. %) with the addition of 
TiO2 in an AM/0.5 furnace under an Ar atmosphere, supplied by 
Edmund Bühler GmbH (Germany). The as-cast alloy was encapsulated in 
an evacuated fused silica ampoule and homogenized at 1200 ◦C for 48 h. 
A single-phase bcc solid solution with an average size of ~50 µm with 
randomly distributed elements was obtained after the homogenization 
[30]. For both alloys, the samples in the homogenized state are hereafter 
referred to as the as-received condition. It is noteworthy that the ma
terial processing methods are different for the two alloys because they 
differ in mechanical behavior and phase stability. Despite the different 
processing routes of the two alloys, their as-received states have similar 
initial microstructures, as discussed in supplementary material section D 
and F. Cuboidal samples of approximately 5 × 5 × 2 mm3 were cut from 
the as-received HfNbTaTiZr, whereas wedge-shaped samples (~60◦

sector) with a radius of ~5 mm and a thickness of ~5 mm were prepared 
from the as-received HfNbTaTiZr-3O. These samples were encapsulated 
in glass tubes in an Ar atmosphere, and aged at 500 ◦C for 1 h, 10 h, 100 
h, and 1000 h, followed by water-quenching.

Microstructural characterizations were carried out with a JEOL JSM- 
7200F scanning electron microscope (SEM) equipped with an electron 
backscatter diffraction (EBSD) detector. X-ray diffraction (XRD) mea
surements were performed on a Bruker D8 Discover with an Incoatec 
High Brilliance Iμs Cu Kα X-ray source (0.154184 nm) and a Vantec-500 
2D-detector in Bragg-Brentano geometry allowing the collection of X- 
rays in a 2θ-range of ~40◦ in a single frame. Four frames were taken 
stepwise from 2θ = 10◦ to 2θ = 90◦ with an increment of 2θ = 20◦

TEM lamellae and APT specimens were prepared by site-specific lift- 
out and polishing procedures using an FEI Helios G4 CX dual-beam focus 
ion beam (FIB) [31,32]. TEM examination was performed on a Tecnai 
G2 F20. APT experiments were carried out with a LEAP 5000XR oper
ated at 60 K with a target evaporation rate of 5 ions per 1000 pulses, and 
a pulse frequency of 125 kHz. Data acquisition was performed in 
voltage-pulsing mode with a pulse fraction of 20 % for the following 
samples: as-received HfNbTaTiZr, 1 h-HfNbTaTiZr, as-received 
HfNbTaTiZr-3O, 1 h-HfNbTaTiZr-3O, 10 h-HfNbTaTiZr-3O and 100 
h-HfNbTaTiZr-3O. The laser-pulsing mode was applied with a laser en
ergy of 50 pJ for the samples: 10 h-HfNbTaTiZr, 100 h-HfNbTaTiZr, 
1000 h-HfNbTaTiZr, and 1000 h-HfNbTaTiZr-3O. Since Hf can be 
evaporated together with H atoms, which stem from the residual H2 gas 
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in the APT analysis chamber [33] or are implanted during sample 
preparation by FIB [34], the evaporated HfH2+ molecular ions have very 
close mass-to-charge ratio to Ta2+ions in laser-pulsing mode. This peak 
overlap causes inaccuracy of Hf and Ta concentration in laser-pulsing 
mode (~±4 at.%), which is a systematic error. However, the evapora
tion field of one phase does not change significantly when a constant 
laser energy and base temperature are applied [35]. Hence, the 
compositional evolution of the alloy is not strongly influenced by our 
experimental setup. Three-dimensional (3D) APT data were recon
structed and analyzed using the AP Suite 6 software.

To study the role of O and secondary phases on mechanical proper
ties, tensile tests with a strain rate of 10–3/s were performed on 
HfNbTaTiZr and HfNbTaTiZr-3O in the as-received condition and on 
HfNbTaTiZr aged for 10 h. Tensile specimens were machined with a (0.8 
× 4)-mm² cross-section and 20-mm gauge length. Two tests were per
formed for each condition to investigate reproducibility. The influence 
of microstructural evolution on hardening mechanisms was studied by 
microhardness experiments performed in a Carat 930 hardness tester 
with a force of 0.05 kg maintained for 10 s. To ensure statistical rele
vance, 15 indents were conducted for each condition and each indent 
was performed in a different grain to average the hardness over multiple 
crystallographic orientations. Micropillar compression tests were con
ducted in <001>bcc-oriented grains of the alloys aged under different 
conditions. For this purpose, the MTEX toolbox [36] in MATLAB was 
used to identify suitable grains with a maximum deviation of 5◦ from 
<001>bcc. At least six micropillars with a diameter of 2.5 µm and height 
of 6.25 µm were FIB-milled and tested at a constant displacement rate of 
50 nm/s. These tests were performed in-situ in an FEI Quanta 650 ESEM 
equipped with an ASMEC UNAT-SEM nanomechanical testing system 
and a 10-µm diameter diamond flat punch indenter tip.

3. Results

3.1. Phase stability of HfNbTaTiZr during aging at 500 ◦C

The microstructures of HfNbTaTiZr after different heat treatments 
were investigated by backscatter electron (BSE) imaging in the SEM 
(Fig. S1). No microscale secondary phases were observed in the as- 
received state and after aging at 500 ◦C for 1 h, while fine microstruc
tures within grains were detected after longer aging durations (between 
10 and 1000 h). Selected area electron diffraction patterns (SADPs) were 
recorded by TEM within grains of the bcc matrix to further investigate 
possible microstructural changes at the nanoscale. Fig. S2 confirms that 
the as-received and 1-h aged HfNbTaTiZr is indeed single-phase solid 
solution with a bcc structure.

As the aging time increases to 10 h, the bcc diffraction spots of 
HfNbTaTiZr show diffuse streaks along <001>bcc directions, see blue 
arrows in Fig. 1a. Meanwhile, additional diffraction spots are observed 
in Fig. 1a (e.g., one spot is marked with a light blue circle), corre
sponding to an hcp crystal structure observed along a < 1120>hcp zone 
axis (ZA). Figs. 1b and 1c are the dark-field (DF) micrographs taken by 
selecting the regions marked with white (containing both diffuse streaks 
and hcp spots) and blue (including only one hcp variant) circles, 
respectively, in Fig. 1a. In Figs. 1b and c, the alloy exhibits a network- 
like microstructure consisting of perpendicular channels with a mean 
thickness1 of (2.7 ± 0.9) nm and separating cuboids with an average 
edge length of (20.0 ± 7.2) nm, with hcp particles (mean size: (3.6 ±
1.6) nm) mainly located at the nodes of the channels. After tilting to <
011>bcc ZA (Fig. 1d), ω spots are detected at 1/3 and 2/3 of the distance 
between {211}bcc reflections, while hcp spots are observed in between. 

The three phases have the classic BOR {110}bcc || {0001}hcp || {1120}ω 
and <111>bcc || <1120>hcp || <0001>ω [37,38]. The DF TEM images in 
Figs. 1e and 1f, recorded from the green and blue circles in Fig. 1d, show 
ω with a mean size of (11.1 ± 1.0) nm and hcp particles, respectively, 
without any specific spatial correlation between them.

After aging for 100 h (Fig. 1g), the two variants of hcp phase remain, 
as indicated by the presence of distinct diffraction spots, but the diffuse 
streaks near the bcc spots have weakened and a discontinuous diffrac
tion ring separated from the bcc spots has emerged. The interplanar 
distance of ~0.28 nm corresponding to this diffraction ring is the same 
as that between {1010}hcp planes, whose formation is confirmed by XRD 
measurements (see Fig. S7). The DF micrograph in Fig. 1h, taken from 
the white circle in Fig. 1g, shows that the channels have significantly 
grown, reaching a mean thickness of (22.2 ± 8.9) nm, compared to the 
10-h aged channels with only (2.7 ± 0.9) nm observed with the same 
<001>bcc ZA. Meanwhile, the inter-channel distance has increased from 
(20.0 ± 7.2) nm to (64.4 ± 16.1)nm with increasing aging time from 10 
h to 100 h, indicating that some of the channels have dissolved. Similar 
to the 10-h aged condition, the hcp particles along <1120>hcp ZA with a 
mean size of (28.0 ± 6.8) nm are located at the channel nodes after 100 
h of aging, Fig. 1i. The number density of hcp phase at the nodes de
creases significantly from 1215 to 193 µm-2 as the aging time increases 
from 10 to 100 h.

Finally, the microstructure has further coarsened after aging for 
1000 h, i.e., the average channel thickness increased to (33.6 ± 20.1) 
nm (Fig. 1k, <001>bcc ZA). The number density of large hcp particles 
(mean size: (37.3 ± 11.3) nm, Fig. 1l) at the nodes further decreases to 
151 µm-2, while the ω phase had already vanished after aging for 100 h.

The diffuse streaks observed in Fig. 1a after aging for 10 h might arise 
from nanoscale structural changes. To understand their origin, high- 
resolution transmission electron microscopy (HRTEM) images were ac
quired along different ZAs of the 10-h aged HfNbTaTiZr. Like in Fig. 1b, 
perpendicular channels aligned along <001>bcc directions, dividing the 
bcc matrix into cuboidal regions, are observed in Fig. 2a. From this 
HRTEM image, two Fast Fourier Transform (FFT) images were obtained 
from the regions marked with dark (channel) and light blue (channel 
node) frames, which are shown in Figs. 2b and 2c, respectively. The FFT 
image of the channel in Fig. 2b corresponds to a body-centered tetrag
onal (bct) structure. This structure is determined by tilting the same 
TEM sample to [001]bcc (Fig. 2a) and [011]bcc (Fig. 2d) ZAs and fitting 
the observed diffraction spots of the channels with simulated diffraction 
patterns. The spots of the channels marked in blue in Figs. 2b and 2e 
match a bct phase with a = (0.34 ± 0.01) nm, c = (0.48 ± 0.01) nm 
along [100]bct ZA and [110]bct ZAs, respectively. The tilt angle between 
the [001]bcc and [011]bcc ZAs was measured to be 45◦, exactly the angle 
between [100]bct and [110]bct ZAs. Also, the simulated SADPs of the bct 
structure in Fig. S3 show a good agreement with the experimental ob
servations, suggesting the bct structure of the channels. The unit cells of 
bcc (marked in orange) and bct (marked in blue) shown in Fig. 2b 
exhibit the tetragonal distortion of the original bcc structure after 10 h of 
aging. As indicated by Figs. 2b and 2e, the bcc matrix has an orientation 
relationship to the bct channels with three inequivalent variants, namely 
[010]bct || [001]bcc and (001)bct || (100)bcc, [100]bct || [001]bcc and 
(010)bct || (100)bcc, and [001]bct || [001]bcc and (100)bct || (100)bcc, see 
Fig. S4). At the channel node, hcp spots are observed along <1120>hcp 
ZA (Fig. 2c), consistent with the DF image in Fig. 1c. The BOR among 
bcc, hcp, and ω phase are revealed in Fig. 2f, which is in line with the 
SADP in Fig. 1d

The nanoscale structures of coarse channels and hcp particles at 
nodes after aging for 100 and 1000 h are displayed in Figs. 2g and 2j, 
respectively. The spots in the FFT images (Figs. 2h and 2k) from the 
channels (obtained from the framed regions numbered 1 in Figs. 2g and 
2j, respectively) do not perfectly match an hcp structure, whereas the 
spots at channel nodes (see framed regions numbered 2 in Figs. 2g and 
2j) clearly do, as revealed by the FFT images in Figs. 2i and 2l Indeed, 

1 The error ranges correspond to the standard deviations of the dimensions 
measured from TEM micrographs. This applies to all TEM-based size in
vestigations in what follows.
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while the interplanar distances marked in Figs. 2h and 2k are ~0.28 nm, 
which is close to the expected value for prismatic {1010} planes of an 
ideal hcp phase. The angles between these planes are 69◦ and 74◦, which 
differ from 60◦ for an ideal hcp structure, suggesting the phase trans
formation from bct to ideal hcp phase has not been completed. The 
observed phase within the channels might exhibit intermediate crystal 
structures in the pathway of bcc-to-hcp transition. Such an intermediate 
phase is regarded as a distorted hcp with the rotation of prismatic 
planes, which could be an orthorhombic structure with space group 
Cmcm (see Fig. S5). These observations were complemented by XRD 
analyses, which show the presence of bcc and hcp phases after aging for 
100 h and 1000 h (Fig. S7), indicating that the intermediate phase 

exhibit similarities to the equilibrium hcp phase regarding crystallo
graphic symmetry, which results in the XRD peak overlaps of the two 
phases [39,40]. The phase transformation sequence from bcc to hcp 
through orthorhombic usually enables the BOR [41]. Additionally, the 
transition sequence from high symmetry bcc structure through bct to 
orthorhombic with gradually reduced symmetry has been proposed in 
[42]. Similar phase transition pathway could occur in HfNbTaTiZr, i.e. 
bcc → bct → orthorhombic → hcp. However, the determination of the 
nanoscale distortion requires further investigations in future.

In summary, based on our experimental results, we conclude that the 
ideal hcp structure is likely the equilibrium phase, whose formation has 
not been completed even after aging at 500 ◦C for 1000 h in HfNbTaTiZr. 

Fig. 1. Microstructural evolution in the initially single-phase, bcc HfNbTaTiZr HEA during aging at 500 ◦C for (a-f) 10 h, (g-i) 100 h, and (j-l) 1000 h, revealing the 
formation of an hcp phase (highlighted in light blue) in all cases and an ω phase (green) only in the 10-h aged alloy. SADPs obtained along the (a, g, j) <001>bcc and 
(d) <011>bcc ZAs are shown in the first column. From the white (or green) and blue circles highlighted in the first column, DF TEM images were obtained, which are 
displayed in the second and third columns of the corresponding states, respectively. Note that only one diffraction spot was selected to record the SADPs taken from 
the green and blue circles, while several diffraction spots are included within the white circles.

Y. Zhao et al.                                                                                                                                                                                                                                    Acta Materialia 298 (2025) 121400 

4 



In contrast, the bct, ω, and distorted hcp phases are metastable phases, 
whose formation is likely related to the anisotropy of the matrix phase, 
similar to those in the Ti-based alloys [43–46].

APT measurements were carried out to investigate elemental parti
tioning in the different phases. The compositions of all the phases in 
HfNbTaTiZr in the as-received condition and aged at 500 ◦C for 1 h up to 
1000 h are listed in Table S1. The error ranges provided for the 
elemental concentrations denote the standard deviations. It is worth 
noting that according to the APT measurements, HfNbTaTiZr contains 
~0.5 at.% O in the as-received state, which mainly originated from the 
raw metals used for casting [47,48]. Atom maps of HfNbTaTiZr aged for 
1 h, 10 h, 100 h, and 1000 h, are shown in Figs. 3a to 3d, respectively.

A binomial analysis [49,50] was performed to investigate elemental 
distributions in the 1-h aged HfNbTaTiZr. The curves of frequency 

distributions obtained experimentally nearly overlap with the theoret
ical randomized data in Fig. 3e, suggesting a random distribution of the 
elements as also observed in Fig. 3a.

After aging for 10 h (Fig. 3b), distinct phases are detected, the 
compositions of which are displayed in Fig. 3f. Blue Zr-rich channels 
delineated by 27 at.% Zr isoconcentration surfaces are observed in 
Fig. 3b These correspond to the bct channels observed by TEM in Figs. 1b 
and 2a. At and near the channel nodes, green ~10-nm particles con
taining ~40 at.% Zr (Fig. 3f) and ~10-nm Ti-rich clusters, shown by 26 
at.% Ti isoconcentration surfaces in Fig. 3b, are detected. These corre
spond to the hcp and ω particles, respectively, as identified by TEM in 
Figs. 1d and 2f. While the bct channels and hcp phase are both enriched 
in Zr and Hf, the hcp phase has a higher Zr concentration and lower Nb 
and Ta contents, see Fig. 3f. In contrast, the ω phase is enriched in Ti 

Fig. 2. High-resolution transmission electron microscopy (HRTEM) images of the initially single-phase bcc HfNbTaTiZr alloy aged for (a, d) 10 h, (g) 100 h, and (j) 
1000 h are shown in the first column. Fast Fourier Transform (FFT) images are displayed in the second and third columns. Those in (b, e, h, and k) and (c, f, i, and l) 
were recorded from the rectangular regions 1 and 2 marked in the first column, respectively. The unit cells of bcc and bct structures are illustrated in (b).
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((30.4 ± 0.4) at.%), and to a lesser extent in Zr and Hf ((25.7 ± 0.4) at.% 
Zr, (21.4 ± 0.4) at.% Hf). As the fast-diffusing hcp-stabilizers diffuse to 
the secondary phases, the bcc matrix is depleted in these elements and 
correspondingly enriched in Nb and Ta, which diffuse at a slower rate 
[51]. O preferentially partitions to the hcp phase followed by the bct 
channels and ω particles.

With increasing aging time from 100 to 1000 h (Figs. 3c and 3d), the 
Zr-O-rich (and Nb-Ta-poor) hcp regions within channels and at channel 
nodes progressively grow, and the composition of the latter does not 
differ significantly from the former. One-dimensional (1D) concentra
tion profiles from the bcc matrix to hcp phase were recorded along the 
arrows shown in Figs. 3c and 3d and the obtained results are presented 
in Figs. 3g and 3h, respectively. Here, Ti segregation is evident at the 
interfaces between Nb-Ta-rich bcc and Zr-Hf-rich hcp, see green peak in 
the middle of the concentration profiles. Hf diffuses into hcp more 
slowly than Zr, as evidenced by the delayed increase in Hf concentration 
in hcp during its growth from 100 to 1000 h. Moreover, as the Nb-Ta- 
poor hcp phase grows between 100 and 1000 h, Nb and Ta are rejec
ted into the bcc matrix where their concentrations increase in the bcc 
matrix (compare Figs. 3g and 3h). In addition, nanosized Ti-rich clusters 
form in the bcc matrix after 100 h (see green particles marked with 27 at. 
% Ti isoconcentration surfaces in Fig. 3c) and their size remains nearly 
constant upon aging from 100 to 1000 h (Fig. 3d). The center of these 
clusters is enriched in Ti and this element becomes progressively 
replaced by Nb and Ta as one moves toward their edges, according to the 
proxigrams shown in Fig. S8.

3.2. Phase stability of HfNbTaTiZr-3O during aging at 500 ◦C

SEM characterization of HfNbTaTiZr-3O after different heat treat
ments is displayed in Fig. S1. Like HfNbTaTiZr, nanosized features are 
found within grains after sufficient aging time in HfNbTaTiZr-3O. The 
microstructural evolution of HfNbTaTiZr-3O investigated by TEM along 
<001>bcc ZAs is displayed in Fig. 4. There are no diffraction spots other 
than those of a bcc solid solution in the SADP in the as-received and 1-h 
aged states, but faint diffuse streaks around the bcc spots are observed in 
Fig. 4a. DF TEM images taken from the white circled regions numbered 1 
and 2 in Fig. 4a, are shown in Figs. 4b and 4c, respectively, where a 

network of perpendicular channels can be observed. In contrast to 
HfNbTaTiZr, in which the diffuse streaks strongly weakened during 
aging, these streaks are still clearly visible in HfNbTaTiZr-3O even after 
aging for 100 h, see Fig. 4g. From the white circled regions in Figs. 4d 
and 4g, the DF TEM images in Figs. 4e and 4h were taken, respectively, 
to investigate the evolution of the channels with time in HfNbTaTiZr-3O. 
Upon aging between 10 and 100 h, the bct channels slightly thicken 
from (2.1 ± 0.5) nm to (2.5 ± 1.7) nm and the inter-channel distance 
increases from (13.3 ± 3.4) nm to (18.2 ± 5.1) nm, indicating that some 
bct channels have dissolved to enable the formation of a coarser 
microstructure. Compared to HfNbTaTiZr, the bct channels in 
HfNbTaTiZr-3O are thinner, i.e., (2.7 ± 0.9) nm in HfNbTaTiZr and (2.1 
± 0.5) nm in HfNbTaTiZr-3O both aged for 10 h.

In HfNbTaTiZr-3O, hcp particles are also observed mainly at channel 
nodes, as shown in the DF TEM images (Figs. 4f and 4i), for which the 
blue circled hcp spots in Figs. 4d and 4g were selected. The size of hcp 
particles at the nodes in HfNbTaTiZr-3O increases from (2.9 ± 0.7) nm 
to (3.4 ± 0.9) nm, and the number of particles increases from 3333 to 
3556 µm-2 between 10 and 100 h.

After aging HfNbTaTiZr-3O for 1000 h, sharp <1120>hcp variant 
diffraction spots are observed in Fig. 4j without any discontinuous 
diffraction rings, in contrast to HfNbTaTiZr (see rings highlighted by 
blue double arrows in Fig. 1j). Compared to the 100-h heat treatment, 
the distance between the channels further decreases after aging for 1000 
h to (61.0 ± 18.4) nm and the thickness of the channels increases to 
(27.1 ± 8.6) nm, see Figs. 4h and 4k. The hcp phase at the nodes grows 
(mean size: (27.6 ± 10.1) nm) and its number density decreases from 
3600 to 173 µm-2 as the aging time increases to 1000 h, revealed by the 
DF micrograph in Fig. 4l. In short, the microstructure of the 1000-h aged 
HfNbTaTiZr-3O is finer than that of the HfNbTaTiZr aged under the 
same condition, i.e., the sizes of the node hcp phase and the channels are 
smaller in HfNbTaTiZr-3O compared to those in HfNbTaTiZr.

To elucidate the nanoscale structural evolution in HfNbTaTiZr-3O 
during aging from 10 h to 1000 h, HRTEM investigations along 
<001>bcc ZAs were performed, see Fig. 5. The structural features in 
HfNbTaTiZr-3O are similar to those in HfNbTaTiZr, but a few differences 
are worth mentioning. First, the diffraction patterns of a bct structure 

Fig. 3. Atom maps overlaid with Ti and Zr isoconcentration surfaces of the APT reconstruction cross-section views of HfNbTaTiZr aged at 500 ◦C for (a) 1 h, (b) 10 h, 
(c) 100 h, and (d) 1000 h. (e) Frequency distribution analysis of the alloying elements of the 1-h aged state. (f) Compositions of different phases observed in the 10-h 
aged alloy. (g) and (h) 1D concentration profiles from bcc to hcp phases along the arrows in (c) and (d), respectively.
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identified by the FFT images (Fig. S6) are found in the 10-h and 100-h 
aged HfNbTaTiZr and HfNbTaTiZr-3O. This indicates that the bct 
channels are preserved up to 100 h, resulting in the diffused streaks in 
Figs. 5b and 5e. In contrast, the bct channels have either dissolved or 
transformed to the hcp phase in HfNbTaTiZr after aging for 100 h 
(Fig. 2g). Second, the hcp phase within channels in the 1000-h aged 
HfNbTaTiZr-3O does not exhibit any distortions but corresponds to an 
ideal hcp phase, see FFT along <1011>hcp ZA in Fig. 5h taken from 
frame number 1 in Fig. 5g. In contrast, the ideal hcp phase did not form 
in HfNbTaTiZr; the distorted hcp phase was observed within channels 
after aging for 1000 h (Figs. 2j and 2k).

TEM characterization was also carried out along <011>bcc ZAs to 
investigate the temporal evolution of the ω phase. Figs. 6a-c exhibit 
SADPs of HfNbTaTiZr-3O aged at 500 ◦C for 10 h, 100 h, and 1000 h, 
respectively. The corresponding DF images of ω particles are shown in 
Figs. 6d-f. Due to the low volume fraction of the ω phase, its diffraction 
spots are faint after aging for 10 h (Fig. 6a). As aging time increases to 
100 h, the ω spots become more intense due to the increase in number 
density from 37 to 264 µm-2 and the increase in mean size from (6.0 ±
2.6) nm to (9.4 ± 2.1) nm of the ω particles. For the 1000-h aged sample 
(Fig. 6f), a few large (41.1 ± 10.6) nm ω particles are still present in 
HfNbTaTiZr-3O, while this phase was completely absent in HfNbTaTiZr 

Fig. 4. Evolution of microstructures in the initially single-phase bcc HfNbTaTiZr-3O alloy during aging at 500 ◦C for (a-c) 1 h, (d-f) 10 h, (g-i) 100 h, and (j-l) 1000 h. 
SADPs recorded along <001>bcc ZAs are shown in the first column. The DF TEM images in (b) and (c) were acquired from the white circles numbered 1 and 2 in (a), 
respectively. From the white and blue circled regions of the SADPs in (d, g, and j), DF images were recorded, which are displayed in the second and third columns of 
the corresponding states. For more details see text.
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under the same aging condition.
The lattice parameters of the ω phase in HfNbTaTiZr-3O were 

determined from the SADPs and the results are listed in Table 1. As aging 
time increases, the a axis continuously increases while the c axis be
comes shorter.

The elemental partitioning among the phases in HfNbTaTiZr-3O 
during aging at 500 ◦C from 1 to 1000 h is shown as atom maps over
laid with isoconcentration surfaces in Figs. 7a-d, the corresponding 
phase compositions are summarized in Table S2 and those after aging for 
10 and 100 h are shown in Figs. 7f and 7g, respectively.

After 1 h (Fig. 7a), blue Zr-rich channels, delineated by 27 at.% 
isoconcentration surfaces, are starting to form, consistent with the TEM 
observations in Figs. 4b and 4c. The frequency distribution analysis in 
Fig. S9 shows that Ti, Zr, Nb, and Ta are not homogeneously distributed 
as the experimental curves do not match perfectly with the randomized 
data. A slab-shaped region of interest (ROI) with a 5-nm thickness, 
marked with a red dashed line in Fig. 7a, is magnified on the left of 
Fig. 7e, where the red, green, and blue isoconcentration surfaces 
correspond to O at 3.1 at.%, Ti at 24.5 at.%, and Zr at 27 at.%, 
respectively. The red O-rich and blue Zr-rich regions are found to be 
either superimposed or close to each other, indicating that O might favor 
Zr segregation. In addition, Ti-rich clusters are often located in the vi
cinity of the Zr-rich clusters. In contrast, Nb and Ta are enriched within 
the cuboids between the channels as shown in the two-dimentional (2D) 
concentration map of Nb+Ta on the right side of Fig. 7e.

After 10 h, a well-defined network of Zr-rich channels has formed 

(Fig. 7b), which becomes thicker with increasing aging time (see Figs. 7c 
and 7d). For aging durations between 10 and 1000 h, green ω particles 
delineated by the 27 at.% Ti isoconcentration surfaces, decorate the 
channel nodes. The elemental partitioning behavior is similar to the one 
in HfNbTaTiZr, as seen by comparing Figs. 7f and 7g with Fig. 3f. As the 
aging time increases from 10 to 100 h, Zr, Hf, and O concentrations in 
the bct channels, hcp phase, and ω phase slightly increase, while the 
concentrations of these elements in the bcc matrix keep decreasing. In 
addition, Nb and Ta are gradually rejected from the ω phase, and its Ti 
concentration increases with time.

In contrast to HfNbTaTiZr, where the ω particles dissolve between 10 
and 100 h, they are observed in HfNbTaTiZr-3O, even after 1000 h, 
indicating that O may stabilize this phase. Consistent with this hy
pothesis, the O concentration in the ω phase gradually increases during 
aging from 3.0 at.% after 10 h to 7.8 at.% O after 1000 h, Table S2. 
Meanwhile, the O content in the hcp phase also increases from 4.6 to 6.8 
at.%. To investigate the elemental partitioning across bcc/ω/hcp phase 
boundaries, a 1D concentration profile was obtained along the arrow in 
Fig. 7d The result in Fig. 7h shows a Ti-rich region close to the bcc/ω 
interface and that indeed more O is present in the ω and hcp phases than 
in the bcc matrix (~0.7 at.%).

3.3. Mechanical properties

To investigate the effects of O and the influence of the nanoscale 
secondary phases on strength and ductility, mechanical tests were 

Fig. 5. HRTEM images along <001>bcc ZAs of the HfNbTaTiZr-3O aged for (a) 10 h, (d) 100 h, and (g) 1000 h. FFT images of the regions marked with dark and light 
blue frames in (a, d) are shown in (b, e) and (c, f) and reveal the presence of bct and hcp phases oriented along [100]bct and <1120>hcp ZAs, respectively. (h) and (i) 
FFT images of the framed regions numbered 1 and 2 in (g), showing an hcp channel along <1011>hcp, and an hcp node along <1120>hcp ZAs, respectively.
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performed on the HfNbTaTiZr and HfNbTaTiZr-3O after different heat 
treatments. The engineering tensile stress-strain curves of the as- 
received HfNbTaTiZr-3O (red curve) and the HfNbTaTiZr in the as- 
received (black) and 10-h aged (blue) conditions are shown in Fig. 8a. 
In the as-received state, the single-phase bcc HfNbTaTiZr solid solution 
has a yield strength of (960 ± 60) MPa and a strain to fracture of (24 ±
8) %, whereas the bcc HfNbTaTiZr-3O is brittle and fails during elastic 
deformation at ~300 MPa, see inset of Fig. 8a. After aging for 10 h, 
HfNbTaTiZr fractures above 1200 MPa before yielding, indicating that 
the formation of the nanosized secondary phases after aging for 10 h at 
500 ◦C strengthens and embrittles the alloy.

From the ruptured tensile specimens, the fracture surfaces were 
systematically investigated, Figs. 8b-e. The dimples observed on the 
fracture surface of the as-received HfNbTaTiZr in Fig. 8b, are typical of 
ductile failure. In contrast, the fracture surface of the bcc HfNbTaTiZr- 
3O (as-received state, Fig. 8c) is a typical feature of brittle failure with 
a mixture of transgranular and intergranular fracture, similar to the 
observations of Dobbelstein et al. [52] in a HfNbTaTiZr-1.9O-0.8N 
produced by additive manufacturing. This embrittlement may be 
related to O-segregation at grain boundaries [53–55], which may favor 
grain boundary decohesion and thus crack initiation. However, further 
experiments, beyond the scope of this paper, involving systematic in
vestigations on grain boundary segregations, are required to support or 
refute this hypothesis.

In HfNbTaTiZr aged for 10 h (Figs. 8d and 8e), the fracture surface 
reveals three distinct features, which are also typically observed in Ti- 
alloys [56,57]: (1) cracks at some grain boundaries (e.g., large crack 
in the middle of Fig. 8e), (2) small dimples within grains (top left region 
of Fig. 8e), and (3) transgranular fracture where parallel bands of bright 
and aligned particles can be observed (marked by the arrow in the 

bottom right of Fig. 8e). This heterogeneous fracture surface may well 
reflect the microstructural heterogeneities present after aging, i.e., the 
formation of hcp phase at grain boundaries may trigger intergranular 
fracture as reported by Schuh et al. [10] and Dobbelstein et al. [52], 
while the presence within grains of a network of bct channels as well as 
ω and hcp particles at channel nodes may promote transgranular failure, 
as reported by Yasuda et al. [13].

Microhardness tests were performed within grains to investigate the 
influence of microstructure evolution on the hardening effect in 
HfNbTaTiZr and HfNbTaTiZr-3O. For a given heat treatment, 
HfNbTaTiZr-3O (red data points in Fig. 9a) is systematically harder than 
HfNbTaTiZr (blue) by ~150 HV0.05, but both alloys show a similar 
hardening evolution during aging. The hardness increases rapidly dur
ing the first 10 h and reaches a maximum after ~100 h, probably due to 
the formation of nanoscale phases, including bct channels, hcp at 
channel nodes, and ω particles. Between 100 and 1000 h, a slight 
decrease in hardness is observed (Fig. 9a), most probably due to the 
microstructure coarsening (e.g., compare Figs. 7c and 7d), driven by the 
reduction in the overall interfacial energy [58]. The coarsening leads to 
a reduction in the number density of interfaces that act as barriers to 
dislocation motion, resulting in the slight reduction in hardness between 
100 and 1000 h. Interestingly, the peak hardness is more pronounced in 
HfNbTaTiZr-3O than in HfNbTaTiZr. This may reflect the effect of ω 
particles on strength after aging for 100 h, but it could also reflect the 
higher number density in HfNbTaTiZr-3O compared to HfNbTaTiZr (e. 
g., compare Figs. 1h, 1k and 4h, 4k).

To further study the impact of nanoscale secondary phases on the 
deformation behavior, micropillar compression tests were conducted in 
<001>bcc-oriented grains. The obtained engineering stress-strain curves 
of HfNbTaTiZr and HfNbTaTiZr-3O after different heat treatments are 
shown in Fig. 9b as dashed and solid lines, respectively. The evolution of 
the yield strength with aging duration (see Table 2) is like that of the 
microhardness in Fig. 9a, i.e., for a given heat treatment, the flow stress 
at a given strain is systematically higher for HfNbTaTiZr-3O than for 
HfNbTaTiZr. In the as-received state with a bcc solid solution micro
structure, this difference suggests a stronger interstitial solid solution 
strengthening by O atoms in HfNbTaTiZr-3O, consistent with previous 
studies [19]. In both alloys, the stress-strain curves of the as-received 

Fig. 6. TEM characterization of the ω phase in the HfNbTaTiZr-3O alloy aged for 10 h, 100 h, and 1000 h, and displayed in the first, second, and third columns, 
respectively. (a-c) SADPs along <011>bcc ZAs where the green circles highlight the diffraction spots of the ω phase that were selected to record the corresponding DF 
TEM images shown in (d-f).

Table 1 
Lattice parameters of the ω phase in the HfNbTaTiZr-3O after different aging 
times at 500 ◦C.

10 h 100 h 1000 h

a = 0.47 ± 0.01 nm 
c = 0.33 ± 0.01 nm

a = 0.49 ± 0.01 nm 
c = 0.31 ± 0.01 nm

a = 0.50 ± 0.01 nm 
c = 0.30 ± 0.01 nm
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and 1 h-aged condition approximately overlap, consistent with the fact 
that secondary phases have not formed yet, see Fig. S2c and Fig. 4a. With 
increasing aging time to 10 h, nanosized bct, hcp, and ω phases have 
formed within grains, where they impede the movement of dislocations, 
resulting in strengthening. The yield stress then reaches a maximum 
after aging for 100 h due to an increase in the volume fraction of sec
ondary phases (compare Figs. 1b and 1c). After aging for 1000 h, the 
microstructure has significantly coarsened, resulting in a decrease of the 
yield stress by ~100 MPa, see Table 2. Finally, the higher strength of 
HfNbTaTiZr-3O compared to HfNbTaTiZr after aging can be attributed 
to the higher number density of the secondary phases. Figs. 9c and 9d 
show the micropillars of the 10-h aged HfNbTaTiZr and HfNbTaTiZr-3O 
after compression tests, respectively. Slip planes along different orien
tations were observed, demonstrating dislocation activity in both alloys, 
consistent with Ref. [59].

4. Discussion

4.1. Phase formation sequence

Our TEM and APT investigations provide new insights into the role of 
O in the phase stability of the HfNbTaTiZr alloy upon aging at 500 ◦C, as 
schematically illustrated in Fig. 10. In HfNbTaTiZr (Fig. 10a), ~2.7-nm 
thick bct channels enriched in Zr and Hf form along <001>bcc crystal
lographic directions in the bcc matrix. No preferential orientation 
among the three inequivalent orientation relationships between bcc and 
bct was found, as indicated by the similar interdistance between the 
channels, size (Fig. S4), and composition of the channels (Fig. S10) along 
the three <001>bcc directions. The nodes of the channels have higher 
concentrations of Zr and Hf, facilitating the formation of hcp phase with 
Ti-rich ω particles at bcc/hcp interfaces. Further aging leads to complete 
dissolution of the ω phase and partial dissolution of the bct channels. The 
residual bct channels transform into a distorted Zr-Hf-rich hexagonal 
phase, which is thicker than the radius of the initial hcp particles.

For HfNbTaTiZr-3O (Fig. 10b), O promotes the formation of finer bct 
channels (~2.1-nm thick) due to the more pronounced Zr segregation at 
the channels compared to HfNbTaTiZr. As the channel nodes are 
enriched in Zr and O, they constitute favorable sites for the formation of 
hcp particles. Moreover, Ti-rich ω particles are found close to bcc/hcp 
interfaces. As aging proceeds, the bct channels dissolve partially, and 
more channel nodes transform to hcp. Meanwhile, the number density of 
ω particles at bcc/hcp interfaces and their mean size increase, indicating 
the stabilization of this phase, associated with the partitioning of O and 
Ti towards ω particles and the rejection of Nb and Ta to the cuboidal bcc 
regions. A longer aging time leads to phase transformation from bct to 
hcp and partial dissolution of ω phase. The final microstructure is 
composed of bcc, hcp, and ω with the sequence of O contents in the three 
phases being O(ω) > O(hcp) > O(bcc).

The volume fractions of different phases in HfNbTaTiZr and 
HfNbTaTiZr-3O were measured from TEM DF images using ImageJ 
software, as shown in Figs. 10c and 10d. The total amount of O in the 
two alloys were estimated by using the APT-compositions and molar 
fractions of different phases, converted from volume fractions. As shown 
in Fig. S13, with increasing aging duration, the total O content in the 
alloys does not vary significantly from their initial conditions, indicating 
that the observed phase formation sequence is not influenced by the 
possible O ingress during aging.

It is noteworthy that a recent work [14] reports the formation of an 
hcp2 phase with a smaller c/a ratio compared to the hcp1 phase in the 
nanocrystalline HfNbTaTiZr alloy during aging at 500 ◦C, while only one 
type of hcp phase (Zr-Hf-rich hcp) is observed in our present work. The 
thermodynamic modeling shows an hcp2 phase is stable at temperatures 
lower than 500 ◦C [10]. The formation of the hcp2 phase at 500 ◦C in 
Ref. [14] might be affected by the severe plastic deformation applied to 
the alloy, which introduced a high density of defects and lattice strain, 
stabilizing hcp2 phase. In our study, however, the grain size of the 
initially bcc HfNbTaTiZr alloy is much larger. The grain boundaries and 
the other defects do not significantly impact the phase stability. The 

Fig. 7. Nanoscale characterization of the HfNbTaTiZr-3O aged up to 1000 h at 500 ◦C. Atom maps overlaid with Ti and Zr isoconcentration surfaces (27 at. % each) 
of the APT reconstruction cross-section views for aging times of (a) 1 h, (b) 10 h, (c) 100 h, and (d) 1000 h. (e) Iso-concentration surfaces of Zr at 27.0 at.%, O at 3.1 
at.%, and Ti at 24.5 at.%, and 2D concentration map of Nb+Ta in an ROI with a thickness of 5 nm highlighted with the red dashed lines in (a). (f) and (g) Com
positions of different phases observed in the 10-h and 100-h aged specimens, respectively. (h) 1D concentration profiles from bcc through ω to hcp phases along the 
arrow in (d).
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observed bcc and hcp phases after 1000 h of aging and the absence of 
hcp2 phase in the current work are consistent with the equilibrium 
phases at 500 ◦C calculated in Thermo-Calc with TCTI6 database 
(Figs. S16a and b). This simulation qualitatively reproduced the phase 
stabilities reported in Refs. [8,10] by using TCHEA1 and TCHEA4, 
respectively. We found that O preferentially dissolves into the hcp phase 
in comparison to bcc (Table S6), in line with the APT characterization. 
By suspending the hcp phase, the ω phase is found in HfNbTaTiZr at 
temperatures < 325 ◦C (Fig. S16c), lower than 500 ◦C. This could be 
attributed to the extended stability of ω due to the addition of O, similar 
to that in the Ti-based alloy [28]. Although the metastable phases form 
during aging in the two alloys, the total molar Gibbs free energy of the 
system decreases with increasing aging time, towards a state closer to 
the equilibrium (Fig. 10e, for the details of the calculation, see Supple
mentary Material section G).

4.2. Formation of bct channels and lattice relaxation

The perpendicular Zr-Hf-rich channels along <001>bcc directions 
forming a network were evidenced in both alloys (Figs. 1 and 4). To 
understand their formation mechanism, detailed compositional analyses 
were performed. The 2D concentration maps of Zr from a 5-nm thick ROI 
in HfNbTaTiZr aged for 1, 10, and 100 h are displayed in Figs. 11a-c, 
which show channel growth and a gradual change in Zr partitioning 
between matrix and channels as time increases from 1 to 100 h. From the 
35-nm long arrows parallel to a <001>bcc direction and crossing mul
tiple channels and cuboids in Figs. 11a-c, the 1D concentration profiles 
of Zr shown in Fig. 11d were recorded (1 h: orange curve, 10 h: red 
curve, 100 h: blue curve), while the corresponding profiles of the other 
elements are shown in Fig. S11 for the sake of completeness. The Zr 
concentration profiles in Fig. 11d reveal that the amplitude of the 
compositional modulation of Zr wave increases with time, while the 
number of wave maxima per unit length decreases. These characteristics 
suggest that spinodal decomposition [60] can be a possible formation 

Fig. 8. Tensile tests and fractography of the HfNbTaTiZr and HfNbTaTiZr-3O in the as-received and aged states. (a) Engineering stress-strain curves of the 
HfNbTaTiZr (black curve) and HfNbTaTiZr-3O (red) in the as-received condition as well as HfNbTaTiZr after aging at 500 ◦C for 10 h (blue). Fracture surfaces of (b) 
as-received HfNbTaTiZr, (c) as-received HfNbTaTiZr-3O, and (d) HfNbTaTiZr aged at 500 ◦C for 10 h. The region marked with a white frame in (d) is magnified 
in (e).
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mechanism for the bct channels. In a recent study [16] combining APT 
and thermodynamic modeling, hydrogen was found to assist the spi
nodal decomposition of HfNbTaTiZr at 500 ◦C (between 0.5 to 2 h). In 
the present work, O may play a similar role, since it is present in both 
HfNbTaTiZr and HfNbTaTiZr-3O. In the case of a spontaneous spinodal 
decomposition in both alloys, the bcc phase would be intrinsically un
stable at 500 ◦C [61] and the decomposition would occur in the early 
stages of aging (before 10 h). With increasing time, compositional 
modulation magnitude is enhanced with the increased chemical 
enrichment of Zr and Hf. Due to the larger atomic radii of Hf and Zr 
compared to the other elements (rTi = 176 pm, rZr = 206 pm, rNb = 198 
pm, rHf = 208 pm, rTa = 200 pm [62,63]), the lattice parameters of the 
regions with compositional modulation increase, causing lattice misfit 
between the modulations and the bcc phase. As shown in the first stage 
in Fig. 10b, the compositional modulations, spaced at regular distances, 
are aligned along one of the <001>bcc crystallographic directions, 
which is the modulation wave direction. Along the other two <001>bcc 
orientations, perpendicular to the modulation wave direction, the vol
ume of bcc phase is larger than the bcc phase between two modulated 
peaks. Consequently, the elastic strain due to lattice misfit at the 

bcc/modulation interfaces parallel to the modulation wave direction can 
be relaxed, but is maintained at the interface perpendicular to the 
modulation propagation. This anisotropic strain contributes to the 
tetragonal distortion of the bcc phase [64,65], leading to the formation 
of bct structure. The phase formation sequence with spinodal decom
position followed by hcp precipitation in the HfNbTaTiZr alloy under 
compression at 600 ◦C has been reported recently [66], where the 
deformation-induced strain and stress play a dominated role in phase 
transformation, accompanied by the non-BOR relationship between bcc 
and hcp. In contrast, the classic BOR is found in our diffusion-controlled 
phase transitions. Therefore, it cannot be concluded that the same 
sequence is applied to the aging behavior of the HfNbTaTiZr alloy at 500 
◦C in the present study. A formation mechanism of nucleation and 
growth (as opposed to a spinodal decomposition) of bct phase cannot be 
excluded, as the observed increase in compositional modulation with 
time in the present study is not significant considering the error bars in 
Fig. 11d. Here, the interface region is rather sharp, which differs from 
the observations of Wu et al. [16]. As the APT measurements do not 
provide crystal structure information in this case, some high peaks in 
Fig. 11d (e.g., the peak at ~25 nm) could correspond to an hcp particle. 
Furthermore, it is the value of ∂

2G
∂c2 [67] (where G and c are the Gibbs free 

energy and the elemental concentration, respectively) that determines 
whether spinodal decomposition occurs. Therefore, a careful thermo
dynamic re-assessment of the system (under the influence of O) should 
be carried out in the future, but such a study is beyond the scope of the 
present article. If the formation of bct were to follow a nucleation 
mechanism, the bcc phase in HfNbTaTiZr would be metastable and the 
nucleation of bct nuclei with a critical size would require thermal acti
vation [67]. In addition to the phase stability determined by thermo
dynamic considerations, the observed tetragonality could also originate 

Fig. 9. Micro-mechanical tests performed in the interior of grains of the HfNbTaTiZr and HfNbTaTiZr-3O under as-received states and aged at 500 ◦C for different 
times. (a) Temporal evolution of microhardness. (b) Engineering stress-strain curves of micropillars of the HfNbTaTiZr (dashed curves) and HfNbTaTiZr-3O (solid 
curves) aged for different durations. (c) and (d) SEM images of the deformed pillars of the 10-h aged HfNbTaTiZr and HfNbTaTiZr-3O, respectively. Note the presence 
of slip traces in both cases.

Table 2 
Yield strengths (MPa) of micropillars of HfNbTaTiZr and HfNbTaTiZr-3O under 
different conditions.

as- 
received

1 h 10 h 100 h 1000 h

HfNbTaTiZr 670 ± 30 560 ±
30

1140 ±
30

1170 ±
30

1070 ±
30

HfNbTaTiZr- 
3O

860 ± 30 870 ±
30

1150 ±
30

1600 ±
50

1490 ±
30
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from the enhanced elastic instability of bcc phase due to the addition of 
O. For a cubic system, the modified Born criterion under a hydrostatic 
pressure P is expressed as (C11–C12–2P)(C11+2C12+P). A positive value 
means that the lattice is dynamically stable, whereas a negative value 
suggests instability. When P = 0, the expression is reduced to (C11–C12) 
(C11+2C12) > 0 for a dynamically stable lattice [68]. The elastic stiffness 
constants of the bcc HfNbTaTiZr and HfNbTaTiZr-3O under different 
conditions were calculated using TCTI6 database in Thermo-Calc, as 
listed in Table S4. We found that the as-received HfNbTaTiZr, 
HfNbTaTiZr-3O, and the bcc phase with the 10-h bct composition in 
HfNbTaTiZr fulfill the criterion. In contrast, the bcc phase with 10-h bct 
composition in HfNbTaTiZr-3O violates it, indicating that O might 
reduce the lattice stability and thus assisting the formation of the bct 
phase.

The formation of bct channels along <001>bcc directions could be 
associated with the elastic anisotropy of the alloy. Indeed, elastic 
anisotropy is known to influence the crystallographic direction of 
compositional modulations [69,70]. In this context, the Zener anisot
ropy ratio A = 2C44/(C11–C12) [71] is usually used to quantify the degree 
of elastic anisotropy of cubic crystals. The calculated Zener anisotropy 
ratio A for HfNbTaTiZr and HfNbTaTiZr-3O is 3.3 and 4.8, respectively, 
both larger than 1. In this case, the orientation-dependent Young’s 
modulus is minimum along <001>bcc directions, which allows the 
elastic strain energy associated with the lattice misfit between channels 
and cuboids to be minimized [58].

Regarding the lattice distortion of the bcc matrix, the formation of 
the Zr-Hf-rich bct channels induces a chemical change of the bcc matrix 
and hence a change in the lattice distortion. The size mismatch in bcc 

Fig. 10. Schematic drawings illustrating microstructural evolution in (a) HfNbTaTiZr and (b) HfNbTaTiZr-3O during aging at 500 ◦C. Temporal evolution of volume 
fractions of different phases in (c) HfNbTaTiZr and (d) HfNbTaTiZr-3O during aging. (e) Temporal evolution of the total molar Gibbs free energy of the system G 
relative to the as-received state G0 of HfNbTaTiZr and HfNbTaTiZr-3O during aging; the determination of the error bars is given in Supplementary Material, section G.
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matrix of the HfNbTaTiZr under as-received condition and aged for 10 h 
was calculated using the bcc composition determined by APT (Table S1) 
in combination with 

δ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑N

i=1
ci

(

1 −
ri

∑N
i=1ciri

)2
√
√
√
√ (1) 

to estimate the lattice distortion2 [72]. It is found that before the for
mation of bct channels, the size mismatch of bcc single phase is 5.8 %, 
while the value is reduced to 5.4 % after the formation of bct channels. 
Therefore, the formation of bct channels along <001>bcc reduces lattice 
distortion within the bcc matrix. This lattice relaxation was also evi
denced by experiments and simulations in the work of Maiti and Steure 
[17], who show that the tetragonal relaxation is attributed to Zr clus
tering along <001>bcc directions.

4.3. Impact of oxygen on the stability of bct channels

The TEM and APT characterizations demonstrate that the addition of 
3 at.% O to HfNbTaTiZr promotes Zr segregation to form precursors of 
bct channels after aging for 1 h. Moreover, compared to HfNbTaTiZr, a 
higher O content in HfNbTaTiZr-3O results in the activation of more 
nucleation sites for channel formation. Thus, the mean distance between 
the bct channels in the 10-h aged HfNbTaTiZr-3O is smaller than that in 
HfNbTaTiZr.

It is noted that the average thickness of the channels after 10 h of 
aging is smaller in HfNbTaTiZr-3O (~2.1 nm) than in HfNbTaTiZr (~2.7 
nm), meaning that the growth rate of a bct channel is slightly slower due 
to the addition of 3 at.% O. The Zr-Hf-concentration in the bct phase of 
HfNbTaTiZr-3O is lower, indicating that their segregation to the bct 
channels is suppressed. These observations likely resulted from several 
influencing factors: (a) The numbers density of the nucleation sites of bct 
phase in HfNbTaTiZr-3O is higher than that in HfNbTaTiZr. Since the 
distance between the nucleation sites is smaller in the former, it is 
possible that the overlapped diffusion field of the neighboring nuclei the 
growth rate of the bct phase in HfNbTaTiZr-3O due to soft impingement 
[73]. (b) Within a constant volume, the higher number density of the Zr 
(O)-segregation as bct precursors in HfNbTaTiZr-3O provides more 
diffusion destinations for Zr and Hf than in HfNbTaTiZr. Thus, Zr/Hf are 

distributed into more dispersed channels in HfNbTaTiZr-3O and dilute 
their concentrations in the individual channel, slowing down its growth 
rate. (c) Hcp phase, which is stabilized by Zr and Hf, is also observed in 
both alloys after 10 h of aging. It has similar sizes in both alloys, but its 
volume fraction is doubled in HfNbTaTiZr-3O than in HfNbTaTiZr 
(compare Figs. 10c and 10d). The concentration of Zr-Hf in the bct phase 
is thus reduced due to the stabilization of hcp phase in the alloy added 
with O. (d) The addition of O could reduce the elemental diffusivities in 
HfNbTaTiZr-3O (see Table S9), potentially accelerating the growth of 
the bct phase, but is likely balanced by the other factors.

A comparison of Figs. 1 and 4 reveals that the addition of O retards 
the transformation from bct channel to hcp, which is accompanied by an 
increase in Zr and Hf concentrations, as indicated by the compositional 
evolution in Figs. 3 and 7. In HfNbTaTiZr, the Zr and Hf contents in bct 
channels are high (Fig. 3f and Table S1), which is already close to the Zr 
and Hf concentrations of the hcp phase (Fig. 3g). This means that the 
phase transition from bct to hcp may require small amounts of Zr and Hf, 
which can partition into the hcp phase by diffusion within 10 to 100 h.

Concerning HfNbTaTiZr-3O aged for 10 h, the Zr and Hf concen
trations inside the bct channels are lower than those in HfNbTaTiZr aged 
under the same conditions (compare Figs. 3f and 7f). From 10 to 100 h, 
the Zr-Hf-rich hcp particles appear at the channel nodes and the ω phase 
forms at bcc/hcp interfaces, both of which are stabilized by Zr and Hf 
diffusion from the matrix. Consequently, the Zr and Hf concentrations in 
the bct channels in HfNbTaTiZr-3O change only slightly from 10 to 100 
h aging. As the phase transformation from bct to hcp may require suf
ficient concentrations of Zr and Hf, which have not been reached after 
100 h of aging, the bct-to-hcp transition is delayed in HfNbTaTiZr-3O.

4.4. Effect of oxygen on ω phase stability

Our results reveal that adding 3 at.% O promotes an increasing 
number density of ω particles with an increasing size. The evolution of ω 
phase is found to be associated with changes in the bct and hcp 
compositions.

Ti-rich clusters in the 1-h aged HfNbTaTiZr-3O (Fig. 7e) are close to 
the Zr-O-rich channels. These Ti-rich clusters may assist the formation of 
ω particles by providing the appropriate compositional requirements for 
their nucleation. From 10 to 100 h, the increased number density of hcp 
particles at channel nodes provides more nucleation sites for ω phase at 
hcp/bcc interfaces, hence leading to the further population of the ω 
phase in HfNbTaTiZr-3O aged from 10 to 100 h.

Regarding the growth of ω particles from 10 to 1000 h, detailed APT 

Fig. 11. (a), (b), and (c) 2D concentration maps of Zr in a 5-nm thick ROI in the 1-h aged, 10-h aged, and 100-aged HfNbTaTiZr-3O, respectively. (d) 1D con
centration profiles recorded along the 35-nm long arrows in (a-c) showing compositional modulation of Zr across matrix and channels (orange for 1-h, red for 10-h, 
and blue for 100-h aged samples).

2 Oxygen concentration is excluded as δ is only valid for substitutional 
elements.
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analyses were carried out to reveal the elemental partitioning behaviors 
in the four different phases (Figs. 12a-d). During aging, the O concen
tration increases in the ω and hcp phases, while it decreases in the bcc 
matrix and bct channels, Fig. 12a. Thus, O atoms diffuse into ω and hcp 
from the bcc matrix and bct channels. As shown in Fig. 12e, the O 
content is locally enriched in all the three secondary phases of the 10-h 
aged HfNbTaTiZr-3O: channel nodes, ω particles, and the channels, 
represented by 3.5 at. % O isoconcentration surfaces. Along the arrow in 
Fig. 12e, 1D concentration profiles from ω to hcp were recorded and are 
displayed in Fig. 12h. Here, the O concentration during the early stage of 
ω precipitation is slightly lower in ω than in hcp. As aging time increases 
to 100 h, O atoms partition mostly to coarse hcp and ω particles, in 
which the O concentration increases without any obvious preferential 
partitioning between them, thus confirming that the O-diffusion from 

bct and bcc stabilizes the ω and hcp phases (Figs. 12f and 12i). As time 
further increases to 1000 h, although some ω disappears, the O con
centration in the remaining ω is even higher than in hcp, indicated by the 
9.0 at. % O isoconcentration surface in Fig. 12g and the O concentration 
profile in Fig. 12j. Our APT results prove the increasingly preferential 
partitioning of O into ω in HfNbTaTiZr-3O upon aging at 500 ◦C, which 
plays a major role in ω phase stabilization.

Another important factor for ω stabilization is Ti segregation. As 
shown in Fig. 12b, the Ti concentration slightly increases in the ω phase 
between 10 and 1000 h, while it decreases in the hcp phase. Moreover, 
the 1D concentration profiles in Figs. 12h-j show that there is a Ti 
concentration gradient within hcp particles, i.e., Ti concentration is 
lower at the center of the particles and higher close to the ω/hcp 
interface (e.g., Fig. 12i), which indicates that Ti atoms are likely rejected 

Fig. 12. Temporal concentration evolutions of (a) O, (b) Ti, (c) Zr+Hf, and (d) Nb+Ta in the bcc matrix, bct, hcp, and ω phases in HfNbTaTiZr-3O. 2D concentration 
maps of Zr+Hf obtained from an ROI with a thickness of 5 nm overlaid with isoconcentration surfaces of O (in red) and Ti (in green) in the alloy aged for (e) 10 h, (f) 
100 h, and (g) 1000 h. (h), (i), and (j) 1D concentration profiles across ω/hcp interfaces recorded along the white arrows in (e), (f), and (g), respectively.
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from hcp particles during their growth, inducing a local Ti-enrichment 
at bcc/hcp interfaces, where ω particles form.

It is also noticed that the Zr and Hf concentrations in the ω phase are 
both higher than 20 at. %, indicating that this phase is also stabilized by 
these elements. From 10 to 100 h, the Zr-Hf-rich bct channels partially 
dissolve, and the remained bct channels almost maintain their Zr+Hf 
concentration. The content of Zr+Hf in the bcc matrix, however, does 
not increase but decreases (Fig. 12c). This means the Zr and Hf atoms, 
originally in the bct channels, diffuse into hcp and ω phases and stabilize 
them as the aging time increases from 10 to 100 h.

After aging for 1000 h, the hcp phase becomes dominant in the 
microstructure. The increased Zr and Hf concentrations in hcp between 
100 and 1000 h are provided by the complete and partial dissolutions of 
the bct channels and ω particles, respectively. As a result, the Ti atoms 
from the ω particles either segregate at phase boundaries displayed in 
Fig. 7d or redistribute to the bcc matrix forming the Ti-rich clusters 
shown in Fig. S8.

Along with the evolution of the hcp stabilizers, i.e., O, Ti, Zr, and Hf, 
the bcc stabilizers Nb and Ta are progressively rejected from the ω phase 
during the aging of HfNbTaTiZr-3O between 10 and 1000 h, as shown in 
Figs. 12d, h-j. In contrast, the ω phase disappears quickly between 10 
and 100 h in HfNbTaTiZr. Li and Min [74] revealed that the formation of 
ω phase is energetically favorable in bcc stabilizer-lean regions in a 
Ti-15Mo alloy, and lower bcc-stabilizer concentrations in ω phase can 
ease its structural stabilization with the collapse of {111}bcc planes. In 
this work, it is found that the Nb+Ta concentration in the ω phase in 
HfNbTaTiZr is slightly higher than that in HfNbTaTiZr-3O after 10 h, 
and this concentration in the bcc matrix increases more significantly 
from 10 to 100 h in HfNbTaTiZr (Fig. 3f, Fig. 7f, Table S1, and Table S2). 
Therefore, the growth of the ω phase in HfNbTaTiZr is likely to 
encounter higher energy barriers than in HfNbTaTiZr-3O, making the ω 
phase less stable. In addition, the bct channels transform into hcp par
ticles, accompanied by the rejection of Nb and Ta from 10 to 100 h, 
which leads to an increase in Nb and Ta concentrations in the bcc matrix 
and inhibits the nucleation of ω phase in HfNbTaTiZr during aging.

4.5. Estimation of critical resolved shear stress (CRSS) and precipitation 
strengthening

The CRSS of the bcc HfNbTaTiZr solid solution can be estimated from 
the tensile yield stress of the polycrystalline alloy or deduced from 
micropillar compression of <001>bcc-oriented single crystals of the 
same alloy. Considering the individual strengthening contributions in 
HfNbTaTiZr, the yield stress can be estimated using: 

σys = σgb + σss + σp + σdis (2) 

where σgb, σss, σdis, σp, and σdis are grain boundary, solid solution 
(including friction stress), precipitation, and dislocation strengthening, 
respectively [67,75,76]. Since there are no secondary phases in the 
as-received condition and the dislocation density is expected to be low 
after homogenization annealing, the tensile yield stress of the bcc 
single-phase HfNbTaTiZr mainly originates from solid solution and grain 
boundary strengthening. The latter is evaluated using the Hall-Petch 
equation [77]: 

σgb = kd− 1/2 (3) 

where k is a Hall-Petch coefficient and d denotes the mean grain size. For 
HfNbTaTiZr, k is ~240 MPa µm1/2 according to [78]. With an average 
grain size of ~80 µm [29], the grain boundary strengthening is esti
mated to be 27 MPa. Using Eq. (2) where σp and σdis are negligible, the 
CRSS can be calculated from: 

CRSS = τss = σss
/
M =

(
σys − σgb

)/
M (4) 

where M = 3.06 is the Taylor factor for an isotropic polycrystal [79]. 

Inserting σys = 960 MPa into Eq. (4) gives a CRSS for HfNbTaTiZr of 
~305 MPa. This value is lower than the reported CRSS = 449 MPa by 
Yasuda et al. [13], which could be attributed to the tension-compression 
asymmetrical deformation behavior of bcc metals [80,81].

The CRSS can also be estimated from micropillar compression. In the 
present work, the yield stress of HfNbTaTiZr micropillars with a loading 
axis parallel to <001>bcc was found to be 670 ± 30 MPa, the CRSS is 
calculated from: 

CRSS = Sσys (5) 

where S = 0.47 is the Schmid factor [82], which is maximum for the 
{112}<111> system. A CRSS value of ~315 MPa is then obtained for 
HfNbTaTiZr. Similarly, we calculated a CRSS of ~405 MPa for the 
as-received HfNbTaTiZr-3O, indicating that the magnitude of interstitial 
strengthening by O in HfNbTaTiZr represents ~30 MPa per atomic 
percent of O for the CRSS with a loading direction parallel to <001>bcc. 
As indicated in the previous works [59,83,84], the CRSS of HfNbTaTiZr 
is dependent on the loading direction and strain rate. Furthermore, size 
effect could also influence the CRSS [85,86]. These factors should be 
carefully investigated in future research.

Upon aging at 500 ◦C, various secondary phases form in HfNbTaTiZr 
and HfNbTaTiZr-3O, and their volume fractions evolve with time. The 
secondary phases interact with dislocations, resulting in precipitation 
strengthening. Meanwhile, solid solution strengthening of the bcc ma
trix varies during aging along with its compositional evolution. The 
change of CRSS due to the microstructural evolution of the two alloys 
are estimated based on cutting, Orowan mechanisms [67] and their 
modified models for different precipitate morphologies [87], as listed in 
Table S5 and discussed in the supplementary material section E. It is 
found that the nanosized phases play a dominant role in the precipita
tion strengthening of the HfNbTaTiZr and HfNbTaTiZr-3O during aging.

5. Conclusions

Combining TEM and APT techniques allowed us to shed light on the 
detailed structural and compositional changes in HfNbTaTiZr with and 
without 3 at.% O addition during aging at 500 ◦C. The effects of O on the 
formation and stabilization of metastable/stable phases were addressed 
and the resulting mechanical properties were comprehensively studied. 
The following conclusions are drawn from our experiments: 

1. After aging at 500 ◦C for 10 h, ~2.7-nm thick metastable bct chan
nels along <001>bcc directions forming a network are observed in 
HfNbTaTiZr. Their formation is associated with Zr-Hf-segregation, 
leading to lattice relaxation of the bcc parent phase. Zr-Hf-rich hcp 
particles with a size of ~3.6 nm form at channel nodes. In addition, 
~11.1-nm Ti-rich metastable ω-phase particles form at bcc/hcp in
terfaces. With increasing aging time from 100 to 1000 h, the ω phase 
dissolves and the bct channels gradually transform into a distorted 
hcp phase with a coarser microstructure.

2. The addition of 3 at.% O to HfNbTaTiZr promotes Zr segregation, 
which accelerates the formation of more dispersed and thinner bct 
channels (~2.1-nm thick) upon aging at 500 ◦C. The induced Ti- 
modulation at bcc/bct interfaces acts as nucleation sites for ω par
ticles after aging for 1 h. As aging proceeds from 10 to 100 h, the ω 
phase populates and grows. The partial dissolution of the bct chan
nels and Ti rejection from the hcp phase at channel nodes are thought 
to assist ω-phase formation. As a result, the bct-channel composition 
does not change significantly with time and the bct-to-hcp trans
formation is hence delayed from 100 to 1000 h.

3. Mechanical tests on the alloys revealed that the formation of meta
stable phases provides a hardening effect at the expense of ductility. 
Although O induces an embrittlement mainly at grain boundaries, it 
promotes the formation of a finer nanoscale microstructure within 
the grains, which strongly improves the strength.
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& editing, Resources. Guillaume Laplanche: Writing – review & edit
ing, Supervision, Resources, Funding acquisition. Tong Li: Writing – 
review & editing, Supervision, Resources, Project administration, 
Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgment

The authors would like to thank Deutsche Forschungsgemeinschaft 
(DFG)/SPP 2006 for financial support through projects TL 3272/6–2 
and LA 3607/3–2 (common project number 388735491), Zentrum für 
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[68] G. Grimvall, B. Magyari-Köpe, V. Ozoliņš, K.A. Persson, Lattice instabilities in 
metallic elements, Rev. Mod. Phys. 84 (2012) 945–986, https://doi.org/10.1103/ 
RevModPhys.84.945.

[69] J.W. Cahn, On spinodal decomposition in cubic crystals, Acta Metall 10 (1962) 
179–183, https://doi.org/10.1016/0001-6160(62)90114-1.

[70] T.A. Abinandanan, F. Haider, An extended Cahn-Hilliard model for interfaces with 
cubic anisotropy, MRS Proc 696 (2001) T7.4, https://doi.org/10.1557/PROC-696- 
T7.4.

[71] C. Zener, Contributions to the Theory of Beta-Phase Alloys, Phys. Rev. 71 (1947) 
846–851, https://doi.org/10.1103/PhysRev.71.846.

[72] Y. Zhang, Y.J. Zhou, J.P. Lin, G.L. Chen, P.K. Liaw, Solid-Solution Phase Formation 
Rules for Multi-component Alloys, Adv. Eng. Mater. 10 (2008) 534–538, https:// 
doi.org/10.1002/adem.200700240.

[73] P. Franke, G. Inden, Diffusion controlled transformations in multi-particle systems, 
Int. J. Mater. Res. 88 (2021) 917–924.

[74] M. Li, X. Min, Origin of ω-phase formation in metastable β-type Ti-Mo alloys: 
cluster structure and stacking fault, Sci. Rep. 10 (2020) 8664, https://doi.org/ 
10.1038/s41598-020-65254-z.

[75] N. Ali, L. Zhang, D. Liu, H. Zhou, K. Sanaullah, C. Zhang, J. Chu, Y. Nian, J. Cheng, 
Strengthening mechanisms in high entropy alloys: a review, Mater. Today 
Commun. 33 (2022) 104686, https://doi.org/10.1016/j.mtcomm.2022.104686.

[76] S. Malopheyev, V. Kulitskiy, R. Kaibyshev, Deformation structures and 
strengthening mechanisms in an Al Mg Sc Zr alloy, J. Alloys Compd. 698 (2017) 
957–966, https://doi.org/10.1016/j.jallcom.2016.12.289.

[77] E.O. Hall, The Deformation and Ageing of Mild Steel: III Discussion of Results, 
Proc. Phys. Soc. Sect. B 64 (1951) 747–753, https://doi.org/10.1088/0370-1301/ 
64/9/303.

[78] C.-C. Juan, M.-H. Tsai, C.-W. Tsai, W.-L. Hsu, C.-M. Lin, S.-K. Chen, S.-J. Lin, J.- 
W. Yeh, Simultaneously increasing the strength and ductility of a refractory high- 
entropy alloy via grain refining, Mater. Lett. 184 (2016) 200–203, https://doi.org/ 
10.1016/j.matlet.2016.08.060.

[79] G.I. Taylor, U. Dehlinger, Strains in Crystalline Aggregate, in: R. Grammel (Ed.), 
Deform. Flow Solids Verformung Fliessen Festkörp, Springer Berlin Heidelberg, 
Berlin, Heidelberg, 1956, pp. 3–12, https://doi.org/10.1007/978-3-642-48236-6_ 
2.

[80] G. Taylor, Thermally-activated deformation of BCC metals and alloys, Prog. Mater. 
Sci. 36 (1992) 29–61, https://doi.org/10.1016/0079-6425(92)90004-Q.

[81] J.W. Christian, Some surprising features of the plastic deformation of body- 
centered cubic metals and alloys, Metall. Trans. A 14 (1983) 1237–1256, https:// 
doi.org/10.1007/BF02664806.

[82] E. Schmid, W. Boas, Plasticity of crystals, (1950).
[83] M. Sadeghilaridjani, M. Pole, S. Jha, S. Muskeri, N. Ghodki, S. Mukherjee, 

Deformation and tribological behavior of ductile refractory high-entropy alloys, 
Wear 478–479 (2021) 203916, https://doi.org/10.1016/j.wear.2021.203916.

[84] M. Tanaka, S. Yamasaki, T. Morikawa, Temperature dependence of the yield stress 
in TiZrNbHfTa body-centred cubic high-entropy alloy, Mater. Sci. Eng. A 871 
(2023) 144917, https://doi.org/10.1016/j.msea.2023.144917.

Y. Zhao et al.                                                                                                                                                                                                                                    Acta Materialia 298 (2025) 121400 

18 

https://doi.org/10.1093/mam/ozae081
https://doi.org/10.1016/j.actamat.2018.02.064
https://doi.org/10.1088/0022-3727/42/12/125502
https://doi.org/10.1107/S1600576716012942
https://doi.org/10.1016/0079-6425(82)90002-0
https://doi.org/10.1016/S0031-8914(34)80244-3
https://doi.org/10.48550/ARXIV.2008.10008
https://doi.org/10.48550/ARXIV.2008.10008
https://doi.org/10.1093/acprof:oso/9780199669950.001.0001
https://doi.org/10.48550/ARXIV.COND-MAT/0209530
https://doi.org/10.1016/0956-7151(94)90311-5
https://doi.org/10.1016/j.calphad.2016.01.003
https://doi.org/10.1016/j.calphad.2016.01.003
https://doi.org/10.1016/0036-9748(71)90038-X
https://doi.org/10.1016/j.actamat.2014.10.053
https://doi.org/10.1016/j.actamat.2014.10.053
https://books.google.de/books?id=46ECHriRKkUC
https://books.google.de/books?id=46ECHriRKkUC
https://doi.org/10.1016/j.intermet.2010.11.015
https://doi.org/10.1016/j.intermet.2010.11.015
https://doi.org/10.1016/j.jallcom.2019.03.357
https://doi.org/10.1002/jemt.20412
https://doi.org/10.1002/jemt.20582
https://doi.org/10.1002/jemt.20582
https://doi.org/10.1016/j.jallcom.2020.157404
https://doi.org/10.1016/j.jallcom.2020.157404
https://doi.org/10.1088/2631-7990/abcca8
https://doi.org/10.1016/j.scriptamat.2023.115593
https://doi.org/10.1016/j.scriptamat.2023.115593
https://doi.org/10.1007/s10853-016-0389-3
https://doi.org/10.1080/10408439508243544
https://doi.org/10.1080/10408439508243544
https://doi.org/10.1016/j.msea.2020.140187
https://doi.org/10.1016/j.msea.2020.140187
https://doi.org/10.1007/s11661-010-0322-3
https://doi.org/10.1007/s11661-010-0322-3
https://doi.org/10.1201/9781439883570
https://doi.org/10.1201/9781439883570
https://doi.org/10.1038/s41467-024-45639-8
https://doi.org/10.1070/PU1979v022n06ABEH005571
https://doi.org/10.1070/PU1979v022n06ABEH005571
https://doi.org/10.1016/0001-6160(61)90182-1
https://doi.org/10.1016/0001-6160(61)90182-1
https://doi.org/10.1002/crat.2170300713
https://doi.org/10.1063/1.1733573
https://doi.org/10.1038/s41598-019-52170-0
https://doi.org/10.1116/1.583473
https://doi.org/10.1116/1.583473
https://doi.org/10.1016/j.scriptamat.2024.116401
https://doi.org/10.1016/j.scriptamat.2024.116401
https://doi.org/10.1007/978-3-662-09291-0
https://doi.org/10.1007/978-3-662-09291-0
https://doi.org/10.1103/RevModPhys.84.945
https://doi.org/10.1103/RevModPhys.84.945
https://doi.org/10.1016/0001-6160(62)90114-1
https://doi.org/10.1557/PROC-696-T7.4
https://doi.org/10.1557/PROC-696-T7.4
https://doi.org/10.1103/PhysRev.71.846
https://doi.org/10.1002/adem.200700240
https://doi.org/10.1002/adem.200700240
http://refhub.elsevier.com/S1359-6454(25)00686-X/sbref0073
http://refhub.elsevier.com/S1359-6454(25)00686-X/sbref0073
https://doi.org/10.1038/s41598-020-65254-z
https://doi.org/10.1038/s41598-020-65254-z
https://doi.org/10.1016/j.mtcomm.2022.104686
https://doi.org/10.1016/j.jallcom.2016.12.289
https://doi.org/10.1088/0370-1301/64/9/303
https://doi.org/10.1088/0370-1301/64/9/303
https://doi.org/10.1016/j.matlet.2016.08.060
https://doi.org/10.1016/j.matlet.2016.08.060
https://doi.org/10.1007/978-3-642-48236-6_2
https://doi.org/10.1007/978-3-642-48236-6_2
https://doi.org/10.1016/0079-6425(92)90004-Q
https://doi.org/10.1007/BF02664806
https://doi.org/10.1007/BF02664806
https://doi.org/10.1016/j.wear.2021.203916
https://doi.org/10.1016/j.msea.2023.144917


[85] J.R. Greer, J.Th.M.De Hosson, Plasticity in small-sized metallic systems: intrinsic 
versus extrinsic size effect, Prog. Mater. Sci. 56 (2011) 654–724, https://doi.org/ 
10.1016/j.pmatsci.2011.01.005.

[86] S. Shahbeyk, G.Z. Voyiadjis, V. Habibi, S.H. Astaneh, M. Yaghoobi, Review of Size 
Effects during Micropillar Compression Test: experiments and Atomistic 
Simulations, Crystals 9 (2019) 591, https://doi.org/10.3390/cryst9110591.

[87] J.Liu, B.-S. Li, H. Gardner, Y. Gong, F. Liu, G. He, M. Moorehead, C. Parkin, A. 
Couet, A.J. Wilkinson, D.E.J. Armstrong, Origin of age softening in the refractory 
high-entropy alloys, Sci. Adv. 9 (2023) eadj1511, doi:10.1126/sciadv.adj1511.

Y. Zhao et al.                                                                                                                                                                                                                                    Acta Materialia 298 (2025) 121400 

19 

https://doi.org/10.1016/j.pmatsci.2011.01.005
https://doi.org/10.1016/j.pmatsci.2011.01.005
https://doi.org/10.3390/cryst9110591
https://dx.doi.org/10.1126/sciadv.adj1511

	Role of oxygen in phase stability and mechanical behavior of the bcc HfNbTaTiZr high-entropy alloy during aging
	1 Introduction
	2 Materials and methods
	3 Results
	3.1 Phase stability of HfNbTaTiZr during aging at 500 °C
	3.2 Phase stability of HfNbTaTiZr-3O during aging at 500 °C
	3.3 Mechanical properties

	4 Discussion
	4.1 Phase formation sequence
	4.2 Formation of bct channels and lattice relaxation
	4.3 Impact of oxygen on the stability of bct channels
	4.4 Effect of oxygen on ω phase stability
	4.5 Estimation of critical resolved shear stress (CRSS) and precipitation strengthening

	5 Conclusions
	Disclosure statement
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgment
	Supplementary materials
	Reference


