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c Delft University of Technology, Faculty of Applied Sciences, Department of Radiation Science & Technology, Mekelweg 15, NL-2629, JB, Delft, Netherlands
d Institute of Plasma Physics of the Czech Academy of Sciences, Za Slovankou 3, CZ 182 00 Prague, Czech Republic

A R T I C L E  I N F O

Keywords:
High-entropy alloys
Thin films
Defects
Positron annihilation spectroscopy
X-ray photoelectron spectroscopy

A B S T R A C T

In this study, the deposition, annealing process, and oxidation properties of HfNbTaTiZr high-entropy alloy thin 
films were thoroughly investigated. The films, approximately 250 nm thick, were deposited on MgO substrates 
by DC magnetron sputtering using a single target. The preparation temperature was identified as a key factor 
influencing the resulting structure. Amorphous films formed at room temperature, whereas nanocrystalline films, 
characterized by multiple intermetallic phases, were obtained either by deposition at elevated temperatures 
(600 ◦C – 750 ◦C) or through in situ annealing of amorphous films (600 ◦C – 700 ◦C). Positron annihilation 
spectroscopy revealed that nanocrystalline films predominantly contain vacancy-like misfit defects, with con
centration decreasing as the preparation temperature increases. Additionally, amorphous films exhibited a high 
concentration of large vacancy clusters. X-ray photoelectron spectroscopy showed greater oxygen absorption in 
amorphous films due to their defective structure, with preferential oxidation of Zr and Hf. Further annealing of 
naturally oxidized films in a vacuum at temperatures up to 1400 ◦C led to films' recrystallization and eventually 
the formation of complex oxides, including ZrO2, HfO2, and various Mg-containing oxides, indicating a reaction 
with the MgO substrate. This work demonstrates the ability to fine-tune the microstructure and defect charac
teristics of high-entropy alloy films and highlights their direct correlation with oxidation properties.

1. Introduction

The first successful demonstration of high-entropy alloys (HEAs) and 
HEA thin films 20 years ago [1,2] paved a new path for the development 
of new classes of materials based on these complex multi-principal 
element materials, including metallic alloys, oxides, carbides, and ni
trides. HEAs typically consist of at least five principal elements, each 
with concentrations ranging from 5 to 35 at. % [3]. The original concept 
stems from the idea that a high number of constituents ensures a high 
configurational entropy of random solid solution (SS), significantly 
reducing the Gibbs free energy. This reduction stabilizes the random SS 
at the expense of a mixture of ordered intermetallic phases [3]. How
ever, most current studies report on compositionally complex multi
phase HEAs rather than true single-phase HEAs [4]. In addition to the 
slow self-diffusion in HEAs [5], presence of lattice distortions [3,6,7] 

results in a unique open-volume distribution and defect structures [8] 
compared to traditional metals and alloys.

Both bulk HEAs and HEA films have been intensively investigated 
due to their design flexibility and superior properties, such as mechan
ical properties [6,9–12], corrosion resistance [10,12–15], oxidation 
properties [16–18], electrical [19,20] and superconductive properties 
[21], hydrogen absorption capacity [22,23], and irradiation resistance 
[24,25]. Compared to the casting of bulk HEAs [26] [27], the deposition 
of thin films offers excellent flexibility in varying composition, micro
structure, and morphology. This flexibility can be achieved relatively 
easily by adjusting deposition parameters to create amorphous films 
[10,11,28–32], characterized by a short- to medium-range-ordered 
structure with a high concentration of nanoscopic pores [16], or 
(nano)crystalline films [19,20,33–37], characterized by single or 
multiphase grains of the size from ~10 to ~100 nm in size. While the 
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effect of defects on the physical properties of bulk HEAs has been 
scarcely studied [38–40], their influence on the mechanical, electrical, 
and other properties of HEA coatings is yet to be fully investigated and 
understood.

Several approaches have been employed in the production of HEA 
coatings [10], with the most common methods being magnetron sput
tering (MS) [10,11,25,28], pulsed laser deposition (PLD) 
[10,16,25,33,35,37,41], laser cladding [42], spraying processes [43], 
and electrodeposition [44]. Among these, MS and PLD are dominant due 
to the high quality of the resulting films. The potential of HEA thin films 
has been extended to the preparation of high-entropy ceramics (HEC) 
[45], such as high-entropy oxides, nitrides, carbides, silicides, and 
chalcogenides, by tuning the target compositions [41], through reactive 
deposition [30,31] or by electrochemical oxidation [46]. Given the wide 
selection of deposition techniques, understanding the influence of de
fects on the physical properties of the coatings is highly relevant, 
especially since PLD and MS have vastly different growth regimes.

Numerous HEA groups have been thoroughly investigated so far [4]. 
Among them, the refractory HEAs, which consist of refractory metals 
such as W, Mo, Ta, Nb, V, Hf, Zr, or Ti [3], exhibit a single-phase random 
SS with a bcc structure, which can be quenched and remains metastable 
at ambient temperature [26,27,47]. Within the multitude of HEA con
figurations, HfNbTaTiZr stands out as a member of the refractory ma
terials group with a high melting point, thermal stability [17], and 
enhanced ductility and strength [48]. The casting of this alloy often 
results in a dendritic structure, and subsequent homogenization 
annealing produces large grains, making the alloy susceptible to 
embrittlement from absorbed atmospheric impurities [49]. Addition
ally, lattice distortions leading to a distribution of interstitial sizes [3] 
can positively influence the forming of an open structure favorable for 
hydrogen absorption [22,23]. HfNbTaTiZr thin films with variable 
thicknesses were prepared by DC magnetron sputtering under various 
growth conditions. It has been shown that HEAs grown at room tem
perature (RT) favor the formation of an amorphous structure [50,51]. 
The effects of deposition rate and substrate temperature on the film 
composition and structural properties were previously reported in 
[52–54].

Oxidation properties of refractory HEAs have been thoroughly 
investigated by Backman [55–57]. The surface oxidation of several HEA 
films has been investigated using X-ray photoelectron spectroscopy 
(XPS) combined with depth profiling [16,35]. Typically, a protective 
passivation layer [13,58–60] forms when these films are exposed to 
different corrosion environments. These layers exhibit diverse struc
tures, ranging from disordered amorphous formations [15] to those 
displaying elemental segregation [13] or transitioning into a mixture of 
complex oxides [58]. Additionally, high-temperature oxidation 
behavior [15,58,61] remains a significant research challenge for HEAs. 
Detailed information regarding the nature of lattice defects and the 
quantification of oxidation properties in both crystalline and amorphous 
structures is crucial for understanding the link between defects and the 
oxidation properties of HEA films.

In the preliminary experiment, building upon the results of the 
previous study [16], we subjected the amorphous HfNbTaTiZr film, 
which had naturally oxidized due to prolonged exposure to ambient air, 
to annealing under a vacuum of 10− 7 Pa. The annealing temperature 
gradually increased up to 700 ◦C. Instead of crystallization, the forma
tion of ZrO2 and HfO2 nanoparticles was observed by X-ray diffraction 
(XRD), presumably due to the chemisorbed oxygen inside the film vol
ume [16]. In this paper, we report on how deposition parameters 
intricately influence the microstructure of HfNbTaTiZr films. We 
investigate two different annealing routes and demonstrate that the 
microstructure, including both crystalline phases and defect structures, 
can be effectively tuned by varying deposition conditions.

The defect structure of HfNbTaTiZr films was investigated using 
positron annihilation spectroscopy (PAS) with a variable-energy posi
tron beam (VEP). Thermalized positrons implanted into the material 

undergo diffusion and can either annihilate in a delocalized state as free 
positrons or become trapped in open-volume defects, which act as po
tential wells confining the positron wave function. PAS is renowned for 
its exceptional sensitivity to open-volume defects [62,63] as well as can 
provide valuable insights into the interstitial regions and local chemical 
order within HEAs, a significant experimental challenge in this field 
[64]. In this work, Doppler broadening analysis – a PAS method that 
examines the momentum distribution of electrons at the annihilation 
site – was employed. The broadening of the annihilation line, caused by 
a non-zero momenta of annihilating pair, is usually characterized by two 
line-shape parameters S and W. The low-momentum S parameter is 
particularly sensitive to defects, increasing with defect concentration 
and size, while the W parameter carries information on the local 
chemical environment of defects, provided by high-momentum core 
electrons. Depth-resolved analysis of S and W parameters measured as a 
function of positron implantation energy was performed using the 
VEPFIT code [65,66] offering a detailed characterization of the open- 
volume defects within the studied films.

The natural oxidation of the HfNbTaTiZr films was investigated by 
XPS, revealing a stronger susceptibility to oxidation in amorphous and 
nanocrystalline films containing large vacancy clusters. In situ VEP 
monitoring described the artificial oxidation of films gradually annealed 
up to 1400 ◦C, confirming our preliminary studies.

2. Experimental

HfNbTaTiZr films were deposited by DC magnetron sputtering in an 
ultra-high vacuum (UHV) deposition chamber [16]. The DC power 
supply operated at 10 W, and the magnetron discharge was maintained 
in an Ar atmosphere at a constant pressure of 2 Pa, regulated by a needle 
valve to ensure a fixed Ar flow of 14 sccm. Table 1 details the deposition 
conditions for 6 films deposited on single crystal MgO (100) substrates 
with dimensions 10 × 10 mm2. Three fabrication routes were defined: (i) 
deposition at RT resulting in an amorphous film [16]; in situ annealing at 
a temperature Tann, without exposure to ambient atmosphere, of the film 
deposited at RT for 1 h; (iii) deposition on the substrate kept at the high 
temperature (HT) Tdep. A single 20 mm diameter HfNbTaTiZr target, 
utilized for all depositions, was prepared by spark plasma sintering (SPS) 
at 1000 ◦C for 15 min under 100 MPa pressure, using gas-atomized 
powder of the HfNbTaTiZr alloy [27]. Film thicknesses were deter
mined using a KLA Tencor P-6 Stylus Profiler, and the deposition time 
for all films was 60 min.

X-ray diffraction (XRD) measurements were conducted using a 
Bruker Discover diffractometer equipped with a 1D LynxEye. Asym
metric Bragg-Brentano θ-2θ geometry with a 1.5◦ angle of deviation, Cu- 
Kα radiation (wavelength of 1.54051 Å), and 2θ angles ranging from 5◦

Table 1 
Deposition conditions of HfNbTaTiZr films: base pressure p0, DC voltage U and 
current I, deposition temperature Tdep, and annealing temperature Tann. Films' 
thicknesses obtained by profilometry and corresponding deposition rates are 
included.

Sample p0 

(Pa)
U 
(V)

I 
(mA)

Tdep 

(◦C)
Tann 

(◦C)
Thickness 
(nm)

Dep. rate 
(nm/ 
min)

D-020 4 ×
10− 8 223 44.8 20 – 248(7) 4.1(1)

A-600 3 ×
10− 7 218 45.9 20 600 237(7) 4.0(1)

A-700
5 ×
10− 8 220 45.5 20 700 234(7) 3.9(1)

D-600
8 ×
10− 9 228 43.8 600 – 263(8) 4.4(1)

D-700 2 ×
10− 8 232 43.1 700 – 272(7) 4.5(1)

D-750 1 ×
10− 6 236 42.4 750 – 284(6) 4.7(1)
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to 150◦, were employed. The Rietveld refinement analysis of XRD pat
terns was performed using the TOPAS V5 code [67], assuming that small 
crystallites and microstrains contribute to broadening of Lorentzian and 
Gaussian components of pseudo-Voigt function, respectively. CALPHAD 
modelling was used to describe the temperature-dependent evolution of 
the crystalline phases for the HfNbTaTiZr system using the TCHEA7.0 
software [68].

The surface morphologies of the films were characterized using 
atomic force microscopy (AFM). AFM measurements were carried out at 
room temperature on an ambient AFM Bruker Dimension Icon in Peak 
Force Tapping mode with ScanAsyst Air tips with k = 0.4 N/m and 
nominal tip radius 2 nm. The measured topographies had dimensions of 
5 × 5 μm2 and 1 × 1 μm2 with a resolution of 512 × 512 points.

X-ray Photoelectron Spectroscopy (XPS) analysis was performed in 
the Omicron NanoESCA instrument, operating in a vacuum of 10− 8 Pa or 
better, and utilizing a monochromatized Al Kα radiation source (hν =
1486.7 eV). Under these conditions, the information depth is limited to a 
few nanometers. Spectral fitting and interpretation were performed 
using CasaXPS and KolXPD software. Elemental quantification was 
carried out employing Scofield's Relative Sensitivity Factors, as provided 
in CasaXPS. No corrections were applied to the instrument transmission 
function nor the photoelectron inelastic mean free path.

A series of experiments employing vacuum transport directly to the 
XPS apparatus was conducted to investigate short-term oxidation in 
HfNbTaTiZr films. Additional samples with thicknesses of approxi
mately 100 nm were prepared specifically for XPS measurements under 
the same deposition conditions as used for the D-20, D-600, and D-750 
samples, detailed in Table 1. The vacuum transport constituted a UHV 
vacuum suitcase (10− 7 Pa) connected to the deposition chamber and 
maintained by an ion pump operating at 100 nA. The freshly prepared 
films were transferred to the suitcase immediately after deposition. Once 
detached, the suitcase was brought directly to the XPS instrument for 
immediate analysis. Standard samples, which had been exposed to the 
atmosphere for approximately 20 min, were used for comparison.

For the analysis of subsurface regions, depth profiling of the samples 
was enabled by an Ar+ ion sputter gun in the preparation chamber of the 
NanoESCA instrument, with the sputtering conditions set at E = 3 keV, 
pressure 2 × 10− 4 Pa, and normal incidence angle. 1 min of depth 
profiling removes approximately 0.5 nm of the film thickness.

The proportions of metallic, suboxide, and oxide contributions of 
individual elements were determined through semi-quantitative anal
ysis. Binding energy calibration and charge correction followed the 
method outlined here. Nb and Ta exhibited relatively large metallic 
contributions due to their lower reactivity. To ensure accurate calibra
tion, we shifted the peaks for Nb0 (Nb 3d5/2 = 202.5 eV) and Ta0 (Ta 4f7/ 

2 = 22.2 eV) to match literature-reported values [69,70]. This approach 
was preferred over calibration based on adventitious carbon contami
nation, as no carbon was present in the vacuum-transported samples, 
and also carbon was removed after the initial depth profiling step. The 
peak shift was typically no larger than a few tenths of an eV.

Positron annihilation spectroscopy (PAS) was conducted using a 
continuous variable energy slow positron beam (VEP) operating at Delft 
University of Technology [71]. The incident positron energies were 
varied within the range of 0.1 to 24.5 keV, corresponding to mean im
plantation depths from the surface up to 670 nm calculated from the 
Makhovian distribution [72] using the HfNbTaTiZr bulk density of 9.94 
g/cm3 [26]. Energy spectra Eγ of annihilation photons were collected by 
a single High-Purity Germanium (HPGe) detector.

Doppler broadening ΔE = Eγ - m0c2 of the annihilation peak at 511 
keV (the rest energy of electron/positron), caused by a non-zero mo
mentum of the annihilating pair, was characterized by two line-shape 
parameters S and W [72]. The low momentum shape S parameter is 
defined as the relative surface area of the central part of the peak with an 
energy window of |ΔE| < 0.77 keV, or alternatively, electron mo
mentum |p| < 3.0 × 10− 3 m0c. The high momentum wing W parameter 
is defined as the relative surface area within the energy window of 2 keV 

< |ΔE| < 6 keV, or corresponding electron momentum 8.2 × 10− 3 m0c 
< |p| < 23.4 × 10− 3 m0c. The S parameter is particularly sensitive to 
open-volume defects, where the probability of annihilation with valence 
electrons is enhanced. Conversely, the W parameter reflects annihilation 
events with core electrons, providing insight into the chemical envi
ronment of the annihilation site. Measuring S and W parameters as a 
function of implantation energy E of the positron beam enables us to 
obtain depth-resolved information about defects in studied thin films. 
The resulting S(E) and W(E) curves were analyzed by the VEPFIT code 
[65,66], which numerically solves a positron diffusion equation for a 
layered structure, using Makhovian positron implantation profiles.

3. Results and discussion

3.1. Morphology and structural analysis

The effect of deposition temperature and post-deposition in situ 
annealing on the microstructure of HfNbTaTiZr films, in particular their 
morphology, can be visualized by AFM measurements, as shown in 
Fig. 1. The figure displays AFM scans with detailed insets with higher 
magnification. Additionally, the root mean squared roughness Rq is 
provided for each scan. In Fig. 1a, the film deposited at RT exhibits a 
morphology consistent with previously reported amorphous films 
deposited on fused silica substrates [16], featuring characteristic round- 
shaped granular nanostructures approximately 10 nm in diameter. 
Alongside this smooth appearance (Rq = 1.7 nm), regularly shaped 
formations, likely oxide nanoparticles of ~100 nm size, are present on 
top of the film. A detailed 0.5 × 0.5 μm2 view of 2 such nanoparticles is 
depicted in Fig. 1a. XRD showed no coherent diffraction from these 
nanoparticles particularly due to their small size and small volume 
fraction.

In situ annealing of the amorphous film led to the transformation and 
development of well-defined nanostructures of ~100 nm in size, as 
illustrated in Fig. 1b and Fig. 1c. Regularly shaped formations remain 
present on the surface. The morphology of annealed films is similar for 
both annealing temperatures of 600 ◦C and 700 ◦C (Rq = 7.9 nm for both 
films), with the higher annealing temperature promoting the growth of 
larger nanostructures on average. Fig. 1d-f showcase three distinct 
morphologies of films deposited at HT, characterized by larger, well- 
oriented nanostructures (≥ 100 nm) compared to annealed films. The 
film deposited at 600 ◦C exhibits a square-like morphology (Rq = 13.0 
nm), which gradually transitions into a “maze-like” structure, charac
terized by interconnected grains, at 700 ◦C (Rq = 13.8 nm), and further 
evolves at 750 ◦C (Rq = 11.4 nm).

Additional information about the crystalline structure can be ob
tained from the XRD results, presented in Fig. 2. The broad peak (□) at 
~43◦, observed consistently across all films, corresponds to the 
residuum of MgO (100) single-crystal substrate diffraction, which is 
effectively suppressed by the chosen asymmetric measurement geome
try. For the film deposited at RT, no distinct diffraction peaks are 
observed. Instead, a broad peak (○) typical for metallic glasses appears at 
36.8◦ (FWHM 4.3◦), suggesting the presence of an amorphous structure, 
consistent with prior findings [16,50]. The center of this peak corre
sponds to an average nearest-neighbor distance of 2.44 Å, closely 
resembling the (110) interplanar distance of 2.41 Å in the high-entropy 
bcc2 phase [27], where it is equal to the nearest-neighbor distance. The 
diffraction coherence length, calculated from the Lorentzian fit, is 
determined to be 1.6(1) nm. Such a value corresponds to the medium- 
range order in metallic glasses [73].

The growth of thin films is governed by the surface diffusion of 
deposited atoms. At lower temperatures, significant variations in atomic 
sizes, (Table S1 in Supplementary Information), lead to sluggish diffu
sion, reaching a critical point where the formation of a long-range- 
ordered crystalline phase is hindered. When the temperature is 
increased to 600 ◦C or higher – implemented either by post-deposition 
annealing or elevated deposition temperature – atomic diffusion 
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accelerates enough to facilitate the development of crystalline struc
tures. As shown in Fig. 2, XRD patterns reveal notable differences be
tween films that crystallized through in situ annealing and those 
deposited directly at HT. In the case of post-deposition annealing, the 
amorphous film crystallizes as atoms rearrange throughout the film 
volume (post-deposition crystallization). In contrast, during HT depo
sition, the crystalline structure develops progressively at the elevated 

temperature (in-deposition crystallization).
In situ annealed films (A-600 and A-700) exhibit two distinct crys

talline phases: hcp (*) and bcc1 (×). The bcc1 phase shows a unit cell 
parameter of 3.335–3.339 Å, which is much less than the expected 
3.408 Å for the equimolar HfNbTaTiZr composition [27]. This suggests 
that the bcc1 phase has been depleted by larger atomic radius elements 
such as Hf and Zr. In contrast, the hcp phase displays lattice parameters 

Fig. 1. AFM 5 × 5 μm2 scans with detail 1 × 1 μm2 insets: (a) D-20 (RT deposition), (b) A-600 (RT deposition +600 ◦C / 1 h annealing), (c) A-700 (RT deposition 
+700 ◦C / 1 h annealing), (d) D-600 (600 ◦C deposition), (e) D-700 (700 ◦C deposition), (f) D-750 (750 ◦C deposition). The surface roughness Rq is depicted in the top 
right corner of each scan.
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indicative of a composition dominated by a mixture of Hf and Zr. 
Consequently, post-deposition crystallization results in a multiphase 
films with a Hf,Zr-rich hcp phase and a Nb,Ta-rich bcc1 phase. Lattice 
parameters obtained from Rietveld analysis are included in Table S1 
(Supplementary Information). These observations align with our CAL
PHAD modelling shown in Fig. S1 (Supplementary Information) and is 
consistent with a previous study of the HfNbTaTiZr system [47]. How
ever, as detailed in [47], the exact compositions of the phases vary with 
the temperature and cannot be determined here.

No strong texture was observed in the annealed films. In contrast, the 
films deposited directly at HT displayed a distinct behavior. The strong 
texture observed in these films is consistent with AFM observations, 
revealing large, well-oriented grains and enhanced roughness. A rela
tively small signal from hcp phase was observed, with dominant (1011)
and (1012) reflections, while the majority of the films is presumed to 
consist of highly textured bcc structures. The dominant (200) peak is 
split into two peaks, which can be interpreted as the formation of two 
phases: the bcc1 phase, with lattice parameter of 3.347–3.358 Å, and the 
bcc2 phase with a unit cell parameter >3.408 Å. This indicates that the 
bcc1 phase is still enriched with elements of smaller atomic radius, such 
as Nb and Ta, while the bcc2 phase must be enriched in larger elements, 
like Zr and Hf, since the lattice parameter of the bcc2 phase exceeds that 
of the equimolar composition. This Hf,Zr-enriched bcc2 phase has also 
been observed in the temperature range of 700–1000 ◦C, as reported in 
previous studies [47].

Consequently, post-deposition and in-deposition crystallizations lead 
to different outcomes. The phase composition of the annealed films 
appears closer to thermodynamic equilibrium, with the atomic diffusion 
activated throughout the whole film volume. For the films grown 
directly at HT, however, surface diffusion plays a crucial role, resulting 
predominantly in highly textured bcc phases, that differ from the equi
librium state at the given temperature.

3.2. Defect structure

The microstructural variability of HfNbTaTiZr films at the atomic 
scale can be effectively explored through defect studies. Positron anni
hilation spectroscopy (PAS) using a variable-energy positron beam VEP 
serves as an excellent tool for investigating defects in thin films [71]. 
Reference measurements were conducted on two HfNbTaTiZr targets: 
before the deposition (target #1) and after the deposition (target #2) as 
well as on the bare MgO substrate (Fig. S2 in Supplementary 

Information). Positron lifetime spectroscopy studies on bulk HfNbTa
TiZr alloy prepared by SPS [27] identified small vacancy-like misfit 
defects as the dominant defect component, alongside a minor fraction of 
free positrons that were not trapped by defects. Therefore, the reference 
S parameter of 0.511, observed for pristine target #1, can be attributed 
to the low-defective bulk HfNbTaTiZr alloy. In contrast, the reference S 
parameter of 0.558, observed for target #2 damaged by Ar+ sputtering, 
represents a highly defective state with increased concentration of va
cancy clusters and voids. The reference S parameter for the MgO sub
strate was determined as 0.461.

The S parameters of HfNbTaTiZr films are plotted as a function of 
positron energy (E) in Fig. 3. The thermalization of monoenergetic 
positrons implanted in the material follows the Makhovian implantation 
profile1 [72]. Depending on positron energy and the corresponding 
implantation depth, three distinct regions of positron annihilation are 
resembled: the surface, the film, and the substrate. Transitions between 
these regions occur due to the diffusion of thermalized positrons among 
them and broadening of the implantation profile with increasing posi
tron energy. At lower energies (E < 2–5 keV), positrons primarily 
annihilate on the surface as epithermal and thermal positrons. As the 
energy increases (2–5 keV < E < 13 keV), positrons penetrate deeper, 
leading to an increasing fraction of annihilations inside the film, 
accompanied by a rising S parameter. The S parameter for all HfNbTa
TiZr films falls within the interval defined by the reference values of 
targets #1 and #2. At higher energies (E > 13 keV), positrons pre
dominantly annihilate in the MgO substrate. Fractions of positrons 
annihilating on the surface, in the film, and in the substrate, as modelled 
by VEPFIT [65,66], are illustrated in Fig. S3 (Supplementary 
Information).

The behavior of W(E) function is qualitatively opposite to S(E). 

Fig. 2. XRD patterns for HfNbTaTiZr films deposited at various temperatures 
(Tdep = 20 ◦C, 600 ◦C, 700 ◦C, 750 ◦C) or annealed in situ (Tdep = 20 ◦C, Tann =

600 ◦C, 700 ◦C). Peaks from amorphous (AM), hcp, bcc1, and bcc2 phases as 
well as the residual signal from MgO substrate are labeled.

Fig. 3. S(E) plots of HfNbTaTiZr films. Reference S values for the HfNbTaTiZr 
target #1 and #2, and the MgO substrate are included. Solid lines are model 
curves calculated by VEPFIT. The mean positron implantation depth in 
HfNbTaTiZr alloy is depicted on the top axis.

1 Makhovian profile is defined as f(z,E) = π z
2z2exp

[

− π
(

z
2z

)2
]

, where z =

40
ϱ E1.6 is the mean implantation depth. The interval 

(
1
2z,

3
2z
)

contains 68 % of 

implanted positrons.
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Additional insight into distinct positron annihilation states is provided 
by plotting both parameters in the so-called S-W plot, shown in Fig. 4. In 
this plot, the small data points (open squares) represent the measured S 
and W values, while the large points obtained from VEPFIT, corre
sponding to the idealized scenario where 100 % of the positrons anni
hilate in a particular state (surface, film, or substrate). The surface data 
points are located in the central part for all films. The S and W param
eters of the films (illustrated as full squares) reside in the bottom-right 
corner, while the substrate data points, including the reference S and 
W value (depicted as an open circle), are positioned in the top-left 
corner. The measured data points follow linear lines between surface- 
film and film-substrate S and W values, indicating a gradual transition 
as positrons penetrate deeper into the material. These linear trends 
suggest a uniform distribution of defects throughout the entire volume 
of the film where the concentration of vacancy-like misfit defects and 
vacancy clusters remains constant across the film thickness. The linear 
dependence of S–W data points reflects variations in the fractions of 
positrons annihilating in the different regions (surface, film, or sub
strate) with increasing positron energy, while the S and W parameters 
for each region remain constant.

One can see in Fig. 3 and Fig. 4, that the S parameter of the D-20 film, 
deposited at RT, is substantially higher than that of the other films. In 
the prior study [16], two types of defects were identified in the amor
phous film by positron lifetime spectroscopy: vacancy-like misfit defects 
(relative intensity of 80 %) situated between amorphous clusters, and 
large vacancy clusters (relative intensity of 20 %). Comparison with the 
reference target #2 (depicted as a black circle in Fig. 4), which shows a 
higher S value but comparable W value, indicates a higher concentration 
and/or larger mean size of vacancy clusters, possibly accompanied by 
larger pores, in the ion-bombarded bulk compared to the amorphous 
film.

The D-600, D-700, and D-750 films show S and W values similar to 
those of the reference target #1 (depicted as a filled grey circle in Fig. 4). 
The slightly lower S value for target #1 likely results from the contri
bution of annihilations of free positrons [27], characterized by a lower S 
parameter than annihilations of positrons trapped in defects. This sug
gests that, compared to the reference target #1, nanocrystalline films 

deposited at HT contain a higher concentration of vacancy-like misfit 
defects, which are common in such films due to atomic mismatches 
within the grain structure.

The defect structure of for the A-700 film, deposited at RT and sub
sequently annealed at 700 ◦C, closely resembles that of films deposited 
at HT, exhibiting similar S and W parameter values. This similarity in
dicates that vacancy clusters, originally present in the amorphous film, 
completely disappeared during crystallization at 700 ◦C. In contrast, the 
substantially higher S parameter of the A-600 film, annealed at a lower 
temperature of 600 ◦C, suggests it retains a significant concentration of 
vacancy clusters. Consequently, despite the nanocrystalline structure of 
the A-600 film, its defect structure partially resembles that of the 
amorphous D-20 film. Although the morphology and crystal structures 
of both annealed films are very similar, the higher annealing tempera
ture of 700 ◦C enables greater atomic relocation, which, along with the 
growth of hcp and bcc1 crystallites, leads to the evolution of vacancy- 
like misfit defects and the recovery of the vacancy clusters, as 
observed by PAS. This comparison highlights that, regarding the 
reduction of vacancy clusters, in-deposition crystallization (films 
deposited at HT) proves to be more effective than post-deposition 
crystallization (in situ annealed films). The S and W values for all films 
follow a trend, illustrated by the black arrow in Fig. 4, indicating the 
progression from an ideal defect-free structure to that with vacancy-like 
misfit defects, and eventually to the structure containing only vacancy 
clusters.

By employing the VEPFIT code, we obtain the positron diffusion 
length L+ in addition to the S and W values of the films. This parameter 
provides complementary information about the defect structure and is 
proportional to the positron trapping rate in defects. L+ decreases with 
increasing defect concentration or average size [62], showing opposite 
behavior to the S parameter. However, L+ is more sensitive to the con
centration of defects, while the S parameter is more responsive to 
average defect size. The VEPFIT parameters for the HfNbTaTiZr layers 
are included in Table S2 (Supplementary Information) and graphically 
shown as a function of temperature in Fig. 5. Additionally, the con
centrations (cv*) of vacancies in misfit defects and in vacancy clusters 
were roughly estimated using the formula detailed in the Supplementary 
Information.

Illustrations of three distinct microstructures (I., II., and III.), inte
grating our findings from XRD and PAS results, are included in Fig. 5. 
The amorphous structure (I.) exhibits the largest average defect size, 
with both vacancy-like misfit defects and vacancy clusters present in the 
highest concentration, as evidenced by the highest S parameter and the 
lowest L+. Post-deposition annealing at 600 ◦C partially reduces the 
vacancy clusters, leading to a decrease in the average defect size, as 
indicated by the decrease in S. This results in a nanocrystalline structure 
(II.) with a defect concentration comparable to that of the amorphous 
structure, reflected by similarly low L+ values. At a higher annealing 
temperature of 700 ◦C, vacancy clusters are almost entirely recovered, 
producing a nanocrystalline structure (III.) with minimal vacancy clus
ters. Although the concentration of misfit defects also decreases, it re
mains substantially higher – by an order of magnitude – than in films 
deposited at Tdep ≥ 700 ◦C. Notably, as the deposition temperature in
creases, the misfit defect concentration drops rapidly, while the average 
defect sizes remain comparable. This trend aligns with the growth of 
crystallites at higher deposition temperatures, effectively reducing the 
volume fraction of phase interfaces and thus concentration of misfit 
defects.

3.3. Natural oxidation

Bulk target #1 (before the deposition) was characterized by XPS, 
with detailed results available in the Supplementary Information. The 
sample exhibited behavior reminiscent of non-evaporable getters (NEG): 
upon annealing at 500 ◦C for 30 min, hydrogen naturally absorbed at 
room temperature was released, while oxygen migrated from the surface 

Fig. 4. S-W plot resembling the following regions: surface, HfNbTaTiZr films, 
and MgO substrate. Full squares represent S and W values for the films, while 
small data points (open squares) represent S and W parameters measured across 
different positron energies. Reference values for the bulk target (pristine – grey 
circle, damaged – black circle), and MgO substrate (open circle) are included. 
Solid lines are model curves calculated by VEPFIT. The black arrow indicates 
the transition from a defect-free structure to a film containing vacancy-like 
misfit defects and, ultimately, to a structure containing only vacancy clusters.
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into the bulk. This NEG-like effect is likely inherent to the HfNbTaTiZr 
alloy composition, independent of microstructure.

The Group 4 elements in HfNbTaTiZr films are highly reactive, 
rapidly oxidizing upon exposure to ambient conditions [55,74]. Freshly 
deposited films undergo non-negligible reactions with the environment 
during transport to the XPS instrument, meaning conventional oxidation 
studies may overlook this critical early stage, potentially leading to an 
incomplete understanding of the overall process. To capture the effects 
of short-term natural oxidation of HfNbTaTiZr films, we compared 
vacuum-transported samples (kept in UHV at 10− 7 Pa) with standard 
samples, exposed to ambient air during the transport to XPS apparatus.

XPS spectra after 15 min and 120 min depth profiling steps are 
presented in the Supplementary Information. Three types of films were 
compared: amorphous film deposited at RT, and nanocrystalline films 
deposited at 600 ◦C and 750 ◦C. The oxidation behavior of individual 
elements followed expected trends based on each element's position in 
the periodic table. Specifically, the affinity towards oxygen increases 
with atomic number and is higher for the Group 4 (Ti, Zr, Hf) compared 
to the Group 5 (Nb, Ta) [74,75].

The standard amorphous film showed the highest level of oxidation 
with dominant ZrO2 and HfO2 peaks, while Ti, Nb, and Ta are present in 
both metallic and oxide states. By further depth profiling, the Group 4 
elements were partially reduced, while Nb and Ta were already in pure 
metallic state. In contrast, the vacuum-transported amorphous film and 
all nanocrystalline films exhibited predominantly metallic peaks of all 
elements for both depth profiling steps. The fast oxidation of the 
amorphous film in ambient air is attributed to its structure containing 
large vacancy clusters, confirming the authors' previous study [16]. 
Moreover, nanocrystalline films, containing only vacancy-like misfit 
defects, seem to be significantly less susceptible to natural oxidation.

Normalized atomic concentrations of metallic elements, obtained 
through XPS analysis of Ti 2p, Nb 3d, Zr 3d, Ta 4f, and Hf 4f core levels, 
correspond to an average value of 20 at. %, accounting for uncertainties 
associated with the XPS method [76]. These uncertainties are primarily 
due to common sputtering-associated parasitic effects [69,70] and 

material damage during depth profiling [77], such as preferential 
sputtering or reduction of distinct elements, leading to possible alter
ations in the sample composition. Concentrations of oxygen and carbon, 
obtained from O 1 s and C 1 s core levels, as functions of profiling time, 
are shown in Fig. 6 for the amorphous and nanocrystalline films, 
respectively.

After the initial profiling step of 15 min, a rapid decrease in oxygen 
concentration is observed in the vacuum-transported amorphous and 
both nanocrystalline films. In contrast, the standard amorphous film 
shows significant oxidation even within the bulk after extended 
profiling. The relatively high oxygen concentration in vacuum- 
transported films before the start of depth profiling can be attributed 
to the transport conditions, as complete avoidance of exposure to re
sidual reactive gases is impractical when using the vacuum suitcase. This 
issue is particularly relevant for the reactive metals composing the films, 
highlighting the need for an ideal direct vacuum transfer. The benefits of 
purer vacuum transport conditions are evident, as the vacuum- 
transported nanocrystalline sample exhibits lower oxygen content 
compared to the standard sample. Additionally, the presence of carbon 
and higher oxygen content at the surface suggests the adsorption of light 
organics during the transport of standard samples.

At greater depths, both standard and vacuum-transported nano
crystalline films show similarly low oxygen proportions, as shown in 
Fig. 6b. Both films developed a thin oxidized layer, a few tens of nm 
thick, with the effect being more pronounced in the standard sample, 
which was exposed to the ambient atmosphere for a short period. In 
amorphous films, oxygen chemisorption is evident, as the standard film 
exhibits higher oxygen concentrations than the vacuum-transported 
counterpart. The observed oxygen concentrations may be elevated due 
to the high reactivity of the metals and sputtering-related effects during 
profiling. Nevertheless, the vacuum-transported samples still discernible 
oxygen presence in the bulk, implying that potential oxidation may have 
occurred even during deposition.

The XPS results indicate that nanocrystalline films with distinct 
phase structures exhibit higher resistance to short-term natural 

Fig. 5. VEPFIT parameters of HfNbTaTiZr layers: S parameter and positron diffusion length L+, plotted as a function of the deposition temperature Tdep (full squares) 
or the annealing temperature Tann (open squares). Solid lines serve as guides-to-the-eye for the temperature dependence of S and L+ parameters. Three distinct 
microstructures were resolved and are illustrated in the figure: I. amorphous structure, II. nanocrystalline structure containing vacancy clusters, and III. nano
crystalline structure containing only vacancy-like misfit defects.
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oxidation owing to their compact structure, characterized by vacancy- 
like defects as the dominant type of open-volume defect. In contrast, 
amorphous films, which contain large vacancy clusters, are more sus
ceptible to oxygen absorption from the air.

3.4. Artificial oxidation

All films, with microstructures discussed in sections 3.1 and 3.2, 
were stored without protective atmosphere and exposed to air for 
extended period (typically ranging from several days to months) before 
being analyzed by AFM, XRD, and PAS. AFM observations revealed the 
possible presence of oxide nanoparticles on the surfaces of films 
deposited at RT. However, XRD patterns showed no evidence of 
coherent diffraction from oxides, apart from intermetallic phases. 
Additionally, the S(E) curves displayed no variations in the S parameter 
across the films, indicating the absence of an oxygen gradient.

The thermal stability of microstructures of three selected films: D- 
700 (Tdep = 700 ◦C), D-600 (Tdep = 600 ◦C), and D-20 (Tdep = 20 ◦C), 
was assessed through annealing experiments in the VEP vacuum appa
ratus. The experiments involved isochronal step-by-step annealing up to 
1400 ◦C, accompanied by in situ VEP measurements. Each experiment 
spanned 6 days, with total 27 h of annealing. To prevent atmospheric 
contamination, the experiments were conducted under a vacuum pres
sure range of 10− 6 to 10− 3 Pa, which gradually increased as the 
annealing temperature rose.

Structural characterizations following the full annealing sequence 
revealed complete oxidation in all samples. A detailed description of the 
morphology, observed by AFM, and the crystalline structure, analyzed 
by XRD, is provided in the Supplementary information. All three 
annealed films exhibit similar structures, characterized by large grains 

exceeding 1 μm in size. Phase analysis identified the formation of ZrO2 
and HfO2, along with complex oxides, containing Mg, resulting from the 
reaction between the film with MgO substrate at high temperatures.

In situ real-time VEP monitoring provides insight into the structural 
development during high-temperature artificial oxidation. Each 
annealing step (100 min) comprised: 1. a temperature rise and stabili
zation (30 min), 2. a single-energy measurement at elevated tempera
ture (35 min), and 3. subsequent free cooling to RT (30 min). The 
temperature was increased by 100 ◦C per step, with additional data 
points at 650 ◦C and 750 ◦C. Due to the time-intensive nature of the 
experiment, the measurement was performed at the single positron en
ergy of 6 keV, where the S parameter represent a superposition of two 
distinct states: annihilation of thermal positrons at the surface and the 
predominant annihilation within the HfNbTaTiZr layer, as shown in 
Fig. S3 in the Supplementary Information. Additionally, four full S(E) 
curves were measured at RT after 4 steps (Tann = 400 ◦C), 8 or 9 steps 
(Tann = 700 ◦C or 750 ◦C), 12 or 13 steps (Tann = 1000 ◦C or 1100 ◦C), 
and 16 steps (Tann = 1400 ◦C).

The evolution of the microstructure in the D-700 film with annealing 
temperature (Tann) is displayed in Fig. 7. The S(Tann) plot in Fig. 7b 
reveals three distinct temperature intervals. At low annealing temper
atures (Tann < 500 ◦C), S increases linearly with Tann (I.) due to an 
increased S parameter of the surface, as apparent in Fig. 7d (Tann =

400 ◦C). As observed by XPS in section 3.3, the NEG-like behavior of 
HfNbTaTiZr alloy, at these temperatures, especially at the surface, 
promotes hydrogen desorption from the surface and concurrent oxygen 
diffusion into the film volume. In nanocrystalline films, hydrogen atoms 
absorbed during prolonged air exposure are bound to vacancy-like de
fects [78,79]. During annealing (I.), hydrogen release from these defects 
effectively reduces electron density (of low momentum electrons) at the 
annihilation site and consequently increasing the S parameter, while the 
W parameter remains relatively unchanged, see Fig. 7c. Additionally, 
the S parameter decreases during the free cooling of the film (open 
points in Fig. 7b). This hydrogen desorption correlates with a rapid in
crease in the base pressure in the chamber during temperature rise, as 
shown in Fig. 7a. The temperature range up to 500 ◦C reflects the 
thermal stability of absorbed hydrogen. Notably, the possible formation 
of thermal vacancies would have a negligible effect on S parameter 
growth, as Tann is too low and the film already contains a high con
centration of vacancy-like misfit defects. Lattice thermal expansion can 
be also disregarded since most positrons annihilate in defects.

In the interval of medium annealing temperatures (500 ◦C < Tann <

1000 ◦C), the S parameter remains nearly constant (II.), as shown 
Fig. 7b. Although phase transformations of intermetallics cannot be 
ruled out, the S parameter is relatively insensitive to different nano
crystalline phase structures, as demonstrated in section 3.2. At high 
annealing temperatures Tann > 1000 ◦C, a significant decrease in S is 
observed, alongside an increase in base pressure (III.), as displayed in 
Fig. 7a,b, suggesting that bulk oxidation of the film occurs primarily 
above 1000 ◦C, likely with oxygen sourced from the MgO substrate. 
Furthermore, after annealing at the highest temperatures, both S and W 
parameters of the film approach the values characteristic of the MgO 
substrate, as shown in Fig. 7d,e., making differentiation from substrate 
values challenging. The D-600 film shows qualitatively similar behavior 
to the D-700 film, with analogous S(E), S–W, and S(Tann) plots pre
sented in the Supplementary Information. This trend can thus be 
generalized for nanocrystalline films deposited at HT.

Results for the initially amorphous D-20 film annealed up to 1400 ◦C 
are depicted in Fig. 8 and reveal the same three temperature intervals (I., 
II., and III.) as observed for the D-700 film. The pronounced increase in S 
at low annealing temperatures (Tann < 500 ◦C) in Fig. 8b suggests 
greater hydrogen desorption, likely due to higher hydrogen content 
absorbed in the amorphous structure (I.). In the medium temperature 
range (500 ◦C < Tann < 1000 ◦C), a notable decrease in the S parameter 
occurs without major changes in base pressure (Fig. 8a), which can 
therefore be attributed to film crystallization (II.), as supported by the 

Fig. 6. Oxygen and carbon concentrations in: (a) amorphous films (Tdep =

20 ◦C) and (b) nanocrystalline films (Tdep = 600 ◦C) comparing standard 
samples (full points + full lines) and vacuum-transported samples (open points 
+ dashed lines).
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position of corresponding data points in the S–W plot in Fig. 8c. Pre
sumably, ZrO2 and HfO2 phases were formed during this phase, as 
indicated by their higher intensities observed by XRD, facilitating 
naturally absorbed oxygen in the amorphous structure over an extended 
period. At high annealing temperatures (Tann > 1000 ◦C), oxidation is 
indicated by a qualitatively similar drop in the S parameter as observed 
in the case of nanocrystalline films (III.), see Fig. 8b,c. In the final 
annealing step, the S(E) curves again display an indistinguishable 
transition from the film to the MgO substrate, as shown Fig. 8d,e.

Both the nanocrystalline and amorphous HfNbTaTiZr films exhibit 
thermal metastability, with common processes of hydrogen desorption 
at low annealing temperatures (Tann < 500 ◦C) and artificial oxidation 
by reaction with the MgO substrate at high annealing temperatures 
(Tann > 1000 ◦C) leading to the formation of crystallites of complex 
oxide phases. This shared behavior accounts for their similar 
morphology and phase structures, as confirmed by AFM and XRD. 
However, in the intermediate temperature range (500 ◦C < Tann <

1000 ◦C), only the amorphous D-20 film exhibited artificial oxidation 
promoting the formation of ZrO₂ and HfO₂ by facilitating the relatively 
high concentration of naturally absorbed oxygen.

4. Conclusions

HfNbTaTiZr films were deposited on MgO substrates by DC magne
tron sputtering, utilizing a single target fabricated through spark plasma 
sintering. Deposition at room temperature resulted in a medium-range 
ordered amorphous structure, while nanocrystalline films were pro
duced either by deposition at high temperatures or by in situ post- 
deposition annealing of the amorphous films. Phase analysis revealed 
a multiple-phase structure, including hcp structure and 2 bcc structures. 
Positron annihilation spectroscopy identified a high concentration of 
vacancy clusters in the amorphous films. In contrast, nanocrystalline 
films deposited at high temperatures displayed vacancy-like misfit de
fects as the primary type of defect, with their concentration gradually 
decreasing as the deposition temperature increased. Crystallization of 
the amorphous films was accompanied by the recovery of vacancy 
clusters, which was more pronounced at higher annealing temperatures.

The role of defects in the natural oxidation properties under ambient 
atmosphere was investigated using X-ray photoelectron spectroscopy. 
While various nanocrystalline films demonstrated comparable oxygen 
absorption, limited to depths of a few tens of nanometers, the 

Fig. 7. D-700 film (Tdep = 700 ◦C) gradually annealed up to 1400 ◦C in VEP apparatus. (a) Time evolution of the base pressure p0 and annealing temperature Tann. (b) 
Temperature dependence of the single-energy S parameter S(Tann). (c) S–W plot for the single-energy S and W parameters. (d) Full S(E) curves measured at selected 
annealing temperatures. (e) Corresponding S–W plots, with solid lines as model curves calculated by VEPFIT. Full data points represent measurement at elevated 
temperatures (annealing), open points represent measurements during free cooling in vacuum.
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amorphous film exhibited a heightened susceptibility to oxygen ab
sorption due to its defective structure. Furthermore, preferential 
oxidation Zr and Hf over Ti, Nb, and Ta was observed. The films also 
exhibited non-evaporable getter-like behavior, where hydrogen was 
released from the film during annealing, allowing absorbed oxygen to 
diffuse inward from the surface. Regardless of their initial structure, 
annealing the films in a vacuum at temperatures increasing up to 
1400 ◦C led to recrystallization and the formation of complex oxide 
phases. This artificial oxidation resulted from the reaction between the 
film and the MgO substrate and the naturally absorbed oxygen within 
the film.

This study demonstrates that the microstructure and defect struc
tures of high-entropy alloy films can be finely controlled, offering 
valuable insights into tailoring their properties, enhancing performance, 
and expanding potential applications. These findings lay the ground
work for future research and technological innovations in the field of 
high-entropy alloys.
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[40] J. Čížek, T. Vlasák, O. Melikhova, Characterization of lattice defects in refractory 
metal high-entropy alloy HfNbTaTiZr by means of positron annihilation 
spectroscopy, Phys. Status Solidi A (2022), https://doi.org/10.1002/ 
pssa.202100840.

[41] H. Guo, et al., Growth of nanoporous high-entropy oxide thin films by pulsed laser 
deposition, J. Mater. Res. 37 (1) (2022) 124–135, https://doi.org/10.1557/ 
s43578-021-00473-2.

[42] P. Zhang, et al., Recent progress on the microstructure and properties of high 
entropy alloy coatings prepared by laser processing technology: a review, J. Manuf. 
Process. 76 (2022) 397–411, https://doi.org/10.1016/j.jmapro.2022.02.006.

[43] Y. Xu, et al., Solid-state cold spraying of FeCoCrNiMn high-entropy alloy: an 
insight into microstructure evolution and oxidation behavior at 700-900 ◦C, 
J. Mater. Sci. Technol. 68 (2021) 172–183, https://doi.org/10.1016/j. 
jmst.2020.06.041.

[44] C.-Z. Yao, et al., Electrochemical preparation and magnetic study of 
bi–Fe–co–Ni–Mn high entropy alloy, Electrochim. Acta 53 (28) (2008) 8359–8365, 
https://doi.org/10.1016/j.electacta.2008.06.036.

[45] C. Oses, C. Toher, S. Curtarolo, High-entropy ceramics, Nat. Rev. Mater. 5 (4) 
(2020) 295–309, https://doi.org/10.1038/s41578-019-0170-8.

[46] J.E. Berger, et al., Formation of self-ordered oxide nanotubes layer on the 
equiatomic TiNbZrHfTa high entropy alloy and bioactivation procedure, J. Alloys 
Compd. (2021) 865, https://doi.org/10.1016/j.jallcom.2021.158837.

[47] B. Schuh, et al., Thermodynamic instability of a nanocrystalline, single-phase 
TiZrNbHfTa alloy and its impact on the mechanical properties, Acta Mater. 142 
(2018) 201–212, https://doi.org/10.1016/j.actamat.2017.09.035.

[48] J. Zýka, et al., Microstructure and room temperature mechanical properties of 
different 3 and 4 element medium entropy alloys from HfNbTaTiZr system, 
Entropy 21 (2) (2019), https://doi.org/10.3390/e21020114.

[49] G. Dirras, et al., Elastic and plastic properties of as-cast equimolar TiHfZrTaNb 
high-entropy alloy, Mater. Sci. Eng. A 654 (2016) 30–38, https://doi.org/10.1016/ 
j.msea.2015.12.017.

[50] A. Motallebzadeh, et al., Mechanical properties of TiTaHfNbZr high-entropy alloy 
coatings deposited on NiTi shape memory alloy substrates, Metall. Mater. Trans. A 
49 (6) (2018) 1992–1997, https://doi.org/10.1007/s11661-018-4605-4.

[51] X. Zhang, et al., Suppression of the transition to superconductivity in crystal/glass 
high-entropy alloy nanocomposites, Commun. Phys. 5 (1) (2022), https://doi.org/ 
10.1038/s42005-022-01059-y.

[52] B.R. Braeckman, et al., High entropy alloy thin films deposited by magnetron 
sputtering of powder targets, Thin Solid Films 580 (2015) 71–76, https://doi.org/ 
10.1016/j.tsf.2015.02.070.

[53] Y.S. Kim, et al., Investigation of structure and mechanical properties of 
TiZrHfNiCuCo high entropy alloy thin films synthesized by magnetron sputtering, 
J. Alloys Compd. 797 (2019) 834–841, https://doi.org/10.1016/j. 
jallcom.2019.05.043.
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