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Abstract

Refractory high-entropy films (RHEFs), as multi-component materials, have garnered significant attention due to their
potential use in high-temperature applications. RHEFs are endowed with unique microstructural and functional properties
due to the use of refractory elements. In this review, we examine the recent state of research on RHEFs deposited by the
magnetron sputtering technique. The microstructure of RHEFs has been analyzed/explored and the mechanical properties
as well as the main hardening mechanisms of these films are discussed. Furthermore, functional properties such as resist-
ance to corrosion and wear, electrical and irradiation performances, and high-temperature oxidation were evaluated. RHEFs
can meet market demand in the field of engineering materials. However, many challenges, such as low ductility at room
temperature, remain to be overcome. This review provides an overview of the strengths and weaknesses of RHEFs produced

using magnetron sputtering.

Keywords Refractory high-entropy films - Magnetron sputtering - Computational - Modeling - Corrosion - Electrical -
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1 Introduction

High-entropy alloys (HEAs) are a relatively novel class
of metallic materials that have gained significant inter-
est in materials science and engineering. They were inde-
pendently introduced, in 2004, by two separate research
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groups, namely J.-W. Yeh and B. Cantor [1, 2]. Tradition-
ally, alloys consist of one or two principal elements with
a small concentration to enhance specific properties. In
fact, the addition of a small amount of an alloying element
to a metal can result in the improvement of its properties.
For example, the addition of carbon to iron leads to the
production of steel with improved mechanical strength.
High corrosion resistance of stainless steel can also be
obtained by adding chromium. A multielement system can
be obtained by mixing various elements. In the case where
the elements have different concentrations, the study of the
multi-element will be difficult since intermetallic com-
pounds can be formed. In contrast, HEAs are composed
of multiple principal elements in roughly equimolar pro-
portions, typically five or more, with each element con-
tributing significantly to the composition of the material.
They are seen as an alternative solution to improve the
physicochemical properties of the materials. Since their
invention, various names have been reported such as com-
positionally complex alloys [3], multi-principal element
alloys [4], multi-component alloys [2], and complex con-
centrated alloys [5].

High-entropy films (HEFs), which are cost-effective, have
also been investigated [6—13] and have revealed interesting
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physical and chemical properties. The characteristic key of
HEAs and HEFs are presented below:

e High configurational entropy: The random arrangement
of multiple elements in equimolar proportions con-
structs a highly disordered crystal structure, resulting in
enhanced mechanical and thermal properties.

e Good mechanical properties [14, 15]: HEAs are often
known to display outstanding mechanical features such
as high strength, hardness, and ductility, revealing their
attractive uses in different engineering applications [16].

e Thermodynamic stability: The high-entropy composition
enables stabilizing solid solutions and prevents phase
transformations at elevated temperatures.

HEFs share some similarities with HEAs, but they are
specifically characterized by their microscale or nanoscale
thickness and interesting physical and chemical properties.
HEFs have applications in areas like coatings, electronic
devices, and sensors, where thin and functional materials
are required. Here are the primary characteristics of HEFs.

e Conformal coating: HEFs can be deposited as thin, con-
formal films on various substrates, ensuring uniform cov-
erage even on complex geometries, especially in the case
of printed circuit boards.

e Tailorable properties: The combination of different ele-
ments in the high-entropy composition enables research-
ers to tune the film’s properties for specific applications
[11,17].

¢ Enhanced surface properties: The nanoscale and micro-
scale thickness of HEFs [18] results in distinctive surface
properties and interactions, rendering them substantially
valuable for surface engineering.

HEAs and HEFs are investigated through a combination
of experimental research, materials characterization, and
theoretical modeling. Scientists and researchers employ
various techniques, including X-ray diffraction, scanning
electron microscopy, transmission electron microscopy,
and atomic force microscopy to analyze the microstructure,
composition, and properties of these materials. Additionally,
computational methods such as density functional theory
(DFT) and molecular dynamics simulations contribute to
understanding the thermodynamic stability and mechanical
behavior of HEAs and HEFs. By systematically studying
and comparing the properties of these materials, scientists
can identify the unique features and potential applications
within each material class. In general, HEAs can be clas-
sified into two main categories: 3d transition metals and
refractory metals, depending on their constituent elements.
Additionally, other alloys composed of 4f transition metals
should also be considered. Researchers are actively striving
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to develop techniques aimed at obtaining RHEFs. The chal-
lenges posed by the high melting points of the elements
in manufacturing are being addressed by the advances in
high entropy. These developments allow the production of
films made from RHEAs that can maintain their integrity
under high-temperature conditions, which holds significant
value for various industries. Magnetron sputtering is one
of the preferred methods to prepare these films, and it has
a remarkable ability to effectively enhance pivotal features,
including mechanical and tribological properties, as well
as oxidation and corrosion resistance. RHEFs with good
hardness and Young’s modulus have been reported in the
literature. Generally, RHEFs prepared using magnetron sput-
tering exhibit enhanced mechanical properties and hold the
potential to open up opportunities for developing applica-
tions in the field of surface treatment.

Focusing on the study of RHEFs by magnetron sput-
tering, this review provides an overview of their micro-
structure, phase, and mechanical properties (hardness
and Young’s modulus). It explores their structure and the
impact of various deposition parameters, while also exam-
ining their functional properties such as corrosion and oxi-
dation resistance, electrical properties, irradiation behav-
ior, and nanolattice characteristics. Additionally, insights
into HEAs are provided, covering their characteristics,
phase parameter selection, and theoretical investigations.
Section 2 delves into the thermodynamic aspects of HEAs,
while the following section focusses on the different mag-
netron sputtering modes used to prepare RHEFs including
details on targets preparation. The last sections present a
comprehensive view of both the classical and the func-
tional properties of RHEFs, with an extensive overview of
the theoretical aspects.

2 Thermodynamics of high-entropy alloys

2.1 Solid solution thermodynamics: phase
formation rules

Micro-structural complexity has been introduced as an addi-
tional criterion for classifying HEAs/HEFs. The preference
for the formation of single-phase solid solution over inter-
metallic compounds can be the result of a low Gibbs energy:

AG,,;,, = AH,, —TAS,,.. (1)

mix

AG,;, is composed of mixing enthalpy (AH,;,), the tem-
perature (7), and the mixing entropy (AS,,;,). Effectively, it
should manifest as a single-phase disordered solid solution
[19].

When studying a complex system, the Gibbs energy
is subsequently linked to the enthalpy of the system.
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Moreover, as presented above, the system’s entropy is
defined according to the Boltzmann equation [20, 21]. It is
worth noting to remember that the total Gibbs free energy
arises from contributions of atom vibration, electron sto-
chasticity, magnetic dipole, and configuration. Among
these contributions, the configurational aspect is the most
prominent, while the other three are regularly neglected
[22]. From the data above, we figure out that the rules gov-
erning phase formation are determined and derived from
the term: AH ;, — TAS -

Furthermore, the Hume-Rothery binary-formation rules
[23, 24] combined with Inoues’s empirical rules for creating
bulk metallic glasses [24] highlighted the compound struc-
ture. This structural characteristic, among others, contributes
to the total Gibbs free energy.

2.2 High entropy definition

The definition of HEAs has gradually become more sophis-
ticated over time. Initially, in the very beginning, the distinc-
tion of HEAs was based merely on the complexity of their
composition [25] where more than five major metallic ele-
ments are concentrated in the range of 5-35 at.%. The name
“HEA” was related to the configurational entropy, which can
be calculated using the following formula:

ASconf =-R Z:l:l Cilnci (@)

where R is the molar gas constant R=8.3145 J mol~! K~!
and ¢, is the concentration of the ith element [5].

From a physics perspective and considering the thermo-
dynamics aspect, greater composition complexity within a
solid solution corresponds to higher configurational entropy
[26]. Moreover, inevitably, the minimum entropy threshold
for a material to be classified as a high-entropy alloy (HEA)
is 1.5 R [27].

According to the Boltzmann equation, materials like steel
and Ti/Al alloys are classified as low-entropy alloys with § <
R, while Ni/Co-based superalloys and bulk metallic glasses
are categorized as medium-entropy alloys, where S falls
within the range of 1R to 1.5 R [26]. This classification is
illustrated in Fig. 1.

The significant interest in the novel concept of HEAs
arises from their distinctive properties. Four fundamental
effects have been identified as specific criteria for charac-
terizing HEAs: the high-entropy effect, lattice deformation
effect, sluggish diffusion, and cocktail effect [28, 29]. It
is noteworthy that these effects were initially reported in
the early publications on HEAs. A brief overview of these
effects is given below.

R (J.mol* K )"

1.5

[Medjum-Entropy Film]

1.0 —

[ Low-Entropy Film ]

Fig. 1 High entropy alloys classification based on R value

a. High-entropy effect

In the case of HEAs, the configurational entropy
is high and assumed to be the dominant term in free
enthalpy. This inclination leads to a decrease in the sys-
tem’s Gibbs energy, favoring the prevalence of solid
solutions over the intermetallic compounds provided
that the enthalpy of formation is not excessively high
in absolute. These special alloys are supported by an
elevated entropy, significantly surpassing that of pure
elements.

b. Lattice distortion

Significant distortion of the crystal lattice might
arise from variations in atomic size among constituent
elements. This difference results in notable implica-
tions for the physical and mechanical characteristics of
HEAs [30, 31]. For instance, the elevated yield strength
in these alloys could be attributed to the presence of
closely spaced obstacles that hinder dislocation move-
ment, rendering plastic deformation more challenging.

The formation of HEFs involves combining different
elements with varying atomic sizes, bonding energies,
and crystal structures, resulting in significant strain and
stress.

c. Slow diffusion

Slow diffusion within HEAs has several significant
effects. It hinders grain growth, minimizes particle
alterations, and enables the attainment of a supersatu-
rated state, enhancing overall resistance and leading to a
superior recrystallization temperature [32, 33]. Diffusion
in HEAs is presumed to be slower than in conventional
alloys, possibly due to fluctuations in chemical bond-
ing within the crystal lattice. Tsai et al. confirmed this
in the case of CoCrFeMnNi HEA. They demonstrated
that diffusion coefficients are lower for the quinary alloy
compared to the pure CFC constituent elements, such as
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those found in the CrFeNiSi alloy. This lower diffusion
rate limits phase transformations.
d. Cocktail effect

The concept was first introduced in the work of Ran-
ganathan [34]. Intuitively, the unique nature of HEAs
allows for the combined influence of each element
comprising the alloy, along with the lattice mismatch
that induces distortion across the entire lattice. This
effect enables the alteration of alloy properties through
changes in composition. However, it is worth noting that
the cocktail effect is not precisely defined, and the prac-
tice of modifying alloy composition to achieve desired
properties is not exclusive to HEAs.

2.3 Phase selection rules

To predict the formation of a single-phase solid solu-
tion, semi-empirical parameters derived from thermo-
dynamics, or inspired by rules by Hume-Rothery, have
been proposed. The occurrence of phase transformation
hinges then on Gibbs free energy, as discussed earlier.
In comparison to intermetallic compounds, a solid solu-
tion exhibits a larger configurational entropy. The term
TAS ;i indicates that solid solutions can become more
stable at higher temperatures. Additionally, enthalpy is
another critical factor that warrants consideration. In cer-
tain cases of HEAs, a negative enthalpy can lead to the

formation of intermetallic compounds. To address this, a
new term € has been introduced, with its formula given
below:

TAS._ .

= (R, @

mix |

where T represents the temperature. If > 1, the term
TAS,;, will exceed AH_;, potentially promoting the forma-
tion of a solid solution.

Conversely, the atomic size mismatch 6 can significantly
influence solid solution stability. According to Hume-Rothery
rules [35], the difference between the elements constituting
the alloys should not exceed 15%. A graphical representation
of the parameters AH,;, and &, shown in Fig. 2, allows us to
define the solid solution domain.

The atomic size mismatch is defined by:

where 6 is the atomic size mismatch, n is the number of
elements, c; is the concentration of the ith element, r; is the
atomic radius of the ith element, and r is the atomic radius
of the jth element.

In addition to these parameters, with the help of phase pre-
diction in the case of HEAs, valence electron concentration
(VEC) seems to be the most relevant one for predicting the
structure. VEC is defined by:

Fig.2 The selection rules for 10
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VEC = " ¢,(VEO), (5)

(VEC); is the valence electron of the ith element.

An alloy with VEC <6.7 is expected to exhibit a bcc
structure, while an alloy with VEC > 8 is more likely to
adopt an fcc structure. If the VEC falls between these two
values, the alloy is typically dual-phased (bcc + fcc).

All these phase selection parameters have been pro-
posed to assist in designing new compositions capable of
forming solid solutions in the case of HEAs. As outlined
above, they are precisely identified to predict the solid
solution based on £2 and §. VEC helps determine the crys-
tal structure of the alloy. Discussions on these thermody-
namic criteria have been reported with examples [5, 29,
36]. However, they remain empirical and do not always
ensure reliable microstructure prediction. While they have
proven more or less useful for HEAs, further research is
necessary in the case of HEFs, including RHEFs, to gain
a better understanding of their applicability, peculiarly in
the context of ceramics.

One approach that could help to correlate these criteria
with the characteristic of HEFs is the combinatory strategy
using the magnetron sputtering technique. It is known that
fabricating films by magnetron sputtering corresponds to
a high cooling rate (10° K/s) compared to other deposition
techniques. This capability can be exploited to produce a
large quantity, especially in the case of HEFs, enabling the
construction of a library. The resulting data can be analyzed
providing the possibility to correlate them with existing
rules or suggest new ones.

3 Magnetron sputtering process

Various techniques have been used to deposit RHEFs such
as laser cladding [37], vacuum arc melting, and vacuum
sputtering [38]. Nevertheless, since the review focuses on
the recent works reported on RHEFs that are obtained by
magneton sputtering, its working principle will be presented
in the following paragraphs.

The magnetron sputtering technique is highly regarded
in industrial material coating. Using the process in a reac-
tive environment is very appealing for the cost-effective
preparation of materials, including nitrides, carbides, and
oxides. Various materials have been successfully coated
using the basic sputtering process. Energetic ions, gener-
ated in plasma, bombard a cathode leading to the deposition
of the target elements [39-41]. The process can be done in
a closed chamber under low pressure (Fig. 3). The sputter-
ing is a glow discharge that occurs when voltage is applied
to the cathode. The target then is held at a high negative
potential and secondary electrons are accelerated from the

| Substrat
Ar gas—=—=-» [ 1 Film

@ Ar
O Art
« Electron

—Plasma
L Target

N | —=—-Pomping
| s My

i Cathode
Power supply

Fig. 3 Magnetron sputtering technique

target surface with a similar potential. The secondary elec-
trons support the discharge by ionizing the argon gas (or
other working gas). Thus, the produced ions bombard the
target leading to the sputter of material and the generation
once again of secondary electrons. In the case of a diode-
type discharge and according to Paschen’s law, the discharge
voltage depends on the distance between the electrodes and
the gas pressure. To initiate this discharge, the pressure must
be high. However, this can have an important impact on the
growth rate and the film quality, due to the high collision that
can occur between sputtered atoms and ions in the plasma.
To solve this problem, magnetron cathodes were developed
to trap the electrons close to the target to increase the ioni-
zation rate of the gas and consequently the deposition rate.
Magnetron sputtering can operate under low pressure. This
section offers an overview of the types of targets and the
various sputtering modes that have been used to fabricate
HEFs through magnetron sputtering.

The coatings can be produced using targets, which may
be single-phase or composite depending on how the alloy is
produced in the solid state. A single-phase target consists of
a single pure element. During the impact of the ions on the
target surface, the element is sputtered at its own sputtering
rate. In addition, the target is cooled to prevent volume diffu-
sion. This implies the permanent expulsion of material from
the target. In this case, each atom is ejected according to its
own spatial distribution.

In the case of a composite target, the challenge lies in
defining the ratio of the parts made up of each metal to
achieve the desired coating composition. Generally, three
types of targets can be proposed: concentric, mosaic, and
dispersed.

The reported high-entropy films deposited by sputter-
ing have been generated using three approaches: mosaic,
dispersed multi-elements, and individual targets (Fig. 4).
For example, in the case of dispersed elements, the target
is fabricated through an arc-melting process [42, 43], while
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Fig.4 Different types of targets are used to elaborate HEFs by sputtering. a Multi-individual pure elements. b One target with dispersed multi-

elements. ¢ Mosaic assembly

others are produced by hot-pressing a mixture of powders
[44]. The individual targets are co-sputtered simultaneously
to elaborate HEF. Lou et al. [45] utilizing various DC and
RF generators to deposit the film. The mosaic assembly is
also documented in the literature, indicating the feasibility
of sputtered HEFs [46, 47].

3.1 Balanced and unbalanced magnetron
sputtering

Depending on the magnet configuration, magnetron sput-
tering can be classified as balanced or unbalanced. In a bal-
anced configuration, magnets with equal power ensure that
all field lines pass through the central magnet, creating a
closed, magnetic field where electrons are confined. In the
case of the conventional magnetron sputtering, ions bom-
bard the target in the plasma to release atoms that deposit
onto the substrate. However, this process can be irregular,
leading to non-uniform film thickness. Balanced magnetron
sputtering addresses this issue. In this case, the substrate is
not seriously affected by the ions. This is suitable for deposi-
tion on heat-sensitive substrate. To enhance ions flow toward
the substrate, unbalanced magnetron was developed. This
approach involves adjusting magnetic flux through one of the
poles, resulting in an imbalance magnet circuit. Unbalanced
magnetron sputtering has been reported in the preparation
of HEFs [48-50].

3.2 DC magnetron sputtering

In the case of DCMS, the target is maintained at a constant
negative voltage (or power) under argon pressure. Argon is
commonly used as a working gas with a pressure varying
between 0.1 and 1.5 Pa. Under these conditions, the cur-
rent densities are in the order of ten mA/cm? with power
densities of tens W/cm?®. The process produces a plasma
density in the order of 107'* to 107! m™3 [51]. The metal
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vapor is much more energetic than the thermally evaporated
elements. The ionization mechanism of the target’s atoms
is based on Penning ionization, which occurs through the
collision with argon ions (Ar"). The mean free path of the
sputtered elements can exceed 50 cm. Most deposited HEFs,
particularly RHEFs, have been produced using the DC mode
in magnetron sputtering.

3.3 HiPIMS

The main limitation of conventional sputtering is the low
speed and the arbitrary trajectory of the sputtered elements.
This makes the control of their direction difficult, which is
detrimental to the film quality. Sputtering processes have
been developed to achieve a higher flow of ions than neutrals,
known as ionized physical vapor deposition (IPVD). Two
aspects have then been developed: complementary ioniza-
tion through radio frequency (RF) or high-power impulse
magnetron sputtering (HiPIMS). In the case of HiPIMS, no
secondary plasma is required to ionize the vapor. Instead, the
magnetron cathode is equipped with a pulse power supply
capable of delivering instantaneous and high power which
can reach megawatts. HiPIMS technology [52] generates very
high instantaneous currents while maintaining a low target
temperature. This is achieved by using short pulses ranging
from a few microseconds to a few hundred microseconds.

3.4 RF magnetron sputtering

Some of HEFs have been prepared using RF magnetron
sputtering [53-56]. For instance, Alam et al. [47] fabricated
a mosaic target and employed RF magnetron sputtering to
deposit TIMoVWCr HEFs. As the target was homemade,
the magnets were geometrically arranged under the cath-
ode (hole target) with opposite poles in order to confine
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the plasma to the center. Several studies have focused on
the effect of RF on HEF properties, including morphology,
structure, and mechanical properties [57].

4 Microstructures and phases of RHEFs
by magnetron sputtering

Recent research focuses on the development of new refractory
high-entropy alloys and films. The materials consist of groups
IV and VI elements in the periodic table. Their properties
have been studied at room temperature and elevated tem-
peratures. Generally, the majority of refractory high-entropy
alloys are primarily composed of refractory elements from
the transition group. They exhibit a body-centered cubic (bcc)
structure and enhanced solubility. Xiong et al. [58] reported
that RHEAS can be classified into three distinct types: bcc
solid solution, precipitation of B2, and laves. Compared to
the alloys, few works on the films, especially those deposited
by magnetron sputtering, were reported in the literature. In
this section, phases and microstructure of different RHEFs
deposited by magnetron sputtering will be presented.

Xia et al. [59, 60] have reported characterizations of
MoNbTaW by studying their properties under the effect
of the nitrogen and the angular deposition parameters. The
films were deposited by using two techniques, magnetron
sputtering and arc deposition. By adding the nitrogen, a
phase transformation from bcc to fcc was observed. This
transformation occurred with a nitrogen content varying
from 25 to 30 at.%. The study reveals that the two deposi-
tion methods have a minor effect on the growth conditions
of the film’s structure. Fritze et al. [61] studied the tem-
perature effect on the evolution phase of HINbTiVZr. The
film undergoes a phase transformation from amorphous to
bce phase at 275° followed by another transformation to
bbc + laves when the temperature reaches 450 °C. Simi-
larly, Ali et al. developed octonary RHEFs consisting of
strong nitrides forming elements by using the magnetron
sputtering process. The increase of the nitrogen flow leads
to a phase transformation from amorphous to a fcc phase.
In their study, Bi et al. [62] examined NbMoTaWV films
deposited by magnetron sputtering, along with their oxides
(Fig. 5). The works aimed to investigate the local evolution
of the structure of these films, first by weak-enthalpy-ele-
ment and second under the effect of oxygen in the case of
oxide. They observed that the film without oxygen exhibits
a single-phase bcc structure, with three identified peaks
(110), (200), and (211). However, as the oxygen content
increases, the films only display a single broad diffraction
suggesting the formation of amorphous or nanocrystal-
line structure. With advancements in microscale devices to
smaller dimensions, researchers are studying newly devel-
oped high-entropy alloys that offer superior performances.

Feng et al. [63] investigated the impact of Zr element on
the mechanical properties of CoCrFeNiZr, (x=0, 0.3, 0.5,
1) high-entropy alloy thin films. Concerning the structure,
as the Zr concentration increased from 0 to 20.7 at.%, a
transition from single-phase crystal to an amorphous
structure occurred. However, with an intermediate Zr con-
tent ranging from 7.0 to 12.9 at.%, a crystal-amorphous
dual-phase structure with Zr element segregation formed.

In the case of (NbMoTaW),q.,V,. the films exhibit bcc
structure. When V content increases, the lattice parameter
decreases. A transmission electronic microscopy analysis
revealed the formation of a nanocrystalline columnar structure.
Uniform grain size was reported of the films with an average
of about 40 nm. For the second study, the effect of oxygen on
the local evolution of (NbMoTaWV), O, films was studied.
The result indicates a change of the local structure from m-m14
to O-m6 after increasing the O content. Magnetron sputter-
ing proves to be an essential method for preparing high-quality
nanocrystalline high-entropy thin films. W. Liao et al. [64]
investigated the CoCrFeNiAl,, ; film, which is composed of fcc
solid solution nanocrystals with a minor content of the ordered
NiAl-type bee phase. The results indicate that the nanocrys-
tals exhibit preferential orientation toward [64]. Further TEM
analysis revealed the formation of grains with a size of 10 nm.
Our group recently published a study of yttrium effect on the
microstructure of TiTaZrHfW RHEF [65]. In Y-free films, an
amorphous phase is formed, while new phases are formed after
the addition of yttrium. In fact, TEM analysis revealed the for-
mation of nanograins with two phases L12 and Y-P6/mmm
structure. This shows the effect of yttrium when is added into
RHEFs with low and high content.

The refractory film (AITiZrHfTa), N, was deposited by
magnetron sputtering as a function of the nitrogen percentage
(Rny =N,/(Ar+N,)) [66]. The film without nitrogen, AlTiZ-
rHfTa, exhibits an amorphous structure (Fig. 6a, b), while
the nitrides are characterized by a NaCl-type fcc structure.
Upon the addition of nitrogen, the RHEFs display a dense
columnar microstructure. With an Ry, percentage of 10%,
the film adopts a fibrous morphology in the direction of film
growth (Fig. 6¢c, d). In the film obtained at Ry, =40%, straight
columns are observed throughout the thickness of the film
(Fig. 6e). This nitride demonstrates the formation of a bipha-
sic system consisting of an amorphous phase and a crystalline
phase. Indeed, the SAED diagram (Fig. 6d) reveals a diffuse
ring and other discontinuities to (200), (111), and (220).

5 Mechanical properties

5.1 Hardness and Young’s modulus

The mechanical properties of RHEFs have been improved by
several strategies such as the effect of additive elements, the
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Fig.6 Bright field and HRTEM
images associated SAED pat-
tern of AlTiZrHfTa at Ry, =0%
(a, b), at Ry, =10% (c, d),

and at Ry, =40% (e, f). Figure
reproduced and adapted with
permission from reference [66]

100 nm

100 nm

500 nm

addition of nitrogen, the increase of the deposition tempera-
ture, and the effect of substrates bias. All these parameters
strongly influence the microstructure of the films, which
affect their mechanical properties. Xia et al. [59] deposited
MoNbTaVW et its nitrides by direct current magnetron sput-
tering (DCMS) as well as cathodic arc disposition (CAD)
techniques. The ratio of metal to nitrogen in the film controls
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- ¥
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phase formation. They have reported that the formation of
the fcc phase is accompanied by an increase in hardness
with values of up to 30 GPa. The introduction of nitrogen
led to further embrittlement of the films, as the fcc nitride
phase showed a lower cracking elongation in the tensile tests
carried out and thus earlier failure. The results obtained can
contribute to a better understanding of the physical vapor
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deposition of metallic and HEFs. Stasiak et al. [67] have
studied the effect of the nitrogen on hardness of CrHfMo-
TaW under two different conditions: deposition at room
temperature (RT) and deposition at 750 °C. The metallic
films (without nitrogen) revealed a hardness of 13.9 GPa
while that of the film with 5 sccm of nitrogen was measured
at 21.9 GPa (Fig. 7a). By increasing the nitrogen content,
even the formation of the NaCl-type phase of high-entropy
films which reported to be hard compared the free-nitrogen
films, CrHfMoTaW nitrides show lower hardness. The study
reveals that the hardness of the films with 10 and 20 sccm
of nitrogen is lower than that of the free-nitrogen film. This
could be due to the coarser structure and porosity. However,
at 750 °C, a metallic bcc phase is formed. The hardness
was measured at 17 GPa. With 5 sccm of nitrogen, the film
has 23 GPa of hardness which is the highest value of the
films investigated in different conditions. The measurements
showed that the hardness of fcc nitride coatings for the series
deposited at 750 °C is lower than that deposited at RT.
Young’s modulus, as a function of the nitrogen flow, is also
reported Experimental values in comparison with the simu-
lation are presented in Fig. 7b. Young’s modulus is 343 GPa
for the pure metallic sample. However, the sample deposited
under 5 sccm of nitrogen has a value of 431 GPa. Increas-
ing the nitrogen flow from 10 to 20 sccm leads to a decrease
of Young’s modulus. For the metallic film produced at RT,
Young’s modulus is 343 GPa while that deposited under 5
sccm of nitrogen has higher Young’s modulus (431 GPa).
NaCl-type fcc nitride prepared at RT shows a decreasing of
Young’s modulus from 471 to 379 GPa when the nitrogen
flow increases from 10 to 20 sccm. For a metallic deposited
at HT, it has a bcc phase and presents a Young’s modulus
of 404 GPa. At low nitrogen flow (5 sccm), 487 GPa for
Young’s modulus compared to for fcc-based film obtained
at 10 sscm.

Cheng et al. [68] have produced two RHEFs by co-sput-
tering Mo or W with TiZrHfNbTa. The addition of Mo or
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W in the film leads to hardness increasing. TiZrHfNbTaW
film shows a higher hardness compared to that of TiZrH-
fNbTaMo and TiZrHfNbTa. The addition of such elements
conduces to a higher strengthening effect. The study reports
the formation of small Mo or W-rich nanocrystallites that
leads to reinforcement of the matrix leading to improved
hardness. However, quasi-similar elastic modulus was
obtained for all films. Improved hardness and elastic modu-
lus were reported by Zhan et al. [69] in the case of NbTiZr
refractory medium film by adding silicon (Si). The Si-free
film shows a hardness and Young’s modulus of 2.2 GPa and
62.6 GPa respectively. Higher values were obtained after
the addition of Si. With 25 at.% of Si, the hardness was
measured at 5.1 GPa and Young’s modulus at 105.1 GPa.
As reported by the study, the improvement of the mechani-
cal properties of these films could be due to the increase in
hybridized metal-metalloid bonding that is consistent with
CALPHAD data. On the other hand, Feng et al. [67] stud-
ied the effect of grain size and the thickness of the films on
their mechanical properties. They showed that NbMoTaW
film having a grain size of 10 nm and a thickness of 250 nm
presents an improved hardness.

On the other hand, (Al, sCrFeNiTi, ,5)N, high-entropy
films were produced using reactive direct current magne-
tron sputtering in reactive mode [70]. With an increase in
nitrogen concentration, the hardness and Young’s modulus
of the films showed an upward trend. The highest values
for hardness and Young’s modulus were measured at 21.78
GPa and 253.8 GPa, respectively. Liao et al. [71] studied
Al ;CoCrFeNi films, focusing on their micromechanical
properties. The thin film, prepared by magnetron sputter-
ing, is smooth with a roughness of 5 nm. To further inves-
tigate the micromechanical properties, films with a diam-
eter of 738 nm were prepared, and compression tests were
performed. The measured hardness and yield strength were
11.09 GPa and 1024 MPa, respectively, which are about
three times higher than those of bulk sample. Cemin et al.
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Fig.7 Hardness (a) and Young’s modulus (b) of films, as a function of nitrogen flow, deposited at RT and HT (750 °C). Figure reproduced and

modified with permission of reference [67]
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[72] have reported the effect of substrate bias on the mechan-
ical properties of NbTaTiVZr RHEF. The film was deposited
by magnetron sputtering at 400 °C. The hardness increased
from 6.5 to 8.3 GPa when the substrate bias increased from
0 to—75 V whereas the reduced modulus showed minor
changes. The study reports that the hardening effect of the
films as a function of the substrate bias could be due to the
refining of the grain size (hall Petch effect). A similar study
was reported by Wang et al. [73] showing the improved
mechanical properties of ZrNbTiMo film as a function of
substrate bias (Fig. 8). With increasing substrate bias, hard-
ness and Young’s modulus increase continuously, reaching
21.3 GPa and 231.0 GPa respectively at— 200 V. The authors
report that this trend, particularly in the case of hardness of
ZrNbTiMo films, is due to crystalline microstructure effect.
The temperature has also a strong effect on the mechani-
cal properties of the RHEFs. TaNbHfZr film was deposited
at three different temperatures 25, 500, and 700 °C. The
amorphous phase formed at 25 °C shows a hardness of 8
GPa while a crystalline formed at 700 °C has 15.3 GPa. The
reduced modulus increased from 94.5 to 183.6 GPa with
temperature increasing. Solid-solution and grain boundary

strengthening could be the reasons for the improved mechan-
ical properties of TaNbHfZr RHEFs.

5.2 Wear resistance

ZrNbTiMo RHEFs were fabricated by DCMS on ASTM304 for
tribological property tests. Liu et al. [74] performed the friction
analysis using a constant load of 2N and for 30 min. The results
are given as a function of the sputtering power. A fluctuation of
the friction coefficient was reported due to the irregular mor-
phology of the film caused by the pits, plastic deformation, and
debris particles (Fig. 9). Four films prepared with a sputtering
power varying from 90 to 180 W (splicing target: @ 76.2 X5
mm?) revealing the best wear resistance of the that obtained at
150 W. Regarding the wear mechanism, two films were tested
and demonstrated an abrasive wear behavior. Fatigue cracks
occurred on its surface due to the repeated plastic deformation
during the test. According to the results, the film obtained with
150 W revealed a maximum toughness (0.437 MPaxm"?) and
best wear rate 5.22x 10~ mm*/N.m.

The effect of the temperature on the tribological proper-
ties of RHEFs has been studied by Xing et al. [75]. The
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Fig.8 Hardness and Young’s modulus of ZrNbTiMo film under different substrate biases. Figure reproduced and modified with permission of

reference [73]
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Fig.9 A Friction coefficient curve and B wear rate of the ZrNbTiMo RHEA films deposited at different sputtering power. Figure reproduced and

modified with permission of reference [74]

friction coefficient at room temperature was twice that of
steel substrate (SS) due to the delamination processes. An
oxide layer formed on film at 300 °C leads to a decrease of
the friction coefficient. The oxide plays the role of a lubri-
cant to reduce the wear effect. However, as the temperature
increases, the friction coefficient increases for the film and
SS. By comparing these two substrates, the authors showed
that even the wear rate increases by increasing the tempera-
ture is still lower than that of SS.

6 Functional properties
6.1 Oxidation of RHEFs

In recent years, the rapid development of aerospace and
other material used at elevated temperatures requires excel-
lent mechanical properties as well as high oxidation resist-
ance. The elements tend to form loose oxides upon the
increase of the temperature. The oxygen diffusion process
becomes contentious as a function of the temperature. Given
such an environment, RHEFs must be resistant to oxida-
tion at elevated temperatures to provide materials operat-
ing under severe conditions. In the case of refractory high-
entropy alloys, the addition of some elements such as Al,
Si, and Cr has been found relevant to improve the oxidation
resistance. Protective layers Al,O5, SiOj;, and Cr,0O5 can be
formed respectively on the surface of the alloys acting as
diffusion barrier of the oxygen.

In the case of coatings, few studies of RHEFs are reported
in the literature. Liao et al. [76] have studied the oxidation
of WNbMoTaVO. The films have been deposited by using
DCMS. The study revealed no change in the microstructure
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Fig. 10 XRD diffractograms of WNbMoTaVO films after oxidation at
different temperatures. Figure reproduced and modified with permis-
sion of reference [76]

of the films below 400 °C (Fig. 10). However, when the tem-
perature reaches 600 °C, a crystalline structure is observed.
The formation of oxides was started at 400 °C and became
complete when the temperature increased to 600 °C. Various
binary oxides were generated at 600 °C. At low tempera-
tures, the growth of oxides has been reported to be slowed
down due to sluggish diffusion. The favored diffusion of
the atoms leads to the acceleration of the oxidation process.

Recently, Bouissil et al. [77] investigated TiTaZrHfW
magnetron sputtered films and reported a medium oxida-
tion resistance. Using TGA, the oxidation behavior of the
metallic and the nitride films at different temperatures
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Fig. 11 Weight gain of TiTaZrHfW(-N) films per AS at 600 (a), 700 (b), 800 °C (c), and total weight gain as a function of the nitrogen flow rate
at different temperatures (d). Figure reproduced and modified with permission of reference [77]

(600, 700, and 800 °C), the weight gain per surface area
was measured (Fig. 11). Compared to metallic film, the
nitrides at different nitrogen flow rates show lower weight
gain. However, as the temperature increases, the weight
gain increases in the case of these nitrides. The authors
have calculated the oxidation rate constant (k,) and the
activation energy (E,). At 800 °C, the lower &, and the high
value of E, were found for the nitride deposited at nitro-
gen flow of 9% at 8 x 107> mg*cm*.s~! and 102 kJ mol !,
respectively. The improvement of the oxidation resistance
in the case of nitride could be due to the formation of the
metal nitrogen covalent bonds which make the metal less
reactive with the oxygen. The study reveals the medium
oxidation resistance of TiTaZrHfW(-N) compared to some
reported works. These works were believed to be in con-
nection with (i) a strong affinity of refractory elements
like Ti, Zr, and Hf with oxygen and the low adhesion of

their oxides to metal; (ii) the formation of cracked and
porous oxides resulting from a low boiling temperature
of W-oxides.

6.2 Electrochemical measurements of RHEFs

The corrosion resistance of a material can be estimated by
measuring the corrosion current (/) and the corrosion
potential (E.,,.) from electrochemical conventional experi-
ments. These parameters must be calculated from the TAF-
FEL line analysis. The corrosion resistance is inversely pro-
portional to the product of I, and E..

Concerning RHEFs, Banachi et al. [78] have studied the
corrosion behavior of VNbMoTaWAl in 0.5 M H,SO, solu-
tion (Fig. 12). The films were prepared by pulsed DC magne-
tron sputtering technique and the Al effect on the properties
of films has been investigated. The results reveal a wider
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Fig. 12 Potentiodynamic polari-
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passivation range of substrate RHEFs compared to that of
304SS substrate (Fig. 12). I, decreased from 2.62 to 0.43
uA/cm® when the film was deposited on the steel. The addi-
tion of Al leads to a denser film that plays a crucial role in
the corrosion resistance improvement. A higher corrosion
resistance was calculated at 768.74 Q cm? for the film with
2.37 at.% of Al.

Alamdari et al. [79] have studied the corrosion behavior
of Ti; sZrTa, sNb, sW, s RHEFs in phosphate buffer saline
(PBS) solution at 37 °C. The results were compared with
those of Ti6Al4V samples. The objective was to analyze
the biocorrosion of the RHEFs in simulated human body
conditions. For that, the authors have studied undoped and
Ag-doped RHEFs. Compared to Ti6Al4V substrate that has
a potential higher than 1.4 V, both undoped and Ag-doped
RHEFs present continuous passivation plateau without pit-
ting effect revealing good corrosion resistance. To further
analyze the corrosion behavior of these films, the authors
calculated their protective efficiency. They found that the
Ag-doped RHEF presents the highest protective efficiency
due to its lower porosity. Ag particles are seen as corrosion
inhibitors.

Other Ti, sZrTa, sNb, sHf, s RHEFs have been studied
to evaluate their corrosion behavior in PBS solution. The
study focused on the biocompatibility of these refrac-
tory films deposited by RF magnetron sputtering on three
different biomedical 316L, CoCrMo, and Ti6Al4V sub-
strates. The results revealed good corrosion resistance of
the coated compared to uncoated substrates. Moreover, the
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coated Ti6Al4V substrate by RHEFs showed a continuous
passivation plateau and low /.. The same group revealed
a non-cytotoxic character of both undoped and Ag-doped
Ti, sZrTa, sNb, sW s RHEFs [79]. Due to their properties,
the film can be seen as a good candidate for developing
biocompatible antibacterial coating.

The medium entropy alloys have also attracted more
attention during these last years. Lou et al. have stud-
ied the corrosion behavior of refractory WNbTaTi
medium entropy thin film and its nitride. The measure-
ments were done in 5 wt% NaCl solution. By compar-
ing the analysis to 304 stainless steel substrates, the
results show a good corrosion resistance of nitrogen-
free W3, gNb,sgTasg ¢Ti; 5. The film has a low I,
1.59x 1072 pA cm™2, the highest polarization resist-
ance of 1400.8 kQ cm?, and a large passivation range
of 1.132 V. The good corrosion resistance of the film
is due to the presence of a large amount of Ta and Nb
known to resist corrosion and high configurational
entropy as reposted by authors. C.-S. Feng et al. [80]
reported a study of a new high-entropy WNbMoTaV
thin film. The film is characterized by an amorphous
structure and features, a smooth surface with low
height variation. Its electrical resistivity was measured
at 320.6 pQ cm with a low current density of 0.088
A cm™2. The film’s corrosion resistance at room tem-
perature has been shown to be superior to that of the
conventional AISI 316L stainless steel. The measure-
ments were performed in 3.5 wt% NaCl solution. The
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corrosion potential is measured at —0.225 V, and the
corrosion current density is about 0.088 pA cm~2, which
is lower than that of steel.

6.3 Irradiation resistance of RHEFs

RHEFs have also been investigated for nuclear applications.
Xe ions have been used to irradiate the films. For example,
El-Atwani et al. [81] have investigated the irradiation resist-
ance of the film WTaVCr deposited by using the magnetron
sputtering technique. Negligible irradiation hardening and
no sign of radiation-induced dislocations were reported after
irradiating the film at RT and 800 °C. Wang et al. [82] have
studied the TiZrNbTaV and its nitride by irradiating the
films using Xe-ions at RT and 500 °C. The irradiation con-
ditions were inspired by the nuclear fuel assemblies in the
most pressure water nuclear reactors. A 3 MeV-Xe ion irra-
diation was carried out on the films for a duration of 2.5 h
at RT and 500 °C. No change was observed in both metallic
and nitride films at RT. At 500 °C, the irradiated nitride film
remains intact under the irradiation effect compared to the
metallic film. The latter undergoes a phase transformation
from amorphous to bee under Xe ion irradiation. Equiaxed
grains with a diameter of 5-10 nm were formed near the
film’s surface compared to the grain size of 14 nm formed
near the substrate. In the case of nitride, excellent irradia-
tion resistance was observed in such conditions. Similarly,
Pu et al. [83] reported on the irradiation effect on TaTi-
WCr RHEF and W film. H* with a fluence ranging from
110 cm™2 to 2x 107 cm™2 was used. Crystallization phe-
nomenon occurred in the RHEF at a fluence of 5x 10'°. As
the fluence increases, the grain size of RHEF also increases
and was estimated at 8 nm for a fluence of 1 x 10'7 cm™2 and
14 nm for a fluence of 2x 107 cm™2. The authors revealed
that even with the easy crystallization of TaTiWCr RHEF
under the irradiation effect, it has a good swelling resistance
compared to that of W film.

6.4 Electrical properties of RHEFs

Regarding the development of nanofabricated electronic
devices, the investigation of electrical properties of high-
entropy films has attracted more attention in the last few
years. Kim et al. [44] have studied the mechanical and
electrical properties of NbMoTaW RHEF. The film was
deposited by the magnetron sputtering technique. The study
focuses on the comparison of the electrical properties of
the film compared to those pure individual element films as
a function of grain size. Generally, electrical resistivity is
related to lattice distortion as well as microstructural defects
such as dislocations and vacancies. Due to the server lat-
tice distortion, NbMoTaW RHEF exhibits a high electrical

resistivity compared to that of pure refractory elements as
reported by the authors.

Chen et al. [84] were interested in the study of the elec-
trical properties of VNbMoTaW RHEEF as a function of
annealing temperature. The measurements were carried out
on V,¢,Nb g Moy, 5Ta g sW,, ¢ film deposited on sapphire
and 304 stainless steel substrates before and after oxidation
y varying the temperature from 300 to 700 °C. The results
show an increase of the electrical resistivity from 3.27x 107>
Qcmto 1.29x 1073 Q cm of the film deposited on sapphire
after oxidation from 300 to 500 °C (Fig. 13). However, the
study revealed a lower electrical resistivity of the film depos-
ited on 304 stainless steels compared to that on the sapphire
substrate.

6.5 Nanolattice and nanostructures

L. Gao et al. [85] successfully demonstrated 3D hybrid
nanorods coated with high-entropy alloys (CoCrFeNiAl 3)
using RF sputtering (Fig. 14). These nanogrids range in
size from 5 to 20 mm, as illustrated in Fig. 15. The study
focuses on the mechanical properties of these nanorods.
Employing two approaches: in situ SEM compression test-
ing and the finite element method. SEM analysis revealed
that the composite nanorods exhibit high compressive
strength of 0.032 MPa kg™ 1 m™3 with a density well below
1000 kg m~3. These materials demonstrate a reasonably
good compressive capacity due to their composite nature,
opening new prospects for potential applications in struc-
tural engineering, flexible electronics, and biomedical appli-
cations. The nanocrystalline structure can be considered an
asset to improve the performances of the high-entropy films.
For example, C. Feng et al. [86] reported that the excellent
mechanical properties of (AITiVCr)N nitride result from
synergistic effect of the nanocrystalline structure, covalent
bonds formed between the metallic elements and nitrogen,
and interstitial strengthening.

7 Computational prediction of HEFs

The calculation-driven design of single-phase HEFs is a cru-
cial step that enhances the exploration of various potential
combinations for creating high-entropy materials, as well as
predicting their microstructures and properties. This step is
particularly important before embarking on costly experi-
mental trials and errors, given that this field is still striv-
ing to reach a stage of maturity. In the following sections,
we delve into three major approaches to achieve this goal:
density functional theory (DFT), ab initio modeling, and
calculation of phase diagrams (CALPHAD).
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Fig. 13 Electrical resistivity of NbMoTaW RHEA thin film compared to individual refractory metals. Figure reproduced and modified with per-

mission of reference [84]

7.1 Modeling from first principles

The behavior of particles composing any material is fully
described by Schrodinger’s time-independent non-relativis-
tic wave function equation, established in 1926 [22]:

Hy (r,0)=Ey (r,1) (6)
1.e.,

_—hzvzwﬁ 1)+ V(7 1)y (7t) = ihaW(z d ©)

2m ’ ’ ’ ot

where H represents the Hamiltonian operator, 7 denotes
the reduced Planck constant, and y(r,t) signifies the wave-
function that encapsulates all information about the system
of particles. This function is complex and defined at every
point in space r and time 7. The solutions of the Hamiltonian
denoted as En correspond to eigenvalues associated with the
system. Additionally, m represents the mass of the particle
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(such as electron, proton), V represents the potential arising
from the surroundings, and V represents the Del operator.
It is interesting to note that despite the success of quantum
mechanics in correctly describing the microcosm behavior,
the computation cost is impressively high. In his paper, Erwin
Schrodinger [22] solved analytically hydrogen atoms composed
of only an isolated electron and a proton. Beyond this simplistic
system, numerical computation is the only option. Besides being
challenging, it is computationally expensive and in some cases
lasts more than the age of the universe. According to Paul Dirac,
the real challenge is solely that the rigorous application of those
laws results in extremely complicated equations to be soluble.

7.2 The adiabatic Born-Oppenheimer
approximation

In the absence of electric and magnetic fields, the Hamilto-
nian for the Schrodinger equation above describing a mate-
rial consisting of N electrons and M nuclei reads:
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where r; is the electron coordinates, T is the nuclei coordi-
nates, and Z represents the atomic numbers. Electrons are
denoted by lowercase subscripts and nuclei, with charge Z,
and mass M; denoted by uppercase subscripts.

The components from left to right express electronic
kinetic energy, nucleus kinetic energy, nucleus-electronic
attraction, electronic-electronic repulsion, and nucleus-
nucleus repulsion, respectively.

This complex Hamiltonian is simplified by the adiaba-
tic Born-Oppenheimer approximation [23] due to the high
magnitude of nucleus mass compared to electron mass. From
the electron perspective, nucleus positions are static in the
nucleus referential framework. Furthermore, the electrons
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instantaneously readjust to nuclei motion; hence, the elec-
trons and nuclei wave functions decouple. The new Hamil-
tonian is then formulated as:

N

N M
— h2 2 ZA ZA
Ho== Y g Vi- X X+
i=1 i i=1 j=1 "iA TiA

N M

>Y- o ©

i=1 k1 Ti

Since the nucleus kinetic energy is neglected and the
nucleus-nucleus is a constant, the wave function is a func-
tion of only electron positions.

In 1964, Hohenberg and Kohn introduced two theorems
[24] followed by the Kohn-Sham formulation a year later [87].
These theorems stated that the ground-state total energy of a
system of interacting electrons is a unique functional of elec-
tron density. They identified the variational principle, thereby
reducing the problem to computing the ground-state energy
of independent electrons under an external potential—illus-
trated by the nuclei’s interaction with electrons. Minimiz-
ing the functional of the three-dimensional charge density is
computationally less expensive than dealing with the three-
dimensional wave function in a system of N electrons.

Essentially, the concept of a fictitious “jellium”—a uni-
form electron gas in infinite space with evenly distributed
positive charges—was initially introduced by Thomas-Fermi
[19, 88].

The significance of this milestone lies in the shift from
computing material properties based on the wave function—a
4N-dimensional entity (accounting for N electrons and their
spin states)—to the charge density, a simpler 3-dimensional
concept. For a material with N electrons, this transition offers a
substantial reduction in computational complexity. The Kohn-
Sham framework exemplifies this shift, demonstrating that the
challenge of modeling many-body interacting electrons within
an external potential is transformed into a problem of non-
interacting electrons. This transformation is showcased in the
self-consistent field calculation of a set of Kohn-Sham equa-
tions, which are modifications of the Schrodinger equations.

Although they are not precisely defined, various approxi-
mations for the exchange-correlation functional have been
suggested. These include the local density approximation
(LDA), generalized gradient approximations (GGA), meta-
GGA, and hybrid functional. These approximations aim to
address the transition from a many-body interacting system
to independent-electron, accounting for various quantum
effects. The choice of functional relies on the charge den-
sity and generally, though not necessarily, the accuracy of
calculations improves following Jacob’s ladder of approxi-
mations [89].

7.3 Pseudopotential

The primary objective of density functional theory
is to minimize the computational cost of all-electron
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calculations. To tackle this, Enrico Fermi [90] proposed
a solution in 1934, followed by Hellman [19] a year later.
Their contributions distinguished between the effects of
valence electrons and core electron contributions in solv-
ing the Schrodinger equation. Since material properties
are predominantly influenced by valence electrons, the
effective potential considers the screening effect of inner
core electrons on the valence electrons. The underlying
idea is to replace the nucleus’s Coulomb attraction with
a smoother potential. This led to the introduction of the
pseudopotential concept, which captures the dominant
effect of valence charge density. Generally, using norm-
conserving, ultra-soft, and projector-augmented wave
potentials for computation helps achieve varying levels
of accuracy in predicting material properties, all while
significantly reducing computational time.

Modern computational materials modeling, often start-
ing from ab initio, employs a blend of theoretical and
computational techniques, prominently including DFT.
First principles approaches have garnered renown for
their remarkable ability to investigate compound stability
[91-94] and, in a high computational cost regime, explore
temperature effects from a bottom-up perspective. The uni-
versality of DFT, underscored by its simplicity, reliability,
and transferability, contributes significantly to its popular-
ity among researchers in the field of materials science.

DFT computations offer relatively accurate enthalpy
values for compounds. However, taking these data to the
next level of applicability requires the AH — 6 rule [95].
Even when employed, this rule lacks significant physical
relevance, particularly in the context of inter-metallic-
based compounds.

The milestone was reached in the works of Troparvesky
et al. [96] by introducing the following criterion:

_RTc Z‘xilogxi Z |H,J

max (10)
where T, represents the critical temperature, and H;;
denotes the absolute enthalpy value of the most stable
binary compound that constitutes the system.

In 2013, thermodynamic properties were employed to
compute six alloys. The data, once calculated by adding
the Troparvesky et al. criterion, demonstrated enhanced
significance. It was discovered that out of the six com-
pounds studied, only CoCrFeMnNi fulfilled this criterion.
The results obtained from DFT computations, as reported
by Troparvesky et al. [96], are depicted in Fig. 16.

It is worth noting that the smaller values obtained by the
DFT strategy for the global number of possible equimolar
single-phase HEF compositions are not surprising [96]. In
contrast to solving Schrédinger equations to obtain actual
eigenvalues and eigenvectors, the DFT relies on Kohn-
Sham modified equations, where the resulting eigenvalues
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Fig. 16 DFT computation [92]
of the enthalpies of formation AH, (meV/atom)
for binary compounds. The
figure has been reproduced and 200
modified with permission of
the main author of the reference 100
[96]
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and eigenvectors might not always hold clear physical sig-
nificance. Among the notable weaknesses of density func-
tional theory is its struggle to provide accurate band gap
predictions for semiconductors, for example.

7.4 Calculation of the phase diagram (CALPHAD)

CALPHAD is an approach based on providing Gibbs energy
values corresponding to each phase within the system. It
combines the results of DFT computations with temper-
ature-dependent semi-empirical equations for designing
high-entropy alloys (HEFs). This method has been applied
in numerous studies [19, 90-93, 97] facilitating the differ-
entiation of solid solution phases, inter-metallic phases, and
their combinations. A significant finding from these inves-
tigations is that the contribution of the solid solution phase
to the entire system is inversely proportional to the amount
of the principal elements. Similarly, the fraction of the solid
solution combined with the inter-metallic phase follows a
similar variation [22]. More details and database tables are
available in this book [96]. It is important to note that in the
absence of CALPHAD data or if the obtained results are not
in line with experimental measurements, the phase diagram
inspector becomes the sole alternative.

7.5 Abinitio modeling

The goal is to organize the growth of solid solutions
by uncovering privileged inter-atomic bonding without

incurring extensive computational costs. It is important
to note that there is no need to delve deeply into empiri-
cal interaction potentials. Numerous scientific studies have
employed an efficient computational approach, utilizing the
VASP commercial package [98, 99]. Researchers have also
utilized similar plane-wave sets suitable for analyzing peri-
odic systems, such as WIEN2K, another commercially avail-
able software, as well as the open-source Quantum Espresso.
Moreover, certain investigations have utilized local basis set-
based software, such as the commercial Gaussian and the
freely available Orca software, which are primarily designed
for molecular computations.

The VASP package [98, 99] has found widespread use
in first-principles electronic structure calculations, deliv-
ering accurate results across a diverse range of materials.
Another commercial software, WIEN2K, has been exten-
sively employed for investigating periodic systems, par-
ticularly those with complex crystal structures. Its robust
capabilities and accuracy in handling periodic boundary
conditions [100-103] make it a favored choice. Addition-
ally, Quantum Espresso, an open-source package, has
gained popularity for the study of periodic systems and
has made substantial contributions to the scientific com-
munity [104].

Furthermore, local basis set-based software, such as
Gaussian [105, 106], has proven to be valuable for molecu-
lar computations, including molecular dynamics simula-
tions and accurate quantum chemical calculations. On the
other hand, Orca, a freely available software, has gained
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recognition for its capabilities in performing high-level com-
putations on molecular systems [107-110].

These computational tools and methods have played an
indispensable role in advancing research across various sci-
entific disciplines, ranging from materials science to molec-
ular modeling, contributing to a deeper understanding of
complex systems and phenomena. Researchers continue to
explore and refine these methodologies, pushing the bounda-
ries of computational physics and chemistry, and opening
up new avenues for scientific exploration and innovation.

8 Conclusion and perspectives

RHEFs hold significant potential for developing materials
capable of operating under extreme conditions. Over the past
decade, researchers have been designing and investigating
new RHEFs using magnetron sputtering as a deposition
technique. This latter is commonly employed in the fabrica-
tion of films, offering the ability to achieve film thicknesses
ranging from nanometers to micrometers on various sub-
strate types. This deposition method is anticipated to expe-
dite the development of RHEF applications, particularly
those designed for extreme operating conditions. Utilizing
this coating approach would significantly reduce the over-
all processing costs associated with using costly materials.
Furthermore, magnetron sputtering can be used in reactive
mode where a reactive gas can be introduced during depo-
sition. This enables the deposition of ceramics like oxides,
nitrides, or carbides offering then additional control over
the film’s properties. It is scalable and can be adapted for
large-scale production in industry. This makes it a preferred
choice for manufacturing applications. However, despite its
potential, studies investigating RHEFs using this technique
remain very limited. Further efforts are necessary to enhance
our understanding of the intricate relationship between the
microstructure, mechanical, functional properties, and phys-
icochemical attributes of these layers.

Regarding the structure, RHEFs can be divided into three
different types: bcc, fce, and amorphous or nanocristalline
structure. A phase transformation occurred under the effect
two majors’ parameters: the addition of element and the
temperature. The formation of nitrides, e.g., the addition of
nitrogen leads to the phase change from amorphous to bce
or fcc. The addition of oxygen causes a phase transition from
bce to amorphous. However, by adding Zr with low content,
the structure of RHEF changes from crystal to amorphous
with a crystal-amorphous dual-phase was formed with high
Zr content. Even, the increasing of the temperature showed
a phase transformation from amorphous to bcc. The phase
transformation of these different RHEFs could be one of
the reasons for their improved performances. Moreover,
the results have demonstrated that the use of transmission
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microscopy is a crucial technique that allows for an in-depth
understanding of the structure of RHEF where the limitation
of X-ray diffraction is evident.

In the case of the oxidation phenomenon of RHEFs, the
addition of elements such as Si, Al, or Cr has been reported
to improve their oxidation resistance. Protective layers,
namely SiO;, Al,O;, or Cr,0; were formed acting as bar-
riers to oxygen diffusion. It was demonstrated that at low
temperatures, the growth of oxides is slower due to sluggish
diffusion. However, with increasing the temperature atomic
diffusion accelerates leading to more oxidation processes.
The formation of nitrides has shown potential in counter-
ing the oxidation phenomenon compared to the free-nitro-
gen RHEFs. While, these results suggest the possibility of
improving the oxidation resistance of RHEFs, studies in this
regard are very limited. Further investigations are needed to
gain a deep understanding of this phenomenon.

Enhanced mechanical properties, particularly hardness,
have been achieved through several factors: the incorporation
of metallic elements, nitrogen addition, temperature variations,
and substrate bias. The ratio of metal to nitrogen an control
phase formation. The formation of the fcc phase was demon-
strated to increase the hardness. In the case of CrHfMoTaW
nitrides, hardness decreases with increasing temperature. The
addition of metallic elements also affects hardness. For exam-
ple, adding of W and Mo to TiZrHfNbTa leads to a higher
strengthening effect due to the formation small Mo or W-rich
nanocrystallites. Other deposition parameters in the magne-
tron sputtering process also affect the mechanical properties of
RHEFs. The bias has been shown to improve the film hardness
with highest value obtained for RHEFs prepared by magnetron
sputtering reaching about 30 GPa. The change in microstruc-
ture, wether dense or porous films is the main reason for the
variation in hardness. Conversly, the investigation of tribologi-
cal performances of RHEFs is very limited, thus further studies
are necessary to better understand this phenomenon.

RHEFs have demonstrated promising functional attributes,
particularly in term of corrosion resistance. Studies of RHEFs
have shown their to outperform commonly used stainless steel
in combating corrosion. Moreover, the incorporation of ele-
ments such as Al and Ag in RHEFs has revealed their highest
protective attributed to the lower porosity of the film.

RHEFs have demonstrated promising functional attrib-
utes, particularly in terms of corrosion resistance. Studies
have shown their potential to outperform commonly used
stainless steel in combating corrosion. Additionally, the
incorporation of elements such as Al and Ag in RHEFs
has revealed their highest protective efficiency, attributed
to the lower porosity of the film. Utilizing thermodynamic
criteria to predict phases offers an approach to discern the
possible combinations of multiple metallic elements. Pre-
dictions have successfully identified solid solutions and
intermetallic compounds in various HEAs. However, this
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approach is still relatively limited when applied to films,
especially those produced through magnetron sputtering.
Several unexplored avenues remain in understanding the
correlation between prediction criteria and the diverse
parameters involved in film deposition. Further investiga-
tions are required to address questions about the applicabil-
ity of these criteria to ceramic deposition, including vari-
ations in gas flows (N,, O,, and CH,/C,Hy).

In recent years, computer technology has witnessed rapid
growth in material calculation and simulation studies, ena-
bling the resolution of errors inherent in conventional experi-
mental methods. Presently, artificial intelligence is garnering
increasing research focus for materials study and prediction,
presenting significant potential for applications in fields like
HEAS/HEFs. Leveraging a combination of thermodynamic
databases and DFT calculations offers unparalleled advan-
tages for data mining and guiding experimental design.
Compared to classical computers, quantum computers are
expected to provide exponential speedup and enhanced effi-
ciency due to qubit entanglement. Quantum computers can
utilize algorithms such as Shor’s and Grover’s to achieve this.

In general, due to their distinctive features and inherent
attributes, HEFs and specifically RHEFs are expected to
pave the way for numerous potential applications in the
coming years. These applications are versatile and span
various domains.

Owing to their heightened capacity to withstand wear
and endure intense friction, high-entropy films present a
distinctive potential application in the field of wear resist-
ance. These alloys can be utilized to safeguard cutting
tools, bearing materials, and mechanical components due
to their unique properties. Their exceptional characteris-
tics render them suitable for coating surfaces that require
critical sensitivity.

Furthermore, the consistent composition of HEFs, com-
bined with their inherent stability, makes them ideal candi-
dates for applications in the realm of corrosion resistance.
Consequently, these alloys can be employed to safeguard
coatings in highly challenging technological environments,
such as underwater domains or aerospace settings.

In the context of optoelectronics and electronics, HEFs’
exceptional capability to modify their constituents and
finely adjust their characteristics places them as a favora-
ble option for fabricating high-performance sensors, pho-
todetectors, and electronic devices.

Let us zero in catalytic applications—an exciting topic.
The unique compositions of HEFs, coupled with their
extensive surface area, are poised to achieve remarkable
advancements in environmental restoration and chemi-
cal processing, to name just a few examples of potential
applications.

Delving into energy conversion and storage—an exciting
frontier—particularly in car battery technology, fuel cells,

and supercapacitors. The ability to create HEFs with specific
combinations of elements establishes the route for signifi-
cant advancements in addressing the growing energy crisis.

When exploring the field of biomedical innovation, HEFs
demonstrate a remarkable propensity for adaptation, attrib-
uted to their surface interactions and inherent characteris-
tics. These applications could cover a broad spectrum of
technologies, ranging from biocompatible coatings to drug
delivery systems and implant materials.

Last but not least, the downscaled dimensions of HEFs
offer intriguing possibilities for engineering applications.
Thanks to their distinguished properties, HEFs can be seam-
lessly integrated into nanoscale devices. Notable areas of
promise include nanoelectromechanical systems (NEMS)
and nanoscale sensors for various domains.

Through these avenues, the future of HEFs holds
immense promise for enhancing various industries, driving
innovation, and pushing the boundaries of what’s possible
in material science and technology.
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