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Abstract: High-entropy films (HEFs) are of considerable interest in surface engineering applications due to their superior

properties, such as good corrosion resistance, good thermal stability and excellent high temperature oxidation. Recently, the

scientific community has seen an increasing development of the multicomponent coatings, improving their properties compared

to conventional films. Technically, different strategies have been exploited to fabricate HEFs. Magnetron-sputtered HEFs have

made significant advancements in this field. HEFs have various applications given their interesting performances. This article
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overviews the development and the outcome of HEFs prepared using the magnetron sputtering
technique. The classification of HEFs is reported. The effect of magnetron sputtering parameters
on the microstructural, mechanical, electrochemical and thermal properties of HEFs is also
discussed. Applications of HEFs are reported in the last section.
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1. Introduction

The surface is a key factor to be considered in the development of materials with
high performance. Coating the materials with films with superior properties allows the
replacement of low-quality alloys with materials that can meet extreme requirements.
The quality of a surface has a great impact on the material’s durability. Various
coatings have been developed to combat different causes of degradation. High-
temperature oxidation, wear effect and corrosive environments are all important
factors that affect the durability and the performances of the coatings.

Compared to conventional alloys, coatings are of considerable interest in the field
of materials development. Since 2004, a new approach was reported that involved
developing high-entropy alloys (HEAs), which can be an alternative solution to
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improve the physical and the chemical properties of multi-element alloys. HEAs are
defined as an alloy of at least five elements with an atomic percentage varying from 5
at.% to 35 at.%. Since their invention, several names have been reported in the
literature, such as complex concentrated alloys [1], multi-principal element alloys [2],
multi-component alloys [3] and compositionally complex alloys [4]. In addition, four
characteristic effects are reported and known for HEAs: high entropy, severe lattice
distortion, slow diffusion and the cocktail effect. All the cores effect are reported and
explained in detail by Yeh et al. in reference [5]. Combining the four effects leads to
HEAs with interesting physical and chemical properties. Three different structures of
HEAs—amorphous, intermetallic compounds or solid solutions—have been reported.
The solid solution is either face-centered cubic (fcc), body-centered cubic (bcc) or
hexagonal close-packed (hcp). Moreover, intensive research always focuses on the
development of coatings with excellent properties, such as high hardness, good wear
resistance [6], outstanding thermal stability [7] and excellent oxidation and corrosion
resistance [8,9]. Due to those promising properties, HEFs show great potential for
engineering fields, such as aerospace materials [10], catalysts [11], metallurgical
materials [12] and materials for nuclear applications [13].

Developing surface coatings is an effective strategy to improve the durability of
materials by enhancing their functional properties. Many investigations have been
focused on the development of coatings with improved performance on low-cost
materials. Hard conventional coatings, such as nitrides and carbides of transition
metal, have shown their potential for improving hardness and wear resistance [14,15].
However, these traditional binary or ternary nitrides and carbides cannot satisfy the
growing demand. For example, TiAIN shows good oxidation resistance, but its
resistance is well below than that of HEFs (AICrNbSiYTi)N [16]. Kretschmer et al.
showed also the improved oxidation resistance of (AlICrNbTaTi)N at 850 °C for 100 h
[17]. High-entropy nitrides and carbides form simple solid solutions exhibiting better
mechanical properties due to the strong covalent bonds between the elements and the
large strain mismatch. Other investigations are concerned with high-entropy oxides
due to their special properties. For example, (AlCrTaTiZr)O, maintains its amorphous
structure after annealing at 800 °C for 1 h, and its hardness and Young’s modulus are
20 GPa and 260 GPa, respectively [18]. (AICrNbTaTi)O, showed its ability to maintain
single-phase crystalline with rutile structure after vacuum annealing at 1200 °C [19].
The studies of high-entropy oxides are still limited, and further investigations are
needed to explore the influence of oxygen content on their performances. HEFs are
under extensive study due to their superior structural properties (multi-element solid
solutions) and excellent mechanical and tribological performances. Various HEFs have
been deposited by magnetron sputtering, revealing superior properties [20-24]
compared to the conventional coatings. Using the magnetron sputtering technique, a
series of deposition parameters have been used to control the microstructure of HEFs.
The parameters include gas flow rate [13,21,25-27], substrate temperature and pressure
[28,29], as well as the bias voltage [30,31]. The entropy is the launch pad for the future
exploration of new materials to be exploited in different fields.
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Three categories of HEF are mainly reported: (i) Metallic films formed with
transition metals, such as Al, Co, Cu, Cr, Ni, Ti, V and Mn. Metallic refractory HEFs are
based on elements with high melting temperatures, such as Hf, Zr, Cr, Ta, W or Mo.
Such HEFs have excellent corrosion and high-temperature oxidation resistance. (ii)
Ceramic films that are mainly composed of transition metal elements mixed with
nitrogen, carbon, oxygen or boron. Among these materials, nitrides are much harder
compared to metallic compounds. (iii) Composite films that are presented as a
matrix/reinforcement. Tian et al. [32] added Ni60 as a reinforcement to an
AlCoCrFeNiTi coating, that is, as the matrix, to enhance its mechanical and tribological
properties. AICoCrFeNiTi/Ni60 was prepared by plasma spraying, and the results
showed an improved hardness and wear resistance at high temperatures [32].

Review articles have been recently reported on HEFs, including the preparation
methods, properties and applications. Li et al. [33] discussed the relationships between
the microstructures and the properties of coatings obtained by different methods.
Sharma’s review paper [34] focused on the development of HEA materials as coating
for demanding and high-performance protection in extreme conditions. Duchaniya et
al. [35] reported on the concept, classes, preparation, properties and applications of
HEA coatings. Fabricating HEFs by using magnetron sputtering is advantageous.
Desired stoichiometric films can easily be obtained, and the quenching rate is high (10’
K/s), which favors the synthesis of supersaturated solid solutions. The present review
gathers recent works on HEFs prepared using magnetron sputtering techniques by
focusing on the deposition parameters’ effect on their properties and performances.
This includes the evolution of their structural, mechanical, tribological and
electrochemical properties as a function of various factors. The oxidation resistance and
thermal stability of HEFs are discussed. Therefore, a brief discussion of the effect of the
configurational entropy is provided. No explicit investigations are performed in the
case of HEFs, as the intention is to report on the latest developments. The review is
presented in five sections. Section 1 introduces high-entropy alloys. Section 2 gives
details on the process of magnetron sputtering deposition techniques for HEFs. Section
3 deals with the mechanical, tribological, electrochemical and physical properties of
HEFs prepared by magnetron sputtering. Section 4 covers the different applications of
HEFs. Finally, Section 5 summarizes the challenging development of HEFs and gives
future recommendations.

2. High-Entropy Films Deposited by Magnetron Sputtering

Several HEF compositions have been reported to be competitive against the
conventional alloys. These films are born of a strong need to develop new protective
coatings for operating under extreme conditions. Various investigations and results
have been reported since the invention of these HEFs. Figure 1 shows the number of
research articles published on HEFs prepared using the magnetron sputtering
technique in peer-reviewed journals since 2006. The citation number is included based
on Scopus data. Figure 2 provides an overview of the different elements used for
developing HEFs with magnetron sputtering. Al and Cr have been widely used in the
various compositions. Many investigations have been performed to improve the film
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performance, such as the oxidation resistance of refractory alloys, through the addition
of elements, including Al and Cr [36,37]. These elements allow the formation oxide

layers (Al,O;, Cr,Os) that act as protective coatings.
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Figure 1. Number of reported publications on magnetron-sputtered HEFs. The histogram shows
the number of the articles from 2006 to December 2021. The red curve displays the citation
number of the articles per year. The results are plotted according to statistical analysis from the

Scopus website.
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Figure 2. Selected elements used as feedstock for HEFs deposited by magnetron sputtering.
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Before discussing the relation between the magnetron parameters and HEF
properties, the configurational entropy AS.ons contribution to the Gibbs energy needs to
be mentioned. The high configurational entropy, which is supposed to be the dominant
term of the free energy, can lead to a decrease in the Gibbs energy, favoring the
formation of solid solutions rather than intermetallic compounds. The effect of the
configurational entropy AS..¢ has been reported in the literature, but for very limited
studies, and was only mentioned in the case of bulk HEAs [38,39]. Otto et al. reported
that maximizing the configurational entropy cannot be a sufficient condition in which
to form the solid solution. When starting from CoCrFeMnNi and adding other
elements, a single phase was not obtained [39]. Laurent-Brocq et al. [40] compared
high-entropy alloys and conventional diluted multielement alloys by examining
Co,Cr,FeMn,Niip-y, with x varying from 2 to 25%. The study showed that the diluted
alloys exhibit a single solid solution, while some of the concentrated alloys present
several phases.

In the case of HEFs, and to the best of our knowledge, no study has explicitly
reported on that aspect. We have conducted a survey on the literature relating to
AlCrTaTiZr [41] and AlICrTaTiZrMo films [42], which have been coated by RF
magnetron sputtering. The equimolar compositions of these films have different
configurational entropies. Both films present amorphous structures, but have different
mechanical properties. The hardness and Young’s modulus of AlCrTaTiZr are 9.3 GPa
and 140 GPa, and of AlCrTaTiZrMo are 11.2 and 193 GPa. On the other hand,
Braeckman et al. examined the influence of two different (Ge or In) solute elements on
the phase formation of CoCrCuFeN:i films [43]. They reported that if the solutes exceed
a certain threshold, then the crystalline solid solution is not stable, and an amorphous
structure is favored. As regards the four core effects of HEAs/HEFs, given that there
are very limited reports on the effect of AS.ns on their properties, more efforts are
required in this field to clarify this issue.

3. Process
3.1. Deposition of HEFs

Conventionally, most films are based on one or two principal elements. Their
development consists of selecting the principal element and adding minor elements,
sometimes in large numbers, to improve their physical, chemical and mechanical
properties. Standard physical vapor deposition (PVD) films, such as Ni-superalloys,
Al, Ti and Cu, have been investigated and reported on. Standard nitrides films present
interesting properties compared to ordinary materials. For example, TiN and TiAIN
present oxidation temperatures around 700 °C and 900 °C, respectively [16]. Other
similar films show a good corrosion resistance, such as ZrN [44—47], making them
potential coatings for various applications.

Compared to these, various HEFs have recently been produced showing superior
properties, as mentioned above. For example, HEF nitrides, as a function of the
nitrogen flow rate, are reported to be potential candidates for replacing Ni superalloys.
It was found that the constituting elements strongly affect their microstructures and,
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consequently, their properties. The microstructure of HEFs can be the subject of the
four core effects. These characteristics are not present in the case of standard PVD
films, highlighting the importance of developing new films with better performances.
The (AICrNDbSiTi)N HEF investigated by Shen et al. [16] has a superior oxidation
temperature compared to the standard ones (TiN, TiAIN). (AICrNbSiTi)N has an
oxidation temperature of around 1100 °C. In addition, the amorphous structure can be
more anti-corrosive due to its lack of boundaries. However, the formation of solid
solutions which are highly favored in various HEFs can improve the corrosion
resistance of the materials [48,49]. Therefore, HEFs have the potential to possess
superior performance compared to standard PVD films and can be used under extreme
conditions.

Basically, two methods can be used to prepare the HEFs: the sputtering of all
elements from one composite target or the co-sputtering of pure elemental targets. It is
possible to use an HEA target that enables the good control of the stoichiometry of
different elements, as long as target composition is conserved. HEFs can be deposited
by co-sputtering the pure metallic targets, and the film composition is adjusted with
each discharge power. A reactive sputtering mode can be implemented by introducing
reactive gases (N, CH,, C;H, or O;) in the vacuum chamber in order to synthetize
nitrides (HENF; known as High-Entropy superlattice Nitride Films [50,51]), carbides
(HECF) or oxides (HEOF).

3.2. DC Magnetron Sputtering

The basic sputtering process has been known for many years, and several coating
materials have been deposited with this technique. In this process, a cathode is
bombarded by energetic ions generated in a plasma. The bombardment process results
in sputtering, whereby atoms of the target can condense onto the substrate [52-54]. The
process is carried out in a closed chamber pumped to a low pressure before the
deposition. However, the basic process is limited by several effects, such as a low
deposition rate, a low ionization coefficient in the plasma and the heating effect of the
substrate. Magnetron sputtering has been developed to overcome these limitations
[55]. Magnetrons use a magnetic field parallel to the target surface that can constrain
the movement of secondary electrons near the target. Magnets are positioned at the
central axis with an opposite orientation to generate rings of magnets between the edge
and the center of the target. This was developed to trap electrons close to the target and
increase the probability of ionizing collisions between electrons and atoms. The
increased ionization results in the formation of a dense plasma near the target. The ion
bombardment of the target in this case results in a higher sputtering rate and the
deposition rate increases. In addition, the high ionization in this magnetron mode
means that the discharge can be kept at low operating pressures compared to the basic
mode.

3.3. HiPIMS
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High Power Impulse Magnetron Sputtering (HiPIMS) technology [56] allows the
user to generate very high instantaneous currents while keeping the target at low
temperatures through the use of short pulses (from a few microseconds to a few
hundred microseconds). The short pulses make it possible to maintain the discharge by
avoiding the creation of unwanted arcs if the duration of the pulses is sufficiently
reduced (less than 50 ms). In the case of long pulses, the power supplies are often
coupled to an arc suppressor. HiPIMS, which leads to highly ionized discharges, has a
number of advantages. For example, the use of a high voltage produces highly
energetic ions. This often results in denser films compared to those produced by
conventional techniques. The energetic metal ions allow the layer to be compact during
the film’s growth, either via a transfer of momentum to the atoms of the growing film,
or by allowing an increased diffusion of the metal ion atoms on the surface. Moreover,
ion etching before the deposition step allows the optimization of the interface for a
better adhesion.

Few investigations have been reported in the literature on the study of HEFs using
HiPIMS [57-59]. Xu et al. investigated the nitrogen effect on the microstructure and
mechanical properties of AICrTiVZr HEFs [58] {66}. The metallic element contents and
the deposition rate decreased as the nitrogen flow increased, which was associated
with the target poisoning. An amorphous structure was formed at low nitrogen levels
(<4 sccm) and a single-phased fcc solid solution appeared after increasing the nitrogen
level more than 4 sccm. The hardness was measured at 41.8 GPa, which meant that this
film could be classified as a super-hard material compared to other HEFs. This may be
due to the densification of the film using the HiPIMs process. The same group reported
the synthesis of another HEF (AICrTiVZrN) deposited by HiPIMS and a DC
magnetron sputtering (DCMS) process. They revealed that the film exhibits a denser
microstructure than that obtained via DCMS (Figure 3) [57]. Bachani et al. reported also
that a (TiZrNbTFe)N film containing 32 at.% nitrogen has a very dense microstructure
[59]. The hardness was measured at 36.2 GPa. This shows how the densification of the
films affects their mechanical properties. In addition, the same film has excellent
corrosion resistance compared to others obtained with different nitrogen content,
essentially because of the compact morphology [59].
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Figure 3. Cross-sectional morphology of (a) HiPIMS-deposited and (b) DC magnetron
sputtering-deposited (AICrTiVZr)N films. Figure reproduced and modified with permission of
Ref [57]. Copyright 2021 Applied Surface Science

3.4. Deposition Rate

The deposition rate of HEFs prepared via magnetron sputtering was found to be
influenced by various parameters, such as substrate temperature, substrate bias,
working pressure and reactive gas flow rate (N, CHy/CoHy, O2). Shen et al. studied
(Al sCrNbysSiosTi)sNse nitrides by changing the substrate bias [30]. The deposition rate
decreased by 20% when the bias was varied from 0-200 V, which reflects an increase in
the re-sputtering phenomenon, even in a weakly ionized discharge. Gas flows such as
N,, CH4/CH, and O, were also found to decrease the deposition rate of the films.
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During the preparation of HEFs, the introduction of the gas led to the formation of
nitrides, carbides and oxides resulting from target poisoning [20,21,25-27,61-63].
Chang et al. have shown that a deceasing deposition rate occurs with an increase in the
substrate temperature (rapid decreasing was observed for temperatures above 300 °C).
The decrease is due to the evaporation of the film elements at high temperatures [64].
The pressure was also found to influence the properties of HEFs [28]. As reported by
Kim et al., the deposition rate of the AICoCrNi decreases as the pressure changes from
1.33 x 107! to 1.33 Pa. Thus, by increasing the pressure, the collision between the atoms
emitted from the target and gases increases in the vacuum chamber. The collision
influences the average path of different elements of HEFs and slows down their arrival
at the substrate surface. This is a known phenomenon for conventional alloys, but in
the case of HEFs, the effect is important because of the presence of several elements.
This effect is due to the decrease in the free path of emitted atoms from the target
because of their collision with gases in the chamber.

4. Properties of HEFs Deposited by Magnetron Sputtering
4.1. Morphology and Structure
4.1.1. Morphology

Most reported HEFs, prepared via magnetron sputtering, are characterized by
columnar, dense, dendrite-like and fibrous-like morphology. The change of the
morphology has been reported to be influenced by the deposition parameters, such as
substrate bias, substrate temperature, pressure and reactive gases. The densification of
the films is due to the high mobility of adatoms on the substrate surface.

Morphologically, HEFs can be controlled by varying many sputtering parameters.
A columnar structure is formed with a bias ranging from -50 V to —-100 V, while very
fine striation lines with spacing were observed on AICrTiWNDbTa films at =150 V [65].
Yu et al. reported three morphologies of a CrNbSiTiZr film: a columnar shape is
obtained at 0 V, it moves between columnar and fine fibers at -50 V and becomes
compact at =200 V [66]. The densification phenomenon of the films is the result of the
high bombardment energy of the growing films, which increase according to the bias
growth. Wang et al. reported that the CrNbTiMoZr film deposited without bias voltage
exhibited an island-like surface structure [67]. All films were deposited at different
substrate biases, and the surface morphology became denser and smoother with
increasing bias. Regarding the cross-section of films, the results revealed changes from
a columnar structure to a fine fiber structure by increasing the bias. The study of a
(Al sCrNbygsSiosTi)soNso film reveals a surface with a cauliflower-like morphology
obtained at 0 V (Figure 4a) that changes to a smooth morphology, as shown in Figure
4b, and a featureless surface is obtained at —150 V (Figure 4c) [30]. More analysis,
presented in the same reference, reported that the SEM cross-sectional micrographs
(not presented here) display a morphology change: a columnar shape is formed at 0 V,
it becomes dense at —50 V, while at -150 V a featureless appearance is observed.

Other studies revealed the dependence of HEF morphology on the substrate
temperature. When the temperature increases, the morphology becomes dense. Islands
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were observed in the case of FeCoCrNiMoO HEF, as shown in the Figure 4 [68]. By
increasing the substrate temperature, the size of the islands was decreased leading to a
dense morphology. This is due to the increase in the energy of the surface adatoms
when the temperature became higher. Smooth grains were formed at room
temperature in the form of sheets. A FeCoNiAIMnW film deposited at 200 °C showed
two types of grains, polyhedral with a size of 100-150 nm and other tiny grains with a
size of 20-30 nm [69]. As the temperature increases, the ultrafine grains became larger
with a size ranging between 60 and 100 nm.

Behravan et al. [70] reported the preparation of AlISiTiCrMo oxide using
unbalanced DCMS under a pressure effect, which was altered between 1 and 8 mTorr.
The film obtained at 1 mTorr shows a morphology devoid of defect-free features. The
one deposited at 4 mTorr shows a surface with some nodular grains. This morphology
is related to the low energy of the atoms on the surface caused by an increase in the
pressure. At 8 mTorr, the surface size of nodular grains increases.

An AICoCrCugsFeNi film deposited at different oxygen flow fractions showed a
surface with grains of various sizes [27]. At low oxygen flow, the film surface showed
agglomerated grains with an average cluster size of 88 + 2 nm. When O, flow
increased, the grains became equiaxed with a size of 35 + 1 nm. Chen et al. reported the
change of the surface morphology of VAITiCrMo film after the introduction of the
nitrogen [25]. The metallic composition presented a surface of a regular tetrahedral
particles. The size of the particles increased when the nitrogen content increased,
leading to a smooth and compact surface.

An (AICrNbYZr) film has been studied by changing the nitrogen flow rate. The
metallic film showed a dendrite-like microstructure, as shown in Figure 4d [26].
However, as the nitrogen increased, the morphology changed. A V-shaped columnar
morphology was formed at 46 at.% N with trigonally shaped grains formed on the
surface of the film (Figure 4e). At 51 at.% N, the morphology became smoother with
small, rounded grains (Figure 4f). On the other hand, nanoparticles with different
geometries as a function of nitrogen content were reported for the film
FeCoNiCuVZrAl [71]. Without nitrogen, the nanoparticles had a size of about 10-25
nm, and the surface became smooth by increasing the nitrogen content.
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(e) 46 at.% N

Figure 4. (Al;sCrNbysSiosTi)soNso film at 0 V (a), =50 V (b) and -150 V (c). (AICrNbYZr)N films
with different N content at 0 at.% (d), 46 at.% (e) and 51 at.% (f). Figures are reproduced and
modified with permission of Refs [30] for a—c copyright 2012 Thin Solid Films and of [26] for d—f.
Copyright 2020 Surf. Coat. Technol.

4.1.2. Structure

The reported HEFs, deposited by magnetron sputtering, are crystalline or
amorphous. Under the substrate bias effect, some HEFs showed crystalline phase
[30,31,67], while other films were not influenced [66]. For example, the (AICrSiNbZr)N
HEEF exhibited a NaCl-fcc phase with substrate biases of 0 V, =25V, =50 V and -75 V
[31]. However, in the case of the CrNbSiTiZr film, no effect on its crystal structure was
observed [66]. Behraven et al. summarized some HEFs prepared with different
deposition parameters, revealing the formation of an amorphous structure [70].
According to various reports, substrate temperature, substrate bias and working
pressure have no effect on the phase of different HEFs, except in the study reported by
Khan et al., where a phase transformation of AlCoCrCugsFeNi from disordered to
crystalline structure occurred by changing the pressure.

Table 1 summarizes the different crystalline structures of HEFs prepared by
magnetron sputtering in the last 10 years. The most reported films exhibit an fcc solid
solution structure. This reveals the influence of the gases on the phase transformation
of the films. In the case of HECF, Jhon et al. reported the formation of an fcc structure
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of CrNbSiTiZr resulting from NbC, TiC and ZrC forming binary carbides [21]. As the
carbon content increased, the films became amorphous. The same behavior was
observed in the case of some HEOF. A bcc solid solution phase was formed of
(NbMoTaWV)O film at 16 at.% of O,. However, when the O content increased, the film
became amorphous. In addition, AlICoCrCugsFeNi and FeCrCoNiAly,; HEO revealed
the formation of an fcc solid solution structure at a low at.% of O with a spinel
structure at high content of O [27,72].

Table 1. Reported crystalline structure of HECF, HEOF and HENF prepared by magnetron

sputtering in the last 10 years.

Composition Gas Structure [Ref
Without Gas With Gas |
CrNbSiTiZr CH,; unmentioned fcc [21]
FeCrCoNiAly; O, fcc fcc (spinel) [72]
AlCoCrCuysFeNi O, unmentioned fcc (spinel) [27]
NbMoTaWV O, bcc amorphous [73]
Aly1oCro13Nbo19TagsTioe O unmentioned rutile-type (r-TiO,) [19]
AICrTiVZr N, amorphous fcc [60]
NbTaMoW N, bcc fcc [74]
MoNbTaVW N, bcc fcc [75]
CrNbTiAlV N, amorphous fcc [76]
Cro35Al025Nbg 1251008 Vo0 N2 amorphous B1-NaCl [77]
MoNbTaVW N, bcc fcc [13]
AlTiTaZrHf N, amorphous fcc [78]
VAITiCrMo N, bcc fcc [25]
AlICrTiZrV N, amorphous fcc [61]
AICrNbYZr N, nanocomposite fcc [79]
AlCoCrCugsFeN N, unmentioned fec+fee [80]
AICrTiZrHf N, amorphous fcc [62]
NbTiAlSiZr N, amorphous amorphous [81]
AlCoCrNi N, amorphous amorphous [28]
AlysCrFeNiTigs N, amorphous fcc [82]
FeCoNiCuVZrAl N,  amorphous amorphous [71]
ZrTaNbTiW N, amorphous bcc+fec [83]
AlCrMoNiTi N, amorphous bcc [84]
AlCrMoZrTi N, amorphous bcc [84]
TiZrNbHfTa N, | feex fcc [85]
intermetallic
AlCrMoTaTiZr N, amorphous fcc [20]
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In the case of HENF investigations, without nitrogen, most reported films
deposited by magnetron sputtering are amorphous. An example is shown with XRD
diffractograms from reference [20], which are presented in Figure 5a. Figure 5b shows a
large peak, as reported in reference [61], indicating the amorphization of the film
without the nitrogen. However, an fcc solid solution was obtained upon increasing the
nitrogen content, as presented in Figure 5a,b. The adsorption of the nitrogen atom in
interstitial sites promoted the phase transformation of the film, resulting in the
crystalline structure. Some analyses reported that HENF exhibit fcc phased solid
solution due the formation of binary nitrides having the same structure. However, this
rule cannot be generalized. Some HEFs remain amorphous, even after increasing the
nitrogen content, such as in the case of NbTiAlSiZr [81], AlCoCrNi [28],
FeCoNiCuVZrAl [71] and AIBCrSiTi [86] nitrides films. Liu et al. explain that the
amorphization tendency could result from the low enthalpy of the mixed elements, the
difference between the depositing temperatures and also from a large solid/liquid
interface energy [71]. On the other hand, other HENFs present a mixed bcc and fcc
structure after increasing the nitrogen content, as in the case of (AlCoCrCu,sFeNi)N
[80] and (ZrTaNbTiW)N [83]. The authors explain that the formation of these mixed
phases is caused by increasing the nitrogen because only some part of the alloys form
nitrides. Other element, such as Nb and W, are bcc and promote the formation of a bce
phase.

The change in the crystalline structure of these HEFs could be a result of a
competition between many parameters. Even though high entropy prevents the
formation of intermetallic compounds and promotes the formation of solid solutions,
the difference in the atomic size leads to lattice distortion. If this latter is high enough,
HEFs remain amorphous, even after adding the gas. However, when the metallic
elements have close atomic radii, a crystalline structure can be formed after the
introduction of the gas. In general, three different phased structures, amorphous, fcc
and bcc, are reported in the case of HEF investigations. While the changes from
amorphous to crystalline structure may be due to the mutual solubility and similar
structure of nitrides, more investigations are needed to provide an in-depth
explanation of the amorphization formation tendency after adding the reactive gas.
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Figure 5. X-ray diffractograms showing the evolution of the structure as a function of the
nitrogen flow rate. (a) Reproduced and modified with permission Ref [20] copyright 2011 Thin
Solid Films. (b) reproduced and modified with permission of Ref [61]. Copyright 2020 Vacuum

4.2. Mechanical and Tribological Properties
4.2.1. Hardness

The mechanical properties of HEFs are strongly dependent on their
microstructure. A dense microstructure of film can result from the high mobility of
sputtered atoms presenting high hardness. Lin et al. reported the reduction of residual
stress and the annihilation of vacancies in (Crg35Alo25Nbg.12Si00sVo20)N film by increasing
the temperature, resulting in improved hardness [29]. In the case of FeCoNiAIMnW
film, Sun et al. [69] observed a fluctuated variation of the hardness by changing the
temperature of the substrate.

The hardness and Young’s modulus could also be influenced by the substrate bias
parameter. A CrNbSiTiZr film obtained at -50 V showed high compressive residual
stress of —0.82 + 0.04 GPa [66]. The hardness increased significantly and reached a
maximum of 12.4 + 0.3 GPa at —50 V bias, and then decreased to 9.8 + 0.2 GPa at —200
V bias. Young’s modulus increased with the increase in the substrate bias to 187.7 + 3.3
GPa at -100 V, followed by a decrease to 162.3 + 3.7 GPa when the bias was -200 V.

Furthermore, the highest mechanical properties of the films were obtained at the
pressure of 1.33 x 107" Pa, with a hardness of 16.8 + 0.5 GPa and a modulus of 243 + 39
GPa, respectively. Khan et al. [87] reported no change in the mechanical properties in
the case of AlICoCrCugsFeNi film as a function of working pressure. The mechanical
properties were measured at 13 GPa for hardness and more than 204 GPa for Young's
modulus.

For HEOF, the hardness and Young's modulus of (Aly19Cro13Nbo1sTaos0Tie10)O>
increased slightly from 22 to 24 GPa, and from 380 to 400 GPa, respectively. The study
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revealed a change in the hardness, and the maximum value was measured at 11 GPa
with 25% oxygen flow. HECF also experienced a strong change in hardness and
Young’s modulus (Table 2). As the carbon content increases, the mechanical properties
of HEFs decreases, and this was observed for (CrNbSiTaZr)C films. Table 2
summarizes hardness, Young’s modulus and the friction coefficient of different HEFs
prepared by magnetron sputtering. Compared to HECF and HEOF, HENF
demonstrates the increase in their mechanical properties as the nitrogen content
increases (Table 2). For example, the hardest HENF was obtained for
(AlCrMoTaTiZr)N with a 40% nitrogen flow ratio. Its hardness was measured at 40
GPa and the Young’s modulus ranged from 370 to 420 GPa, depending on the nitrogen
flow.

Table 2. Hardness, Young’s modulus (only high values) and friction coefficient (low values) of
HEFs prepared by magnetron sputtering, at different parameters, in the last 10 years. The values
highlight the best obtained results of each study.

Hardness Young Modulus  Friction Coefficient  [Ref

Composition (GPa) (GPa) (Counterpart) |
FeCoNiAIMnW 8.08 187-200 - [69]
(AICTNDSITiV)N 2493 HV - 0.78 (ALO; ball) [64]

(AICrMnMoNiZr)N 15.2 221 0.12 (SizNy ball) [84]

(TiVCrZrHAN 48 316 - [22]

CrNbSiTiZr 125 187.7 0.53 (GCr15 ball) [66]

CrNbTiMoZr 9.7 150.1 ~0.5 (GCr15 ball) [67]
(AICrSiNbZr)N 9.8 - - [31]
AlCrFeCoNiCuV 9 225 - [88]

AICITiWNbTa 125 181 - [67]

(Al1.5CrNb0.5Si0.5Ti)N 36 350 - [30]

AlCrSiTiMoO 8.9 196 - [70]
(CrNbSiTaZr)C 20.12 - 0.05 (SisN, ball) [89]
(CrNbSiTaZr)C 32.8 358 0.07 (100Cr6 ball) [21]
(TiZrNbHfTa)C 27.5 - 0.15 (sapphire ball) [85]

(AICoCrCu,sFeNi)O 8.2 140 - [27]
(NbMoTaWV)O 15.4 212.12 - [73]
(AICrNbTaTi)N 24 400 - [19]
(MoNbTaVW)N 30 - - [75]

(VAITiCrMo)N 5.55 152.01 - [25]

(AICTiZrV)N 34 328 - [61]
(AICrNbYZr)N 29.6 343 - [26]

(AICrTiZrHf)N 33.1 347.3 0.5 (GCr15 ball) [62]

(NbTiAlISiZr)N 29.6 184.5 - [81]

]

(AlysCrFeNiTi,,5)N 21.78 253.8 - [82
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(FeCoNiCuVZrAl)N ~11.5 ~165 - [71]
(ZrTaNbTiW)N ~17 ~144 - [83]
(AICrMoNiTi)N 19.6 236 ~0.22 (Si3N4 ball) [63]
(AlICrMoZrTi)N 15 263 ~0.14 (Si3N4 ball) [63]
(TiZrNbHfTa)N 32.29 - 0.87 (sapphire ball) [85]

(AlICrMoTaTiZr)N 40.2 400 0.74 (100Cr6 ball) [20]

4.2.2. Tribological Properties

The evolution of the mechanical and tribological properties of HEFs, mentioned
above, seem to be influenced by different parameters, such as the substrate
temperature, bias voltage, alloy element, pressure and reactive gases. The
microstructure evolution could be a result of a change in the preferred orientation,
crystallite size and densification phenomenon of the films. All these phenomena
improve the mechanical and tribological performance of the films. Other studies
demonstrate that residual stresses also have a significant effect on hardness [58,90].
These studies explain that the residual stresses result from the incorporation of defects
that will prevent the plastic flow during deformation, resulting then in a change in
hardness.

Kuang et al. [91] reported the reduction of the friction coefficient of CrNbTiMoZr
carbides. The films were prepared by changing the bias voltage. The incorporation of
carbon may produce a lubricating effect, reducing the friction coefficient. The wear
resistance was showed to decrease as the bias voltage increased. Cui et al. [92] studied
the effect of Al on the performance of FeCoCrNiMnAl,. The results showed a decrease
in the friction coefficient as Al content increased. Regarding the wear of the film, the
results revealed that the cladding layers changed from adhesive to abrasive wear as the
Al content increased. On the other hand, Wang et al. [67] revealed no effect of the bias
voltage on the friction coefficient of CrNbTiMoZr films. They estimated the tribological
performances of the films from their mechanical properties. The influence of the bias
voltage on the wear resistance of the films was linked to the deformation mechanism.
Lo et al. [93] studied the tribological performance of (AICrNbSiTiMo)N at room
temperature (RT) and after heating at 700 °C. They showed a reduced friction
coefficient of the film at 700 °C (0.48 + 0.08) compared to that at RT (0.68 + 0.09). This is
due to the formation of MoQ; after annealing, which acts as lubricating effect. The wear
resistance was then improved.

Wear resistance can be predicted using the elasticity index (H/E) and the
plasticity index (H’/E?). Jhong et al. [21] show the high E/H and H?/E’ values
(CrNbSiTiZr)C, of compared to that of conventional alloys. The carbide with 87.8 at. %
of carbon showed better wear resistance. Recently, Kao et al. [89]used acetylene (C,H,)
with a flow ranging from 0 to 23 sccm to prepare CrNbSiTaZr HEF through RF
magnetron sputtering. The metal composition, i.e., without C,H, had high hardness
(20.12 GPa) but low tribological properties. By increasing the C,H, flow, the hardness
of carbides decreased. The maximum value obtained for the carbides was about 14
GPa, and this was for the film obtained with the 9 sccm C,H, flow. This film has the
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lowest wear rate. Heat treatments of the film were performed at 750 °C, resulting in a
change in the mechanical and tribological properties. The hardness and critical load of
the coatings decreased following a transformation from a predominant DLC structure
to a graphite structure.

4.3. Corrosion Behaviour
4.3.1. Corrosion in Liquid

Corrosion significantly affects many materials. A degradation of the alloys occurs
and leads to economic losses. The development of corrosion-resistant materials can
help to resolve the problem and increase their performance. Developing HEFs as
coatings with good corrosion resistance is of great interest and should be pursued in
many applications. HEFs are advantageous due to the formation of solid solutions
rather than intermetallic compounds. Several HEFs have been fabricated by magnetron
sputtering and shown to have better corrosion resistance. This has been studied and
discussed under the effect of various parameters. Below, some parameters affecting the
corrosion behavior of HEFs are presented and discussed.

4.3.2. Effect of Composition

The elemental content has been reported to influence the electrochemical
properties of HEFs. Bachani et al. [94] improved the corrosion resistance of a 304
stainless steel substrate in 0.5 M H,SO, solution. This was achieved by adding Al in the
refractory VNbMoTaW HEF films. The results revealed that the film with 2.37 at.% Al
has excellent corrosion resistance compared to 304 stainless steels. However, increasing
the percentage of Al tends to form a porous oxide which can be easily affected by the
acid. As the Al content increases, the oxide film becomes more porous and,
consequently, the corrosion resistance decreases. The same material, VNbMoTaW, was
also investigated in 3.5% aqueous NaCl solution, with the addition of a significant
amount of two elements, Cr and B [95]. Since the corrosion resistance is strongly linked
to the microstructure, the film without B is columnar, and this microstructure can be
easily attacked by the salt. However, increasing the B content makes the
microstructures denser and improves the corrosion resistance of the films. Varying the
content of some other component of HEFs also confirms this trend. In fact, when
increasing the content of Fe-Co-Ni, Wang et al. reported and improved the corrosion
resistance of (Fe-Co-Ni)(Al-Ti-Zr)10-« [96]. Among the different films, (Fe-Co-Ni).s(Al-
Ti-Zr);s showed better anti-corrosion performance. The morphology changed according
to the elemental contents, which strongly affected the corrosion behavior of the
materials. Malinovskis et al. studied the anti-corrosion performance of (CrNbTaTiW)C
in 1 M HCI [24]. The properties of these films were compared with those of hyper-
duplex stainless steel. The results revealed that all the carbides showed good corrosion
resistance. Among the different carbides, the best resistance was observed for the
Ta/W-rich film, confirming that elemental content has an effect on HEFs’ performance.

4.3.3. Effect of Substrate Bias and Temperature



Crystals 2022, 12, 335

18 of 28

Other parameters, such as substrate bias and temperature, strongly influence the
anti-corrosion performance of the films. Von Fieandt et al. [79] studied (AICrNbYZr)N,
in HCl by changing the bias voltage and temperature parameters. They showed an
improved corrosion resistance of the films compared to both hyper-duplex stainless
steel and compared to (Nb,Zr)Ng thin film. High corrosion resistance was found for
the film obtained at —150 V and at temperature of 700 °C. With these conditions, the
film had a low surface roughness and high density. Kao et al. reported that the
corrosion resistance of the films prepared with C,H, flux was significantly improved
after a heat treatment. Under the temperature effect, an oxide layer was formed on the
film surface, which prevented the corrosion affect [89]. The good resistance was due to
the high density and low roughness of the films. The properties of these HEFs were
compared with those of the WC substrates. The results revealed that the annealing
process of HEFs improves their anti-corrosion performance.

4.3.4. Oxidation at High Temperature

Feng et al. [97] investigated the temperature oxidation of multi-element TaNbTiW
film. The film shows thermal stability at up to 900 °C. However, by increasing the
temperature, oxides such as Ta,Os, NbO, and Nb,Os are formed. Using a pressure of
107° Pa, oxygen residue leads to film oxidation under the annealing effect. The authors
reported that films with high W content had a good resistance to oxidation. Moreover,
increasing both Ti and W content led to the densification of the film, preventing the
diffusion of oxygen. Shen et al. [16] reported the superior oxidation resistance of
(A10.34CI'Q,22Nb0,11810411Tiglzz)5oN50. The film annealed at 900 °C for 50 h presented two
oxides: a-Al,O; and rutile-TiO.. By increasing the temperature to 950 °C for 10 h, the
quantity of the oxides increased. At 1000 °C, Cr,O; was also formed. The performance
of the films was compared to those of TiN and TiAIN under the same conditions, and
(Alg34Cro2Nbg11Sip11Tio2)50Ns had a remarkable oxidation resistance. The formation
AlLO; as a top layer with a dense microstructure is the main reason for improving the
oxidation resistance. (Alzs.1CI'30,8Nb7,7Si7,7T130,7)50N50 and (A129.1Cl‘so.sNb11.ZSi7,7T121,z)50N50
films were isothermally annealed at 900 °C for 2 h in air [90]. Both films showed good
oxidation resistance. SEM characterization reveals that numerous oxide particles
formed on the surface of both films. The thickness of the oxides was estimated on the
cross-sectional SEM images to be around 100 + 12 nm for (Al231Cr30sNb775i77Ti307)50Ns0
and 80 + 7 nm for (Alxw1CrssNb112Siz7Tin2)50Ns. The films had a high oxidation
resistance compared to that of many conventional coatings, such as CrN annealed at
800 °C for 2 h. Moreover, (Alx1CrssNbi12Siz7Tizn2)50Ns presents better oxidation
resistance compared to (Al1CrsosNb;7Siz7Tiz7)s0Ns. The content of some elements can
strongly influence the oxidation properties of films. It is known that Al,O; is generally
dense and prevents the diffusion of oxygen into the film, while Rutile-TiO, is less
protective. The dense microstructure eliminates oxygen transport channels and
increases the anti-oxidation resistance of the films. (AICrMoTaTi)N was investigated
between 733 K and 1073 K [98]. The results revealed that the addition of Si in the films
significantly improved their oxidation resistance. The good anti-oxidation performance
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of the films can be due to the protective a-Al,O; and o-SiO; layers. Kretschmer et al.
[17] studied also the oxidation behavior of (AICrNbTaTi)N film in air as a function of Si
concentration. The annealing was performed at 850°C for 100 hours. Without Si, the
film showed an oxide thickness of 2700 nm, while those with Si had 280 nm (Figure 6).
The addition of Si in the films led to the formation of a dense microstructure that
slowed down the diffusion of oxygen.

The oxidation of HEFs under ambient conditions was also reported. Hruska et al.
used XPS to study the oxidation of HfNbTaTiZr film in ambient air [99]. Oxygen
absorbed from the atmosphere reacted with Ti, Zr, Nb, Hf and Ta atoms, forming oxide
nanoclusters. The study points out that only XPS revealed an oxygen content of 66 at.%
compared to other techniques, namely, SEM, TEM and X-ray diffraction analysis,
where no oxide was determined. A depth profiling of the films with argon ions was
carried out to analyze the oxidation behavior and estimate the O content. The depth
increased as the O content decreased. The O was found to be preferentially bound to
Ti, Zr and Hf rather than Nb and Ta. The oxygen diffusion in the film may be due to
the porous structure.

) 0 at% Si Concentratigg (at%) (b) 6.4 at% Si : Concentratigg (at%)

Oxide Scale

Substrate Substrate

Figure 6. SEM cross-section of the (AICrNbTaTi)N without Si (a) and with 6.4 at.% Si (b) after
exposure to ambient air at 850 °C for 100 h. Figure reproduced with permission [17]. Copyright
2021 Surface and Coatings Technology (open access).

4.4. Thermal Stability

This subsection focusses on the recent results of the studies of the thermal stability
of HEFs. Their microstructural and mechanical properties remain stable even at high
temperatures. Kirnbauer et al. [100] reported on the thermal stability and mechanical
properties of (HfTaVWZr)B, film when changing the substrate bias. A single phase
AlB; structure was formed that remained unchanged even after vacuum annealing at
1300 °C. However, by increasing the temperature to 1400 °C, an additional (V,W)B
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phase was formed with (Hf,Ta,Zr)B, as a matrix (Figure 7). The mechanical properties
of the annealed film decreased as the temperature increased. The same group has also
studied HfTaTiVZr nitrides [51]. No significant change in the structure (fcc) was
observed after annealing at 1300 °C, revealing their stability at this temperature.
However, when annealing the films at temperatures above 1400 °C, a hexagonal
(Ta,N).N phase was formed. Nitrogen desorption can be the main reason for the phase
transformation. Cemin et al. [101] point out that the formation of phases can be due to
the thermodynamic and kinetic growth process. AlSiTaTiZr was thermally studied at
between 673 and 836 K. The results showed that the films were stable at 823 K, but
upon increasing the temperature (848 K), several intermetallic compounds were
formed. Theoretical calculations using CALPHAD were carried out to obtain an in-
depth understanding of the thermal behavior of these films. The results revealed that
the formation of intermetallic compounds was prompted by the large content of Al and
Si due to the exceedance of the enthalpy contribution compared to the entropy.
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Figure 7. X-ray diffraction patterns of vacuum-annealed (HfTaVWZr)B, at different
temperatures. Figure reproduced with permission [100]. Copyright 2020 Acta Materialia.
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5. Applications

Various reported works on HEFs deposited by magnetron sputtering have been
performed to enhance their properties compared to the conventional coatings. The new
materials can serve in different applications as their surfaces have superior
performances. This section includes the property requirements for some applications of
magnetron-sputtered HEFs.

5.1. Biomedical Application

Three groups of materials are now being considered for use as biomedicals,
namely, 55304, Ti and CoCr alloys. Considerable scientific research has been focused
on protective coatings that improve the performance of implants and prostheses. In the
case of HEFs, Braic et al. [102] studied the potential carbides and nitrides for
biomedical applications. Two films, (HfNbTaTiZr)N and (HfNbTaTiZr)C, have been
prepared by magnetron sputtering and the corrosion property was simulated in body
fluid. Biocompatibility tests have shown that the coatings did not induce any cytotoxic
response after 24 h and 72 h. A good morphology of the attached cell was observed.
The cell analysis revealed a very high ratio between the live and the dead cells. A very
small ratio of dead cells was observed for (HfNbTaTiZr)N and (HfNbTaTiZr)C
coatings. Valdescu et al. [103] also studied the biocompatibility of (TiZrNbTaHf)C by
replacing some elements (Ti or Ta) with Si. They found that this replacement led to
improved biocompatible properties, where a (TiZrNbSiHf)C coating showed the best
biocompatibility. Codescu et al. [104] functionalized FeMoTaTiZr using
hydroxyapatite-based coatings to increase their biocompatibility and corrosion
resistance so that they could be used as bone implants. The alloy was prepared by
vacuum arc remelting, but the coating was obtained using the RF magnetron
sputtering method. The final material has been prepared to serve as a biodegradable
material for medical application.

5.2. Diffusion Barrier Application

Copper is used as a preferred interconnecting material, but its adhesive ability
with a dielectric layer is low. Copper can easily diffuse in silicon as the temperature
increases. A barrier material is needed to improve the reliability and the stability of
such material. Peng et al. [105] studied a TiVCrZrHf HEF deposited by magnetron
sputtering on Si/SiO, as a barrier layer for copper. The results revealed that HEF
retarded the diffusion of copper at temperatures below 600 °C. A failure was observed
at 700 °C, since TiVCrZrHf crystallized and an interdiffusion between the coating and
copper occurred. Due to its structural and thermal stability being below 600 °C, HEF
can be a candidate barrier material for copper interconnections. In addition, Li et al.
[106] examined AlCrTiTaZrMo nitride as a barrier layer for copper metallization. They
characterized its thermal stability and barrier performance between 400 °C and 900 °C.
A nanocomposite structure without grain boundaries with a large lattice distortion
were the main factors leading to barrier layer behavior. (AICrTiTaZrMo)N,, was found
to have excellent barrier resistance and was the best candidate for barrier material.
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5.3. Wear Resistance Application

Wear is one of the known problems that affects various materials used in different
industry fields. The used material should have high mechanical performance to meet
industrial needs. The tribological performances of (CrAITiNbV)N, have been tested in
4050 aviation lubricant, revealing a low value for the friction coefficient (0.096) and
wear rate (1.8 x 107 mm®/(N-m)) [107]. The best performance of (CrAITiNbV)N, was
due to its characteristics, namely, it was the densest and had a fine columnar structure
and good mechanical properties. HEF nitrides again confirm their potential to
outperform the other materials used in various metallurgical fields.

5.4. Machining Application

In the last decade, the dry machining process has been of a great interest as a
replacement for fluid in industry. Coatings are being developed to prolong the lifespan
of tools and improve their performances. Shen et al. [108] have investigated an
(Alo34Cro22Nbg11Sio11Tio22)50Ns0 HEF, prepared by reactive magnetron sputtering, and
have examined its thermal and machining properties. They reported that the cutting
performances of the coating were better as the milling is operated at high temperature.
Compared to other basic nitrides, this HEF is advantageous due to its combined high
hardness, good thermal stability and outstanding oxidation resistance. With
continuous machining at high speed (160 m/min), the wear depth of the
(Alp34Cro2Nby11Si0.11Ti0.22)50Ns0 HEF coated insert was 23% and 25% smaller than that of
TiN and TiAIN, respectively. This demonstrates that HEFs can outperform their
commercial counterparts in industry.

6. Conclusions and Outlooks

HEFs have become the focus of many investigations and analyses. It has been
shown that the films exhibit attractive and unique properties compared to conventional
alloys. In general, HEFs exhibit have high oxidation temperatures, good tribological
performances and better corrosion resistance compared to standard PVD films. This
paper focused on HEFs prepared using the magnetron sputtering technique and their
properties. Changing the parameters strongly influences the chemical, the physical and
mechanical properties, leading to films with high performances. The main contents of
the paper can be summarized as:

- The working principle of magnetron sputtering and the process of HEF
preparation has been presented. Standard sputtering (direct current) and high-
power impulse magnetron sputtering (HiPIMS) were discussed.

- The effect of different magnetron sputtering parameters on the physico-chemical
properties of HEFs was analyzed and discussed. The substrate bias voltage, the
substrate temperatures and the flow of the gases (N, O, and CH,/C:H,) strongly
influence various properties of HEFs. Single phases and intermetallic compounds
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are formed. The deposition rates decrease as the magnetron parameters are
changed.

- The mechanical properties of HEFs have been summarized, and they show that the
films exhibit high hardness, Youngs modulus and wear resistance. Nitride films
have been reported to be super hard due to the high density of their
microstructure. The latter can be controlled by controlling the magnetron
sputtering parameters.

- The paper focuses mainly on the analysis of two properties of HEFs, namely,
electrochemical and physical (thermal) properties. Corrosion has been reported to
be influenced by several parameters: the content/type of the elements constituting
the HEFs, the polarization voltage and the substrate temperature. It has been
shown that the formation of dense films with low surface roughness prevents the
penetration of the corrosive solution.

- HEFs prepared by magnetron sputtering show better oxidation resistance at high
temperature compared to conventional films. Oxides, such as Al,Os, that form on
the surface of the films act as barriers to oxygen diffusion and protect the films.

- HEFs also showed good thermal stability at high temperatures. The value of the
threshold temperature depends on each composition, but in general, HEFs are
thermally more stable compared to the conventional films. Ceramic HEFs,
especially nitrides, are stable at temperatures reaching 1000 °C. However, at
temperatures above 1000°C, intermetallic compounds are formed. The large
difference between the enthalpy and entropy is the main reason for the phase
transformation.

- Due to their high performances, HEFs prepared by magnetron sputtering
demonstrated their potential as protective coatings that can be used for various
applications, such as in biomedicine, barrier diffusion, wear resistance and
machining tools.

Intensive studies are still being performed for the preparation, the development
and the control of HEFs’ properties. Attractive properties of the films have been
ascertained by controlling the different parameters of the magnetron sputtering
process. However, some points still need to be deeply investigated. First, the
relationship between the configurational entropy and the properties of HEFs merits
further study. In the case of nitrides, the mechanism of the phase transformation from
an amorphous to crystalline structure after the addition of nitrogen needs to be
elucidated. The effect of nitride-forming and non-nitride-forming elements must be
studied. An important point concerns the selection criteria that give different results
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between bulk materials and thin films. Calculations and theoretical studies need to be
explored in this field.
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