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Abstract: Surface coatings can enhance the substrate material’s properties and increase its lifetime.
HEA-based materials have been extensively investigated as coating materials due to their superior
hardness, excellent oxidation and corrosion resistance, effective diffusion barrier properties and
wear resistance. Magnetron sputtering has been regarded as one of the most efficient methods for
the deposition of HEA-based thin films. Metallic- and nitride-based HEA coatings can be easily
deposited by introducing N; gas along with the Ar in the reaction chamber. The parameters such
as target composition, bias voltage, sputtering power and notably, gas flow ratio, influence the thin
film’s morphology and mechanical properties.

Keywords: high-entropy alloys; coatings; thin films; nitride-based

1. Introduction

High-entropy alloys (HEAs) have been a topic of interest in the field of metallurgy
since their discovery in 2004 by Yeh et al. [1]. HEAs contain at least five elements with an
atomic range of between 5% and 35%, having simple solid-solution phases (i.e., FCC, BCC,
HCP or even a mixture of these phases) despite their complex chemical composition [2].
For instance, in Al-Co-Cr-Fe-Ni alloy, the volume fraction of FCC and BCC phases depends
on the Al wt.% in the alloy [3]. An increase in the Al composition in the alloy leads to
the transformation of FCC to BCC phases and vice versa [4]. HEAs exhibit high strength
and hardness, superior thermal stability, excellent wear and corrosion resistance and good
fracture toughness [5-9]. These attractive properties increase the potential of HEAs in
engineering applications. HEAs can also be defined based on the entropy value [10]. The
entropy of an alloy increases with the molecular randomness in the crystal lattice [11]. The
molecular randomness is associated with the number of constituent elements in the alloy.
The ideal configurational entropy of mixing is as follows:

ASmix = —RZZ,‘ZI’ZZ,‘ (1)

where R is the universal gas constant and z; is the molar fraction of the ith element. The
mixing entropy of equiatomic HEAs is as follows:

AS,ix = Rinz @)

Here, z is the constituent element in HEAs; thus, increasing the number of elements in
the alloy increases the entropy and forms a solid solution (according to Equation (2)). An
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alloy with a mixing entropy AS,,;; > 1.5R and atomic size difference § < 6.6 is considered
as a HEA [1,12]. Here, 6 can be defined from the below equation:

o=y Ba(-3) ®

where 7 is the number of elements, z; is the molar fraction of the ith element, 7; is the atomic
radius of the ith element, and 7 is the mean atomic radius.

Surface coating is an efficient technique to enhance the mechanical and functional
properties of the material. HEAs and HEA-based materials can be used as coating materials,
which can drastically improve the surface characteristics of the substrate material. The
HEAs used as thin films or thick coatings on the substrate can increase the endurance
at optimal deposition parameters [13]. For instance, aluminum and its alloys, widely
used in the aerospace, military and automotive industries, have low density, high thermal
conductivity and easy formability. However, the alloys lack high hardness and good wear
and corrosion resistance. By depositing HEA coatings of Al, a significant improvement in
the overall mechanical and chemical properties can be attained [14,15].

The HEA coatings can be fabricated using magnetron sputtering (MS), arc cladding,
laser cladding, thermal spraying and electrodeposition [16]. Table 1 presents the main
advantages and disadvantages of the mentioned coating techniques. In particular, MS is
an interesting coating technique as both HEA metal-based and ceramic-based as well as
multi-layered coatings can be deposited [13]. The constituent elements used in this coating
technique are usually nitride- or carbide-forming elements. The coating through MS has
low diffusivity, high corrosion resistance and high hardness, which can be used as diffusion
barriers [17,18]. The deposition parameters can effectively tune the physical properties,
microstructure and grain size of the HEA layer. In general, a thin film with desired
stoichiometry can be easily fabricated using the MS process. The deposited thin films can
be quenched at a rate of 10° K/s, limiting the concentration fluctuation in the coatings.
The MS process has high deposition efficiency but is also time-consuming. This paper
discusses the HEA coatings by MS, deposition parameters influencing the characteristics of
the coating and related applications based on recently published work on the MS coating.

Table 1. Summary of HEA-based coating techniques [13,16,19].

Technique

Advantages

Disadvantages

Magnetron sputtering

Easy to obtain film stoichiometry similar to the
stoichiometry of the target material

Rapid quenching of thin films at a rate of 10° K/s
Easy fabrication of superior mechanical ability and
corrosion-resistant HEA nitride coatings

A slight variation in gas flow rate could
drastically change the composition of
HEA thin films

Time-consuming

Low dilution of the substrate material

Arc cladding Excellent metallurgical bonding between substrate and Low deposition coefficient
coating
Rapid solidification velocity (10°-10° K/s), avoiding Possible decline of the substrate and
Laser cladding ComPonent.segregatlon . . HEA coating properties due to elemental
Coatings with 1—5 mm thickness can be fabricated dilution
. High deposition coefficient Highly porous films
Thermal spraying Low dilution of coating materials Lamellar structure
. Cost-efficient Time-consuming
Electrodeposition Can fabricate coatings on complex geometries Contamination of coating from anode

products
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2. Magnetron Sputtering Coating

In the MS technique, an electric field is generated between two electrodes within a
vacuum chamber. In general, inert argon gas is pumped into the chamber and is positively
ionized due to the electric field colloids with the electric field’s negatively charged plate
(cathode). The collision of Ar* ions with the targeted material located on the cathode leads
to the ejection of atoms/molecules (constituent elements of HEAs) from the target area
towards the substrate [20,21]. The ionization and collision rates of Ar on the target material
in the sputtering system influence the deposition rate and coating thickness. Introducing
the magnets underneath the target can create a magnetic field, which traps the secondary
electrons emitted by the target into the discharge and increases Ar’s ionization, increasing
the collision rate between the Ar* and the target material (see Figure 1). The HEA film's
stoichiometry can be easily controlled by varying the chemical composition of the target
material and the operational parameters. HEA nitride, carbide and oxide coatings can be
readily synthesized by introducing Ny, CoH, and O, gases along with the Ar gas.

Ground or bias

Chamber

Gas Inlet

Figure 1. A schematic diagram of magnetron sputtering. Reproduced with permission from [20].
Copyright 2016, Elsevier.

MS can be either balanced (conventional) or unbalanced based on the configuration
of the magnetic field between the magnetic poles that form magnetrons. In balanced MS,
the magnets are arranged so that the magnetic field lines coming out of the outer poles
at the target surface close within the sputtering chamber at the inner poles at the target
surface. In contrast, only a few magnetic field lines are closed between the inner and outer
poles in an unbalanced MS magnetic system. The unclosed magnetic field lines are radially
directed towards the walls of the sputtering chamber [22]. The magnetic fields in balanced
and unbalanced MS are schematized in Figure 2.
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Figure 2. (a) Balanced MS and (b) unbalanced MS schematic diagrams [N: North pole, S: South pole].
Reproduced with permission from [22]. Copyright 2016, Elsevier.

The sputtering targets are usually prepared using the vacuum arc-melting method
and remelted and solidified several times to ensure chemical homogeneity, then cut to the
desired geometry and polished [23]. Schwarz et al. [23] deposited a CoCrFeNi coating
using two different targets prepared via spark plasma sintering. One of the targets was
prepared from a homogeneous HEA powder fabricated using gas atomization, while the
second target was prepared from direct sintering of a pure element powder mixture. The
authors reported that coatings with a similar chemical composition and structure were
deposited from both targets. However, they pointed out that targets prepared from the
powder mixture are more economical and easier to prepare [23]. Cemin et al. [24] fabricated
AlSiTaTiZr thin films using 5-element mosaic assembly, circular (“pizza-shaped” geometry,
Figure 3a), using the MS method. The sputter yield of Al is double compared to that of
Si, Ta, Ti and Zr when considering argon impinging with energies < 1 KeV (as shown in
Figure 3b). Therefore, the Al section was designed at half the size compared to the size
of other elements. The stoichiometry of HEA thin films was AljgSijgTassTij1 Zr16, with a
thickness of 2.2 ym and had an amorphous structure.

b) * = :

Sputter yield (atoms/ion)

0 250 500 750 1000

Ar ion energy (eV)

1cm

Figure 3. (a) Photograph of the AlSiTaTiZr multi-component “pizza-shaped” target used for the
radio-frequency MS process, and (b) sputter yield for Ar* ions at different energies impinging on the
five elements present in the target. Reproduced with permission from [24]. Copyright 2020, Elsevier.



Metals 2022, 12, 319

50f17

Cemin et al. [25] investigated the influence of substrate bias voltage on the deposition
of NbTaTiVZr thin films. For grounded substrate, the crystal structure of NbTaTiVZr
was a randomly oriented, polycrystalline BCC pure metal structure with low hardness.
For low substrate bias voltage (—25 V), there was an increase in crystalline size and
roughness of the top layer, which is associated with the low-energy argon ions accelerated
towards the growing film, having the ability to enhance the adatom ability. For high
substrate bias voltages (=75 V), argon ion bombardment accelerates and results in smoother
films with higher lattice strains and higher hardness. The substrates are initially cleaned
with acetone, pure alcohol and then de-ionized water. Before the deposition process, the
target and substrate are cleaned by Ar bombardment for at least 2 min to remove any
contaminants or oxides present on the target surface [26,27]. The substrate temperature
during the deposition influences the grain size and lattice constant of the HEA-nitride
coating. With an increase in the substrate temperature, the grain size increases due to
thermal migration enhancement of surface adatoms under deposition. At the same time,
the substrate temperature did not affect the HEA-nitride structure and remained FCC for
substrate temperatures between 100 and 500 °C [27]. Khan et al. [26] studied the influence
of sputtering power on the thickness and hardness of AICoCrCuFeNi thin films deposited
on the Si wafer by the radiofrequency MS method. The authors reported that when an
increase of sputtering power occurred from 200 to 300 W, the hardness of the thin films
significantly dropped from 13.0 £ 2.5 to 4.5 £ 0.3 GPa, while the film thickness increased
from 80 £ 3 to 100 &= 7 nm.

Shaginyan et al. [28] prepared an equimolar AlFeCoNiCuCrV HEA coating by the
magnetron sputtering method, where the coating has a nanocrystalline microstructure
that presents a solid two-phase solution (BCC + FCC). An increase in the bias voltage
(ranging from 0 to —200 V) increases the hardness of the HEA coating. The Al, Cu and
Ni composition in the HEA coating decreases at high bias voltages with increasing ion
bombardment intensities. This phenomenon could have occurred due to the preferential
sputtering of Al, Cu and Ni elements on the coating surface, leading to a decrease in their
composition on the HEA coating or scattering of Al, Cu and Ni atoms sputtered from the
target during their movement towards the substrate caused by the Ar atoms’ collisions
with these particular elements. A drastic decrease in Al, Cu and Ni composition in coatings
can be avoided if the bias voltage is less than —160 V. It was also revealed that the ion
bombardment intensities do not affect phase change, meaning the phase remained BCC +
FCC for different ion energies. The maximum hardness of the HEA coating was 19.0 GPa
at a bias voltage of —200 V.

Nitride-based HEA coatings can be readily prepared using magnetron sputtering.
Nitride-based films can be prepared by introducing N, gas along with Ar gas into the
vacuum chamber. The stoichiometry of (HEA)xNy can be easily controlled by varying the
nitrogen flow ratio, Ry = Ny /(Ar + Njp). Cheng et al. [29] deposited (AICrMoTaTiZr)N
coatings at different Ry using magnetron sputtering, using equimolar AICrMoTaTiZr
targets. The distance between the target and the substrate material was 75 mm, and
the applied power of the target was 150 W. The substrate temperature was 400 °C, and
coating thickness varied between 1.2 and 1.5 pm depending on the Ry value. The coating
deposited at Ry = 0 has an amorphous structure. However, nitride-based coatings (at least
37% nitrogen) have NaCl-type FCC structures. (AlICrMoTaTiZr)N film exhibited the highest
hardness of 40.2 GPa when coatings were deposited at Ry = 40%. The HEA-nitride layer
was wear-resistant with a wear rate of 2.8 x 107® mm?3/N m. It is worth noting that target
poisoning occurs at higher nitrogen, oxygen or acetylene flow rates or ratios, resulting
in a decrease in the deposition rate of the coating [28,30]. Besides the target composition,
parameters such as bias voltage and gas (N, O, or CH,) pressure influence the surface
morphology and mechanical properties of HEA-based coatings deposited by magnetron
sputtering. Table 2 includes the details about HEA-based thin films fabricated using the
MS method.
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Table 2. The details about HEA-based coatings fabricated using magnetron sputtering.

Coatings Substrates Phases Thickness Hardness Ref.
(CrNbSiTaZr)C WC Amorphous 1.2 — 21 um 6'536_132'12 [30]
Aly.3CoCrFeNi Si wafer FCC 4.0 um 11.09 GPa [31]

TiTaHfNbZr Ti-6Al-4V Amorphous 0.8 um 12.51 GPa [32]
CrNbSiTiZr Stainless steel ~ Amorphous 1.0 um 12.4 GPa [33]
AlFeCrNiMo Stainless steel BCC 1.5 um - [34]
- Si wafer and
AlCrMoSiTi Si0,-Si Amorphous 1.0 um 10-16 GPa [35]
(MAICSSIV)Ny  Mildsteel MRS <1 7,um . [36]
(TiZrNbHfTa)N C45 steel FCC 2.0 pm ~33 GPa [37]
(TiZrNbHfTa)N M2 steel FCC 2.0 pm ~28 GPa [37]
(AICTINbSITiV)N Si wafer Amo}ﬁg}g"‘s T A0um ~41 GPa [38]
, Si wafer, ~7.6-18.8
(HENbTiVZr)N «-Si0,, FCC ~1.2 um [39]
GPa

Oc-Alzog,
(AICrMnMoNiZr)Ny Si wafer FCC 1.5 um ~11.9 GPa [40]
(TaNbSiZrCr)C WC and Si FCC 0.7-1.9 um 34.1 GPa [41]
AICrMoNbZr N36 Zr alloy Amoég}éous T 30um 11.8 GPa [42]
(CrNDbTiAIV)N AISsIt:;LlO ¢ FCC 0.67 um 49.95 GPa [43]
(CrTaTiVZr)N Si wafer FCC 1.0 um 34.3 GPa [44]

Si and

. cemented
(AICrTaTiZr)N carbide FCC 1.3 & 1.0 um 36.9 GPa [45]

substrate
AlCrSiTiMoO Si Amorphous 3.3-3.8 um 8.9 GPa [46]

3. Properties
3.1. Mechanical Behavior

A significant increase in hardness and Young’s modulus of a material can be achieved
by HEA-based coatings using the direct current (DC) MS technique. Li et al. [47] prepared a
FeAlCuCrCoMn coating on a quartz glass wafer to investigate its mechanical behavior. EDS
results show that the deposited film on the substrate is equimolar and has an amorphous
structure (similar to the substrate’s structure) at the initial stage of the deposition, exhibiting
lower hardness and Young’s modulus of 8.2 and 122 GPa, respectively. However, with an
increase in deposition time, the thickness of the coating increases, and the film transforms
to a FCC solid-solution structure as the substrate has less influence on the film structure,
resulting in an increase in hardness and Young’s modulus to 17.5 and 186 GPa, respectively
(see Figure 4). At plasma power below 80 W, the grain size on the coating surface is around
10 nm. More dense and smooth coatings were deposited at high plasma power (100 W).
However, at 150 W, the particles coarsened, and the surface coating became looser and
micro-holes started appearing, having a negative effect on the mechanical properties of the
coating. The maximum film thickness was about 1.788 um.
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Figure 4. Hardness and Young’s modulus of the thin films with varying deposition time under 100 W
plasma power [47] (Creative Commons Attribution 4.0 International License).

Zhang et al. [48] fabricated amorphous AlFeCoNiCuZrV coatings using the DC MS
process. The sputtering was performed under Ar and O, atmosphere to investigate the
influence of the oxygen flow ratio, Rp, on HEA thin film’s mechanical behavior and
microstructure. With an increase in Rp, the thickness and Young’s modulus of the thin
film decreased, while the hardness of the film slightly increased (see Figure 5). HEA thin
film remained an amorphous structure irrespective of the Rp. The hardness and Young's
modulus were 11 and 182 GPa, respectively, at Ro = 0%, and 13 and 163 GPa, respectively,
at Ro = 50%.

2 - - 1
0 i * —u=— Hardness ' ' 1 2o
- —*— Elastic Modulus 4180
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—~ 16} 41170 &
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Figure 5. Variation in hardness and Young’s modulus with Rp [48] (Creative Commons Attribution
4.0 International License).

Braic et al. [37] successfully deposited (TiZrNbHfTa)N and (TiZrNbHfTa)C coatings
on C45 and M2 steel substrates in Ar + N, and Ar + CHy atmospheres, respectively. The
maximum hardness of nitride and carbide deposits was 33 and 28 GPa. Compared to
HEA-nitrides, HEA-carbide had a low friction coefficient (1 = 0.15).
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Huang and Yeh [38] investigated the effect of N content on the mechanical proper-
ties of AICTNDbSiTiV coatings on a Si wafer. The AICrNDbSiTiV thin film had an amor-
phous structure with hardness and Young’s modulus of 10.4 and 177 GPa, respectively.
(AICrNDbSiTiV)Np.5 film could be synthesized with a Ry above 10%. Even at Ry = 5%,
there was a significant increase in the hardness and Young’s modulus. The HEA-nitride
film transformed to a FCC structure. At Ry = 5%, the hardness and Young’s modulus
ranged from 35 to 41 and 300 to 360 GPa, respectively. Maximum hardness and H/E
(hardness/Young’s modulus) ratio were achieved when the Ry was 20% (Figure 6) [38].

0.144
0.12- i o . . =

0.10-+

H/E ratio

0.08+

0064 m

T L T L T 5 T ¥ T L T

10 20 30 40 50
Nitrogen flow ratio Ry (%)

Figure 6. H/E ratio of AICrNDbSiTiV nitride films deposited at different nitrogen flow ratios. Repro-
duced with permission from [38]. Copyright 2009, Elsevier.

Xu et al. [49] prepared AICrTiVZr nitride films on a Si wafer using high-power impulse
magnetron sputtering at varying nitrogen flow rates (Fy), from 0 to 20 sccm. The HEAN
films reach a saturated state at and above 8 sccm. The hardness and modulus significantly
increased from 13.3 and 199 to 42.5 and 355 GPA, respectively, when the Fy rose to 12 from
0 sccm. The lowest wear rate of 2.3 x 107 mm?®/Nm was recorded at Fy; = 12 sccm. Over
the critical N flow rate (Fyy = 12 sccm), the bombardment of high-energy particles weakens
due to the decrease in plasma energy, which results in the decline in hardness and Young’s
modulus, and the increase in wear rate (see Figure 7).

[ [~®— Hardness ‘b]m L
—8— Modulus 4 450
b = 400 E :E L.
I ]
] ——-..‘\.. j 350 % =§ 6k
4 300 = E r
[—— 2 E 4l
2 8
I - 250 3 = L
| | . I
- 200
T T T T T T 150 o .
4 H 12 16 0 12 16 1]
M gas fow rate (scom) M, gas flow rate (scem)

Figure 7. (a) Hardness and Young’s modulus, and (b) wear rates of the (AICrTiVZr)N films as a
function of the Fy. Reproduced with permission from [49]. Copyright 2009, Elsevier.
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3.2. Corrosion Resistance

Surface coating is an effective way to enhance the corrosion resistance of the substrate.
It has been well-established that using HEA/HEAN thin layers on metal substrates can
protect the substrate from corrosion. Studies suggest that Ni-rich HEA coatings demonstrate
high corrosion resistance [50]. Computational studies suggest that Ni-rich HEA has a higher
pitting resistance equivalent number (PREN), which reflects higher corrosion resistance.
NisgCryyFesMo1sW3 exhibited low corrosion current density and more positive corrosion
potential compared to NizgCrp1FexgRui3Mog in 0.1 M NaySO4 + HySO4 (pH = 4); thus,
higher Ni compositions promote corrosion resistance [50]. Moreover, Ni promotes the
formation of a single FCC structure, which prevents galvanostatic corrosion and promotes
the formation of Ni-based passive films, improving the corrosion resistance [51].

Zhao et al. [52] investigated the corrosion behavior of an AlTiCrNiTa coating fabricated
on Zr-4 substrate using the radiofrequency (RF) MS technique. The corrosion process was
studied by placing the HEA-coated specimen in an autoclave containing pure water with
1000 ppm boron and <10 ppm oxygen at 320 °C and a saturation pressure of 11.3 Mpa
for 45 days. With an increase in corrosion time, there was an increase and a decrease in
specimen weight. After the completion of the 45-day autoclave test, the coated samples’
weight loss was 10 mg/dm?, indicating the dissolution of the HEA coating. It has been
suggested that the corrosion process was cyclic and layer-by-layer, as shown in Figure 8. In
brief, Al present in the coating reacts with O, and leads to the formation of Al,Os as the
outermost layer. Spinel NiCrp,Oy4 particles are formed on the Al,Os layer due to the contact
of Oy with Cr. Al,Oj3 reacts with H,O, resulting in the formation of AIO(OH), leading to
the dissolution of the Al,O3 layer, followed by peeling of NiCr,O4 particles. This would
suggest that with time, the durability of the coating is reduced. The authors suggest that
this problem can be solved by reducing the Al content to reduce the dissolution of Al,O3
and increasing the Cr content to promote the formation of a dense spinel NiCr,Oj coating.

AITICNiTa HEA coating

Zr-4 Substrate Zr-4 Substrate

7 peeled «

QLY -

AITiCrNiTa HEA coating AITiCrNiTa HEA coating

Zr-4 Substrate Zr-4 Substrate

Figure 8. Schematic diagram of oxide peeling off during the corrosion process. Reproduced with
permission from [52]. Copyright 2021, Elsevier.
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Zhang et al. [42] fabricated a nearly equal molar ratio AICrMoNbZr HEA coating on
N36 zirconium alloy to improve the corrosion resistance of the substrate used in light water
reactor fuel cladding. The coated substrate was immersed in static pure water at 360 °C
at 18.7 MPa for 30 days. It was found that there was no N36 substrate oxide formation,
indicating that the HEA coating successfully protected the substrate from corrosion. SEM
examination reveals the formation of NbyZrsO17, Cr,O3 and ZrO, protective oxide layers
on the coating surface. Results suggest that the AICrtMoNbZr HEA coating is suitable for
use as an accident-tolerant fuel (ATF) material to improve the corrosion resistance of Zr
alloy used in fuel cladding.

Zhang et al. [43] deposited a (CrNbTiAIV)N coating on AISI 440 C steel substrate
using the MS method to examine the corrosion resistance (in 3.5 wt.% NaCl solution) of the
coatings and the substrate. As shown in potentiodynamic polarization curves (Figure 9),
compared with the substrate, all the films show a more positive corrosion potential and
smaller corrosion current densities, implying better corrosion resistance. For the SO sample,
the uniform amorphous structure prevents the penetration of CI™ ions and improves the
corrosion resistance. A columnar structure is formed at low nitrogen concentrations on
the film’s surface. The introduction of grain boundaries will act as a pathway for chloride
ion diffusion, resulting in faster corrosion, to an extent. The authors reported that coatings
deposited at appropriate Fy could form a dense nanocrystalline structure, improving the
corrosion resistance ability of the coatings. No pitting potentials were observed for S8 and
538 layers, which means excellent resistance towards penetration and pitting of chloride
ions.

154 —=— SO0
—— S8
—— S 18
1 e 5i
=) +— S58
% 0.5 Substrate /
>
> 0.0-
=
-0.5 1
-1.04

1E-10 1E-9 1E-8 1E-7 1E-6 IE-5 I1E-4 0.001 0.01
Log |i| (A/cmz)

Figure 9. Potentiodynamic polarization curves of the (CrNbTiAIV)Ny films at different nitrogen flow
rates (in sccm) and substrate in artificial seawater at room temperature, where V is the corrosion
potential and i is corrosion current density. Reproduced with permission from [43]. Copyright 2022,
Elsevier.

Gao et al. [53] prepared a CoCrFeNiAlys HEA thin coating on a silicon substrate
using the RF MS process. The corrosion behavior of the HEA thin film was examined
by performing potentiodynamic polarization on the coated substrate in a 3.5 wt.% NaCl
solution at room temperature. Results show that the CoCrFeNiAly 3 HEA thin coating has
a significantly lower corrosion rate than a silicon substrate.

Xing et al. [54] prepared a (NbTiAlSiZr)j09—x)Nx coating using the MS technique on
304 stainless-steel by varying N, flow rates between 0% and 50% (with an increment of
10%). Electrochemical potentiometric electrode polarization of the 304 stainless-steel (304
SS) substrate with the HEA nitride coating was performed in 0.5 mol/L of HySO; etching
solution to study the corrosion resistance of the HEAN coating. It was found that the thin
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films prepared with an N; flow rate of 10% and 30% have higher corrosion rates than the
304 SS substrate, while the HEAN thin films synthesized from 20%, 40% and 50% N, flow
rates have lower corrosion rates compared to 304 SS substrates. When the N; flow rate was
20%, the N, interacted with the metals, forming a strong covalent bond and improving the
corrosion resistance. However, with an increase in N; flow rate to 30%, the homogeneity
of (NbTiAlISiZr)(100—x)Nx was disturbed, leading to high corrosion rates compared to the
substrate (Figure 10).

= T a T i T L2 T il T
569 —k— Logl --0.14
5.8 "
587 —m—E_ L.0.16
6.0
] --0.18
62
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Figure 10. Relationship between the self-corrosion potential (Ecorr) and the corrosion current density
(Icorr) of NbTiAlISiZrNy HEA films with Ry [54] (Creative Commons Attribution 4.0 International
License).

3.3. Thermal Stability and Oxidation Resistance

Recent research shows that HEA thin films also possess excellent thermal stability and
superior oxidation resistance, similar to bulk HEA materials. Sheng et al. [55] studied the
thermal stability of (NbTiAISiW)xNy thin films. The structure of the thin films remained
amorphous even after heating at 700 °C for 24 h. However, after 1 h of heat treatment at
1000 °C, an amorphous structure of the thin film was transformed to a crystallized structure
(BCC or FCC) with homogeneous nano-scaled grains. The metallic film had a BCC solid-
solution structure with no N flow. The thin film’s structure was influenced by Nb and
W elements as they possess a BCC structure. With an increase in N, flow rate, the nitride
film was transformed to an FCC structure. This transformation to FCC can be attributed to
NbN and TiN inter-metallics with FCC structure formed during the heat treatment. Shen
et al. [56] studied the oxidation resistance of a (Aly34Cro20Nbg 11Sig.11Tig.22)50N50 thin film
coated on a Si wafer by the MS method. The coatings were deposited at Ry = 50%, with a
substrate temperature of 415 °C, a bias voltage of —100 V and the sputtering power was
kept at 150 W. The oxide layer thickness of the HEAN coating after annealing at 900 °C for
50 h was only 290 nm. The mass gain after oxidizing the HEAN coating at 1300 °C was
0.0015 mg.cm?. The oxide layer was composed of eight different oxide structures, which
would slow down the O, diffusion and increase the oxidation resistance of the substrate.
The outermost layer, Al;O3, played a crucial role in enhancing the oxidation resistance of
the coating. One of the main reasons for the improved oxidation resistance is attributed
to the Nb-containing SiO,-rich layer, which reduces the number of vacancies and slows
down the diffusion of oxygen atoms. Kretschmer et al. [57] investigated the oxidation
resistance of (AICrNbTaTi)N and Si-doped (AICrNbTaTi)N thin films prepared by the MS
method on Si and sapphire substrates. The (AICrNbTaTi)N film had an FCC structure,
and decomposition of the FCC structure only occurred when the annealing temperature
reached 1000 °C. Decomposition temperature shifted to 1200 °C when 12.0 at.% of Si
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was introduced to the HEA film composition, which means that Si-doping can further
improve the oxidation resistance of HEA films. A similar phenomenon was observed
by Tsai et al. [58], where the oxidation resistance of (AICrMoTaTi)N enhanced with the
addition of Si 7.51 at.%. This could be due to the presence of SiO, amorphous structure as
an outer layer, which improves the oxidation resistance.

3.4. Diffusion Retardation

HEA-based coatings have been considered as diffusion barrier materials due to their
excellent mechanical behavior, high corrosion resistance and limited diffusion kinetics.
HEA and HEA-nitride-based coatings can be an intermediate connection in circuits. For
instance, the HEA-nitride interlayer between the Cu and Si in circuits can act as a successful
diffusion barrier. Tsai et al. [59] reported that the AIMoNbSiTaTiVZr thin layer (thickness
of 100 nm) successfully performed as an effective diffusion barrier between Cu and Si.
The HEA thin layer prevented Cu-silicide formation when Cu/AIMoNbSiTaTiVZr/Si was
annealed at 700 °C for 30 min. However, when annealed at 750 °C, the Cu penetrates
into Si and forms Cu-silicide. Chang and Chen [60] prepared an ultrathin (AlCrTaTiZr)N
interlayer with a thickness of 10 nm. The HEA-N interlayer acts as a diffusion barrier for
Cu interconnects. The Si/(AlCrTaTiZr)N/Cu film stack was exposed to an extremely high
temperature of 900 °C, and it was observed that the HEAN nanofilm was thermally stable
and acted successfully as a diffusion barrier, with no Cu-silicide found on the Si surface.
The HEAN coating’s excellent diffusion retardation behavior is attributed to its simple
solid-solution structure, high packing density and low free volume.

Lietal. [61] fabricated a multi-component AICrTaTiZrRu/(AlCrTaTiZrRu)Np 7 double-
layer coating as a diffusion barrier for Cu interconnection using the MS process. Cu(50
nm)/AlCrTaTiZrRu(3 nm)/(AlCrTaTiZrRu)Nj7(10 nm)/Si structures were annealed be-
tween 700 and 900 °C to examine the diffusion barrier properties of the thin multi-
component intermediate coating. The nanocomposite structure of the HEA/HEAN mul-
tilayer remained unchanged after the annealing at temperatures below 800 °C. No Cu-
silicides were found on the HEAN or the Si surface, indicating that the HEA/HEAN thin
films successfully functioned as diffusion barriers. However, at a high annealing tempera-
ture of 900 °C, Cu-silicides and other inter-metallics were found on the surface of Cu films,
meaning complete failure of multilayer HEA thin films as diffusion barriers at temperatures
above 800 °C. Li et al. [62] prepared a Cu/(AlCrTaTiZrMo)N/Si structure (Figure 11a,b)
and performed annealing between 700 and 900 °C in a vacuum for 1 h. Under annealing
temperatures below 800 °C, the HEAN layer remained amorphous with a nanocrystalline
structure, effectively acting as a diffusion barrier between Cu and Si with no Cu-silicide
presence (see Figure 11c,d). However, in structures annealing at 900 °C, the Cu-silicide
and other inter-metallics were found on HEAN layers, meaning interdiffusion occurred
between Cu and Si (see Figure 11e-g).

Chang et al. [63] reported that (AICrTaTiZr)N can act as an effective diffusion barrier
between Cu and Si, even at temperatures of around 900 °C, by increasing the HEAN layer
thickness to 50 nm. The excellent diffusion barrier ability of HEA and HEAN thin films
is attributed to the lattice distortion due to the difference in atoms’ radii, nanocomposite
structures surrounded by the amorphous matrix without any grain boundaries and the
high stacking density without rapid diffusion pathways.

Xu et al. [64] prepared an AlICoCrNiMo thin film using direct current magnetron
sputtering, which acts as an interlayer between the NiAIHf protective coating and the
Ni-based super-crystal superalloy. Isothermal oxidation at 1100 °C was performed on the
NiAlHf/HEA /Ni-based superalloy structure to examine the interdiffusion behavior and
high-temperature oxidation resistance. The sputtering parameters were: a working temper-
ature of 200 °C, working pressure of 0.8 Pa, sputtering power of 300 W and a bias voltage of
—100 V. The HEA film thickness was 4 pm. Results suggest that the HEA intermediate layer
performed well as a diffusion barrier as no interdiffusion zone or any other intermetallic
phases were observed after the NiAIHf/HEA /Ni-based superalloy structure was exposed
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to high temperatures. Moreover, the corrosion resistance of the NiAIHf protective layer
was enhanced with the inclusion of HEA thin film as an intermediate layer. The sluggish
diffusion effect of HEA films is attributed to minimizing interlayer diffusion, making
them effective diffusion barriers. Moreover, the formation of the Al,O3 layer between the
NiAIHf/HEA and HEA /Ni enhanced the high-temperature oxidation resistance of NiAIHf.
The Co element in the HEA barrier helps in suppressing the formation of secondary reaction
zones and topologically close-packed precipitates in Ni-super alloys by stabilizing the vy /v’
matrix.

(a) .
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Figure 11. (a,b) TEM cross-section image of the as-deposited Cu/(AlCrTaTiZrMo)N0.2/5i, (c,d) an-
nealing at 800 °C and (e,f,g) annealing at 900 °C (circle: nanocrystalline lattices). Reproduced with
permission from [62]. Copyright 2021, Elsevier.

3.5. Wear Resistance

HEA coatings are considered to have better wear resistance compared to other alloy
coatings at a wide range of temperatures, making HEA coatings a suitable candidate for
tribological applications. Tuten et al. [32] fabricated TiTaHfNbZr thin films on a biomedical
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Ti-6Al-4V substrate using the RF MS technique. The coefficient of friction (COF) with
varying sliding distances was evaluated at three different loads (1, 2 and 3 N). For an
applied load of 1 N, the COF of TiTaHfNbZr thin films (=800 nm) was in the range of 0.05
to 0.1, while the COF of Ti-6Al-4V was 0.3 to 0.35. Visible wear marks were observed on
the Ti-6Al-4V surface at an applied load of 3 N, however, no visible wear marks were seen
on the TiTaHfNbZr thin film’s surface. The superior hardness and elasticity of HEA thin
films contributed to their high wear resistance. The authors suggest that Ti-6Al-4V material
with a TiTaHfNbZr coating can be used for long-term orthopedic implants.

Lai et al. [45] fabricated (AICrTaTiZr)N thin films on Si substrate using the RF MS
technique. As shown in Figure 12, the wear rate of the coating decreases with an increase
in substrate bias voltage. On the other hand, bias voltage did not affect the COF (constant
value 0.75) of the coatings. The lowest wear rate of 3.66 x 10~® mm?/Nm was recorded
when the substrate bias voltage was —150 V. A lower wear rate at a high bias voltage
is attributed to the high hardness and cohesive strength of the coatings caused by the
enhanced ion-bombarding effect.

10
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(o2}
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=N
X

Wear rate (10 °mm?/Nm)
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0 -50 -100 -150 -200
Substrate bias voltage (V)

Figure 12. The wear rates of the (AICrTaTiZr)N thin films at varying substrate bias voltages. Repro-
duced with permission from [45]. Copyright 2008, Elsevier.

Luo et al. [65] prepared multilayer self-lubricating NbMoWTa/Ag thin films us-
ing the MS technique and investigated their wear resistance. Tribological properties of
NbMoWTa/Ag multilayer films were investigated at different individual layer thicknesses
(h). The wear rate and COF of NbMoWTa/Ag multilayer films decreased with the decrease
of h from 100 to 2.5 nm. The multilayer films with h = 2.5 nm possess high hardness and
better wear resistance compared to monolithic NobMoWTa films. This is mainly contributed
by the transition of the deformation mechanism from classic Hall-Petch strengthening to co-
herent strengthening for NbMoWTa/Ag multilayers with the decrease in h. Ath =2.5 nm,
the layers are highly coherent with the self-lubricating ability and the wear rate of the
multilayer film was 9 x 10~® mm3/Nm.

4. Concluding Remarks

This paper briefly discussed the HEA-based thin layers deposited by the magnetron
sputtering method. The main parameters that influence the properties of coatings are target
composition, bias voltage and gas flow rate. MS HEA coatings exhibit excellent properties,
such as high hardness and Young’s modulus, excellent corrosion and wear resistance,
thermal stability at elevated temperatures and diffusion retardation. HEA coatings have
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shown excellent wear resistance and can be used as coatings on orthopedic implants to
prolong their lifetime. The properties of HEA coatings can be further enhanced with
nitrogen doping, as the structure of HEA coatings transforms from amorphous to FCC.
The HEA-nitride coatings have better mechanical properties and corrosion resistance than
metallic HEA thin films, owing to the FCC structure of HEA-nitride coatings. HEAN thin
films have superior corrosion resistance and can eliminate the pitting effect when used as
protective coatings for ships. HEAN intermediate coatings can act as diffusion barriers in
Cu interconnection in circuits. The HEAN thin films have excellent thermal stability, as the
structure remains unchanged when exposed to high temperatures. However, it is worth
noting that HEA coatings show better corrosion resistance compared to HEAN coatings
when the HEAN coatings are not fabricated at optimal N, flow rates. Moreover, metallic
HEA coatings show excellent diffusion barrier behavior at temperatures below 750 °C.
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