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Abstract: To reduce the cost of tools operated in extreme environments, we developed films with
excellent corrosion/oxidation resistance. Two high-entropy nitride films, (AlCrSi0.3TiZr)N and
(AlCr1.5Si0.3TiZr0.5)N, were deposited using reactive DC magnetron sputtering under different
substrate biases. The films exhibited a maximum hardness of 32.5 GPa ((AlCrSi0.3TiZr)N) and
35.3 GPa ((AlCr1.5Si0.3TiZr0.5)N) when deposited at −150 V, corresponding to 27 and 142% increases
compared to those deposited at 0 V. This indicates that the bias strengthened (AlCr1.5Si0.3TiZr0.5)N
(higher Cr/Zr ratio) more significantly. The enhancement of the mechanical properties was highly
correlated with the interstitial point defects and densification of the film microstructures. The
corrosion resistance of the films deposited on 6061 Al alloy substrate under different biases was
tested in 0.1 M H2SO4. (AlCrSi0.3TiZr)N and (AlCr1.5Si0.3TiZr0.5)N displayed the lowest corrosion
currents of 0.75 and 0.19 µA/cm2 when deposited at −100 and −150 V, respectively. These values are
two orders of magnitude lower than that of the uncoated substrate. The (AlCr1.5Si0.3TiZr0.5)N film
showed better oxidation resistance than the (AlCrSi0.3TiZr)N film and remained partially oxidized
after heat treatment at 1000 ◦C. The (AlCr1.5Si0.3TiZr0.5)N film deposited at −150 V exhibits excellent
mechanical properties and corrosion/oxidation resistances, making it suitable for protecting tools
operating in harsh environments.

Keywords: non-equimolar; direct current magnetron sputtering; high entropy; nitride film; substrate bias

1. Introduction

The corrosion, oxidation, and abrasion of materials operating in harsh environments
are major sources of cost for various industrial applications. For example, pumps, valves,
and molds are commonly operated at high temperatures and are subjected to corrosive and
abrasive substances. Other applications, such as aircraft engines, automotive transmission
components, marine propellers, and mining drills, are also exposed to the threats of material
corrosion, oxidation, and abrasion [1,2]. The deterioration of components and tools poses
safety concerns and causes economic losses due to maintenance costs. Consequently,
the damage prevention and prolonged durability of components and tools have become
major challenges in material science. A standard solution to these issues is to deposit
protective coatings onto the surfaces of the components and tools. Thus, new, more
effective anti-corrosion and anti-oxidation hard coatings are urgently needed.

Various techniques can be used to prepare protective coatings for components and
tools, such as anodization, cold spraying, and paint baking [3]. However, coatings syn-
thesized using these methods may be rough, porous, soft, and non-uniform, resulting
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in poorer mechanical properties and corrosion resistance. In contrast, coatings prepared
via physical vapor deposition (PVD) exhibit good uniformity and excellent mechanical
properties. Although PVD is a line-of-site process that cannot be applied to tools with
complex geometries, the process is clean and environmentally friendly and does not re-
lease hazardous substances. Therefore, PVD is a promising approach for improving the
mechanical properties and corrosion resistance of components and tools.

TiN is the most commonly used hard-coating material because of its high hardness
and chemical inertness. However, it oxidizes at temperatures above 600 ◦C, which hinders
its use in high-temperature applications [4]. To address this issue, alloying TiN with a third
element, such as Al, can improve its oxidation resistance. This is because the formation of a
dense Al2O3 layer at high temperatures retards the diffusion of O2 into the interior film [5,6].
Therefore, compositional modification has become an effective strategy for improving the
performance of hard coatings and broadening their range of applications.

In 2004, the “high-entropy alloys” (HEAs) proposed by Yeh et al. [7] led to a break-
through in the alloy design approach. HEAs contain at least five elements, each with a
concentration between 5 and 35 at%. The high mixing entropy of such multicomponent
systems significantly stabilizes the formation of a single phase, which explains the nomen-
clature of these alloys. Various HEAs have been studied for their superior mechanical
properties, such as high strength, ductility, and corrosion and wear resistance, making them
a promising field in the 21st century.

The concept of HEAs also extends to the field of surface coatings. Various high-entropy
alloy [8], nitride [9–11], carbide [12], and oxynitride and carbonitride [13,14] films have
been synthesized to fulfill different requirements. In particular, because of their distinctive
compositions and excellent mechanical properties, high-entropy nitride films (HENFs)
have been widely investigated to prevent corrosion, oxidation, and abrasion. For example,
Shen et al. prepared (Al0.34Cr0.22Nb0.11Si0.11Ti0.22)50N50, which showed superior oxidation
resistance compared to traditional nitrides [10]. Lo et al. deposited (AlCrNbSiTiMo)N at
different substrate biases and demonstrated its outstanding anti-wear performance at high
temperatures [11].

In this study, two non-equimolar HENFs were deposited via reactive DC magnetron
sputtering (DCMS). Magnetron sputtering is the most commonly used PVD method because
the stoichiometry of the target elements can be accurately maintained during deposition. Al-
though the target used in DCMS is limited to electrical conductors, the advantage of DCMS
includes its higher deposition rate compared to that of radio frequency (RF) magnetron
sputtering or high-power impulse magnetron sputtering (HiPIMS) [15]. Additionally, the
application of a substrate bias can refine the microstructures and strengthen the mechanical
properties of thin films [16]. For example, Huang et al. deposited (AlCrNbSiTiV)N films
and achieved a maximum hardness of 42 GPa by adjusting the substrate bias [17]. Zhang
et al. synthesized (CrNbTiAlV)Nx films with a compact microstructure under a substrate
bias of −126 V, and the film exhibited the lowest corrosion current of 0.013 uA/cm2 in
3.5 wt% NaCl solution [18]. Therefore, we also applied substrate bias in this study to
deposit films with excellent mechanical properties and corrosion resistance.

In our group, the effect of N content and substrate bias on the corrosion resistance of
equimolar (AlCrSiTiZr)100−xNx has been previously studied [9]. Although the addition
of Si can facilitate the formation of a nanocomposite structure and the enhancement of
mechanical properties [19], if the Si content is too high, the mechanical properties deteriorate
instead because the amorphous region becomes too large at the expense of the crystalline
size. Hence, according to a previous study [20], the optimum Si content in the compositional
metal elements is approximately 7 at%. With these facts in mind, we designed our first
target, AlCrSi0.3TiZr (or Al23.25Cr23.25Si7Ti23.25Zr23.25 in percentage).

Because Cr is cheaper than Zr, increasing the Cr content and decreasing the Zr content
can lower the cost of the materials. In addition, Cr can form a dense oxide that improves
the oxidation resistance of nitride films, whereas Zr forms a porous oxide that may have the
opposite effect [21,22]. Other studies have shown that with an increasing amount of Cr and
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a decreasing amount of Zr, the oxidation resistance of the nitride film could be significantly
improved [23,24]. Therefore, we proceeded to increase the Cr content and decrease the
Zr content to improve the high-temperature applicability of the film. Consequently, we
designed our second target, AlCr1.5Si0.3TiZr0.5 (or Al23.25Cr34.9Si7Ti23.25Zr11.6 in percentage).
This ratio was chosen to maximize the Cr content while keeping each element within the
range between 5 and 35 at%, in accordance with the definition of high-entropy alloys [25].

Because the main difference between these two targets is their “Cr/Zr” ratio, which is
“one” in AlCrSi0.3TiZr and “three” in AlCr1.5Si0.3TiZr0.5, we denoted the nitride film of the
former as “low-Cr/Zr film” and that of the latter as “high-Cr/Zr film” to avoid confusion.

The films were first deposited on Si (100) substrates at different substrate biases to
characterize their chemical composition, crystal structures, microstructures, and mechan-
ical properties. Subsequently, they were deposited on 6061 Al alloy and immersed in a
0.1 M H2SO4 solution to test the corrosion resistance. The H2SO4 solution was selected to
simulate an industrial environment where SO2 gas might exist and dissolve in water to
form H2SO4(aq) [26]. The films were also deposited on SiO2/Si substrates and annealed
in air at different temperatures for two hours to examine their oxidation resistances. The
result of this study demonstrated the enhancement extent of the substrate bias to HENFs
with different Cr/Zr ratios, providing a design strategy for high-entropy hard coatings.

2. Materials and Methods
2.1. Target and Film Preparation

The AlCrSi0.3TiZr and AlCr1.5Si0.3TiZr0.5 targets were prepared by vacuum arc melting.
The purity of all the raw elements (materials) was greater than 99.9%. After each arc-melting
process, the as-cast ingot was flipped upside down and remelted. This cycle was repeated at
least seven times to ensure alloy homogeneity. Subsequently, the alloy ingots were polished
and machined into disc-shaped targets, each with a two-inch diameter. The films were
deposited on various substrates by reactive DCMS; the detailed deposition parameters
are listed in Table 1, and the schematic of the DCMS system is shown in Figure 1. Si (100)
substrates were used for various film characterizations, and 6061 Al alloy was used to test
the combined corrosion resistance of the films and substrates. SiO2/Si substrates were used
for heat treatment because the pre-grown SiO2 with a thickness of about 300 nm can act
as a diffusion barrier to prevent the interdiffusion of Si atoms and film atoms during heat
treatment. All substrates were cleaned ultrasonically in the order of acetone, ethanol, and
deionized water for 10 min each. Before deposition, the substrates were further cleaned
with Ar plasma for 30 min under a bias of −500 V, and the target was pre-sputtered for
10 min to remove surface impurities. The deposition time was controlled so that each film
thickness was at least 1 µm.

Table 1. Film deposition parameters.

Targets AlCrSi0.3TiZr AlCr1.5Si0.3TiZr0.5

Cr/Zr ratio 1 3
Applied power of target 150 W

Substrate Si, SiO2/Si, 6061 Al alloy
Substrate temperature 400 ◦C

Total gas flow rate (Ar + N2) 20 sccm
Nitrogen flow ratio (RN) a 50%

Substrate bias 0, −50, −100, −150 V
Substrate rotating speed (rpm) 9

Working distance 12 cm
Base pressure 1.33 × 10−6 Pa

Working pressure 0.67 Pa
a RN is defined as the flow rate of nitrogen divided by the sum of the total gas flow rate (N2/(Ar + N2)).
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Figure 1. Schematic of the DCMS system.

2.2. Film Characterization

Chemical compositions, crystal structures, hardness and Young’s modulus, and resid-
ual stress measurements of the films were all conducted using Si (100) substrates. The
chemical compositions of the films were determined using an electron probe microanalyzer
(JEOL JAX-8800, Peabody, MA, USA). The crystal structures of the films were characterized
using a grazing incidence X-ray diffractometer (MAC Science MXP18, Tokyo, Japan) with
Cu Kα radiation. The X-ray wavelength was 1.5405 Å, and the operational voltage and
current were 40 kV and 150 mA, respectively. The incident angle was fixed at 1◦ with a scan
speed of 4◦/min. The lattice constant was determined using the Nelson–Riley extrapolation
function [27]. At least three diffraction peaks were used for the linear regression of the
lattice constant against cos2 θ

sin θ + cos θ
θ , where θ is the Bragg angle. The intercept obtained from

the linear regression was taken as the value of the lattice constant, and the standard error
of the intercept was viewed as the measurement uncertainty. If fewer than three diffraction
peaks were present, the lattice constant was calculated using the diffraction peak with the
highest angle for higher precision. Based on the literature, its measurement uncertainty
was estimated at approximately 0.001 nm [27]. The average grain size was estimated using
the Scherrer equation [28].

d =
kλ

βcos θ
(1)

where d is the grain size, k is a constant (assumed to be 0.9), λ is the X-ray wavelength, β is
the full width at half maximum (FWHM) of the peak, and θ is the Bragg angle. The surface
and cross-sectional morphologies were obtained using field-emission scanning electron
microscopy (FESEM; JEOL JSM-6500F, Tokyo, Japan). The hardness and Young’s moduli of
the films were determined using a nanoindenter (NanoTest 600, Micro Materials, Wrexham,
UK) with a Berkovich tip and an applied load of 5 mN. Before the test, air indentation was
performed to calibrate the spring constant of the load cell spring. Then, the optic probe tip
offset and area function were calibrated using a polycarbonate and a fused quartz substrate,
respectively. Following the ISO 14577 standard [29], the uncertainty can be constrained
within ±5%. The penetration depth was less than a tenth of the film thickness to avoid the
influence of the substrate. In addition, the contact depth was also controlled to be greater
than 40 nm, below which the calibration value is unreliable due to the influence of the tip
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shape. The residual stress of the films was measured via the substrate curvature method
using the Stoney equation [30].

σ =
Es

6(1− vs)

d2

t

(
1

R2
− 1

R1

)
(2)

where σ is the film stress, Es and vs are Young’s modulus and Poisson’s ratio of the
substrate, respectively, d is the substrate thickness, t is the film thickness, and R1 and R2
are the average radii of curvature before and after deposition, respectively. The surface
topography was analyzed using atomic force microscopy (AFM, NS3a controller with a
D3100 stage, Veeco/Digital Instruments, Fullerton, CA, USA).

2.3. Corrosion and Oxidation Resistance Tests

The anti-corrosion properties of the films were tested using an electrochemical work-
station (CHI Model 600 Series, CH Instruments, Austin, TX, USA) equipped with a
three-electrode system. The sample, Ag/AgCl in 3 M KCl solution, and platinum were
used as the working, reference, and auxiliary electrodes, respectively. A test solution of
0.1 M sulfuric acid was used. The solution was deoxygenated using N2 gas for 15 min
before the polarization tests, and the N2 gas was continuously passed above the solution
surface during the tests to avoid further oxygen dissolution. Potentiodynamic polarization
curves were obtained by scanning from −0.5 to 1.5 V relative to the open circuit potential
(OCP) at a scan rate of 1 mV/s. Before testing, the sample surface was treated by applying
a voltage of −0.2 VSHE for 600 s and a waiting period of 300 s to stabilize the OCP. The
corrosion potential (Ecorr) and corrosion current (icorr) were determined by extrapolating
the linear region of the Tafel curves.

The oxidation resistance of the films was examined by annealing the samples in air at
temperatures ranging from 600 to 1000 ◦C for 2 h. After the heat treatment, the samples
were analyzed using grazing incidence X-ray diffractometry (GIXRD, MAC Science MXP18,
Tokyo, Japan) and scanning electron microscopy (SEM, JEOL JSM-6500F, Tokyo, Japan) to
determine the extent of oxidation.

3. Results and Discussion
3.1. Basic Characterization

Figure 2 illustrates the chemical compositions of the two HENFs determined using
EPMA with increasing substrate bias from 0 to −150 V. The nitrogen concentration for each
HENF was between 51 at% and 55 at% under all substrate biases, and the target elements
showed only a small variation. These results indicate that the two designed HENFs were
slightly over-stoichiometric, regardless of the substrate bias. Additionally, a slight increase
in the N concentration and a slight decrease in the O concentration were observed in both
HENFs with increasing bias, suggesting that more N atoms were activated to bond with the
target elements in the presence of the substrate bias. Regarding the other elements, the Si
concentration decreased, whereas the Zr concentration increased with increasing bias. This
trend can be ascribed to the re-sputtering effect after applying the bias. The re-sputtering
effect occurs when energetic ions bombard the film atoms, causing the already deposited
atoms to be sputtered again [31]. This effect becomes more pronounced at high bias, where
the ions have higher energy of bombardment. In addition, light elements such as Si are
more likely to be re-sputtered than larger and heavier atoms such as Zr, thereby leading to
a decrease in the Si concentration and an increase in the Zr concentration at high bias [32].
Furthermore, the concentrations of Si and Zr in the low-Cr/Zr film varied more significantly
than those in the high-Cr/Zr film. This is because the ions of the low-Cr/Zr film contained
more heavy atoms (Zr) during deposition, increasing the energy of bombardment, thus
intensifying the re-sputtering effect.
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Figure 2. Chemical compositions of the two deposited HENFs. Plots of concentration versus substrate
bias of (a) (AlCrSi0.3TiZr)N and (b) (AlCr1.5Si0.3TiZr0.5)N.

Figure 3a,b show the GIXRD patterns of the low- and high-Cr/Zr films deposited
under different substrate biases. All of the films exhibited a single NaCl-type FCC (or
B1) structure familiar to various previously reported HENFs [9,11,33]. The formation of
a homogeneous single-phase structure is attributed to the high mixing entropy of the
constituent elements. The binary nitrides of the constituent elements have different crystal
structures. Specifically, CrN, TiN, and ZrN have an FCC structure, AlN an HCP structure,
and Si3N4 an HCP or amorphous structure. Despite these differences, a high mixing entropy
significantly reduces the mixing free energy and the limited kinetics during PVD (extremely
high cooling rate). It thus stabilizes the solid solution phase of the FCC (B1) structure.
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The GIXRD patterns were also used to obtain the lattice constant and grain sizes of the
films. Table 2 lists the lattice constants and grain sizes of all of the film samples calculated
using Bragg’s and Scherrer’s equations. As the substrate bias increased, the lattice constant
increased, whereas the grain size decreased. The increase in the lattice constant can be
explained by the “ion-peening effect” [30]. Specifically, because the bombardment of
energetic particles became more marked when the substrate bias increased, the number of
point defects, e.g., Frenkel pairs and anti-Schottky defects, increased correspondingly [34].
These defects would make the unit cell expand to accommodate them, causing an increase in
the lattice constant. This phenomenon would also create a strain field that made dislocation
motion difficult, increasing the hardness of the films, as discussed in Section 3.2. The
decrease in the grain size was ascribed to the increase in the nucleation sites with increasing
substrate bias. It has been suggested that new embryos could nucleate on the defects
induced by ion bombardment [35]. Hence, from a kinetics perspective, nucleation rather
than grain growth could be the dominant process at high substrate bias, leading to a smaller
grain size.
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Table 2. Lattice constants with standard errors (SEs) and grain sizes of the two HENFs derived from
GIXRD analysis.

Sample (AlCrSi0.3TiZr)N (AlCr1.5Si0.3TiZr0.5)N

Substrate bias (V) 0 −50 −100 −150 0 −50 −100 −150
Lattice constant (nm) 0.4267 0.4286 0.4297 0.4303 0.4219 0.4228 0.4231 0.4243

SE of lattice constant (nm) 0.0001 0.0002 0.0004 <0.0001 0.0003 0.0004 0.0004 0.0010
Grain size (nm) 22.4 25.8 12.7 7.4 37.9 30.7 25.7 9.2

Further comparison of the two HENFs revealed that the low-Cr/Zr films had larger
lattice constants and smaller grain sizes than the high-Cr/Zr films. The larger lattice
constants of the former films could stem from their higher Zr contents because Zr has
a larger atomic radius than Cr (Zr: 1.55 Å; Cr: 1.40 Å). The smaller grain sizes of the
low-Cr/Zr films can also be attributed to the larger amount of Zr, which is strongly
associated with the film morphology.

Figure 4 shows the surface and cross-sectional morphologies of the low-Cr/Zr film
deposited at 0 and −150 V. In the absence of a substrate bias (0 V), the film surface was
composed of clusters approximately 80 nm in size (Figure 4a), and a fine columnar structure
can be seen on the film cross-section. After applying the bias (−150 V), the film surface
became quite smooth and had interconnected clusters with a feature width of approximately
20 nm (Figure 4b). The cross-section also became dense and relatively smooth without any
columnar features.

A similar transition was observed in the high-Cr/Zr film. Without a bias, the film
surface comprised pyramid-like clusters approximately 100 nm in size (Figure 4c), and the
cross-section was composed of a columnar structure approximately 100 nm in width. When
a bias (−150 V) was applied, the surface became flat and featureless, and the columnar
structure transformed into a compact structure with no columnar features (Figure 4d).

The transitions in microstructure and composition can be explained by the increased
adatom mobility when a substrate bias is applied. High-energy ion bombardment can
facilitate the diffusion of the atoms, thus filling the voids during film growth. In addition,
the strong re-sputtering effect at high bias reduces the grain growth rate, resulting in fine
equiaxed grains. Therefore, the film structure became more compact and denser, consistent
with the structural zone model proposed by Messier et al. [16].
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Figure 4. SEM analysis of (AlCrSi0.3TiZr)N and (AlCr1.5Si0.3TiZr0.5)N. Plan-view (left) and
cross-sectional (right) SEM images of the (AlCrSi0.3TiZr)N films at (a) 0 V and (b) −150 V and
the (AlCr1.5Si0.3TiZr0.5)N films at (c) 0 V and (d) −150 V.

Comparing the morphologies of the two HENFs under no substrate bias, the low-Cr/Zr
film (Figure 4a) has a fine columnar structure, whereas the high-Cr/Zr film has a defined
large columnar structure (Figure 4c). This discrepancy can also be explained by the dif-
ferences in adatom mobility. During deposition, a higher target element-to-Ar mass ratio



Coatings 2023, 13, 1985 10 of 21

(MMe/MAr) suggests a higher energy of the sputtered target atoms and backscattered Ar
atoms [36]. These energetic atoms have higher mobility when they reach the substrate,
resulting in the densification and renucleation of the film. The low-Cr/Zr film had a higher
Zr content, and Zr had the largest mass among the target elements, indicating a higher
MMe/MAr ratio. This also explains the finer and denser morphology of the low-Cr/Zr film
and the smaller grain sizes calculated from the XRD analysis, as listed in Table 2. A similar
morphological change was observed when Zr was added to a CrN film [37].

3.2. Mechanical Properties

Figure 5 shows the hardness and Young’s moduli of the two HENFs under different
substrate biases, and their values are listed in Table 3. The hardness of the low-Cr/Zr films
was 25.6 GPa at 0 V and increased to 32.5 GPa at −150 V, with an increase in magnitude of
27%. For the high-Cr/Zr films, the hardness increased significantly from 14.6 GPa at 0 V
to 35.3 GPa at −150 V, with an increase in magnitude of 142%. The Young’s moduli of the
two HENFs also exhibited an increasing trend as the hardness increased. The increase in
these two properties is consistent with the results of numerous reported studies [11,33,34].
The hardness difference between these two HENFs and the strengthening effects of the sub-
strate bias can be associated with four main factors: dense microstructures, compositional
differences, the Hall–Petch effect, and point defects.
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Table 3. Hardness (H), Young’s moduli (E), and their standard deviations (SD) of the two HENFs at
different biases.

Sample (AlCrSi0.3TiZr)N (AlCr1.5Si0.3TiZr0.5)N

Substrate bias (V) 0 −50 −100 −150 0 −50 −100 −150
H (GPa) 25.6 27.9 32.2 32.5 14.6 14.1 31.0 35.3

SD of H (GPa) 1.7 2.0 1.8 1.5 0.8 1.5 1.5 2.7
E (GPa) 320.6 345.2 355.3 359.5 277.9 283.5 417.7 512.3

SD of E (GPa) 13.7 13.2 13.7 19.4 15.9 14.2 26.5 29.9

The densification of the film structures under bias is displayed in Figures 3 and 4.
Because the voids in the films deteriorated their mechanical properties, the dense structure
of the films implied fewer voids and higher hardness and Young’s moduli. The densifi-
cation also originated from the compositional differences between the two HENFs. As
explained in Section 3.1, the low-Cr/Zr film had a higher MMe/MAr ratio during deposition,
indicating higher adatom mobility and, thus, a denser microstructure. This denser structure
contributed to the higher hardness of the low-Cr/Zr film than that of the high-Cr/Zr film
when both were deposited at 0 V.

The effect of the grain size on the hardness can be described by the Hall–Petch relationship.

H = H0 +
k√
d

(3)

where H0 is an intrinsic parameter of the material, k is the strengthening coefficient of the
specific material, and d is the average grain size. This relationship fits well in some related
studies [17]. However, the hardness did not necessarily follow the grain-size change in this
study. For example, the grain size of the (AlCrSi0.3TiZr)N film at −50 V was slightly larger
than that at 0 V, whereas the hardness still increased at −50 V. This discrepancy indicates
that the grain-size effect was not the dominant factor affecting the increase in hardness.

Figure 6a,b show the measured residual stresses of the two HENFs under different
biases. The residual stress in the thin films can be assumed to have two components:
thermal stress (σth) and intrinsic stress (σin) [38]. The total measured residual stress (σ) can
thus be expressed as

σ = σth + σin (4)
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Figure 6. Mechanical properties of the two HENFs. Residual stress of the (a) (AlCrSi0.3TiZr)N and
(b) (AlCr1.5Si0.3TiZr0.5)N films at different substrate biases. (c,d) Correlation plots of the residual
stress and hardness of the (AlCrSi0.3TiZr)N and (AlCr1.5Si0.3TiZr0.5)N films, respectively.
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The thermal stress originates from the difference between the thermal expansion
coefficients of the substrate and film, and the intrinsic stress stems from the point defects
induced by the strong ion bombardment. The thermal expansion coefficient of an HENF
can be calculated from its compositional binary nitrides using the rule of mixtures [33].
Because the chemical composition did not significantly change under different biases
and all of the films were deposited at the same temperature, this thermal stress term did
not vary significantly in the same HENF. Hence, we supposed that the change in the
measured residual stress at different biases was mainly due to the intrinsic stress. As
the bias increased, the ion bombardment became stronger; therefore, the compressive
intrinsic stress increased accordingly (Figure 6a,b) due to an increased amount of excess
interstitial atoms, which was also verified by the expansion of the lattice constant (Table 2).
Furthermore, Figure 6c,d show plots of the residual stress versus hardness, with dashed
lines fitted by linear regression. The absolute values of the Pearson correlation coefficient
“r” in both figures exceeded 0.9, indicating a high correlation between these two quantities.
Because the compressive intrinsic stress originated from the point defects caused by the ion-
peening effect, this correlation suggests that the strain field generated by the point defects
was responsible for the increase in hardness [39]. Additionally, there was a significant
difference between the slopes of these two lines, implying that these two films had different
sensitivities to residual stress or substrate bias. As stated previously, the low-Cr/Zr film
had a higher MMe/MAr ratio and, thus, a higher energy during deposition. This originally
strong energy may weaken the influence of the substrate bias, resulting in a lower value of
the slope shown in Figure 6c relative to that shown in Figure 6d. As a result, compositional
differences may also influence the strengthening extent of the substrate bias. In summary,
the densification of the film structure and the compressive residual stress excess interstitial
point defects caused by applying a substrate bias were the main factors that enhanced the
hardness and Young’s moduli of the two HENFs.

We next compared the low-Cr/Zr film, (AlCrSi0.3TiZr)N, deposited at 0 V with
its equimolar counterpart (AlCrSiTiZr)100−xNx studied by our group before [9]. Under
near-identical deposition parameters, the non-equimolar designed (AlCrSi0.3TiZr)N film
demonstrated a hardness of 25.6 GPa. This value is approximately 9 GPa greater than
that of stoichiometric (AlCrSiTiZr)100−xNx (x ≈ 50 at RN = 30%), thus confirming that our
design strategy, which reduces the Si content to 7 at%, can effectively increase the hardness.

3.3. Corrosion Resistance

Figure 7 shows the potentiodynamic polarization curves of all of the HENF-coated
samples and 6061 Al alloy substrates. The corresponding electrochemical parameters
determined from the Tafel curves are listed in Table 4. Generally, a lower icorr value
and a more positive Ecorr value indicate that the material is less prone to corrosion. For
the low-Cr/Zr films, the icorr value decreased from 3.68 µA/cm2 at 0 V to 0.75 µA/cm2

at −100 V, but increased again to 3.03 µA/cm2 at −150 V. The Ecorr first became more
positive at low bias and then more negative at high bias. On the other hand, the icorr of the
high-Cr/Zr films decreased from 4.55 µA/cm2 to 0.19 µA/cm2 when the bias increased
from 0 to−150 V; the Ecorr also changed to more positive values consistently with increasing
bias. First, comparing both films deposited at 0 V, the low-Cr/Zr film presented a lower icorr
and more positive Ecorr, indicating better corrosion resistance than that of the high-Cr/Zr
film. This difference reflects the intrinsic corrosion resistances of the two HENFs without
the influence of a bias. Because ZrN has been reported to have better corrosion resistance
than CrN [40], its higher Zr content could explain the better corrosion resistance of the
low-Cr/Zr film at 0 V. Furthermore, the increased corrosion resistance of both films with
increasing bias can be attributed to microstructural changes. As shown in Figure 4, both
films became denser at high bias, which prevented the corrosive ions from attacking the
substrate material through the voids. Moreover, when the films became denser, the exposed
surface area decreased, reducing the chances of reactions between the film atoms and the
corrosive ions [41]. Therefore, the icorr value decreased as the bias increased. However, the
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icorr value of the low-Cr/Zr film increased again at −150 V, which could be explained by
the increased surface roughness.
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in 0.1 M H2SO4. (c) Combined comparison of the two films with the lowest corrosion current density
(icorr) and 6061 Al alloy substrate.
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Table 4. Electrochemical parameters of the two HENFs deposited on 6061 Al alloy at different biases
in 0.1 M H2SO4.

Sample 6061 Al Alloy (AlCrSi0.3TiZr)N (AlCr1.5Si0.3TiZr0.5)N

Substrate bias (V) uncoated 0 −50 −100 −150 0 −50 −100 −150
Ecorr (V) −0.317 −0.304 −0.223 −0.328 −0.368 −0.323 −0.265 −0.254 −0.207

icorr (µA/cm2) 41.5 3.7 1.7 0.75 3.0 4.6 2.1 0.36 0.19

Figure 8 shows the surface topography and root mean square (RMS) roughness of the
low-Cr/Zr films deposited at different biases. The RMS roughness first decreased as the
bias increased from 0 to −50 V and increased again as the bias reached −150 V. The surface
roughness is expected to decrease under a moderate bias, owing to the densification of the
film structure. Nevertheless, the high-energy bombardment at a high bias could form a
crater-like surface morphology (Figure 8c), thereby increasing the surface roughness. Li
et al. proposed that a rougher surface exhibits a higher electronic work function fluctuation,
making it more electrochemically active [42]. Similar phenomena were also observed in the
(CrNbTiAlV)Nx system studied by Zhang et al. [18], where both the surface roughness and
the icorr value increased at high bias.
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Figure 8. Surface properties of (AlCrSi0.3TiZr)N. Surface topography and root mean square (RMS)
roughness of the (AlCrSi0.3TiZr)N films deposited on 6061 Al alloy substrates at (a) 0 V, (b) −50 V,
and (c) −150 V.

The larger amount of Zr ions during deposition may explain why only the low-Cr/Zr
films displayed ion-induced damage at high bias. Specifically, because Zr is the heaviest
element in this study, its higher momentum during the deposition process may result
in stronger re-sputtering of the already deposited light atoms, increasing the surface
roughness. Therefore, the corrosion resistance of both HENFs can be improved by applying
a substrate bias, as long as the bias is not sufficiently high to increase the surface roughness.

In summary, according to Figure 7c and Table 4, the icorr values of the low- and
high-Cr/Zr films at their optimum biases were 80% and 96% lower than those under
no bias. Moreover, these icorr values were approximately one-hundredth of those of the
uncoated sample, suggesting that the corrosion resistance of the alloy was significantly
enhanced by the deposition of either of the two HENFs. In addition, the high-Cr/Zr
film deposited at −150 V exhibited a lower icorr value and higher Ecorr value than did
the low-Cr/Zr film deposited at −100 V, indicating a better strengthening effect on the
corrosion resistance of the high-Cr/Zr film through the application of substrate bias.

3.4. Oxidation Resistance

The oxidation behavior of multicomponent systems is complex and has been exten-
sively studied [10,43,44]. Multilayered oxides are often observed because of the different
diffusion abilities of the compositional elements and oxygen. To investigate the oxidation
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resistance of the two HENFs, both films deposited at −150 V were selected for heat treat-
ment because of their dense microstructures and optimum mechanical properties. The
GIXRD patterns and cross-sectional SEM images of the low- and high-Cr/Zr films after
annealing are shown in Figures 9 and 10, respectively.
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Figure 9. Oxidation resistance test of the (AlCrSi0.3TiZr)N (−150 V) films. (a) GIXRD patterns of the as-
deposited film and films after annealing in air for 2 h at different temperatures. (b–d) Cross-sectional
SEM images of the films at annealing temperatures of 600, 700, and 800 ◦C, respectively.
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Figure 10. Oxidation resistance test of the (AlCr1.5Si0.3TiZr0.5)N (−150 V) films. (a) GIXRD
patterns of the as-deposited film and films after annealing in air for 2 h at different tempera-
tures. (b–d) Cross-sectional SEM images of the films at annealing temperatures of 800, 900, and
1000 ◦C, respectively.
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For the low-Cr/Zr film (Figure 9), the GIXRD pattern remained the same after heat
treatment at 600 ◦C, and the corresponding cross-sectional image also showed an intact
and featureless structure. At 700 ◦C, diffraction peaks corresponding to TiO2 (rutile) were
detected, and the oxide layer thickness measured by SEM was 400 nm. At 800 ◦C, the
nitride peaks disappeared, and the film observed by SEM was fully oxidized. A bump
caused by the amorphous phase at low 2 θ values was also observed.

For the high-Cr/Zr film (Figure 10), the film structure remained the same after anneal-
ing at 800 ◦C, but the diffraction pattern was slightly different. Three new FCC peaks were
observed, indicating that the recrystallization may occur at this temperature, leading to the
detection of new peaks from different oriented grains. At 900 ◦C, the nitride diffraction
peaks became weaker, but could still be identified; moreover, the measured oxide layer
thickness was 310 nm. At 1000 ◦C, diffraction peaks corresponding to Al2O3 (corundum)
and the amorphous bump at low 2 θ values appeared, but the nitride peaks were still
observed. Furthermore, the corresponding SEM image shows that the oxide layer thickness
reached 1.3 µm; however, the film was still not fully oxidized.

Both kinetics and thermodynamics should be considered to explain the oxidation
behavior in HENFs [45]. Kinetically, TiO2 and ZrO2 have loose and porous structures,
which could intensify the inward diffusion of oxygen and, thus, deteriorate the oxidation
resistance of the film. In contrast, Al2O3 and Cr2O3 have dense structures that can prevent
oxygen from diffusing into the film, which is beneficial for the film’s oxidation resistance.
Although the low-Cr/Zr film contained Al and Cr, their concentrations did not provide
adequate protection. Owing to the higher amount of Ti and Zr in the low-Cr/Zr film, the
dense Al, Cr, and Si-rich oxide layer was affected and the oxygen diffusion intensified
through the incorporation of TiO2 and ZrO2, as verified by the GIXRD pattern and SEM
images in Figure 9. Consequently, the superior oxidation resistance of the high-Cr/Zr film
compared to that of the low-Cr/Zr film may have resulted from the higher concentration of
Cr and lower concentration of Zr, which delayed the oxidation reaction of the interior film.
The superior oxidation resistance of the high-Cr/Zr film surpasses that of many traditional
titanium-based coatings such as TiN, TiCN, TiAlN, and TiAlSiN [46].

Only TiO2 peaks were detected below 1000 ◦C, and no distinct Cr2O3 and ZrO2 peaks
were observed across any of the studied temperature ranges. Plots of the Gibbs free
energy change of the compositional nitrides to oxides per mole of oxygen as a function
of temperature are shown in Figure 11. Thermodynamically, ZrO2 exhibited the highest
driving force for its formation, followed by, in descending order, Al2O3, SiO2, Cr2O3,
and TiO2. However, Al2O3 diffraction peaks were only visible at 1000 ◦C, which could
be ascribed to its higher crystallization temperature [44,47]. In addition, the presence of
amorphous SiO2 increases the degree of amorphization and lowers the peak intensity, as
confirmed by other Si-rich high-entropy nitride systems [10,44]. The absence of ZrO2 peaks
may also be attributed to the SiO2, as can be seen from the amorphous bumps shown in
Figures 9 and 10. With regard to Cr2O3, the incorporation of Cr2O3 into the Al2O3 layer
has been observed in some Al- and Cr-containing high-entropy nitride systems [10,43];
therefore, independent diffraction peaks of Cr2O3 could not be seen in this study. Moreover,
Cr2O3 becomes unstable above 900 ◦C [48], which further contributes to the undetectability
of its diffraction peaks above this temperature.
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4. Conclusions

Two non-equimolar high-entropy nitride films, (AlCrSi0.3TiZr)N and (AlCr1.5Si0.3TiZr0.5)N,
referred to as “low-Cr/Zr film” and “high-Cr/Zr film,” respectively, were deposited
via reactive DCMS at different substrate biases. The main conclusions of this study are
as follows:

(1) Due to high mixing entropy and limited kinetics during PVD, both films had NaCl-type
FCC structures, regardless of the substrate bias. The microstructures of both films
became compact and featureless as the bias was increased to −150 V because the
increased adatom mobility reduced the voids, and the enhanced re-sputtering effect
refined the grains.

(2) The hardness of both films reached maxima when the bias was increased to −150 V, of
which the values were 32.5 GPa (low-Cr/Zr film) and 35.3 GPa (high-Cr/Zr film). The
increases in the hardness and Young’s moduli aligned with the densification of the
film structures. Also, the excess interstitial point defects generated by high energetic
bombardment at high bias could have created the strain field that increased the film
hardness, which can be verified by the increase in compressive residual stress.

(3) The strengthening effect of the substrate bias was found to be different for the two
studied films. The magnitude of hardness increase was 142% for the high-Cr/Zr
film, but only 27% for the low-Cr/Zr film. The film with a higher MMe/MAr ratio
may weaken the enhancement effect of the substrate bias due to its inherently high
deposition energy.

(4) The lowest icorr values of the two films were observed for the low-Cr/Zr film deposited
at−100 V (0.75 µA/cm2) and the high-Cr/Zr film deposited at−150 V (0.19 µA/cm2),
both of which were two orders of magnitude lower than the icorr value of the uncoated
6061 Al alloy. The strengthening effect of substrate bias on their corrosion resistance
was mainly due to the densification of the film structures, reducing the surface area
that would react with the corrosive ions and protecting the substrate from being
attacked by those ions through voids.

(5) The low-Cr/Zr film was fully oxidized after annealing in air at 800 ◦C for 2 h, while
the high-Cr/Zr film remained partially unoxidized after the same annealing pro-
cess at 1000 ◦C. This is because the sufficiently high amount of Cr formed a dense
oxide that retarded the diffusion of oxygen into the interior film and delayed the
oxidation reaction.
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(6) The high-Cr/Zr film deposited at −150 V exhibited good mechanical properties,
corrosion resistance, and oxidation resistance, indicating its potential to protect tools
operating under high-temperature and corrosive environments.
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