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Super-hard and corrosion-resistant (AlICrMoSiTi)Ny high-entropy nitride coatings were prepared using a novel
multi-arc cathodic vacuum magnetic filtration deposition at different Ny gas flow rates (Ry) of 0, 20, 50 and 70
sccm. The influence of Ry on the element composition, phase structure, mechanical, tribological and corrosion
properties of the coatings were systematically studied. Higher Ry promoted higher N contents in the coatings that
resulted in a transformation from an amorphous to face-centered-cubic (FCC) phase. At a high N content of 49 at.
% (Rn = 70%), the coating exhibits a simple FCC structure, and offers a superior combination of super-hardness,
excellent wear and corrosion resistance. The exceptional hardness of the (AlICrMoSiTi)N coating (41.6 GPa) that
surpasses most high-entropy ceramics is underlain by the formation of strong metal-nitride phase, the solid-
solution strengthening and the fine grain strengthening. Therefore, (AICrMoSiTi)Ny nitride coating presents a
potential application in protective coating owing to its extraordinary mechanical properties and corrosion

resistance.

1. Introduction

Traditional binary and ternary nitride coatings (such CrN, TiN,
TiAlIN, and etc.) which possess good wear resistance, outstanding me-
chanical properties, excellent corrosion resistance, and etc., were widely
applied as protective coatings on mechanical tools and parts [1,2].
However, with the rapid development of the machining industry, these
nitride coatings have been unable to meet the increasingly harsh
working environment. Therefore, a more effective protective coating
should be produced. In past decade, high-entropy alloys nitride coatings,
which possessed high hardness [3], excellent wear resistance [4],
outstanding thermal stability [5], good corrosion resistance [6] and
irradiation resistance [7], have attracted huge interest.

High-entropy alloy (HEA) was innovatively proposed by Yeh [8] and
Contor [9] in 2004. HEA contains more than 5 and less than 13 elements,
and the atomic percentage (at. %) of each element is controlled within
5-35% [10]. Furthermore, HEA nitride coatings which based on HEA
can be prepared through reactive coating technique, that is, during the
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deposition process, the atoms or ions from the target are allowed to react
with Na-containg Ar flow. Thus, such HEA nitride coatings possess four
core effects: high entropy effects, severe lattice distortion, sluggish
diffusion and cocktail effects [11]. Besides, owing to the combination of
high entropy effect and solid solution effect of binary nitrides, HEA
nitride coatings present a simple solid-solution phase with
body-centered cubic (BCC), face-centered cubic (FCC) or even amor-
phous rather than the intermetallic compounds [12-14].

The attainment of high hardness is a vital requirement for protective
coatings operated in harsh environments. The wear resistance of a hard
coating has a strong scaling relationship with its hardness. Therefore,
enhancing the coating hardness not only improves the performance, but
also extends the service life of engineering components, thus, reducing
maintenance and replacement costs. The elements included in the HEA
nitride coatings can be classified as either strong nitride-forming ele-
ments (e.g., Al, Cr, Hf, Mo, Si, Ta, Ti, V, Zr, etc.) or weak or non-nitride-
forming elements (e.g., Fe, Co, Cu, Ni, Mn, etc.) [15]. HEA nitride
coatings that contain high contents of weak or non-nitride formers
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usually show relatively low hardness values, typically below 20 GPa. In
contrast, HEA nitride coatings consist of strong nitride-forming elements
can readily achieve high hardness values. However, it has been
demonstrated that the hardness of most HEA nitride coatings, including
those based on strong nitride formers, did not reach the superhard grade,
i.e., greater than 40 GPa. Recently, (AICrTiVZr)N film synthesized
through HiPIMS exhibits ultra-high hardness of 41.8 GPa and a low wear
rate of 2.3 x 10”7 mm®/Nm [16]. However, the corrosion properties of
the ultra-high hardness film had not been reported. Moreover, there are
scarcely any systematic studies on the tribological and corrosion prop-
erties of super-hard HEA nitride coatings.

Vacuum arc deposition [3] and magnetron sputtering (MS) (such as
direct current (DC) [17], radio frequency (RF) [15], and high-power
impulse magnetron sputtering (HiPIMS) [18]), are the most common
technique to produce the HEA nitride coatings. The HEA targets applied
to the MS technique are usually manufactured by arc melting method
[19]. However, since the melting point and mechanical properties of
each target element composition are significantly different, it is rela-
tively difficult to prepare HEA targets. In addition, the ionization rate for
the MS technology is relatively low. Filtered cathodic vacuum arc
(FCVA) deposition technique, which possess a 100% ionization rate, is
widely applied to prepared coatings, owing to its ability to filter out
most of the neutral atoms and macro ions and generate high-quality
plasmas [20]. Moreover, the most obvious advantage of FCVA is that
the target material can be freely chosen, and the composition can be
adjusted by regulating the arc current of the targets. Zhang et al. [21]
have reported on thick yet tough TiN coatings prepared by FCVA, and
the coatings have high hardness and excellent wear resistance. Chen
et al. [22] have synthesized the TiAICN/TiAIN/TiAl multilayer com-
posite coatings synthesized by FCVA at various carbon content. The
microstructure of the composite coating is very dense. Compared with
the coating prepared by MS, it has significantly higher hardness (44.36
GPa) and H/E value as well as excellent corrosion resistance. According
to these publications, the FCVA is a promising technique to control the
microstructure and enhance mechanical and physical properties of
deposited coatings.

Based on factors aforementioned, a novel multi-arc cathodic vacuum
magnetic filtration deposition technique, which equipped with a 120° Y-
shaped magnetic filter duct, based on FCVA is used to synthesis HEA
nitride coatings (Fig. 1). The target material can be freely chosen owing
to the two independent cathode arc sources in this deposition system.
During the deposition process, the two cathode arc sources respectively
generate plasmas of corresponding elements and enter the magnetic
filter. The plasma of each element enters the outlet end of the filter
under the guidance of the magnetic field. During the plasma trans-
mission process, the plasma is fully mixed and filtered. At the same time,
N, is ionized, and N ions are also added to the mixing. Then, the fully
mixed multi-element plasma precursor is finally uniformly deposited on
the sample surface to form a HEA nitride coating which may possess
excellent properties.

Vacuum chamber

Plasma

Samples

Pupming
system

Targets

_):

Ar/N,

Filter coil Filter duct

Negative bias

Fig. 1. Schematic diagram of multi-arc cathodic vacuum magnetic filtration
deposition system.
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In this study, the novel multi-arc cathodic vacuum magnetic filtra-
tion deposition technique was used to synthesis HEA nitride coatings. Al,
Cr, Ti, Mo and Si were chosen as the sputtering materials, owing to their
strong nitride forming abilities. Using X-ray diffraction (XRD), field
emission scanning electron microscopy (FESEM), tribometer, nano-
indentation, and electrochemical workstation, the effect of N5 gas flow
rate on element composition, phase structure, hardness, tribological and
corrosion properties of the (AICrMoSiTi)Ny high-entropy nitride coat-
ings was systematically investigated and discussed.

2. Experimental
2.1. Coating preparation

The (AICrMoSiTi)Ny nitride coatings were prepared on the clean
silicon wafer (20 x 20 x 1 mm), AISI 304L stainless steel (20 x 20 x 3
mm) block substrates using a multi-arc cathodic vacuum magnetic
filtration deposition (Fig. 1). TiMo (50 at. % of Ti and 50 at. % of Mo,
99.80% purity) and CrAlSi (30 at. % of Cr, 60 at. % of Al and 10 at. % of
Si, 99.80% purity) were chosen as the sputtering targets. The argon (Ar)
and nitrogen (N3) with the purity of 99.99% were used as the reaction
gases. The diameter and thickness of the two targets were 100 and 20
mm, respectively. Before the deposition process, all substrates were
cleaned sequentially and rinsed by acetone, alcohol, and distilled water
in an ultrasonic bath for 10 min, respectively, and then dried in N gas.
Before the deposition process, the base pressure was evacuated to 5 x
103 Pa. In order to make the surface cleaner, all substrates were
sputtering cleaned for 40 s under a pulse bias voltage of —800, —600,
—400 and —200 V, respectively. During the coating deposition process,
the arc current of TiMo and CrAlSi cathode was 140 and 110 A,
respectively. The gas mixture composed of Ar and Ny was let in the
chamber at a constant total flow of 100 sccm. The Ar and N5 flows were
adjusted to achieve different Ny flow ratios (Ry = N2/(Na+Ar)). The
substrates were not external heated during the deposition process. The
thicknesses of the prepared coatings were within the ranges of 0.9-1.5
pm. The substrate temperature was around at 100 °C during the depo-
sition process. The detailed information of the process parameters for
the coating deposition were listed in Table 1.

2.2. Structure characterization

Ultraviolet photoelectron spectroscopy (UPS, ESCALAB 250 Xi) and
X-ray photoelectron spectroscopy (XPS, ESCALAB 250 Xi) with a
monochromatic Al Ka radiation source were employed to analyze the
work function and chemical bonding of the coatings prepared on silicon.
For the UPS detection, the adsorption layer on the surface of the coating
was cleaned by argon atomic ion with the cleaning thickness of 20 nm.
For the XPS detection, a 1000 eV Ar" ion beam was employed to sputter
etch of the coatings 2 min to remove the contamination on the surface of
the coatings. The base pressure was better than 5.0 x 10~° mbar during
the spectra acquisition. Residual gas analysis showed that the main
background gases in the analysis chamber were argon and the spectra

Table 1
Detailed information of the process parameters for the coating
deposition.
Parameters Coating deposition
Base pressure (Pa) 5x 1073
Working pressure (Pa) 0.6
TiMo target current (A) 140
CrAlSi target current (A) 110
Ar + N (sccm) 100
Ry (N2/(N2+Ar)) (%) 0, 20, 50, 70
Substrate bias (V) -50
Duty cycle (%) 100
Deposition time (min) 60
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were acquired parallel mode. The electron emission angle is along the
normal direction, and the spot diameter is 500 pm. The incidence angle
is 70° and the charge neutralizer is used. Moreover, the Valance band
spectra were measured with a monochromatic He I light source (21.2
eV) and a VG Scienta R4000 analyzer. A field emission scanning electron
microscopy (FESEM, Hitachi S-4800) equipped with an energy disperse
spectroscopy (EDS, EX-350) was employed to analyze the thickness and
microstructure of the coatings, as well as the wear debris. An X-ray
diffraction (XRD, SmartLab S2) by Cu Ka radiation with a glancing
incident angle of 1° was applied to analyze the crystalline structure of
the coatings. The step size of 0.02°, and 2theta range varied from 20 to
90°. The grain sizes (D) of the coatings were calculated by using the
Scherrer equation: D = (k x A)/(p x cosf) [23]. Where k is the Scherrer
constant normally taken as 0.9 and it is related to the crystallite shape, A
is the wavelength of the X-ray sources (0.15406 nm), f is the full width
at half maximum (FWHM) of the diffraction peak resulting from small
crystallite size in radians and 0 is the peak position in radians. In addi-
tion, a high-resolution transmission electron microscope (HRTEM,
TF20) was used to inspect the micro-structures of the coatings. The thin
films prepared under different No gas flow rates were first prepared on
the NaCl substrates and then gathered the suspension after the NaCl
substrate had been dissolved in distilled water for the TEM observations.

2.3. Mechanical properties

A Nanoindenter G200 (Keysight Technologies) equipped with a
Berkovich diamond probe tip was employed to measure the hardness (H)
and Young’s modulus (E) of the coatings. In order to minimize the in-
fluence of the substrate, the indentation depth was controlled to abound
80 nm (less than one-tenth of the thickness of the coatings). Moreover,
the test was repeated at least 5 times to reduce the errors. A step profiler
(Taylor hobson, form talysurf 50) was used to measure the curvature
radius of the Si substrates before and after deposition, and the residual
stress of the coatings were calculated by Stoney’s equation [24]:

E £ ,1 1

Ter® R

where E, v, t,, are the Young’s modulus, Poisson’ ratio, thickness of the
Si substrate, respectively; t. is the coating thickness; and Ry and R; are
the curvature radius of the Si substrate before and after coating depo-
sition, respectively. In addition, the test was repeated at least 5 times to
reduce the errors.

2.4. Tribological properties

The tribological performance of the coatings was tested at a room-
temperature (RT) environment by using a ball-on-disk tribometer
(MFTR-4000) in a reciprocating configuration. The SigN4 ball (diameter
6 mm) was used as friction counter ball. The normal load and frequency
are 1 N and 1 Hz, respectively, and the test time is 30 min. In addition,
the test was repeated at least 3 times under the same experiment con-
ditions to avoid accidental data. The step profiler was used to measure
the depth and width profiles of the wear track. The wear rate (W) of the
coatings was calculated by the following formula: W = V/(Fy x S) [25].
Where V is the wear volume of the wear track (mm3), Fy is the applied
normal load (N) and S is the sliding distance (m).

2.5. Corrosion resistance

An electrochemical workstation (PARSTAT 2273) was applied to
study the potentiodynamic polarization of the 304 SS and prepared
coatings. The conventional 3-electrode system was used for electro-
chemical research in 3.5 wt. % NacCl solution. Saturated calomel elec-
trode (SCE), platinum sheet and coatings were used as the reference
electrode, auxiliary electrode and working electrode, respectively. Prior
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to the test, the coatings were immersed in the NaCl solution for 30 min to
ensure the stabilization. Then, the potentiodynamic polarization test
was enforced at RT with a scan rate of 1.0 mV/s. Corrosion current
density (icorr) and corrosion potential (Ecorr) were obtained via the Tafel
extrapolation. Each measurement was repeated 3 times to assess the
scatter of the measured characteristics.

3. Results and discussion

The element compositions measured by the XPS of the (AlICrMoSiTi)
Ny high-entropy nitride coatings prepared at various Ny gas flow rates
are shown in Fig. 2. From Fig. 2, it can be seen that the O content is
around 5 at. % and changes little when the Ry increases, which may
attributed to the residual oxygen in the chamber during the coating
deposition process. With increasing Ry from 0 to 70%, the N content in
the coatings increased linearly, and the contents of other four metal
elements decrease accordingly. It is worth noting that the content of the
Si element is around 3 at. % ignoring the increasing of the Ry. The low Si
content could be attributed to two factors. First, the content of Si
element in the sputtering target CrAlSi is as low as 10%. Second, the
sputtering yields of Si element is lower than that of other target elements
[26]. The N content in the nitride coatings reached a maximum value of
49 at. % when Ry = 70%, which can be regarded as nitride coatings and
named (AlCrMoSiTi)s51N4g [27]. Thus, the (AICrMoSiTi)Ny high-entropy
nitride coatings were successfully prepared by the novel multi-arc
cathodic vacuum magnetic filtration deposition.

The core energy level spectrum of Al 2p, Cr 2p, Mo 3d, Si 2p, Ti 2p, N
1s, C 1s and O 1s are shown in Fig. 3. The C 1s (Fig. 3g) was used to
calibrate the XPS spectra of the other elements. According to the pre-
vious studies, the sum of C 1s peak position and sample work function is
constant of 289.58 + 0.14 eV [28-31]. The work function of the
(AlCrMoSiTi)Ny high-entropy nitride coatings prepared at Ry = 0%,
20%, 50% and 70% were 5.07, 5.23, 4.91 and 5.11, respectively. Thus,
the C 1s peak positions of these nitride coatings were 284.51, 284.35,
284.67 and 284.47 eV, respectively. In the metal core energy level
spectrum (see Fig. 3a—e), as the N content in the coatings increases, the
peak position shifts to a higher binding energy (Eb). When Ry increases
to 70%, the peak position of each element corresponding to the metallic
environment shifts to the nitride position [32-34]. Moreover, as the Ry
increases, the peak position of N 1s also slightly shifts to higher Eb (see
Fig. 3f). The peak position for the coating deposited at Ry = 70% is
ranged between 396.9 and 397.8 eV, which is between the reference
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Fig. 2. Element compositions (by XPS) of the (AICrMoSiTi)Ny high-entropy
nitride coatings prepared at various N, gas flow rates. The N content in the
coatings increases with increasing Ry, and the coatings were regarded as nitride
coatings when Ry = 70%.
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Fig. 3. XPS spectra for the (AICrMoSiTi)Ny high-entropy nitride coatings, showing the core energy levels of (a) Al 2p, (b) Cr 2p, (c)Ti 2p, (d) Mo 3d, (e) Si 2p, (f) N 1s,
(g) C 1s and (h) O 1s. Peak positions of the elements shifted to higher Eb with increasing Ry, and all the target elements form stable nitrides when Ry = 70%.
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values of AI-N, Cr-N, Mo—N, Si-N and Ti-N [34], indicating that the N is
in the state of nitride.

For the coatings prepared at low Ry values (0%, 20% and 50%), the
peak positions in the Al 2p, Cr 2p and Mo 3d spectra (Fig. 3a-b,d)
dramatically shifted to lower Eb. Compared with the respective metal
reference positions, Al 2p is 72.9 eV, Cr 2p is 573.8 eV, Mo 3d is 227.2
eV, and Ti 2p is 453.8 eV [35]. In addition, the peak position of the
coating prepared at Ry = 0% at 75.0 eV for Al 2p spectra may attribute
to the form of Al-O bond and the overlap of the Cr 3s peak [35,36]. The
presence of O could be attributed to the residual oxygen in the chamber
during the coating deposition process. Moreover, for the O core energy
level spectrum (Fig. 3h), the peak position of the coating prepared at Ry
= 0% is observed at 531.4 eV, confirming the existence of the Al-O
phase, which is consistent with the results Al 2p spectrum [35,36]. It is
interesting to point that, for the coating prepared at Ry = 0%, only Al
bonds with oxygen, which may due to the Al-O has a higher mixing
enthalpy (AH = —837.9 kJ/mol) [37]. With the N content in the coat-
ings increases, the peak position shifts to a lower Eb at about 531.0 eV,
which confirms the free O [35]. The nitride coating prepared at Ry =
70% has the N content of 49 at. %, and the Al 2p, Cr 2p, Mo 3d and Ti 2p
peaks are at a position of 73.8, 575.4, 228.2 and 455.1 eV, corre-
sponding to Al-N, Cr-N, Mo-N and Ti-N reference position, respectively
[35,38]. The Si 2p spectra shows two peaks which centered at 99.2 and
102.1 eV, assigning to the free Si [39] and Si-N bond [35], respectively
(see Fig. 3e). The XPS spectra shows that as Ry increases, the material
gradually evolves from a metallic material to a nitride material. For the
coatings deposited at Ry = 70%, all the target elements form stable ni-
trides, which is consistent with the above results.

XRD patterns of the nitride coatings prepared under different N, gas
flow rates are shown in Fig. 4. As seen in the XRD patterns, the coatings
prepared at Ry = 0%, 20% and 50% all exhibit an amorphous structure
[19], owing to the large atomic size difference (the atomic size of Al:
1.43 A, Cr: 1.27 A, Mo: 1.4 A, Si: 1.34 A and Ti: 1.45 A) and the high
mixing entropy effect of HEAs, which increases the mutual solubility of
the target elements [40]. With increasing the Ry value from 0% to 50%,
the center of the broad peaks in the XRD patterns gradually shifts to
smaller angles, indicating that the average interatomic distance of the
planes that contributes to the X-ray structural diffraction increases as the
N content in the coatings increased. In addition, these peaks also grad-
ually broaden with increasing the Ry value, that is, the degree of dis-
order of the amorphous structure increases. Compared with the size of
interstitial sites, the size of the N atom is relatively large, therefore, the

*(200) %: FCC, ¢: Amorphous

o Si (220
R\=70% (220

o
W
RN=20% '

WW

RN=0%

Indensity (a.u.)

20 30 40 50 60 70
20 (Theta)

Fig. 4. XRD patterns of (AICrMoSiTi)Ny high-entropy nitride coatings prepared
at various N gas flow rates. The amorphous structure transforms to the NaCl-
type FCC structure with the Ry increased to 70%, owing to the FCC-forming
binary nitrides effectively accommodates non-FCC binary nitrides.
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incorporation of small N atoms at small interstitial sites would enlarge
the interatomic spacing and distort the atomic configuration, so the
structure of the coating is more disordered at a higher N content [41].
However, when the Ry increased to 70%, the amorphous structure
transforms to a NaCl-type FCC structure. The phase structures of AN,
CrN, TiN, MoN and SigN4 are HCP, FCC, FCC, HCP and amorphous,
respectively [42]. Although there are differences in the phase structure
of these binary nitrides, the prepared (AICrMoSiTi)N high-entropy
nitride coatings crystallized in an FCC structure. This indicates that
the FCC structure resulting from the combination of the FCC-forming
binary nitrides effectively accommodates the non-FCC binary nitrides.
The grain sizes corresponding to each peak of the FCC phase were
calculated by using the Scherrer equation [23]. The grain size corre-
sponding to the (200) and (220) of peaks was calculated to be 6.91 and
5.66 nm, respectively, thus, the averaged grain size is ~6.3 nm. It means
that as the Ry value increases, the phase structure changed from
amorphous to a nanocrystalline structure with extremely small grain
size. Similar results have been reported on (AICrMnMOoNiZrBg 1)Ny [40],
(AlCrMoTaTi)Ny [43] and (AlCrTaVZr)Ny [20] nitride coating systems.

The TEM images of the (AICrMoSiTi)Ny high-entropy nitride coatings
prepared at Ry of (a) 0% and (b) 70% are shown in Fig. 5a and (b),
respectively. The AlCrMoSiTi coating without N doped is shown to be
amorphous from the featureless bright field image (Fig. 5a). For the
(AICrMoSiTi)N coating with high N content of 49 at. %, it can be seen
that some regions (yellow-dotted lines) are crystalline structure, which
can reach 2-3 nm. This feature indicates that the grain size reaches the
nanocrystalline level, which confirms the above results of the XRD
analysis. The results were similar to the report by Chang et al. [41].

The FESEM cross sections for (AlICrMoSiTi)Ny high-entropy nitride
coatings prepared at various Ny gas flow rates are illustrated in Fig. 6.
For the HEA metal coating (Fig. 6a), there exist some dimple fractures in
the middle part of the coating, which would occur during the sample
preparation process, and the specific reasons may require further anal-
ysis. Despite this phenomenon, the cross section is uniform and dense
without pores and defects. For the nitride coatings (Fig. 6b—d), it can be
seen that the cross-sectional images for all the coatings shown a dense
and smooth structure without large particles, visible pores and voids,
because large particles were magnetron filtered during the deposition
[44-47]. Moreover, all the coatings are well combined with the sub-
strates, and there are no defects and cracks at the interface. Excellent
corrosion resistance can be expected in (AICrMoSiTi)Ny nitride coatings
with dense and smooth structure.

The mechanical properties, including hardness (H), residual stress,
Young’s modulus (E), H3/E? and H/E of (AICrMoSiTi)Ny nitride coatings
are shown in Fig. 7 and Table 2, respectively. For the HEA metal coating
without the addition of N, the H and E are 12.0 GPa and 169.7 GPa,
respectively. As the Ry increases, both the H and E of the nitride coatings
increase from 14.8 to 41.6 GPa and 192.3-372.6 GPa, respectively.
When Ry = 70%, the N content in the coating reaches a maximum of 49
at. %, and the H and E of the coating rises up to 41.6 GPa and 372.6 GPa,
respectively. The super-hard level hardness can mainly be attributed to
the following three factors. First, with the inclusion of a high content of
strong nitride forming elements, the formation of strong metal-nitrogen
bonding of nitrides can effectively increase the hardness of the HEA
nitride coatings [48]. Second, the interstitial solid solution strength-
ening induced by the incorporation of N atoms. Third, the residual stress
of the coatings is increased with Ry increasing. According to the previ-
ous studies, the hardness is the resistance to local plastic deformation
that produces the stress field itself. Therefore, the hardness increases by
a residual stress [36,49]. Finally, the grain boundary strengthening
caused by the extremely fine nanograined structure. It is well known
that materials become harder with reducing grain sizes, following the
classical Hall-Petch effect [50]. The average grain size of the (AlICrMo-
SiTi)N coating was estimated to be ~6.3 nm. Such a fine grain size can
significantly enhance the hardness. During the deposition process of
multi-arc cathodic vacuum magnetic filtration, the grown crystals were
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Fig. 5. TEM bright field images of (AICrMoSiTi)Ny high-entropy nitride coatings prepared at Ry of (a) 0% and (b) 70%. The coating prepared at Ry = 0% presents an
amorphous structure, and the coating prepared at Ry = 70% tends to be crystalline.

10 0kV };mm ¥20 Ok SE{U)

periodically bombarded by high-energy ions, refining the large crystal
grains. At the same time, the reaction gas (Ar and Ny) is stably controlled
to produce the (AICrMoSiTi)Ny high-entropy nitride coatings with dense
structure and good mechanical properties. Thus, the hardness of the
(AICrMoSiTi)N nitride coatings prepared by multi-arc cathodic vacuum
magnetic filtration deposition in this study is higher than that of the
nitride coatings with similar composition prepared by MS, which is
around 30 GPa [42,43]. Besides, the hardness of the (AICrMoSiTi)N
high-entropy nitride coating is also much higher than that of most HEA
nitride coatings, including TiVCrZrHf [51], FeMnNiCoCr [25],
AlCrMnMoNiZr [52], and CrTaNbMoV [27] nitride coatings, and similar
to that of AICrTiVZr [16], AlCrMoTaTiZr [53], AICrNbSiTiV [54],
TiZrNbAIYCr [55] and TiHfZrVNb [56] nitride coatings.

It is known that the H/E ratio reflects the wear resistance of coatings
[57]. Coatings with higher H/E ratios are more wear resistant. In

VR oot it TS e B DR BN s
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Fig. 6. The FESEM cross sections for (AICrMoSiTi)Ny high-entropy nitride coatings prepared at various N, gas flow rates: (a): 0%; (b): 20%; (c): 50%; (d): 70%. The
cross-sectional images for all the coatings shown a dense and smooth structure without large particles, visible pores and voids, which are important for corro-
sion resistance.

addition, the H3/E? ratio represents the ability of the coating to resist
plastic deformation. A higher H%/E? ratios indicate that the coating has a
higher resistance to plastic deformation [22,58]. As shown in Fig. 7b,
with the increase of the Ry value, both the H/E and H3/E? values in-
crease from 0.07 to 0.11 and 0.06 to 0.49, respectively. When Ry = 70%,
the H/E and H3/E? ratio of the coating reach the maximum values of
0.11 and 0.49, respectively, which were higher than those of coatings
prepared by other techniques (such as RF and DC) [33,52]. Higher H/E
and H®/E2 values of the coating also indicates its excellent resistance to
wear and plastic deformation. As mentioned above, the crystal grain
sizes are extremely fine owing to the periodically bombarded by
high-energy ions during the deposition process. Simultaneously, the
reaction gas (Ar and Ny) is stably controlled to produce the (A1CrMoSiTi)
Ny nitride coatings with dense structure and good mechanical
properties.
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Fig. 7. Mechanical properties of the (AlICrMoSiTi)N, high-entropy nitride coatings as a function of N, gas flow rate: (a) H and E and (b) H/E and H3/E2. The hardness
of the coating deposited at Ry = 70% rises up to 41.6 GPa, due to the formation of strong nitrides, the solid solution strengthening and the fine grain strengthening.

Table 2
Summary of mechanical and tribological properties of (AlICrMoSiTi)Ny high-
entropy nitride coatings prepared at various N gas flow rates.

Ry Hardness Residual stress Friction Wear rate (10~°
(%) (GPa) (GPa) coefficient mm® N~ m™")
0 11.97 £ 0.59 -0.5 0.53 28.96

20 14.75+0.58 -1.7 0.55 5.41

50 19.81 £0.69 -3.0 0.52 3.25

70 41.60+1.27 —4.6 0.51 3.19

The friction coefficient curves for the (AlICrMoSiTi)Ny nitride coat-
ings deposited under various Ny gas flow rates sliding against SigN4 balls
are shown in Fig. 8. It has shown that the friction coefficient curves of all
samples increased dramatically in the initial stage, which corresponding
to the run-in period, and then quickly reached a relatively steady state.
The average friction coefficient of all coatings remains around 0.5,
indicating that the Ry has little influence on the friction coefficient of the
(AICrMoSiTi)Ny high-entropy nitride coatings. The friction coefficient
and wear rate of the (AICrMoSiTi)Ny high-entropy nitride coatings are
listed in Table 2. The wear rate of the coatings decreases dramatically
with the increases of Ry, and reaches the minimum value of about 3.19
x 107° mm3/Nm at Ry = 70%. As mentioned above, the wear resistance

Friction coefficient

N

R\=50"ﬂu

RN=70%

1 N 1 N 1 N 1
10 15 20 25
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Fig. 8. Friction coefficient curves for the (AICrMoSiTi)Ny high-entropy nitride
coatings prepared at various N, gas flow rates sliding in the atmosphere. All
average friction coefficients of the coatings remain around 0.5, indicating that
the Ry has little influence on the friction coefficient of the (AlICrMoSiTi)Ny high-
entropy nitride coatings.

of coatings is evidently influenced by the value of the hardness and the
H/E ratio. Thus, the decrease in the wear rate is mainly owing to the
increases in the coatings’ hardness and H/E.

Fig. 9 shows the wear tracks of (AICrMoSiTi)Ny high-entropy nitride
coatings after sliding in the atmosphere. The long wear scars with deep
grooves and adhered materials observed in the wear tracks of the
coatings deposited at low Ry values (Fig. 9a and b) indicate that their
wear behavior was dominated by the abrasive wear, due to their rela-
tively low hardness. The wear track of the coating prepared at inter-
mediate Ry values (Fig. 9c¢) is relatively smooth and exhibit fewer
grooves and cracks. The coatings with 49 at. % N shows a mild wear
feature, and the wear track is smooth and with scarcely any grooves. As
mentioned above, the wear resistance of coatings is closely related to the
value of the hardness and the H/E ratio, which reflect the resistance to
abrasion wear [59]. Thus, the coatings prepared at intermediate and
high Ry value with high hardness and high H/E ratio shows excellent
tribological performance. It can be concluded that Ry has a great effect
on the wear resistance of (AlICrMoSiTi)Ny nitride coatings.

Fig. 10 shows the dynamic potential polarization curves of 304 SS
and (AICrMoSiTi)N high-entropy nitride coatings prepared at various Nz
gas flow rates in 3.5 wt% NaCl solution at RT. The Ecorr and icqr values
obtained via the Tafel extrapolation using linear fitting are listed in
Table 3. It is well known that the kinetics of corrosion resistance of the
materials is usually evaluated by the ico value [22], because the
corrosion rate is always proportional to the icoy. The icor value was
determined via extrapolating the cathodic Tafel lines to the corrosion
potential [60]. The ico of AICrMoSiTi coatings is 58.5 x 1078 A/cm’z,
and then significantly decreases to 2.2 x 108 A- ecm~2 when the Ry
increases to 70%. It is worth noting that the ico of the AICrMoSiTi
coatings are smaller than that of 304 SS, and this indicates that the
coatings have good corrosion resistance. Moreover, the coating prepared
at Ry = 70% exhibit the best corrosion resistance, and its ico,r is nearly
1/35 the value of 304 SS.

In general, the composition and microstructure of the coatings have a
greater influence on their corrosion resistance [19,61]. The high icoyr
value of the AICrMoSiTi coating maybe due to the galvanic corrosion
among the target metal elements. According to the XPS results, for the
(AICrMoSiTi)Ny high-entropy nitride coatings prepared under low Ry
values, the chemical composition of these coatings changes from metal
to non-metal. However, owing to the low N content in the (AICrMoSiTi)
Ny nitride coatings prepared under low Ry values, the nitrides formed in
these nitride coatings are unstable. Therefore, among all the nitride
coatings, the non-metallicity of the (AlICrMoSiTi)Ny high-entropy nitride
coatings deposited at low Ry values is weaker, which make the coatings
prone to corrosion. With the increase of the Ry value, the non-metallicity
of the (AICrMoSiTi)Ny nitride coating is enhanced owing to the high N
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Fig. 10. Dynamic potential polarization curves of 304 stainless steel and
(AICrMoSiTi)Ny nitride coatings prepared at various N5 gas flow rate in 3.5 wt%
NaCl solution. The ico of the (AICrMoSiTi)Ny nitride coating decreases with
increasing Ry.

Table 3
The electrochemical corrosion parameters of (AlICrMoSiTi)Ny nitride coatings
and 304 SS in 3.5 wt% NacCl solution.

Rn (%) 304 SS
0 20 50 70
Ecorr (V) —0.174 —0.162 0.074 —-0.196 0.116
Teorr (1078 A cm™2) 58.5 38.6 7.9 2.2 78.0

content, and their corrosion resistance has been improved to a certain
extent. Therefore, the coatings prepared under the Ry = 70% have the
best corrosion resistance owing to the strongest non-metallic and stable
chemical properties.

4. Conclusions

In this study, (AlCrMoSiTi)Ny high-entropy nitride coatings were
prepared by multi-arc cathodic vacuum magnetic filtration deposition at
various Ry without additional heating. The N content in the coatings
increase with increasing the value of Ry, and it reaches a maximum
value of 49 at. % when Ry = 70%. The coatings with low N content
exhibit an amorphous structure, while the coating with N content of 49
at. % present a simple FCC phase owing to the combination of the FCC-
forming binary nitrides that effectively accommodates the non-FCC bi-
nary nitrides. Moreover, as the Ry increases, H, E, H/E and H3/E2 of the
coatings all increase. At Ry = 70%, the hardness of the coatings reaches
a super hard level of 41.6 GPa owing to the combined effect of the
formation of the strong metal-nitrogen bonding, solid solution
strengthening, elevated residual stress and the grain boundary
strengthening. Meanwhile, the nitride coatings exhibit low wear rate of
3.19 x 107® mm®/Nm owing to the high hardness and H/E ratio. In
addition, this nitride coating has low corrosion current density of 2.2 x
108 A/em ™2 due to the strongest non-metallic and stable chemical
properties. Thus, the tests provided evidences that the HEA nitride
coating could be a potential candidate coating for mechanical tools and
parts.
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