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Abstract: (AlCrTiMoV)N high entropy nitride film was prepared on 17-4PH stainless steel substrate
using cathodic arc evaporation (CAE). The composition, microstructure, and thermal stability were
investigated using scanning electron microscopy (SEM), transmission electron microscopy (TEM), and
X-ray diffraction (XRD). Mechanical properties such as hardness and Young’s modulus and coating
performance against wear and erosion were also evaluated. The results show that the (AlCrTiMoV)N
coating assumes a single-phased solid solution B1 FCC structure. It has excellent thermal stability and
retains its structure with no decomposition observed up to a temperature of 1000 ◦C. The hardness
and elastic modulus are measured as 21.3 GPa and 304 GPa, respectively. The coating contains some
metallic droplets. As a potential protective coating, the (AlCrTiMoV)N coating has a lower wear rate
but a higher erosion rate when compared to the TiN baseline coating.

Keywords: high entropy nitride film; cathodic arc evaporation; thermal stability; wear; erosion

1. Introduction

Nitride coatings deposited by physical vapor deposition (PVD) techniques, such as
TiN, CrN, and AlTiN, have been extensively used as protective coatings [1,2]. Of these,
TiN has been the most used in industrial application for its hard and wear resistance
properties [3]. Recent developments in novel coatings have expanded upon these binary
and ternary nitrides and illustrated the benefits of using high entropy alloys (HEA) to
further improve coating performance. High entropy alloys are typically composed of
five or more primary elements, each compositing 5–35 at% [4]. HEAs have been found
to have high strength/hardness, good thermal stability and high wear, corrosion and
oxidation resistance [4,5]. The field of study has quickly expanded from HEA alloys to
high entropy nitride (HEN) coatings to further improve hardness, wear and corrosion
resistance [6].

Existing literature has investigated various compositions of HEN coatings. Com-
mon studies involve the effect of chamber pressure, nitrogen ratio or substrate temper-
ature on coating microstructure and mechanical properties. Studies on coatings such as
(CrNbTiAlV)N [7] (AlCrTaTiZr)N [8], (AlCrTiZrHf)N [9], (HfNbTiVZr)N [10] and (AlCr-
MoSiTi)N [11] have reported on coatings with a single phase B1 FCC structure with a
preferred (111) orientation and high hardness, in the range of 30–40 GPa which is attributed
to solid solution strengthening and a dense film structure. These studies have also reported
high wear resistance [9], scratch resistance [10] and thermal phase stability [11]. While
a significant majority of HEN coatings are produced by magnetron sputtering [8–13], a
limited number of studies have investigated the use of cathodic arc evaporation to deposit
HEN coatings, including those on (TiZrNbAlYCr)N [14], (TiZrHfVNbTa)N [15], (TiZrA-
lYNb)N [16] and (MoNbTaVW)N [17]. Compared to magnetron sputtering which has a
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lower ion flux and ion energy, in CAE the high current density of the arc discharge produces
a plasma with high ion flux and ion energy, which improves the coatings’ structure and
properties [18]. Considering the promising properties of HEN coatings and the increasing
use of CAE, this study was initiated with the objective to develop a CAE HEN coating and
to evaluate the resulting microstructure and performance of the coating.

Coatings have been extensively used to protect components in adverse conditions
requiring wear and erosion resistance [19]. Wear is material removal due to contact with
another body [20]. Many forms of wear exist, including frictional wear (surface against
surface) where material is removed by abrasive wear due to objects sliding against another
body or adhesive wear due to bonding between objects in contact [20,21]. Erosion is a
form of wear by impacting particles onto a hard surface in which material is removed
by plowing/micro cutting or by fracture [20]. Extensive research has been undertaken
to quantify the wear and erosion resistance of various coating systems [3,19,21] and it is
essential to design suitable coatings to protect objects from these forms of degradation.
However, limited work has investigated the use of HENs for the application of protective
coatings [7,9]. In particular, a target material of AlCrTiMoV was designed and used
to deposit the (AlCrTiMoV)N coating using the CAE method in a reactive nitrogen
environment. Al and Ti were, in fact, firstly chosen as the major elements because
AlTiN coating has demonstrated outstanding mechanical properties and tribological
performance and has been widely used for cutting tools [22–24]. Cr, V and Mo elements
were also incorporated into the coating, with the goal to improve the thermal stability [25],
oxidation/corrosion resistance and solid lubricity of the coating [26,27]. This composition
continues to build upon existing (AlCrTiV)N, which was reported to have excellent
mechanical properties [28]. The goal of this study is to explore novel high entropy
nitride coatings to achieve superior performance for application in adverse environments
and to investigate the use of the cathodic arc evaporation technique as a method of
producing HEN coatings. The target of this paper is to characterize the (AlCrTiMoV) N
coatings produced by CAE and identify their performance as a protective coating for
applications requiring wear and erosion resistance. The microstructure, thermal stability
and mechanical properties of the coating were first characterized, which were followed
by dry sliding wear testing and solid particle erosion testing, both of which are pertinent
to intended industrial applications.

2. Materials and Methods

The (AlCrTiMoV)N HEN coating was deposited onto 17-4 PH stainless steel flat circu-
lar coupons sized 50 mm in diameter and 3 mm in thickness. Prior to deposition, coupons
were ultrasonically cleaned in alcohol and placed on a two-axis-of-rotation turntable. De-
position was performed using a Metaplas Ionon MZR-304 cathodic arc coater (Sulzer
MetaplasBergisch, Gladbach, Germany). Two cathodes, composed of Al 30%, Cr 20%,
Ti 20%, Mo 15%, and V 15% by atomic percentage were mounted vertically 180 degrees
apart in the deposition chamber. Precleaning was performed by arc enhanced glow dis-
charge within the coater with a bias voltage of−280 V. Deposition was performed for a total
300 ampere hour (Ah) in a reactive nitrogen environment, using the following process pa-
rameters which were optimized from the preliminary study. The gas inflow was controlled
to maintain a fixed argon flow rate of 150 sccm and the nitrogen was regulated to maintain a
constant pressure of 5 Pa (5× 10−2 mbar). A current of 85 A was applied onto each cathode
and a bias voltage of −20 V was applied to the turntable to provide ion bombardment to
the growing coating and lower the coating residual stress. The chamber temperature was
maintained at 400 ◦C throughout the coating process. Additional samples were produced
under the same conditions onto silicon wafers but for 70 Ah for transmission electron
microscope (TEM) analysis. Baseline TiN coating samples were also produced using the
same deposition facility except at a bias voltage of−100 V and a chamber pressure of 0.8 Pa
(8 × 10−3 mbar).
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Imaging of the coating surface and cross-section was performed using a Philips XL30
field emission scanning electron microscope (SEM, Philips, Amsterdam, The Netherlands)
equipped with an energy dispersive X-ray spectrometer (EDS). EDS mapping was per-
formed using a Tescan Vega-II XMU SEM (Tescan, Brno, Czech Republic) with an Oxford
Inca Energy X-Act EDS. The phase composition was analyzed by X-ray diffraction (XRD)
using a Bruker AXS D8 Discover diffractometer (Bruker, Billerica, MA, United States)
with the Bragg–Brentano configuration and Cu Kα radiation (λ = 1.5406 Å) at 40 kV and
40 mA and with a 2θ angle range of 30–85◦. High temperature XRD was performed using
a Bruker AXS D8 Discover diffractometer equipped with an Anton Paar HTK 1200 N
(Anton Paar, Graz, Austria) high temperature oven. The measurements were carried out
with a 2θ angle range of 33◦ to 69◦ at room temperature (RT), 600 ◦C, 700 ◦C, 800 ◦C,
900 ◦C and 1000 ◦C in sequence. The sample was heated in the argon filled chamber at a
heating rate of 15 ◦C per minute and held at the measurement temperature for 20 min
prior to each scan. Cross-sectional TEM samples were prepared by standard dimpling
and ion milling procedures and examined in a JEOL JEM 2100F (JEOL, Tokyo, Japan)
operating at 200 kV.

The Vickers hardness and Young’s modulus were measured on the coating cross-
section using a CSEM nano hardness tester (CSM Instruments, Neuchâtel, Switzerland)
with a Berkovich indenter and averaged over seven measurements. The maximum applied
load of 50 mN was applied and held for 15 s. Samples used for erosion and wear testing
were tumbled for 30 min with a SiO2 medium to reduce coating surface roughness. Wear
properties were evaluated by pin on disc sliding wear tests, using a WC-6%Co ball 5 mm
diameter counter body with a 8 mm wear track, applied normal load of 10 N, sliding speed
of 20 cm/s and sliding distance of 1 km. The frictional force was recorded throughout the
test. The depth profile of the wear track was measured along the radial directions of the
wear track using a Bruker DektakXT surface profilometer (Bruker, Billerica, MA, United
States) at six locations, from which the average wear track area (A) can be calculated and
used to calculate the wear volume. The specific wear rate of the coating was obtained by
normalizing its wear volume with the total sliding distance and the applied normal load.
The wear volume of the WC-6%Co ball is calculated according to Equation (1), from which
the specific wear rate of the ball can be calculated [29].

Wear Volume =
2
3

πR3
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1−
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d

2R

)2
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3
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(
d
2

)2
√R2 −
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d
2
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where R is the ball radius and d is the diameter of the wear scar on the ball.
Erosion data were obtained according to ASTM standard G76-04 [30], at room temper-

ature using an S. S. White Abrasive Jet unit (model HME) placed on a Sartorius balance
(±0.5 g). The erodent used for the tests was sharp edged AccuBRADE-50 Blend #3 alumina
(Al2O3) with an average particle size of 50 µm, as shown in Figure 1. The erosion tests were
conducted at an average particle speed of 84 m/s, at a particle feed rate approximately
1 g/min and under impingent angles of 30◦ and 90◦ in 15◦ increments. During testing, the
coupon surface to nozzle tip distance was maintained constant at 38 ± 1 mm. The sample
weight loss due to erosion was measured using a precision balance with an accuracy of
10−5 g. The erosion rate is calculated from the slope of the line of best fit for the sample
weight loss vs erosion medium used for each angle. Sample weight and erodent usage
measurements were recorded at three or more points throughout the test. The erosion test
was terminated immediately after the coating was perforated.
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Figure 1. SEM image of Al2O3 sand particles.

3. Results and Discussion
3.1. Microstructural Characterization

Figure 2 shows the surface morphologies of the as-deposited (AlCrTiMoV)N (a) and
TiN (b) coatings. The deposited HEA coating has a rough surface, with the measured
roughness of 1.04 ± 0.09 µm compared to 0.402 ± 0.08 µm for the TiN coating. The coating
cross-sections, shown in Figure 3, illustrate similar average coating thickness of ~16 µm.
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Figure 3. SEM BSE Cross sectional image of (a) (AlCrTiMoV)N coating, (b) TiN coating.

Throughout both coating cross-sections, small droplets can be observed. Droplet
formation is a well-known defect associated with the CAE process [31]. The cathodic arc
discharge produces tiny arcing spots with very high current densities. These spots cause
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melting of the target surface, forming a melt pool near the arcing spot. The plasma pressure
applied onto this melt pool causes liquid material to be ejected from the surface, which then
travels across the deposition chamber as droplets. In the case of small droplets, typically less
than 1 µm in diameter, they cool during travel and deposit onto the substrate a solid round
particle. Larger particles may deposit in a semi-molten state, forming irregular shapes upon
impact [31,32]. These droplets may be present throughout the entire coating thickness. The
coating will continue to form over the droplets, resulting in a raised surface, contributing
to the increased roughness. Droplets can be observed in both the (AlCrTiMoV)N and TiN
coatings. However, in the (AlCrTiMoV)N coating, the droplets are more abundant, making
up 1.4% of the coating cross-section, compared to the TiN coatings where only a few are
visible. Droplets range in size, up to 3.1 µm in diameter in (AlCrTiMoV)N coating. Porosity
can also be observed in the surrounding area due to the shadowing effect of the droplet, as
shown in Figure 4.
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Figure 4. SEM BSE Defects (droplets, porosity and raised surface) present in coating.

EDS analysis was performed on the (AlCrTiMoV)N coating cross-section. The nitride
matrix contains approximately 55% N and the ratio of the metallic constituents in the
nitride phase varies from that in the target material. As shown in Table 1, the relative
amount of Al and Cr compared to the total metallic elements increased and the remaining
elements (Ti, Mo, V) decreased. Increased concentrations of aluminum have been reported
from other studies in multicomponent coatings [33]. As shown by the differing contrast in
the backscattered electron (BSE) image (Figure 3), the droplets have a different composition
from the nitride. The EDS results of the droplets presented in Table 1 suggest that the
droplet composition also differs from the target material with noticeably more Ti, Mo and V,
corresponding to other works which reported higher concentrations of heavier elements in
droplets [15,34]. As shown by the error values presented in Table 1, the nitride composition
is consistent across the nitride matrix, while the droplet composition has more variation
between droplets. The droplets are also metallic and do not contain nitrogen. During
deposition, it is believed that the droplets form a nitride shell, leaving the interior core
unreacted [35,36].

Table 1. Coating nitride and droplet composition (at%).

Region of Coating Al Cr Ti Mo V N

Target 30 20 20 15 15 -
Nitride matrix 17.5 ± 0.2 10.6 ± 0.1 7.4 ± 0.1 4.0 ± 0.1 5.9 ± 0.1 54.6 ± 0.4

% Change of metallic
elements from target

to nitride

↑
8.6%

↑
3.2%

↓
−3.7%

↓
−6.2%

↓
−1.9% -

Droplet 15.7 ± 5.9 9.6 ± 3.7 28.1 ± 2.2 18.4 ± 1.3 28.2 ± 6.2 0
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The XRD spectra of the (AlTiCrVMo)N and TiN coatings are shown in Figure 5. The
(AlTiCrVMo)N coating has a single solid solution nitride phase, with a B1 face-centered
cubic (FCC) structure, similar to the TiN coating. The nitride phase has a lattice parameter
of 4.139 Å. The formation of a single solid solution is as expected per design due to
the increased solid solubility and long-distance diffusion associated with high entropy
alloys and the B1 FCC structure is commonly observed in HEA nitride coatings [13].
The diffraction pattern shows strong (111) and (200) peaks along with weaker peaks
corresponding to (220), (311) and (222) planes, suggesting that the coating has no strongly
preferred orientation. The peak positions of the strongest intensity planes ((111) and (200))
of the B1 FCC structures of the binary nitrides (TiN, CrN, VN) are indicated on the graph,
along with the peak positions of the strongest hexagonal close packed (HCP) AlN (101)
and tetragonal (Tet) Mo2N (112. The weak peaks at 2θ = 40.7◦, 59.0◦ and 74.2◦ are from
a body-centered cubic (BCC) phase that is associated with the metal droplets. It is not
out of expectation since the droplets were composed of a large concentration of the metal
elements (Mo, V and Cr) that have BCC structures as noted in Table 1. Based on Scherrer’s
equation [37], the average crystallite size of the FCC B1 nitride phase was calculated as
27.7 nm. The XRD spectrum of the TiN coating confirms its B1 structure, with the strongest
(111) peak at 2θ = 36.6◦, indicating a (111) preferred crystal orientation.
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Figure 6 shows cross-sectional TEM images of the (AlCrTiMoV)N coatings. At low
magnification (see Figure 6a), the columnar structure can be observed. The layered
pattern, parallel to the coating surface, results from the alternate exposure of the samples
to the two cathodes during deposition. The image additionally supports the theory
that the coating has a single solid-solution nitride phase. Figure 6b presents another
high-resolution TEM image of the coating. The measured interplanar distance of the
(200) plane of 2.00 Å is shown. The selected area electron diffraction pattern (SAED)
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(Figure 6b) exhibits the rings corresponding to the (111), (200), (220), (311) and (222)
XRD peaks presented in Figure 5 and confirms that the nitride matrix has an FCC B1
structure and that the coating layer does not have any preferred orientation. Unlike
the SEM images presented above, no droplets are observed in the TEM images. This is
likely due to that fact that TEM looks at a small sampling area, less than 1 µm2 in the
figures provided here, which leads to a high probability of no droplets being present.
Furthermore, it should be noted that in the SEM images presented above, there are more
droplets in the upper sections of the coating, which occurred after a longer deposition
time. In Figure 3a, very few droplets are seen in the lower 25% of the coating. The
formation of more droplets at the later stage of coating deposition reflects an increasing
temperature of the cathode materials with the deposition time. When the cathodes have
a high temperature, a relatively larger meting pool can be generated, which facilitates
more ejection of macro-particles from the cathodes [32]. The samples prepared for TEM
were deposited with a shorter deposition time (70 Ah) than the other samples (300 Ah),
reducing the number of droplets being formed.
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Figure 6. TEM images of the (AlCrTiMoV)N high-entropy nitride coating: (a) low-magnification
bright-field image and (b) high-resolution TEM image showing the nitride lattice with the insert
showing selected area electron diffraction pattern from the coating layer.

3.2. Thermal Stability

To investigate the thermal stability of the (AlCrTiMoV)N coating, the XRD spectra
were also obtained at elevated temperatures; samples were heated to 600 ◦C, 700 ◦C,
800 ◦C, 900 ◦C and 1000 ◦C and held for 20 min after heating to each temperature. As
shown in Figure 7, there is minimal change in the XRD patterns. No phase decomposi-
tion or formation of new diffraction peaks indicates that the nitride crystal structure is
stable for temperatures up to 1000 ◦C. There is no significant change in peak positions
when the temperature increased from room temperature to 900 ◦C, but a peak shift
occurred when the temperature was further increased to 1000 ◦C. There is some peak
narrowing as the temperature increases, associated with increasing grain size, from
27.7 nm at room temperature to 37.2 nm after exposure at 1000 ◦C. The excellent thermal
stability is a result of the high mixing entropy and sluggish diffusion associated with
HEAs [11].
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3.3. Mechanical Properties

The hardness of the (AlCrTiMoV)N matrix was measured by nanoindentation to be
21.3 ± 2.2 GPa, with an elastic modulus of 304 ± 22 GPa. Both the hardness and elastic
modulus were lower than those of the TiN coating, which measured as 26.6 ± 0.7 GPa
and 417 ± 5 GPa, respectively. Due to their size limitations, the hardness of the droplets
cannot be evaluated. However, as a metal phase, the droplets are expected to be softer,
thus lowering the coating bulk hardness and potentially impacting the wear and erosion
behavior. While the coating nitride has a lower hardness than TiN, both coatings have the
same H3/E2 ratio of 0.11, which is commonly used as an indication of resistance to plastic
deformation and affecting properties such as wear and erosion resistance [38].

3.4. Wear and Erosion Resistance

The coating was evaluated for its resistance to wear and erosion in order to character-
ize its in-service performance. As wear and friction are closely related [20], the coefficient
of friction was measured throughout the wear test, as is shown in Figure 8a; it peaked
rapidly at the start-up then decreased to a steady response, with an average value of
0.49 for the duration of the test. In comparison, that of the TiN coating increased slowly
then reaching a steady state value of 0.45 after a sliding distance of 200 m for the remainder
of the test. As shown in Figure 8b, after a sliding distance of 1 km the wear track of the
(AlCrTiMoV)N coating had an average width of 0.44 mm, similar to that for TiN (0.48 mm),
but a markedly shallower depth (1.97 um) than that of the TiN coating (3.40 um). Figure 9
shows the specific wear rates of the (AlCrTiMoV)N, TiN and WC-Co counterparts. The
average wear rate of the (AlCrTiMoV)N coating is 1.35 ± 0.7 × 10−15 m3/(N·m), whereas
the TiN coating is twice that, at a wear rate of 2.60 ± 0.3 × 10−15 m3/(N·m). It indicates
that the (AlCrTiMoV)N high entropy nitride coating demonstrates a better wear resistance
than TiN.
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Figure 9. Specific wear rates of (a) (AlCrTiMoV)N and TiN coatings and (b) WC-6%Co
ball counterpart.

Figure 10 shows the wear tracks of both coatings after a sliding distance of 1 km.
Figure 10a shows that wear debris is accumulated at the edge of the wear track. EDS
analysis presented in Table 2 of the wear debris shows that it is primarily the coating
composition with trace amounts of debris from the WC-Co ball and that it has been
partially oxidized. Figure 10b shows the detailed morphology of the wear track, which
was partially covered by smeared wear debris, as confirmed by EDS results. Area A
shows the mixed debris from both the coating material and the WC-Co ball being smeared
on the surface. B is an area of coating wear debris, free of any counter body material and
oxidized. The area C, s is the nitride matrix. EDS mapping of the wear track (Figure 10b)
presented in Figure 11 supports the results in Table 2, showing the differing compositions.
Similarly, the TiN wear track, as seen in Figure 10c,d, shows accumulated wear debris
adjacent to its wear track; the track, however, looks clean and smooth with a limited area
covered with smeared wear debris.

The mass erosion rates of the coatings are presented in Figure 12. The erosion rate
of the (AlCrTiMoV)N coating increases as the sand impact angle increases; it increases
from 26 µg/g at 30◦ to 62 µg/g at 90◦. In comparison, the erosion rate of TiN increases
from 16.9 µg/g at 30◦ to 19.8 µg/g at 90◦. Clearly, the erosion rates of the (AlCrTiMoV)N
coating are higher than those of TiN, meaning a lower erosion resistance when compared
to TiN.



Coatings 2023, 13, 619 10 of 16Coatings 2023, 13, x FOR PEER REVIEW 10 of 16 
 

 

  

  

Figure 10. SEM images of wear tracks of (a,b) (AlCrTiMoV)N coating, A: Coating and ball debris, B: 

Coating debris, C: Nitride matrix, and (c,d) TiN coating. 

Table 2. EDS analysis of (AlCrTiMoV)N wear track from Figure 10a,b (at%). 

Region of Coating Al Cr Ti Mo V N O Co W 

(a) Wear debris 10.7 6.7 5.0 2.4 3.9 25.3 44.9 0.1 1.0 

(b) A: Coating and ball debris 4.8 4.1 3.0 2.2 2.4 0 75.0 1.3 7.2 

(b) B: Coating debris 8.2 7.0 5.4 4.0 4.3 0 68.8 0.3 1.9 

(b) C: Nitride matrix 13.7 12.5 9.5 6.4 6.9 51.0 0 0 0 

 

Figure 11. EDS mapping of (AlCrTiMoV)N coating (Figure 10b). 

Figure 10. SEM images of wear tracks of (a,b) (AlCrTiMoV)N coating, A: Coating and ball debris,
B: Coating debris, C: Nitride matrix, and (c,d) TiN coating.

Table 2. EDS analysis of (AlCrTiMoV)N wear track from Figure 10a,b (at%).

Region of Coating Al Cr Ti Mo V N O Co W

(a) Wear debris 10.7 6.7 5.0 2.4 3.9 25.3 44.9 0.1 1.0
(b) A: Coating and ball debris 4.8 4.1 3.0 2.2 2.4 0 75.0 1.3 7.2

(b) B: Coating debris 8.2 7.0 5.4 4.0 4.3 0 68.8 0.3 1.9
(b) C: Nitride matrix 13.7 12.5 9.5 6.4 6.9 51.0 0 0 0
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Figure 12. Mass erosion rate of (AlCrTiMoV)N coating and TiN coating at 30◦–90◦.

To investigate the erosion damage mechanisms, the erosion scars were examined un-
der SEM. The erosion scar shows a combination of brittle and ductile damage mechanism
where cutting is the dominant erosion mechanism at low angles while cracking/chipping
make a significant contribution to the material loss at high angles. As shown in Figure 13,
cutting marks are visible at all angles, but become shorter at high angles. Cracking and
chipping are also observed, becoming more prevalent and producing longer cracks at
higher angles, visible in Figure 14. Embedded alumina (erodent) is also observed in the
surface. Figure 15 presents EDS mapping of the erosion scar at 90◦ impact. As shown
in the figure, some alumina and droplets are visible in the upper right corner. Uniform
distribution of the target elements indicates that all elements erode evenly.
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Figure 15. EDS mapping of (AlCrTiMoV)N coating after erosion at 90◦ impact.

The detrimental effects of the droplets have also been investigated, confirming that
the presence of droplets increases the erosion rate. The circled region in Figure 16 shows an
occurrence where the coating was chipped away from a 90◦ impact. The circular voids in
the chipped area are holes which occur on the surface where droplets have been removed
due to the impact of sand particles, as the area around the droplet is weakened due to the
porosity that facilitates the removal of droplets. The voids/pores can provide an initiation
site for further damage and contribute to a higher erosion rate [39,40].
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Figure 16. Erosion damage of (AlCrTiMoV)N coating tested at 90◦ showing chipping and holes left
by erosion-removed droplets.

In comparison to some of the studies on HEN coatings discussed above, the (AlCr-
TiMoV)N coatings investigated in this study showed comparable results [8–17]. The B1
FCC structure is consistent with the findings presented in this study. Similar findings on
thermal stability were reported for (AlCrMoSiTi)N with no decomposition noted after
heating to 1173 K for 5 h [10]. The hardness (21.3 GPa) is lower than some HEN coatings
(30–40 GPa); however, these would be influenced by other parameters including composi-
tion and process parameters. The wear and erosion rates could not be compared as these
properties were not evaluated in these studies, which is why the comparison with TiN
coatings was used for this paper. In particular, the studies on CAE HEA coatings also
identified significant droplet formation during deposition [14–17]. However, the effect of
the droplets on the performance was not considered. The above results from this study
highlight the need to reduce droplet formation in the HEA coatings because the droplets
have a significant negative effect on the performance. Care should be taken when designing
the cathode material. Although high-quality coatings of AlTiN [41] and AlCrN [42] have
been produced by CAE, the interelement interactions must be considered for HEA targets.
The different atom sizes, while increasing the lattice distortion, may also weaken the in-
teratomic bonding or form a eutectic structure, both of which would reduce the melting
temperature of the target material. Alternatively, to reduce droplet formation, measures
can be taken to effectively cool the cathodes or to accelerate the arc spot motion to reduce
the size of the melt pool [31]. Another approach is utilizing filtering techniques to remove
the molten droplets using an electric or magnetic filter [43]. These issues will need to be
addressed for CAE to be a viable technique for producing high-quality HEA coatings in
future studies.

4. Conclusions

In this study, (AlCrTiMoV)N high entropy nitride coating was prepared by CAE. The
resulting coating has a primary single-phased solid solution nitride phase. The coating
showed excellent high-temperature phase stability, with no discernible change in structure
when being heated up to 1000 ◦C. The as-deposited nitride had a hardness of 21.3 GPa and
an elastic modulus of 304 GPa, lower than those of TiN (26.6 GPa and 417 GPa), but the
same H3/E2 ratio of 0.11. The coating contains spherical metallic droplets, which lower the
bulk hardness and are believed to detrimentally influence the coating performance. The
wear rate of (AlCrTiMoV)N was measured to be 1.35 × 10−15 m3/(m*N), in other words
half the wear rate of the TiN coating, showing a better wear resistance than TiN. Sand
particle erosion tests showed an increase in the erosion rate with increasing impingement
angles: erosion rates of 26 µg/g at 30◦ to 62 µg/g at 90◦, higher than that measured from
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TiN coating. SEM images of the erosion scar revealed a mixed erosion damage mode
with cutting marks, coating cracking and chipping. In summary, the high entropy nitride
coating developed in this study exhibited excellent high thermal phase stability, good wear
resistance, but reduced erosion resistance when compared with the counterpart TiN coating.
Future effort will be dedicated to reducing the droplets defect in order to optimize the
mechanical properties, wear resistance and erosion performance of the coating.
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