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High-entropy alloy nitride (HEN) coating of (AICrTiVZr)N was deposited onto 17-4PH stainless steel
substrates using the cathodic arc evaporation (CAE) technique. The composition and resulting
microstructure were analyzed, and key mechanical properties including solid particle erosion resistance
and sliding wear resistance were measured in the as-deposited condition. The coating had a relatively rough
surface and contained small spherical droplets and large splats throughout the coating thickness. It had a
single-phased solid solution B1 nitride phase with a preferred (111) orientation. The coating retained the as-
deposited microstructure upon high temperature annealing, but experienced nitride phase decomposition at
a temperature 800 °C or above. The hardness of the as-deposited nitride fell into the range of
27.5 £ 2.10 GPa and its elastic modulus was 284 £ 23 GPa. Dry sliding wear tests revealed the higher
wear rates of the coating when compared with the wear rates of TiN coatings under various testing
conditions. The coating had an erosion rate that increased with the impingement angle and demonstrated a
combination of ductile and brittle erosion damage modes. Comparing to the CAE deposited TiN coating,
the HEN nitride coating showed a lower wear and erosion resistance, which is attributed to the presence of
a large quantity of defects in the coating. Reducing number of droplets/splats becomes very important for
having better high-entropy nitride coating quality and hence the better coating performance against wear

and erosion.

Keywords cathodic arc evaporation, erosion, high-entropy nitride
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1. Introduction

High-entropy alloys (HEA) belong to a class of alloys that
are composed of five or more principal elements, each making
up 5 to 35 atomic percent (Ref 1). HEAs have many unique
properties including high mixing entropy, sluggish diffusion,
severe lattice distortion and the formation of stable single-phase
solid solutions without formation of intermetallic compounds
(Ref 2, 3). In recent years, there has been significant research
undertaken on high-entropy nitride (HEN) coatings due to the
desirable material characteristics including high hardness,
strength, and fracture toughness, as well as high temperature
oxidation, corrosion, and wear resistance (Ref 3-5).

Within the field of high-entropy nitride coatings, there is
significant variation in findings due to a wide range of
compositions, deposition methods and process parameters.
Many studies focus on the effects of processing parameters,
especially nitrogen ratio (Ry) and substrate bias voltage, on the
microstructure and mechanical properties of various HEA
nitride coatings. In comparing studies with similar composi-
tions, many studies such as those by Kuczyak on (AlCrTa-
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TiZr)N, (AlICtMoTaTiZr)N, (AICrNbSiTiV)N coatings with a
single-phase FCC structure found an optimal hardness of
35.5 GPa, with increasing hardness attributed to grain refine-
ment with increasing bias (Ref 6). A study by Cui et al. on
(AICITiZtH)N coatings found that at Ry = 0, the coatings
have an amorphous structure, which transitions to a single solid
solution FCC structure at increasing Ry, as the high-entropy
effects inhibit the formation of intermetallic compounds
resulting in a high coating hardness (33.1 GPa) and high wear
resistance (Ref 7). Similar findings were made by Chang et al.
revealing a (AICrTaTiZr)N coating with an optimum hardness
of 30 GPa (Ref 8). The above-mentioned coatings all have high
hardness and many show promise as protective coatings.

These promising results encouraged further research into
HEA nitride coatings. While the effects of processing param-
eters and nitrogen content on the microstructure and mechanical
properties were extensively studied for various high-entropy
nitride coatings, significantly less efforts have been made to
reveal their performance as potential protective coatings against
wear (Ref 9-11) and no research has been reported yet on the
solid particle erosion performance of HEN coatings.

In terms of coating deposition technologies, most research
works utilized magnetron sputtering, one of the physical vapor
depositions (PVD) techniques, to deposit HEN coatings (Ref 7-
11). Cathodic arc evaporation (CAE), as another widely used
PVD deposition technique, which demonstrates several advan-
tages over the magnetron sputtering, such as higher deposition
rates, higher ionization ratio and better coating adhesion (Ref 6,
12). However, limited work has been done to produce HEN
coatings using cathodic arc evaporation method (Ref 2, 5, 6).
Therefore, it is one of the objectives of this study to explore
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CAE as a deposition technique for the high-entropy nitride
coatings.

In this study, a target material of AICrTiVZr was designed
and used to deposit the high-entropy nitride (AITiCrZrV)N
coating by the CAE method in a reactive nitrogen atmosphere.
Al and Ti were firstly chosen as the major elements as AITiN
coatings have demonstrated outstanding mechanical properties
and tribological performance (Ref 13-15). Other alloying
elements were selected, including Cr for oxidation and
corrosion resistance due to its ability to form a stable surface
oxide layer (Ref 16, 17), V for increased hardness and wear
resistance (Ref 18, 19) and Zr for hardness and fracture
properties improvement (Ref 20-22). The microstructure,
thermal stability and mechanical properties of the coating were
first characterized, and then dry sliding wear testing and solid
particle erosion testing were performed to evaluate the coating
performance pertinent to industrial applications.

2. Experimental

The (AICrTiVZr)N coating was deposited using a Metaplas
TIonon MZR-304 cathodic arc coater on polished 17-4 PH
stainless steel flat disks of 50 mm in diameter and 3 mm in
thickness. The following parameters were utilized based on
some preliminary trials prior to this study. Two AICrTiVZr
cathodes, which consisted of 30%Al, 20%Cr, 20%Ti, 15%V
and 15%Zr in atomic percentage were produced by hot-
pressing and sintering. The cathodes were vertically mounted
on two opposite walls of the coater. The flat disks were
ultrasonically cleaned in alcohol and then loaded on a 2-axis of
rotation carousel. Prior to coating deposition, the disks were ion
cleaned with a bias of — 280 V using an arc enhanced glow
discharge technique. During the deposition stage, a mixture of
Ar and N, gases was introduced into the chamber with a fixed
Ar flow rate of 150 sccm and regulated N, flow to achieve the
constant pressure at 5 Pa (5E-2 mbar). A current of 85 A was
employed on each cathode. A low bias voltage of — 20 V was
applied on the carousel to provide ion bombardment and lower
residual stress in the coating to avoid coating spallation. The
deposition temperature was maintained at ~ 400 °C and the
total amount of ampere-hours (Ah) for coating deposition was
300 Ah, as the deposition time was 1 hour and 45 minutes. It
should be noted the above processing parameters were
optimized after several trial runs for better coating adhesion
and low residual stress. The coated 17-4PH samples were used
for microstructural and mechanical characterization as well as
wear and erosion testing. For the transmission electron
microscopic (TEM) analysis, silicon wafers were coated with
the same coating composition, but at a shorter deposition time
(25 min). The TiN coating was also deposited using the same
CAE equipment with a similar deposition condition, but at a
substrate bias of — 100 V, was characterized and evaluated as a
baseline reference along with (AICtTiVZr)N coating.

The surface and cross sections of the coating were examined
using a Philips XL30 field emission scanning electron micro-
scope (SEM) equipped with an energy-dispersive x-ray spec-
trometer (EDS). Droplet size was measured using Imagel
software setting threshold values to select the color of droplets
from SEM images. Cross-sectional transmission electron
microscope (TEM) samples were prepared following standard
dimpling and ion milling procedures and examined in a JEOL
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JEM 2100F operating at 200 kV. The surface roughness was
measured by a Bruker Dektak X T profilometer using an average
of 6 measurements. The crystal structure of the coating was
investigated using a Bruker AXS D8 Discover diffractometer
operating in the Bragg—Brentano configuration and using the
Cu Ko radiation with a wavelength of 1.5406 A at 40 kV and
40 mA and within 20 angles of 30 to 85°. High temperature
XRD analysis was performed using Bruker AXS D8 Discover
diffractometer equipped with an Anton Paar HTK 1200N high
temperature oven. The measurements were carried out within a
20 angle range of 33-69° at room temperature, 600, 800, 900
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 minutes prior to each scan.
The Vickers hardness and Young’s modulus were measured on
the coating cross section using a CSEM nanohardness tester
with a Berkovitch indenter. The maximum applied load was
50 mN and the results were averaged over 7 measurements.

Prior to wear and erosion testing, samples were tumbled for
30 minutes with a SiO, medium to reduce coating surface
roughness. Wear properties of the coating were evaluated by
pin-on-disk testing, which was performed using a WC-6%Co
ball of 5 mm in diameter as the counter body to generate a wear
track of 8 mm in diameter on the coating, with applied normal
loads of 2 N, 10 N, sliding speeds of 10 cm/s, 20 cm/s and a
sliding distance of 1 km. The frictional force, which was used
to calculate the coefficient of friction, was recorded throughout
the test. The depth profile of the wear track was measured along
the radial directions using a surface profilometer 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 was calculated
according to Eq 1, from which the specific wear rate was
calculated, where R was the ball radius » was the radius of the
wear scar and /# was the height of the worn surface (Ref 23).

h=R-VR>*—/? (Eq 1a)
1
Wear Volume = 3 mh*(3R — h) (Eq 1b)

Erosion data was obtained at room temperature using an S.S.
White Abrasive Jet unit (model HME) placed on a Sartorius
balance (+ 0.5 g) to measure the erodent consumption. The
particle dry air stream was directed toward the testing coupon
through a silicon carbide nozzle with an inner diameter of
1.14 mm, as schematically shown in Fig. 1(a), at impingement
angles from 30 to 90° in 15° increments. During testing, the
coupon surface to nozzle tip distance (NTD) was set at
38 £ 1 mm. The erodent used for the tests was sharp edged
AccuBRADE-50 Blend #3 alumina (Al,O3), as shown in
Fig. 1(b), with an average particle size of 50 um. The pressure
of the dry air was set to 15.5 psi, resulting in an average particle
velocity of 84 m/s (300 km/h). The particle feed rate was set to
approximately 1 g/min. The sample weight loss due to erosion
was measured using a precision balance with an accuracy of
10> g and used to calculate the erosion rate. The erosion rate
was calculated from the slope of the line of the best fit for the
sample weight loss versus erosion medium consumption curve
obtained for each tested angle. Sample weight and erodent
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Fig. 1 (a) Schematics showing the erosion testing setup and (b) the
Al O3 erosion medium used for erosion testing

consumption measurements were recorded at three or more
points throughout the test. Erosion tests were terminated once
the substrate started to be exposed at the center of the erosion
scar.

3. Results and Discussion

3.1 Microstructural Characterization

Figure 2 shows the surface morphologies of the as-deposited
(AICrTiVZr)N and TiN coatings. While the TiN coating surface
is smooth with few visible droplets (Fig. 2c), the (AICrTiVZr)N
coating has a much rougher surface (Fig. 2a). Splats, as shown
in Fig. 2(b), are also observed on the (AICtTiVZr)N coating
surface, indicating the occurrence of solidifying impacted
molten particles during the deposition process. (AICrTiVZr)N
coatings have a surface roughness of 1.41 4+ 0.07 um, signif-
icantly higher than that of TiN coating (0.402 & 0.08 um).
Cross-sectional SEM images of the (AICTTiVZr)N coating and
the TiN coating are presented in Fig. 3. From the cross section,
the average coating thickness of the (AICrTiVZr)N coating was
measured as 25.2 £+ 0.22 um. In the coating layer itself, a
significant number of “defective” particles are seen in the
nitride matrix. There are two different types of particles with
different shapes, sizes, and chemical compositions. Some of
them are small and spherical with a diameter usually less than
2 um, which is typical of droplets in coatings deposited using
CAE, such as in the TiN coating as shown Fig. 3(c). Other
particles are splats that have irregular shapes and the size much
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Fig. 2 SEM images of as-deposited (AICtTiVZr)N coating surface
(a) (b) and as-deposited TiN surface (c)

larger than that of the spherical droplets. The spherical droplets
and splats make up 7.8% of the coating cross-sectional area,
significantly higher than that in the TiN coating where only few
small spherical droplets can be observed. SEM analysis
acquired under the backscattered electron (BSE) mode clearly
demonstrated the compositional difference among the nitride
matrix and these two types of particles: dark matrix, gray splats,
and white spherical droplets, as shown in Fig. 3(b).

EDS analyses were performed on the nitride matrix. The
average compositions from small droplets and large splats
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Fig. 3 Cross-sectional image BSE SEM of (AICtTiVZr)N (a), (b)
and TiN (c) coating with splats and droplets indicated

acquired from four measurements at different locations are
listed in Table 1. The metallic constituents in the nitride phase
are found to have atomic ratios different from the cathode
material, with a significantly higher ratio of aluminum, as
reported for other multicomponent nitride coatings produced by
CAE (Ref 24). Similarly, other work has reported a deficit of
heavier elements in the nitride, including Zr when depositing
HEA coatings by CAE (Ref 6). The splats contain 40 at.%
nitrogen, less than that in the nitride matrix (50 at.% nitrogen).
This observation suggests that these splats partially reacted with
nitrogen. Moreover, the spherical droplets, different from the
splats, were free of nitrogen.

Spherical droplets and splats are believed to originate from
the molten particles ejected from cathode arc spots. Small
liquid particles are cooled faster, as well as fly faster, than larger
ones, so they can reach to the sample surface in a spherical
solid form (Ref 25, 26). It is suggested that these smaller
droplets form a nitride shell which solidifies during flight across
the chamber, and the interior of the droplet is unreacted (Ref
27). Large slow flying ejected liquid particles instead take
longer time to reach the substrate, allowing sufficient time to
partially react with nitrogen ions while remaining in the liquid
state when they impact the sample surface. These large liquid
particles were flattened and then solidified to form irregularly
shaped splats. As the nature of the cathode material strongly
affects the size and the amount of ejected liquid particles, the
cathodes consisting of elements with higher melting points
form fewer and smaller molten particles (Ref 25). The
formation of many large splats in the (AICrTiVZr)N coating
indicates a relatively low melting point of the AICtTiVZr type
cathode material.

The XRD spectrum of the (AICtTiVZr)N HEN coating
(Fig. 4) shows that the coating has primarily a single solid
solution nitride phase assuming a NaCl type B1 FCC structure.
The (111) diffraction peak is very strong indicating the
preferential crystal orientation. Accompanying the (111) peak,
are weaker peaks corresponding to the (200) and (220) planes.
The formation of the single solid solution nitride phase is
attributed to the increased solid solubility and reduced long-
distance diffusion of HEAs (Ref 28). In addition to peaks from
the nitride phase, the presence of other peaks particularly in the
38-46° range indicates that a hexagonal close packed (HCP)
metallic phase and possibly intermetallic compounds present in
the droplets and splats. Based on the Scherrer’s equation (Ref
29), the average nitride crystallite size of 25 nm is calculated.
Furthermore, the nitride phase has a calculated lattice param-
eter, a of 4.14 A. The TiN coating has the same B1 structure,
with the strongest (111) peak at 20 = 36.6° corresponding
similarly to the preferred (111) orientation.

Figure 5 presents the cross-sectional bright-field TEM
images of the (AICrTiVZr)N HEA nitride coating. From
Fig. 5(a), the columnar coating growth and the presence of
droplets in the coating in the form of spherical particles and the

Table 1 (AICrTiVZr)N coating matrix, splat, and droplet compositions, at.%

Al Cr \% Zr N
Nitride matrix 27.0 £ 0.7 87 +£02 6.8 + 0.1 49+ 0.3 2.7+ 0.1 50.0 + 1.3
Splat 16.0 + 0.3 7.0 +£0.3 20.6 £ 0.5 98 + 14 73 +0.3 393 + 2.1
Droplet 265+ 1.5 9.2 + 0.7 29.7 £23 19.1 £ 2.2 15.6 + 3.0 0
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Fig. 4 XRD spectra of (AICrTiVZr)N and TiN coatings

associated porosity around it is clearly observed. A layered
structure seen in the TEM image is resulted from the alternate
exposure of the substrates placed on the rotating fixture to the
two cathodes during deposition. The nitride matrix has a
uniform texture, and no secondary phases are observed, i.e., it
assumes a single solid solution nitride phase. The selected area
electron diffraction pattern in Fig. 5(a) reveals diffraction rings
for (111), (200), (220) and (222) crystal planes, confirming that
the nitride matrix has an FCC B1 structure. The high-resolution
TEM image in Fig. 5(b) clearly shows the (111) crystallo-
graphic planes with the interplanar distance of approximately
0.236 nm.

3.2 Mechanical Properties

The (AICITiVZr)N high-entropy nitride matrix has a
hardness of 27.5 + 2.1 GPa, comparable to the hardness of
the TiN coating at 26.6 £ 0.7 GPa, but its elastic modulus of
284 £ 23 GPa is significantly lower than that of TiN,
417 £ 5 GPa. The measured hardness of the large splats in
(AICrTiVZr)N HEA coating varied in a range of 13.5-18 GPa
with an average of 15.9 & 2.0 GPa, markedly lower than that
of the nitride matrix due to the lower nitrogen content. The
hardness and elastic modulus of the spherical droplets could not
be measured due to their small size. However, because of their
metallic nature, they are expected to be much softer than the
nitride matrix. The presence of a large quantity of droplets and
splats in the coating, therefore, lowers the bulk hardness of the
coating, consequently affecting the coating’s performance.

3.3 Thermal Stability

To investigate the thermal phase stability of the (AICr-
TiVZr)N coating, the XRD spectra were also obtained after
holding the coating for 20 minutes at 600, 800, 900 and
1000 °C. As shown in Fig. 6, no obvious change could be
detected when the temperature increased from room tempera-
ture to 600 °C. When the temperature further increased to
800 °C, a broad hump, as marked by a circle, started to appear
in the 20 angle range between 40 and 45° while the B1 (111)
and Bl (220) nitride peaks remained unchanged. The broad
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Fig. 5 Cross-sectional TEM images of the (AICrTiVZr)N high-
entropy nitride coating: (a) low magnification image with the insert
showing selected area electron diffraction pattern from the coating
layer and (b) high-resolution TEM lattice image

hump indicates that at temperatures higher than 800 °C, the
HEA nitride (AICtTiVZr)N coating experienced decomposition
from a primarily single solid solution nitride phase to multiple
nitride phases. The peak positions of the (111) and (200)
orientation of ZrN, TiN, CrN and VN are indicated in Fig. 6.
The overlap of these (200) peaks appears to form the broad
hump in the 40 and 45° range. After further increasing the
temperature to 900 °C, the B1 (111) and Bl (222) (AICr-
TiVZr)N nitride peaks showed a clear shift in their positions.
For instance, the (111) peak remained at 20 angle of
approximately 37.59° from room temperature to up to 800 °C
but shifted to 37.71 and 37.92° at 900 and 1000 °C,
respectively. This can be translated to the lattice parameter
value 4.140 A in the 25-800 °C range, but a reduction to
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Fig. 6 High temperature XRD of (AICrTiVZr)N coatings

4.127 A at 900 and 4.105 A at 1000 °C. The decrease in the
lattice parameter is attributed to the release of compressive
stress in the coating (Ref 30, 31). At 1000 °C, in addition to the
broad hump in the 26 angle range of ~ 34-37°, observed also
at 800 and 900 °C, related to the partially decomposition of the
high-entropy solid solution nitride phase to FCC structured
CrN, TiN, VN, ZrN and hexagonal AIN. Additionally, the
appearance of a distinct and strong Bl (200) peak has been
detected, indicating the start of the recrystallization of the high-
entropy nitride phase. A similar decomposition of a high-
entropy nitride has been reported for (AITiVNbCr)N (Ref 32)
and (HfTaTiVZr)N (Ref 33).

3.4 Coating Performance

The wear resistance of the coatings was evaluated for a
variety of wear conditions through dry sliding against WC-Co
ball. The coefficient of friction (COF) of the (AICtTiVZr)N
coating after wear testing at the maximum load and speed
(20 cm/s, 10N), is shown in Fig. 7, where it peaked rapidly
during the running in stage, then quickly declined and reached a
steady state value of 0.54 for the remaining duration of the test.
In contrast, after the initial fast increase, the coefficient of
friction of TiN increased slowly and then maintained a steady
state value of 0.45 after sliding more than 200 m. Similar
profiles were noted for the other wear conditions. At the lower
speed of 10 cm/s, the COF increased (0.66 for (AICrTiVZr),
0.56 for TiN) and at the reduced load of 2N, the friction force
was decreased but the COF which is normalized against load
increased (0.8 for (AICrTiVZr), 0.75 for TiN).

In comparing the wear tracks from the 20 cm/s, 10N wear
test, after sliding for 1 km the wear track on the (AICtTiVZr)N
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Fig. 7 Coefficient of friction vs.
(AICITiVZr)N and TiN coatings

sliding distance plots of

coating had an average width of 0.67 mm and an average
maximum depth of 14.8 um. The wear track of TiN, on the
other hand, was narrower; with a width of 0.48 mm and
shallower with a maximum depth of 3.4 um. The wear volume
increased with decreasing speed and increased load, and similar
observations between the (AICrTiVZr)N and TiN coatings were
made for the other wear conditions. Figure 8 shows the specific
wear rates of the (AICrTiVZr)N and TiN for varying condi-
tions. The wear rates of the (AICrTiVZr)N coating vary
between 7.2E-6 and 1.5E-5 mm*/(m'N). For both coatings, the

Volume 33(14) July 2024—7245



2.0E-05 [
1.8E-05
1.6E-05
1.4E-05
1.2E-05
1.0E-05
8.0E-06

6.0E-06 [

Specific Wear Rate (mm3/m*N)

4.0E-06 |

2.0E-06 [

0.0E+00 C
20 cm/s, 10N

B (AICrTiVZr)N
m TiN

10 cm/s, 10N 20 cm/s, 2N

Sliding Conditions (Speed, load)

Fig. 8 Specific wear rates of (AICrTiVZr)N and TiN coatings at varying wear conditions

AccV SpotMagn Det WD ————— 4 500 um
200k/30 150x SE 130

AccV SpotMagn Det WD }——— 200um R
200kv30 200x SE 96

pot Magn [ J e—ry
200KV 40 2500x BS|

Det WD ————— 20sm
SE 93

Fig. 9 SEM images of wear tracks of (AICrTiVZr)N coating (a), (b), and TiN coating (c), (d)

wear rate increases for the 10 cm/s, 10 N load condition. For
the 20 cm/s, 2N load condition, the wear rate increases as the
wear volume does not vary proportionally with load. The wear
rates of the (AICrTiVZr)N coating is consistently higher by 1.7-

7246—Volume 33(14) July 2024

3.0 times than those of TiN coating but 1/60th that of the wear
rate of the uncoated 17-4PH substrate (4.14E-4 mm®/(m'N)),
highlighting the benefits of applying protective coatings.
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Table 2 (AICrTiVZr)N wear track compositions, at.%

Al Cr Ti v Zr N (0} Co W
Wear debris 17.0 5.7 5.7 4.1 2.3 35.1 20.9 0.7 2.6
Nitride matrix 26.9 8.4 7.1 5.1 33 49.3 0 0 0
Splat 19.7 8.6 18.1 11.6 6.9 35.1 0 0 0

Wear
debris
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Fig. 10 (a) BSE image and (b) EDS map of (AICrTiVZr)N wear track after wear test (10N, 10 cm/s)
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The SEM images showing the wear tracks of the
(AICITiVZr)N coating and TiN after sliding conditions of
20 cm/s, 10N are presented in Fig. 9. Wear debris can be
observed to accumulate near the edge of the wear tracks
(Fig. 9a and c). EDS analysis of this wear debris from the
(AICITiVZr)N coating surface reveals that is primarily com-
posed of the elements of the nitride matrix with the same
relative concentrations. The wear debris has a lower concen-
tration of nitrogen (~35 at.%) as the debris has been partially
oxidized (~20 at.%). It also contains trace amounts of
transferred material from the WC-Co ball. As the debris still
contains a significant amount of N, the displaced coating
materials is believed to have been only partially oxidized
during dry sliding process, reflecting the relatively fast coating
material removal. The wear track surface is rough and is
composed of three regions of distinct compositional differ-
ences, as shown in Fig. 9(b) with the compositional analysis
provided in Table 2. The first is regions of smeared wear debris,
with a similar composition to the debris surrounding the wear
track. Additionally, regions of exposed nitride are visible, with
no oxygen or ball debris. Finally, due to their large sizes, splats
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Fig. 12 SEM images of erosion scar for the test: at 30° showing long cutting marks (a), (b), at 60° showing cutting marks (c) and some
shallow cracks as indicated by arrows in (d), and 90° showing short cutting marks and chipping (e) with larger cracks

7248—Volume 33(14) July 2024

Journal of Materials Engineering and Performance



¢ AccV SpotMagn Det WD p————— 20um
2B200kV 40 3500x SE 100
e o I/ r

Area

o

/ o K WS 3
WAccV SpotMagn Det WD —————— 10um
200kV 40 5000x BSE99

Fig. 13 SEM images showing deep cutting marks within dash line
enclosed splat (a). Coating adjacent to splats are prone to chipping
(the chipped areas are indicated by solid lines in (a) and (b)) and
cracking as shown by the arrows in (b). The images were taken from
the sample tested at 60°

can be seen on the wear track surface. The splat retains it as
deposited composition and has not oxidized during sliding. An
EDS map of the wear track showing the regions of composi-
tional difference is included in Fig. 10. In comparison, the TiN
coating wear track surface is smoother and covered with less
wear debris patches (Fig. 9d).

The nitride phase in the (AICrTiVZr)N coating had a higher
hardness and lower elastic modulus, hence a higher H*/E? ratio
and a higher resistance to plastic deformation compared to
those of the TiN coating. However, the (AICrTiVZr)N coating
demonstrated lower wear resistance than TiN. The reasons are
as follows: a relatively large number of soft splats and droplets

Table 3 Wear rates of existing works on HEN coatings

in the coating significantly reduced the overall coating hard-
ness; these coating defects were easily to be worn out not only
because they were soft, but also because they were surrounded
by voids. Secondly, the partially oxidized wear debris on the
wear track in turn served as an abrasive increasing the wear.
The higher friction force of the (AICITiVZr)N coating is
another factor for its higher wear rate than that of TiN.

Figure 11 shows mass erosion rates at various angles for the
(AICITiVZr)N coating and TiN coating. For both coatings the
erosion rates increased with impact angle. The erosion rate of
(AICITiVZr)N coating increased from 74 ug/g at 30 to 407 ug/
g at 90°. In comparison, the TiN had an erosion rate of 16.9 ug/
g at 30 and 19.8 ug/g at 90°. Again, the difference in erosion
rates can be attributed to the significant amount of the droplets
and splats in the (AICrTiVZr)N coating.

SEM images of the erosion scars of the (AICrTiVZr)N
coating are presented in Fig. 12. At all angles, cutting marks
left by impinging particles are visible and their length becomes
shorter as the impinging angle increases. At 60°, some cracks as
indicated by the arrows in Fig. 12(d) appear in the vicinity of
the cutting marks. At 90°, cracks appear more regularly,
increasing in size and depth. Localized coating chipping is also
observed, as noted in Fig. 12e). For solid particle erosion, there
are different damage modes causing material removal. Ductile
erosion damage occurs by micro-cutting and plowing and a
material with a high hardness exhibits high resistance to this
type of erosion. In brittle materials and under impingement at
higher angles, damage occurs from cracking and chipping (Ref
34) and an improved toughness is needed to reduce the brittle
erosion damage (Ref 35) especially with high particle impinge-
ment angle and/or velocity. The SEM images in Fig. 12 clearly
demonstrate that the erosion of the (AICrTiVZr)N coating falls
under a combination of ductile and brittle damage mechanisms.

SEM analysis performed on the erosion damages of the
droplets, splats and the surrounding nitride matrix indicated that
the splats/droplets suffered more erosion damage, with deeper
cutting marks resulting in rougher surface than the nitride
matrix (Fig. 13a). Alumina particles are also observed to be
embedded in the soft splats/droplets. Furthermore, the nitride
adjacent to splats was believed to have been weakened and was
prone to cracking and chipping (Fig. 13b) due to the significant
difference in mechanical properties between them and the
existence of gap/porosity between the nitride matrix and the
splats. As the CAE process might produce a significant number
of large splats in the high-entropy nitride coatings, as revealed
in this study, the presence of these defective splats resulted in
inhomogeneity in the coating microstructure and hence varia-
tion in their properties.

In addition to the large splats, the smaller droplets are also
detrimental to coating’s performance. A previous study on CAE
of TiN coatings found that coating areas with more droplet
defects had a lower cavitation erosion resistance than the areas

Composition Deposition technique Hardness, GPa Wear rate, E-6 mm*/N m COF Ref
(AlCrTaTiZr)N Radio frequency magnetron sputtering 28.5-36.9 3.7-6.5 0.73-0.78 (Ref 38)
(AlCrMoTaTiZr)N Radio frequency magnetron sputtering 24.1-40.2 2.8-2.9 0.74-0.80 (Ref 39)
(TiZrNbTaFe)N High power impulse magnetron sputtering 21.6-36.2 1.0-3.7 0.69-0.79 (Ref 40)
(AICrMoSIiTi)N Filtered cathodic arc evaporation 19.5-41.6 3.2-54 0.51-0.55 (Ref 5)
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with less or no droplets (Ref 36). Droplets also negatively
influenced the wear resistance of TiAlTaN coatings by intro-
ducing cracks and fragments which acted as abrasive medium
in the wear debris (Ref 37). Droplets were found to be
responsible for the extremely rough surface of the (AICtTiV)N
coatings deposited by CAE (Ref 30), same as that found in this
research.

Overall, the (AICtTiVZr)N coating produced by CAE did
not perform as well as the conventional TiN coating in terms of
wear and erosion resistance. The existing studies reporting on
the wear rates of various HEN coatings, such as magnetron
sputtering deposited (AICrTaTiZr)N (Ref 38), (AICrMoTaTiZr)
(Ref 39), (TiZrtNbTaFe)N (Ref 40) and filtered cathodic arc
evaporated (AICrMoSiTi)N (Ref 5), which are in the range of
1.0E-6 - 6.5E-6 mm’/(m-N) as presented in Table 3. Clearly,
they have lower wear rates than those of the (AICtTiVZr)N
coating (7.2E-6 - 1.5E-5 mm*/(mN)) presented in this study.
The existing studies reported COFs in a similar range from 0.5
to 0.9 and consistent observations of the wear track including a
smooth curved surface and moderate oxidation of accumulated
wear debris. The increased wear resistance of these coatings
can be explained by their different hardness and most
importantly the lack of coating defects, such as droplets or
especially the large size splats.

Unlike the magnetron sputtering method which can
produce high quality coatings with minimal number of
coating defects due to the nature of the magnetron sputtering
process, droplets are the common coating defects for the
cathodic arc deposited coatings. When TiN, CrN and TiAIN
coatings were deposited, the droplets in the coating are
usually small in size and limited with numbers. Those
coatings are good enough for many industrial applications.
However, existing literature has identified droplet formation as
a limitation of the CAE deposition method for HEN coatings
(Ref 41, 42), like the finding in this study. Though ternary
nitrides of AITiN (Ref 43) and AICrN (Ref 44) have been
successfully deposited by CAE with limited amounts of
droplets, additional factors may influence the melting of HEA
targets. For example, it has been reported the adding Zr into
CrNiFeCoMn high-entropy alloy leads to the formation of a
eutectic with a low melting point (Ref 20). Lowering the
melting temperature of the targets facilitates the formation of
droplets. Clearly, there is a need to significantly reduce the
number of large splats and the droplets to avoid their
detrimental effects on coating surface roughness and perfor-
mance. First, as the melting point of the HEA alloy cathode
material has a strong effect on the generation of droplets and
splats, a cathode material with a higher melting point should
be selected when possible. Second, the macro-particle gener-
ation from the cathode(s) can be reduced through reducing the
cathode temperature by employing effective cooling to the
cathode(s) and accelerating the cathode spot motion (Ref 45).
It becomes particularly important as the lattice distortion
associated with HEAs increases phonon scattering, hence
reducing the thermal conductivity and limiting the effect of
target cooling (Ref 46, 47). Another approach is to separate
the flux of molten droplets that are ejected from the cathode(s)
by using electric or magnetic filtering so that they cannot be
deposited as part of the coatings. This technique has led to the
deposition of smooth and dense structured (AICrMoSiTi)N
(Ref 5) and AICiNiTiV coatings (Ref 48) with reduced
coating defects.
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4. Conclusions

(AICTTiVZr)N high-entropy nitride coating was deposited in
this study by the CAE technique using parameters optimized
from preliminary study. The resulting coating had a rough
coating surface, large splats, and small spherical droplets
throughout the coating thickness. XRD analysis revealed that
the coating had a primary single-phased solid solution nitride
phase with a preferred (111) crystallographic orientation
parallel to the coating surface. The coating retained the as-
deposited microstructure up to 800 °C, above which phase
decomposition occurred. The as-deposited nitride had a hard-
ness of 27.5+2.10 GPa and an elastic modulus of
284 + 23 GPa. Dry sliding wear tests determined higher wear
rates for the (AICrTiVZr)N coatings than those for TiN under
various testing conditions. Sand particle erosion tests showed
an increase in erosion rate with increasing impingement angles:
an erosion rates of 74 ug/g at 30 degrees and 407 ug/g at 90
degrees. SEM images of the erosion scar revealed mixed
erosion damage mode with cutting marks, coating cracking and
chipping. The coating samples produced in this study had a
lower erosion and wear resistance than a conventional TiN
coating, suggesting that the large number of splats and droplet
negatively impacted the coating performance. This work
provided insight into droplets/splats formation and present
possible approaches to reducing coating defects for future
works if CAE would be used to produce high-entropy alloy
nitride coatings.
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