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(CrAITiNbV)Ny high-entropy nitride coatings are deposited via tuning nitrogen flow rates, and evaluating their
influence on the microstructure, mechanical and tribological properties of the coatings. All deposited coatings
exhibit columnar growth morphology and own a single face-center-cubic structure. As the nitrogen flow rate
increases, the preferred orientation of the coating gradually transfers from (111) to (200) and (220), and then

changes back to (111) with the nitrogen flow rate continues to increase. The S-38 sample possesses the optimal
plastic deformation resistance and adhesion strength. Friction and wear results show that the (CrAITiNbV)Ny
coating deposited at nitrogen flow rate of 38 sccm owns the best tribological properties with a friction coefficient
of 0.096 and wear rate of 1.8 x 10~/ mm®/(N-m) in 4050# aviation oil.

1. Introduction

As the rapid development of the modern aviation industry, the
aviation transmission components will face higher speeds, loads and
temperatures. How to extend the service life of moving parts such as
bearings, hinges and gears is crucial to ensure the stable operation of
aircraft. In today’s perspective, protective coatings accompanied by a
series of physio-mechanical advantages, including high toughness, good
hardness, high corrosion resistance, as well as excellent adhesion to
substrate, are playing an irreplaceable role in extending the service life
of moving parts [1,2]. It has been discovered that hard coatings such as
nitride and carbide of transition metals can effectively improve hardness
and wear resistance, owing to the formation of mixed ion-metal-covalent
bonds and nano-composite structure [3,4]. However, the traditional
binary or ternary metal nitride and carbide coatings belong to the field
of low-entropy films and cannot satisfy the growing demand. Lately,
high-entropy alloys (HEAs) have become a hot spot for extensive
research due to the advantages of superior structural properties. A multi-
element solid solution structure will be formed owing to the mixing
entropy effect, which brings a series of advantages, including high
strength, excellent anti-wear, and anti-oxidation. Recently, researchers

have introduced the concept of HEAs into coating preparation and
proposed the concept of high-entropy films (HEFs) [5,6]. Due to the
reduction of material dimensions and the addition of elements such as N
or C, HEFs is even better than HEAs in certain properties [7-10]. For
instance, Lai et al. [11] fabricated (AlCrTaTiZr)N coatings using
magnetron sputtering and demonstrated that the mechanical properties
were improved when compared to conventional transition metals nitride
hard coatings. Several strengthening mechanisms of HEFs have been
brought forward, including the phase composition, grain-size and solid-
solution strengthening [12-14]. A series of factors in preparing the
coating, including gas flow rates [15], sample bias [16,17], and depo-
sition temperature [18], will greatly affect the structure and mechanical
properties of the HEFs. For example, Liang et al. [19] fabricated
(TiVCrZrH)N coatings via tuning Ny flow rates and investigated their
influences on the structure and mechanical properties of the coatings.
Hsieh et al. [20] fabricated two non-equimolar high-entropy nitride
coatings at different substrate biases, and the maximum hardness was
reached 36.1 GPa and 36.7 GPa, which acquired at the bias of —100 V
and —150 V, respectively.

Therefore, in this article we will focus on the influence of N5 flow rate
on the microstructure and mechanical properties of (CrAITiNbV)Ny
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Table 1
Atomic radius of each element in multi-element (CrAITiNbV) splicing target.
Cr Nb Ti Al A%
Atomic radius (A) 1.4 1.45 1.4 1.25 1.35

Table 2
Deposition parameters for the coatings.
Coatings Ioncleaning  Crbinding layer  Top layer
Cr target power (DC, A) 0.4 4.5 0
CrAITiNbV target power (DC, 0.4 0 4.5
A)
Bias voltage (V) —450 —-60 -36
Ar flow rate (sccm) 18 18 18
N, flow rate (sccm) 0 0 18/28/38/
48
Deposition time (min) 30 8 233

high-entropy nitride coating. At the same time, considering that there
are few studies on the solid-liquid composite lubrication of high-entropy
coatings in the aviation lubricant environment, this article will study the
tribological properties of the deposited high-entropy nitride coatings in
aviation lubricant (4050#). The research in this paper hopes to supply
theoretical support for the development of high-entropy nitride coatings
in the future, and help to have a more detailed understanding of the
solid-liquid composite lubrication required by advanced aircraft
engines.

2. Experimental details
2.1. Coating deposition

(CrAITiNbV)Ny coatings are fabricated by using magnetron sputter-
ing method. The substrates are AISI 440C steels and Si (100) wafers. A
multi-element splicing target (contains five elements of Cr, Al, Ti, Nb
and V) is used for depositing the (CrAITiNbV)Ny coatings. The atom sizes
of these metal elements are listed in Table 1. The size difference of these
atoms is conducive to the formation of a single FCC structure. Before
deposition, all samples need to be ultrasonically cleaned in acetone and
in ethanol for 20 min, respectively. Then they are blown dry by com-
pressed air and quickly put into the vacuum chamber. During deposi-
tion, pure argon is introduced and the flow ratio maintains 18 sccm after
the background pressure is pumped to 3.0 x 107° Pa. All the samples are
Ar'-cleaned for 30 min to remove the surface oxides and contaminants.
To improve the adhesion strength of the coating, a Cr interlayer between
the coating and the substrate is deposited firstly. Various nitride coatings
are deposited at an applied substrate bias of —36 V under different Ny
flow rates of 18 sccm, 28 sccm, 38 scem, and 48 scem, respectively. In
order to facilitate the following discussion, the samples prepared under
different Ny flow rates are named S-18, S-28, S-38 and S-48. The depo-
sition details are summarized in Table 2.

2.2. Coating characterization

To observe the microstructure, a field emission scanning electron
microscope (FESEM, JSM-7610F) is taken for acquiring cross-sectional
images of the deposited coatings. In the same equipment, the energy
dispersive spectroscopy (EDS, OXFORD) is used to evaluate the element
compositions of the coatings. The crystalline structure of the deposited
coatings is detected by X-ray diffractometer (XRD, D8 ADVANCE) using
Cu Ko radiation. The incident angle is chosen as 1°. The topography is
measured by an atomic force microscope (AFM, NanoWizard 4). The
hardness and modulus of the deposited coatings are tested by a nano-
indentation technique (AGILENT, G200). The indentation depth is no
more than 1/10 of the coating’s thickness, which can neglect any

Table 3
Physicochemical properties of 4050# lubricating oil.
lubricating Kinematic Acid value Flash point Pour point
oil viscosity (v/ (mgKOH/g) /°C) (/°C)
mm2~s’1)
40 °C 100 °C
4050# 24.82 5.091 0.05 252 —57

substrate effect. Five indentations are measured to acquire the mean
value and standard deviation. The adhesion behavior of the coatings to
the substrate is studied by the scratch tester equipment (MFT-4000) with
a diamond rockwell indenter HRC-3 of 120° cone angle and 0.2 mm tip
radius, whereas a termination load of 100 N with the loading rate of 80
N/min is used in scratch tests. An optical microscope (OM, NMM-
800TRF) is used to observe the scratch track surface.

2.3. Friction and wear test

The tribological tests are evaluated by a ball-on-disc tribometer
(CSM). The tests are carried out in ambient air at RT and relative hu-
midity of 40%. The AISI 440C steel ball with a diameter of 6 mm is
chosen as the counterpart material. The friction radius is 2 mm and the
sliding velocity is 6.28 cm/s. The applied load is 20 N and the calculated
Hertz contact stress is 1.85 GPa. Aviation refined oil 4050# is bought
from Sinopec Lubricant Co., Ltd. Table 3 exhibits the physicochemical
properties of the aviation oil. After the tribological test, an optical mi-
croscope (OM, NMM-800TRF) is used to record the optical morphology
of the wear track. The wear volume is determined by a portable surface
roughness tester (Surftest SJ-210). The wear rate (w) of the coatings is
determined by volume loss and according to the following formula:

w=V/NS (€8]

where V is the wear volume (mm3), N is the applied load (N) and S is the
total sliding distance (m).

3. Results and discussion
3.1. Structure and morphology

Fig. 1 shows cross-sectional images of (CrAlTiNbV)Ny coatings
deposited under different Ny flow rates. The thickness is 0.93 pm, 0.8
pm, 0.8 pm and 1.13 pm for the coatings marked with S-18, S-28, S-38
and S-48, respectively, whereas the thickness of Cr binding layer for all
samples is approximately 150 nm. The results reveal that all samples
possess typical columnar microstructures. As the Nj flow rate increases,
the coating structure is getting more dense and compact, and the S-38
sample achieves the densest and finest columnar structure. This is
because that the metal atoms sputtered from the multi-element splicing
target can combine with Ny, which can produce a single-phase solid
solution structure. The formed nitride phase can dense the coating
structure. When the N5 flow rate reaches 48 sccm, the formation of N-
containing layer on the target surface can result in a decrease in the
conductivity of the target and a decrease in the efficiency of argon-ion
bombardment of the target, that is, the “target poisoning” phenome-
non occurs. The combined metal atoms with N, are greatly reduced, and
the large metal nitride particles sputtered directly from the surface of the
poisoned target, which leads to an increase in the lateral size of
columnar crystals of the coating.

Fig. 2 displays the composition of (CrAITiNbV)Ny coatings as a
function of N flow rate. Accompanying the increase of N, flow rate, the
N concentration increases and reaches over 40 at.% for the S-48 sample,
which exhibits gradually saturated tendency. This is considered to be an
under-stoichiometric nitride coating. The Cr concentration in the
coating is relatively higher than that of other metal element owing to its
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Fig. 1. SEM images of (CrAITiNbV)Ny coatings deposited at different N, flow rates: (a) 18 sccm; (b) 28 sccm; (c) 38 scem and (d) 48 scem.
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Fig. 2. The composition of (CrAITiNbV)Ny coatings as a function of Nj
flow rate.

higher sputtering rates than that of other element in the splicing target.
In addition, since the EDS analysis technology has a light spot with a
diameter of about 1 um, it will be affected by the Cr transition layer
during the quantitative analysis of the cross-sectional SEM. Therefore,
both effects can result in a higher Cr concentration measured in the
coating.

Fig. 3 presents the XRD result of (CrAITiNbV)Ny coatings deposited
under various Ny flow rates. It is displayed that (CrAITiNbV)Ny coatings
own a single FCC NaCl-type solid solution structure, indicating the
formation of high-entropy nitride coating. This is similar to the results of
previously reported coatings, such as (AICrNbSiTiV)N, (TiVCrZrHf)N
and (AIMoNbSiTaTiVZr)Ny [21-23]. The result reveals that the single
solid-solution phase can be formed and stabilized by multi-component
nitrides due to high entropy effect. With the increase of Ny flow rate
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Fig. 3. XRD results of (CrAlTiNbV)N, coatings deposited at different Ny
flow rates.

from 18 sccm to 38 scem, the preferred orientation of the coating
structure is transformed from (111) to (200) and (220), and then
changes back to (111) with the N flow rate continues to increase. The
transition of the preferred orientation of high-entropy nitrides can be
explained by both thermodynamics and kinetics. From the point of
thermodynamics view, the increment of N flow rate can increase the
mobility of atoms, which can promote the formation of a closed packed
structure. To achieve a stable state, the (200) plane with the lowest
surface energy is anticipated to be the preferred orientation under the
conditions of thermodynamic equilibrium. It is pointed out that the
(111) plane has the lowest strain energy, and is favored under high
strain conditions [23]. Therefore, on the basis of the difference of
accumulated strain in the coating, it can be used to explain the
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Fig. 4. Surface morphology of (CrAITiNbV)Ny coatings deposited at different N5 flow rates: (a) 18 sccm; (b) 28 scem; (¢) 38 scem and (d) 48 scem.
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Fig. 5. Hardness and elastic modulus of (CrAITiNbV)Ny coatings as a function
of N, flow rate.

transformation of the preferred orientation at higher N flow rate. As the
Nj flow rate increases, the average energy of particles bombarding the
coating surface decreases, which leads to a decrease in coating strain.
Therefore, the transition of the preferred orientation in coating from
(111) to (200) and (220) is accompanied by a decrease in coating
strain. The preferred orientation of the coating changes back to (111)
with the N, flow rate increases to 48 sccm. The excessive Ny flow
weakens the mobility of atoms, and a large number of atoms per unit
area gathering at (111) orientation with the lowest strain energy, thus,
the (111) preferred orientation is formed at low energy sites. In view of
kinetic reasons, the (111) orientation possesses the densest array di-
rection, while the (200) and (220) represent for the most open chan-
neling planes [17]. Therefore, coating texture evolves towards the (200)
and (220) planes to obtain the highest probability of surviving as the
mobility of atoms increases, while metal atoms are hard to diffuse on the
(111) plane due to its kinetically limited growth [24].

Fig. 4 presents AFM surface morphology of (CrAlTiNbV)Ny coatings
deposited under various Ny flow rates. By observing the AFM images,

there are dome-shaped nanostructured particles in the (CrAITiNbV)Ny
coatings, which are related to the competitive growth of the coatings. As
the Ny flow rate increases, the surface atom diffusion and grain
boundary motion are accelerating by a strong driving force. Under the
conditions of thermodynamic equilibrium, the required surface and
interface energy are expected to obtain the minimum energy in a way of
forming the new islands [25]. Based on the XRD results shown in Fig. 3,
the preferred orientation of the coating gradually transfers from (111)
to (200) and (220) as the N5 flow rate increases to 38 sccm. Namely, the
surface and interface energy consideration favor the growth of (200)
and (220) in this study. However, for the S-48 sample, the replacement
of reactive sputtering of coatings with direct sputtering of nitride coat-
ings results in the sputtering of large particles, which contributes to the
formation of abnormally grown particles on the coating surface.

3.2. Mechanical and tribological properties

Fig. 5 presents the hardness and elastic modulus of (CrAITiNbV)Ny
coatings as a function of Ny flow rate. Generally, the hardness of the
coatings is proportional to its wear resistance capability, which is highly
affected by grain size, densification and residual stress. Accompanied by
the increase of Ny flow rate, the hardness of the coatings exhibits a
slightly downtrend. However, as the N3 flow rate continues to increase,
the S-48 sample reaches the lowest hardness value (8.36 GPa). Several
major reasons for this phenomenon are taken into consideration. Firstly,
according to the Hall-Petch effect, the grain size can affect the hardness
of the coatings. Coating structure with a smaller grain size indicates that
there are more grain boundaries, which can better suppress dislocation
slip. As displayed in the SEM images of Fig. 1, the columnar crystal size
of the S-48 sample is larger than that of other samples, which results in a
decreased hardness. Secondly, it is pointed out that the solid-solution
strengthening effect caused by the introduction of different-size atoms
can contribute to the coating hardening [11]. However, the excessive N
concentration will result in the formation of nitride on the multi-element
target surface (target poisoning phenomenon), which can replace the
reactive sputtering of coatings with direct sputtering of nitride coatings,
thereby reducing the hardness and elastic modulus of the coatings [26].
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Fig. 6. H/E and H3/E? values of (CrAITiNbV)N, coatings as a function of Ny
flow rate.

Thirdly, as the Ny flow rate reaches 48 sccm, the formation of columnar
structure growth defect, such as columnar coarse crystals and high void
concentration, can result in a decrease in the hardness of the coatings. In
general, the ratio of hardness to modulus (H/E) indicates the required
elastic energy for fracture failure, which can reflect the wear resistance
of the coating to some extent, and the H3/E? value represents for the
coating’s resistance to plastic deformation [27]. Fig. 6 presents the
values of H/E and H3/E? as a function of N flow rate. The H3/E2 value
increases as the N flow rate increases from 18 sccm to 38 scem, which
demonstrates that the plastic deformation resistance of the coating is
improved. However, the decrease in the H/E and H3/E2 values for the S-
48 sample indicates a degradation of plastic deformation resistance.
To evaluate the adhesion behavior of the coatings, scratch tests are
performed on all samples. Plots of acoustic emission signal, friction force
and friction coefficient as a function of the applied normal load are
presented in Fig. 7. The corresponding scratch images are shown in
Fig. 8. In this study, a lower critical load L¢; is used to indicate the initial
failure of coatings, which always associates with failure modes, such as
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the first cracking inside the scratch track and the event of partial
spallation at the track edge. L¢; belongs to the cohesive failure, and can
be expressed as the fracture resistance behavior of the coating [28]. The
combined analysis based on the sudden change in friction coefficient
and the fluctuation of the acoustic signal in Fig. 7, as well as the scratch
images in Fig. 8 is used as the criterion to determine the critical load L¢;
of the coatings. As displayed in Fig. 7, a load of ~17.5 N for the S-18
sample is identified as L¢;, owing to the sudden increase in friction co-
efficient at a load of 17.5 N, as well as the appearance of a strong
acoustic emission signal peak at this location. Similarly, the value of L¢;
for the S-28 and S-38 sample is determined as ~16.5 N and ~32 N,
respectively. However, the acoustic emission signal peak is disappeared
for the S-48 sample, and remains stable with the forward movement of
the indenter under the continuously increasing load. Accordingly, the
L¢; value (~10 N) for the S-48 sample is determined by the combined
analysis of the friction coefficient curve in Fig. 7 and the scratch images
in Fig. 8. So, the adhesion strength of the coatings first improves with the
increment of Ny flow rate, and the optimal value is obtained at the S-38
sample, and then decreases with the N, flow rate continues to increase.

For all samples, the transverse cracks inside the scratch and spall-
ation along the scratch are shown in Fig. 8, however, within the tested
load range, the indenter does not completely through the coating. So, a
higher critical load Lco, indicating the complete adhesion failure be-
tween the coating and the substrate, is not appear in this study. There
exist a lot of arc-shaped transverse cracks inside the scratch and spall-
ation along the scratch track sides for the S-18 and S-28 sample (see
Fig. 8a and b). However, with the N5 flow rate increases, fewer cracks
are observed in the interior of the scratches for the S-38 sample. Thus, it
is found that the adhesion behaviors can be altered by tuning Ny flow
rate. Viewing the failure morphology of the coatings, the most excellent
fracture resistance behavior is obtained for the S-38 sample, which is
contributed by its densest and finest columnar structure. In addition, the
cracks in the scratch of the S-48 sample are the finest and there is no
obvious large flaking in the entire scratch track, although its L¢; value is
the lowest. Generally speaking, the fracture toughness and hardness of
the coating show an inverse relationship [29]. The S-48 sample pos-
sesses the excellent toughness caused by the weakened hardness, which
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Fig. 7. Scratch tests in the (CrAITiNbV)N coatings deposited at different N, flow rates: (a) 18 sccm; (b) 28 scem; (c) 38 sccm and (d) 48 scem.
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Fig. 8. Scratch images in the (CrAITiNbV)Ny coatings with different N, flow rates.

makes the coating difficult to peel off from the substrate, so as to obtain a
better adhesion behavior.

Fig. 9 and Fig. 10 present the friction coefficient and wear rate of AISI
440C steel substrate and (CrAITiNbV)N coatings with varying Ny flow
rates. In the atmospheric environment, the average value of friction
coefficient for steel substrate in 4050+# oil is near 0.12. As (CrAITiNbV)
Ny coatings are deposited, it is mentioned that the friction coefficient

varies in the range of 0.096-0.115 for all deposited coatings. The friction
coefficient of (CrAITiNbV)Ny coatings first decreases and then increases
with the Ny flow rate increases. The result reveals that the S-38 sample in
4050+# oil owns the steady state friction coefficient, which possesses the
lowest friction coefficient (0.096). After the wear test, the lowest wear
rateis 1.8 x 10~ mm?/ (N-m) for the S-38 sample in 4050# aviation oil,
while the wear rate of steel substrate reaches up 5.68 x 1075 mm®3/
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(N-m). It is worth noting that the wear rate of the S-38 sample is an order
of magnitude lower than that of the steel substrate. However, the wear
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to the S-48 sample (2.86 x 10~® mm?3/(N-m)) in 4050# aviation oil. This
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demonstrates that the N flow rate plays a significant role in the tribo-
logical properties of the coatings, while the optimal effect is obtained at
the S-38 sample owing to its dense and compact structure.

Fig. 11 shows the wear track images of AISI 440C steel substrate and
(CrAlITiNbV)Ny coatings deposited at different N flow rates. The wear
tracks and ribbon-like ploughing scar can be apparently observed, and
the abrasion grooves are parallel to the sliding direction in all coatings,
which indicate abrasive wear mechanism. It can be found that the width
of wear track for the S-38 sample is the narrowest, which corresponds to
the lowest wear rate. The wear tracks of the steel substrate and the S-48
sample show wider and deeper grooves in comparison to others, which is
consistent with its higher wear rates. On the contrary, the wear tracks for
the S-18 and S-28 sample are narrower than that of steel substrate,
indicating its lower wear rates. In short, a third-body abrasive wear
mechanism is dominant, and the tribo-products that fall off the wear
tracks are attached to the friction pair, resulting in scratching and
ploughing on these grooves. The S-38 sample is considered to be more
resistant to wear, and possesses the optimal anti-wearing behavior. In
summary, a dense and compact structure of the S-38 sample can
contribute to a less abrasive wear, and thus the load-bearing capacity of
the coatings is improved. The loose coarse columnar structure of the
coatings accompanied by a defective structure, such as high void con-
centration, can allow the lubricant to penetrate into the coating
microstructure, which makes the coating prone to corrosion. What'’s
more serious is that the lubricant can penetrate into the transition layer,
and then affect the adhesion behavior of the coatings. Besides, the
excellent mechanical properties of the coatings, reflected by the resis-
tance of plastic deformation and fracture behavior, can impact the wear
rate of the coatings [30]. The corresponding synergistic lubricating
mechanism is displayed in Fig. 12. The coating on the left has a loose
structure and poor adhesion strength, which leads to cracks and peeling
during the friction process. By adjusting the N5 flow rate, a dense, high-
cohesive coating on the right can be obtained. This kind of coating (such
as the S-38 sample) has less cracks and peeling during the friction pro-
cess, and the tribological properties are the best, which is also consistent
with the results of the friction and wear experiments.

4. Conclusions
High entropy nitride (CrAITiNbV)Ny coatings are successfully fabri-

cated via tuning N flow rates by magnetron sputtering technique. The
main conclusions are as follows:

Fig. 11. Wear track images of (a) AISI 440C steel and (b-e) (CrAITiNbV)Ny coatings deposited at different N, flow rates in 4050# aviation lubricant.
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Fig. 12. Schematic diagram for revealing the synergistic lubricating mechanism of (CrAITiNbV)Ny coatings in 4050# aviation lubricant.

(1) As the Ny flow rate increases, the coating microstructure presents
a denser and finer columnar structure, and the S-38 sample
achieves the densest and finest columnar structure, while a larger
size of the columnar crystal is exhibited as the No flow rate
continues to increase to 48 sccm.

The (CrAlTiNbV)Ny coatings exhibit a single FCC solid solution

structure, instead of multi-phase complex structures. The

preferred orientation of the coating gradually changes from

(111) to (200) and (220) as the N5 flow rate increases from 18

scem to 38 scem, and then changes back to (111) for the S-48

sample, which can be explained in terms of thermodynamics and

kinetics.

(3) The S-38 sample possesses the optimal plastic deformation
resistance and adhesion strength, which is contributed by the
densest and finest columnar structure.

(4) As the N, flow rate increases, the friction coefficient and wear

rate of the coatings first decrease and then increase. The S-38

sample exhibits the lowest average friction coefficient (0.096)

and the lowest wear rate (1.8 x 1077 rnm3/(N~rn)) in 4050#

aviation lubricant. The densest and finest columnar structure and

the excellent mechanical properties are believed to be responsible
for the excellent tribological properties of the S-38 sample.

This study confirms that (CrAlTiNbV)Ny coatings can improve the

wear resistance of substrate in 4050# aviation lubricant. There-

fore, state of the art high entropy nitride coatings possess great
promise for aviation industry applications.
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