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Abstract: In this work, a novel TiAIMoNbW high-entropy alloy (HEA) film and its corresponding
nitrid (HEN) film were deposited on CSS-42L bearing steel by magnetron sputtering technology.
The microstructure, microhardness, wear resistance, and corrosion resistance of the coated CSS-42L
steel were systematically investigated. With the introduction of nitrogen, the crystal structure of
TiAIMoNbW HEA film transformed from BCC into FCC. The microstructure of the deposited film
became denser and was accompanied by lower surface roughness. The hardness of the nitride film
was further increased from 11.43 to 25.7 GPa due to the formation of saturated metal nitride phases
and the solid-solution strengthening of various elements. The tribological results showed that both
TiAIMoNbW HEA and HEN films with excellent mechanical properties could improve the wear
resistance of CSS-42L substrate, especially for the nitrid film, the mechanical properties of the film
are significantly improved, resulting in a substantial reduction in the friction coefficient of about
22% and the wear rate of nearly 79%. In the electrochemical tests, both the TIAIMoNbW HEA and
HEN-coated samples exhibited lower current densities and corrosion rates in 3.5 wt.% NaCl and
1 mol/L H,SOy4 solutions. It was also noticed that the TIAIMoNbW nitrid film possessed a superior
corrosion protection effect for CSS-42L steel.

Keywords: high-entropy alloy film; nitriding; magnetron sputtering; wear properties; electrochemical
corrosion behavior

1. Introduction

With the continuous development of aerospace technology, the extreme performance
of the equipment continues to make breakthroughs. Bearing is one of the key basic compo-
nents of modern mechanical equipment. The ideal performance requirements of spindle-
bearing materials are high surface hardness, suitable toughness, high corrosion resistance,
and high temperature resistance. The third-generation CSS-42L bearing steel is one of the
preferred bearing steel materials, which is comprised of high strength, high toughness,
and relatively suitable corrosion resistance [1]. However, its wear resistance and corrosion
resistance need to be further improved to accommodate the complex and harsh working
conditions. Several surface modification methods have been attempted. Qiu et al. [2] found
that the corrosion resistance and mechanical properties of CSS-42L-bearing steel could be
modified by the duplex treatment of ions implantation and Cr coating. The corrosion rate of
the (Ti + C) co-implanted samples was more than 10 times lower than that of the untreated
samples. Yang et al. [3] studied the comprehensive properties of CSS-42L specimens after
carburizing and nitriding at different quenching temperatures. The results indicated that
nitriding treatment can not only improve the hardness and wear resistance of CSS-42L
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carburized steel but also improve its corrosion resistance to a certain extent. However, the
application of chemical heat treatment techniques is limited due to the high requirements
for specific experimental conditions. Available research has indicated that the higher exper-
imental temperature (generally above 600 °C) would deteriorate the mechanical properties
of the bearing matrix [4].

High-entropy alloy (HEA) is one sort of novel multi-element alloy with higher mix-
ing entropy, consisting of five or more main elements in equal or unequal molar ratios,
discovered by Ye et al. [5] in 2004. HEA film developed on the basis of HEA with low-
dimensional morphology exhibits properties similar to those of bulk high-entropy alloys,
such as thermodynamic high-entropy effects, kinetic slow diffusion effects, severe distor-
tion effects of lattice structures, and performance cocktail effects, which can be used for
hard wear-resistant coatings for cutting tools, corrosion-resistant coatings for components
service in a corrosive environment, diffusion barrier layers in the field of Cu interconnects,
etc. [6]. Moreover, some properties of HEA coating are even superior to its bulk material,
such as hardness [7]. Some researchers have suggested that the introduction of interstitial
elements such as C, N, and O can further improve the mechanical properties of HEA
films [8-10]. Braic et al. [8] co-sputtered (CuSiTiYZr)C films with different flow ratios
in Ar + CH4 atmosphere. The experimental results showed that (CuSiTiYZr)C coatings
with a carbon/metal ratio of about 1.3 had the highest hardness and the best wear and
corrosion resistance. Zhang et al. [11] successfully fabricated a FeCrNiCoBx HEA cladding
layer on 304L stainless steel by laser cladding method. The in situ formed orthorhombic
(Cr, Fe);B phase improves the microhardness and corrosion resistance in 3.5 wt.% NaCl
solution when x < 1. However, when x = 1.25, the borides transform into tetragonal
(Fe, Cr),B phase, contributing to the decreased corrosion resistance. Hwai-Te et al. [12]
investigated the effect of nitrogen content and substrate bias on the mechanical properties
and corrosion performance of HEN thin films (AICrSiTiZr);0o—xNx. They found that the
(AICrSiTiZr)190—xNx deposited film had the best corrosion resistance in 0.1 mol/L H,SO4
when RN = N3 /(N3 + Ar) = 30%, and its Icorr is almost only 10% of the 6061 aluminum
alloy matrix, exhibiting excellent corrosion resistance potential. More and more scholars
are interested in the study of high-entropy nitride alloy films due to their high hardness,
high strength, high wear resistance and high corrosion resistance [10].

Comparison of the current methods commonly used to prepare HEA films, including
magnetron sputtering (MS) [13,14], laser cladding [15,16], spraying [17], electrodeposi-
tion [18], plasma-transferred arc cladding [19], etc. Among the technologies mentioned
above, MS has become the most commonly used technology to process HEA films due to
its advantages of higher deposition rate, a more uniform structure, and easier to introduce
gas elements in alloys to synthesize nitride, oxide, or carbide. The HEA films obtained by
MS are mostly dense in structure and have a significant “quick quenching” effect [20]. The
element diffusion and nucleation of intermetallic compounds are inhibited. FCC or BCC
solid-solution phase or amorphous phase may be generated, which is beneficial to wear
resistance and corrosion resistance. Dou et al. [14] deposited FeAICoCuNiV HEA coatings
by DC magnetron sputtering and tested its electrochemical behavior in various corrosive
media. The experimental results displayed that the coating was composed of a single FCC
solid solution and exhibited more superior corrosion resistance than 201 stainless steel
in acidic, alkaline, and salt corrosive media. Zheng et al. [13] prepared VAITiCrSi HEA
films with excellent corrosion resistance in artificial seawater by DC magnetron sputtering.
Diffraction of X-rays (XRD) and Transmission Electron Microscope (TEM) results indicated
that HEA film presented a uniform amorphous structure, thereby enhancing the barrier
properties of the substrate. In addition, MS can flexibly control sputtering parameters to
tune the properties of thin films.

TiAIMoNDbW is a novel high-entropy alloy system. A number of previous works have
shown that metallic elements, such as Al, Ti, Nb, Mo, and W, have an obvious function in
promoting the mechanical properties of different HEAs. In addition, the Al element can
also improve the corrosion resistance of the HEAs, which would be facilitated by Nb and
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W elements [21,22]. Furthermore, Al, Ti, Nb, and Mo have a strong affinity for nitrogen.
The forming nitrides possess higher hardness and chemical inertness, which may further
contribute to the wear resistance and corrosion resistance of HEA films [23]. Thus, it is
promising to introduce TiAIMoNbW HEA film and its HEN film to improve the wear
and corrosion resistance of CSS-42L steel. As far as we know, there is a lack of systematic
research on the mechanical and electrochemical properties of coated steel substrates with
TiAIMoNbW HEA and HEN films.

In this study, the TIAIMoNbW HEA film and its nitrid film were deposited on the third-
generation aerospace-bearing steel CSS-42L by reactive MS technology. The microstructure
and surface modification effect of TILAIMoNbW HEA film and HEN film for CSS-42L steel
were evaluated. The improvement effects of TiIAIMoNbW HEA film and HEN film on the
mechanical properties and corrosion resistance of CSS-42L steel were also deeply discussed.

2. Materials and Methods
2.1. Sample Preparation

The composition of CSS-42L steel used in this research is shown in Table 1. The tested
steel was firstly prepared by a vacuum induction melting furnace using Fe-4.3C, Fe-205Si,
and Fe-50Mn intermediate alloys. Then the CSS-42L steel ingots were obtained according
to the ratio, and the matrix specimens of 10 mm x 10 mm X 4 mm were prepared. Before
the deposition process, the base steel was ultrasonically cleaned in ethanol and then dried
in a drying oven.

Table 1. Chemical composition of CSS-42L alloy (wt.%).

C Cr Co Mo Ni A% Nb
0.10-0.25 13.0-19.0 5.0-14.0 3.0-5.0 1.75-5.25 0.25-1.25 0.01-0.1

The TiAIMoNDbW target was prepared by using the powder metallurgy method. Pri-
marily, the 99.99 wt.% purity Ti, AL, Mo, and Nb blocks were used to produce Ti-25Al-
25Mo-25Nb (in at.%) master alloy by using a skull vacuum furnace after being cleaned
and dried with acetone. Then, the TiAIMoNDb alloy powder was obtained by using the
rotary spray method with a ~200 mesh particle size. After being mixed uniformly with
99.995% purity, 2000 mesh tungsten powder, the disc target with a diameter of 4 inches and
thickness of 3 mm was produced ultimately by using the vacuum hot-pressing method
(parameters are shown in Table 2). The CSS-42L samples deposited with TIAIMoNbW alloy
(HEA) film and TiAIMoNbW nitrid (HEN) film were abbreviated to S-HEA and S-HEN,
respectively. The synthesis of HEA film and HEN film were conducted by using M600
magnetron sputtering system in an atmosphere of high-purity gas with a working pressure
of 2.5 x 103 Pa. The samples were subjected to a 15 min bias cleaning to remove surface
contaminants and oxide layers prior to deposition. The specific preparation parameters of
the film are shown in Table 3.

Table 2. Parameter of vacuum hot-pressing sintering.

Diameters Pressure/MPa Temperature/°C Time/h

4 inches 50 1600 2

Table 3. Details of deposition parameters.

. . Deposition Deposition Substrate Deposition
Film Working Gas Pressure /Pa Power/W Temperature/K Time/s
HEA Ar 0.8 200 450 2325
HEN 50%Ar + 50%N, :
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2.2. Sample Characterization

The crystal structure of the films was characterized by grazing-incidence-angle X-ray
diffraction (GIXRD, D/MAX-2500/PC, Rigaku, Tokyo, Japan) with a scanning range of
20°-90°. The film thickness and surface topography were observed using a field emission
scanning electron microscope (FE-SEM, S-4800, HITACHI, Tokyo, Japan). The surface
roughness and arithmetic mean deviation of the profile (Ra) of each coating were measured
using an atomic force microscope (AFM, FM-NanoviewOp, FEISHIMAN, Shaanxi, China)
in tapping mode. A nano-indenter (Nano Indenter G200, Agilent, Santa Clara, CA, USA)
equipped with a Berkovich diamond probe tip was performed to measure the hardness
and elasticity modulus of films using continuous stiffness mode (CSM). Seven points
were tested for each film and averaged. The indentation depth was controlled to be
500 nm. The wear resistance of the films was tested by a reciprocating friction and wear
apparatus (UMT-3, CETR, Billerica, MA, USA). The frequency is 5 Hz, the load is 5 N, and
the friction pair is Si3Ny with a diameter of 6 mm. The wear track length and sliding time were
5 mm and 30 min, respectively. The cross-sections of the wear profile were measured by a
surface profilometer (Alpha-Step 1Q, Milpitas, CA, USA). An electrochemical potentiostat
(PARSTAT MC, AMETEK, Berwyn, IL, USA) was used to conduct the corrosion experiments
of HEA films and CSS-42L substrates in different corrosive reagents. A three-electrode
connection was used to connect a saturated calomel reference electrode (SCE), a platinum
counter electrode, and a working electrode.

3. Results
3.1. Chemical Composition and Phase Analysis

The elemental compositions of the target and film were analyzed by Energy Dispersive
Spectroscopy (EDS), and the results are displayed in Figure 1. The five alloy elements
of the TiAIMoNDbW film are evenly distributed inside the coating without any element
segregation. The compositional deviation between target and coating may be related to the
competing sputtering and re-sputtering behavior resulting from the different sputtering
rates of the five elements during deposition. Lighter elements have a higher probability
of backscattering during deposition. With the introduction of nitrogen, the target element
changes more uniformly in the film, and the W element decreases slightly. This is reasonable
because all these elements except W have a strong affinity for nitrogen atoms. Figure 2
shows the XRD patterns of the HEA film and the HEN film. It can be seen that the alloy
film has a single-phase BCC structure. With nitrogen introduced, the crystallinity of the
film increases, and the crystal structure transforms from the original BCC to FCC.
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Figure 1. Chemical composition of the target and the composition ratio of different metallic elements
in HEA and HEN films compared with that in the target.
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Figure 2. The XRD spectrum of TIAIMoNbW HEA and HEN films.

3.2. Microstructure

The surface and cross-sectional SEM images of HEA and HEN films were demon-
strated in Figure 3. The HEA film presents a unique needle-like structure with a uniform
film thickness of 952 nm, a uniform texture, and no obvious defects on the surface or
inside. After the introduction of nitrogen, the film morphology changes from needle-like
to nanoparticle-like, and the surface roughness decreases. As in the cross-sectional view
(Figure 3b,d), the thickness of the film decreased to 643 nm. The cross-section morphol-
ogy of the film changes from a bulk irregular columnar structure to a denser columnar
nanocrystalline structure. The AFM surface morphologies of the HEA and HEN films are
consistent with SEM results, as displayed in Figure 4. The surface of the HEA film showed
a dome-shaped cluster structure, and that of the HEN film showed a stalagmite structure.
The calculated values of Ra are 7.31 and 2.70 nm for the TiAIMoNbW HEA film and its
HEN film, respectively. Hence, the nitriding treatment can obviously optimize the surface
roughness of TIAIMoNbW HEA film, which results in a smoother surface of HEN film.

oy

6:43nm

Figure 3. The SEM morphologies of the films: (a) surface of HEA film, (b) cross-section of HEA film,
(c) surface of HEN film, and (d) cross-section of HEN film.
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(a) Ra=7.31nm

(b) Ra=2.70nm

31.3 nm

-31.1 nm

Figure 4. AFM three-dimensional diagrams of (a) HEA film and (b) HEN film.

3.3. Mechanical Properties

The nanoindentation experiment is divided into loading and unloading processes.
The load-displacement curve is obtained through the test. The hardness value of the
sample can be obtained by measuring and calculating the variable load P, the indentation
depth h, and the initial slope S of the unloading curve during the test. The nanoindenta-
tion load-displacement curves of SSHEA and S-HEN samples are presented in Figure 5a.
The initial slope and peak value of the nitride film curve are significantly larger than
the alloy film, which indicates that the nitride film has a higher modulus and hardness.
The average value of the nanoindentation hardness and modulus of both films were ob-
tained using the well-known Oliver—Pharr relationship [24]. As exhibited in Figure 5b,
the modulus and hardness of the S-HEA sample are 233.1 and 11.43 GPa, respectively. Its
hardness value is approximately three times that of the base steel (4.356 GPa). After the
introduction of nitrogen, the modulus and hardness of the sample increased to 313.6 and
25.7 GPa, respectively.
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Figure 5. (a) Nanoindentation load-displacement curve of S-HEA and S-HEN samples, (b) hardness
and modulus of the S-HEA and S-HEN samples.

In general, the tribological properties of thin films mainly depend on their mechanical
properties, and the frictional resistance of materials is also affected by surface roughness.
The wear resistance of the specimens was tested using a reciprocating UMT system. The
friction coefficient curves of the CSS-42L base steel samples with and without coating are
depicted in Figure 6a. After a break-in period of about 100 s, the friction coefficient quickly
reaches a steady state and remains at a constant value. The friction coefficient of the base
steel was estimated to be 0.73, and the friction coefficient of the S-HEA sample slightly
increased to 0.77. After the introduction of nitrogen, the surface roughness of the film
decreases, and the hardness increases, so the coefficient of friction of the S-HEN sample
decreases to 0.57.
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Figure 6. (a) The friction coefficient curve of CSS-42L steel and S-HEA sample, S-HEN sample I,
(b) wear rate of CSS-42L steel and S-HEA sample, S-HEN sample.

The variations in the wear rate of the CSS-42L steel substrate and S-HEA /S-HEN
samples are exhibited in Figure 6b. The wear rate of the sample can be obtained by
calculating the volume of the wear loss under the unit load of a fixed length. The calculation
formula is as follows [25]:

WS7C><Si \Y

T FxL FxL M)

where C is the total linear wear (mm), S is the wear surface area (mm?), the product of
the two is the wear volume V (mm?), F is the normal load (N), and L is the wear length
(mm). After calculation, the wear rate of CSS-42L steel is 1.848 x 10> mm?3/(N-mm), the
wear rate of the S-HEA sample is reduced to 1.642 x 1075 mm?3/ (N-mm), and the wear rate
of S-HEN sample with high hardness and modulus is only 0.376 x 107> mm3/(N-mm),
which is only 20% of that of the base steel.

3.4. Electrochemical Corrosion Behavior

The corrosion protection effect of CSS-42L steel sample and S-HEA /S-HEN samples
were evaluated in 3.5 wt.% NaCl and 1 mol/L H;SOy4 solutions. The polarization curve and
corrosion parameters obtained by the Tafel curve are presented in Figure 7. It can be found
that after sputtering the HEA film, the corrosion rate falls significantly in the NaCl solution.
Especially after the nitride film is sputtered, the corrosion rate reduces from 0.493 mpy to
0.033 mpy. The corrosion current also drops from 1544 to 103.481 nA. Obviously, the HEN
film has a better corrosion protection effect, and the same tendency in the H,SO4 solution
also could be concluded. As depicted in Figure 7b, the three groups of samples all displayed
passivation areas in the HySOy solution, and the secondary passivation was not obvious.
However, the passivation area of CSS-42L steel appeared later than the high-entropy alloy
film, indicating that a stable and dense passivation film is formed on the surface of the high-
entropy alloy during the polarization process, which can effectively hinder the corrosion of
the acid radical on the substrate. Combined with the SEM image in Figure 8, it can be seen
that there are a large number of corrosion pits on the surface of the base steel, while the
number and size of the corrosion pits of the S-HEA film are significantly reduced, and the
surface of the nitride film is almost not damaged, which can effectively protect the substrate.
The corrosion parameters shown in Figure 7c,d express a consistent trend. Both the HEA
film and the HEN film show higher corrosion potential (Ecorr) and lower corrosion current
density (Icorr), and better corrosion resistance performance was realized in the S-HEN
sample compared to the S-HEA sample.
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Figure 7. Potentiodynamic polarization curves and fitting parameters of S-HEA /S-HEN and CSS-42L
steel samples in different corrosive fluids: (a,b) 3.5 wt.% NaCl, (c,d) 1 mol/L H;SOj4.

W .

Figure 8. SEM images of CSS-42L and S-HEA /S-HEN after corrosion.

In order to further study the corrosion resistance of samples in 1 mol/L HySO4
solution, electrochemical impedance spectroscopy (EIS) was introduced. Figure 9a presents
the evolution of the Nyquist diagram. The curve on the complex impedance plane is
approximately a double-arc pattern when exposed to a sulfuric acid solution.
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Figure 9. Electrochemical impedance spectroscopy of S-HEA /S-HEN films and CSS-42L steel in
sulfuric acid: (a) Nyquist, (b) Bode.

The experimental results demonstrate that the surface passivation layer on the S-
HEN sample has the highest interfacial impedance and the best corrosion resistance. All
the coated samples exhibit better performance than that of the base CSS-42L steel. The
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impedance modulus, phase angle, and frequency function relationship of the substrate
steel passivation layer can be clearly observed in the Bode diagram (Figure 9b). The high-
frequency region log |Z| reflects the solution resistance [26]. It can be seen from the
figure that the high-frequency zone log | Z| value of the S-HEA sample is slightly higher
than that of the base steel. In the low-frequency region, log | Z | reflects the passive film
resistance of the alloy film. The |1Z1 value of the S-HEN sample is the largest, which is
about 34 times that of the base steel. When the phase angle reaches its maximum value
in the intermediate frequency region, the corresponding frequency range indicates the
stability of the passivation film during the corrosion process. The results in Figure 9b
indicate that the S-HEN sample with the widest intermediate frequency range has the best
stability during the corrosion test, while CSS-42L steel has the poorest stability. The peak
phase angle of the S-HEA sample is much higher than that of the base steel and shifts
to high frequency. With nitriding, the peak phase angle for the S-HEN sample increases
further. The high impedance and high peak phase angle indicate that the material has
better corrosion resistance.

An equivalent circuit with an impedance diagram was drawn. In this study, two time
constants can be used to describe the impedance diagram. The first time constant in the
high-frequency region is determined by the resistance of the film (R2) and the capacitance
of the film (CPE1). The second time constant is located at mid—low frequency and consists
of the charge transfer resistance (R3) and capacitance (C1). The parameters are shown
in Table 4. The larger the R2, the more difficult the charge transfer process occurs in the
surface passivation film. R3 is usually associated with the surface charge transfer process,
and the larger R3 indicates that a protective film forms at this metal-solution interface, the
charge transfer process becomes slower, and the passivation film is less likely to receive
ion bombardment. The S-HEN sample has a larger R2 and R3, which is consistent with the
results of the kinetic potential polarization measurements. It is further proved that both
HEA film and HEN film can effectively improve the corrosion resistance of the base steel,
and the HEN film is better than the HEA film.

Table 4. The EIS parameters of the CSS-42L and S-HEA /S-HEN in 3.5% NaCl solution.

Sample R1 CPE1-T CPE1-P R2 R3 C1

CSS-42L 1.02 0.00829 0.86799 5.749 3.431 0.3377
S-HEA 1.266 0.00266 0.77124 34.15 11.34 0.1322
S-HEN 1.227 0.00047 0.76342 159.5 17.03 0.0944

4. Discussion
4.1. Formation Mechanism of HEA and HEN Films

HEA thin films form simple single-phase solid solutions due to the high-entropy effect
and large atomic differences. From the aspect of thermodynamics, the high-mixing entropy
effect results from the increased number of principal component elements. The mutual
solubility of the target metal elements is enhanced, and the long-distance diffusion is sup-
pressed. Multi-element solid-solution phase instead of complex intermetallic compounds
would be precipitated in HEA [27]. In this system, Mo, W, and Nb are all BCC structures.
The BCC structure will become the skeleton for grain growth [28]. It was suggested that the
phase composition of HEA was closely associated with their thermodynamic parameters,
such as mixing enthalpy (AHmix), atomic size difference (9), valence electron concentration
(VEC), and mixing entropy (ASmix). The formation criterion for solid-solution phases was
described as the following conditions [29]:

11J/K-mol < ASmix < 19.5J/K-mol @)

—22 kJ/mol < AHmix < 7 kJ/mol 3)
0<6<85% (4)
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The calculated thermodynamic parameters for TIAIMoNbW are depicted in Table 5.
The calculation results revealed that the solid-solution phase was preferred to precipitation
for the TIAIMoNbW system. In addition, VEC was considered an extremely important
parameter used to assess the formation of FCC or BCC solid solutions. BCC phase would
be the primary precipitation when VEC < 6.87. For TIAIMoNbW alloy, the value of VEC
was 4.8, indicating the formation of the BCC solid-solution phase, which was verified by
XRD analysis (Figure 2).

Table 5. Thermodynamic parameters of TiIAIMoNbW system.

ASmix AHmix o
Parameters (/K-mol) (J/K-mol) A (%) VEC
Value 13.38 —6.5 2.77 4.8

With the introduction of nitrogen, the crystallinity of the high-entropy alloy film would
increase. Since Ti, Al, Mo, and Nb elements are all strong nitride-forming elements with a
strong affinity for nitrogen atoms, nitrides would be preferentially precipitated. Except for
Al, the binary nitrides of Ti, Mo, Nb, and W are all FCC structures, so it can be considered
that the FCC structure dominates the crystal structure of the film. Therefore, the film has
changed from BCC structure to FCC structure, and similar phenomena can be found in
previous papers [30,31].

It is clear from the SEM images of HEA and HEN films that after the introduction of
nitrogen, the film morphology changes from acicular to nanoparticle-like. The deposition
rate decreased from 36.85 to 15.77 nm/min, which is mainly due to the increase in nitrogen
partial pressure in the MS process leading to the decrease in peak current and particle
density of the sputtering target. Combined with the AFM images, it can also be clearly
observed that the HEN film has a smoother surface and less roughness than the HEA
film due to the nitrogen atoms that can fill the gaps of the film and the formation of
nitride structures. The work of Tsai [32] showed that the film thickness affects the surface
roughness; the smaller the film thickness, the smaller the grain size, and the narrower the
spacing between the columnar structures, the lower the surface roughness.

4.2. Improvement in Wear and Corrosion Resistance

According to the result of Section 3.3, the S-HEN sample shows the highest micro-
hardness. Feng et al. [33] found that solid solution or grain boundary strengthening and
grain boundary dislocation density can be affected by grain size, resulting in films with
higher hardness. In this work, Ti, Mo, Nb, and W elements have similar atomic radii,
making it easier to form stable solid-solution alloys. The additional element Al increases
the difference in atomic size and causes serious lattice distortion, thereby improving the
performance of the matrix effectively by a solid-solution strengthening mechanism.

After adding nitrogen, the grain size of the film was dramatically decreased. Based
on the Hall-Petch effect [25], as the grain size decreases, the refinement and strengthening
effect of the grain is significant. Grain boundaries restrict the migration of dislocations, and
cracks cannot propagate along the grain boundaries, which further increases the hardness
of the film. In addition, the formed nanocrystalline nitride phase and the strong Me-N
covalent bonds also affect the hardness of the nitride films. The modulus and hardness of
the S-HEN sample increased to 313.6 GPa and 25.7 GPa, respectively, which is higher than
the sputtered (CuSiTiYZr)C coatings with a hardness above 20.7 GPa [8] and well beyond
the laser-cladded FeCrNiCoBy high-entropy alloy coatings with a maximum hardness of
nearly 1100 HV [11]. The mechanical properties of common high-entropy alloy films in
recent years are compiled in Figure 10. It can be seen that the mechanical properties of the
S-HEN and S-HEA samples in this study are at a relatively high level compared to other
alloy films. In addition to the reasons for the above analysis, this may also be related to alloy
compositions and the preparation method for the target, which is processed by powder
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metallurgy in this study. Compared with the casting targets used in most studies, the grains
of high-purity targets prepared by the powder metallurgy process are relatively fine and
uniform, which may be expected to provide better performance for the prepared coatings.
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Figure 10. Comparison of mechanical properties of other materials with high-entropy alloy films in
this study [6,7,10,34-45].

Research by Archard [46] demonstrated that the hardness of the film is inversely
proportional to the amount of wear. The higher hardness and modulus endow the nitride
film with higher load-carrying capacity, effectively reducing the wear rate and coefficient
of friction. Additionally, the tribological properties of the films can be predicted by the
“elasticity index” H/E and the “plasticity index” H3/E? [47], which describe the ability
of the film surface to dissipate energy under elastic and plastic strains during loading,
respectively. A higher value means better abrasion resistance. The index values of the
S-HEA and S-HEN samples in this work are shown in Table 6, which indicates that HEN
films have better abrasion resistance.

Table 6. The H/E and H?/E? of HEA and HEN films.

Sample H/E H3/E?
S-HEA 0.049 0.027
S-HEN 0.083 0.173

To further investigate the wear mechanism, the morphology of the wear trajectory and
the wear profile were investigated using SEM and surface profilometer, as described in
Figure 11. The wear tracks of S-HEA samples exhibit plowing groove and adhesive wear,
which is mainly caused by the large hardness difference between the coating and SizNy
ball. Compared with CSS-42L steel, the area of spalling pits is reduced on the surface of
the S-HEA sample, which is due to the hard BCC phase protecting the surface from brittle
fracture. The main wear mechanism of the S-HEN sample is mainly abrasive wear, the
wear width and wear depth are much smaller than the HEA film, and the wear depth is
about 1/3 of that of the S-HEA sample. The cross-sectional view expresses that the peeling
only occurs inside the film and barely at the interface between the film and the substrate.
Figure 12 graphically illustrates the wear mechanism of HEA and HEN film. The HEN film
effectively improves the shear resistance of the contact surface due to its high toughness
FCC structure and high hardness nitride phase. As a result, the peeling and chipping
caused by adhesive wear were reduced, and the friction coefficient and wear rate were
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ultimately decreased. Under the experimentally designed friction conditions, the prepared
film can provide a suitable protective effect on the substrate.
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Figure 11. The surface topography and cross-sectional profile of wear track: (a,b) CSS-42L, (c,d) SSHEA
sample, (e,f) S-HEN sample.
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Figure 12. Three-dimensional schematic diagram of wear mechanism of HEA and HEN films.

The corrosion resistance of the S-HEA and S-HEN samples in this study was greatly
improved in NaCl solution and H,SOy solution, which is primarily due to the high-entropy
effect and rapid quenching effect. During the deposition process, the films are easy to
form FCC or BCC solid-solution phase with a more uniform microstructure, which can
significantly reduce the effect of galvanic corrosion and the number of microcells. Sub-
sequently, the passivation film with a dense packing structure is formed spontaneously,
and, eventually, the corrosion resistance is greatly improved. Furthermore, the addition
of corrosion-resistant elements such as Al, Nb, and W can also improve the corrosion
resistance of HEA films. Affected by grain refinement, the bonding force between metal
atoms and nitrogen atoms is stronger than that between metal atoms [12], and nitrides have
higher inertness and stability. Thus, the corrosion resistance of the S-HEN sample is better
than that of the S-HEA sample.
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5. Conclusions

The effects of TIAIMoNbW high-entropy alloy films and corresponding nitride films
on the mechanical properties and wear and corrosion resistance of CSS-42L bearing steel
were comparatively studied. The HEN film with excellent performance was obtained. The
conclusions are summarized below:

1. The films prepared by the TIAIMoNbW target have excellent mechanical properties.
Affected by the solid-solution strengthening effect and the saturated nitride phase,
the hardness, and modulus of the HEN film are higher than those of the HEA film,
increasing from 11.42 GPa and 233.1 GPa to 25.7 GPa and 313.6 GPa, respectively.

2. Benefiting from the high toughness nanoparticle-like FCC structure, lower surface
roughness, and formed nitride phase with high hardness of the HEN film, the friction
coefficient of the HEN film-coated samples is reduced from 0.73 to 0.57, and the wear
rate is decreased from 1.848 x 10~°> mm?3/(N-mm) to 0.376 x 10~> mm3/(N-mm).

3. Inthe neutral and acidic environments of this experiment, the HEN films have lower
Icorr and an order of magnitude lower corrosion rate than the CSS-42L steel substrate.
The corrosion rate is as low as 0.033 mpy and 28.151 mpy, respectively, indicating
that the presence of HEN films effectively improves the corrosion resistance of the
base steel.
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