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The (CrNbTiAIV)N, high-entropy nitride films were fabricated by adjusting nitrogen flow via magnetron
sputtering. The microstructure, mechanical, electrochemical and tribocorrosion performances of the films
were studied. The results show that the films transform from amorphous to nanocrystalline structure as
nitrogen flow increased. The nanocrystalline films show super hardness (> 40 GPa) and adhesion strength
(> 50 N). The amorphous film has a pretty anti-corrosion in static corrosion, while not in tribocorrosion
condition. The film deposited at nitrogen flow of 38 sccm exhibits the optimal tribocorrosion performance
in artificial seawater, with the highest open circuit potential (~ — 0.1 V vs. Ag/AgCl), the lowest friction
coefficient (~ 0.162) and wear rate (~ 748 x 10-7 mm3 N-! m~1).

© 2022 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &

Technology.

1. Introduction

Corrosion has always been a huge challenge faced by mankind
when exploring the ocean, which will cause the loss of a large
number of metal materials and waste of resources [1,2]. The in-
vention of materials such as stainless steel and titanium alloy has
significantly improved this problem, due to their excellent passi-
vation film forming ability [3-6]. However, when these materials
are designed as mechanical components and used in seawater en-
vironments, the passive film is easily damaged, and then further
accelerates corrosion under the coupling of wear and corrosion
[7-9]. Thus, surface coating technology is proposed to simultane-
ously improve the corrosion and tribological properties of mechan-
ical parts. Common coating technologies mainly include organic
paints [10,11], spraying [12-14], electroplating [15] and vapor de-
position [16]. Among them, the prepared coating via vacuum va-
por deposition has a compact structure and good tribological prop-
erties, which is suitable for the surface protection of mechanical
moving parts in the marine environment [17,18].
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Recently, the high-entropy alloy nitride films/coatings
(HENFs/HENCs) prepared by vacuum vapor deposition, have
become the focus of research, which not only show similar ex-
cellent properties with bulk high-entropy alloys (HEAs), but even
better than them in some properties [19-24]. Up to date, it has
been reported that HENFs have many excellent performances,
including anti-corrosion and wear resistance, suggesting a good
application prospect in tribocorrosion conditions [25-29]. Chen
et al. [30] researched the effect of nitrogen content (Ry) on the
electrochemical properties of VAITiCrMo coatings, and the results
showed that the corrosion resistance of the coating was enhanced
by the increase of Ry. Hsueh et al. [31] demonstrated that the
electrochemical performances of (AICrSiTiZr)go.xNx coatings were
synergistically affected by substrate bias and nitrogen flow. The
mechanical performances in HENFs have also been widely in-
vestigated. Feng et al. [32] discovered that the (CrNbTaMoV)N
nitride coatings had a lower friction coefficient and wear rate than
CrNbTaMoV metallic coatings. Ren et al. [33] investigated that
the (AICrMoZrTi)N nitride films showed better friction and wear
performance than (AICrMoNiTi)N, due to Zr element as a strong
nitride forming element.

In this study, considering the strong nitride forming elements
[34], five mental elements are selected to synthesize (CrNbTiAIV)N
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Table 1
The details of the process parameters.
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Process Deposited films
parameters Pre-cleaning
Cr HEFNs
Current (A) 0.4 4.5 4.5 45 4.5 4.5 4.5
N, flow (sccm) 0 0 0 8 18 38 58
Ar flow (sccm) 18 18 18 18 18 18 18
Working Pressure (Torr) 2.5 x 1073 25x 1073 25x103 26x103 32x103 41x103 51 %1073
Bias (V) — 450 - 60 - 126 - 126 - 126 - 126 - 126
Time (min) 30 8 240 240 240 240 240
(a) (b)
Load
i
WE Reclpmcatm WE
CE RE
RE
Solution
Solution
Counterpart
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Fig. 1. Schematic diagram of (a) static electrochemical test setup and (b) the reciprocating tribocorrosion device.

films, in the expectation of obtaining good mechanical and tri-
bological property. Meanwhile, the doping Cr, Ti and Al elements
can promote the formation of passivation film, which is helpful for
improving its anti-corrosion. However, there is little research on
the anti-corrosion and wear resistance of (CrNbTiAIV)Ny films.
Moreover, previous reports mostly focused on the single wear or
corrosion property, and few studied the tribocorrosion coupling
behavior of the HENFs. Therefore, (CrNbTiAIV)N, films are fabri-
cated using Cr-Nb-Ti-Al-V splicing target via magnetron sputtering
(MS) method. The microstructure, mechanical and tribological per-
formances of films are tuned via changing nitrogen flow. The influ-
encing factors of the (CrNbTiAIV)Ny films in static electrochemical
and dynamic tribocorrosion conditions are discussed.

2. Experimental details
2.1. Film deposition

The (CrNbTiAIV)Ny films were successfully fabricated on AISI
440 C steel (high-carbon high chromium martensitic stainless, with
a size of ® 25 mm x 4 mm) and silicon wafer (20 mm x 20 mm)
substrates using MS method. Two kinds of sputtering targets, pure
Cr and CrNbTiAlV splicing target were applied. To remove oil stain
and impurities, all substrates were successively cleaned by ultra-
sonic in petroleum ether and ethanol for ~15 min. After then, the
substrates were fixed on a rotated holder. When the pressure of
the vacuum chamber is lower than 3 x 10> Torr, the process can
be operated. Before deposition of the films, the low-energy Ar™ ion
bombardment was applied to the samples for 30 min to eliminate
the oxides. In order to increase the adhesion of the film to the sub-
strate, an interlayer of Cr (~ 150 nm in thickness) was deposited
for 8 min. Subsequently, the HEFNs were prepared at 0 sccm, 8
sccm, 18 sccm, 38 sccm and 58 sccm, namely SO, S8, S18, S38,
S58, respectively. No additional heating source was provided for
the substrate during deposition. The process parameters for prepar-
ing the films are shown in Table 1.

2.2. Film characterization

The elemental distribution of (CrNbTiAIV)N films was assessed
by EDS (UltraDry). Investigating the effect of nitrogen flow rate on
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the cross-section and surface morphologies of films, FESEM (JSM
7610 F) was used. The GIXRD (Bruker D 8 Advance) was used to
detect the crystal structure of films. The grazing incident angle and
scanning range were set at 1° and 20° to 80°, respectively. Nano
Indenter (Agilent XP) was applied to measure the hardness and
Young's modulus of films. Avoiding the adverse impact of the sub-
strate on the measured data as much as possible, the indentation
depth was set as 100 nm. A scratch tester (MFT 4000, China) was
applied to evaluate the adhesion between film to substrate. The
loading rate and the termination load are 80 N/min and 100 N, re-
spectively. The surface curvature of films was investigated by the
film stress tester (FST 1000), and converted to residual stress o via
the Stoney equation:
2
B )
—v6d R, Ry

where v and E are referred to the Poisson ratio and Young’s mod-
ulus of the AISI 440 C steel, respectively. t and d are defined as
the thickness of the substrate and film in turn. R; and R, are the
curvatures of substrate and film in order.

2.3. Corrosion and tribo-corrosion tests

The corrosion tests of (CrNbTiAIV)Ny films were performed in
artificial seawater at room temperature using the electrochemi-
cal station (CS 350, China). The artificial seawater is simulated by
3.5 wt.% NaCl solution. The diagram of the static electrochemical
setup is shown in Fig. 1(a). In this diagram, the saturated calomel
electrode (SCE) is connected to the reference electrode (RE) termi-
nal and the platinum sheet (Pt) is connected to the counter elec-
trode (CE) terminal. The experimental sample is acted as the work-
ing electrode (WE). In the subsequent polarization measurement,
the electrode area, potential scanning range and speed were set
as 1 cm?, — 0.6 V to + 1.2 V (vs. OCP) and 1 mV/s, respectively.
Fig. 1(b) shows the schematic diagram of the tribocorrosion device
(MFT—EC 4000, China). The electrochemical system was composed
of a saturated Ag/AgCl, a graphite and the film sample. The Al,03
ball (® 6 mm) was acted as the friction pair. The applied load,
the sliding frequency and the unidirectional slide length were 5 N,
0.1 Hz and 5 mm, respectively. The evolution of OCP and friction
value were recorded for 50 min. The tribo-corrosion test was di-
vided into three stages, including soaking for 10 min, sliding for


Guest AAA
高亮

Guest AAA
高亮


C. Zhang, X. Lu, C. Wang et al.

Journal of Materials Science & Technology 107 (2022) 172-182

(b)

Sample So S8 S18 S38 SSs8
. -
£ 251 [+ T"::I":)‘“ 160 137 073 067 074
EE \
204
£ 20 o
-
@
=
= 154
=
S
E 10
= 104
S *
o
Y - . . . .
SO0 S8 S 18 S 38 S 58
N, flow

Fig. 2. Element compositions (a), and deposition rate (b) of the (CtNbTiAlV)N, high-entropy films as a function of N, flow.

30 min, and passivation for 10 min. The 3D profiles of wear track
and wear volume loss were obtained using the three-dimensional
profiler (MicroXAM 800, America). The FESEM and EDS were uti-
lized to measure the wear morphologies and elements distribution.
All the corrosion and tribo-corrosion tests were conducted at least
twice for confirming the repeatability. The wear rate (Wg) is de-
fined as the volume worn per unit load per unit length and its
calculation formula is as follows:
Vr

= NI (2)
where V7 is the total volume loss, N and L are the applied load and
total sliding distance, respectively.

Wr

3. Results and discussions
3.1. Element compositions and deposition rate analysis

Fig. 2(a) depicts the elemental composition of (CrNbTiAIV)Ny
films. Clearly, as for CrNbTiAlV metallic film, the concentration of
Cr, Nb, Ti, Al and V is 31.2 at.%, 22.1 at.%, 14.5 at.%, 16.7 at.%, and
15.5 at.%, respectively. Although the composition of five metal el-
ements is different, all of them are within the scope of 5 at%
— 35 at%. In other words, it is doable to fabricate high-entropy
films. The nitrogen content of nitride films increases and reaches
40.2 at.% at nitrogen flow of 58 sccm. In addition, it should be
particularly pointed out that the content of Cr among metal ele-
ments is high, which may be attributed to its high sputtering rate
and strong binding ability with nitrogen [35,36]. Fig. 2(b) displays
the change in deposition rate of (CrNbTiAIV)Ny films as nitrogen
flow. It is observed that there is a decrease in deposition rate from
24.39 nm/min of SO to 735 nm/min of S38. According to previ-
ous studies [28,30], the reason for the decrease of deposition rate
with the increased nitrogen flow can be explained from the fol-
lowing two perspectives. On the one hand, as the nitrogen flow
increases, the probability of collisions between argon ions and ni-
trogen molecules in the process of bombarding the target material
increases, resulting in a decrease in the energy of the argon ions,
thereby reducing the deposition rate of the film. Another possible
reason is that some nitrides are formed on the target surface, es-
pecially in high nitrogen flow, which will hinder the sputtering of
metal elements. This phenomenon is also vividly known as “target
poisoning”.

3.2. Microstructure and phase formation analysis

Fig. 3 presents the cross-sectional and surface morphologies
of (CrNbTiAIV)N, films. The smooth surface and dense cross-
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sectional morphology, as shown in Fig. 3(a) and (f), are observed in
CrNbTiAIV high-entropy metallic film, which is similar to the amor-
phous structure. With the addition of nitrogen, the deposited film
gradually changes into a typical columnar structure (Fig. 3(g, h)).
Meanwhile, the surface particles gradually transform from sharp
(Fig. 3(b, c)) to dome (Fig. 3(d, e)), which may be related to the
competitive growth of crystals [37]. As seen from Fig. 3(k), the
thickness of Cr interlayer is about 150 nm. There is a decrease in
the film thickness as increasing nitrogen flow. S38 has a denser
structure with a minimum thickness of 0.67 pum (Fig. 3(i)). The
thickness of the film is proportional to the deposition rate. With
the increase of nitrogen flow, the decrease of the film thickness is
mainly attributed to the continuous decrease of argon ions energy
and target poisoning discussed above.

Fig. 4 shows the XRD patterns of (CrNbTiAlV)N, high-entropy
films deposited under different nitrogen flows. SO sample has a
broadly diffuse scattering peak in the range of 35° — 45°, indicating
the existence of an amorphous phase. With the addition of nitro-
gen flow, the diffraction peaks of (111), (200), (220), (311) belonged
to face-centered cubic (fcc) structure are displayed in the XRD di-
agram. The (111) preferred orientation is detected in (CrNbTiAIV)N
nitride films, which is consistent with the results of most high-
entropy nitride films reported, such as (VAITiCrMo)N, (AICrMo-
TaTi)N and (AICrTaTiZr)N [30,38,39]. For the fcc structure, (111) is
the optimal densely arranged plane with the lowest strain energy,
which is conducive to the formation of (111) preferred orientation
in competitive growth. Besides, the diffusion of metal atoms on
(111) is much more difficult than that of (200), because (111) has
three N backbonds of metal compared to one of (200) [40]. There-
fore, all the nitride films show a (111) preferred orientation.

Clearly seen that the intensity of the diffraction peaks, espe-
cially (111) plane, is significantly changed by nitrogen flow. The
films deposited under low nitrogen flow (e.g., S8, S18) have a high
intensity of diffraction peaks, while the films at high nitrogen flow
(e.g., S38, S58) show a lower intensity. A high deposition rate at
low nitrogen flow promotes the rapid growth of grains, thus show-
ing a strong diffraction peak in the XRD pattern. The increase in
lattice distortion and grain refinement under high nitrogen flow
are considered as the main reasons for the weakening of diffraction
peak [41]. Table 2 lists the relative intensity of diffraction peaks
and average grain sizes of (CrNbTiAIV)N films. The largest lattice
constant of 4.32233 A and the smallest grain size of 11.74 nm are
measured to S38, resulting in a maximum weakening effect. There-
fore, S38 has a lower intensity of diffraction peaks.

Additionally, only fcc structure is observed in the XRD pattern,
implying that the solid solution structure instead of intermetallic
compound is easily obtained in HEFNs, which is consistent with
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Fig. 3. SEM cross-section and surface morphology of (CtNbTiAlV)N, high-entropy films deposited under different nitrogen flows: (a, f) SO; (b, g) S8; (c, h) S18; (d, i) S38; (e,
j) S58; (k) high magnification SEM image of S38 (in order to improve the resolution of the image, the sample was sprayed with gold for 60 s in advance).

Table 2

Relative intensity of diffraction peaks, average grain sizes and lattice constant of (CrNbTiAIV)N, films.

Relative intensity

Average grain size (nm) Lattice constant (A)

Sample

P a1 (200) (220) (311)
58 216 41 24 5 12.41 426015
518 680 152 182 28 14.05 431748
538 25 5 7 - 11.74 432233
$58 114 8 35 9 1330 430363

the phase formation of HEAs [42]. The atomic radius difference (§)
and the mixing entropy (ASy,;x) of multi-principal systems are de-
termined by the following formulas:

(3)

n
ASmix= —R>_cilng; (4)
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where r; was the atomic radius, ¢; was the atomic ratio of the el-
ement, 7 = Y[, ¢;r; was the average atomic radius, and R is the
gas constant (8.314 | mol~! K-1). Table 3 presents the atomic ra-
dius of each element. The values of AS,;, and & of (CrNbTiAIV)Ny
deposited at different nitrogen flows are listed in Table 4. As for
the sample SO, the AS.;, is 13.01 k] mol~! (> 1.5R), correspond-
ing to the definition of high entropy alloy proposed by Yeh et al.
|43]. At present, there is no systematic explanation about the for-
mation phase of high-entropy thin films. But according to Zhang’s
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Fig. 4. XRD patterns of (CrNbTiAIV)Ny films deposited under different nitrogen
flows.

Table 3
The radius of elements in (CrNbTiAIV)N, system.
Element Cr Nb Ti Al \Y N
Radius(pm) 1249 1429 1462 1432 1316 75
Table 4

The nitrogen content, § and AS,,; value of the (CrNbTiAIV)Ny
high-entropy films at different N, flows.

N, flow N content (at.%) & (%) ASpix (k] mol~1)
SO 0 6.41 13.01

S8 29.8 2442 11.25

S18 314 24.51 10.52

S38 35.7 25.64 10.13

S58 40.9 27.04 9.88

study [44], it has been reported that the § forming fcc structure
is about 23% in (Alg5CrFeNiTig 25)Nx nitride films. In our study, the
value § of FCC phase formed in (CrNbTiAIV)N system is similar to
the results mentioned above.

3.3. Mechanical performances of the films

Fig. 5(a) depicts the change in residual stress (o) of
(CrNbTiAIV)Nx high entropy films at different nitrogen flows.
Clearly seen that all the films present compressive stress. Among
them, the CrNbTiAlV metallic film has the lowest o of — 2.35 GPa.
Following as the increasing nitrogen flow, the o elevates continu-
ously and peaks at 38 sccm with a maximum value of — 6.55 GPa.
The variation in o is considered to be caused by the increase
of nitrogen and the effect of ion bombardment during deposition
[41]. Fig. 5(b) describes the evolution in hardness and modulus of
(CrNbTiAIV)Ny films. The hardness of CrNbTiAlV metallic film is
around 17.46 GPa, which is relatively higher than some bulk HEAs,
due to its amorphous structure without dislocations for slipping
[41]. Subsequently, the hardness of films is enhanced obviously
with the increasing nitrogen flow, and peaks the maximum value
of 49.95 GPa at 38 sccm.

The grain size decreases and the lattice constant increases with
the increase of nitrogen flow. As shown in Table 2, S38 has the
smallest grain size of 11.74 nm and the largest lattice constant of
432233 A. The grain refinement and lattice distortion effect will
synergistically improve the hardness of S38. In addition, from the
perspective of magnetron sputtering film [45,46], the residual com-
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pressive stress caused by ion bombardment can also enhance its
mechanical properties, namely defect hardening. S38 has the max-
imum residual compressive stress of -6.55 GPa (Fig. 5(a)), pro-
moting a more compact structure (Fig. 3(i)). Based on the above
analysis, the effect of solid-solution strengthening, finer grain-size
strengthening, residual compressive stress and compact structure
hardening can synergistically enhance the hardness of S38. There-
fore, S38 has the highest hardness. However, the hardness of the
film decreases when the nitrogen flow is further increased to 58
sccm, indicating the deterioration of mechanical properties. This
decrease may be attributed to the decrease in residual compressive
stress, the formation of loose structures, as well as the increase in
grain size under high nitrogen flow.

Fig. 5(c) depicts the load—displacement curves of films fabri-
cated at various nitrogen flows. All curves are divided into two
parts, namely plastic deformation area and elastic recovery area,
which are respectively marked in the figure. Compared with the
SO sample, the other samples have a narrower plastic deformation
area, which means that the nitride films own better resistance to
plastic deformation. The doping of nitrogen increases the hardness
and shear strength of film, thus improving its deformation resis-
tance. Fig. 5(d) shows the H/E and H3/E2 ratio of the films at dif-
ferent nitrogen flows. S38 sample has the highest H/E value of 0.13
and H3/E2 of 0.88, possibly attributed to its compact microstruc-
ture. The ratio of HJE is defined as the energy absorbed by the film
before failure, and the H3/E? is an index that characterizes the abil-
ity of the film to resist plastic deformation [47,48]. A high value of
H/E is usually expected to have good cracking resistance and ex-
cellent wear resistance. This prediction will be validated in the fol-
lowing tests.

Fig. 6(g) presents the scratch morphologies of (CrNbTiAIV)Ny
films prepared at different nitrogen flows. It can be seen that two
failure methods are recognized, which refer to the appearance of
circumferential crack (labeled as L¢q) and the exposure of substrate
(labeled as L), respectively. The Lc; and Lc, of experimental films
are marked in Fig. 6(a-e). The worn-through resistance of the film
is related to the value of Lc,, which is defined as the adhesion
strength of the film. Fig. 6(f) shows the adhesion L, of experimen-
tal films. SO sample has the lowest L, of 24.95 N, while S18 sam-
ple possesses the highest L, of 71 N, indicating that the adhesion
strength of the film to substrate is improved obviously by nitriding.
As shown in Fig. 6(g), no significant signature of Lc; is observed,
and a large area spalling of the film is formed under continuous
load (zone marked as a and b in SO sample). With increasing ni-
trogen flow to 8 sccm, the L¢, greatly goes up to 54.15 N. However,
the wide circumferential cracks and severe transverse propagation
are shown in zone c of S8, while some brittle peelings are formed
on the scratch edges of zone d. This is mainly due to the increase
in hardness and brittleness of the film after nitriding. For S18 sam-
ple, only tiny circumferential cracks are observed such as zone e,
and no obviously brittle spalling appears on the scratch edges, im-
plying that the crack propagation can be effectively restrained with
an appropriate nitrogen flow. Actually, excessive residual stress will
lead to a decrease in the adhesion of the film. As the further incre-
ment of nitrogen flow, the slight propagation and brittle spalling
appear again in S38 and S58 samples (marked as zone f, h, g and
i). Meanwhile, the adhesion strength decreases somewhat. Even so,
as shown in Fig. 6(f), the L. value of S38 is still at a high value of
about 53.35 N.

3.4. Electrochemical performances of the films

The corrosion resistance of substrate and (CrNbTiAIV)Ny
films are assessed under static electrochemical measurements.
Fig. 7 illustrates the polarization curves of the substrate and
(CrNDbTiAIV)N, films at different nitrogen flows. The fitted param-
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Fig. 5. The residual stress (a), hardness and elastic modulus (b), load—displacement curves (c) and H/E and H3[E? (d) of (CrNbTIiAIV)N, films deposited under different

nitrogen flows.

Table 5
The electrochemical parameters fitted from the polarization curve by Cview
software.

Sample Ecol‘l’ (VSCE) Epit (VSCE) icorr (FLA/CmZ) Rcorr (/‘Lm/PY)
SO -0.344 0.833 0.038 0.44
S8 -0.227 - 0.019 0.23
S18 —-0.509 0.666 0.344 4.05
S38 —0.091 - 0.015 0.18
S58 —0.427 0.811 0.271 3.19
Substrate  —0.597 0.423 0.337 3.96

eters are collected in Table 5, including corrosion potential (Ecorr),
corrosion current density (icorr), pitting potential (Epit) and corro-
sion rate (Rcorr). Generally, the higher Ecorr and smaller icor Suggest
a better corrosion resistance [49]. Compared with the substrate, all
the films show a more positive Ecorr, Which indicate a lower cor-
rosion tendency. For SO sample, its uniform amorphous structure
can slow down the penetration of chloride ions, thereby improving
its corrosion resistance [50,51]. But pitting occurs at higher anodic
polarization potential. The texture of the film is transformed into
a columnar structure (such as Fig. 4(h)) at low nitrogen. The in-
troduction of grain boundaries will provide a fast channel for chlo-
ride ion diffusion and accelerate corrosion to a certain extent. But,
the introduction of nitrogen also increases the chemical inertness
of film and improves its corrosion resistance [52]. Thus, when the
high-entropy film is properly nitride (such as S38) and has a dense
nanocrystalline structure, it is expected to have the best electro-
chemical performance. As shown in Table 5, the pitting potentials
increase from 0.423 V of the substrate to 0.833 V of SO, and no
pitting potential is observed for S8 and S38 in the same range
of potentiometric scanning, implying their excellent resistance to
the penetration and pitting of Cl~. Furthermore, the value of icorr
shows a reduction from 0.344 pA/cm? of S18 to 0.015 uA/cm? of
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S38, suggesting that the S38 is supposed to own the best corrosion
resistance.

3.5. Tribocorrosion performances of the films

Generally, the change of OCP will offer the qualitative feature of
electrochemical reactivity on film surface [53,54]. The variation of
OCP with testing time in the soaking, sliding, and passivation zone
of the substrate and (CrNbTiAIV)Ny films is illustrated in Fig. 8(a)
(top). In the soaking area, all the samples show a relatively stable
open circuit potential. Moreover, compared with the OCP of other
samples, the SO and S38 possess the higher value of — 0.17 V and
— 0.11 V, respectively. As seen in Fig. 8(a), the total sliding process
is divided into three zones (I, II and 1II). When a load of 5 N is
applied, the OCP of all these samples shows a downward trend to
varying degrees in the initial stage of zone I, which is ascribed to
the initial damage in the passive film with the mechanical sliding,
and the fresh bare layer with higher reactivity [55,56]. However,
two distinct tribocorrosion behaviors are clearly observed for the
film with and without nitrogen, respectively. For SO sample, the
sharp drop and fluctuation of OCP are observed in zone I, which
is related to its poor mechanical performance. In the subsequent
reciprocating friction stage, the passivation film is continuous dis-
solution and formation, resulting in the ups and downs of OCP in
zone II. Eventually, the dissolution and formation rate will reach
a dynamic equilibrium [57], thus the relatively stable OCP is ob-
tained in zone III. After the sliding stops, the OCP gradually rises
and then stabilizes, corresponding to the re-passivation effect in
the absence of the load [58]. In contrast, the OCP of nitride films
has only a slight change during the entire sliding process. Due
to the doping of nitrogen, the chemical inertness of the film is
increased, thus reducing the sensitivity of wear to OCP. Fig. 8(c)
shows the enlarged view of OCP and COF changes for S58 and the
substrate. It can be seen that when loading (such as Fig. 8(c-1)),
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Fig. 6. The experimental curves (a: SO, b: S8, c: S18, d: S38, e: S58), adhesion L¢, (f) and scratch morphologies (g) of (CrNbTiAIV)N, high-entropy films deposited under
different nitrogen flows using a scratch tester with a diamond indenter (loading rate and termination load are 80 N/min and 100 N, respectively).

the friction coefficient of substrate and nitride film samples grad-
ually increases, and OCP decreases, and the fluctuation of the for-
mer OCP is larger. When the friction coefficient is stable (such as
Fig. 8(c-2)), the OCP of the nitride film is more stable than that
of the substrate. When unloading (such as Fig. 8(c-3)), the COFs
both gradually tend to zero. Compared to the substrate where OCP
gradually rises, the OCP of nitride film remains stable, which may
be attributed to the surface chemical inertness. In a word, the sur-
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face chemical state of the nitride film is better than that of the
substrate.

Fig. 8(a) (bottom) represents the COFs of the substrate and
(CrNbTiAIV)Ny films during tribocorrosion tests in artificial seawa-
ter. The running-in and stabilization period are distinguished in the
sliding process. Clearly seen that the COF increases first and then
decreases gradually in the running-in stage, which is related to the
film’s roughness and the contact stress with friction pair. Moreover,
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Fig. 7. The potentiodynamic polarization curves of the substrate and (CrNbTiAIV)N,
films at different N, flows in artificial seawater at room temperature.

the change of COF is also affected by the surface morphology of
wear track [59]. For SO sample, a violent fluctuation in COF is also
observed, which is probably caused by the formation of wear de-
bris accompanying the reciprocating motion [60]. Compared with
S0, the nitriding films have a mild friction process. Fig. 8(b) (right
axis) records the COF of films under the stable friction stage. Ob-
viously, the SO has the highest COF of 0.753, which is more than
twice that of the substrate, indicating its relatively poor tribocor-
rosion performance. In contrast, due to the formation of dense mi-
crostructure, the COF of the nitride films gradually decreases and
reaches the minimum value of 0.162 at 38 sccm.

To further analyze the wear mechanisms of (CrNbTiAIV)N, high-
entropy nitride films, Fig. 9 shows the three-dimensional profiles,
SEM and EDS results of wear tracks, respectively. As presented
from Fig. 9(a-e), SO has the widest wear track width of 0.53 mm,
followed by the substrate of 0.33 mm. Among the nitride films,

(a) Sonking | Sliding [Passivation

——s8 —— =S8
- $38 Substrate -

—— S0

——§38 —

COF
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S38 shows the smallest wear track width of 0.06 mm. A num-
ber of pitting pits appear along the edge of the wear track in
Fig. 9(f), resulting in that the substrate obtains a low OCP value
in the tribocorrosion test. As listed in Table 6, the EDS result re-
veals that Cr, Cl, O and Fe elements are found at points 1 and 2.
Compared with the substrate, serious furrows and lots of corrosion
products are observed across the total surface of wear track for SO.
Due to the furrow effect and rough surface, SO exhibits poor tri-
bological properties, as the friction coefficient increases and fluc-
tuates dramatically. In Fig. 8(b), SO shows the highest wear rate
of 1.78 x 104 mm3 N-! m~!, which is one order of magnitude
larger than that of the substrate. Furthermore, a small amount of
Fe element is detected at point 3, indicating that the film has been
partially worn through. As for the nitride films, the wear rate is
significantly reduced because of their improved mechanical prop-
erties the addition of nitrogen. Among them, S38 has the lowest
wear rate of 748 x 107 mm3 N-! m~! (like Fig. 8(b)). S18 and
S58 are considered as the film prepared under low and high nitro-
gen elements, respectively. For S18, the columnar growth texture
of the structure may become the diffusion channel of the corrosive
media, so some pitting pits appear on the wear track (Fig. 9(h)).
Under the action of friction, these pitting pits will be further dam-
aged, or even worn through to the substrate. The Fe element de-
tected in EDS results of point 4 supports this hypothesis. The spal-
lation and corrosion pits are detected on S58 (Fig. 9(j)), which will
accelerate the corrosion of the material, showing a decrease in OCP
value and an increase in wear rate. In contrast, without obvious
corrosion defects are found from SEM image of Fig. 9(i), indicating
its excellent tribocorrosion performance in artificial seawater. The
compact and smooth surface of wear track can not only hinder the
penetration of corrosive media but also keep its friction coefficient
at a low value.

Fig. 10 depicts the schematic of the static corrosion and tri-
bocorrosion mechanism of (CrNbTiAlIV)Ny high-entropy films un-
der different work environments. As mentioned above, SO sam-
ple has an amorphous structure, and S38 sample presents a com-
pact nanocrystalline structure. In the static corrosion condition, the
amorphous structure without grain boundary is favorable for the
improved anti-corrosion of film. However, due to the heteroge-
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Fig. 8. The evolution of open circuit potential and coefficient of friction in the soaking, sliding, and passivation (a, c), the wear rate and COF (b) of the substrate and
(CrNbTiAIV)N, films in artificial seawater, and the enlarged view of S58 and substrate in loading, stabilizing and unloading stages (c-1, c-2, c-3).
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Fig. 9. Three-dimensional profiles, SEM, EDS of wear tracks obtained from the steel substrate (a, f, k) and SO (b, g, 1), S18 (¢, h, m), S38 (d, i, n), S58 (e, j, o) films after

tribocorrosion test.

neous chemical composition, the electrode surface may have high
chemical active sites, which may further form pitting pits under
the erosion of chloride ions. Following as nitrogen flow increased,
the chemical inertness of S38 sample is significantly enhanced. At
the same time, the compact nanocrystalline structure can effec-
tively hinder the penetration of chloride ions. These factors to-
gether make S38 sample present a nobler corrosion resistance. The
importance of mechanical performances has to be considered un-
der tribocorrosion condition. The amorphous film with poor me-
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chanical properties has a severe material loss and the cracks will
provide a fast channel for the diffusion of chloride ions. Mean-
while, the furrows and debris on the wear tracks will increase
its COF value. In contrast, S38 sample presents the best compre-
hensive mechanical properties, such as the highest hardness and
excellent adhesion strength. Additionally, the dense and relatively
smooth surface not only hinders the penetration of the corro-
sive media but also makes the friction coefficient quickly stabi-
lize at a low value. With the above analysis, S38 sample with the
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Table 6
EDS results of selected points on the wear track after the tribocorrosion tests (at.%).
Sample  Point Cr Nb Ti Al \Y N Cl 0] Fe
Substrate 1 24.9 - - - - - - - 75.1
2 234 - - - - - 0.3 12.7 63.6
S0 3 8.8 121 84 149 31 - 1.1 399 117
S18 4 1.7 - - - - - - 213 77.0
5 224 9.0 83 119 13 43.7 0.2 3.1 -
S38 6 258 9.0 81 7.1 98 402 - - -
S58 7 - 7.1 - 4.7 - - - 86.5 -
8 26.6 9.6 6.9 9.6 - 47.3 - - -

i Nitrogen-free

Tribocorrosion condition

Nitrogen-free

P Artificial seawater

B substrate
[0 Crinterlayer

Oxide layer

Compactness 1
Chemical inertness 1

Nasscrritaiing | Amorphous structure

Nanocrystalline structure
Nitrogen-doping :

Nanocrystalline

rogen-doping

Fig. 10. Schematic of the static corrosion and tribocorrosion mechanism of (CrNbTiAIV)N, high-entropy films under different work environments.

compact nanocrystalline structure exhibits the best tribocorrosion
performance by controlling nitrogen flow.

4. Conclusions

This work aims to tailor the microstructure, mechanical and
tribocorrosion performance of (CrNbTiAIV)Ny high-entropy nitride
films deposited on AISI 440C steel by controlling nitrogen flow via
MS method. Through the microstructure and mechanical proper-
ties testing, the reasons for the difference between electrochemical
and tribocorrosion behavior of the films under static and dynamic
conditions were analyzed. From the experimental results obtained,
the main conclusions are as follows:

(1) The CrNbTiAIV high-entropy metallic film has an amorphous
structure, while the (CrNbTiAIV)N film has a nanocrystalline
structure with the single fcc phase. With the introduction of
nitrogen, some nitrides are formed, which have a similar fcc
structure. Meanwhile, the mixing of multiple principal ele-
ments reduces the free energy and promotes the formation
of a simple solid solution.

(2) The mechanical performances of (CrNbTiAIV)Ny films are im-
proved by nitrogen doping. Among these films, S38 has the
highest hardness of 49.95 GPa and the largest residual com-
pressive stress of — 6.55 GPa. The scratch testing shows that
the nitride film has better adhesion of the film to the sub-
strate. However, the adhesion will deteriorate with excessive
residual stress (> — 6 GPa).
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(3) In the static condition, the SO sample exhibits better corro-
sion resistance compared with the substrate, which is at-
tributed to the fact that the amorphous structure reduces
the formation of the corroded microcell. The non-metallicity
of the film is improved by the addition of nitrogen. Among
nitride films, S38 sample shows the best electrochemical be-
havior with the most positive Ecorr, the lowest icorr and the
widest passivation region.

In the dynamic condition, the surface chemical state of the
film is destroyed with an applied load. Due to the large wear
loss, the OCP of the amorphous film has a sharp drop, and
the furrow and debris on the wear track surface increase
its friction coefficient. In contrast, nitrogen doping reduces
the sensitivity of wear to OCP. Nanocrystalline films exhibit
smaller wear loss, lower COF and smaller fluctuation of OCP.
In conclusion, the S38 sample has comprehensive mechan-
ical properties, excellent electrochemical and tribocorrosion
performance in artificial seawater.
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