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Abstract: CrN, CrTiN, and CrTiBN coatings were deposited onto 316 stainless steel substrates using
multi-arc ion plating techniques. Their morphology, microstructures, friction performance, and corro-
sion resistance in simulated seawater were systematically characterized. After being analyzed with
X-ray diffraction, X-ray photoelectron spectroscopy, and scanning electron microscopy, the results
revealed that CrN coatings had a primary face-centered cubic CrN structure. Following the addition
of Ti and B elements, CrTiBN coatings exhibited a cross-sectional structure with hexagonal TiB; and
amorphous BN, displaying the most compact structure. Electrochemical impedance spectroscopy
tests indicated that CrTiBN coatings had the highest polarization resistance, the highest phase angle,
and the widest frequency range. During electrochemical polarization curve tests, CrTiBN coatings
displayed a corrosion potential of 0.11 V, a polarization resistance of 2470 kQ-cm?, and a minimal
corrosion current of 1.94 x 1078 A/cm?, demonstrating outstanding corrosion resistance. The results
from the friction tests indicated that CrTiBN coatings exhibited the lowest friction coefficients of 0.16
and wear rates of 8.18 x 1077 mm3/Nm. Insights gained from electrochemical friction—corrosion
tests revealed that CrTiBN coatings maintained the highest Open Circuit Potential (OCP) throughout
the corrosion and friction process. In summary, the introduction of Ti and B has clearly enhanced the
friction and corrosion resistance properties of CrTiBN coatings in comparison to CrN coatings.

Keywords: CrTiBN coatings; corrosion resistance; wear mechanism; artificial seawater

1. Introduction

In the midst of the rapid expansion of the maritime economy, the necessity to enhance
the corrosion resistance and wear resilience of marine engineering equipment in seawater
environments is progressively escalating [1-3]. Marine engineering equipment operates
within marine environments for extended durations, enduring the dual impacts of fric-
tion and corrosion, resulting in equipment malfunction and profoundly jeopardizing its
longevity and safety [4]. Among the materials used for marine engineering equipment,
316 stainless steel plays a pivotal role due to its cost-effectiveness, satisfactory mechanical
properties, and corrosion resistance, making it widely adopted. Nonetheless, studies indi-
cate that 316 stainless steel is prone to substantial degradation and failure in high-chloride
corrosive solutions due to the alternating interplay between electrochemical corrosion and
mechanical wear [5-7]. In order to augment the anti-wear and corrosion-resistant properties
of equipment materials without altering the substrate’s fundamental characteristics, the ap-
plication of protective coatings on material surfaces through diverse deposition techniques
is a viable approach. Thanks to their outstanding attributes in terms of oxidation resistance,
wear resistance, and corrosion resistance, CrN coatings have been extensively employed
for the protection of surfaces on maritime equipment [7,8]. Nonetheless, CrN coatings are
characterized by a microstructure featuring coarse-grained columnar crystals, rendering
them susceptible to the intrusion of chloride ions from seawater through intergranular gaps,
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thereby instigating substrate corrosion [9]. A comprehensive study of the friction—corrosion
behavior and mechanisms of these coatings in marine corrosive environments will offer
both experimental and theoretical support for the utilization of engineering equipment
under challenging marine conditions.

In the quest of creating enduring protective coatings, researchers have dedicated efforts
to fabricating ternary or multi-component CrN coatings [10]. In practical investigations,
a common approach involves incorporating metallic elements (such as Ti, Al, V) [11-14]
or non-metallic elements (such as Si, C, B) [15-20] into conventional binary CrIN coatings,
thus forming ternary or multi-component alloyed coatings that elevate resistance against
corrosion and wear [11-20].

The incorporation of Ti into CrN coatings effectively enhances their wear and cor-
rosion resistance, making them extensively utilized in the field of coating protection.
Zhang et al. [10] utilized medium-frequency magnetron sputtering to fabricate CrTiN
coatings and observed exceptional tribological performance of the coating during steel ball
sliding in ambient air. Moreover, Kong et al. [21] utilized unbalanced magnetron sputtering
to deposit CrTiN layers and discovered that replacing chromium atoms with titanium
atoms led to the creation of a solid solution, Cr;TixN, exhibiting superior corrosion resis-
tance compared to traditional CrN coatings. Despite the performance enhancement CrTiN
coatings offer to CrN coatings, the existence of columnar crystal structure defects could
potentially undermine their protective performance.

The addition of B elements to CrTiN coatings holds promise for mitigating inherent
flaws within the coatings, such as pinholes, droplets, and microcracks. This improve-
ment significantly highlights the potential benefits of enhanced corrosion resistance and
wear resistance [22,23]. Lu et al. [24] produced CrTiBN coatings by combining high-power
pulsed and medium-frequency magnetron sputtering. Their investigation revealed that
these coatings exhibited a dense microstructure and an exceptionally smooth surface.
The coefficients of friction and wear rates were remarkably low, measuring 0.46 and
2.06 x 107° mm?3/Nm, respectively, showcasing exceptional adhesion and wear resistance.
In contrast, Wang et al. [25] utilized magnetron sputtering techniques to create CrTiBN
coatings, successfully elevating the mechanical properties and resistance to high compres-
sive stress of CrN coatings. Yu et al. [26] produced CrTiBN coatings using a magnetron
sputtering technique, concurrently adjusting the concentrations of Ti and B within the
coatings. The results indicated that Cr-Ti-B-N coatings attained peak hardness and elastic
modulus values of 28 and 283.6 GPa, respectively. Moreover, the addition of Ti and B
elements significantly improved the friction and wear performance of the coatings when
compared to CrN coatings.

Although CrTiBN coatings have garnered some interest regarding magnetron sputter-
ing deposition and wear resistance, their corrosion behavior and tribocorrosion mechanisms
in artificial seawater solutions remain not entirely elucidated. To tackle this situation, the
current research employs the arc ion plating technique to deposition CrN, CrTiN, and
CrTiBN coatings. The current research comprehensively investigates their microstructure,
wear resistance, and corrosion resistance. Furthermore, a comprehensive analysis of the
failure mechanisms of the coatings is undertaken. This research has the potential to offer a
new experimental and theoretical foundation to better comprehend the behavior of CrTiBN
coatings in marine settings.

2. Experimental Details
2.1. Coating Deposition

CrN, CrTiN, and CrTiBN coatings were synthesized on the surfaces of 316 stainless
steel and single-crystal silicon utilizing multi-arc ion plating (AS510DTXB, Beijing Damp
Surface Technology Co., Ltd., Beijing, China). Cathode targets of 99.9% purity TiB2 alloy,
99.9% pure Cr, and 99.9% pure Ti were employed. The target bodies had dimensions of
®100 x 20 mm each, maintaining a minimum center-to-center distance of 200 mm between
the target and the substrate. The configuration of the deposition system is depicted in
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Figure 1. Prior to the coating deposition process, the single-side polished 316 stainless
steel and single-crystal silicon underwent a 20 min ultrasonic cleaning in acetone and
anhydrous ethanol, respectively. Ar gas (99.99 at.%) served as the working gas, while N,
gas (99.99 at.%) was used as the reactive gas. The chamber vacuum was evacuated to
3.0 x 1073 Pa, and the chamber temperature was raised to 350 °C at a rate of 5 °C/min and
maintained for 30 min. The primary deposition process is outlined as follows: (1) Etching
is conducted in an argon atmosphere to raise the chamber vacuum to 8.0 x 10~2 Pa. The
pulsed bias voltage is set to —800 V, and the substrate is etched for 15 min to eliminate
surface oxides and other adherents. (2) Deposition of the transition layer CrN/Cr occurs,
under a nitrogen atmosphere, the Cr target current is adjusted to 80 A, and the working
pressure is maintained at 2.0 Pa for a deposition duration of 10 min. (3) Deposition of the
CrTiBN layer occurs, under a nitrogen atmosphere, the Cr target current is adjusted to 80 A,
and the TiB2 target current is set to 70 A. The working pressure is maintained at 0.7 Pa, and
the deposition continues for 90 min.
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Figure 1. Schematic diagram of arc deposited coatings.

The deposition parameters for each coating are provided in Table 1.

Table 1. Deposition parameters of coatings.

Coatings Temperature/°C Current/A Pressure/Pa Current/A Pressure/Pa Time/min
CrN 350 80 2.0 80 1.0 90
CrTiN 350 80 2.0 80 1.0 90
CrTiBN 350 80 2.0 70 0.7 90

2.2. Characterization

The crystallographic structure of the coatings was examined through X-ray diffraction
(XRD) utilizing a Bruker D8 advanced X-ray diffractometer (Bruker, Karlsruhe, Germany;
Fallanden, Switzerland); X-ray photoelectron spectroscopy (XPS) was employed with an
ESCALAB 250Xi instrument (Thermo Fisher, Waltham, MA, USA) to examine the chemical
composition of the coatings; a Field Emission Scanning Electron Microscope (FE-SEM)
model JSM-7610F (JEOL, Tokyo, Japan) was employed to observe the surface, wear traces,
friction pair wear traces, and cross-sectional morphology of the coatings. The chemical
composition analysis was conducted using an energy dispersive spectrometer (EDS) sys-
tem, specifically NORAN System 7 (Thermo Fisher Inc., Waltham, MA, USA); the CMT-1
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friction and wear testing machine (CMT-1, Huahui Instrument Company, Lanzhou, China)
was utilized to measure the coefficient of friction of the coatings. Moreover, an optical
profilometer (Bruker Contour GT K 3D, Billerica, Middlesex, MA, USA) was employed to
examine the wear trace morphology of the coatings. The friction material utilized was a
4-mm-diameter SiC ball, which led to an 8 mm wear track diameter. The rotation speed was
held at a constant 5 m/min, and the friction process continued for a duration of 100 min.
The wear rate of the coating’s wear track was determined using Equation (1), and the wear
rate of the abrasive ball was calculated using Equation (2) [27]:

2ntrA

Wgp = FL (1)
td*

Wt = GARFL @)

In the equation, d represents the diameter of the abrasive wear track (mm); R stands
for the radius of the abrasive ball (mm); F denotes the applied load during the test (N);
L signifies the length of the sliding distance (m);  corresponds to the radius of the coating
wear trace (mm); and A represents the average worn area of the coating wear trace (mm?).

The electrochemical behavior of the coatings in artificial seawater was examined
using an electrochemical workstation (PGSTAT100N, AutoLab, Karlsruhe, Germany). The
artificial seawater composition adhered to the ASTM D1141-98 standard [28], with detailed
parameters available in Table 2. The electrochemical impedance spectroscopy (EIS) was
conducted under the open-circuit potential (OCP) mode with a sinusoidal perturbation of
10 mV and a frequency range from 10 mHz to 100 kHz. The potentiodynamic polarization
curve was scanned in the range of —1.0 to 1.0 V at a scan rate of 20 mV /min. The corrosion—
friction behavior of the coatings in an artificial seawater solution was investigated by
employing an electrochemical corrosion—friction testing machine (MFT-EC400, Huahui
Instrument Company, Lanzhou, China). During the reciprocating sliding process, a 5-mm-
diameter silicon carbide ball was utilized with a load of 10 N, a stroke length of 4 mm,
and a frequency of 0.1 Hz. i¢o;y and Ey+ were obtained through Tafel extrapolation, while
polarization resistance was calculated using the Stern-Geary equation, Equation (3) [29]:

—_— BaPc
o = 5 308R(Ba + Be) @)

where B, is the Tafel anodic polarization slope, and S is the Tafel cathodic polarization slope.

Table 2. Chemical composition of artificial seawater.

Component

KC1 NazSO4 NaHCO3 MgC12 KBr CaClz H3B03 SrClz NaF

Concentration (g/L)

0.695 4.090 0.201 5.200 0.101 1.160 0.027 0.025 0.003

3. Results and Discussion
3.1. Morphology and Structure of the Coatings

Figure 2 depicts surface SEM images and EDS analyses of CrN, CrTiN, and CrTiBN
coatings. The surfaces of all three coatings exhibit small droplets, pinholes, and melting
craters with dimensions spanning from hundreds of nanometers to a few micrometers.
These are typical surface imperfections encountered during the arc ion plating preparation
process [30]. Among the three coatings, the CrN coating exhibits the smallest particle size
on its surface, while the CrTiN coating has the largest particle size and shows a notable
increase in surface defects. Compared to the CrTiN coating, the larger particles on the
surface of the CrTiBN coating doped with B elements are considerably smaller. The melting
craters are shallower, surface morphology is refined, and there is a significant improvement
in the surface quality of the coating. This improvement is credited to the formation of
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amorphous or nanocrystalline borides on the surface of the CrTiBN coating, which enhances
the coating’s density [31].
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Figure 2. Surface morphological (a—c) and EDS spectra (d—f) images of CrN, CrTiN, and CrTiBN coatings.

Figure 3 depicts cross-sectional SEM images of the CrN, CrTiN, and CrTiBN coatings.
The grain sizes for these coatings are provided in Table 3. In the case of the CrTiN coating,
the average grain size measures at 5.64 nm, whereas the CrTiBN coating features the
smallest grain size, measuring at 5.32 nm. The average grain size for the CrN coating is
6.48 nm. The coating thicknesses are approximately 2.471 pm, 3.439 um, and 2.599 um. It
is worth noting that the cross-sectional view of the CrN coating reveals a distinct porous
columnar crystal structure. The introduction of Ti elements through doping leads to the
replacement of Cr atoms with more reactive Ti atoms, forming new TiN crystallites [21].
This process is elucidated in reference. As a consequence, the grain size decreases from
6.48 nm to 5.64 nm, leading to a denser structure in comparison to the CrN coating, while
the columnar crystal arrangement remains unchanged. Upon incorporating B elements, the
cross-sectional grain structure undergoes a transition from a columnar form to an irregular
and densely packed microstructure. This results in a reduction in the grain size to 5.32 nm,
consequently enhancing the coating’s density. This transformation is attributed to the
capability of the CrTiBN coating to form an amorphous or nanocrystalline BN structure.
Within the CrN and TiN crystals, these structures exist as solid solutions, inducing lattice
distortion and inhibiting the growth of columnar grains, ultimately refining the grain
structure. This notable refinement substantially enhances the density of the CrTiN coating,
as documented in references [18,26].

Table 3. Mechanical properties of CrN, CrTiN, and CrTiBN coatings.

Coatings Hardness (HV) Average Crystal Size (nm)
CrN 1965 6.48
CrTiN 2456 5.64

CrTiBN 2374 5.32
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Figure 3. Cross-sectional (a-c) SEM images of CrN, CrTiN, and CrTiBN coatings.

Figure 4 displays the XRD patterns of the CrN, CrTiN, and CrTiBN coatings. The
XRD spectrum of the CrN coating exhibits diffraction peaks assigned to CrN (111), CrN
(200), CrN (220), and CrN (222), with a notable preference for the (200) plane. In the XRD
spectrum of the CrTiN coating, the intensities of the CrN (111), CrN (200), and CrN (220)
peaks decrease, and the CrN (222) peak nearly disappears. Due to the higher reactivity
of Ti atoms compared to Cr atoms, the presence of the TiN (220) diffraction peak in the
CrTiN coating is explained with the replacement of Cr atoms with Ti atoms, resulting in
the formation of new TiN crystallites. With the introduction of B elements into the CrTiN
coating, the peak widths of the CrN (111), CrN (200), CrN (220), and TiN (220) orientations
increase. This could be attributed to the formation of amorphous BN structures due to the
solid solution effect, causing lattice distortion and grain refinement [26]. Additionally, a
new peak corresponding to TiB; (002) emerges in the CxTiBN coating. By applying the
Scherrer equation, Equation (4), we can calculate the grain size of each coating, and the
corresponding data are provided in Table 3:

kA
D = 4
Bcos6 @
TiB,(002)
CrN(111) CrN(200) TiN(220) CrN(222)

CrN(220)
CrTiBN :

Intensity(a.u.)

25 30 35 40 45 50 55 60 65 70 75 80 85
20(drgree)

Figure 4. XRD patterns of CrN, CrTiN, and CrTiBN coatings.

Within this equation, D signifies the average grain size perpendicular to the Hkl lattice
planes, k is used to represent the Scherrer constant (set at 0.89), B represents the full width
at half maximum (FWHM) of the diffraction peak, 6 denotes the diffraction angle, and A is
the X-ray wavelength, specifically 0.15404 nm.
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Figure 5 exhibits the B 1s and N 1s XPS core-level spectra of CrTiBN, which elucidate
the chemical binding states of the elements within the coatings. Specifically, in the Bls’
spectrum fitting, a binding energy of 190.6 eV is indicative of B-N bonding, while 192.5 eV
signifies B-O [32]. Furthermore, the N1s’ spectrum reveals four distinct peaks at binding
energies of 396.1, 397.2, 398.8, and 399.8 eV, which correspond to the TiN [33], CrN [34],
BN [35], and TiN [36] BN [35] phases, respectively. Moreover, research by Tian et al.
suggests that the inclusion of B elements can promote the formation of an amorphous
BN structure, which aids in grain refinement [32-37]. The results obtained from the XRD
analysis (Figure 4) are corroborated with the XPS analysis (Figure 5), emphasizing the
predominant presence of B atoms in the amorphous BN phase of the CrTiBN coating.

B1s
3
&
z
g
2
=
195 194 193 192 191 190 189 188
Binding enegy V)
N1s
3
&
Z
g
2
=

404 403 402 401 400 399 398 397 396 395 394 393 392
Binding enegy V)

Figure 5. XPS spectra of CrTiBN coatings.

Table 3 showcases the hardness measurements for the CrN, CrTiN, and CrTiBN
coatings. The CrN coating registers a hardness of 1965 HV, while the CxTiN and CrTiBN
coatings display hardness values of 2456 HV and 2374 HV, respectively. The proximity of
these values signifies their comparable hardness. With the introduction of Ti elements in
the CrTiN coating, it assumes the form of TiN grains. The higher binding energy in Ti-N
bonds, in contrast to Cr-N bonds, results in enhanced hardness for the CrTiN coating [38].
Comparatively, the CrTiBN coating possesses a denser structure and smaller grain size than
the CrTiN coating. This grain refinement significantly contributes to the enhancement of
the coating’s hardness. However, it is essential to note that XPS data indicates the presence
of B elements originating from the soft BN phase in the CrTiBN coating. This observation
clarifies the similarity in hardness between the CrTiBN and CrTiN coatings.

3.2. The Corrosion Performance of the Coatings in Artificial Seawater

Figure 6a depicts the Nyquist plots of the CrN, CrTiN, and CrTiBN coatings during
AC impedance testing. Figure 6b depicts the phase angle versus frequency plots of the
CrN, CrTiN, and CrTiBN coatings. In the EIS impedance testing process, an electrochemical
reaction occurs between the artificial seawater and the surfaces of the CrN, CrTiN, and
CrTiBN coatings. Simultaneously, artificial seawater permeates through fine pores, coming
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into contact with the substrate interface and engaging in electrochemical reactions [25]. In
Figure 6a, Nyquist plots for the CrN, CrTiN, and CrTiBN coatings during AC impedance
testing are presented. In Figure 6a, Nyquist plots for the CrN, CrTiN, and CrTiBN coatings
during AC impedance testing are presented. All samples exhibit capacitive resistance arcs,
comprising both smaller and larger diameter loops. A larger capacitive arc corresponds
to greater impedance [39]. In comparison to uncoated 316 stainless steel, the CrN, CrTiN,
and CrTiBN coatings all exhibit larger capacitive arcs. Among them, the CrTiBN coating
exhibits the largest capacitive arc. Figure 6b depicts the phase angle plots of the CrN,
CrTiN, and CrTiBN coatings. In general, when the phase angle in a Bode plot approaches
90 degrees, it indicates a more pronounced capacitive response of the coating. Throughout
the low-frequency range, all coatings outperform uncoated 316 stainless steel, with the
CrTiBN coating exhibiting the highest phase angle. This underscores the exceptional
physical barrier properties of the three coatings, effectively guarding against electrolytic
corrosion and enhancing substrate protection. Viewing it from a frequency standpoint,
a broad frequency range highlights outstanding capacitive performance, indicating its
efficient safeguarding of the substrate against seawater corrosion across a more extensive
frequency spectrum [40]. In comparison among the three coatings, the CrTiBN coating
exhibits the largest arc radius, as well as the highest phase angle and the broadest frequency
range. This clearly suggests that, when compared to the other coatings, the CrTiBN coating
boasts optimal corrosion resistance.

The EIS fitting analysis on the coatings was carried out with ZsimpWin 3.6 software,
employing the equivalent circuit method and the circuit diagram illustrated in Figure 6c.
In this context, Rs corresponds to the resistance of the electrolyte, which, in this case, is
artificial seawater. Rpo represents the resistance arising from the coating’s pores, hindering
the infiltration of the electrolyte. On the other hand, Rct symbolizes the resistance to charge
transfer between the thin film substrate and artificial ssawater. Meanwhile, CPEpo and
CPEd], respectively, stand for the capacitance linked with the coating and the double layer.

The results of the fitting are presented in Table 4. Rct is a vital parameter, representing
the corrosion resistance of thin films. Specifically, Rct for the CrN, CrTiN, and CrTiBN coat-
ings measures at 9.36 x 10° Q-cm?, 8.56 x 10° Q-cm?, and 1.18 x 10° Q-cm?, respectively.
Remarkably, the CrTiBN coating stands out with the highest charge transfer resistance,
underscoring its exceptional corrosion resistance relative to the other two coatings.
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Figure 6. Nyquist plots (a), Bode phase angle plots (b), and Equivalent Circuit Diagram (c) of CrN,
CrTiN, and CrTiBN coatings in seawater and the corresponding equivalent circuit models.
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Table 4. Fitted results of EIS spectra for CrN, CrTiN, and CrTiBN coatings in artificial seawater.

Coatings Rs CPEpo Rpo CPEd1 Rct
& (Q-cm?) (F-cm?) (Q-cm?) (F-cm?) (Q-cm?)
CrN 13.53 853 x 107 3.49 x 10° 2.01 x 107> 9.36 x 10°
CrTiN 13.51 158 x 1075 3.35 x 10° 1.95 x 10~ 8.56 x 10°
CrTiBN 9.95 1.55 x 107> 1.26 x 10° 1.91 x 1073 1.18 x 100

Figure 7 depicts the potentiodynamic polarization curves of the CrN, CrTiN, and
CrTiBN coatings in artificial seawater, along with the electrochemical E.y acquired from
fitting these curves, which are detailed in Table 5. Clearly, the E.., values of the CrN,
CrTiN, and CrTiBN coatings in artificial seawater are all below 0 V. Importantly, the Ecor
of the CrTiN and CrTiBN coatings, measuring at —0.14 V and —0.11 V, respectively, is
notably higher than that of the CrN coating and 316 stainless steel. The iqo values of the
CrN, CrTiN, and CrTiBN coatings have decreased by one order of magnitude compared
to 316 stainless steel. Importantly, the CrTiBN coating exhibits the lowest ico;r value of
1.94 x 1078 A/cm?, whereas the i, values of the CrN and CrTiN coatings are relatively
similar, measuring at 2.87 x 1078 A/cm? and 3.06 x 1078 A/cm?, respectively. The Rp
values of the CrN, CrTiN, and CrTiBN coatings have been reduced by two orders of
magnitude compared to 316 stainless steel. The CrN coating has the lowest R, value in
artificial seawater, measuring 1230 kQ)-cm?, while the CrTiBN coating displays the highest
Ry value at 2470 kQ-cm?.

LH——cCN
—CrTiN

—CrTiBN
—316SS

0.5

—0.51

Environment: artificial seawater
—1.0- Reference electrode: Ag/AgCl
-12 -10 -8 -6, 4 -2
Logi(A/em®)

Figure 7. Tafel curves of CrN, CrTiN, and CrTiBN coatings in artificial seawater.

Table 5. Electrochemical corrosion parameters inferred from Tafel plots.

Coatings Ecorr (V) Ba (V) Bec (V) icorr (Alcm?) R, (kO -cm?)
CrN —0.22 411 8.14 2.87 x 108 1230
CrTiN —0.14 1.78 0.15 3.06 x 108 2020
CrTiBN —0.11 0.48 0.14 1.94 x 1078 2470
316 —0.40 2.55 411 9.52 x 107 69

The results above indicate that the CrN, CrTiN, and CrTiBN coatings have all im-
proved the corrosion resistance of the substrate. Among these coatings, the CrTiBN coating
exhibits relatively higher corrosion potential, polarization resistance, and the lowest cor-
rosion current, demonstrating excellent corrosion resistance [41]. This is attributed to the
introduction of B elements, which disrupt the columnar crystal structure of the coatings
and create an amorphous structure. This structural change enhances the compactness of
the coatings and refines their grain size. At the microstructural level, it results in greater
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closure of interfaces against microcracks and through-holes, reducing the interconnectivity
of pores, and consequently enhancing corrosion resistance [42,43].

3.3. The Wear Performance of the Coatings in Artificial Seawater

Figure 8 depicts the friction coefficient curves and average steady-state friction coeffi-
cients of the CrN, CrTiN, and CrTiBN coatings during sliding against SiC balls in artificial
seawater. Figure 8a illustrates an initial running-in period during which the friction coeffi-
cient experiences a sharp increase, primarily attributed to the presence of large particles
and other defects on the coating surface. With the conclusion of the running-in phase,
the friction between the coatings and SiC balls embeds or damages the larger abrasive
particles, resulting in a smoother contact interface and a gradual stabilization of the friction
coefficient values [16]. During sliding against SiC spheres, the friction coefficient of the CrN
coating initially decreases from 0.18 to 0.15 within the first 200 m, subsequently rising to
0.22, and eventually stabilizing at approximately 0.22 beyond the 200 m mark. The friction
coefficient of the CrTiN coating experiences an initial drop from 0.19 to 0.17 within the first
100 m, followed by a subsequent rise to 0.19. Between 100 and 500 m, the friction coefficient
gradually decreases from 0.19 to 0.17. The friction coefficient of the CrTiBN coating initially
increases from 0.16 to 0.19 within the first 10 m, subsequently dropping to 0.16 at 40 m, and
ultimately stabilizing at approximately 0.16. As a result, it can be inferred that the CrTiBN
coating reaches stability in a shorter time period. Among the three coatings illustrated
in Figure 8b, the CrTiBN coating demonstrates the lowest steady-state friction coefficient,
measuring at 0.16. In contrast, the CrTiN and CrN coatings have relatively higher steady-
state friction coefficients, measuring 0.18 and 0.22, respectively. These friction coefficients
are lower than that of the 316 stainless steel substrate, suggesting that the application of
CrN, CrTiN, and CrTiBN coatings on the surface of 316 stainless steel effectively reduces its
friction coefficient.
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Figure 8. Friction coefficient curves (a) and average steady-state friction coefficients (b) of CrN,
CrTiN, and CrTiBN coatings sliding against SiC balls in artificial seawater.

Figures 9 and 10 depict the wear and EDS images of the CrN, CrTiN, and CrTiBN
coatings in contact with SiC in the friction pair, and Figure 10 presents the wear track
images of these coatings. Indeed, the wear performance of coatings is intricately linked to
their microstructure and mechanical characteristics. Enhanced surface hardness effectively
mitigates coating wear and augments wear resistance. The XRD and XPS findings indicate
that Ti elements are present in the form of TiN, while B elements exist in the BN phase in
the CrTiBN coating. As indicated in Table 4, the introduction of Ti elements elevated the
hardness of the CrN coating from 1965 HV to 2456 HV. However, post the introduction of B
elements, the hardness of the CrTiBN coating stands at 2374 HYV, closely mirroring that of
the CrTiN coating.
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Figure 10. SEM (a—f) and EDS (g-i) images of wear tracks of SiC balls.

Moreover, the friction pair is intimately connected to the physical conditions of the
contact interface, the friction material, and chemical reactions within the environment.
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CrN/SiC

CrTiN/SiC

The CrN coating exhibits the widest wear track among the three coatings, measuring
330.3 pm in width, and it has a shallow depth of 0.10 um (Figure 11). Importantly, there are
no discernible grooves on the wear track’s surface (Figures 9a,d and 10b). Compared to
the other coatings, the CrN coating exhibits the most significant wear on the surface of the
abraded SiC ball. The wear track on the SiC ball surface reveals not just the initial pores
but also many deep grooves (Figure 10a), while the wear track surface is decorated with
numerous fine scratch lines. At the center of the wear track on the SiC ball, the presence of
Si, C, and Cr is detected. The results suggest that the wear debris from the CrN coating
progressively transfers onto the SiC ball surface, signifying an abrasive wear mechanism
in action.
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Figure 11. Wear section view of CrN, CrTiN, and CrTiBN coatings after tested in artificial seawater.

Regarding the CrTiN coating, it exhibits the greatest wear depth compared to the
other two coatings, with a wear track depth of 0.25 pm (Figure 11). Importantly, clear
deep grooves are evident on the CrTiN coating wear track, along with layered debris
accumulation at the edges (Figures 9b,d and 10d). Particles on both the wear mark of the
CrTiN coating and the surface of the SiC ball contain Ti, Cr, and O. Yan et al. [44] discovered
that coatings with Ti elements tend to oxidize and generate TiO; at the wear interface. TiO,
has a relatively loose microstructure compared to Cro,O3 debris, making it more susceptible
to shearing. The results suggest that wear particles from the CrTiN coating progressively
shift from the coating to the opposing wear interface, participating in friction as Cr,Os
and TiO, particles. Consequently, this leads to the creation of the deepest wear scar with a
depth of 0.25 um, characteristic of typical abrasive wear.
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Regarding the CrTiBN coating, there are shallow wear scars on the wear track surface,
and the wear track depth measures 0.14 um (Figure 11). Noticeable delamination is present
in the central region of the wear track, and in the worn area, a distinct stepwise delamination
is evident (Figure 9a,d). According to the EDS spectroscopic analysis, the major components
of the wear scar are Cr, Ti, B, and O. This suggests that during sliding friction, wear particles
adhere to the coating friction interface, forming a layered debris structure, indicating an
adhesive wear mechanism. In Figure 10, layered residues on the SiC ball are identified,
consisting of C, Si, O, and B. These observations imply that wear particles from the CrTiBN
coating gradually transfer onto the SiC ball surface. During sliding of the CrTiBN coating
against the SiC ball in water, a stratified layer of H3BO3 can develop at the sliding interface,
promoting fluid dynamic lubrication and thereby creating a self-lubrication effect [45].

A comprehensive analysis of the results depicted in Figures 9 and 10 indicates that the
wear mechanism of the CrTiBN coating is adhesive wear, in contrast to the abrasive wear
observed in the CrN and CrTiN coatings. In summary, the CrTiBN coating addresses the
mechanical shortcomings linked to abrasive wear found in the CrN and CrTiN coatings,
thereby enhancing the wear-resistant characteristics of these coatings.

Figure 12 depicts the wear rate graph of the CrN, CrTiN, and CrTiBN coatings after
testing in artificial seawater. The wear rates of the CrN, CrTiN, and CrTiBN coatings are
1.81 x 107 mm3/Nm (CrN), 1.08 x 10~® mm3/Nm (CrTiN), and 8.18 x 10~7 mm?3/Nm
(CrTiBN), respectively, in alignment with the coating structural density. Following 500 m of
abrasion with SiC spheres in artificial seawater, the trace depths of the three coatings are
notably shallower than the coating thickness, affirming the coating durability.
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Figure 12. Wear rate of CrN, CrTiN, and CrTiBN coatings after tested in artificial seawater.

The wear resistance of the CrTiBN coating is significantly improved compared to that
of the CrN and CrTiN coatings. As indicated with the prior XPS analysis, the presence
of B elements is primarily in the form of a BN phase within the CrTiBN coating. This
disrupts the growth of columnar crystals, refines the grain size, enhances coating density,
and reduces coating defects. Generally, this enhancement can be credited to the reduced
crystallite dimensions, the microstructure of the amorphous BN phase, and the elevated
hardness of the CrTiBN coating [46].

3.4. Frictional Corrosion Behavior of Coatings in Artificial Seawater

Figure 13 depicts the variations in the Open Circuit Potential and coefficient of friction
of the CrN, CrTiN, and CrTiBN coatings, as well as 316 stainless steel, throughout the
three stages of static, sliding, and static in artificial seawater. During the immersion
phase, the Open Circuit Potential (OCP) of all coatings and materials remains stable.
However, at the beginning of the sliding stage, there is a significant drop in the OCP of
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the samples, which can be attributed to the disruption of the passivation layer due to
friction, as discussed earlier [47]. After the friction begins, a decrease in OCP is observed in
all samples. Importantly, 316 stainless steel experiences the most substantial decrease in
OCP during friction, indicating the lowest OCP value. Remarkably, the CrTiBN coating
exhibits the highest OCP value during the friction process. After friction stops, the OCP
of the specimens quickly recovers, gradually increasing, and eventually stabilizes. This
is primarily because the surface of the sample quickly forms a dense passive film after
friction ceases. With increasing immersion time, the passivation film becomes denser and
more stable.
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Figure 13. Change in OCP and COF during tribocorrosion test in seawater.

In summary, throughout the entire duration of friction, the Open Circuit Potential
(OCP) of the CrN, CrTiN, and CrTiBN coatings consistently exceeds that of 316 stainless
steel. Importantly, the CrTiBN coating exhibits the highest OCP, highlighting its outstanding
ability to protect 316 stainless steel from corrosion in marine environments.

4. Conclusions

In this research context, CrN, CrTiN, and CrTiBN coatings were fabricated utilizing
multi-arc ion plating. Subsequently, their corrosion resistance and wear durability were
extensively examined in an artificial seawater environment. The research indicated that the
incorporation of Ti and B elements into the CrN coating resulted in substantial grain refine-
ment and increased coating density, ultimately enhancing coating quality and improving
wear and corrosion resistance. Electrochemical impedance spectroscopy tests revealed
that the CrTiBN coating demonstrates the highest polarization resistance, the maximal
phase angle, and the most extensive frequency range. In potentiodynamic polarization
tests, the CrTiBN coating exhibits the most positive potential of —0.11 V, a polarization
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resistance of 2470 kQ-cm?, and the lowest current density at 1.94 x 1078 A/cm?2. The
artificial seawater friction experiments revealed that the CrTiBN coating exhibits the lowest
friction coefficient of 0.16 and a wear rate of 8.18 x 10~/ mm?3/Nm, which is attributable to
its compact coating structure and exceptional corrosion resistance. The results of electro-
chemical fretting corrosion tests indicated that the CrTiBN coating has the most positive
value of the corrosion potential, underscoring its exceptional wear—corrosion resistance
during the entire friction process.
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