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Abstract
CrCN coatings were deposited using the multi-arc ion plating with different
C2H2 flow rates. Microstructures, mechanical and tribological performances
were systematically investigated. The results showed that the peak intensity
correlated to Cr7C3 crystal
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CrCN coatings were deposited via multi-arc ion plating at varying C2H2 flow
rates, and their microstructures, mechanical properties, and tribological perfor-
mances were systematically investigated. The results demonstrated that the
peak intensity corresponding to the Cr7C3 crystal phase strengthened as the
flow rate increased from 0 to 15 sccm, whereas it decreased when the C2H2 flow
rate was further raised to 30 sccm. The hardness increased to 32.5 GPa at 10
sccm due to the formation of Cr7C3 phase and amorphous CN�. CrCN coatings
deposited at 10–15 sccm exhibited superior comprehensive performance, indicat-
ing their potential as protective coatings for tribological components in seawater
applications.
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Introduction
With the“blue revolution”of ocean exploitation emerging worldwide, increasing
attention has focused on material performance in marine environments and the
development of new materials suitable for such conditions. Mechanical compo-
nents such as piston pumps, seal rings, and sliding or thrust bearings operating
in water or seawater frequently experience severe damage during running-in pe-
riods, start/stop cycles, overloading, and overspeeding, imposing increasingly
stringent requirements on protective and lubricating surface layers. CrN coat-
ings have demonstrated promise as protective candidates for aqueous hydraulic
systems due to their high hardness, good wear resistance, and corrosion resis-
tance. However, CrN coatings sometimes fail to meet application demands,
particularly under extreme conditions, because of their high friction coefficient.

Consequently, research on CrN coatings that retain their inherent advantages
while achieving lower friction coefficients has become an academic focus in the
self-lubricating coating field. Carbon, as a solid self-lubricating material, can
significantly reduce the friction coefficient of hard coatings. Moreover, carbon
addition to chromium nitride substantially affects coating microstructure and
mechanical properties. Almer et al. found that carbon content in CrCN struc-
tures was closely related to coating stress, hardness, and critical load. Choi
et al. reported that CrCN coatings with 20 at% C exhibited higher hardness
and residual stress than CrN coatings. Cekada et al. indicated that adhesion
between substrate and CrCN coating was lower than for CrN and CrC coatings.
Furthermore, the friction coefficient and wear rate of CrCN coatings depend
significantly on their carbon content. Tong et al. noted that CrCN coatings
with 1.5 at% C showed the lowest friction coefficient when carbon content was
below 5 at%. When carbon content reached 27 at%, both friction coefficients
and wear rates decreased. These excellent tribological properties suggest CrCN
coatings’potential as protective coatings in water hydraulic systems.

However, few investigations have examined the tribological behavior of CrCN
coatings with varying carbon contents in seawater. To address this gap, CrCN
coatings with different carbon contents were deposited on 316L stainless steel
and silicon (100) wafers using multi-arc ion plating by adjusting the C2H2 flow
rate. The composition, microstructure, mechanical properties, and tribological
performance of these CrCN coatings in seawater were systematically investigated
to elucidate how microstructure influences friction and wear properties in marine
environments.
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2.1. Deposition
Corresponding author. Tel.: +86 574 86685175; fax: +86 574 86685159.
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CrCN coatings were deposited on both Si (100) wafers and 316L stainless steel
substrates (24 mm × 12 mm × 2 mm) using multi-arc ion plating. Prior to
deposition, all substrates were ultrasonically cleaned in deionized water for 15
minutes and in ethanol for 20 minutes. After loading onto the substrate holder,
the deposition chamber was evacuated to a background pressure below 4$×10^{-
3}$ Pa. Substrates were then cleaned by Ar+ bombardment for 2 minutes at
negative bias voltages of -900 V, -1100 V, and -1200 V to remove oxide layers
and surface contaminants. A pure Cr adhesive layer was first deposited for 30
minutes, followed by CrCN coating deposition.

During deposition, the working pressure was maintained at 0.3 Pa with the
substrate holder rotating at 3 rpm. The CrCN coatings were prepared using
a chromium target (purity $�99.5𝑤𝑡_{2}$ (purity 99.99%) and C2H2 (purity
99.99%) atmosphere. Carbon concentration was controlled by adjusting the
C2H2 flow rate while keeping the bias voltage at -70 V, current at 65 A, depo-
sition temperature at 350°C, and deposition time at 120 minutes. The N2 flow
rate was fixed at 400 sccm, while C2H2 flow rates were varied from 0 to 30 sccm
(0, 5, 10, 15, 20, 30 sccm). The pure CrN coating (0 sccm) and CrCN coatings
deposited at 5, 10, 15, 20, and 30 sccm are hereafter designated as C2H2-0,
C2H2-5, C2H2-10, C2H2-15, C2H2-20, and C2H2-30, respectively.

2.2. Characterization
Surface and cross-sectional images were examined using a field emission scan-
ning electron microscope (FE-SEM, FEI Quanta FEG 250) equipped with EDS
(OXFORD X-Max). Crystal phases were analyzed by X-ray diffraction (Bruker
D8) using Cu K𝛼 radiation (𝜆=0.154 nm) at 40 kV and 40 mA with a grazing
incidence angle of 2°. The scanning range was 20° to 90° at 4°/min with a 0.02°
step size.

XPS spectra were acquired using an X-ray photoelectron spectrometer (AXIS
Ultra DLD) with an Al(mono) K𝛼 source operated at 12 kV and 10 mA. Raman
spectra of transfer layers were obtained with a Raman spectrometer (HR800)
using a 532 nm Ar+ laser with 1 cm−1 resolution. Typical acquisition time was
60 seconds, with spectra recorded from 1000–1800 cm−1 for reliable fitting.

Adhesion strength was evaluated using a scratch tester (CSM Revetest) with
a conical diamond tip (0.2 mm radius, 120° taper angle) at a table speed of 5
mm/min, loading rate of 118 N/min, load range of 0–100 N, and scratch length
of 5 mm under ambient conditions. LC1 corresponded to the first coating crack
detected by acoustic emission, while LC2 indicated removal of >50% of the
coating from the substrate. Scratch track damage was examined by JSM-5600
SEM.
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Nanoindentation was performed on an MTS Nanoindenter G200 system with a
Berkovich indenter using continuous stiffness measurement (CSM) mode. Hard-
ness and elastic modulus were determined from load-displacement curves using
the Oliver–Pharr method. The maximum indentation depth was 1000 nm, with
six indentations performed on different areas of each sample for statistical reli-
ability.

Corrosion behavior was assessed by polarization tests (EG&G 273) in artificial
seawater prepared according to ASTM D1141-98 (composition listed in Table
1). The contact area was 1 cm2, tests were conducted at ambient temperature
(16$±$5°C), and the electrode potential was swept from -1.5 to 1.0 V at 1 mV/s.

2.3. Tribological Testing
Wear tests were conducted using a ball-on-disk configuration with WC balls
(94% WC + 6% Co, 3 mm diameter) sliding against coated disks at room tem-
perature (22$±2°𝐶)𝑎𝑛𝑑62±5×$S), where F is the normal load and S is the
sliding distance.

3.1. Composition, Bonding Structure, and Morphology
Table 2 presents the chemical composition of CrCN coatings deposited at various
C2H2 flow rates. Carbon content increased significantly from 0% to 21.32 at%
with increasing C2H2 flow, while chromium and nitrogen contents decreased
from 46.51% to 33.17% and 53.25% to 28.07%, respectively, confirming the
strong influence of C2H2 flow rate on coating composition.

Surface roughness and thickness values are also listed in Table 2. Generally, sur-
face roughness decreases with increasing carbon content, though macro-particles
and pinholes that form during deposition can affect this trend. Coating thick-
ness decreased from 3.98 to 3.02 �m as C2H2 flow rates increased from 0 to 15
sccm, remaining relatively constant at higher flow rates.

Cross-sectional FE-SEM micrographs in Fig. 1 reveal the coating microstruc-
tures. A typical columnar structure is observed in the CrN coating (Fig. 1a),
while a dense, compact structure emerges at 30 sccm C2H2 flow. This structural
evolution is directly related to phase transformations within the coatings.

XRD spectra of CrCN coatings deposited at different C2H2 flow rates are shown
in Fig. 2. Diffraction peaks corresponding to CrN(111), CrN(200), Cr7C3(151),
CrN(220), Cr2N(113), and Cr2N(302) are evident. As C2H2 flow rate increases,
CrN(111) and CrN(200) preferred orientations weaken and broaden, whereas
Cr7C3(151) and CrN(220) intensities strengthen at lower flow rates before sta-
bilizing at higher values. This behavior arises from structural differences be-
tween elemental carbon, chromium carbide, and chromium nitride. Carbon
atoms can substitute for nitrogen in the chromium nitride lattice, disrupting
the normal crystal arrangement and promoting transformation from crystalline
to amorphous states.
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To further analyze bonding structure changes, XPS spectra of C1s, Cr2p, and
N1s were examined. Since no significant differences were observed among all
CrCN coatings, only the deconvolved spectra for the 15 sccm sample are pre-
sented in Fig. 3. The Cr2p spectrum (Fig. 3a) fits to binding energies of
574.2 eV (Cr7C3), 575.7 eV (CrN), 576.3 eV (Cr2N), 583.6 eV (Cr7C3), 585.4 eV
(Cr2O3), and 586.4 eV (Cr2O3). The C1s peak (Fig. 3b) comprises four compo-
nents centered at 282.8 eV (C–Cr), 284.6 eV (sp2C–C), 286 eV (sp3C–C), and
288.1 eV (C=O). The N1s core-level spectrum (Fig. 3c) deconvolves into three
peaks at 397.8 eV (Cr–N), 399.3 eV (N–C), and 400.5 eV (N�C), confirming
amorphous CN� formation after carbon incorporation. These results indicate
the coexistence of CrN, Cr2N, Cr7C3, and Cr2O3 phases, consistent with XRD
analysis.

The calculated volume fractions of each carbon bond type are listed in Table
3. Hardness generally correlates with sp3 fraction (higher sp3 yields higher
hardness), while friction coefficient relates to sp2 fraction (higher sp2 yields
lower friction). Therefore, the C2H2-10 coating likely possesses the highest
hardness and lowest friction coefficient among all samples.

High-resolution TEM results are presented in Fig. 4. The CrN coating (0 sccm)
shows discrete (111), (200), (220), and (113) diffraction spots in the selected-area
electron diffraction (SAED) pattern, confirming a cubic CrN phase and trigonal
Cr2N phase (Fig. 4a). At 10 sccm C2H2 flow (Fig. 4b), discrete (151) diffrac-
tion spots appear, and the coating exhibits a mixed nanocrystalline/amorphous
microstructure. Similar nanocomposite structures are observed in Figs. 4c and
4d. Fig. 4c also reveals twinning structures consisting of CrN(200) planes,
which hinder dislocation movement and improve coating toughness. Grain size
decreases with increasing C2H2 flow rates from 0 to 10 sccm, then increases at
higher flow rates—a key factor influencing coating performance.

3.2. Mechanical Properties
Critical loads (LC1 and LC2) for CrCN coatings are shown in Fig. 5. LC1,
representing the first crack detected by acoustic emission, increases to 36 N at
15 sccm before decreasing to 28 N at 30 sccm. This initial cracking often origi-
nates from broken Cr micro-particles, which are softer and more fracture-prone
than CrN or Cr7C3, or from crack propagation induced by the scratch stylus
extruding pinholes. LC2, indicating cohesive failure (>50% coating removal),
peaks at 86 N for the 10 sccm sample before declining to 63 N at 30 sccm.
This trend reflects carbon-induced structural refinement, increased compressive
stress, and reduced critical load at higher carbon contents. Scratch adhesion
results are also influenced by substrate and coating hardness, surface rough-
ness, friction coefficient between coating and stylus, substrate elastic properties,
and coating thickness. With substrate properties and stylus type constant, and
roughness/thickness values known from Table 2, the primary variables are coat-
ing hardness and friction coefficient.
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Hardness, elastic modulus, H/E, and H3/E2 ratios are presented in Fig. 6.
Hardness, H/E, and H3/E2 exhibit similar trends with C2H2 flow rate: hard-
ness increases to 32 GPa at 10 sccm before decreasing to 22 GPa at 30 sccm,
while elastic modulus, H/E, and H3/E2 all reach maximum values at 10 sccm.
The enhanced hardness of CrCN over CrN coatings stems from high Cr–C and
sp3 bond contents. Wang reported that coating hardness correlates closely with
sp3 fraction, while Tong attributed hardness increases to solid solution harden-
ing by carbon atoms. Additionally, Lim and Jung demonstrated that hardness
increases with decreasing grain size. Thus, the 10 sccm sample achieves peak
hardness through optimal carbon incorporation and grain refinement. The H/E
and H3/E2 ratios correlate with coating durability and resistance to plastic de-
formation, providing reliable indicators of wear resistance. The C2H2-10 coating
exhibits the highest H/E and H3/E2 values, indicating excellent mechanical and
tribological properties.

3.3. Corrosion Properties
Polarization curves in artificial seawater are shown in Fig. 7, with corrosion
current densities (i_{corr}) summarized in Table 4. The CrN coating exhibits
low i_{corr}, which decreases with increasing C2H2 flow rate until reaching a
minimum of ~7.27$×10^{-7}$ A/cm2 at 10–15 sccm. This improvement is at-
tributed to reduced grain size, denser structure, and fewer defects, consistent
with TEM, SEM, and roughness results. Qin and Aung demonstrated that corro-
sion rates increase with grain size because smaller grains provide more nucleation
sites for passive films, yielding higher passive film coverage and lower current
density. Dense structures effectively prevent seawater permeation, enhancing
corrosion resistance, while defects accelerate corrosion. Although no distinct de-
fects like pinholes were observed in as-deposited coatings, microcracks can grow
under cyclic stress combined with water molecule erosion, causing delamination
around weak points.

At flow rates beyond 15 sccm, corrosion current densities increase, reaching
~8.31$×10^{-7}$ A/cm2 at 30 sccm. Passivation occurs when the polarization
potential increases from -0.2 to 0.2 V, indicating formation of a protective pas-
sive layer that temporarily prevents substrate exposure. Overall, CrCN coatings
demonstrate good corrosion resistance.

3.4. Tribological Properties
Friction behaviors of CrCN coatings sliding against WC balls in artificial sea-
water are shown in Fig. 8a. The CrN coating exhibits rapid initial friction
increase followed by a relatively steady-state after ~300 seconds. In contrast,
CrCN coatings show a rapid initial increase, a noticeable friction decrease after
~150 seconds, and then transition to steady-state wear. The post-run-in de-
crease is attributed to counterface smoothing, hydrodynamic lubrication from
continuous water presence, and deposition of Mg2+ and Ca2+ as Mg(OH)2 and
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CaCO3 lubricating films.

Average friction coefficients and wear rates are presented in Fig. 8b. The CrN
coating (0 sccm) shows the highest friction coefficient (~0.31) due to: (1) softer
Cr phase flaking during sliding, (2) loose columnar structure forming through-
film channels that accelerate crack initiation and propagation, and (3) absence
of self-lubricating amorphous carbon. With increasing C2H2 flow rate, friction
coefficients initially decrease, reaching a minimum at 10 sccm, then increase—
closely related to surface roughness. Higher roughness reduces real contact area,
concentrating load on fewer contact points and increasing friction.

Wear rates of CrCN coatings in seawater are lower than CrN, attributed to sp2-
hybridized carbon forming graphitic interface layers that reduce frictional shear
resistance. Wear rates decrease to a minimum of ~7.686$×10^{-7}$ mm3/N・
m at 10 sccm due to high sp2 content and good toughness, then increase to
~1.9519$×10^{-6}$ mm3/N・m at 30 sccm. Shan noted that water can either
accelerate wear by promoting crack growth and micro-fracture or reduce wear
through tribo-chemical formation of smooth lubricating layers. Seawater rep-
resents a typical tribo-corrosion environment where mechanical and chemical
degradation processes synergistically aggravate wear. Wear rate also correlates
with coating-substrate adhesion; poor adhesion facilitates chipping and spalling
during sliding, increasing wear.

Cross-sectional wear track profiles (Fig. 9) show maximum depths of ~0.6 �m
for CrN (0 sccm), decreasing to ~0.3 �m at 15 sccm, then increasing to ~1 �m at
30 sccm. The increased wear depth at 30 sccm likely results from enhanced cor-
rosion and tribo-corrosion reactions. The relatively high wear depth of CrN is
attributed to its low hardness and columnar structure, which provides straight
diffusion channels for corrosive media, weakening compound bonding and accel-
erating wear.

All coatings remained intact during sliding, indicating no direct contact between
tribo-balls and substrates. Wear track morphologies (Fig. 10) reveal that micro-
particles undergo sufficient deformation to form smoother interfaces, while sea-
water accelerates corrosion. Wear pits form from micro-particle spalling during
repetitive sliding, with seawater corrosion exacerbating this process. Flake pits
observed in Figs. 10c and 10d (20 and 30 sccm samples) result from crack
propagation under cyclic sliding due to low hardness and poor adhesion. As
plastic deformation accumulates, cracks preferentially form beneath the contact
region under high compressive stress, extending with further deformation and
causing delamination. In contrast, the 10 sccm coating shows no obvious pits,
attributed to its high hardness and good corrosion resistance.

EDS analysis of wear tracks (Fig. 11) reveals Na, S, and Cl elements on both
coating surfaces and within wear tracks, indicating transfer from artificial sea-
water. Stronger Na and Cl signals in wear tracks result from their ability to
retain more seawater. Tungsten signals confirm material transfer from the WC
counterpart. The presence of Cr, C, N, and O indicates oxidation occurred,
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consistent with previous reports. Low friction is attributed to graphitization
and tribolayer formation during cyclic sliding.

Raman spectra of WC ball contact surfaces (Fig. 12) show a peak at ~1580 cm−1,
confirming sp2-hybridized carbon in the tribolayer. The planar 2D graphite-like
structure reduces dangling 𝜎 bonds, minimizing adhesive interactions between
WC ball and coating. At 0 sccm, no obvious graphite character is observed.
The sp2 peak intensity increases to a maximum at 10 sccm, consistent with
sp2 fraction content. Overall, CrCN tribological behavior is closely related to
carbon content, with coatings deposited at 10–15 sccm C2H2 flow demonstrating
optimal performance for seawater tribo-component applications.

4. Conclusions
CrCN coatings were deposited by multi-arc ion plating at various C2H2 flow
rates to investigate carbon content effects on microstructure, mechanical prop-
erties, and tribological performance in seawater. The main conclusions are:

1. Carbon concentration increased gradually from 0 to 21.32 at% with C2H2
flow rate, existing primarily as Cr–C, sp2, and sp3 bonds.

2. Friction coefficients varied significantly with C2H2 flow rate in seawater,
reaching a minimum at 10 sccm and maximum at 0 sccm. This correlates
with sp2 bond fraction and columnar structure—graphitic sp2 carbon re-
duces friction, while columnar structures promote micro-fracture during
sliding.

3. The lowest wear rate occurred at 10 sccm, coinciding with the shallowest
wear track depth, resulting from high hardness, excellent toughness, and
superior corrosion resistance.
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