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Abstract: Tribocorrosion is a material-degradation phenomenon resulting from interactive effects between wear and corrosion. For
various marine equipment, their key metal motion systems are typically affected by the combined effect of mechanical wear and
chemical corrosion under the harsh marine environment, which can directly limit their stability and safety. Thus, comprehensive
investigations into tribocorrosion behavior is critical for the design of appropriate engineering materials under the marine environment.
Advancing marine exploration and deep-sea development necessitates surface and coating techniques to ensure favorable

anti-corrosion and anti-wear performances for moving mechanical components. Many conventional techniques have been used to
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prepare protective coatings, such as spraying, high-energy beam surface modification, and physical vapor deposition (PVD). Among
the diverse developed protective coatings, those realized via PVD exhibit favorable properties, including high corrosion resistance and
excellent mechanical performance, which can effectively protect precision moving components used in deep-sea or offshore
mechanical systems; thus, they are one of the most effective strategies in this field. This article focuses primarily on the development
of anti-tribocorrosion coatings achieved via PVD and technologies used in the marine environment, in addition to the main scientific
and technical issues encountered in the field. First, the tribocorrosion performance of carbon-based, nitride-based, high-entropy alloy,
and transition metal dichalcogenide coatings are introduced, and the role of components and multilayer / nano-multilayer /
nanocomposite / gradient structures on their tribocorrosion performance and related failure mechanism are summarized. The
multilayer interface in coatings achieved via PVD not only significantly improves their hardness by hindering dislocation movement
but also improves their corrosion resistance by hindering the diffusion of H,0, O,, CI-, and Na' corrosives. To evaluate the
tribocorrosion performance of coatings, electrochemical and tribological tests are primarily conducted in early research; currently,
tribocorrosion tests are performed using a tribometer equipped with a three-electrode electrochemical system. By adopting in-situ
atomic force microscopy (AFM) and an AFM-based “image-wear-image” tribology method, researchers are currently investigating
subnanoscale and nanoscale wear, the tribocorrosion phenomenon, as well as the oxide growth mechanism of metallic materials. For
advanced synergistic wear-corrosion models, a novel two-dimensional predictive model has been developed for predicting the
synergetic wear-corrosion reliability of Ni / GPL and steel. Additionally, a combined experimental and computational investigation
has been performed using Al single crystals to develop a crystal-based tribocorrosion modeling framework that considers the effects of
lattice reorientation and dislocations on surface corrosion. Additionally, new strategies that combine PVD with other
surface-protection technologies have been developed, for example, duplex coating systems formed via the PVD of CrN or
carbon-based coatings and thermal layer spraying using a high-velocity oxyfuel. Using these methods, material losses due to the
synergistic effects of wear and corrosion can be reduced. In particular, hydrogenated carbon-based coatings present high
tribocorrosion resistances under low loads due to their high hardness and excellent corrosion resistance; however, they exhibit
catastrophic delamination under heavy loads, whereas hydrogen-free carbon-based coatings exhibit better tribocorrosion performance
owing to their gradual shearing characteristic. Additionally, carbon-based coatings can enhance the anti-corrosion properties of
microarc oxidation (MAO) coatings on magnesium alloys. The superior low-friction and anti-corrosion properties of carbon-based
coatings / MAO render them preferable as protective coatings on magnesium alloys. Cr layers achieved via thermal diffusion
metallization and CrN coatings deposited via PVD are used to strengthen the surface of 45 steel, thus improving its surface hardness
and abrasion resistance. By implementing ion implantation and Al / AIN / CrAIN / CtN / MoS, gradient duplex coatings, both the
anti-wear and anti-corrosion properties of AM60 magnesium alloy are improved. For AISI 4140 steel, plasma nitriding applied before
the coating significantly improves the corrosion and tribocorrosion resistances of PVD CrN, TiN, and AITiN coatings. Typical
applications of anti-tribocorrosion coatings achieved via PVD include seawater-pump plungers, hydrostatic slipper bearings, ball
valves, and components of a helicopter-cockpit instrument panel. Hydrogenated diamonds coated with Cr and WC as transition layers
are prepared on the plunger of marine diesel engines. These coatings can significantly improve the hardness and elastic modulus while
decreasing the friction coefficient under heavy-diesel-oil environments. After a bench test is performed, the wear marks on the surface
of the plunger with coating are extremely narrow and shallow. For drill pump valves, implementing TiN coatings can increase their
service life by three times. In the cockpit of a helicopter, multigradient nano-black coatings achieved via PVD are thin and the
thickness tolerance is low; additionally, these coatings satisfy the requirements of the salt spray test. Finally, the development and
application of anti-tribocorrosion coatings achieved via PVD under the marine environment are proposed. Machine-learning and
big-data sharing services should be used to comprehensively understand the damage mechanism; the optimization and design of the
suitable coating should account for the actual operating conditions, such as deep sea, nearshore, and shallow sea; advanced coating
equipment should be developed for the inner wall of certain pipelines; and in-situ evaluations and bench experiments should be
performed to evaluate the service life of metal mechanical components and coating materials. This review presents a comprehensive

and systematic report pertaining to anti-tribocorrosion coatings achieved via PVD for marine applications.
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technology in marine engineering equipments
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Fig. 2 Interface structure, tribocorrosion performance and failure tolerance of Ti / TiC, / DLC coatings in long-term tribocorrosion
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Fig. 4 Structure and tribocorrosion performance of multilayer high-entropy alloy coatings
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(a) TEM images of VAITiCrCu coating (b) TEM images of VAITiCrCu / WC coatings (modulation periods of 17 nm)
(c) TEM images of VAITiCrCu / WC coatings (modulation periods of 90 nm)
(d) Tribological performance of the three coatings under different conditions:
(d1-d2) Dry friction factor and wear rate of VAITiCrCu coating and VAITiCrCu/WC multilayer coatings
(d3) Wear depth of the VAITiCrCu / WC with modulation period of 90 nm

(d4-d6) Friction factor, wear rate and OCP of VAITiCrCu coating and VAITiCrCu / WC multilayer coatings in 3.5wt.% NaCl solution
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Fig. 5 Tribocorrosion performance of 316L and four
(CrNbTiAIV)C,Ny coatings in 3.5wt.% NaCl solution and
proportion of material loss caused by different factors!®”
((CrNbTiAIV)C,Ny) coatings are named S1-S4, from small to
large according to the C content in the coatings)
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Fig. 6 Structure of Ti-MoS, composite and Ti / MoS,
multilayer coatings and their tribocorrosion
performance in NaCl solution ")
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B, HPRERZERIB A T R A BB RS B R B R, DL
SRR E KT K 1 FIH T ANE RS PVD Bt (R HARMA A
F= 1 HA PVD ZREEMMREXTLE
Tablel Comparison of thetribocorrosion propertiesof typical PVD coatings
Counterpart e
Type of coating Preparation method ~ Environment Load /N  Slide model W?f‘r]?t_e ! F?C?OH Refs.
Material ~ Shape Size (mm?/ (N + m)) actor
TiC / a-C:H FCVA 35wt%NaCl  Si;N,  Ball gomm 1 l:zflg’;ﬁf:ggf 1.03X10° 0200  [17]
Ti-DLC FCVA 35wt%NaCl  Si;N,  Ball gomm 2 fggg’;ﬁ::ggf 3.56x107 0.055  [19]
Ti/Al-DLC ALIS+DCMS 35wt.%NaCl  Si;N,  Ball gomm 5 l:zflg’;ﬁf:ggf 3.61% 107 0.060  [24]
Ti / (Cu, MoS,)-DLC DCMS /;r;g&:l:tl:rl SiC Ball ¢3mm 5 l:zflg’;ﬁf:ggf 5.00%10°% 0036  [26]
Cr/ a-C multilayer DCMS Artificial N, Ball gemm 5 Reciprocating 550006 0080 [30]
secawater configuration
CrAIN Multi-arc fon plating ~ “-rtificial WC  Ball $3mm Reciprocating -y o35 17 160 [45]
seawater configuration
TiSiCN HiPIMS 35wt%NaCl SN,  Ball g6mm 1 ﬁgﬁ;!f;ﬁ::;‘gf 323%10°° 0.110  [46]
Cr/ CrCN multilayer Multi-arc ion plating ~ ~rtificial sic Ball g6mm 5  RECIProcating g o ig 0200  [51]
seawater configuration
CrN/AIN multilayer ~ Multi-targetrf. - 100Crt6  Ball g6mm 0.5 - 700107 0180  [55]
magnetron sputtering
VAITiCrCu / WC alternate 1\ /g 35Wt%NaCl  ALO;  Ball g6mm 1 ReciProcating 50105 9500 [60]
multilayer configuration
AICINITiV Co-FCVAD 35wt%NaCl Si:N, Ball ¢6mm 5 fgggfgrﬁﬁzggf 2.36X107 0.040  [62]
Double-cathode glow Reciprocatin
TiZrNbTaMo)C discharge 3.5wt.% NaCl SiC Ball 4 mm 4 P e 5 95% 107 0.270 64
configuration
sputtering-deposition g
(CINBTIAIV)N, Magnetron sputtering  3.5wt.% NaCl ~ AlL,O;  Ball g6mm 5 igﬁgfgrﬁf:;‘gf 4.40% 107 0200  [68]
MoS, / WS, multilayer ~ CFUMS Saltspray ~ GCrl5  Ball g6mm 5 ‘:zflg’;f:g:f 1.63%x 107 0.080  [70]
f/[lo/sAlN [ CrAIN/CNT iy pems 35wt%NaCl  Si:N, Ball ¢6mm 2 - 231X10° 0619  [90]
2

Where FCVA is filtered cathodic vacuum arc, ALIS is linear anode-layer ion source, DCMS is direct current magnetron sputter, HiPIMS is high power impulse

magnetron sputtering, FCVAD is filter cathode vacuum arc deposition, CFUMS is closed field unbalanced magnetron sputtering, PIIID is plasma immersion ion

implantation and deposition, r.f. is radio frequency.
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Fig.7 Apparatus for tribocorrosion experiment ") (RE. WE,
CE are reference electrode, working electrode and counter
electrode, respectively)
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Fig. 8 Under contact stress of 9.5 GPa, AFM
“image-wear-image” result of material’s
surface after single-scratch test [’
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Model validation

(a) Flowchart of the experiment and FE simulation integration  (b) Schematic of the tribocorrosion
test (t is the test time)

(Ecorr is corrosion potential, Icorr is corrosion current)
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Fig. 9 A multiphysics finite element (FE) model developed for tribocorrosion investigation of Al single crystals
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Fig. 10 Tribocorrosion behavior of hydrogenated / hydrogen-free amorphous carbon coated WC-based cermet in 3.5wt.% NaCl

solution ®¥ (H, HD and HG stands for WC-based cermet, hydrogenated amorphous carbon coated WC-based cermet and

hydrogen-free amorphous carbon coated WC-based cermet)
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Fig. 11 Application of anti-tribocorrosion coatings

in seawater hydraulic motor
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