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Abstract
High-performance coatings originated in ingenious coating designs and advanced preparation
techniques are expected to fulfill imperious demands in propulsion, bearings andmechanical seals, etc
inmarine systems for seawater lubrication. In this work, TiSiCNnanocomposite coatings were
deposited by high power impulsemagnetron sputtering at a power of 4–8 kW.As power is increased,
TiSiCN coatings possess nanocrystalline (TiN, TiC, TiCN)/amorphous (Si3N4, SiC, sp

2-C)
nanocomposite structurewithout distinctly preferred orientation. The highest hardness (H) of 43 GPa
and effective Young’smodulus (E*) of 360 GPawere achieved at 8 kW,while the highestH/E* of 0.123
andH3/E*2 of 0.61 appear at 7 kWdue to refined nano-grains, uniformdistribution, high surface/
interface integrity and fully densemicrostructure. Rockwell C adhesion level increased fromHF2 at
4 kW toHF1 at 8 kW. TiSiCN coatings with highH,H/E*, H3/E*2 and adhesion exhibit high open
circuit potential of−0.07 V, low friction coefficient of 0.25 and specificwear rate of 4.78×
10−5mm3N−1 m−1, resulting frommild abrasive wear without the occurrence of pitting corrosion
in 3.5wt.%NaCl aqueous solution.Moreover, cycling tribocorrosion tests revealed that passivefilms
possess strong abilities of regeneration and self-repairation on sliding contact surface.

1. Introduction

It is well known that stainless steel have beenwidely used inmarine industry due to their good corrosion
resistance.However, noteworthy is that surface treatment and protective coatings are always carried out to reach
the combined improvement of wear and corrosion resistance owing to inferior tribocorrosion resistance of
stainless steel [1–5]. There are extensive investigations on transitionmetal nitrides and diamond-like carbon
(DLC) coatings deposited on stainless steel to improve tribocorrosion resistance ofmarine components. TiN
andTiCN coatings deposited arc ion plating showed severewear loss in artificial seawater compared to that of
the coatings in air, distilledwater [6]. It is found that TiCN coatings exhibited the best wear resistance in artificial
seawater. Cr/graphite-like carbonmultilayer coatings with variousmodulation periods by direct current
magnetron sputtering had good tribocorrosion resistance in artificial seawatermainly thanks to contributions of
the chemical inertness of amorphous carbon and interfaces inmultilayer structure [7]. The adhesion of coatings
to substrate also plays an important role in the tribocorrosion process in aggressive environments. Cr layer was
deposited between substrate and coatings to significantly promote adhesion strength andwear resistance ofGLC
coatings [8].

OPEN ACCESS

RECEIVED

21 February 2020

REVISED

9May 2020

ACCEPTED FOR PUBLICATION

22May 2020

PUBLISHED

17 July 2020

Original content from this
workmay be used under
the terms of the Creative
CommonsAttribution 4.0
licence.

Any further distribution of
this workmustmaintain
attribution to the
author(s) and the title of
thework, journal citation
andDOI.

© 2020TheAuthor(s). Published by IOPPublishing Ltd

https://doi.org/10.1088/2053-1591/ab95d4
https://orcid.org/0000-0001-9889-4222
https://orcid.org/0000-0001-9889-4222
mailto:ouyx16@tsinghua.org.cn
mailto:q.hua@bnu.edu.cn
https://crossmark.crossref.org/dialog/?doi=10.1088/2053-1591/ab95d4&domain=pdf&date_stamp=2020-07-17
https://crossmark.crossref.org/dialog/?doi=10.1088/2053-1591/ab95d4&domain=pdf&date_stamp=2020-07-17
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by/4.0


It is generally believed that the tribocorrosion failure of hard coatings orfilms in seawatermainly originated
from the friction-corrosion synergy interaction [9, 10]. The friction force induces plenty of fatiguemicro-cracks,
acting as the diffusion channels of Cl ions. Themulti-scale Cl ion corrosionweakens the interfacial bonding
strength resulting in coating failure [11]. Tribological hard coatings with high toughness exhibit high resistance
to cracking during friction andwear process [12, 13]. It is found that ceramic coatings with high hardness and
toughness can be achieved by themodulation ofmicrostructure and defects in terms of interfaces, grain
boundary, lattice distortion, etc [14–16]. Thus, hard coatings with high toughness can be achieved by coating
design in terms of structure andmulticomponent to enhancewear and corrosion resistance in seawater
environments.

Novel coating designs and advanced preparation techniques play key roles in the performance of coated
surface of components. It is well known that a conventionalmagnetron sputtering process always results in a
porousmicrostructure owing to the low ionization density of target species [17], while vacuumarc processes are
hard to eliminatemicro-particles and porosity formed in coatings [18, 19]. High power impulsemagnetron
sputtering (HiPIMS) is also known as high-power pulsedmagnetron sputtering (HPPMS), which can generate
highly ionized target species with high density by applying a series of pulsed-power to target in a short period of
time [20–23]. In our previous work, CrN/TiN superlattice coatings deposited by the combined deep oscillation
magnetron sputtering and pulsed dcmagnetron sputtering after the irradiation of high-intensity pulsed ion
beams exhibited excellent tribocorrosion performance in seawater thanks to densemicrostructure and high
interface structure [24]. Therefore, in this work, TiSiCNnanocomposite coatings with Ti/TiSiC adhesion layers
were deposited onAISI 316L stainless steel and Si (100) byHiPIMS at various target power of 4–8 kW.The
effects of target power on tribocorrosion behaviors in 3.5wt.%NaCl aqueous solutionwere investigated in
details. The related tribocorrosionmechanismwas discussed in terms ofmicrostructure, adhesion strength,
residual stress state,mechanical properties, electrochemical corrosion response. Eventually, TiSiCN
nanocomposite coatings deposited byHiPIMSwill bring forward a new concept of ingenious coating designs
and advanced preparation techniques to fabricate advanced engineering surfaces to fulfill seawater lubrication
ability formarinemechanical components in harsh environments.

2. Experimental details

2.1. Depositions of TiSiCNnanocomposite coatings
TiSiCNnanocomposite coatings with Ti/TiSiC adhesion layers were deposited on Si (100) andAISI 316L
stainless steel coupons (20 mm×20 mm×3 mm) using high power impulsemagnetron sputtering (HiPIMS)
by sputtering Ti3SiC2 target in Ar/N2mixture gas at a power of 4–8 kW,wheremetal Ti andTiSiC layers serve as
adhesion and transition layers, respectively. Si(100) substrates were used for structure and composition
characterization of as-deposited coatings, while AISI 316L stainless steel for performance testing. TiSiC coatings
were deposited byHiPIMS inAr, while a Ti layer was sputtered as an adhesion layer by enhancing interfacial
binding force between coating and substrate. The substrates were cleaned by acetone, absolute alcohol and
deionizedwater in turn, and thenwere fixed on sample holder. Prior to the coating deposition, the samples were
cleaned byAr+ ion etching at a bias voltage of 800 V for 10 min by gas ion source to remove any residual
pollutants and the possible surface protective layer. Ti3SiC2 is well known for its high fracture toughness and
high-temperature plasticity. It was deposited as an interface layer to reduce the concentration of thermal stress
duringfilm growth.Hence, the buffer layer formed byTiSiC andTi layers is expected to support superhard
TiSiCN coatings to reduce crack initiation and propagation [13].

TiSiCNnanocomposite coatings were composed of 3.1–3.7μmthick TiSiCN coatings and 1.5μmthick
TiSiC/Ti buffer layers (TiSiC layer: 0.4μmandTi layer:1.1μm). The pure Ti andTi3SiC2 rectangular targets
(449 mm×75 mm×6 mm)were oppositely installed in a cylindrical chamber (Φ 760 mm×700 mm) to
form closed field unbalancedmagnetron sputtering system. The schematic diagram andHiPIMS pulse shapes of
target current and voltage are shown infigure 1. The substrates were ultrasonically cleaned in acetone and
anhydrous alcohol in turn and thenwere dried in nitrogen gas. Finally, theywere fixed on the substrate holder.
The distance between substrates and targets was kept at 100 mm.The chamber was pumped to the pressure of
below 1×10−3 Pa. Before coatings deposition, all surfaces of substrates were cleaned using Ar gas ion source
(2 kW, 150 kHz and pulse-on time 26μs) at aflow rate of 120 sccm and substrate bias of−200 V for 20 minTi
adhesion layer with a thickness of 1.1μmwasfirstly deposited on substrates usingAdvance Energy Pinnacle Plus
power sources (2 kW, 150 kHz and pulse-on time 26μs) at−50 Vbias (Huettinger, Truplasma biasDC 4020
G2). And then, a 0.4μmthick TiSiC coatingwas deposited using theHiPIMS plasma generator (Huettinger,
Highpulse 4001G2) by sputtering Ti3SiC2 compound target at a power of 4–8 kWand substrate bias of−60 V.
Detailed deposition parameters are listed in table 1.
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2.2. Characterization of chemical composition and structure
X-ray photoelectron spectroscopy (XPS, ESCALAB250Xi, ThermoFisher)was performed to determine
elemental composition and chemical bonding of coatings. X-ray diffraction (XRD,X’Pert PROMPD,
PANalytical)were used to detected phase composition and crystal structure of TiSiCN/TiSiC/Ti trilayer
coatings. Field emission scanning electronmicroscopy (FESEM, S-4800,HITACHI) and transmission electron
microscopy (TEM, Philips/FEICM200)were carried out for investigations of cross-sectionalmorphologies and
uniform in thickness. Atomic forcemicroscope (AFM,Tosca 400, Anton Paar)was applied to detect linear
roughness (Ra) and surface roughness (Sa) to characterize surface roughness. Also, surfacemorphologywas
observed. Film stress tester (FST1000)was used tomeasure residual stress state in coatings deposited on double-
polishedAISI 316L stainless steel wafers (50 mm×10 mm×0.8 mm), The computingmethod for residual
stress is based on Stoney equation.

2.3.Mechanical properties and tribocorrosion behaviors
Hardness (H) and effective Young’smodulus (E*) of TiSiCNnanocomposite coatings weremeasured using a
nanoindenter (Nanotest system,NanoTest,MicroMaterials). Young’smodulus of the coatings was calculated
using the formula:

=
-

E
E

v1
1

2
* ( )

Rockwell C indentation test (HRC) equippedwith a 200μmradiusHRC indenter was used to evaluate
adhesion of the coatings betweenAISI 316L stainless steel substrates. HRC adhesion level of coatings/substrates
was determined according to FESEM images of Rockwell C indentations under a standard load of 150 kg [13].
Tribocorrosion performance of coatings was evaluated by a linear reciprocating tribometer integratedwith a
three-electrode cell configuration (MFT-EC4000,HUAHUI) against Si3N4 counterpart balls (Φ 6 mm) at a
sliding time of 40 min. The tribocorrosion equipment and its schematic diagram are shown infigure 2. The
constant reciprocating lengthwas 5 mm in 3.5wt.%NaCl aqueous solution. The normal load of 5 N and
reciprocating frequency of 1 Hzwere used for the coatings deposited at 4–8 kWandAISI 316L stainless steel
substrate. Change of open circuit potential (OCP) as a function of sliding timewas investigated to reveal the
evolution of passivefilms during slidingwear tests. In order to clearly observe the in situ electrochemical

Figure 1. Schematic diagram andHiPIMS pulse shapes of target current and voltage.

Table 1.Typical process parameters, chemical composition and properties of TiSiCNnanocomposite coatings deposited byHiPIMS at
various power.

Pa (kW) f (Hz)
Depositon rate

(nm min−1)
Residual

stress (GPa) Ra (nm) Sa (nm) OCP (V)
Specificwear rate

(mm3N−1m−1)

4 280 25 −1.67 0.207 1.7 −0.12 1.54×10−4

5 330 31 — — — −0.10 7.42×10−5

6 410 35 −2.03 0.292 1.01 −0.09 5.65×10−5

7 480 49 — — — −0.07 4.78×10−5

8 540 47 −2.13 0.077 0.88 −0.08 5.53×10−5

Note: Pa, target power; f, frequency; Vs, substrate bias; Tsub, substrate temperature; Ra/Sa, linear/surface roughness; OCP, open circuit

potential. pulse width= 30μs Upeak= 280∼310 V Ipeak= 830∼870 A.
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response of the evolution of passive films, a larger normal load of 10 N and a slower frequency of 0.05 Hzwas
used in tribocorrosion tests for 60 min.Meanwhile, the regeneration and repairation of passive films on the
sliding contact surfaces were studied in circulating tribocorrosion tests. The change ofOCP in the start-stop
process at every 10 min for 3 timeswas performed to study the periodic fluctuation of in situ electrochemical
response of passive films.Wear trackswere carefully cleaned by deionizedwater. And then, TaylorHobson
surface profilometer was used tomeasurewear track profile to calculate specific tribocorrosion rates of worn
samples. Further investigations on tribocorrosionmechanismswere carried out using FESEMand optical
microscope images of worn surfaces.

3. Results and discussion

3.1. Chemical composition andmicrostructure
Mechanical components working inmarine environments are required for their coated surface to possess
excellent tribocorrosion properties [25]. Thus, high-performance coatings originated in ingenious coating
designs and advanced preparation techniques are expected to fulfill imperious demands in terms of seawater
lubrication, anti-corrosion and long lifetime.Hence, TiSiCNnanocomposite coatings were deposited by
HiPIMS at a power of 4–8 kW,wheremetal Ti andTiSiC layers serve as adhesion and transition layers,
respectively.Meanwhile, TiSiC andTi layers constituted a TiSiC/Ti buffer layer. TiSiCNnanocomposite
coatings are therefore expected to enhance carrying capacity, adhesion strength and tribocorrosion performance
by controlling surface integrity, interface structure andmicrostructure under optimizedHiPIMS plasma
conditions.

Chemical composition and bonding state in the top surface layer of TiSiCNnanocomposite coatings were
determined byXPS.With an increase of target power from4 to 8 kW,Ti andN element content in TiSiCN
coatings show an increase of 15.6–20.5±1 at.% and 45.4–51.5±2 at.%. There is a decrease of
13.8–11.3±1 at.% and 25.2–16.7±2 at.% for Si andC content, respectively. TheO element content in
TiSiCN coatings is less than 3 at.%, caused by surface oxide pollution. Figure 3 shows core-level XPS spectra of
Ti2p, Si2p, C1s andN1s in TiSiCNnanocomposite coatings deposited byHiPIMS at a power of 4, 6 and 8 kW.At
a low power of 4 kW, there are twomain peaks in asymmetric Ti2p spectra, which is originated fromTi2p3/2 and
Ti2p1/2 peaks infigure 3(a) at Binding energy (BE) of 455.6/461.6 eV. After peak-differentiating and imitating, it
is clearly seen that four peaks at 455.1/460.7 eV, 456/461.6 eV, 456.9/462.9 eV and 458.4/464.0 eV reveal
chemical bonds of Ti–C, Ti–N,Ti–OandTi=Oappear in TiSiCN coatings [25–28]. Ti–OandTi=Obonds
belong to surface oxides of Ti2O3 andTiO2 phases [28–32]. Sigle peak at BE of 101.4 eVwith broadeningwidth
in Si2p spectrum shows the existence of Si–C (101.1 eV) [26] and Si–N (101.8 eV) [16] bonds, as shown in
figure 3(b). There are four peaks at 281.8 eV, 282.8 eV, 284.3 eV and 285.2 eV are overlapped to form a bigger
peak inC1s spectrum infigure 3(c), possibly assigned to Ti–C, Si–C, sp2–C and sp3–Cbonds [27–31].
Figure 3(d) presents thatN1s spectrum contains a single peak at 397.1 eV,which are overlapped by two peaks at
397 eV and 398.3 eV belong to Ti–Nand Si–Nbonds [28].With an increase of power, a slight increase of
chemical bonds in Ti2p, Si2p andN1s, while a sharp feature of Ti–Cbond peak is detected inC1s spectrum
indicating the increase of chemical bonding of Ti–C in the coatings resulted from large amounts of ion species in
HiPIMS plasma [20].

Figure 4 exhibits XRDpatterns of TiSiCNnanocomposite coatings deposited onAISI 316L stainless steel
substrates byHiPIMS at various target power. As shown infigure 4, (111), (200) and (222) diffraction peakswith
broadeningwidth overlapped by TiCNphases are detected inXRDpatterns of coatings [29]. The peaks at 43.62°

Figure 2.Tribocorrosion equipment and its schematic diagram.
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and 50.70° are attributed toAISI 316L stainless steel substrate. Diffraction peaks fromTi–Si–Cphase does not
appear. Furthermore, the intensity factor ( f(hkl)) of diffraction peak, was calculated using the formula:

=
+ +

f
I

I I I
2220

220

220 111 200

( )( )
( )

( ) ( ) ( )

The f(hkl) firstly decreases from84.4% at 4 kW to 49.2% at 6 kW, and then increases to 72.6% at 8 kW, agreed
with the changes of TiN andTiC content inXPS patternswith an increasing target power of 4–8 kW. It is also
indicated that the Ti–C–Nphasewas assigned to the superposition of TiN andTiC phases.With an increase in
target power, the increased intensity andwidth of diffraction peaks indicate the decrease of the crystallinity. The
plasma density increases with the increase of target power during deposition process, and the high-density
bombardment of ion beamon the growth interface of the coating inhibits the growth of grains to result in grain
refinement. According toXPS results, Si3N4, SiC and sp2 carbon amorphous phases appear in the coatings.
Hence, TiSiCNnanocomposite coatings are composed of nanocrystalline embedded in Si3N4, SiC and a few sp2

carbon amorphousmatrix. The composition andmicrostructure of TiSiCN coatings were influenced by carbon
and nitrogen content [32]. Similar results are also reported byWang et al [28] that special nanocomposite

Figure 3.XPS spectra of TiSiCNnanocomposite coatings deposited byHiPIMS at various.

Figure 4.XRDpatterns of TiSiCNnanocomposite coatings deposited onAISI 316L stainless steel substrates byHiPIMS at various
target power.
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structure of nc-(TiN, TiC andTi(C,N))/a-(Si3N4, SiC and sp2–C) are found in TiSiCN coatings with 11.9wt.%C
deposited using arc ion plating technique inAr+C2H2+N2mixture gases by sputtering TiSi target.

Surface integrity is associatedwith surfacemorphologies, surface roughness andmicrostructure of TiSiCN
nanocomposite coatings. Top surface of coatings shows smooth featurewithout the formation of particles
caused by arcing during reactiveHiPIMS at 4–8 kW (figures 5(a)–(c)).Meanwhile, it is clearly seen in
figures 5(d)–(f) that linear roughness of coatings increases from0.207 to 0.292 nm, and then decrease to
0.077 nm (table 1). Surface roughness gradually decreases from1.7 to 0.88 nm, as shown infigures 5(g)–(j) and
table 1. It is indicated that the increase of power is beneficial for the enhanced uniformity and reduction of
surface roughness thanks to the increased ion flux inHiPIMS plasma to result in the improved diffusion of
adsorbed atoms [4, 17, 20]. Surfacemorphologies of TiSiCNnanocomposite coatings deposited on Si substrates
are further investigated by FESEMandTEM images (figure 6). As shown infigures 6(a)–(c), trilayer coatings
consist of Ti, TiSiC andTiSiCN layers, which possess smoothmorphologies and densemicrostructure. It is
confirmed byTEM images that trilayer coatings have dense interfaces between each layer infigures 6(d), (e). The
constant thickness of Ti andTiSiC layers are 1.1μmand 0.4μm, respectively. The selected area electron
diffraction inserted infigure 6(e) presents (111), (200) and (220) diffraction rings from cubic TiCNphase.
Continuously bright diffraction rings reveal grain size in nanoscale. HRTEM images exhibit the nanocomposite
structure with (111) and (200) oriented nc-TiCN embedded in amorphousmatrix, andTiCN grain size is about
2–6 nm (figure 6(f)).

3.2.Mechanical properties and adhesion
Figure 7 shows hardness, Young’smodulus, H/E*, H3/E*2 andHRC adhesion of TiSiCNnanocomposite
coatings. It is defined that the toughness ofmaterials refers to the ability of amaterial to absorb energy during
deformation up to fracture.H/E* andH3/E*2 ratios of hard coatings are related to the resistance of elastic strain
to failure and plastic deformation. Hence,H/E* andH3/E*2 ratios are found to have a strong relationshipwith
toughness of hard coatings [4, 16, 24]. As shown infigure 7(a), hardness andYoung’smodulus gradually increase
from35.3 GPa and 325 GPa at 4 kW to 43 GPa and 359 GPa at 8 kW, respectively, benefited from the combined
contributions of dense nanocomposite structure and refined nanograins. However, H/E* andH3/E*2 show an
initial increase from0.11 and 0.421 at 4 kW to 0.122 and 0.63 at 7 kW, and followed by a decrease to 0.19 and
0.61 at 8 kW (figure 7(b)). Li et al [33] deposited superhard TiSiCN coating onTi6Al4V by arc ion platingwith a
hardness of 43.6 GPa,H/Eof 0.103 andH3/E2 of 0.46. The coating presents coarse columnar crystal structure.
Wang et al [28] andAbdEl-Rahman et al [34] found that the enhanced hardness and toughness of TiSiCN
coatings resulted from the structural transformation from columnar crystal to nanocrystalline. TiSiCN coatings
with the combination of the highestH3/E*2 of 0.285 and the hardness of 39.8 GPawere achieved by arc ion
plating depositions. It is noted that TiSiCN coatingwith coarse columnar crystal structure deposited bymulti arc

Figure 5. Surfacemorphology and roughness of TiSiCNnanocomposite coatings deposited byHiPIMS at various power.
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ion plating also shows a lowH/E (<0.07) andH3/E*2 (<0.12)with a hardness of 30 GPa [35]. It is suggested that
H/E orH/E* ratio is related to the elastic deformation and plastic deformation of coating under stress, a high
H/E orH/E* ratio leads to a high elastic strain before plastic deformation [36, 37]. Hence, the increasedH/E*

andH3/E*2 ratio can effectively improve the fracture toughness of the coatings [38]. In our case, TiSiCN coating
with highH/E* andH3/E*2 ratiowas prepared byHiPIMS, indicating the enhanced toughness of the superhard
coatings due to the amorphous/nanocrystalline structure free of defects. The slight decrease ofH/E* and
H3/E*2 is related to the increased grain size under a strong ionflux ofHiPIMS plasma at higher power. It is
found that appropriate enhancement in ion energy ofHiPIMS plasma is beneficial for the formation of high
surface/interface integrity and densemicrostructure, leading to a significant improvement inH,H/E* and
H3/E*2 of nanostructured coatings [4, 16, 17].

Figure 6. (a)–(c) FESEMand (d)–(f)TEM images of TiSiCNnanocomposite coatings deposited on Si substrates byHiPIMS at 8 kW.

Figure 7.Hardness, Young’smodulus, (b)H/E*, H3/E*2 and (c)HRCadhesion of TiSiCNnanocomposite coatings.
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The adhesion of TiSiCNnanocomposite coatings deposited onAISI 316L stainless steel (soft substrate)was
studied depending onRockwell C indentations, which reveals the process of deformation alongwith that of soft
substrate during loading-unloading. Figures 7(c)–(e) presents the FESEM images of Rockwell C indentations of
coatings deposited byHiPIMS at a power of 4–8 kW.At 4 kW, coatings haveHRC adhesion ofHF2 due to visible
delamination and radial cracks at the edge of Rockwell C indentation. It is found that the increasing power
enhances the adhesion up toHF1 at 8 kW. The issue of adhesion of tribological hard coatings plays a key role in
wear, corrosion and tribocorrosion resistance [24, 31, 32]. One of the key problems is how to control residual
stress state at coating/substrate interfaces to build low relatively stable stress coatings by themethod of high ion
flux plasmawith low ion energy. In our case, TiSiCN/TiSiC/Ti trilayer coatings were designed to obtain high
adhesion strength under the optimizedHiPIMS plasma conditions to achieve low residual stress by chemical
composition and trilayer structure as well as dense interfaces.

3.3. Tribocorrosion behaviors in 3.5wt.%NaCl aqueous solution
Tribocorrosion is a complex process coupledwithwear and corrosion in aggressivemedium to result in the
acceleration of deterioration ofmaterials. Hence, it is will be a good strategy to enhance tribocorrosion
properties by themethod of novelmaterial designs and advancing preparation techniques.Moreover, in situ
electrochemical response based on the change of open circuit potential (OCP), the variation of coefficient of
friction (COF) andworn surfacemorphologies are used to explore tribocorrosionmechanism. Figure 8 presents
COF andOCPof TiSiCNnanocomposite coatings deposited byHiPIMS at a power of 4–8 kWvariedwith
sliding time in 3.5wt.%NaCl aqueous solution, as well as the images of worn surface inserted, as comparedwith
those of AISI 316L stainless steel. The normal load of 1 N and reciprocating frequency of 1 Hz are used in
figures 8(a)–(f). Thefluctuation of COF andOCP are obtained for AISI 316L stainless steel substrates due to
severe abrasivewear and simultaneous corrosion damage. The values of COF andOCP are 0.7 and−0.20 V,
respectively. A large amount of black debris is covered onwear trackwith 746μm inwidth, as shown in
figure 8(a).

Thefluctuate ofOCP value usually is related to various factors including the electrochemical condition of
working electrode, sliding contact surface,mass transfer, and competitive effects of applied potential and film
dissolution rate [39–42]. During slidingwear in 3.5wt.%NaCl aqueous solution, passive films are subjected to
the continuous formation and breaking, which has a close correlationwith the change ofOCP. As shown in

Figure 8.COF andOCPof TiSiCNnanocomposite coatings deposited byHiPIMS at a power of 4–8 kW in 3.5wt.%NaCl aqueous
solution, as well as the images of worn surface inserted, as comparedwith those of AISI 316L stainless steel.

8

Mater. Res. Express 7 (2020) 076407 HWang et al



figures 8(a)–(f), The tribocorrosion process of TiSiCNfilm in 3.5wt.%NaCl aqueous solution can be divided
into twodifferent stages of rapid descent section and relatively stable section. Rapid descent section corresponds
to the destruction of passivationfilm, followed by a relatively stable section corresponding to the dynamic
equilibrium stage ofmechanical depassivation and electrochemical repassivation. In addition, theOCPof the
coatings decreases slowly in relatively stable sections probably due to the increasing wear tracks [28, 39]. The
OCP value in stable section increases from−0.12 to−0.06 Vwith increasing average power from4 to 7 kW,
higher than−0.20 V for AISI 316L stainless steel. At 8 kW, the coatings shows a slight decrease ofOCP
(−0.08 V). TheOCPof coatings increases alongwith the decrease of worn surface width. Thismay be attribute
to the increase of low-energy ion bombardment flux in the deposition process with the increase of target power,
which improves the densification of the coating and leads to the increase of corrosion resistance.However, with
the target power increase to 8 kW, the ion sputtering effect associatedwith ion bombardment leads to the
increase of defect concentration in the coating result in the decrease of corrosion resistance. In addition, target
power also affects theOCPof the coating by affecting the hardness and toughness of the coating and controlling
thewidth of thewearmark. Therefore, TiSiCNnanocomposite coatings deposited onAISI 316L stainless steel
exhibit excellent tribocorrosion resistance. It is observed that there is a relaxation process of passivefilms during
complex tribocorrosion. Hence, a higher load (10 N)under a slow sliding speed (0.05 Hz)was carried out to
explore passive film behavior by the changeOCP revealing in situ electrochemical response. Figures 8(g)–(h)
exhibits changes of COF andOCPof TiSiCNnanocomposite coatings deposited at 4 and 7 kWunder 10 N and
0.05 Hz. BothCOF andOCP show an oscillation tendency, and they are corresponding to each other. The value
of COF,OCP andwidth of wear track are 0.2, 0.03 V and 255μmat 7 kW, better than 0.25,−0.04 V and 492μm
at 4 kW.Thefluctuations of theOCPof TiSiCN coatings during sliding are due to repetitive passivation
influenced by the ratio of active and passive region onworn surface. The rate of electrochemical repassivation
exceedsmechanical depassivation, whichwould result in increasingOCP.Otherwise, the rate of themechanical
depassivation exceeding the electrochemical repassivation leads to the decrease ofOCP [43]. The increasedCOF
reveals the increase of plasticmicro-cutting force, resulting in the elimination of passive films.On the contrary,
whenCOF gradually decrease, passive filmswould form as soon as possible. The difference between the rise of
COF and the fall ofOCP is related to the ballmotionmode of linear reciprocating tribometer. After the sliding,
theOCP value increases gradually into initial value because of fast electrochemical repassivation. The fast
electrochemical repassivation ability originate fromhigh density grain boundary in TiSiCNnanocomposite
coatings. The atoms at the grain boundary or the interface between amorphous and nanocrystalline are in
metastable state, which can provide a large number of electrochemical active sites [44, 45]. TheOCP value
changes from thefirst cycle to the third cycle show a smooth feature without a sudden change, indicating stable
andmild tribocorrosion process of TiSiCNnanocomposite coatings.

In order to understand themechanismof tribocorrosion of the TiSiCNnanocomposite coatings in 3.5%
NaCl aqueous solution, SEM images of thewear trace were shown infigure 9. EDS results of typicalmorphology
in SEM images were taken as presented in table 2. The samples were taken out from the 3.5wt.%NaCl aqueous
solution and dried, and then sent to the vacuum chamber for SEMobservation. All samples exhibits a rough
worn surfacewith parallel grooves covered by a fewflakes and granular debris. Big cubic particles formed on
worn surface are determined as sodium chloride crystallization.

Thewearmechanismof TiSiCNnanocomposite coating is dominated by the combined abrasive and
adhesive wear. In contrast to other TiSiCN coatings with lowH/E* and lowH3/E*2, there are nomicro cracks or
tiny corrosion spotworn surface after careful observation (figure 9). This can be attributed to the high toughness
and high adhesion between coatings and substrates of TiSiCN coatings. There are a lot ofmicrocracks or peeling
off on theworn surface of TiSiCN coatings withwith lowH/E* and lowH3/E*2 in air or simulated seawater
environment [28, 34, 35]. In general, coatings cracking is fatigue caused under cyclic loading in reciprocating
sliding tests. It has beenwell known that surface defects and porousmicrostructure and interfaces always offer
ion channels for Cl− penetration to cause delamination of coatings [4, 6, 7, 11, 24, 46]. The accumulation of Cl−

at themicrocracks accelerates the corrosion and promotes the propagation of the cracks. The development of
microcracks leads to the cracking and peeling off of coatings. High toughness coating can inhibit the formation
ofmicrocracks, and then inhibit pitting. On the one hand, the lowmicrodefect density of TiCN/Si3N4

nanocrystalline-amorphous composite structure in TiSiCN coating can inhibit the nucleation ofmicrocracks,
on the other hand, the propagation ofmicrocracks in the coating is hindered by the high-density irregular grain
boundaries in TiCN/Si3N4 composite structure, resulting in energy dissipation, which limits themicrocracks
caused by external stress to a very small area. In addition, high values ofH,H/E*, H3/E*2 of coatings promote
cooperative deformation of overall coating/substrate systembeneficial for the increase of cracking resistance of
the coatings during tribocorrosion tests [13, 28]. Thus, TiSiCN coatingwith the enhanced toughness prevents
Cl− pitting by restrainingmicro cracks during abrasive wear. These features reveal that TiSiCNnanocomposite
coatings have excellent tribocorrosion resistancewithout pitting corrosion induced by chloride during sliding
wear in 3.5wt%NaCl aqueous solution.
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Table 2 presents the elements content proportion of worn surfacewith smooth feature in EDS results
ignored theNa andCl element. EDS results (point C,D and I) show thatflake debris containmuch higherO
contents (>14 at.%) thanXPS data (<3 at.%), indicating oxidative wearmechanism. The composition ofmost
granular debris (point A, F, G and J)was similar to that of TiSiCNnanocomposite coatings, which ismainly
caused by the accumulation of debris produced by hard abrasive debris ascribed to abrasive wearmechanism.
There is fewerN signal at point B, C, I in EDS results, suggesting interphase corrosion.

WhenTiSiCNnanocomposite coatings were deposited at 7 kW (figure 9), wear and corrosion debris on
worn surface of coatings become less due to the reduction of plasticmicro-cutting in abrasive wear as compared
to that of 4 kW. Thus, COF gradually reaches a stable wear process with a value of 0.26 andOCPpossesses a
stable tendency of about−0.06 V.Width of wear track sharply decreases to 255μm.Moreover, there is a
leveling-off for changes in bothCOF andOCP.However, at 8 kW, the coating shows the fluctuation of COF and
the slight decrease ofOCP.Meanwhile, severe abrasivewear is occurred to produce deep furrows and increasing
debris andwidth of wear track. The calculated specific tribocorrosion rate decrease from1.54×10–4 to
4.78×10−5, lower than that of 7.28×10−4mm3 N−1 m−1 for AISI 316L stainless steel substrate (table 1).
Comparedwith TiSiCN coating prepared by othermethods, the uniformwear properties of the high-toughness
TiSiCN coating deposited byHiPIMS avoid coatings failure caused by local cracks [28, 34, 35]. Although there
are no significantly decreases of thewear rate onTiSiCN coatings deposited byHiPiMS, it still has better
application value.

The deep grooves covered by a large amount of wear debris are observed on the coatings deposited by 4 kW
due to relative lowH,H/E*, H3/E*2 ratios, indicating lowhardness and toughness [13] of the coatings, which
has highCOFof 0.55 and lowOCP value of−0.12 V in tribocorrosion process. Hard abrasive usually has a

Figure 9. SEM images and 2Dprofiles of wear track of TiSiCNnanocomposite coatings sliding against Si3N4 balls in 3.5wt.%NaCl
aqueous solution: (a) 4 kW, (b) 5 kW, (c) 6 kW, (d) 7 kW, (e) 8 kW, (f) 2Dprofiles of wear surface.

Table 2.EDS results of the TiSiCNnanocomposite coatings after
tribocorrosion test.

Point Ti(at.%) Si(at.%) C(at.%) N(at.%) O(at.%)

A 20.34 7.30 21.15 42.04 9.17

B 31.73 15.21 52.94 0.11 —

C 46.23 16.27 22.80 — 14.69

D 12.40 5.58 12.46 8.12 61.44

E 32.29 12.23 31.90 23.58 —

F 25.67 10.30 23.61 23.13 17.29

G 18.12 6.99 13.85 10.36 50.69

H 28.21 7.78 21.89 31.03 11.09

I 13.55 5.12 18.35 — 62.97

J 23.80 9.22 25.76 27.79 13.44
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strong cutting effect on sliding contact surface.However, flake oxidationwear debris accumulates in groove
would act as a lubricating in tribocorrosion process [42, 47–49]. The deep groove hinders the accumulation of
oxidewear debris, thusweakens the lubrication effect of oxidewear debris. As target power is increased to 7 kW
(figures 8 and 9), there is a significant enhancement in tribocorrosion properties with the decrease of COF to
0.26 and the increase ofOCP to−0.07 V thanks to highH,H/E* andH3/E*2. At 7 kW, indeed, fewer tiny debris
is covered and only shallow furrows are observed on the smoothworn surface. Thewidth of thewear track is
255μm.That indicates the transition of the tribocorrosionmechanism from severe abrasive wear tomild
abrasive wear.

Therefore, the enhanced tribocorrosion properties of TiSiCNnanocomposite coatingsmainly depended on
the combined improvements in hardness and toughness of TiSiCNnanocomposite coatings with high surface
integrity and densemicrostructure, which promotes the resistance ofmicrocrack and corrosion damage. The
tribocorrosionmechanismof TiSiCNnanocomposite coatings in 3.5wt.%NaCl aqueous solutionwere
oxidative wearmechanism and abrasive wearmechanism. It transformed from severe abrasive wear tomild
abrasive wearwith the combined improvements in hardness and toughness.Moreover, cycling tribocorrosion
tests exhibited that passivefilms of coatings have strong abilities of regeneration and repairation on sliding
contact surface to protect the coatings from the exposure to the corrosive solution. Thus, the sharp decrease of
COFbelow 0.2 at a lower sliding speed is obtained for of the coatings deposited at 7 kWpossibly resulted from
self-lubricating properties of passive films and surface feature of the coatings.

4. Conclusion

(1) TiSiCN nanocomposite coatings were deposited by high power impulse magnetron sputtering (HiPIMS) at
a power of 4–8 kW,wheremetal Ti andTiSiC layers serve as adhesion and transition layers, respectively.
Trilayer coatings present high surface/interface integrity and densemicrostructure. As power is increased,
TiSiCNnanocomposite coatings possess nc-(TiN, TiC, TiCN)/a-(Si3N4, SiC, sp

2
–C)nanocomposite

structure without distinctly preferred orientation. The residual stress in the coatings increased from−1.13
to−2.13 GPawith the power rise from4 to 8 kW.

(2) The highest hardness (H) of 43 GPa and effective Young’s modulus (E*) of 360 GPa are achieved at 8 kW,
while the highestH/E* of 0.123 andH3/E*2 of 0.61 appear at 7 kW.Rockwell C adhesion level of coatings is
improved fromHF2 at 4 kW toHF1 at 8 kW. TiSiCNnanocomposite coatings with highH,H/E*, H3/E*2

and adhesion strength exhibit high open circuit potential of−0.07 V, lowCOFof 0.25 and specific wear rate
of 4.78×10−5mm3 N−1 m−1 resulting frommild abrasive wear without the occurrence of pitting
corrosion in 3.5wt.%NaCl aqueous solution.

(3) The tribocorrosion mechanism of TiSiCN nanocomposite coatings in 3.5 wt.% NaCl aqueous solution are
oxidative wearmechanism and abrasive wearmechanism. It transformed from severe abrasive wear tomild
abrasive wearwith the combined improvements in hardness and toughness.Moreover, cycling
tribocorrosion tests exhibit that passive films of coatings have strong abilities of regeneration and self-
repairation on sliding contact surface to protect the coatings from the exposure to the corrosive solution.
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