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A B S T R A C T   

In this work, the tribocorrosion performance of hydrogenated and hydrogen-free diamond-like carbon (DLC) 
coated thermal sprayed WC-based cermet/carbide were investigated comparatively. The results showed that, 
regardless of hydrogen containing, both coatings demonstrated the improvement of anti-tribocorrosion capa
bility of WC-based cermet in 3.5 wt% NaCl solution, by suppressing the corrosion of Ni-based binder phases. 
Particularly, the hydrogenated DLC coating presented the better tribocorrosion resistance under low load due to 
the high hardness and excellent corrosion resistance, but it suffered from the catastrophic delamination and 
protective degradation at heavy load arisen from the high brittleness and large residual stress. In contrast, the 
hydrogen-free DLC duplex coating exhibited a low COF of ~0.06 under higher load (10 N) with long time friction 
(12 h), because of its gradually shearing characteristic. This work provides theoretical basis and design principles 
for DLC combinations with remarkable corrosion inhibition used in harsh marines.   

1. Introduction 

With the extensively increasing development of marine economy, 
high-level relevance to engineering equipment used in massive volume 
ocean environments has become more comprehensively important. In 
particular, to protect the mechanical components made of metals and 
steels during friction in harsh marine, thermal sprayed WC-based 
cermet/carbide coatings, as one of the promising functional layers 
with good mechanical properties and wear resistance, have been widely 
applied for the key tribological parts, such as oil/gas extraction valves as 
well as offshore pumps [1–5]. However, these WC-based coatings 
generally possessed coarse crystal structure and corrosion-prone binder 
phase, which make them apt to be worn during severe friction with 
heavy chloride induced corrosion for deep-sea applications [6–8]. 
Furthermore, the combination of pinhole/pore defects arisen from 
intrinsic growth of WC-based coatings easily caused the direct pene
tration of corrosive ions, leading to the catastrophic failure of coating 

with great risk of disasters [9,10]. Therefore, various attempts have been 
conducted to improve the tribocorrosion resistance of WC-based coat
ings without deterioration of the superior mechanical properties for 
marine infrastructures and key sliding components. 

In recent years, hybrid utilization of physical vapor deposition (PVD) 
and thermal spray duplex coatings has been considered as the alterna
tively strongest strategy to solve the above-mentioned issues rather than 
each of the fabricated mono-coatings [11–14]. The advantages behind of 
this concept could be understood from two aspects. Firstly, the duplex 
coatings can overcome the "eggshell effect" of single PVD hard coatings 
on soft metallic substrates with heavy loads but poor loading durability. 
Secondly, the PVD top coating may act as functional layers and there
after significantly improve the corrosion resistance and wear resistance 
as well as solid lubrication [15]. For example, Tang et al. [11] investi
gated the corrosion behavior of PVD CrN/high-velocity oxygen-fuel 
(HVOF) Cr3C2-NiCr duplex coatings in mixed salts. They found that, due 
to the sealing contribution from dense PVD-CrN top layer, the oxidation 
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of HVOF-coating was distinctly reduced by the combination of duplex 
coating, accompanying a much lowered thickness of formed oxides after 
50 h thermal corrosion. Similarly, by facilitating the comparative CrN 
and diamond-like carbon (DLC) top layers by PVD techniques on HVOF 
deposited Fe3Al-based coatings, Pougoum et al. [16] reported that both 
these PVD-CrN and PVD-DLC coatings presented the good wear resis
tance together with the low friction of coefficient (COF) comparing with 
that of pristine HVOF-coatings. On the basis of this conceptual approach 
to modifying tribological properties and corrosion durability, the 
evident prediction could be aimed by applying a combined PVD top 
layer over thermal sprayed coatings for the extended life-time of 
metallic engineering infrastructures in marine corrosive environments. 

Among a vast amount of coatings deposited by various PVD tech
niques including magnetron sputtering and cathodic vacuum arc, 
nitrogen-based and carbon-based coatings are commonly used PVD 
protective candidates [17,18]. Especially, if one pays attention on both 
required low friction and high corrosion resistance, DLC coatings is of 
uttermost attractive as the most representative amorphous carbon-based 
protective materials, due to the high hardness, good self-lubrication and 
outstanding chemical inertness to severe acid-bases media [13,19–22]. 
In addition, the physiochemical properties of DLC coatings can be 
tailored by varying atomic carbon bonds and exclusive chemical dopants 
such as hydrogen, nitrogen and even metals. According to the typical 
ternary phase diagram [23], In general, DLC coatings could be catego
rized to hydrogenated and hydrogen-free amorphous carbon coatings. 
Comparing to hydrogen-free DLC coating (also well-known as 
graphite-like carbon, GLC), Zhang et al. [24] found that the hydroge
nated DLC coatings demonstrated the superior wear resistance than GLC 
coating in an aqueous environment, in which the latter underwent much 
severer delamination and larger wear loss due to friction shearing. 
However, a contrast observation was that the hydrogenated DLC illus
trated the extremely poor durability originated from the catastrophic 
delamination at interface of coating/substrate, while the hydrogen-free 
DLC was more favorable for the low friction and good wear resistance in 
an aqueous [25]. In this case, for the purpose of overcoming the largest 
challenges in reliability, safety and sustainability for key metallic com
ponents used in marine, hybrid manipulation of DLC coated HVOF layer 
would be extensively desirable to improve both tribological and corro
sive properties under chloride solutions within a relatively long life-time 
and even a strong load-bearing capacity under deep-sea circumstances. 

Previously, we have fabricated Cr/GLC multilayer coatings on 316 L 
stainless steels by multi-source DC magnetron sputtering (DCMS) and 
investigated the modulation periods effect on tribocorrosion behavior of 
coatings in artificial seawater [22]. The results showed that applying a 
hydrogen-free GLC top-layer with enhanced thickness could signifi
cantly improve the electrochemical corrosion capability to Cr/GLC 
coating. However, once the hydrostatic pressure was increased to 30 
MPa, these Cr/GLC coatings severely suffered from the rapid degrada
tion due to the localized pitting corrosion, which was accelerated by the 
growth defects and poor load-bearing tolerance [21]. In parallel, 
introduction of the Ti-TiCx/DLC gradient multilayer significantly 
benefited the long-term tribocorrosion properties of DLC coating on 
S32750 steel substrate, where a low COF value of 0.06 was obtained 
after sliding in 3.5 wt% NaCl solution more than 24 h under load of 20 N. 
However this coating was still worn out completely due to the poor 
fracture toughness [26]. From these perspectives, there is still a lack of 
fundamental understanding about which kind of DLC coating is the most 
suitable candidate to improve tribocorrosion resistance of mechanical 
components in harsh marine conditions. Therefore, in this work, we 
specialized the comparative study on the tribocorrosion behavior of 
duplex coatings composing of hydrogenated and hydrogen-free DLC 
coatings deposited on thermal sprayed WC-based coating, where the 
outmost DLC coating was particularly used as sealing and lubricant layer 
while WC-based cermet acted as the load-bearing transition layer. The 
failure mechanism for serviceability exposed chloride induced tribo
corrosion was discussed in terms of the electrochemical behavior and 

microstructural evolution of coatings during various tests. 

2. Experimental details 

2.1. Coating preparation 

Fig. 1a shows the synthesis procedure for duplex coatings containing 
of DLC top-layer next to HVOF sprayed WC-based cermet on Ti6Al4V 
substrates. Firstly, the WC-based cermet coating was prefabricated on 
the substrate by high-velocity oxygen-fuel (HVOF, JP8000, USA) 
spraying technology. A commercial WC-based powder (WC-20Cr3C2- 
7Ni, Chongyi Zhangyuan Tungsten Co., Ltd., China) with particle size 
distribution of 15–45 µm was used as the raw material for coating syn
thesis. The spraying step was set to 5 mm. The travelling speed and 
distance of the spray gun were 500 mm/s and 380 mm, respectively. 
More details about thermal spray process could be available elsewhere 
[27]. To suppress the growth defects such as pits and nodules in DLC 
top-layer during subsequent deposition, the as-deposited WC-based 
coating was polished, buffed, and ultrasonically cleaned to obtain an 
immaculate and a smooth surface. Then, hydrogenated DLC coatings 
were deposited by a linear ion source (LIS) with inputting C2H2 gas 
precursors, while hydrogen-free DLC coating was prepared by a DCMS 
feed with graphite source (purity of 99.99%) at working gas of Ar. 
Herein, C2H2 was selected as the carbonaceous gas rather than CH4 due 
to the higher carbon-to-hydrogen ratio, which could allow the easier 
deposition of amorphous carbon coating with higher hardness related to 
hybridized sp3 C-C bonds instead of C-H bonds. Prior to deposition, the 
base pressure of vacuum chamber was pumped to 3 × 10− 3 Pa. The 
substrate was etched by Ar+ ions for 30 min to remove the contaminants 
on substrate surface and improve the adhesion strength of coating. As for 
the deposition of hydrogenated DLC coating, the LIS source was oper
ated at 0.2 A and 1200 V with inputting C2H2 flow rate of 38 sccm. The 
substrate was applied with a negative DC pulsed bias of − 100 V and the 
deposition time was controlled at 120 min. In case of hydrogen-free DLC, 
the graphite target was conducted at a DC current of 3.0 A and a power 
of 2.0 kW, in which the working gas of Ar was set at a flow rate of 60 
sccm. The substrate bias voltage and the deposition time were main
tained at − 200 V and 300 min, respectively. For the discussion 
simplicity, the WC-based coating prepared by HVOF was here labeled as 
the ‘H′ coating, while the duplex coatings with hydrogenated and 
hydrogen-free DLC coated on WC-based layer was assigned as ‘HD’ 
coating and ‘HG’ coating following, respectively. All the related DLC 
coatings was kept at a thickness about 1.7 µm by changing the deposi
tion time for comparison. 

2.2. Corrosion and tribocorrosion test 

The instrumental apparatus and test procedure for the tribocorrosion 
experiment are shown in Fig. 1b-c. An electrochemical workstation 
(ModuLab XM ECS) was used to conduct electrochemical tests (ASTM 
G59–97) in 3.5 wt% NaCl solution, where a three-electrode electro
chemical system was applied during measurement. Namely, the coated 
sample was set as the working electrode, a platinum plate acted as the 
counter electrode, and an Ag/AgCl electrode served as the reference 
electrode. The tribological behavior was investigated by a reciprocating 
tribometer (MFT5000, Rtec Instrument Technology Co., Ltd.), in which 
the Al2O3 ball with diameter of 6 mm was empolyed as the counter- 
body. The sliding distance and friction speed was kept at 4 mm and 
20 mm/s, respectively. To compare the tribocorrosion properties of HD 
and HG duplex coatings under different loads and sliding times, the tests 
were particularly conducted at three characteristics: 5 N-1 h, 10 N-1 h 
and 10 N-12 h. As shown in Fig. 1c, the tribocorrosion procedure within 
an entire test was evolved two different stages. During stage 1, the open 
circuit potential (OCP) was monitored approximately within 1 h to 
ensure the stabilization of test sample before tribocorrosion measure
ment. Once the potential value of sample reached to stable state, the 
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corrosion resistance was started by electrochemical impedance spec
troscopy (EIS). At stage 2, the sample was firstly allowed to soak natu
rally until the OCP was stabilized for the tribocorrosion test by 
reciprocating tribometer. After the ending of stage 2, the test was 
terminated until the OCP of the immersed sample was turned back 
stably, where the EIS was characterized to identify the corrosion resis
tance after tribocorrosion. During test period, all the data evolution 
including COF, EIS and OCP of coated samples were in-situ measured 
continually before, during and after tribocorrosion with real-time. 

2.3. Characterization method 

The surface morphology and elemental distribution of the samples 
were examined using a Quanta FEG 250 field emission scanning electron 
microscope (SEM, FEI, USA) equipped with an energy dispersive spec
trometer (EDS). The chemical composition related to bond structure 
were comprehensively characterized by non-destructive Raman spec
troscopy (Renishaw inVia-reflex, UK) and X-ray photoelectron spec
troscopy (XPS, Kratos, AXIS SUPRA). After friction tests, the 3D images 
and the morphology of the wear track were observed by the UP-Lambda 
3D optical profiler (Rtec, USA) and a Zeiss light microscope (Axio 
Imager 2). A scanning transmission electron microscope equipped with a 
focused ion beam (FIB-STEM, Auriga, Carl Zeiss, Germany) as well as 
electron energy loss spectroscopy (EELS) was employed to prepare the 
coated sample for TEM test and elucidate the microstructural features of 

coatings after tribocorrosion tests. The mechanical properties including 
hardness (H) and elastic modulus (E) of the duplex coatings were eval
uated by a G200 nanoindentation tester (MTS, USA) in a continuous 
stiffness mode (CSM), with a Berkovich diamond indenter under a load 
depth to 500 nm. Each sample was tested 10 times to abate the mea
surement errors and the correspondent average value was taken as the 
output result. The adhesion strength between DLC top-layer coatings 
and WC-based cermet coatings were measured by the Revetest scratch 
test system (CSM) accompanied with an optical microscope and acoustic 
detector. The residual stress of the samples was tested using the stress 
tester, where the stress was calculated by comparing the change in 
curvature radius of the Si substrate before and after the coating 
deposition. 

3. Results and discussions 

3.1. Micromorphology and structure of deposited duplex coatings 

Fig. 2 shows the cross-sectional SEM images of hydrogenated/ 
hydrogen-free DLC as specified HD and HG top-layers, which was 
combined with the next HVOF-sprayed WC-based cermet layer on the 
Ti6Al4V substrate. The complete cross-sectional morphology containing 
each individual layer was also demonstrated in the Supplementary file of 
Fig. S1. As expected, the HD coating and the HG coating demonstrated 
the similar thickness about 1.71 µm and 1.74 µm as DLC top-layer 

Fig. 1. Schematic diagram of (a) preparation procedure for duplex coating, (b) apparatus for tribocorrosion experiment, and (c) stage procedure conducted during 
tribocorrosion test. 

Fig. 2. Cross-sectional SEM images of (a) HD coating and (b) HG coating as top-layer deposited on WC-based cermet coating.  
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deposited on WC-based coating, respectively. Meanwhile, a dense 
growth and smooth surface without any obvious pores and cracks was 
visible for both DLC coatings regardless of hydrogen, in which a strongly 
bonded adhesion was illustrated as well for the duplex coatings. 

Fig. 3a shows the Raman spectra of various DLC coatings deposited 
on WC-based cermet coating, where a typical amorphous carbon spec
trum was distinctly observed for both HD and HG samples in the 
wavenumber range of 1000–1800 cm− 1. Since the Raman spectra of 
carbon materials could be deconvoluted into D peak centered around 
1360 cm− 1 and G peak located about 1560 cm− 1 by Gaussian fitting 
method, the characteristics of carbon atomic bonds would be identified 
by the fitted G-peak position and the intensity ratio of D peak and G peak 
(ID/IG). Empirically, it is well-known that the higher G-peak position 
indicates the increase of graphitization in C-sp2 bonds, while the lower 
ID/IG generally implies the smaller clusters size of ringed sp2 phases 
[28]. After the deconvolution, an observation was that the ID/IG around 
3.19 and G-peak position centered at 1552.15 cm− 1 for HG sample was 
much larger than those of HD sample at 0.57 and 1537.54 cm− 1, 
respectively. It could thus be said that the HG coating contained much 
higher content of sp2 bonds and larger sp2 cluster size comparing with 
HD coating. Furthermore, the content of hydrogen in the hydrogenated 
amorphous carbon materials could be calculated using the following 
formula [29]: 

H
[

at%
]

= 21.7+ 16.6log
{

m
I(G)

[

μm
]}

(1)  

where m represents the slope of the background line in the Raman 
spectrum, and I(G) is the intensity length of the G peak (measured with 
unit of μm). Thereafter, the C-H content in the total C-sp3 bond state was 
calculated to be around 22.15%, which was similar to the previous value 
of 20.6% detected by other elastic recoil detection analysis [30]. 

To further elucidate the chemical bonds in various DLC duplex 
coatings, Fig. 3c shows the representative C1s spectrum by XPS mea
surement for HD and HG coatings. Obviously, a broad peak assigned to 
amorphous carbon materials was visible on each of spectrum in range of 
binding energy at 281–291 eV. For each case, C 1 s peak mainly con
sisted of three fitting components, that could be the carbon hybridiza
tions centered at 284.4 eV, 285.1 eV and 286.5 eV, corresponding to 
C––C (sp2) bonded carbon, C-C/C-H (sp3) bonded carbon and C-O/C––O 
relevant carbon. Noted that the sp3 and sp2 bonds represented the 
typical tetrahedral phase sp3 and graphite phase sp2 in amorphous 
carbon matrix, while the weak sate-like peak of C-O/C––O bonds was 
mostly ascribed to the residual oxygen adsorbed on sample surface 
exposed to air or relative pressure of vacuum chamber. As shown in 
Fig. 3d, the fitted content of C-O/C––O bonds in HD coating and HG 
coating was about 21.21% and 19.45%, respectively. However, the sp3 

content in HD coating was estimated around 60.52% (including part of 
22.15% originated from C-H bonds), which was about two times larger 
than the value of 33.75% in HG coating. Correspondingly, the sp2 bonds 
in HD coating (18.27%) was much lower than that in HG coating 
(46.79%). This observation proposed that the graphitization in 
hydrogen-free coating was much accelerated than that in hydrogenated 
DLC coating, which was strongly correlated to the carbonaceous gas of 
C2H2 used in HD deposition but pure graphite target source only applied 
for HG deposition without C2H2. Based on the traditional results [31, 
32], the higher C-C sp3 bond in amorphous carbon matrix would favor 
the superior mechanical properties including hardness and elastic 
modulus for DLC coating. 

Considering the deviation in C-C and C-H sp3 bonds were closely 
related to the mechanical properties of DLC coating, the STEM test 
accompanying with EELS analysis was further carried out. As shown in  
Fig. 4a-b, both HD and HG coatings displayed the contact and smooth 
morphologies together with a diffuse hallow patterns in the inserted 

Fig. 3. (a) Raman spectra and (b) fitted G-peak position and ID/IG for various HD and HG duplex coatings; (c) XPS spectra and (d) fitted chemical bond composition 
of HD and HG coatings. 
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image of selected area electron diffraction (SAED), which was essen
tially the same as the traditionally pure DLC materials. Fig. 4c displays 
the carbon-K edge EELS spectra with a spatial resolution less than 1 nm 
derived from the marked area in Fig. 4a-b. By fitting each of the EELS 
curve [17], two peaks assigned to π * around 285 eV and σ * spanning a 
broad transition range of 290–305 eV could be used for the character
ization of C––C sp2 and C-C sp3 hybridized bond in deposited DLC 

coating for comparison. It was observed that the intensity ratio of 
π * and σ * was 0.13 and 0.17 for HD coating and HG coating, respec
tively. This replied that the higher sp2 content with stimulated graphi
tization in HG coating was achieved than that in HD coating, which 
agreed well with the XPS analysis. 

Fig. 4. Cross-sectional STEM image of the (a) HD coating and (b) HG coating deposited on HVOF-WC based cermet coating, and (c) corresponding carbon-K edge 
EELS result of the selected test area. 

Fig. 5. (a) Nanoindentation load displacement curves of nanoindentation, (b) hardness and modulus values of the H, HD, and HG coatings, and (c) HD, (d) HG 
coating scratch track images and load vs acoustic signal-distance curves. 
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3.2. Mechanical properties of duplex coatings 

Fig. 5a shows the in-situ load-displacement curves during nano- 
indentation tests for duplex DLC coatings on HVOF-WC cermet layer. 
No evident pop-in or pop-out event was visible from all three loading- 
unloading curves, demonstrating the lack of sudden contraction and 
expansion underneath the indenter regardless of amorphous carbon 
matrix. Noticeably, the elastic recovery of the HD coating was 57% as 
calculated by the formula [33], whereas it was only 32% and 47% for 
the H and HG coatings, respectively. Comparing to the average hardness 
value of 16.09 GPa for WC-based cermet coating, the duplex coating 
with HD layer and HG layer was about 23.66 GPa and 13.47 GPa, 
respectively, as shown in Fig. 5b. The slight decrease of hardness in HG 
duplex coating could be attributed to the dominated sp2 bonds, as pre
dicted from the XPS and EELS results. In other aspect, H3/E2 generally is 
a measure of plastic deformation capability of ceramic hard coating 
against a rigid contact. The larger H3/E2, the greater the contact yield 
compressive stress the coating can withstand, corresponding to the less 
likely plastic deformation and the better wear resistance with high 
toughness. Comparing with the H3/E2 value of 0.04 GPa for pure 
WC-based cermet coating, the H3/E2 value of HD and HG duplex coating 
was approximately around 0.18 GPa and 0.06 GPa, respectively. This 
observation indicated that the HD coating with the higher C-sp3 bond 
possessed better wear resistance over HVOF-WC coatings and HG duplex 
coatings. However, another specific note was that the critical load, 
defined as the applied load at which the coating firstly began to 
delaminate accompanying with a distinct increase of acoustic signal, 
was similar at 21 N for both HD and HG duplex coatings. Base on this 
result, the good adhesion strength of DLC coatings regardless of 
hydrogen was generated on HVOF-WC cermet coating. 

3.3. Tribocorrosion behavior of various coatings 

Fig. 6 shows the tribocorrosion behavior for both HD and HG duplex 
coatings under load of 5 N in a short-term (1 h) test. Firstly, all the H, 
HD, and HG coatings displayed the superior anti-tribocorrosion capa
bility than that of the pristine Ti6Al4V substrate (Fig. S2) under the 5 N- 
1 h test condition, suggesting the prolong tribocorrosion resistance of 
these coatings to a great extent. In contrast of the average high value of 

COF at 0.3 for WC-based coating without DLC top-layer, the lowered 
average COF around 0.06 was obtained for both HD and HG duplex 
coating, replying the hydrogenated/hydrogen-free DLC could signifi
cantly improve the lubricant properties of the WC-based coatings. 
Particularly, in case of HD coated WC-based duplex coating, the sliding 
curve was much stable with sliding time. The evolution of OCP values 
for all samples during tribocorrosion test was recorded in Fig. 6b. Prior 
to sliding, the initial OCP value of the HD coating was relatively higher 
compared to each of H coating and HG coating, suggesting the lowest 
corrosion tendency and higher electrochemical stability in HD case [34]. 
During the sliding, all the OCP values moved downwards suddenly. 
Meanwhile, unlike the H and HG coatings, the OCP in HD coating kept 
decreasing instead of entering a platform period immediately during an 
entire loading stage. After 1 h sliding, all the OCP turned back up 
sharply to a stabilized level. 

According to the mixed potential theory (MPT), only a part of the 
working electrode (sample) could be mechanically loaded during tri
bocorrosion test [35,36]. Currently, the monitored potential was a 
mixed potential generated by the load-free (passivation) and load-in 
(depassivation) region’s own potential. In the early stage of tribo
corrosion, the wear track was gradually formed and expanded, corre
sponding to the increase of contact area. This explained the rapidly 
potential drop in all cases of H, HD, and HG coating at the beginning of 
sliding. Once the sliding process was plateaued (i.e., the end of the 
running-in period), the exposed contact area was remained relatively 
stable, which led to the equilibrium situation of OCP in H and HG 
coating. In contrast, the HD coating exhibited the persistent localized 
peeling during sliding, which suggested the continuous exposure of the 
chemically active substrate to the saline water (Fig. 6c-d). When the test 
was terminated, the fresh substrate surface beneath the contact area was 
immediately self-repaired (repassivation) to form a passivation film. 
Consequently, the OCP of all samples get back upwards rapidly. It was 
worth mentioning that the equilibrium potential of the HD coating 
remained the highest value at the end of tribocorrosion sliding, indi
cating the best corrosion resistance than both the H and HG samples. 
This phenomenon could be explained by the above-mentioned MPT, in 
which the potential of the WC-based layer exposed after sliding was low, 
but the potential outside the wear track was quite high. Thus, the total 
mixing potential of the HD coating still exhibited the highest value 

Fig. 6. (a) COF, (b) OCP, (c) cross-sectional area of wear track and (d) 3D profile of H, HD, and HG coatings under 5 N-1 h tribocorrosion test condition.  
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compared to the other samples. 
In addition, the potential of H (↓0.009 V), HD (↓0.045 V) and HG 

(↓0.017 V) coatings decreased in various tendencies after tribocorrosion 
test. In particular, the corrosion resistance of the HD coating was 
degraded distinctly under 5 N-1 h tribocorrosion. Fig. 6c shows the 
estimated cross-sectional areas of the wear tracks for all three coatings. 
Compared to H coating at 20.8 µm2 and HG coating at 17.3 µm2, the HD 
coating possessed the lowest cross-sectional area in wear track around 
13.2 µm2. Although small pieces of localized delamination were visible 
in HD coating, the total wear loss along wear track was still lowest 
compared with the H and HG coatings. 

Furthermore, to evaluate the tribocorrosion performance under a 
higher load, a normal load of 10 N was conducted in short time of 1 h for 
comparison. At the initial sliding stage, the COF values of HD and HG 
coatings almost overlapped around 0.06, which were far lower than that 
of H coating at 0.27 (Fig. 7a). However, the COF of HD coating started to 
rise steeply after 15 min test, indicating a severely catastrophic failure in 
HD sample. Different from the HD coating, the HG coating illustrated a 
quite stable COF around 0.06 without serious fluctuations. In this aspect, 
under heavy load of 10 N during tribocorrosion for 1 h, the HD duplex 
coating failed quickly after 15 min, while the HG coating exhibited a 
much longer service life for tribocorrosion application. Fig. 7b shows the 
OCP evolution of three coatings during tribocorrosion process. The H 
(− 0.20 V), HD (− 0.35 V), and HG (− 0.07 V) coatings displayed the 
equilibrium potentials during sliding. Especially, a higher equilibrium 
potential was obtained in the HG duplex coating without any distinct 
exfoliation after sliding, but the quite worse degradation emerged in HD 
coated duplex coating due to the severely catastrophic delamination 
during sliding, occupying an accelerated low equilibrium potential 
arisen from the exposed fresh surface of WC-based cermet material. 

As for the concern on the long-term tribocorrosion properties of HG 
coating, a representative test was specially conducted at 10 N-12 h 
condition for comparison. As shown in Fig. 8a, the HG duplex coating 
displayed the well stabilized friction characteristics with very low COF 
around 0.06 even extending tribocorrosion time to 12 h. The abrupt 
increase in COF curves for HG duplex coatings than that of HD sample 
during tribocorrosion sliding might be attributed to two aspects [37,38]. 
One was the continuous accumulation of wear debris generated with 
tribocorrosion sliding, where the larger particulates would cause the 

serious fluctuations. Another reason could be arisen from the stimulated 
shearing consumption within wear track in coating surface due to the 
relatively poor hardness of HG sample less than HD one, that enabled the 
fast removal of lubricant coating matrix and subsequently the severe 
friction with larger wear volume. Moreover, relevant evidence could 
also be visible from the sliding fluctuation of COF for HD coatings, which 
was similar to that of the COF evolution for HG sample (Figs. 6 and 7). 
Based on the inserted 3D profile and cross-sectional area taken from the 
wear track (inserts in Fig. 8), the interesting observation was that 
although the top-layer HG coating with thickness of 1.74 µm was most 
likely worn out, the excellent tribocorrosion resistance with low COF 
was demonstrated in the duplex coated substrate due to the accumula
tion of wear debris along wear track relevant to graphitized amorphous 
carbon particulates. Similar evidence could be indicated from the OCP 
result (Fig. 8b), in which a distinct fluctuation with steep dropping was 
visible during tribocorrosion process, replying the exposure and 
continuous plateau of the pristine WC-based coating. 

3.4. Wear track evolution after tribocorrosion test 

Fig. 9 shows the wear track characteristics for the samples of H, HD, 
and HG coatings. With same tribocorrosion test, increasing the applied 
load led to the increase of width wear track from 193.8 µm to 235.4 µm 
for the H coating (Fig. 9a and d), accompanying many obvious grooves 
distributed in the wear tracks. This essentially behaved the abrasive 
wear failure of thermal sprayed WC-based hard coatings when sliding 
with hard surface of Al2O3 counter-body, where the abrasive damage 
could be stimulated further by increasing load from 5 N to 10 N. How
ever, once the HD coating was introduced on top of WC-based coating, 
the width of wear track was reduced significantly to 161.5 µm at 5 N-1 h 
(Fig. 9b), together with no more observation of abrasive grooves. The 
higher hardness (23.66 GPa) of HD duplex coating with graphitization 
transfer layer might be the key factor for such enhanced lubrications. 
Nevertheless, due to the existence of localized delamination of HD 
coating within wear track, it was notably that increasing the friction 
load to 10 N caused the exposure of underlying WC-based layer and the 
propagated wear failure with extended track width around 389.2 µm 
(Fig. 9e), where an obvious wear surface composing the centered worn 
out of HD coating and separated WC-based layer were visible. This 

Fig. 7. (a) COF, (b) OCP, (c) cross-sectional area of wear track, and (d) 3D profile of H, HD, and HG coatings under 10 N-1 h tribocorrosion test condition.  
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discrepancy also agreed well with the OCP result showing continuous 
decline in mixing potential as well as the plateau stage at 10 N-1 h 
(Fig. 7). 

Different from the HD duplex coating, the hydrogen-free DLC coated 
WC-based cermet illustrated a very excellent lubrication performance in 
chloride solution, showing a distinctly reduced wear track with width in 
range of 113.1–137.7 µm regardless of applied load (Fig. 9c and f). In 
addition, the HG duplex sample proposed a strong adhesion to next WC- 
based cermet since no any localized spallation or peeling off from top HG 
layer was induced by tribocorrosion. At 5 N-1 h, it was worth noting that 
the slight grooves along wear track emerged for HG coating, consisting 
with the mildly decrease and rapid plateau in OCP achievement (Fig. 6). 
With extended tribocorrosion test to 10 N-12 h, although the large 
pieces of delamination occurred in the centered HG outmost layer, the 
other residual amorphous hydrogen-free carbon distributed along wear 
edge acted well as the lubricants for the lower COF in HG duplex sample 

on Ti6Al4V substrate. Nevertheless, the elemental mapping implicated 
that the below WC-base ceramic layer was exposed gradually because of 
the intensive removal of relatively soft graphitic HG layer during sliding, 
where this conclusion could be also evidenced from the changes in OCP 
analysis (Fig. 8). 

To further address the wear behavior of HG duplex coating at 10 N- 
12 h, we conducted the combined FIB-STEM measurement after tribo
corrosion test. As shown in Fig. 10, the residual region was mainly 
composed of the dense and smooth hydrogen-free amorphous carbon 
structure except for the very faint cracks (labeled by arrow). However, 
once the heavy load was applied, these cracks might be extended or 
propagated, which thereafter induced the easy penetration of corrosive 
chloride medium to interfaces between HG/WC layers or even WC/ 
substrate. In case of the exposure time enough long, the preferential 
corrosion pits happed in the Ni-based binder phases of coated WC 
cermet layer. From this, the degradation of tribocorrosion resistance for 

Fig. 8. (a) COF, 3D profile, cross-sectional area of wear track and (b) OCP of HG coating under 10 N-12 h tribocorrosion test condition.  

Fig. 9. Wear track morphologies of (a, d) H coating, (b, e) HD coating, (c, f) HG coating after tribocorrosion at 5 N-1 h and 10 N-1 h conditions, and (g) HG coating 
after tribocorrosion at 10 N-12 h condition. 
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the HG duplex coatings was observed comparatively. 

3.5. Corrosion properties before and after tribocorrosion test 

The EIS evolution of the H, HD, and HG coatings was monitored by 
in-situ electrochemical techniques. The EIS results of all samples under 
different conditions (initial state, 5 N-1 h and 10 N-1 h) are shown in  
Fig. 11. 

From the Nyquist plots of H, HD, and HG coatings in Fig. 11a1, b1, 
and c1, the capacitive arc radius decreased in all samples after sliding, 
besides, the Bode impedance plots (Fig. 11a2-c2) revealed that the 
impedance modulus (|Z|0.01 Hz) decreased with varying degrees for all 
samples, indicating that the corrosion resistance of the three coatings 
deteriorated after tribocorrosion. At the same time, the Bode phase plots 
(Fig. 11a3-c3) demonstrated that the phase angle of the post- 
tribocorrosion coatings was lower in the medium to the low-frequency 
region (102-10− 2 Hz) compared to the pre-tribocorrosion coatings. In 
addition, compared to H and HG coatings, the phase angle dropped at 
the high-frequency region (105-104 Hz) was more pronounced for HD 
coating, which showed a positive correlation with the sliding load. This 
indicated that the high loads severely weakened the barrier effect of the 
HD coating to corrosion solution. Furthermore, to quantitatively study 
and compare the changes in corrosion resistance of H, HD, and HG 
coatings during the tribocorrosion tests, the EIS results of all samples 
were fitted using the ZView software. The equivalent circuit model used 
for the EIS fitting is shown in Fig. 12, where Rs, Rp, Rct, CPEdl, and CPEc. 
Rs, Rp, and Rct represent the solution resistance, pore resistance in the 
coating, and charge transfer resistance of the electric double layer at the 
coating/substrate interface, respectively. Due to the rough or porous 
surface of the sample, a CPE (constant phase element) is used in the 
model instead of C (capacitance) to compensate for the heterogeneity in 
the system. Thus, CPEdl and CPEc denote the capacitive characteristics of 
the electric double layer at the coating/substrate interface and the entire 
coating system, respectively. The impedance mode values of H, HD, and 
HG coatings as well as the EIS fitting results are presented in Fig. 12 and  
Table 1. 

The initial Rp of the H, HD, and HG coatings were 9.42 × 102 Ω⋅cm2, 
9.84 × 104 Ω⋅cm2 and 1.22 × 104 Ω⋅cm2, respectively. Both 

hydrogenated and hydrogen-free DLC could significantly improve 
corrosion resistance of the H coating, and the HD had obviously better 
corrosion resistance than the HG. The initial Rct and |Z|0.01 Hz of HD 
coating were 7.11 × 1012 Ω⋅cm2 and 5.44 × 105 Ω⋅cm2 respectively, 
which were much higher than that of the HG coating (4.48 ×105 Ω⋅cm2, 
6.22 ×104 Ω⋅cm2). It further proved that the HD coating provided su
perior corrosion resistance than the HG coating. It was worth noticing 
that Rp, Rct and |Z|0.01 Hz values of both HD and HG coatings decreased 
significantly with increasing sliding load. Even so, after tribocorrosion 
test at 10 N-1 h, Rp, Rct and |Z|0.01 Hz of the HD coating (6.52 ×104 

Ω⋅cm2, 2.52 ×108 Ω⋅cm2, 2.42 ×105 Ω⋅cm2) were still considerably 
higher than that of the HG coating (1.53 ×103 Ω⋅cm2, 1.35 ×105 Ω⋅cm2, 
2.93 ×104 Ω⋅cm2). This result suggested that the electrochemical ac
tivity of the HD coating was lower than the HG coating both before and 
after tribocorrosion test. 

The impedance response of CPE can be obtained by the following 
equation [39]: 

ZCPE =
1

Q(jω)α (2)  

where Q and α represent the two parameters of CPE, CPE-T, and CPE-P, 
respectively. When α = 0, Q represents the ideal resistor; when α = 1, Q 
signifies the ideal capacitor, and only then the Q has the capacitance unit 
(F⋅cm− 2). In addition, when 0 < α < 1, the α value can be considered as 
the extent to which Q approaches the ideal capacitance [40]. Here, both 
CPEc-T and CPEdl-T (F⋅cm− 2⋅sn− 1) did not have capacitance units. To 
obtain an accurate capacitance of the coatings before and after tribo
corrosion, the effective capacitance (Ceff) of the HD and HG coatings was 
calculated by the following equation [41]: 

Ceff = Q1/α
(

ReRt

Re + Rt

)(1− α)/α

(3)  

where Re represents the ohmic resistance in the whole system. Rt, Q, and 
α can be regarded as integral properties, representing the capacitive 
circuit generated by Rt. The effective capacitance of the HD and HG 
coatings for the whole system (Ceff-C) and the electric double layer (Ceff- 
dl) is summarized in Fig. 13. It was found that sliding (both 5 N-1 h and 

Fig. 10. The FIB-STEM measurement on structural characteristics of the wear track for HG coating at 10 N-12 h after tribocorrosion test.  
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10 N-1 h conditions) had a little influence on the capacitance of the two 
coatings, whether Ceff-C (Fig. 13a) or Ceff-dl (Fig. 13b). Capacitance 
reflects the amount of charge stored in a circuit, and the smaller the 
capacitance, the less charge accumulation [39]. So the sliding process 
seemed to have no significant effect on the amount of charge accumu
lation for both coatings. It may be due to the relatively small proportion 
of the contact area compared to the sample area. However, the Ceff-C and 
Ceff-dl of the HD coating were about one order of magnitude lower than 
that of the HG coating before and after tribocorrosion test, respectively. 
Therefore, the charge accumulation of the HD coating was remarkably 
lower than the HG coating, which implied that the HD coating always 
had lower electrochemical reactivity. 

In short, the electrochemical results indicated that hydrogenated 
DLC was highly effective in enhancing the corrosion resistance of the 
WC-based cermet coating compared to hydrogen-free DLC. In addition, 

the corrosion resistance of both the HD and HG coatings showed a 
downward trend after tribocorrosion test, especially for HD coating 
under a high-load condition. Nevertheless, the electrochemical activity 
of the HD coating was greatly lower than the HG coating both before and 
after tribocorrosion test, exhibiting a superior corrosion resistance. The 
above observations were further confirmed by the potentiodynamic 
polarization (PDP) tests conducted before and after tribocorrosion 
(Fig. S3), where the HD duplex coating evidenced the best corrosion 
resistance than both of pristine H and HG coated samples. Specifically, 
the corrosion current density (Icorr) and potential (Ecorr) of HD coating 
were approximately (3.97 ×10− 8 A/cm2, 5.62 ×10− 8 A/cm2) and 
(− 0.156 V, − 0.127 V) before and after sliding test in 3.5 wt% NaCl so
lution, respectively. Moreover, the slight changes caused by tribo
corrosion indicated the excellent stabilization and long durability of HD 
and HG coatings as protective layers. 

Fig. 11. EIS results of (a1-a3) H coating, (b1-b3) HD coating, and (c1-c3) HG coating before and after tribocorrosion at 5 N-1 h and 10 N-1 h.  
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According to above-mentioned analysis, the role of testing time and 
load on their tribocorrosion properties could be as follows. The HD 
coating had the highest hardness and H3/E2, implying its best wear 
resistance. Besides, the HD coating also provided the best corrosion 
resistance. Under lower load of 5 N, the HD coating only underwent few 
local delaminations and still kept its outstanding anti-tribocorrosion 
performance; Under higher load up to 10 N, HD coating suffered the 
catastrophic "avalanche" type delamination and exhibited the quick 
failure, two main reasons should be considered here. First, the highest 
hardness and sp3 content in HD coating suggested its high brittleness, in 
addition, the residual stresses of this hydrogenated DLC tested was up to 
1.5 GPa (Fig. S4), which can also increase significantly with the rise of 
relative humidity [42,43]. Both high brittleness and large internal stress 

of this hydrogenated DLC may cause great mismatch of the 
film-substrate and break of the top coating [44], especially under high 
load and large deformation conditions. Next, this catastrophic delami
nation would expose the bottom WC-based cermet, and the following 
corrosion pits will accelerate coating peeling. While, the HG coating had 
the lower hardness, less sp3 content and lower water molecule sensi
tivity on its residual stress [22], therefore no peeling was observed both 
under 5 N-1 h and 10 N-1 h tribocorrosion tests. The gradual removal of 
the HG coating could explain its relatively worse performance under 5 N 
and better protection capability under 10 N. 

It should be also noted that, under 5 N-1 h tribocorrosion condition, 
the cross-sectional area of the wear track in the unflaked region of the 
HD coating (13.2 µm2) was smaller than that of the HG coating 
(17.3 µm2) (Fig. 6). In addition, the HD coating showed the best anti- 
tribocorrosion performance compared to the H and HG coatings at 
3 N-1 h condition, and the HD coating did not flake during the sliding 
process (Fig. S5). These phenomena suggested that once the DLC could 
avoid the catastrophic delamination, the hydrogenated DLC would 
endow the WC-based cermet with better tribocorrosion resistance than 
the hydrogen-free DLC. The schematic of the tribocorrosion process of 
the HD and HG coatings are illustrated in Fig. 14. 

4. Conclusion 

In summary, the hydrogenated and hydrogen-free DLC coatings were 
prepared on thermally sprayed WC-based cermet by LIS and DCMS 
techniques, respectively. The tribocorrosion properties of duplex coat
ings were comparatively investigated by potentiostatic and potentio
dynamic measurements. The results showed that both hydrogenated and 
hydrogen-free DLC could dramatically enhance the protection capability 
of WC-based cermet in chlorine corrosive solution, by suppressing the 
corrosion of Ni-based binder phases. Specifically, the hydrogenated DLC 
modified WC-based cermet exhibited the higher hardness and stronger 
interface adhesion, which enabled them the superior tribocorrosion in
hibition properties at low friction force (5 N). Due to the intrinsic large 

Fig. 12. The impedance modulus values (|Z|0.01 Hz) for H, HD, and HG coatings 
before and after tribocorrosion under different loads (The inserted image is the 
equivalent circuit model used for EIS fitting.). 

Table 1 
EIS fitting results of the H, HD, and HG coatings.  

Sample H coating HD coating HG coating 

Results Initial state 5 N-1 h 10 N-1 h Initial state 5 N-1 h 10 N-1 h Initial state 5 N-1 h 10 N-1 h 

Rs (Ω⋅cm2) 9.17 9.39 10.68 9.89 11.56 10.28 11.06 10.95 10.41 
CPEc-P 0.83 0.825 0.774 0.929 0.883 0.81 0.884 0.88 0.869 
CPEc-T (F⋅cm¡2⋅sn¡1) 2.31 × 10− 4 2.53 × 10− 4 3.52 × 10− 4 5.23 × 10− 6 8.21 × 10− 6 1.43 × 10− 5 4.62 × 10− 5 4.74 × 10− 5 7.16 × 10− 5 

Rp (Ω⋅cm2) 9.42 × 102 4.01 × 102 3.47 × 102 9.84 × 104 9.03 × 104 6.52 × 104 1.22 × 104 1.17 × 104 1.53 × 103 

CPEdl-P 0.58 0.556 0.601 0.424 0.422 0.371 0.489 0.468 0.581 
CPEdl-T (F⋅cm¡2⋅sn¡1) 1.74 × 10− 4 2.46 × 10− 4 4.13 × 10− 4 5.78 × 10− 6 8.72 × 10− 6 1.32 × 10− 5 5.27 × 10− 5 5.58 × 10− 5 1.26 × 10− 4 

Rct (Ω⋅cm2) 1.98 × 105 1.79 × 105 9.23 × 104 7.11 × 1012 4.73 × 1010 2.52 × 108 4.48 × 105 4.14 × 105 1.35 × 105  

Fig. 13. Calculated effective capacitances of HD and HG coatings: (a) Ceff-C and (b) Ceff-dl.  
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residual stress and brittleness, such hydrogenated duplex coatings were 
easily worn out because of the catastrophic delamination at heavy load 
(10 N). In contrast, for the case of hydrogen-free DLC duplex coating, the 
gradually removal characteristic during friction shearing caused the 
relatively worse capability to tolerate the tribocorrosion under lower 
load, but the opposite excellent protection could be obtained at heavy 
load due to the outstanding toughness. As a result, it could be concluded 
that the WC-based cermet coated with duplex hydrogenated DLC was 
preferred for the tribocorrosion resistance served at lower load in 
chloride solutions, while the hydrogen-free DLC duplex candidate would 
be the best choice for heavy load friction in harsh marine applications. 
The results not only provide the comprehensively fundamental insight 
into the electrochemical corrosion and tribological behavior of amor
phous carbon films during friction, but also bring forward the promising 
strategy to develop protective coatings with specialized serving de
mands for harsh marine applications. 
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