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A B S T R A C T   

A cleaning intervention is introduced to control the growth defect of Cr/GLC multi-layered coating to avoid 
premature failure in the deep-sea environment. The results demonstrated that the introduction of the cleaning 
intervention significantly decreased the penetrating defect density as expected, together without deteriorating 
the superior mechanical and tribocorrosion properties. The localised corrosion resistance was improved 
dramatically in the simulated deep-sea environment. It was illustrated that controllable defect engineering can be 
an effective strategy for improving the anti-tribocorrosion performance of GLC coatings for harsh deep-sea 
applications.   

1. Introduction 

Owing to the intense progress in marine exploration and deep-sea 
development, e.g. submarine natural gas exploitation and submersion 
of oil pipelines, corrosion and wear now account for the two most crit-
ical challenges for moving mechanical components/systems in marine 
environments [1–4]. High corrosion rate is undesirable because it causes 
the early degradation of materials and the subsequent failure of com-
ponents, as well as the damage of systems. Concurrently, material wear 
is also considered a safety hazard because of the rapid removal of ma-
terial, as well as the extra energy that must be expended to overcome it, 
and this causes energy loss [5–7]. Particularly, dissimilar to offshore 
conditions, the most distinctive feature of a deep-sea environment is the 
high hydrostatic pressure, which increases by 1 MPa for every 100-m 
depth [8,9], it can accelerate the failure of marine equipment. Several 
studies have focused on investigating the corrosion and wear behav-
iours, such as pitting corrosion [10], galvanic corrosion [11], and tri-
bocorrosion [12] as well as water diffusion in the coatings [13,14], of 
different materials, including metals and coatings, in deep seas. The 
results demonstrated that the materials (metals and coatings) suffered 

from high hydrostatic pressure-induced severe corrosion or wear attacks 
in the deep sea. This intense progress requires a new strategy (a coating 
technique) that can ensure extensive anti-corrosion and anti-wear per-
formances for moving mechanical components, such as plungers of 
seawater pump and water-lubricated bearing, in deep seas [15–17]. 

Among the wide range of developed protective coatings, graphite- 
like carbon (GLC) coating is considered a promising candidate for the 
desired surface coating because of its excellent combination of solid 
lubrication and chemically inert properties, as well as a specific layered 
structure [18,19]. Previous reports confirmed that GLC coatings 
enhanced the tribological and anti-corrosive properties of metallic 
substrates, which subsequently benefitted the lifetime of working com-
ponents that were utilised in automotive injection parts, aerospace 
gears, and fuel cell plates, etc. [20–23]. Furthermore, most corrosion 
behaviours of GLC coatings exhibit a strong dependence on their 
compactness, which is closely related to the growth defects that are 
generated in the coating during the line-of-sight plasma transfer of the 
physical vapour deposition (PVD) process. Generally, the growth defects 
of GLC coatings include pinholes, nodules, pores, crevices, and other 
discontinuities [24]. Upon exposing a substrate to corrosive media, the 
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corrosive electrolyte would penetrate the substrate through such de-
fects. Anodic dissolution occurs at the exposed points on the substrates 
[25,26]. Thus, the growth defects that directly expose the substrate are a 
particularly critical hazard for protective coatings because they account 
for the starting points of an environmental corrosion attack. 

Several methods, such as substrate ion pre-etching, atomic layer 
deposition (ALD), and multi-layered approaches [24,27–30], have been 
adopted to reduce the porosity of GLC coatings and improve their 
corrosion resistance. Among these methods, the multi-layered approach 
has been demonstrated as an effective strategy for improving corrosion 
resistance and mechanical properties [31]. Li et al. [32] investigated the 
relationship between the multilayer structure and tribocorrosion per-
formance of a Cr/GLC coating, the results demonstrated that an ideal 
multilayer structure of the Cr/GLC coating (1:3) could inhibit defect 
propagation and protect the substrate. Cui et al. [33] demonstrated that 
the corrosion resistance of a multilayer amorphous carbon film is much 
superior compared with those of the substrate and a single layer film. 
The improved corrosion resistance of the multi-layered structure coating 
is mainly attributed to the extensive ion diffusion pathway in the coating 
and the terminated pinholes at the interface of the layers. Thus, the 
higher the number of interfaces and alternating embedded layers at a 
given total coating thickness, the better the corrosion resistance [34]. 
However, the growth defects that completely expose the substrates 
(designated as penetrating defects) are widespread, which is considered 
the significant challenges that must be overcome. This type of defect is 
generally caused by the disintegration of the remaining absorbed par-
ticles on the surface of the substrate after the deposition or particles that 
were generated during the deposition. It is also evident in multi-layered 
coatings [35,36]. Our previous studies demonstrated that the tribo-
corrosion performance of a GLC coating at atmospheric pressure is 
significantly enhanced after using ideal metal buffer layers (Cr doping) 
for an optimum modulation period [37]. However, the corrosion resis-
tance of this kind of Cr/GLC multi-layered coating decreases signifi-
cantly, following an immersion test in a deep-sea environment (30 MPa) 
for 240 h [38]. The detailed analysis performed in this study confirmed 
that the high hydrostatic pressure of the deep-sea environment 
enhanced the diffusion of seawater through the penetrating defects and 
accelerated the localized corrosion of the substrate significantly. Park 
et al. [39] reported that the penetrating defects significantly affected the 
tribological behaviour of diamond-like carbon (DLC) films in aqueous 
environments. By interrupting the DLC deposition process via additional 
ultrasonic cleaning, they evidently demonstrated the effect of the 
penetrating defects on the coating failure in an aqueous environment. 
Thus, controlling the penetrating defects is crucial to high-quality GLC 
coating in deep-sea environments. To the best of our knowledge, only a 
few studies have focused on the penetrating defects that are induced in 
multi-layered coatings. 

In this study, we demonstrated that applying the cleaning interven-
tion to the deposition process was a highly effective strategy for 
decreasing the penetrating defect density in typical Cr/GLC multi- 
layered coatings, the details of the fabrication process were intro-
duced, and the mechanism of improving the clean intervention was 
detailedly discussed. Further, a series of electrochemical methods were 
adopted to investigate the corrosion behaviours under atmospheric and 
hydrostatic pressure conditions. The cleaning intervention availed a 
direct and effective method for further enhancing the corrosion resis-
tance of Cr/GLC multi-layered coatings, and this method is greatly sig-
nificant to deeply understand the formation mechanism of growth 
defects theoretically for practical applications in deep-sea 
environments. 

2. Experimental process 

2.1. Coating deposition 

Cr/GLC multi-layered coatings were prepared on mirror-polished 

17–4 PH stainless-steel (φ = 17 mm × 3 mm) substrates via direct cur-
rent magnetron sputtering (DCMS). Before the deposition, the substrates 
were ultrasonically cleaned in acetone for 20 min, followed by ethanol 
for 15 min. When the chamber vacuum was lower than 4 × 10− 5 Pa，all 
the substrates were etched and pre-cleaned in Ar+ for 40 min with a 
substrate bias of − 200 V. During the deposition, Ar was introduced to 
sputter the gargets in a flow of 50 sccm. Next, a (Cr + CrxN) buffer layer 
was first deposited with a bias voltage − 100 V, followed by an N2 flow 
of 20 sccm for 8 min. The GLC layer was deposited with a graphite target 
and a bias voltage of − 200 V. The currents of the Cr (dimension = 380 
mm × 100 mm × 7 mm, purity = 99.99%) and graphite (dimension =
380 mm × 100 mm × 7 mm, purity = 99.99%) targets were 3.5 and 3.0 
A, respectively. The deposition times for the middle Cr, GLC, and top 
GLC layers were 4, 22, and 50 min, respectively. The Cr/GLC multi- 
layered coatings were fabricated via the alternative depositions of the 
Cr and GLC layers. The procedures for depositing the Cr and GLC coats 
were set to one cycle; eight cycles were repeated to obtain the Cr/GLC 
multi-layered coating. Fig. 1 show the schematic of the deposition 
equipment and Cr/GLC multi-layered coating. 

Further, a manual cleaning intervention was introduced during the 
alternative deposition of the Cr/GLC multi-layered coatings to remove 
the absorbed particles on a certain surface. Specifically, the cleaning 
process comprised three steps: (1) the ultrasonic washing with alcohol- 
based cleaning agents for 15 min, (2) the swabbing of the surface with a 
cotton swab, and (3) drying in high-pressure pure N2 flow. Different 
cleaning intervention times were adopted to fabricate three kinds of Cr/ 
GLC multi-layered coatings, as follows: Sample 1 (S1) was fabricated 
employing the alternative deposition method and without the cleaning 
intervention, Sample 2 (S2) was fabricated with one cleaning inter-
vention on the surface of the 5th Cr layer, and Sample 3 (S3) was pre-
pared employing two cleaning interventions on the surfaces of the 3rd 
and 6th Cr layers. The schematic diagrams of the multi-step deposition 
process protocol can be found in Fig. 2. To avoid the influence of the 
oxidation film, which was formed during the cleaning intervention, on 
the adhesion performance, the cleaned Cr layers were etched with Ar+

for 10 min in the later alternative deposition process to remove the 
oxide film that formed during the intervention. Accordingly, the depo-
sition time for these Cr layers, which underwent the cleaning interven-
tion, was increased to 5 min to ensure uniform thickness. 

2.2. Coating characterisation 

The surface and cross-sectional morphologies of the coatings and 
growth defects were characterised via field-emission scanning electron 
microscopy (FESEM; FEI, Quanta 250 FEG, USA) with energy-dispersive 
X-ray (EDX) (Oxford, UK) at voltages of 10 and 15 kV, respectively. The 
microstructure of the coatings was characterised via high-resolution 
transmission electron microscopy (HRTEM; FEI, TF20, USA). The for-
mation mechanism of the growth defects was analysed via SEM and 
focused ion beam (FIB, Carl Zeiss, Auriga, GER) techniques. The accel-
eration voltage and beam current were 30 kV and 4 nA, respectively. 
Following the electrochemical tests, the morphologies of the coatings 
were observed employing an optical microscope (LEICA, M125, GER). 
The hardness and elastic modulus of the coatings were tested by using a 
nano-indenter (Nano Indenter, MTS Ltd, USA). To avoid the effect 
caused by the substrate, the hardness of the coating was selected in the 
displacement into surface of 180 nm. 

2.3. Electrochemical corrosion and tribocorrosion tests 

The influence of the cleaning intervention on the corrosion behav-
iour of the Cr/GLC multi-layered coating was studied via a series of 
electrochemical methods on a Modulab electrochemical workstation 
(Solectron Analytical). A three-electrode system comprising Ag/AgCl, a 
Pt wire, and the samples as the reference, counter, and working elec-
trodes, respectively, was utilised. The corrosion resistance of the 
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coatings was evaluated via electrochemical impedance spectroscopy 
(EIS) and potentiodynamic polarization tests in a 3.5 wt% NaCl solution. 
Before the electrochemical experiments, all the samples were immersed 
for 1 h to stabilise the surface of the coatings. The EIS tests were con-
ducted at a perturbing AC amplitude of 10 mV and scanning frequencies 
of 105-10− 2 Hz. All the data were analysed and fitted with electrical 
equivalent-circuit models employing the ZSimpwin software. The 
potentiodynamic polarization test was scanned from − 0.5 V (below the 
open-circuit potential (OCP)) to + 1.5 V at a sweep rate of 2 mV/s. The 
potentiostatic polarization test was measured for 150 min at 0.4 VVS OCP. 

To investigate the corrosion resistance of the different coatings in the 
deep-sea environment, an immersion test was conducted for 300 h in a 
simulated deep-sea autoclave corrosion test system at high hydrostatic 
pressure (31 MPa). The details of the test equipment are presented in our 
previous report [38]. The samples were immersed in artificial seawater 

at 10 ◦C in a high-pressure autoclave. The EIS tests were conducted after 
the immersion for 300 h at 31 MPa. The test parameters were the same 
as those utilised in the normal pressure test. 

To evaluate the tribocorrosion performance of the different coating 
samples in 3.5 wt% NaCl solution after conducting the cleaning inter-
vention, tribocorrosion tests were carried out on the liner reciprocating 
tribometer equipped with a typical three electrode electrochemical 
system, the detailed information tribocorrosion setup can be found in 
supporting information S1. All the tribocorrosion tests were conducted 
at a normal load of 5 N. The sliding velocity and stroke length were set at 
0.02 m/s and 5 mm, respectively. The commercial Si3N4 balls (Φ 6 mm) 
was set as the counterpart. The total sliding time was 1 h for all coatings. 
After the sliding tests, the cross-sectional profiles of the wear tracks were 
measured by a surface profilometer (Alpha-Step-IQ). The tribocorrosion 
performance of the different coating samples was evaluated in terms of 

Fig. 1. Schematic of the coating deposition system(a) and schematic of the Cr/GLC multi-layered coating (b).  

Fig. 2. Schematic diagrams of the multi-step deposition process protocol. Three kinds of Cr/GLC multi-layered coatings (S1-S3) with different number of clean 
intervention processes were fabricated. S1 sample fabricated with the consecutive deposition process. S2 sample fabricated with one clean process at 5th cycle Cr 
layer. S3 sample fabricated with two clean processes at 3rd and 6th cycle Cr layers. 
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calculating the wear rate by using the following equation: 

W = V/(F × L) (1)  

where V is the wear volume loss in mm3, F is the applied normal load of 
N and L is the total sliding distance in m[37]. 

3. Results and discussions 

3.1. Cross-sectional morphologies of the coatings 

Fig. 3 shows the cross-sectional morphologies of the deposited Cr/ 
GLC multi-layered coatings with different numbers of cleaning in-
terventions. These coatings exhibited a typical multi-layered structure, 
and the overall thickness was in the range of 1.72–1.96 µm, slightly 
increasing with the cleaning intervention time. Additionally, the insets 
in Fig. 3(c) and (d) show the enlarged views of the cleaned Cr layers in 
S2 and S3, which was thicker compared with the other normal Cr in-
terlayers, and adhered well to the surrounding GLC layers, thus 
demonstrating that the slight increase in the overall thickness originates 
from the prolonged deposition time for these cleaned Cr layers. More-
over, all the Cr and GLC layers exhibited fluctuations. Fig. 3(b) pre-
sented the HRTEM image of the composite buffer layer and the SEAD 
results confirmed that buffer layer is Cr+Cr2N. The Cr and GLC layers 
were uneven and wavy, and the selected area electron diffraction 
(SAED) results of the GLC and Cr layers revealed their typical amor-
phous and nanocrystalline structures, which agree with the results in the 
reference [32]. The following accounts for the fluctuation of the layers: 
the first buffer layer in this coating was the (Cr+Cr2N) composited layer, 
which generally exhibits typical columnar crystal features; thus, the 
subsequently deposited layers would completely cover the surface of the 
columnar crystal. During the deposition process, all the morphological 
features of the surface of the uneven buffer layer were transferred onto 
the subsequent layers and even magnified. Growth defects, such as 
pinholes or coarse columnar grain boundaries, largely exist in single 
layers, which affects the corrosion resistance of the coating. Conse-
quently, the multi-layered structure availed additional interfaces to 
prevent the growth of these defects and significantly prolong the 

diffusion of the corrosive species (Cl, O, etc.) through these 
micro-pathways. 

3.2. Typical growth defects in the Cr/GLC multi-layered coating 

Although the multi-layered Cr/GLC coating exerted an excellent 
shielding or healing effect on micro-defects, such as the pinholes, the 
catastrophic failure of the coatings and localised corrosion were the 
most reported consequences of the penetration of an electrolyte through 
the defects, which exhibited larger scales and directly exposed the 
substrates. Therefore, the mechanism of the formation of the penetrating 
defects and its influence on the localised corrosion process must be 
specially described. Fig. 4 shows the typical surface morphologies and 
corresponding features of the penetrating defect in S1 without a cleaning 
intervention during the deposition. As revealed by the low- 
magnification surface morphologies (Fig. 4(a)), the as-deposited sam-
ple was flat and smooth, although several tiny growth defects could be 
observed. Fig. 4(b) shows the detailed image of the surface character-
istics of the defects that were marked at position A, and Fig. 4(c) exhibits 
its cross-sectional features from position c. Apparently, this defect cor-
responds to the open type and completely exposed the substrate, indi-
cating that this type of defect would ease the occurrence of a corrosion 
attack at this weak pit. Fig. 4(d) show other typical defects in S1; they 
are generally termed nodular-like defects [40]. Nodular-like defects are 
the most common type of growth defects that accompany PVD coatings. 
This nodular-like defect in position B was probably caused by a seed 
(Fig. 4(e)) [41]. This seed typically originates from some particles, such 
as dust in the air or the particles that were ejected from the coating 
material sources, or substrate protrusions, such as metallurgical in-
clusions [42,43]. In this study, the corresponding EDS mapping results 
(Fig. 4f)) revealed that the seed was a chromium nitride particle, which 
originated from the Cr target. Since the buffer layer of this Cr/GLC 
multi-layered coating is a composite layer of Cr+Cr2N and the Cr2N 
layer was fabricated via reactive magnetron sputtering, the introduction 
of a reactive N2 gas might cause the poisoning of the Cr target, which 
would subsequently produces the erupted nitrides from the surface of 
the poisoned Cr target and act as a seed in the subsequent deposition 

Fig. 3. Cross-sectional images of the as-deposited coatings (a), Detailed HRTEM image of the buffer layer and its corresponding SAED of GLC and Cr2N(b). S2 sample 
(c) and S3 sample (d). 
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process [44]. The nodular-like defect begins to grow in the shape of an 
inverted cone that propagates through the overall coating before finally 
forming a domed protrusion at the outer surface. Owing to the shad-
owing of the vapour flux by the seed particle and the consequent limited 
thermal mobility of the atoms on the surface[45], significantly discon-
tinuous boundaries (marked as crack in Fig. 4(e)) would exist between 
the nodule and surrounding coating matrix. This crack represents a re-
gion of weakness, and the nodule might be completely detached from 
the coating surface, leaving the penetrating defect behind. 

Another typical open-type defect feature that was induced by the 
detachment of the nodular-like defects is shown in Fig. 5. These growth 
defects differed from those displayed in Fig. 4. Fig. 5(b) shows that this 
defect no longer belonged to the through-thickness defect. The detailed 
morphological characteristics (Fig. 5(c) and (d)) and corresponding EDS 
mapping results of the defect at position A (Fig. 5(a)) indicated that it 
only exposed the Cr interlayer behind. According to the morphological 
features of the defect in Fig. 5(c), it was referred to as crater-like defects. 
Fig. 5(e)-(f) show the formation process of such crater-like defects. The 
seed would be overgrown by the coatings if the micro-particles appear at 
the interlayer and act as a seed, and the contour of the coating would 

subsequently follow the shape of the seed. As discussed, owing to the 
low adhesion strength between the nodular-like defect and the sur-
rounding matrix, some nodular-like defects detached from the coating 
and leave a crater on the coating surface. Fig. 5(e) shows evidence of 
typical nodular-like and crater-like defects. Moreover, an irregular car-
bon particle accounted for the origin of the seed particles in Fig. 5(g) and 
it differed from the seed in Fig. 4(e). Although the crater-like defect 
exposed the Cr interlayer, the corrosion protection of this type of defect 
was better than that of the penetrating defect. 

The foregoing analysis indicated that any protrusion on the substrate 
or interlayer was a seed for the formation of nodular-like defects owing 
to the wide source of the seeds. Furthermore, the nodular-like defects 
could be very easily detached from the surface because of the poor 
adhesion strength at the boundary to eventually cause the most harmful 
defect (the penetrating defect). Thus, it was practically impossible to 
eliminate penetrating defects in the Cr/GLC multi-layered coatings 
during the deposition. Therefore, the introduction of the cleaning 
intervention to remove the nodular-like defects was a feasible method 
that would not change the coating structure and deposition parameters. 
The cleaning intervention reduced the possibility of forming the 

Fig. 4. Surface morphologies and corresponding growth defect characteristics of S1 sample. Surface morphology(a) and enlarged typical penetrating defect and its 
corresponding cross-sectional image(b)-(c), typical local bulge (d) and corresponding cross-sectional images(e), and the EDS mapping spectrum(f). 

Fig. 5. Surface morphologies and corresponding growth defect characteristics of S2 sample. Surface morphology(a), the enlarged typical penetrating defect and its 
corresponding cross-sectional image(b) and (c), EDS mapping spectrum(d), typical local bulge (e) and the corresponding cross-sectional image (f), EDS mapping 
spectrum (g). 
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penetrating defect, which was significantly harmful to the corrosion 
resistance. 

Fig. 6 shows the surface morphology and the corresponding EDS 
results of the crater-like defect, which were obtained from the sample 
that was subjected to two cleaning interventions at the 3rd and 6th Cr 
interlayers, respectively, during the alternative deposition. Fig. 6(a) 
shows that the crater-like defect was covered with an irregular coating. 
The EDS results indicated that this irregular area exerted a good pro-
tective effect on the substrate. The mechanism of the formation of the 
nodular-like defects, as previously analysed, confirmed that this patch- 
like defect exhibited a typical feature of a healed penetrating defect or 
a crater-like defect. The introduction of the cleaning intervention during 
the alternative deposition in this study eased the detachment of the 
nodular-like defects from the current-cleaning surface. Subsequently, 
the deposited layers were deposited on the surface of the cleaned Cr 
interlayers to heal the craters. Regardless of the layer (the substrate, 
GLC, or Cr layers) that the defect exposed, the subsequent deposition 
covered the bottom of the defect and eventually sealed these exposed 
imperfections, thus yielding a denser Cr/GLC multi-layered coating. 

The penetrating defects in this multi-layered coating exerted the 
most significant effect on the corrosion resistance of the coated com-
ponents. On the one hand, it availed a wide-open pathway for the cor-
rosive species to corrode the substrate. More critically, the catastrophic 
failure of the coating was induced by the damage of the interface, 
beginning from these defects. The detachment of the nodular-like de-
fects left an exposed substrate or interlayer; the earlier the nodular was 
formed, the later it was detached, and the deeper the defect, the worse 
the sealing effect on these crater-like defects during the subsequent 
deposition process. Therefore, the defects would be formed during the 
deposition, following the cleaning intervention, although the possibility 
that this newly formed defect would align with the existing defect on the 
surface is extremely low. This is how the cleaning intervention could 
eventually remove the penetrating defects. 

3.3. Mechanical and tribocorrosion properties of the coatings 

The mechanical properties of Cr/GLC multi-layered coatings with 
different cleaning intervention processes were evaluated in terms of the 
load-depth curves at the load of 10 mN, as shown in Fig. 7. Obviously, 
the curves were smooth and no pop-in and pop-out events were 
observed, indicating a good crack resistance and adhesion of the coat-
ings to the substrate under indentation process. As presented in Fig. 7(a), 
the penetration depths of different coatings were with the normal scope 
of 184 nm ~190 nm, showing a very small change, which demonstrates 
that the mechanical properties of three coatings were approximately the 
same. The hardness (H) and elastic modulus (E) of the three Cr/GLC 
multi-layered coatings are calculated and shown in Fig. 7(b), which 
presents that both the H and E has hardly changed after conducting the 
cleaning intervention with different numbers. The average hardness of 
three coatings is in the range of 17.21 GPa − 17.92 GPa and the dif-
ference among the coatings was no more than 3%. Elastic modulus 
shares the same characteristics with the hardness with the little changes 
among the different coatings. 

The anti-tribocorrosion performance of coatings with and without 
conducting the cleaning intervention was assessed with the friction tests 
at 3.5 wt% solution under OCP condition, as shown in Fig. 8. The fric-
tion curves of the coatings are both smooth and kept at a low level after 
entering the stable sliding period, as shown in Fig. 8(a). The stable 
friction coefficient is approximately equal (in the range of 0.062–0.069) 
to each other and the wear rate among them is quite small and differs a 
little as well. Although the OCP decreased rapidly once the sliding starts 
for all coatings, the potential drops during the sliding process for each 
coating was quite small. The decline of the potential often can be 
considered as a maker for the integrity of the coating during the sliding 
process, and the maximum decline among these coatings was no more 
than 0.07 V, demonstrating that all the coating did not peel off during 
the sliding[20]. The wear track morphologies and corresponding 
cross-sectional profiles in Fig. 9 show that the three coatings present 
relatively narrow and shallow wear tracks after tribocorrosion tests, 

Fig. 6. Surface morphologies and corresponding EDS mapping results of the crater-like defects in S3.  
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illustrating that all the coatings have a good anti-tribocorrosion per-
formance with and without cleaning intervention. 

In summary, these results strongly suggest that the cleaning inter-
vention processes proposed in this study did not deteriorate the me-
chanical and tribocorrosion properties of the Cr/GLC multi-layered 
coatings, which will lay a solid foundation for further research into their 
corrosion resistance in the simulated deep-sea environment. 

3.4. Electrochemical corrosion behaviour 

3.4.1. EIS analysis 
To investigate the deterioration of the corrosion behaviour of the 

coatings within a certain period, an immersion test was conducted in a 
simulated deep-sea environment for 300 h at high hydrostatic pressure 
of 31 MPa. The EIS tests, before and after the immersion, were con-
ducted to evaluate the evolution of the corrosion resistance. Fig. 10(a) 
shows the Nyquist plots of the coatings before the immersion tests. 

All the plots of the three samples with Cr/GLC multi-layered coatings 

Fig. 7. The indentation curves of the three coatings (a) and the hardness and elastic modulus (b).  

Fig. 8. The friction curves of the three coatings (a), the calculated average coefficient of friction and the wear rate(b), the OCP evolution during the sliding process of 
different coatings (c). 
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presented a remarkably larger capacitance loop than that of the bare 
substrate in the whole frequency range, indicating the increased pro-
tectiveness of all the coated samples. Particularly, regarding the three 
coated samples, the sequence of the diameters of the capacitive loop was 
S3 > S2 > S1. The Bode plot (Fig. 10(b)) also intuitively revealed that 
the sequence of the absolute impedance value, |Z|, was 
S3 > S2 > S1 > 17–4PH, demonstrating that the S3 sample exhibited 
the best corrosion resistance after twice cleaning intervention. More-
over, the Bode phase plot (Fig. 10(b)) avails abundant information on 
the electrochemical responses. Apparently, S3 exhibited a higher and 
more stable phase-angle maxima (~80◦) across a wider frequency region 
(10− 2-102 Hz) compared with the other coatings and substrates. As the 
capacitive coating, the impedance behaviour of the GLC coating was still 
capacitive, although the coating comprising growth defects generally 
deviated from a perfect capacitor, which was mainly due to the inter-
action of the electrolyte with the substrate through the penetrating 

defects[46]. In the overall frequency region, the high-frequency capac-
itive region reflected the response that was related to the coating sur-
face, while the low-frequency capacitive region elucidated the reaction 
at the interface between the electrolyte and substrate occurring at the 
bottom of the defects. Although S1 and S2 also exhibited a capacitive 
region at a low frequency, their phase angle moved towards the lower 
direction, indicating that they exhibited extensive defects and that 
localised corrosion occurred at the defect sites. 

The most significant factor affecting the corrosion process at the 
deep-sea environment is the hydrostatic pressure. Our previous research 
confirmed that the hydrostatic pressure-promoted corrosion process of 
the GLC coating closely corresponded to the severe interfacial corrosion 
that was caused by the dramatic diffusion of seawater through the 
penetrating defects[38]. For a clear comparison, the EIS results (before 
and after the immersion tests) were plotted together, as shown in Fig. 11. 
Evidently, the Nyquist plots (Fig. 11(a), (c), and (e)) demonstrated that 

Fig. 9. The wear track morphologies of the three coatings (a)-(c) and the corresponding cross profiles of the wear track under OCP condition.  

Fig. 10. EIS results of the three samples before the immersion test: (a) Nyquist plots and (b) Bode plots.  
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the capacitive loop diameter decreased after the immersion test, indi-
cating a decline in the corrosion resistance of the three samples, 
following the immersion tests. Moreover, the S1 sample exhibited the 
most significant decline in capacitance loop diameter compared with the 
other samples, thus indicating the worst corrosion protectiveness in the 
deep-sea environment. |Z| in the Bode impedance plots (Fig. 11(b), (d), 
and(f)) demonstrated a gradually decreasing trend. The Bode phase 
angle plots indicated that the low-frequency capacitive regions, S1 and 
S2, shifted more negatively (~40◦), while S3 still maintained a relatively 
high phase angle (~60◦). These results indicate that S3 exhibited the 
least decline, although the corrosion resistance of all three samples 
decreased after the immersion test, indicating that S3 exhibited the 
lowest defect density. Therefore, the degree of deterioration of the 
corrosion resistance for the different samples in harsh deep-sea envi-
ronments corresponded to their coating density levels. Furthermore, to 
quantitatively study the evolution of corrosion resistance during the 
immersion test, all the EIS results were fitted with corresponding 
equivalent circuits. Based on the features of the Bode phase angle plots 
(Fig. 10(b)), there were two time constants in the coated samples (S1-S3) 
and only one time constant in the substrate. Accordingly, the equivalent 
circuits comprising different time constants are schematically shown in  
Fig. 12. In these equivalent circuits, Rs is the solution resistance, Rpo is 
the coating pore resistance, and Rct is the charge-transfer resistance at 
the surface of the substrate. Owing to the ‘scattering effect’, which 
proceeded from the non-homogeneous nature of the coating surface, the 

constant phase elements (CPE) were introduced in these models. The 
impedance of a CPE can be described as follows: [47]: 

ZCPE = [Y(j2πf )n ]− 1
, (2)  

where j = − 10.5, f is the frequency, n and Y are the parameters of the 
CPE. The closer the value of 1 of n, the better the capacitive response. 
Thus, CPEdll is the capacitance of the double layer at the electrolyte/ 
substrate interface, and CPEc is the capacitance of the coating surface. 
Since ion diffusion always occurs in the defect, a Warburg diffusion 
element, Zdiff, was introduced to represent the diffusion of the corrosive 
species from the solution into the small defect and from the bottom of 
the corroding substrate into the solution [48]. According to diffusion 
theory, the semi-infinite length diffusion element of the Warburg 
impedance, W, is suitable in this study [49]. Following the possible 
defect characteristics, which exerts the most significant effect on the 
diffusion of the electrolyte in the Cr/GLC multi-layered coating, two 
equivalent circuits are shown in Fig. 12 to fit the EIS results. Fig. 12(a) 
exhibits one constant phase angle was employed to fit the substrate. 
Fig. 12(b) shows the corrosion process, which occurred at the pene-
trating defect, that directly exposed the substrate. Besides, Fig. 12(c) 
was proposed to fit the results in the non-penetrating defects, which only 
exposed the Cr interlayers. The fitting data of the measured EIS results 
are listed in Table 1. 

Among these fitting parameters, CPEc and the Rpore were closely 
related to the corrosion performance of the coating, which was often 

Fig. 11. Nyquist and Bode plots of the three samples before and after the immersion test under the 31-MPa environment for 300 h. (a) and (b) for the S1 coating. (c) 
and (d) for the S2 coating. (e) and (f) for the S3 coating. 

Fig. 12. Equivalent electrical circuit for the (a) bare 17–4PH substrate and Cr/GLC multi-layered coatings(b)-(c).  
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employed to analyse the microstructure of the coating during the 
corrosion process. In this study, CPEc was mainly determined by the 
microstructure of the top GLC coating, which can be expressed by the 
following equation according to the parallel-plate model [50]: 

CPEC =
γεcε0(1 − P)A

d
, (3)  

where γ is the surface roughness factor, ε0 is the permittivity of the free 
space (8.845 × 10− 12 F/m), εc is the dielectric constant of the coating, Pp 
is the porosity of the coating, A is the exposed coating area in the tests 
(1.13 cm2), and d is the coating thickness. Assuming that the coating 
was sufficiently inert in artificial seawater, it could be reasonably 
speculated that the surface factors, γ and d, were constant during the 
tests. Similarly, εc remained stable because an identical coating was 
adopted in the immersion test. Therefore, CPEC was mainly related to PP. 
A higher Pp increased the exposed area in the electrolyte and produced 
increased coating capacitance. Table 1 indicates that S1 exhibited a 
larger coating capacitance value compared with S2 and S3 before the 
immersion, and this agrees with the calculated results of Pp. After the 
immersion tests, all the CEPC values increased accordingly, and this was 
related to the hydrostatic pressure-promoted diffusion process through 
the defects[38]. 

Rp is the resistance due to the current flow through the pores [51]. 
Here, Rp essentially originated from the diffusion resistance of the ions 
(Fe2+ and Cr3+) through the penetrating or crater-like defects that 
exposed the substrate or Cr interlayers, respectively. 

Rpore = ρ L
Ap

, (4)  

where ρ is the solution resistance to the defects and L and Ap are the 
lengths of the defects and the defect area, respectively. The maximum L 
was equal to the coating thickness only if the defect corresponded to the 
through-thickness; L was lower in the other cases. Accordingly, it is 
reasonable to deduce that Ap in S3 was smaller than that in S1 and S2, 
indicating that the cleaning intervention could effectively seal the 
penetrating defects in the coatings. This finding is supported by the re-
sults of the calculated protective efficiency and PP in the polarization 
curves. Rct decreased after the immersion tests, but S3 still maintained a 
relatively high value (1.02 MΩ⋅cm2). Furthermore, the n-closeness value 
that was associated with CPEdll was gradually far from 1, indicating the 
severe and persistent localised corrosion processes in the low-frequency 
region. Regarding the diffusion process through the defects, the math-
ematical expressions of Zdiff can be described by the following equation 
[52]: 

Zdiff = σw(ω)− 1/2
(1 − j) (5)  

where σω is the Warburg coefficient. Thus, σw was inversely proportional 
to the magnitude of the admittance, Y0, as presented in Table 1. 
Furthermore, σw can be further defined by the following equation: 

σω =
RT

n2F2A
̅̅̅
2

√

(
1

Co
̅̅̅̅̅̅̅
DO

√ +
1

CR
̅̅̅̅̅̅
DR

√

)

(6)  

where ω is the radial frequency; D0 and DR are the diffusion coefficients 
of the oxidant and reductant, respectively; n is the number of partici-
pating electrons; C0 and CR are the concentrations of the oxidant and 
reductant, respectively; F is the Faraday constant; R is the gas constant; T 
is the temperature; and A is the surface area of the electrode. Particu-
larly, A is the defect area in the coating in this study. The high value of 
the Y0 in S1 indicated that the defect area therein was larger than those 
in S2 and S3, further demonstrating that a better sealing efficiency was 
endowed with counting the cleaning intervention. Further, Y0 slowly 
increased after the immersion tests owing to the corrosion process that 
occurred at the bottom of the substrate or exposed Cr interlayers. In this 
case, the anodic process injects metal ions from the substrate into the 
electrolyte, and such a process also reduces Rpo. 

3.4.2. Analysis of the polarization curves 
The cleaning intervention during the alternative deposition changed 

the structure of the defect, thus significantly altering the corrosion 
behaviour of the coating in the harsh deep-sea environment. Owing to 
the good electrochemical inertness of the GLC coating in seawater, the 
coating was cathodic to the metal substrate. Fig. 13 shows the poten-
tiodynamic polarization curves, as well as the calculated results before 
the immersion test in the simulated deep-sea environment, they 
demonstrated quite different electrochemical responses. Apparently, the 
potentiodynamic polarization curves (Fig. 14(a) indicated that all the 
coated samples (S1-S3) demonstrated significant improvements 
regarding their corrosion resistances as the corrosion current was two 
orders of magnitude lower in the anodic domain. Nonlinear least-square 
method was used to fit the three curves obtained from the Cr/GLC multi- 
layered coatings and the curve of 17–4PH stainless steel was fitted with 
Tafel extrapolation due to the existence of a Tafel region in an anode 
domain. The corresponding parameters from the potentiodynamic po-
larization curves were listed in Table 2. 

The polarization resistance Rp value of each sample was calculated 
employing the Stern-Geary equation [53]: 

Rp =
βaβc

2.303icorr(βa + βc)A
(7)  

where βa and βc are the anodic and cathodic Tafel polarization slopes, 
respectively; icorr is the corrosion current density; and A, which is 
1.13 cm2 in this study, is the exposed area of all the samples during the 
tests. Table 2 reveals that the coated samples exhibited a higher corro-
sion potential (Ecorr) and a lower corrosion density (icorr). RP increased 
with the increasing number of cleaning intervention cycles, indicating 
that increased numbers of cleaning interventions would ensure better 
corrosion resistance of the coating. Regarding the cathodic polarization 
curves of the three Cr/GLC multi-layered coatings, a detailed analysis 
revealed that the region of the cathodic domain displayed the same 
oxygen-reduction behaviours, indicating that oxygen reduction 

Table 1 
Fitting parameters of the EIS results employing the equivalent circuits.   

17–4PH S1 S2 S3 

Before immersion After immersion Before immersion After immersion Before immersion After immersion 

Rs (Ω⋅cm2) 15.1  47.7  15.5  48.1  47.9  47.6  47.4 
CPEc (Ω¡2cm¡2S-n) (£10¡6) 35.80  15.25  61.8  1.71  5.53  2.18  6.17 
nc 0.884  0.992  0.832  0.907  0.881  0.936  0.842 
Rc(Ω⋅cm2) \  47.3  51.3  141.3  130.3  171.3  140.3 
CPEdll (Ω¡2cm¡2S-n) (£10¡6) \  3.69  1.38  1.77  0.47  2.12  0.07 
ndll   0.845  0.778  0.992  0.656  0.957  0.511 
Rct (MΩ⋅cm2)£ 106 1.24  0.768  0.68  1.55  0.80  1.84  1.02 
Y0(μ/cm2s1/2S)   2.36  5.62  1.39  6.03  0.45  0.95 
χ2 (£10− 4) 1.23  9.32  6.36  2.70  0.29  3.70  0.19  
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dominated the cathodic process and that the corrosion process was quite 
weak. Moreover, the corrosion potential increased with the increasing 
cleaning intervention times, and the as-deposited coating (S1) sample 
exhibited the lowest Ecorr value of approximately − 0.197 Vvs Ag/AgCl. It 
is well known that the two following aspects account for the reduced 
corrosion potential in the corrosive media: the acceleration of anodic 
corrosion or its inhibition [54,55]. According to the foregoing analysis 
of almost the same cathodic process, it could be deduced that the ac-
celeration of the anodic dissolution process properly explained the 
decrease in the corrosion potential. 

Accordingly, all the anodic polarization curves of the three samples 
demonstrated distinctly active corrosion features, indicating a 
completely different anodic dissolution process compared with that in 
the 17–4PH stainless steel, which exhibited a typical passive region. In 
this study, the Cr/GLC multi-layered coating contained metal Cr in-

terlayers and an inert atmospheric carbon layer, and the exposed sub-
strate at the penetrating defects could be corroded in the electrolyte and 
Cr interlayers. Although Cr is a passive metal, its coatings and those of its 
nitrides in seawater generally exhibit active dissolution characteristics 
[44,56–58]. Consequently, it could be deduced that the anodic corrosion 
current was initiated at the substrate and Cr interlayers. Crues [26] re-
ported that the mixed potential concept is an appropriate method for 
defining the defect density of the coated sample. The corrosion current 
that was detected in the GLC-coated samples essentially corresponds to 
the leakage current since it originated from the anodic dissolution at the 
bottom of the defect that exposed the substrate or Cr interlayers. The 
determination of the porosity is crucial to estimating the overall corro-
sion protection performance of the coatings. The protective efficiency 
(Pe) and PP of the three samples are generally calculated employing the 
following empirical equations [48]: 

Pe = 100
(

1 −
icorr
i0corr

)

(8)  

PP =

(
Rp(substrate)

Rp(coating)

)

10

(

−
|ΔE|
βa

)

(9)  

where icorr and i0corr are the corrosion current densities with and without 
the coatings, respectively; Rp(substrate) and Rp(coating) are the polarization 
resistances of the substrate and coated sample, respectively; |ΔE| is the 

Fig. 13. Potentiodynamic polarization curves (a), the calculated protective efficiency and porosity of the Cr/GLC multi-layered coatings without immersion tests (b).  

Fig. 14. Potentiostatic polarization curves of the three coatings at 0.4 Vvs OCP for 150 min (a) and the corresponding extracted corrosion current density at the final 
stable period (b). 

Table 2 
Electrochemical parameters of the samples from the polarization curves.  

Sample Ecorr V (vs Ag/ 

AgCl) 

icorr 10− 8A/ 
cm2 

βa mV/ 
decade 

βc mV/ 
decade 

Rp 

MΩ⋅cm2 

S1 -0.197  4.88  373 -104  1.36 
S2 -0.177  2.66  292 -91  1.53 
S3 -0.097  1.17  306 -96  2.62 
17–4PH -0.289  163.92  2163 -353  0.08  
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absolute value of the potential difference between the free corrosion 
potentials of the coating sample and the substrate; and βa is the slope of 
the anodic polarization curve of the substrate. According to Eqs. (8) and 
(9), The protective efficiency and PP are shown in Fig. 13(b). S3, which 
underwent two cleaning interventions during the alternative deposition, 
exhibited the highest protective efficiency (98.9%) and lowest PP 
(2.54%), demonstrating that the cleaning intervention is a feasible 
strategy for decreasing the penetrating defects in the coating and that 
many cleaning interventions were required to produce better corrosion 
protection performance. 

To further verify the anti-localised corrosion properties of the opti-
mised coatings, the potentiostatic polarization tests were conducted in 
the atmospheric environment at a constant potential (0.4 VAg/AgCl) over 
a stable OCP value for 150 min Fig. 14 shows the current density-time 
curves and extracted stable corrosion current density results of the 
three coatings. Regarding the as-deposited coating of S1, its corrosion 
current density remained stable only during the initial 20 min before it 
rapidly increased. Contrarily, the current densities of S2 and S3 dis-
played significantly stable characteristics over the test period, indicating 
that the cleaning intervention significantly decreased the penetrating 

defect density of the coating. Furthermore, the curve of S1 presented 
abundant current transients, and the top-left inset of Fig. 14(a) clearly 
shows a typical characteristic of this current peak. Regarding the pure 
protective feature of the GLC layer in this study, the current signal was 
due to the interaction between the substrate and electrolyte or the Cr 
interlayer and electrolyte through the defects. According to the peak 
features of these transients, the presence of the current transients in S1 
might be mainly related to the transformation from the metastable to 
stable pitting corrosions in the substrate. Notably, the inset at the right 
bottom of Fig. 14(a) shows the step-up features of the current densities 
of S2 and S3 towards the end of the test, and this corresponds to the 
diffusion of the electrolyte through several tiny pores to produce slightly 
localised corrosion. The stable current densities of S2 and S3, which 
underwent cleaning interventions, exhibited remarkably lower corro-
sion currents than that of S1 over the test period (Fig. 14(b)). More 
importantly, S3, which underwent two cleaning interventions, exhibited 
the lowest current density (19.8 μA/cm2), indicating that the more the 
cleaning interventions, the lower the densities of the penetrating defects 
in the coatings. 

Fig. 15. Corrosion morphologies and corresponding EDS mapping results of the coatings after the potentiostatic polarization tests. (a), (d), and (h) are the optical 
corrosion morphologies of the three coating after the tests; (b), (e), and (i) are the typical SEM corrosive images obtained from the corresponding OM images; and (c), 
(f), and (g) are the corresponding EDS mapping of the corrosive sites. 
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3.5. Analysis of the corrosion morphologies 

Fig. 15 shows the optical microscopy (OM) and SEM morphologies of 
the corroded Cr/GLC multi-layered coating after the potentiostatic po-
larization tests. The OM morphologies (Fig. 15(a), (d), and (h)) revealed 
different corrosion deterioration characteristics. S1, which did not un-
dergo the cleaning intervention, exhibited numerous of visible corrosion 
pits with an average diameter of ~500 µm. The typical SEM image of the 
morphology of the corrosion pit (Fig. 15(b)), as extracted from Fig. 15 
(a), shows that the complete detachment of the Cr/GLC coating and the 
severe corrosion of the substrate. 

The EDS mapping results (Fig. 15(c)) show that the residues were 
partial coatings. These topographic characteristics correlate with the 
corrosion current density (Fig. 15(b)). However, the situation was 
significantly better, following the cleaning interventions on the Cr/GLC 
multi-layered coatings. S2 and S3 exhibited fewer visible corrosion pits 
compared with S1. Fig. 15(d) shows that majority of the corrosion pits 
were much smaller, except for some. The detailed SEM morphology of 
the tiny corrosion pits (Fig. 15(e)) revealed that only a small area of the 
substrate was corroded (Fig. 15(f)) and that the coating was detached 
layer by layer. This is a typical medium-term localised corrosion process 
induced by the penetrating defect. The electrolyte reached the substrate, 
after which anodic dissolution occurred. Dissimilar to Fig. 15(b), the 
defect here exhibited a smaller diameter, which allowed a small amount 
of the electrolyte to diffuse to the substrate. Furthermore, the coating 
with two cleaning interventions exhibited the least corrosion pits in the 
test area as only four visible pits were observed (Fig. 15(h)). The details 
of the initial localised corrosion process (Fig. 15(i)) might avail abun-
dant specific information about the origin of localised corrosion. This 
localised corrosion is an imperfection that exposed the Cr interlayer. 
Severe interface corrosion occurred at the Cr layer, and many corrosion 
products were produced at the interface. The accumulation of corrosion 
products caused the stress concentration between the interface and 
further caused the cracking of the coating. The corrosion process that 
developed along a deep direction through the penetrating defect causes 
the catastrophic failure of the coating. Thus, decreasing the penetrating 
defect density in the coating is crucial to enhancing the localised 
corrosion resistance of the coating for application in deep-sea 
environments. 

In summary, the corrosion model of the Cr/GLC multi-layered 
coating, following the cleaning interventions, was proposed in this 

study, following the morphologies of the defects and the electrochemical 
corrosion results under different conditions. The penetrative defects 
were generally induced by the detachment of the nodular-like defects 
during or after the deposition process. Therefore, successive deposition 
processed without external cleaning intervention would cause the for-
mation of penetrative defects in the coating. Such defects would account 
for severe localised corrosion on the substrate, which would cause the 
catastrophic failure of the coating, as presented in Fig. 16. After con-
ducting the cleaning intervention during the deposition, the seeds in the 
Cr interlayers or the formed tiny nodular-like defects would be de-
tached, leaving a crater behind the nodules. Therefore, the following 
deposition can effectively seal the crater in the former several layers and 
produce a denser multi-layered coating after the deposition. After the 
deposition process, some nodular-like defects were detached owing to 
the current or cleaning intervention, although the exposed layer would 
always be the passive Cr interlayer, which still exhibited good corrosion 
protection in the electrolyte. 

4. Conclusions 

Here, we proposed a method for reducing the penetrating defect 
density of typical Cr/GLC multi-layered coating by introducing cleaning 
interventions during the deposition process with different numbers of 
times. The microstructures of the defect were evaluated before and after 
the cleaning interventions in detail, and the corresponding corrosion 
behaviours of the different coatings under atmospheric and deep-sea 
conditions were analysed thoroughly. The results demonstrated that 
the introduction of the cleaning intervention does not deteriorate the 
mechanical and tribocorrosion properties of the coatings, but signifi-
cantly decreases the penetrating defect density and changed the forms of 
the defects. The localized corrosion resistance was significantly 
improved under the atmospheric and hydrostatic pressure conditions. 
These results indicated that the cleaning intervention is a promising 
strategy for further enhancing localised corrosion in a harsh deep-sea 
environment. 
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