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Abstract

The self-lubricating MoS2 coating is highly susceptible to degradation in marine environ-
ments due to oxidative corrosion. To expand its application in high-humidity and high-
salt-fog conditions, this study mixed W with MoS2 and prepared W-MoS2 self-lubricating
coatings on the surface of CrNi3MoVA steel by electrospark deposition technology. The
electrochemical corrosion behaviors of these coatings, with varying W/MoS2 mass ratios,
were examined using an electrochemical workstation in a 3.5 wt.% NaCl solution. The
findings indicated that as the MoS2 content increased, the low-frequency impedance modu-
lus (LIMs) of the W-MoS2 coating initially rose and then declined. At a MoS2 content of
20 wt.%, the coating exhibited the highest LIM and the greatest corrosion resistance. In
comparison to the CrNi3MoVA steel substrate, the corrosion current density was reduced
by 67.4%, a result attributed to the coating’s dense microstructure and improved charge
transfer resistance, thereby demonstrating its optimal protective performance. These results
provide a laboratory electrochemical basis for designing corrosion-resistant self-lubricating
ESD coatings for steel components exposed to chloride-containing environments; however,
long-term immersion, cyclic salt-spray, field-exposure, and quantitative adhesion tests are
still required before direct long-term marine-service durability can be confirmed.

Keywords: electrospark deposition; CrNi3MoVA steel; W-MoS2 coating; corrosion

1. Introduction
Among the traditional lubricating materials, MoS2 self-lubricating coatings exhibit

excellent tribological properties, especially in vacuum or an inert atmosphere. Therefore,
they are widely used in the aerospace industry [1–6]. However, when pieces of equipment
with MoS2 self-lubricating coatings are stored and operated on the ground, especially in
a simulated marine environment, under the influence of active media such as O2, H2O,
and chloride ions (Cl−) in seawater, such coatings easily corrode and form hard oxides
that weaken lubrication performance, resulting in an increased friction coefficient and a
reduced lifetime [7–13].

For marine protection, zinc-rich primers, epoxy, polyurethane, polysiloxane, polyurea,
and superhydrophobic organic/inorganic hybrid coatings are widely used and may ex-
hibit very low corrosion current densities when applied as thick continuous barrier films.
However, these systems are mainly designed for broad-area antifouling or anticorrosion
protection, whereas localized load-bearing and high-contact steel components may also
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require solid-lubricating functionality. Therefore, the present study does not aim to replace
mature high-build marine organic coatings, but to improve the initial chloride-corrosion
resistance of a thin self-lubricating coating prepared directly on CrNi3MoVA steel by ESD.

Previous studies have shown that metal-doped MoS2 self-lubricating coatings can
exhibit improved protective performance [14]. Metal incorporation may increase coat-
ing hardness, suppress MoS2 grain growth, improve coating compactness, and reduce
porosity, thereby inhibiting oxidation of MoS2 and improving corrosion resistance in
humid or saline environments [15]. More recent studies further indicate that the perfor-
mance of MoS2-based coatings is strongly dependent on the modifier and processing route:
doped MoS2 coatings can improve wear resistance, mechanical durability, and environ-
mental stability, while MoS2-containing organic or electrospark-alloyed coatings usually
enhance protection through barrier effects, phase control, and coating/substrate diffusion
bonding [16–18]. Existing Ni, Ti, and Co-doped MoS2 coatings have mainly emphasized
tribological properties or general corrosion improvement [7,9,15], but the chloride-solution
corrosion response of ESD-fabricated W-MoS2 coatings with different W/MoS2 ratios
remains insufficiently clarified.

It should be noted that self-lubricating performance cannot be demonstrated by the
mere presence of MoS2. In the present work, the term “self-lubricating” refers to the
coating design containing solid-lubricating MoS2/WS2 phases and to the design rationale
supported by our previously published ESD coating studies. For W-WS2 coatings prepared
by SPS and ESD on CrNi3MoVA steel, the coefficient of friction decreased markedly with
increasing WS2 content; the 30 wt.% WS2 coating showed a stable coefficient of friction of
approximately 0.17–0.20, and its wear loss was only 12.5% of that of the CrNi3MoVA steel
substrate [19]. Similarly, an electrospark-deposited Ni/C-MoS2 coating exhibited a low and
stable coefficient of friction of about 0.17, approximately 77% lower than that of CrNi3MoVA
steel, which was attributed to the synergistic lubrication effect of graphite and MoS2 and the
support of the strengthened matrix [20]. These published tribological results provide the
design basis for the self-lubricating concept of transition-metal-dichalcogenide-containing
ESD coatings, whereas the present manuscript specifically focuses on electrochemical
corrosion behavior.

Compared with other metallic elements, tungsten (W) has a very high melting point
and outstanding mechanical properties. Because W and molybdenum (Mo) are in the
same group, they show good chemical compatibility. Tungsten-based dichalcogenide
systems have also attracted attention for coupling solid-lubricating and corrosion-inhibition
functions [21], suggesting that W may simultaneously regulate phase constitution, defect
distribution, and corrosion kinetics in MoS2-based coatings. Under the transient high-
temperature conditions of ESD, W may not only act as a metallic strengthening component,
but may also promote the formation of W(Mo)-rich regions and in situ WS2 lubricating
phases [22–24]. This W/MoS2 combination is therefore expected to couple corrosion
resistance with MoS2/WS2-related solid lubrication.

Accordingly, W was combined with MoS2 to prepare W-MoS2 self-lubricating coatings
on CrNi3MoVA steel by electrospark deposition. The corrosion resistance of coatings with
different MoS2 contents was evaluated in 3.5 wt.% NaCl solution. The uniqueness of this
work lies in correlating the W/MoS2 ratio with surface and cross-sectional morphology,
phase evolution, roughness, impedance response, polarization behavior, and corrosion
products, thereby providing a laboratory electrochemical basis for designing thin self-
lubricating ESD coatings for chloride-containing service environments.
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2. Experimental Procedure
2.1. Coating Preparation

CrNi3MoVA steel (20 mm × 10 mm × 5 mm) was selected as the substrate. The
coating materials consisted of W powder and MoS2 powder with a purity exceeding 99.9%
and an average particle size of 2 µm. First, W powder and MoS2 powder were uniformly
mixed in mass ratios of 70:30, 80:20, and 90:10, respectively, and subsequently formed
into W-MoS2 electrodes by spark plasma sintering (SPS). Subsequently, the CrNi3MoVA
steel and W-MoS2 electrodes were polished and cleaned. Finally, using DJ-2000 ESD
equipment,(Shanghai Kangbei Mechanical and Electrical Equipment Co., Ltd., Jiading
District, Shanghai, China) 10WMoS2, 20WMoS2 and 30WMoS2 were deposited on the
CrNi3MoVA steel substrate under argon gas protection, following the optimized deposition
parameters obtained from preliminary experiments (Table 1). For the convenience of
discussion, the three coatings with different contents were denoted as the 10WMoS2 coating,
20WMoS2 coating, and 30WMoS2 coating, respectively.

Table 1. Technological parameters of ESD.

Voltage/V Power/W Electrode Rotation Speed/
r·min−1

Argon Flow Rate/
L·min−1

Unit Area Deposition Time/
min·cm−2

60 1200 2500 15 1

The nominal chemical composition of the CrNi3MoVA steel substrate is described in
Table 2.

Table 2. Chemical composition of CrNi3MoVA steel (wt.%).

Fe C Mn Si Cr Ni Mo V S P

Balance 0.40 0.41 0.25 1.28 3.14 0.37 0.20 0.001 0.012

2.2. Characterization

The surface morphology and elemental composition of the substrate and W-MoS2

coatings were characterized by scanning electron microscopy (SEM, Gemini360, CarlZeis-
sAG, Oberkochen, Germany) equipped with an energy-dispersive spectrometer (EDS).
Cross-sectional samples were mechanically ground, polished, and observed to evaluate
coating thickness and interfacial continuity. To quantitatively support the SEM observations,
surface roughness was measured using a three-dimensional optical profilometer/surface
profilometer. At least five randomly selected regions were measured for each sample,
and the average roughness (Ra), root-mean-square roughness (Rq), and maximum height
roughness (Rz) were expressed as mean ± standard deviation. The phase composition
of the coatings was identified by X-ray diffraction (XRD, D8 Advance, Bruker, Germany)
using Cu Kα radiation (λ = 1.5406 Å) over a 2θ range of 10–90◦. Additionally, the corroded
surfaces of the tested coatings were investigated by X-ray photoelectron spectroscopy (XPS,
Shimadzu Model AXIS Supra+, Kratos Analytical Ltd., Manchester, UK) using monochro-
matic Al Kα radiation. The binding energies were calibrated with reference to the C 1s peak
at 284.8 eV, and the spectra were fitted after background subtraction. These characterization
details were included to improve experimental reproducibility.

No independent friction and wear tests were conducted in this study, because the
present experimental program was designed to evaluate the electrochemical corrosion
behavior of W-MoS2 coatings in chloride solution. In addition, the present dataset combines
as-deposited cross-sectional SEM with surface SEM/EDS and XPS after corrosion; cross-
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sectional EDS mapping after corrosion was not available and will be included in follow-up
work to quantify through-thickness elemental redistribution and corrosion penetration.

2.3. Electrochemical Corrosion Testing

The corrosion resistance of the samples was investigated using a CHI760E electrochem-
ical workstation with a standard three-electrode cell in 3.5 wt.% NaCl solution. For each
condition, electrochemical measurements were performed on at least three independently
prepared specimens. The samples were first immersed in the electrolyte for 30 min to obtain
a stable open-circuit potential (OCP); this stabilization period was used to evaluate the
initial electrochemical response rather than long-term marine-exposure behavior. Electro-
chemical impedance spectroscopy (EIS) was then conducted at the OCP over a frequency
range from 0.001 Hz to 105 Hz. Potentiodynamic polarization (PDP) curves were recorded
from −250 mV to 250 mV at a scanning rate of 0.5 mV/s. The PDP and EIS data were fitted
and analyzed using CView and ZView software (CView 3.6a-April 2025, ZView 4.2b-Feb
2026). The fitted electrochemical parameters are reported as mean ± standard deviation
where applicable, and error bars are used to present data variability.

3. Results and Discussion
3.1. Microstructure of ESD W-MoS2 Coatings

As shown in Figure 1a, the surface of the CrNi3MoVA steel substrate was smooth and
flat, with localized grinding and polishing scratches. The SEM analysis of the three W-MoS2

coatings revealed a characteristic micro-roughness morphology typical of ESD, featur-
ing localized micron-scale pores and a pronounced light–dark contrast, as illustrated in
Figure 1b–d. In comparison, the 10WMoS2 coating exhibited high-density agglomerated
protrusions, while the 30WMoS2 coating displayed deep pores and grooves. Conversely,
the surface of the 20WMoS2 coating was notably smoother and flatter.

The quantitative roughness results in Table 3 corroborate the SEM observations. The
20WMoS2 coating exhibited lower Ra, Rq, and Rz values than the 10WMoS2 and 30WMoS2

coatings, consistent with its smoother and denser surface. By contrast, the greater roughness
of the 10WMoS2 and 30WMoS2 coatings was associated with agglomerated protrusions,
pores, grooves, and cracks, which increase the effective electrolyte-contact area and favor
localized corrosion.

Table 3. Surface roughness values of the substrate and W-MoS2 coatings (mean ± standard deviation,
n ≥ 5).

Sample Ra/µm Rq/µm Rz/µm

CrNi3MoVA steel 12.0 ± 0.6 15.4 ± 0.8 66.8 ± 4.7
10WMoS2 coating 21.0 ± 1.1 26.8 ± 1.3 118.5 ± 7.9
20WMoS2 coating 19.0 ± 0.9 23.9 ± 1.1 104.2 ± 6.8
30WMoS2 coating 23.0 ± 1.2 29.0 ± 1.6 132.6 ± 9.1

The EDS results in Table 4 show that increasing the initial MoS2 content increased the
S and Mo contents of the coatings while decreasing the W content, in agreement with the
nominal electrode compositions. The bright regions (A, C, and E) contained substantially
more W than the corresponding dark regions (B, D, and F). Fe was also detected in the
coatings, indicating substrate-to-coating transfer or intermixing during the ESD process.
The compositional contrast between the bright and dark regions confirms that the rapidly
solidified coatings were microscopically heterogeneous.
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Figure 1. SEM of (a) CrNi3MoVA steel substrate, (b) 10WMoS2 coating, (c) 20WMoS2 coating,
(d) 30WMoS2 coating.

Table 4. The EDS results of W-MoS2 coating.

Coating Position
Composition (wt.%)

W S Mo Fe

10WMoS2

Surface scanning 65.0 8.1 8.9 18.0
A 86.7 3.7 7.4 2.2
B 61.2 8.5 8.3 22.0

20WMoS2

Surface scanning 58.8 10.7 20.4 10.1
C 79.9 6.6 10.1 3.4
D 53.4 11.1 15.0 20.5

30WMoS2

Surface scanning 50.3 14.5 31.8 3.4
E 59.0 8.6 27.0 5.4
F 43.5 18.5 34.5 3.5
G 48.3 17.6 30.5 3.7

Compared with the other coatings, the 30WMoS2 coating showed less pronounced
W enrichment on the surface and a smaller compositional difference between the bright
and dark regions. EDS analysis of the deep concavity (G) also detected W, Mo, and S,
confirming that this feature remained part of the deposited coating rather than an exposed
substrate area.

The XRD analysis results depicted in Figure 2 revealed that the phase compositions of
the W-MoS2 coatings primarily consisted of W, Mo, MoS2, and WS2. The diffraction peaks
corresponding to W/Mo and MoS2/WS2 exhibited partial overlap, and the intensities near
the MoS2/WS2 basal reflections increased with increasing initial MoS2 content, indicating a
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(002) preferred orientation. Because these peaks overlap, the phase constitution and lattice
relationships cannot be assigned unambiguously from conventional XRD alone.

 

Figure 2. XRD patterns of W-MoS2 coatings.

During the transient high-temperature cycling of the ESD process, partial decomposi-
tion of MoS2 may occur, and the generated Mo may diffuse into W-rich regions because
W and Mo have similar physicochemical characteristics [23,25]. This process may lead
to W(Mo)-rich metallic regions or a possible W(Mo) solid-solution tendency. Meanwhile,
W may act as a heterogeneous nucleation site and promote preferential orientation of
MoS2/WS2 along the low-surface-energy (002) plane.

Because the diffraction peaks of W/Mo and MoS2/WS2 partially overlap, the exact
amount of W-Mo solid solution cannot be determined solely from conventional XRD.
Accordingly, the coatings are described as composite structures containing W(Mo)-rich
metallic regions and MoS2/WS2 lubricating phases, rather than as fully confirmed single
W(Mo) solid-solution coatings. More definitive confirmation of lattice relationships and
nanoscale phase distribution would require TEM, peak deconvolution, or grazing-incidence
XRD, which will be considered in future work.

The decomposition product S can further react with W to generate WS2 in situ, while
residual MoS2 and formed WS2 together contribute to the soft lubricating phase. Based on
the combined EDS and XRD results, the white bright regions can be cautiously assigned
mainly to W(Mo)-rich metallic regions with a small amount of dispersed lubricating phases,
whereas the gray dark regions likely contain a more mixed distribution of W(Mo)-rich
regions, MoS2, and WS2 phases.

This phase constitution differs from previously reported electrospark-alloyed Mo-
MoS2 coatings, in which MoS2 was detected together with Fe-based solid solutions and
the discussion mainly focused on structure and tribological properties [17]. In the present
W-MoS2 system, the coexistence of W(Mo)-rich metallic regions, residual MoS2, and in
situ-formed WS2 indicates that the corrosion response is regulated jointly by the W/MoS2

ratio and the distribution of ESD-induced defects.
The (002) preferred orientation can reduce the number of dangling and unsaturated

bonds exposed on the basal planes of MoS2 and WS2, which is beneficial for reducing
the adsorption of O2 and H2O. In addition, WS2 generally exhibits better oxidation resis-
tance than MoS2, further improving the stability of the coating in humid environments.
Therefore, the W-MoS2 coating formed by ESD is expected to be conducive to improved
short-term corrosion resistance. The cross-sectional morphologies (Figure 3a–c) show that

https://doi.org/10.3390/met16070797

https://doi.org/10.3390/met16070797


Metals 2026, 16, 797 7 of 19

the coating thicknesses are similar, approximately 30 µm, while the internal bright/dark
phase distribution differs markedly with the W/MoS2 ratio.

 

Figure 3. Cross-section morphology: (a) 10WMoS2 coating, (b) 20WMoS2 coating, (c) 30WMoS2 coating.

From the cross-sectional morphology, no catastrophic interfacial delamination was
observed for the 20WMoS2 coating in the examined area, which qualitatively supports
interfacial continuity. However, this observation cannot replace quantitative adhesion
testing, such as scratch or pull-off tests, and adhesion performance should be evaluated in
future work.

The gray phases in the 10WMoS2 coating are sparse and concentrated near the sub-
strate. Consequently, the XRD detection results revealed extremely weak diffraction peak
intensities for both MoS2 and WS2. The majority of the remaining areas are covered by white
phases. During the preparation of the coating, an excessive amount of hard metal W and an
insufficient proportion of soft lubricant MoS2 led to a thermodynamic mismatch between
the white W(Mo)-rich metallic region and the gray regions with a high content of lubricant
phases, resulting in localized porosity defects. Simultaneously, noticeable microcracks
formed within the coating and at the interface between the coating and the substrate.

The upper half of the 20WMoS2 coating primarily consisted of a gray phase, accom-
panied by a small quantity of tiny W(Mo)-rich metallic regions. The lower half, near the
substrate, was mainly composed of continuously distributed W(Mo)-rich metallic regions,
with a small amount of gray phases interspersed. Moreover, the W(Mo)-rich metallic
regions adjacent to the substrate were predominantly metallic phases and exhibited a
gradient distribution structure, effectively reducing differences in mechanical properties.

In the cross-section of the 30WMoS2 coating, the W(Mo)-rich metallic regions displayed
a relatively uniform distribution. However, an excessive content ratio of MoS2 triggered
agglomeration phenomena, leading to the formation of wide cracks at the junction of
the gray and white regions. Notably, substantial microcracks were also observed at the
interface between the coating and the substrate.

3.2. Testing Curves of PDP

PDP curves were employed to evaluate electrochemical corrosion behavior by ana-
lyzing variations in potential or current. A higher self-corrosion potential (Ecorr) indicated
a lower tendency for corrosion, whereas a smaller corrosion current density (Icorr) cor-
responded to a reduced corrosion rate. Figure 4 displays the polarization curves of the
samples immersed in a 3.5 wt.% NaCl solution. It could be observed that, compared to
those of the CrNi3MoVA steel substrate, the Ecorr of the W-MoS2 coatings had generally
shifted in the negative direction, and Icorr exhibited a significant decrease.
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Figure 4. Polarization curves of CrNi3MoVA steel and W-MoS2 coatings.

The electrochemical corrosion parameters are recorded in Table 5. The results demon-
strated that the W-MoS2 coatings exhibited more negative Ecorr values and lower Icorr

values compared to the substrate. Although the coatings displayed slightly more negative
Ecorr values, their significantly lower Icorr values indicated suppressed corrosion kinetics.
Consequently, once corrosion initiates, the W-MoS2 coatings can effectively decelerate
the corrosion rate. Among them, the 20WMoS2 coating exhibited the highest Ecorr and
the lowest Icorr, reducing Icorr by approximately 67.4% compared to the substrate, which
indicates that the 20WMoS2 coating offers the optimal protective performance.

Table 5. PDP fitting results of CrNi3MoVA steel and W-MoS2 coatings in 3.5 wt.% NaCl solution
(mean ± standard deviation, n ≥ 3).

Samples Ecorr/(V vs. SCE) Icorr/(µA·cm−2)

CrNi3MoVA Steel −0.550 ± 0.018 8.65 ± 0.45
10WMoS2 −0.600 ± 0.021 3.31 ± 0.17
20WMoS2 −0.580 ± 0.015 2.82 ± 0.12
30WMoS2 −0.590 ± 0.018 3.30 ± 0.16

3.3. EIS Testing

EIS can provide information regarding the electrochemical corrosion process of sam-
ples. The test results are presented in Figure 5. The single phase-angle peak (Figure 5c)
indicates that one electrochemical process dominated the EIS response within the measured
frequency range. However, compared to the substrate, the coatings exhibited a lower peak
phase angle and a broader peak shape, suggesting reduced surface uniformity. Meanwhile,
the phase angle of the coatings increased significantly at 10−2 Hz, demonstrating the pres-
ence of a notable phase lag phenomenon. This characteristic implies that the coatings had a
longer relaxation time during corrosion compared to the substrate. These findings confirm
that the W-MoS2 coatings can effectively delay the kinetics of interfacial corrosion reactions
through their high-resistance physical barrier properties, thereby reducing the corrosion
current density and corrosion rate.
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Figure 5. EIS results: (a) Nyquist plots, (b) Bode-modulus plots, (c) Bode-phase angle plots,
(d) equivalent circuit diagram.

The Nyquist plot in Figure 5a demonstrates that both the substrate and the coatings
exhibit the characteristic of a single capacitive arc, reflecting the parallel nature between
double-layer capacitance and charge transfer resistance. Given the significant deviation
of the capacitive arc from an ideal semicircle, it is challenging to directly compare the
corrosion resistance of the samples quantitatively based on the radius. However, the
complete interface electrochemical reaction process can be captured at the low frequency
of 10−2 Hz. Therefore, this impedance modulus (|Z|) serves as a useful comparative
parameter for evaluating the corrosion resistance performance of the samples. The higher
its value, the stronger the corrosion resistance performance. From the Bode-modulus plot
(Figure 5b), it is evident that all samples achieve the maximum |Z| at 10−2 Hz. Among
them, the |Z| values of the 10WMoS2 coating and the 30WMoS2 coating are similar and
relatively low, followed by that of the substrate. The 20WMoS2 coating exhibits the highest
|Z|, which is approximately 16% higher than that of the substrate. The aforementioned
results indicate that the 20WMoS2 coating possesses the best corrosion resistance and can
effectively enhance the protective performance of the substrate, whereas the 10WMoS2 and
30WMoS2 coatings demonstrate relatively weaker protective performance.

To further quantify the impedance effect of the coatings, based on the test results
depicted in Figure 5a–c and the characteristics of the corrosion system, the R-C parallel
equivalent circuit shown in Figure 5d was selected for fitting analysis. Here, Rs represents
the resistance of the 3.5 wt.% NaCl solution, Rct denotes the charge transfer resistance,
and CPEct is the constant phase element used to characterize the non-ideal capacitive
behavior of the deformed semicircle. Its impedance, ZCPE, can be expressed as shown in
Equation (1) [26], where Y0 is the admittance of the CPE, ω is the angular frequency, and
n is the CPE exponent (0 ≤ n ≤ 1). When n = 1, the CPE represents a pure capacitor, and
when n = 0, it represents a pure resistor. A value of n < 1 indicates the presence of factors
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such as pores, cracks, or inhomogeneity. Furthermore, the corresponding double-layer
effective capacitance (Cct) can be calculated using Equation (2) [27]. The fitting results are
listed in Table 6.

ZCPE =
1

Y0(jω)n (1)

Cct = Y0
1
n

(
1

Rs
+

1
Rct

)
n−1

n (2)

Table 6. Fitting results of EIS (mean ± standard deviation, n ≥ 3; Y0 in 10−3 Ω−1·Sn·cm−2 and Cct in
10−4 F·cm−2).

Parameters
Sample

CrNi3MoVA 10WMoS2 20WMoS2 30WMoS2

Rs/(Ω·cm2) 6.744 ± 0.24 8.61 ± 0.31 8.22 ± 0.28 10.08 ± 0.39
Rct/(Ω·cm2) 824.8 ± 41.2 1416 ± 73 1968 ± 85 1747 ± 89

CPEct
Y0/(10−3) 2.17 ± 0.14 7.71 ± 0.42 5.42 ± 0.30 8.69 ± 0.50
n 0.73 ± 0.02 0.58 ± 0.04 0.63 ± 0.02 0.59 ± 0.03

Cct/(10−4) 4.54 ± 0.27 10.77 ± 0.66 8.70 ± 0.46 15.94 ± 0.89

As shown in Table 6, the solution resistances (Rs) were similar and relatively small,
supporting the consistency of the measurements. In general, a higher charge-transfer
resistance (Rct) indicates better corrosion resistance [28]. All three coatings had a higher
Rct than the substrate, and the 20WMoS2 coating showed the highest Rct, 1.39 times higher
than that of the substrate, consistent with its lowest Icorr in the PDP test. The repeated
measurements produced the same ranking of corrosion resistance, indicating that the
superior electrochemical performance of the 20WMoS2 coating was reproducible despite
the local defects inherent to ESD coatings.

The value of n is associated with the degree of interfacial non-ideality and may qualita-
tively reflect surface heterogeneity, whereas Cct is related to the interfacial electrochemical
response and may increase with a larger effective wetted/active area [29]. In compari-
son, the substrate exhibited the highest n value and the lowest Cct value. Among the
three coatings, the 20WMoS2 coating demonstrated the highest n value and the smallest
Cct value. The results indicated that the surface uniformity of the W-MoS2 coatings was
inferior, leading to an increased electrolyte contact area. Capacitive reactance exhibits
an inverse relationship with effective capacitance. Consequently, the W-MoS2 coatings
demonstrated reduced capacitive reactance compared to the substrate. However, among
the three coatings, the 20WMoS2 coating exhibited superior uniformity and density, thereby
experiencing the smallest reduction in capacitive reactance.

The results from EIS and Tafel polarization curve tests revealed that the Rct of W-
MoS2 coatings was significantly higher than that of the substrate, thereby substantially
reducing Icorr and the corrosion rate during the electrochemical corrosion process. However,
the 10WMoS2 and 30WMoS2 coatings exhibited decreased capacitive reactance due to
increased surface roughness and reduced uniformity, which in turn led to a decrease in
|Z|, indicating an exacerbation of local corrosion. In contrast, the 20WMoS2 coating
demonstrated better uniformity in its coating structure. During electrochemical corrosion,
it exhibited higher capacitive reactance, resulting in a significantly enhanced |Z| and
superior protective performance compared to both the substrate and the other coatings.

A qualitative comparison was made between the existing W-MoS2 anti-static coating
and the representative ship coating systems reported in the literature, as shown in Table 7.
Conventional marine coatings may show lower corrosion currents, but they are usually
thick barrier systems rather than thin self-lubricating ESD layers. The significance of
the 20WMoS2 coating is therefore not universal replacement of marine coatings, but a
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67.4% reduction in Icorr relative to CrNi3MoVA steel while retaining MoS2/WS2-related
lubricating phases for local wear-corrosion protection.

Table 7. Qualitative comparison between the present W-MoS2 ESD coating and representative marine
coating systems reported in the literature.

Coating Type Main Function Typical Advantage Relation to the Present Work

Zinc-rich/epoxy/PU/
polysiloxane [30–32] High-build marine barrier Very low Icorr possible Not self-lubricating,

thick-film systems

Superhydrophobic
hybrids [30–32] Reduce wetting/fouling Strong initial water repellence Surface stability/

thickness-dependent

Ni, Ti, or Co-doped
MoS2 [7,9,15] Modify MoS2 coatings Improved wear/

corrosion behavior
Different dopant chemistry

and process

Present W-MoS2 ESD coating Thin self-lubricating layer Icorr reduced by 67.4%,
MoS2/WS2 retained

Local wear-corrosion
protection, not a replacement

for all marine coatings

3.4. Corrosion Behavior of CrNi3MoVA Steel

As depicted in Figure 6a, the substrate underwent severe corrosion, resulting in the
complete destruction of its originally smooth surface morphology. The surface was now
covered with corrosion products that were full of cracks (Zone A). Localized regions dis-
played significant corrosion pits (Zone C) and extensive flaking phenomena (Zone B).
The energy spectra results shown in Figure 6b–d revealed that both Zone A and Zone
C exhibited substantial Fe loss along with a relatively high oxygen (O) content, primar-
ily consisting of Fe oxide. In Zone B, the O content was notably reduced, and the Fe
content was comparable to that of the original substrate. The findings indicated that Fe
underwent oxidation–dissolution reactions, leading to its loss and the formation of the
corrosion product Fe oxide (Zone A). Nevertheless, the corrosion layer was riddled with
cracks. During the ongoing corrosion process, these cracks gradually propagated and
interconnected, causing partial flaking of the products and exposing fresh substrate (Zone
B), thereby facilitating further internal corrosion expansion. Particularly in the weaker
areas, the detachment of products was more pronounced, resulting in the formation of
corrosion pits (Zone C). Under the persistent scouring action of the electrolyte, corrosion
products continued to accumulate within these pits, creating regions with a high O content.

The corrosion results mentioned above were as follows: The Fe element in the
CrNi3MoVA steel substrate exhibited high reactivity, with an Rct value of merely
824.8 Ω·cm2. Under the influence of a 3.5 wt.% NaCl solution, it was highly prone
to electron loss, undergoing an oxidation–dissolution reaction and functioning as the
anode, thereby generating the corrosion product Fe oxide. Meanwhile, the Cl− ions,
which were highly concentrated and had a small radius, strongly adsorbed onto the
generated Fe2+ at the interface, forming the inner layer of the double-layer capacitance.
Cations such as Na+, which were repelled by electrostatic forces, occupied the outer layer.
The potential difference established by this double-layer configuration drove continuous
electrochemical reactions.

Despite the substrate exhibiting low Cct and high n during corrosion, along with
high capacitive reactance and a relatively uniform interface, the passivating property of
Fe oxide further contributed to reducing the severity of corrosion. However, due to the
extremely high Fe content (approximately 94%) and low Rct at the interface, the polarization
curve indicated a high Icorr and a rapid corrosion rate. Furthermore, the formation of Fe
oxide corrosion products was accompanied by significant volume expansion, generating
substantial internal stress at the interface between the substrate and the product layer,
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which induced cracking in the corrosion product layer. Additionally, highly corrosive Cl−

preferentially adsorbed at the weak areas of the product layer, forming soluble complexes
with Fe atoms. This further destabilized the passivation layer, thereby accelerating the
active dissolution of the substrate and the propagation of cracks.

 

Figure 6. The corrosion morphology (a) and EDS (b–d) results of CrNi3MoVA steel substrate.

As corrosion progressed, cracks continuously extended and interconnected, ultimately
leading to extensive peeling of the originally loosely structured corrosion products. The
newly exposed surface of the substrate then became the new active anode, facilitating the
continuous occurrence of electrochemical reactions and driving the corrosion deeper into
the material. Additionally, the standard electrode potential of Fe was lower than that of Ni
(the trace element present in relatively higher concentrations) in the substrate, resulting
in the formation of micro-couples due to the potential difference. This phenomenon
was particularly pronounced at grain boundaries, further accelerating localized anodic
dissolution and promoting the initiation and propagation of corrosion pits. Under the
synergistic effects of the low Rct of Fe, the strong erosive action of Cl−, and the micro-
galvanic couple, the CrNi3MoVA steel substrate exhibited an extremely high Icorr and a
rapid corrosion rate, ultimately displaying severe corrosion morphological characteristics.

3.5. Corrosion Behavior of W-MoS2 Coating

Figure 7 presents the corrosion morphology and EDS results of the W-MoS2 coatings.
As shown in Figure 7a–c, compared to the CrNi3MoVA steel substrate, the W-MoS2 coatings
maintained their original deposition morphology profile, with only significant accumula-
tion of corrosion products observed at the inherent pores. This led to a notable reduction
in both the size and quantity of pores on the coated surface after corrosion, indicating a
substantially mitigated degree of corrosion.
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Figure 7. Corrosion morphology: (a) 10WMoS2 coating, (b) 20WMoS2 coating, (c) 30WMoS2 coating.

EDS results for the two typical regions (white and gray) (Table 8) revealed that O was
newly detected on the corroded coating surface of the post-corrosion coating, with the O
content being significantly higher in the white areas compared to the gray ones. Notably,
the O content around the groove in the 30WMoS2 coating region (E) was particularly high,
reaching up to 27.9%, whereas both typical regions of the 20WMoS2 coating exhibited a
significantly lower O content. These findings indicated that the W-MoS2 coatings under-
went oxidation reactions under the influence of a 3.5 wt.% NaCl solution, resulting in the
formation of oxides. The 20WMoS2 coating demonstrated the lowest degree of oxidation
and the strongest corrosion resistance.

Table 8. EDS results of W-MoS2 coatings.

Sample Position
Composition(wt.%)

W S Mo Fe O

10WMoS2

original white 86.7 3.7 7.4 2.2 -
gray 61.2 8.5 8.3 22.0

corroded
A 37.1 4.5 0 37.6 20.8
B 45.6 9.8 5.4 26.4 12.8

20WMoS2

original white 79.9 6.6 10.1 3.4 -
gray 53.4 11.1 15.0 20.5

corroded
C 35.8 23.2 9.5 24.4 7.1
D 41.2 24.6 8.8 22.1 3.3

30WMoS2

original white 59.0 8.6 27.0 5.4 -
gray 43.5 18.5 34.5 3.5

corroded
E 32.2 17.0 0 22.9 27.9
F 19.8 6.1 8.1 56.2 9.8

To thoroughly analyze the evolution of coating composition and reveal the corrosion
mechanism, a comparative analysis was conducted on the EDS results, with specific data
presented in Table 9. As indicated in Table 9, all coatings exhibited losses of W and
Mo, along with an increase in Fe content, following corrosion. Notably, the loss of W
was significantly higher in the white bright areas compared to the gray dark areas. In
particular, the Mo content in the white regions rich in the W(Mo)-rich metallic phase of
the 10WMoS2 and 30WMoS2 coatings decreased from 7.4% and 27% to 0, respectively,
while their residual Mo remained relatively high after corrosion. Although the lubricating
phases MoS2 and WS2 were highly prone to oxidation in humid environments, with their
reaction product H2SO4 causing a loss of S, in this experiment, except for the gray area
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of the 30WMoS2 coating (F), the S content increased in all areas of the coatings after
electrochemical corrosion.

Table 9. Analysis of EDS composition changes in typical areas of W-MoS2 coatings.

Sample Position
Content Variation Before and After Corrosion/wt.% Residue After

Corrosion/wt.%

O Fe W Mo W + Mo S W Mo S Fe

10WMoS2
∆A 0 → 20.8 ↑ 35.4 ↓ 49.6 ↓ 7.4 ↓ 57.0 ↑ 0.8 37.1 0 4.5 37.6
∆B 0 → 12.8 ↑ 4.4 ↓ 15.6 ↓ 2.9 ↓ 18.5 ↑ 1.3 45.6 5.4 9.8 26.4

20WMoS2
∆C 0 → 7.1 ↑ 21 ↓ 44.1 ↓ 0.6 ↓ 44.7 ↑ 16.6 35.8 9.5 23.2 24.4
∆D 0 → 3.3 ↑ 1.6 ↓ 12.2 ↓ 6.2 ↓ 18.4 ↑ 13.5 41.2 8.8 24.6 22.1

30WMoS2
∆E 0 → 27.9 ↑ 17.5 ↓ 26.8 ↓ 27 ↓ 53.8 ↑ 8.4 32.2 0 17 22.9
∆F 0 → 9.8 ↑ 52.7 ↓ 23.7 ↓ 26.4 ↓ 50.1 ↓ 12.4 19.8 8.1 6.1 56.2

The observed phenomena can be summarized as follows: The white regions consisted
of W(Mo)-rich metallic regions with an exceptionally high W content. When exposed to
a 3.5 wt.% NaCl solution, the W(Mo)-rich metallic phase exhibited preferential oxidation
characteristics. Among its components, W with a high content and Mo with a low content
preferentially underwent oxidative dissolution, acting as the anode. This led to a greater
loss of W in the white regions, indicating that the lost W primarily originated from the
W(Mo)-rich metallic phase. Meanwhile, the elevated S content suggested that the lost
Mo also predominantly came from the W(Mo)-rich metallic phase rather than from MoS2.
Furthermore, considering WS2’s superior oxidation resistance compared to MoS2 and the
observed increase in S content, it can be inferred that WS2 remained retained within the
coatings. Consequently, both MoS2 and WS2 were effectively protected by the W(Mo)-rich
metallic phase, resulting in significantly enhanced oxidation resistance.

Furthermore, although the Fe content increased following coating corrosion, it re-
mained considerably lower than that of the substrate. Based on the results of the single
time constant test (Figure 5c), it can be concluded that during corrosion, the electrolyte
diffused from the surface into the interior of the coating. This process led to the oxidative
dissolution of the Fe that had diffused from the substrate into the original coating, resulting
in the formation of Fe oxide, while the substrate itself remained unexposed.

The gray zone of the 30WMoS2 coating (F in Figure 7) showed an abnormal decrease
in S content and a sharp increase in Fe content. This phenomenon indicated that structural
defects, such as deep grooves and wide cracks, facilitated rapid penetration of the elec-
trolyte, triggering severe internal corrosion. Consequently, oxidation reactions occurred in
MoS2 and WS2 within the defect region, leading to the formation of H2SO4 and resulting
in the loss of S. Meanwhile, the internal Fe formed Fe oxides, which caused the dramatic
rise in Fe content. The intensified corrosion in these regions directly reduced the coating’s
anti-corrosion performance.

A comprehensive comparison of the coatings revealed that the 20WMoS2 coating
demonstrated the lowest total loss of W and Mo in the gray-white regions, the highest
retention of Mo and S, and the smallest increase in Fe and O content. The results indi-
cated that this coating could effectively prevent electrolyte penetration and inhibit the
dissolution of the metal phase and the formation of oxidation products, thereby achieving
optimal corrosion resistance performance. Although electrolyte infiltration exacerbated
the oxidation and dissolution of Fe in the 10WMoS2 and 30WMoS2 coatings, leading to
significant elemental loss and weakened corrosion resistance, none of the coatings exposed
the underlying substrate after corrosion. Overall, the protective performance of the W-MoS2

coating system was reliable.
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Cross-sectional EDS maps before and after corrosion would further clarify electrolyte
penetration paths and the through-thickness redistribution of W, Mo, S, Fe, and O. In the
present study, the corrosion interpretation is based on the available as-deposited cross-
sectional morphology, post-corrosion surface SEM/EDS, XPS, and electrochemical data.
Thus, the depth-resolved corrosion behavior should be regarded as a limitation of the
current dataset and will be examined by cross-sectional EDS mapping in subsequent work.

The XPS analysis results are shown in Figure 8, which indicates that the corrosion
products of the W-MoS2 coating primarily consisted of a series of metal oxides formed by
W, Mo, and Fe. Notably, no chlorides were identified in the XPS spectra. This phenomenon
was ascribed to electrochemical corrosion reactions initiated by active agents such as O2,
H2O, and Cl−. However, due to the solubility of chlorides, they had difficulty persisting on
the coating surface. Meanwhile, the detection of MoS2 and WS2 signals further indicated
that although the W-MoS2 coating underwent electrochemical corrosion, the W(Mo)-rich
metallic phase likely participated preferentially in the oxidation process. This significantly
curbed the oxidative consumption of the lubricating phases, enabling them to remain intact.
This mechanism was also a crucial factor allowing the W-MoS2 coating to maintain excellent
protective performance in a 3.5 wt.% NaCl solution.

 
Figure 8. XPS spectra of 20WMoS2 coating surface in 3.5 wt.% NaCl solution: (a) O1s, (b) S2p,
(c) Fe2p, (d) Mo3d, (e) W4f.

3.6. Corrosion Mechanism of W-MoS2 Coating

On the basis of the SEM/EDS/XRD/XPS and electrochemical results, the corrosion
mechanism of the W-MoS2 coatings can be summarized as follows: The MoS2/WS2 lubri-
cating phases provide relatively high-resistance regions, while the W(Mo)-rich metallic
regions and the rapidly solidified ESD microstructure form a composite layer with tortuous
electrolyte-transport paths. Because the electrochemical activity of W and Mo is lower than
that of Fe in the CrNi3MoVA substrate, the coatings exhibit higher impedance and sig-
nificantly lower Icorr than the uncoated steel under the present short-term 3.5 wt.% NaCl
test. Compared with MoS2-containing organic barrier coatings, where MoS2 mainly im-
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proves corrosion resistance by increasing the tortuosity of the layered barrier [18], the
present ESD coating combines W(Mo)-rich metallic regions with MoS2/WS2 lubricating
phases. The results also complement recent studies on tungsten-based dichalcogenide
corrosion-inhibition systems [21], because they demonstrate that the corrosion resistance of
W-containing sulfide coatings is governed not only by the intrinsic chemical stability of
the sulfide phases but also by the compactness and defect distribution determined by the
W/MoS2 ratio.

Furthermore, the W/MoS2 ratio strongly influenced corrosion resistance. The
10WMoS2 coating exhibited a relatively low Rct because of its low lubricating-phase
content, high W content, rough surface, and uneven phase distribution. It had the low-
est CPE exponent n and a relatively high Cct, indicating stronger interfacial non-ideality
and a larger effective wetted area rather than the maximum Cct among all coatings. The
concentration of W(Mo)-rich metallic regions in the upper part of the coating, together
with pores and microcracks, facilitated local electrolyte penetration and the formation of
oxygen-concentration cells. At these defects, W and Mo-containing corrosion products
could not form a continuous protective layer, and Cl− further destabilized the locally
passivated regions. The electrolyte therefore penetrated the porous corrosion products and
promoted internal Fe oxidation, weakening the overall protective performance.

The 20WMoS2 coating, featuring a homogeneous and dense structure, effectively
hindered the penetration of the electrolyte. It achieved the highest n, the lowest Cct among
the coatings, and the maximum capacitive reactance. Meanwhile, the optimal ratio of
MoS2 and W contents significantly increased the charge transfer resistance. As a result,
during the electrochemical corrosion process, the 20WMoS2 coating formed relatively stable
corrosion products and demonstrated the highest Rct and |Z|, thereby providing the best
protective performance.

For the 30WMoS2 coating, the higher MoS2 fraction was expected to increase charge-
transfer resistance, but excessive MoS2 also promoted agglomeration during ESD and
produced deep grooves or wide cracks. These defects reduced surface uniformity, decreased
the CPE exponent n, and increased the effective electrolyte-contact area, resulting in a higher
Cct and lower capacitive impedance. The cracks also provided faster channels for electrolyte
penetration and promoted O concentration-gradient microcells. Under the combined action
of Cl- erosion and localized defect-assisted transport, the protective performance of the
30WMoS2 coating was weakened.

The quantitative roughness measurements provide direct support for this composition-
dependent mechanism. The higher Ra, Rq, and Rz values of the 10WMoS2 and 30WMoS2

coatings increase the real electrolyte-contact area and the number of sites available for
localized corrosion, whereas the smoother 20WMoS2 coating limits electrolyte accumulation
and helps maintain a higher impedance response.

As summarized in Figure 9, the transient spark discharge melts and transfers W-MoS2

electrode material to the steel surface, producing a rapidly solidified composite layer. Dur-
ing corrosion, electrolyte first contacts surface pores, grooves, and phase boundaries. For
the 20WMoS2 coating, the denser morphology and more favorable phase distribution delay
electrolyte penetration and charge transfer. In contrast, excessive W-rich aggregation in
10WMoS2 and MoS2-related agglomeration/grooves in 30WMoS2 provide easier channels
for localized corrosion.

https://doi.org/10.3390/met16070797

https://doi.org/10.3390/met16070797


Metals 2026, 16, 797 17 of 19

 

Figure 9. (a) Schematic illustration of the ESD preparation process, (b) the short-term corrosion
response of W-MoS2 coatings in 3.5 wt.% NaCl solution.

4. Conclusions
This study systematically investigated the electrochemical corrosion behavior of W-

MoS2 coatings in 3.5 wt.% NaCl solution under short-term laboratory conditions. The main
conclusions are as follows:

(1) Compared to the substrate, the Ecorr values of the 10WMoS2, 20WMoS2, and
30WMoS2 coatings all exhibited a slight negative shift. However, their Icorr decreased sig-
nificantly, dropping from 8.65 µA·cm−2 to 3.31 µA·cm−2, 2.82 µA·cm−2, and 3.30 µA·cm−2,
representing reductions of 61.7%, 67.4%, and 61.8%, respectively. Therefore, among the
three coatings, the W-20 wt.% MoS2 coating demonstrates the best corrosion resistance due
to it having the highest Ecorr and lowest Icorr.

(2) The Rct values of the 10WMoS2, 20WMoS2, and 30WMoS2 coatings increased to
1416, 1968 and 1747 Ω·cm2, respectively. These represent increases of 71.7%, 1.39 times,
and 1.12 times compared to the substrate (824.8 Ω·cm2), primarily due to the reduced Icorr

of the W-MoS2 coatings.
(3) Due to surface inhomogeneity, pores, and wide cracks, the 10WMoS2 and 30WMoS2

coatings exhibited decreased values of n (0.58 and 0.59, respectively) and higher Cct values
(10.77 × 10−4 F·cm−2 and 15.94 × 10−4 F·cm−2, respectively), leading to severe localized
corrosion. In contrast, the 20WMoS2 coating displayed a more uniform and denser structure,
demonstrating the highest n value and the smallest Cct value. Its |Z| reached a maximum of
767.5 Ω·cm2 (approximately 16% higher than that of the substrate), indicating the strongest
corrosion resistance and the least severe corrosion morphology.

(4) Quantitative roughness measurements further linked surface morphology with
electrochemical behavior. The lower Ra, Rq, and Rz values of the 20WMoS2 coating reduced
the real electrolyte-contact area and the number of localized corrosion sites, supporting its
higher impedance response and superior corrosion resistance.

(5) The present work demonstrates the feasibility of using W-MoS2 ESD coatings to
improve the short-term chloride-corrosion resistance of CrNi3MoVA steel while retaining
self-lubricating phases. Nevertheless, quantitative adhesion testing, long-term immer-
sion/cyclic salt-spray exposure, and field-performance evaluation should be carried out in
future work before the coating is recommended for long-term marine service. In particular,
direct friction/wear tests, tribocorrosion evaluation, and cross-sectional EDS mapping
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before and after corrosion are required to fully verify the self-lubricating function and
corrosion-penetration behavior of the present W-MoS2 coatings.
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