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Abstract: In order to study the effect of iron content on the pitting corrosion behavior of a Ni-Cr-Mo
alloy coating in a simulated seawater environment, a Ni-Cr-Mo-xFe (x = 0, 5, 10, 15, 20, 25) alloy
coating was prepared through laser cladding technology. These coatings primarily consist of a
v-Ni solid solution phase, with observable iron segregation in the interdendritic regions when the
iron content reaches 25 wt%. After 42 days of salt spray corrosion, it was found that pitting began
to appear on the surface when the iron content in the coating increased to 10 wt%. The results
of electrochemical behavior revealed that the coatings with iron contents in a range of 10-25 wt%
exhibited metastable pitting characteristics, and the impedance modulus decreased with the increase
in iron content. Pitting corrosion occurs due to selective corrosion of the dendritic regions. When
the iron content exceeds 10 wt%, the accumulation of iron in the outer layer of the passivation film
would lead to an excess of cationic vacancies, and the stability of the passive film is then reduced.
This study provides a reference for the control of the iron content in a Ni-Cr-Mo alloy coating when
applied in marine environments.

Keywords: Ni-Cr-Mo; laser cladding; iron content; pitting corrosion behavior

1. Introduction

As an emerging surface modification technology, laser cladding technology has been
widely recognized and applied in the fields of the petrochemical industry and power
equipment [1-4]. The laser-cladded Ni-Cr-Mo alloy coating is widely used in marine
engineering and ships due to its excellent corrosion resistance [5-9] to various forms of
corrosion. The composition of alloying elements [10-13] plays a pivotal role in shaping the
microstructure and corrosion properties of the coating, with particular emphasis on Ni, Cr,
and Mo. The inclusion of Ni and Cr facilitates the development of a dense passive film [14],
comprising NiO and Cr,O3 oxides. Furthermore, the incorporation of Mo improves the
stability of the passive film and enhances pitting corrosion resistance by facilitating rapid
repassivation. As the alloy coating prepared on marine engineering equipment using laser
cladding technology tends to become thinner, iron from the base steel matrix inevitably
diffuses into the Ni-Cr-Mo alloy coating [15], leading to a reduction in the content of
alloying elements within the coating due to the high mutual solubility among Fe, Ni, and
Cr, subsequently affecting its properties. Due to the absence of a standardized process for
laser cladding technology, there is currently no unified standard for controlling the iron
content in the coating. Ni-Cr-Mo alloy powder typically used for laser cladding contains a
certain percentage of Fe, indicating that a certain amount of iron can be contained in the
coating. Moreover, commercial alloy materials offer a wide range of Fe content in Ni-Cr-Mo
alloys [16], such as Hastelloy C22 and Inconel 625 alloy. Notably, research by Gittos M.

Coatings 2024, 14, 459. https:/ /doi.org/10.3390/ coatings14040459

https:/ /www.mdpi.com/journal/coatings


https://doi.org/10.3390/coatings14040459
https://doi.org/10.3390/coatings14040459
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0001-6082-4587
https://doi.org/10.3390/coatings14040459
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings14040459?type=check_update&version=2

Coatings 2024, 14, 459

2 of 25

F. has documented that the diffusion of Fe into Ni-Cr-Mo overlays leads to a reduction
in pitting resistance. These findings emphasize that, for achieving optimal performance,
it is advisable to maintain the iron content below 5 wt% [17]. Consequently, the API 6A
standard prescribes a limitation on the Fe content within welds to 5 wt% for applications
within the petroleum industry. Within the context of laser cladding, the dilution rate of
iron in the coating can be regulated through adjustments in laser cladding parameters.
However, it is important to note that there is currently no established standard or definitive
reference delineating the acceptable range for controlling the iron content.

The influence and role of iron have garnered significant attention in scientific research
and engineering applications. In certain nickel-iron (Ni-Fe) alloys, the Fe content has been
increased to as high as 30 wt% for reasons of cost-effectiveness and ease of workability [18].
However, this increase in Fe content unavoidably leads to a decrease in corrosion resistance.
Davis [19] conducted research with the addition of iron to nickel-based alloys from an
economic perspective and discovered that higher iron content rendered the Ni-based alloy
more susceptible to corrosive ion attacks. Various studies have explored the impact of
Fe content on the high-temperature corrosion of Ni-Cr alloys [20,21]. It was found that
elevated Fe content promoted the formation of intergranular Cr-rich carbides. Conversely,
Hemmati et al. [22] observed that increasing the dilution of Fe content in Ni-Cr-B-5i-C
cladding coatings, up to over 40 wt%, entirely suppressed the precipitation of primary Cr
borides. Khayat’s research [23] revealed that the addition of just 1 wt% Fe led to smaller
grain sizes and a higher prevalence of equiaxed grains in laser-based directed energy
deposition of Inconel 625. Moreover, Moskal [24] analyzed the influence of iron from the
substrate metal on the microstructural characteristics of laser-cladded NiCrAlY coatings.
Iron content not only altered the microstructure but also had a pronounced impact on
corrosion behavior. Lourengo et al. [25] conducted a specific investigation into the effect of
Fe content on the microstructure and electrochemical behavior of Inconel 625 prepared by
arc melting. They found that the corrosion resistance of Inconel 625 improved significantly
when adding 10 and 15 wt% Fe, in contrast to adding Fe in the 2-5 wt% range, due to the
absence of the metal monocarbides (MC) phase. Furthermore, Gao et al. [26] delved into
the influence of Fe content ranging from 0 to 25 wt% on the microstructure and corrosion
resistance of Ni60 coatings produced via laser cladding. Their findings revealed that the
addition of 25 wt% Fe to Ni60AA resulted in the formation of y-FCC/(Cr, Fe);C3 eutectics,
which led to excellent corrosion resistance, nearly comparable to the alloy without Fe
addition. It can be seen that for different alloy coatings, the effect of increased iron content
on the corrosion resistance of the coating is different.

In previous research, numerous scholars extensively examined the impact of iron con-
tent on both microstructure and corrosion resistance. However, there is a lack of research
on the effect of the iron dilution rate on the pitting corrosion resistance of the laser-cladded
Ni-Cr-Mo alloy coating. However, there is a lack of research on the effect of the iron dilution
rate on the pitting corrosion resistance of the laser-cladded Ni-Cr-Mo alloy coating. It is
commonly understood that the exceptional corrosion resistance of the Ni-Cr-Mo alloy coat-
ing in corrosive environments stems from the presence of a protective passive film on their
surface. In marine environments, the presence of a significant amount of corrosive chloride
ions (C17), with their small radius and high diffusion rate, can hinder the formation of
passive films. The passive films are prone to breakdown in a marine environment, which
can expedite the dissolution of the substrate. Consequently, the breakdown of the passive
film and its associated pitting corrosion behavior are factors of considerable significance.
When the iron content within the Ni-Cr-Mo alloy coating surpasses a certain threshold, it
tends to increase the likelihood of pitting corrosion, leading to localized breaches in the
passive film. This, in turn, results in a reduction in the pitting resistance of the coating.
From an alternate perspective, a specific quantity of iron can facilitate the formation of
protective iron oxides or hydroxides with a porous structure on the surface of stainless
steel [27-30]. Furthermore, these iron compounds can exhibit stability in alkaline solu-
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tions [31] when serving as the outer layer of the passive film. This suggests that iron plays
a pivotal role in the electrochemical behavior of the passive film [32].

This study aims to reveal the relationship between the Fe content, pitting corrosion
behavior, and chemical state of the passive film formed on Ni-Cr-Mo-Fe coatings in a
simulated marine environment. The research involves an analysis of the coating’s structure
and elemental distribution under varying iron concentrations, conducted through X-ray
diffraction, scanning electron microscopy, and energy spectrometry. Furthermore, the
pitting corrosion behavior is explored through observations and analyses of corrosion
morphology during neutral salt fog tests and ferric chloride immersion tests. The electro-
chemical characteristics of the coating are assessed via kinetic potential polarization curves,
impedance spectra, and Mott-Schottky analysis. The composition of the passive film is ex-
amined using X-ray photoelectron spectroscopy (XPS). Ultimately, this study discusses the
pitting corrosion behavior of the coating and the impact of iron content on the passive film.
The rate of iron dilution emerges as a critical factor influencing the corrosion resistance of
laser-cladded coatings, underscoring the significance of controlling iron dilution during the
laser cladding process. The insights derived from this research concerning the effect of iron
content on coating properties can offer valuable guidance for the design and optimization
of such coatings.

2. Materials and Methods
2.1. Material and Specimen Preparation

In this study, a self-developed Ni-Cr-Mo alloy powder was employed to examine the impact
of iron content on the corrosion resistance of coatings used in offshore wind power structural steel.
To achieve this, Ni-Cr-Mo alloy powder was mixed in various proportions with pure Fe powder
(5 wWt%, 10 wt%, 15 wt%, 20 wt%, 25 wt%) and subsequently utilized in the fabrication of coatings
through laser cladding technology. The chemical compositions of the powder were determined
using the Niton™ XL2 XRF Analyzer (Thermo Fisher Scientific, Waltham, MA, USA), and the
results along with their identification codes are presented in Table 1. The size and morphology
of both the Ni-Cr-Mo alloy powder and Fe powder can be observed in Figure 1, with the mean
diameter of the Ni-Cr-Mo alloy powder measuring 46.55 & 9.32 um and the Fe powder averaging
59.31 + 15.70 um in diameter. The laser-cladded coating was fabricated on the surface of the Q345
steel by a fiber laser system (zKzM-RF-3000, Xi’an, China) with a power of 3 kW. Laser power
was 2.2 kW, laser scanning rate was 12 cm/s, overlap ratio was 60%, powder feeding rate was
1.8 kg/h, and argon gas velocity was 15 mL/min. The laser-cladded coatings prepared in multiple
layers were cut by Wire-cut Electrical Discharge Machining (WEDM) and processed, as shown in
Figure 2, with different thicknesses. The laser-cladded coatings used for electrochemical testing
were cut to 10 mm X 10 mm x 4 mm and then mounted in epoxy resin for corrosion test with an
exposure area of 1.0 cm?. The sample used for salt fog corrosion and immersion testing was cut
to 10 mm x 20 mm x 2.5 mm. The work surface of the specimens was meticulously polished
using diamond paste, following a sequence of grinding steps up to 2000 grits with SiC abrasive
papers. Finally, the samples were subjected to ultrasonic cleaning in acetone and subsequently
dried in preparation for testing. The thickness of the coatings used in electrochemical experiments,
following surface treatment, averaged approximately 1600 pm.

Table 1. The chemical compositions of alloy powder.

Element Content (wt%)

Alloy Powder :
Cr Mo \ Fe Ni

Ni-Cr-Mo OFe 24.5 15.5 3.0 0.2 Bal.
Ni-Cr-Mo-5Fe 5Fe 23.1 14.4 3.0 5.1 Bal.
Ni-Cr-Mo-10Fe 10Fe 219 13.6 29 10.4 Bal.
Ni-Cr-Mo-15Fe 15Fe 20.7 12.8 2.7 152 Bal.
Ni-Cr-Mo-20Fe 20Fe 19.4 12.1 2.5 20.4 Bal.

Ni-Cr-Mo-25Fe 25Fe 18.2 11.3 24 253 Bal.
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Figure 1. Surface morphologies of Ni-Cr-Mo alloy powder (a) and pure Fe powder (b).
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Figure 2. Schematic diagram of laser cladding and specimen.

2.2. Microstructure and Morphology Analysis

The microstructure and morphology of the coating were observed by scanning electron
microscopy (SEM, FEI Quattro-S, Netherlands and Berlin ZEEISS EVO, 20 kV, Oberkochen,
Germany) after the surface of the specimens was etched by aqua regia solution (3HCl:
HNO3;, vol%); energy-dispersive X-ray spectroscopy (EDS) was used to determine the
elemental composition and distribution. Additionally, X-ray diffraction (XRD, D/MAX-
RA12KW, Ouyatu, Japan) was used to analyze the phase composition of the coatings at a
scan rate of 8°/min, with diffraction angle 20 ranging from 20° to 100°. The instrument
is measured through Bragg—Brentano diffraction geometry, and the phase composition
was analyzed by Jade 6.5 software. Observation of the corrosion morphology after the
immersion test was performed by optical microscopy (OM, Nikon LV150, Japan).

2.3. Salt Fog Measurement

A salt fog test was performed following the ASTM B117-09 standard [33] at a tempera-
ture of 35 °C, a relative humidity of 95%, and a sodium chloride concentration of 5 g/L.
The sample was positioned at a 10-degree angle to the horizontal, and the corrosion process
continued for 42 days. Following the completion of the corrosion process, the surface
morphology of the sample was analyzed by SEM.

2.4. Ferric Trichloride Immersion Measurement

Ferric trichloride immersion tests were conducted in the 6 wt% FeClz + 0.05 mol/L HCl
solution for 72 h at 85 °C in accordance with the ASTM G48 standard [34]. The temperature
was predetermined based on the critical pitting temperature. One can estimate critical pitting



Coatings 2024, 14, 459

50f25

temperature (CPT) by using the following formula: CPT (°C) can be calculated using the
formula: CPT (°C) = (2.5 x %Cr) + (7.6 X %Mo) + (31.9 x %N) — 41.0. The highest temperature
for testing is 85 °C. The corrosion rate is calculated using the following expression:

_ Mpy— M

5t 87600 (1)

In the formula, v is the corrosion rate (mm/a), My is the mass of the sample before
the experiment (g), M is the mass of the sample after rust removal (g), S is the exposed
area of the sample (cm?), t is the exposure time of the sample (h), and p is the density of the
sample (g/cm3), determined by the Archimedes drainage method.

2.5. Electrochemical Measurements

The electrochemical measurements were carried out using the CHI 660E electrochem-
ical workstation (Chenhua, Shanghai, China), using a traditional three-electrode system
consisting of the laser cladding as the working electrode, the saturated calomel electrode
(SCE) as the reference electrode, and platinum as the counter electrode. In addition, all
potentials were referenced to the SCE. The test solution was a borate buffer with a con-
centration of 0.6 M NaCl, consisting of 0.2 M H3BO3 and 0.05 M NayB4Oy-10H,O. The pH
value of the solution was stable at 8.4. Prior to testing, the working electrodes underwent
potentiostatic polarization at —1 Vgcg for 10 min to eliminate air-formed oxides. To achieve
a stable open-circuit potential (OCP), the samples were immersed in the test solution for
1 h before conducting polarization curves, electrochemical impedance spectroscopy (EIS),
and Mott-Schottky experiments.

The potentiodynamic polarization curves were measured within a voltage range of
—0.3 Vgcg (vs. OCP) to +1 Vgcg at a scan rate of 0.5 mV /s. The EIS measurements were
carried out at a stable open-circuit potential with a sinusoidal voltage of £10 mV, ranging from
10° Hz to 1072 Hz in frequency. The EIS data were analyzed using the software Eisanalyser
1.0 and ZsimpWin 3.2. To investigate the properties of the passive films, Mott-Schottky
experiments were conducted by measuring the potential from 0.7 Vscg to —0.6 Vgcg with
a sweep rate of 25 mV/s and an amplitude signal of 10 mV, at a frequency of 1000 Hz. All
the measurements were conducted in the presence of air at ambient temperature (25 £ 2 °C).
To ensure reproducibility, each experiment was repeated three times.

2.6. XPS Measurement

The passive film was formed in borate buffer solution (pH = 8.4) during potentiostatic
polarization (0.2 Vscg) for 6 h. Its composition was measured by X-ray photoelectron spec-
troscopy (XPS) using a Thermo Scientific K-Alpha instrument (Waltham, MA, USA) with
monochromatic Al Ka rays as excitation source, 400 pm beam spot, 12 kV operation, and 6
mA filament current. The X-ray photoelectron spectroscopy (XPS) peaks were corrected using
standard peaks (Cls, 284.8 eV) and were analyzed utilizing Avantage V6.6 software.

3. Results
3.1. Phase and Microstructure Analysis of the Coatings
3.1.1. Phase Analysis

Figure 3 illustrates the XRD patterns of the coatings with varying Fe contents. In these
XRD patterns, the black line represents the standard y-Ni phase diffraction peaks (PDF No.
04-0850). Within the coatings with different iron contents, diffraction peaks correspond-
ing to the face-centered cubic (FCC) y-Ni crystal planes (111), (200), (220), and (211) are
discernible. This observation suggests that the phase present in the Ni-Cr-Mo-xFe alloy
coatings primarily consists of the FCC y-Ni solid solution. Moreover, it is noteworthy that
the diffraction peaks associated with the y-Ni solid solution phase containing Cr, Mo, and
other elements within the solid solution exhibit a noticeable leftward shift. This shift can
be attributed to the process of forming the y-Ni solid solution phase, wherein Cr, Mo, W,
and Fe atoms substitute some of the Ni atoms in the Ni lattice. Notably, the atomic radii of
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Cr (128 pm), W (137 pm), Mo (139 pm), and Fe (126 pm) exceed that of Ni atoms (124 pm).
According to the Bragg equation, 2dsin0 = nA, it is well established that the introduction
of larger-radius atoms (Cr, Mo, Fe) into the Ni lattice for solid solution formation results
in lattice expansion and distortion. Consequently, this expansion leads to an increase in
crystal plane spacing (d) and a reduction in the diffraction angle (6), causing a shift of the
diffraction peak towards lower angles.

v 7-Ni solid solution
(111)» ¥ (200) (230) (211)

25Fe
20Fe

PR

B lA - ’ ! '

10Fe )\ " v

5Fe A
OFe N ‘A v

v-Ni standard peak | | | |

20 30 40 50 60 70 80 90 100
260(°)

Figure 3. XRD patterns of the Ni-Cr-Mo-xFe alloy coatings.

Intensity (a.u.)

>~
S
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3.1.2. Elemental Distribution and Microstructural Analysis

To analyze the effect of increased iron content on element diffusion in the coatings, the
cross-section of the Ni-Cr-Mo-25Fe alloy coating with the highest iron content was selected
for observation and analysis, and then the changes in the iron dilution rate in different
coatings were analyzed. Figure 4a displays a cross-sectional view of the Ni-Cr-Mo-25Fe
alloy coating with a single-layer thickness of roughly 700 um. Areas of equal size were
chosen from the top of the coating to the substrate for EDS analysis, as depicted in Figure 4b.
The interface between the coating and the substrate comprises a transition zone, which
exhibits a sharp decrease in iron and a gradual increase in alloy elements like Ni and
Cr. There is mutual diffusion between the matrix elements and internal elements of the
coating. The element content gradually becomes stable near the surface of the coating,
and the distribution of the composition is relatively uniform. In the topmost layer, the
average content of Ni, Cr, Mo, Fe, and W is 43 wt%, 19 wt%, 11 wt%, 25 wt%, and 2 wt%,
respectively. This content is almost identical to the composition content found in the alloy
powder. The variation in the iron dilution rate in Ni-Cr-Mo-xFe alloy coatings is illustrated
in Figure 4c. In the bonding zone, the iron content sharply decreases and remains relatively
stable at a distance of 300 um from the substrate. The average iron content of the coating
surface is <1 wt%, 5 wt%, 11 wt%, 16 wt%, 22 wt%, and 25 wt%, respectively. This result is
indicative of a relatively uniform distribution of iron content at the top of the coating, and
it is consistent with the iron content observed in the alloy powder.

Figure 5a—f depict the microstructure of the Ni-Cr-Mo-xFe alloy coating surface follow-
ing erosion treatment. The diagrams reveal a consistent reticulated dendritic microstructure
in all coatings, characterized by the gray-black regions and interdendritic gray-white re-
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gions. According to the XRD analysis, the surface of the coating exclusively exhibits the
v-Ni solid solution phase with a face-centered cubic structure, commonly referred to as the
austenite phase. This observation suggests that both the gray-black regions and the gray-
white regions are solid solution phases. The element content of each point is presented in
Table 2. The results of EDS analysis revealed that when the iron content of the coating is in
the range of 0~20 wt%, the Mo element content between dendrites is higher than that in the
dendrite region. Notably, the segregation of Mo and Ni becomes more pronounced when
the Fe content in the coating reaches 25 wt%, and conspicuous Fe segregation also occurs.
In the interdendritic regions, the content of Mo, Ni, and Fe elements is 24 wt%, 31 wt%,
and 20 wt%, respectively, in contrast to the dendritic region, where the corresponding
content is 10 wt%, 42 wt%, and 25 wt%. There are significant differences between these two
regions. It is worth noting that the Mo-rich white compound (Black arrows) was observed
in the coatings, with a Mo content as high as 32 wt% (Table 2), and the compound was only
distributed in the intergranular region. In addition, small micropore defects (Red arrows)
were also observed on the surface of the coatings.

(c)
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Figure 4. Diagram of cross-section (a) and elemental distribution (b) of Ni-Cr-Mo-25Fe alloy coating
and Fe dilution rate (c) for Ni-Cr-Mo-xFe alloy coatings.
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Figure 5. Microstructure of the surface of the Ni-Cr-Mo-xFe alloy coatings ((a): OFe; (b): 5Fe; (c): 10Fe;
(d): 15Fe; (e): 20Fe; (f): 25Fe) after etching.
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Table 2. Element distribution of the spots in Figure 5.
Element Content [Standard Deviation] (wt%)
Samples Spots -
Ni Cr Mo Fe W
Al 56 [0.9] 24 [0.8] 12 [1.0] <1[0.4] 8[1.8]
OFe A2 54 [1.3] 25[0.8] 16 [0.9] <1[0.4] 5[1.6]
A3 38[1.4] 23[0.8] 32[1.0] <1[0.4] 7[1.8]
SFe Bl 54 [1.3] 23 [0.8] 11[0.9] 5[0.4] 7[1.6]
B2 49 [1.4] 24 [0.8] 15 [1.0] 5[0.4] 7[1.8]
10Fe C1 52 [1.3] 22[0.8] 12 [1.0] 11 [0.4] 3[1.6]
C2 49 [1.3] 23 [0.8] 14 [0.9] 10 [0.4] 4[1.6]
15Fe D1 47 [1.2] 21 [0.7] 10 [0.9] 16 [0.4] 6[1.6]
D2 43 [1.3] 22[0.7] 15[0.9] 15 [0.6] 5[1.7]
20Fe El 44 [1.2] 20[0.7] 11 [0.6] 20 [0.9] 5[1.6]
E2 40 [1.4] 20 [0.8] 14 [1.0] 19 [0.5] 7[1.8]
25Fe F1 42 [1.3] 190.8] 10 [1.0] 25[0.5] 4[1.8]
F2 31[1.3] 20[0.8] 24 [0.9] 20 [0.5] 5[1.7]

The elemental distribution characteristics of the gray-black regions and gray-white
regions in Ni-Cr-Mo-25Fe alloy coatings are further analyzed using line scanning energy
spectroscopy, as illustrated in Figure 5f. In the interdendritic gray-white regions, there is a
significant increase in the Mo content, accompanied by decreases in the Ni and Fe elements.
Solidification theory can provide an explanation for the variation in the distribution of
elements between the two phases. During the initial stages of solidification, either ferrite
or austenite may crystallize. Chromium is well known for stabilizing ferrite, whereas
nickel serves as a stabilizer for austenite. Solidification takes place concurrently with
the formation of the austenite phase in nickel-based alloys when the ratio of chromium
equivalent (Creq) to nickel equivalent (Nieq) falls below 1.5 [35]. As a result, in the laser
cladding process, non-equilibrium solidification commences with the growth of austenite
dendrite. The liquid phase preferentially solidifies to form the dendrite, which is enriched
in austenite-forming elements such as Ni. This dendritic is then pushed back into the liquid
phase and subsequently solidifies in the spaces between the dendritic regions, leading to
the formation of the interdendritic regions. Furthermore, the segregation of iron in the Ni-
Cr-Mo-25Fe alloy coating is attributed to the influence of the Mo element. On one hand, Mo
possesses a high melting point and a significant number of unpaired electrons. The presence
of Mo leads to an increase in both vacancy formation energy and migration activation
energy. Consequently, the combined effect of these factors results in an elevation of the
diffusion activation energy for Fe, leading to a reduction in the diffusion rate of Fe. This, in
turn, leads to a lower Fe content in the Mo-rich region [36]. Based on the analysis of phase
composition, the phase created by the coating is a replacement solid solution of Ni. When
a higher quantity of iron is present in the dendritic region, it signifies that more iron serves
as a replacement solid solution within y-Ni. Consequently, the segregation of Ni and Mo in
the Ni-Cr-Mo-25Fe alloy coating intensifies as greater amounts of Mo are displaced and
diffused, ultimately solidifying in the gaps.

3.2. Salt Fog Corrosion

Figures 6 and 7 present, respectively, the macroscopic and microscopic morphology of
the Ni-Cr-Mo-xFe alloy coatings after 42 days of exposure to a neutral salt fog environment.
Upon macroscopic examination, reddish-brown rust spots are evident on the sample
surfaces, indicating that the coating is more prone to pitting corrosion when the iron
content in the coating is above 10 wt%. Figure 7a,b reveal that the surfaces of the Ni-
Cr-Mo-0Fe and Ni-Cr-Mo-5Fe alloy coatings remain smooth, with no noticeable signs of
corrosion. Furthermore, the surface of these two cladding layers can be seen in Figure 8a,b
with a distinct Mo-rich region (Red arrows). Based on the EDS results (Table 3), the
corrosion products surrounding the pits primarily consist of iron (Fe). Pits typically form
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due to localized damage to the passive film on the coating surface, resulting in corrosion
spreading along the longitudinal direction of the damaged passive film. This process
ultimately leads to the formation of stable pits. It is worth noting that the coatings display
some degree of selective corrosion characteristics, with Ni-Cr-Mo-10Fe and Ni-Cr-Mo-
25Fe alloy coatings exhibiting the most pronounced effects, as demonstrated in Figure 8.
This selective corrosion can be attributed to the segregation of Mo between the dendritic
regions and the interdendritic regions, leading to differing pitting corrosion resistances
between these two regions. Pitting sensitivity [37] can be quantified using the pitting
resistance coefficient (PREN), which is calculated as follows: PREN = wt% Cr + 3.3 wt% Mo
+16 wt% N. A higher PREN value signifies greater resistance to pitting corrosion. According
to the PREN calculation formula, the Mo-rich interdendritic regions exhibit a higher PREN
value, while the dendritic regions have a lower value. Consequently, corrosion dissolution
predominantly occurs in the dendritic regions.

10Fe 15Fe 20Fe 25Fe

Figure 6. The macroscopic morphology of the Ni-Cr-Mo-xFe alloy coatings after exposure to salt fog
(5 wt% NaCl, 35 °C) for 42 days.

Figure 7. The pitting morphologies of the Ni-Cr-Mo-xFe alloy coatings ((a): OFe; (b): 5Fe; (c): 10Fe;
(d): 15Fe; (e): 20Fe; (f): 25Fe) after exposure to salt fog (5 wt% NaCl, 35 °C) for 42 days.

Figure 8. Corrosion morphologies on the surface of the Ni-Cr-Mo-xFe alloy coatings ((a): OFe;
(b): 5Fe; (c): 10Fe; (d): 15Fe; (e): 20Fe; (f): 25Fe) after 42 days of salt fog corrosion.
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Table 3. EDS results of spectrum 1-6 displayed in Figures 7 and 8.
Element Content [Standard Deviation] (wt%)
Spectrum
Ni Cr Mo Fe W Cl
1 4[0.5] 7[0.4] 2[0.5] 82[1.0] 2[1.1] 3[0.2]
2 6[0.5] 10 [0.4] 5[0.6] 72[1.2] 2[1.3] 5[0.3]
3 510.5] 710.4] 5[0.4] 76 [1.2] 2[1.2] 5[0.2]
4 3[0.7] 6 [0.4] 4[04] 79[1.2] 2[1.3] 6[0.1]
5 4210.8] 19 [0.5] 11 [0.6] 26[0.7] 2[1.2] 0[0.2]
6 3710.8] 20[0.5] 17 [0.6] 23[0.7] 3[1.2] 0[0.2]

The EDS results (Table 3) indicate that the Mo-rich region (Spectrum 6) is uncorroded,
possessing notable resistance to pitting corrosion, consistent with the PREN calculation
results. Upon performing the SEM analysis of the prepared coating surface, there was no
evidence of inclusions. It is crucial to emphasize that the analysis of pitting corrosion in
this article does not account for situations caused by inclusions.

3.3. Ferric Chloride Immersion

To further assess the pitting corrosion resistance of Ni-Cr-Mo-xFe alloy coatings, these
coatings were exposed to a solution consisting of ferric chloride (6 wt% FeCl3 + 0.05 mol/L
HCI) at 85 °C for 72 h. The corrosion morphology and corrosion rate are depicted in
Figure 9. Following the exposure of 72 h, intergranular corrosion became evident on the
surface of the Ni-Cr-Mo-xFe alloy coating (Figure 9b), and corrosion pits emerged at the
edges of the Ni-Cr-Mo-10Fe alloy coating. This corrosion extended longitudinally, and the
interior had already experienced severe corrosion. With an increase in the iron content, both
the extent and number of corrosion pits grew, leading to more severe internal corrosion of
the coating. Consequently, the average corrosion rate of the coating (Figure 9a) gradually
rose. When the iron content in the alloy coating reached 25 wt%, and the average corrosion
rate spiked sharply, reaching 23.9 mm/a. This substantial increase in the corrosion rate
significantly diminished the pitting corrosion resistance of the Ni-Cr-Mo-25Fe alloy coating.
This decline can be attributed to the pronounced segregation of Mo, Ni, and Fe elements
when the iron content reaches 25 wt%, resulting in a sharp reduction in the stability of the
passive film and a significant decrease in its pitting resistance.
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Figure 9. Mean corrosion rate (a) and macroscopic morphology (b) of Ni-Cr-Mo-xFe alloy coatings
after 72 h of immersion in ferric chloride solution (0.05 M HCI + 6 wt% FeCls, 85 °C).

3.4. Electrochemical Behavior of the Coatings
3.4.1. Potentiodynamic Polarization

Figure 10 displays the potentiodynamic polarization curves of Ni-Cr-Mo-xFe alloy
coatings in the borate buffer solution with 0.6 M NaCl. The electrochemical parameters
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obtained from the polarization curves, including corrosion potential (Ecorr), passivation
potential (Ep), passivation current density (ip), and transpassivation potential (E), are
presented in Table 4. Analyzing the characteristics of the obtained potentiodynamic polar-
ization curves of the coatings, it becomes evident that when the iron content ranges from 0
to 15 wt%, the passivation current density of the coating does not exhibit significant differ-
ences, and the passivation range remains relatively consistent at approximately 400 mV.
In this range, the coating does not display a transition from activation to passivation;
instead, its anodic polarization curve directly enters the passivation zone. It is important
to note that both the Ni-Cr-Mo-10Fe and Ni-Cr-Mo-15Fe alloy coatings exhibit metastable
pitting corrosion, leading to fluctuations in the dimensional passivation current density.
Red-brown rust was observed on the surface of the coatings during the process of testing.
Furthermore, the Ni-Cr-Mo-15Fe alloy coating demonstrates a higher frequency of fluctua-
tion in dimensional passivation current density, indicating an increased susceptibility to
pitting corrosion. As the electrode potential rises to 362 mVgcg, there is a gradual increase
in current density, and the curve enters the over-passivation zone. This corresponds to
the oxidation dissolution of Cr (III), signifying that the dissolution rate of the passive film
exceeds its formation rate. The current density peaks at approximately 565 mVgcg and
then declines, entering the secondary passivation region. However, when the iron content
ranges from 20 to 25 wt%, the current density of the coating increases with the increase in
anode potential, and the dissolution rate of the passive film surpasses its generation rate.
At this point, the current density of the coating becomes unstable with increased fluctuation
amplitude. This suggests that with the increasing iron content, iron within the passive film
becomes more susceptible to dissolution, leading to a decreased stability of the passive film.

1.2
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Figure 10. Potentiodynamic polarization curves of the Ni-Cr-Mo-xFe alloy coatings in borate buffer
solution with 0.6 M NaCl.

In the high-potential region, the coating displays secondary passivation characteristics,
primarily due to the role of molybdenum in stabilizing the passive film after local damage.
During the pitting process, the surface-enriched molybdenum is readily dissolved and
combined with oxygen to form MoO,%~ [38]. These molecules adsorb at the activation
site of the passive film dissolution and generate MoO, [39]. This process inhibits the
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adsorption of Cl~, reduces the dissolution rate of the film, and promotes the formation
of chromium hydroxide or oxide, thereby creating a dense passive film and enhancing
pitting resistance [40—42]. As the iron content increases, there is a notable decrease in
the passivation current density of the coating at the secondary passivation region. Fur-
thermore, Ni-Cr-Mo-10Fe, Ni-Cr-Mo-15Fe, and Ni-Cr-Mo-20Fe alloy coatings exhibit a
passivation plateau at a higher potential range (860-940 mVscg), with the passivation
current density decreasing as iron content increases. This suggests that in alkaline en-
vironments, the dissolution of iron on the passive film can promote Mo repassivation [43].
Additionally, the deposition of iron oxides or hydroxides on the surface can inhibit C1~
adsorption, further reducing the current density and the dissolution rate of the passive film.

Table 4. Electrochemical parameters of the coatings in borate buffer solution with 0.6M NaCl.

Coatings Ecorr (mVSCE) Ep (mVSCE) ip (pA‘Cm_Z) E (mVSCE)
OFe —376 £ 23 —57+9 121 £13 365 £ 13
5Fe —-317 16 —-58 £15 113+ 1.6 355+ 6
10Fe —346 + 32 30 £ 20 154 £21 358 £12
15Fe —318 £ 12 51412 1.56 1.8 356 £ 15
20Fe —356 442 - - -
25Fe —284 + 46 - - -

3.4.2. Corrosion Morphology Observation

Figure 11 illustrates the corrosion morphology of Ni-Cr-Mo-xFe alloy coatings after
potentiodynamic polarization. Selective corrosion dissolution was observed on the surfaces
of both Ni-Cr-Mo-0Fe and Ni-Cr-Mo-5Fe alloy coatings. Upon closer examination of
the Ni-Cr-Mo-5Fe alloy coating surface (Figure 11b), it became apparent that selective
corrosion dissolution predominantly occurs at the interface between the dendritic regions
and interdendritic regions. The dendritic regions gradually corrode and dissolve, with an
iron content ranging from 10 to 25 wt%, resulting in the development of pitting and selective
corrosion on the surface of the coating. EDS analysis (Table 5) reveals that the Mo-rich
interdendritic (spectrum 1) remains on the surface but is not entirely corroded, indicating
that the dendritic regions are preferentially dissolved by corrosion. This observation
suggests that the dendritic has weaker pitting resistance compared to the interdendritic,
which aligns with the results obtained from salt fog corrosion analysis. Selective corrosion
dissolution is evident within the pits of the Ni-Cr-Mo-15Fe alloy coating, resulting in
a honeycomb-like corrosion morphology (Figure 11(d2)). Corrosion products accumulate
within these pits (Figure 11(d3)). Notably, the primary corrosion products deposited in the
pits of Ni-Cr-Mo-25Fe alloy coatings are iron corrosion products (Spectrum 4). This finding
implies that the deposition of iron corrosion products within the pits can effectively inhibit
the expansion of corrosion.

Table 5. EDS results of spectrum 14 displayed in Figure 11.

Element Content [Standard Deviation] (wt%)

Spectrum -
Ni Cr Mo Fe \%
1 42[0.7] 22 [0.6] 20[0.8] 12[0.7] 4[1.4]
2 50 [1.0] 21 [0.6] 12 [0.8] 14 [0.6] 3[1.5]
3 41[0.8] 19 [0.5] 10 [0.6] 25[0.7] 5[1.2]
4 16 [1.4] 20[1.1] 310.5] 59 [1.7] 2[2.8]
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Figure 11. Corrosion morphology of the surface of the Ni-Cr-Mo-xFe alloy coatings after potentiody-
namic polarization test in borate buffer solution with 0.6 M NaCl ((a): OFe; (b): 5Fe; (c1-c3): 10Fe;
(d1-d3): 15Fe; (e1-e3): 20Fe; (f1-£3): 25Fe).

3.4.3. Electrochemical Impedance Spectra

Figure 12 presents the EIS impedance spectrum of the coating in the borate buffer
solution with 0.6 M NaCl. The EIS data were validated through Kramers Kronig transfor-
mation using Eisanalyser software, meeting the constraints of linear system theory [44].
In the Nyquist diagram (Figure 11a), the Ni-Cr-Mo-xFe alloy coatings display semi-circular
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arcs with comparable shapes. As the iron content increases, the radius of the capacitive
arc in the impedance spectrum decreases, indicating the promotion of charge transfer
in the double layer. However, the low-frequency phase angle value decreases with the
increasing iron content, signifying a gradual reduction in the stability of the passive film.
Additionally, as the iron content rises, the impedance value of the coating progressively
diminishes. Notably, the impedance values of both Ni-Cr-Mo-0Fe and Ni-Cr-Mo-5Fe alloy
coatings are relatively high, and these two values overlap, indicating excellent corrosion
resistance. Conversely, the Ni-Cr-Mo-25Fe alloy coating exhibits the lowest impedance
value and the poorest corrosion resistance, a trend consistent with the results obtained from
the dynamic potential polarization curve analysis.
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Figure 12. Nyquist plots (a), bode plots (b), equivalent circuit model (c), and polarization resistance
(d) of the Ni-Cr-Mo-xFe alloy coatings in borate buffer solution with 0.6 M NaCL

Figure 12¢ presents an equivalent circuit diagram used for fitting the impedance
spectrum, which is employed to describe the characteristics of the passive film on the
coating surface. Table 6 lists the relevant fitting parameters. It is noteworthy that the
fitting parameters exhibit relatively low errors, and the chi-square values of the results are
also low, underscoring the reliability of the fitting outcomes. Within the equivalent circuit
model, several key components are defined: R; signifies the solution resistance, C4; denotes
the double-layer capacitance, while Rt represents the charge transfer resistance. The low-
medium frequencies (Q1, R1) time constant is related to the redox processes taking place on
the surface of the passive film. Q; represents the phase angle component of the passive film
capacitor; 17 is the exponent associated with the phase angle element Q7. This resistance
(Rq) is linked to the growth of the structure of the passive film [45]. As indicated by
the fitting results in the table, with an increase in the iron content within the coating, Ry
decreases. This decrease suggests that the outer structure of the passive film becomes less
compact, resulting in reduced stability of the passive film. The preferential dissolution of
Fe leads to the creation of cation vacancies, thereby increasing the concentration of point
defects at the interface between the outer layer of the passive film and the solution. This in
turn accelerates the electrochemical reaction process at the interface.
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Table 6. Equivalent circuit parameters for electrochemical impedance spectra.
Coatings OFe 5Fe 10Fe 15Fe 20Fe 25Fe
Rs/Q cm? 7.00 6.52 6.61 6.19 6.75 6.59
Error% 0.45 0.52 0.58 0.68 0.56 0.69
C/uF cm™2 56.64 53.71 112.8 97.17 162.7 2024
Error% 5.33 8.24 12.38 5.50 10.47 7.53
Ret/kQ) em? 388 284 160 100 42.92 3378
Error% 2.66 3.78 6.53 2.25 8.08 0.06
Yo1/1074 Q7 T em=2s™™ 0.66 0.56 0.66 0.72 0.68 0.64
Error% 4.25 6.89 5.89 3.15 4.71 1.88
ny 0.80 0.86 0.86 0.85 0.86 0.86
Error% 0.49 0.63 0.52 0.30 0.41 0.22
R1/kQ) cm? 66.58 64.01 46.12 43.51 28.73 26.33
Error% 9.93 11.9 7.32 11.06 13.89 7.01
chi-squared (107%) 2.66 4.52 4.74 3.05 6.40 8.06

Polarization resistance Ry (Rp = Ry + Rqt) is typically used to describe the corrosion
resistance of coatings [46]. Higher R}, values indicate a more stable passive film formed on
the surface of the samples, lower corrosion rates, and enhanced corrosion resistance of the
coating. As depicted in Figure 11d, the Ni-Cr-Mo-0Fe alloy coating demonstrates the highest
polarization resistance in borate buffer solution with 0.6 M NaCl. This finding highlights
that the Ni-Cr-Mo-(0Fe alloy coating boasts the most outstanding corrosion resistance among
the examined samples.

3.4.4. Mott-Schottky Analysis

The Mott-Schottky curves can be used to analyze the semiconductor characteristics of
the passive film on the surface of Ni-Cr-Mo-xFe alloy coatings, and the equation related to
space charge capacitance and potential is shown as follows [47]:

1 2 kT

— = % (E-Ep-= 2
& " e (E ) @
1 2 kT
= = % (E—Epp— =
c? e-Ng-e-€9 ( e ) ©

where C denotes the space charge layer capacitance of the passive film. Np and Nj,
respectively, refer to the donor density and the acceptor density, e represents the absolute
value of the electron charge (1.602 x 10~ C), E stands for the applied potential, and ¢
signifies the dielectric constant of the semiconductor, with the relative dielectric constant of
the oxide film on the surface of a nickel-based alloy assumed to be 20 [48]. ¢ represents
the vacuum permittivity of free space (8.854 x 1074 F/cm), k is the Boltzmann constant
(1.389 x 1072 J/K), T denotes the absolute temperature, Erp is the flat band potential.
To visualize the linear segment of the M-S curve, we utilize the relationship between 1/ C2
and potential (E). A positive slope represents an n-type semiconductor, and a negative
slope signifies a p-type semiconductor. Furthermore, the intercept at 1/C? to 0 Vscg on the
potential axis represents a flat band potential.

Figure 13 presents the Mott-Schottky curves for Ni-Cr-Mo-xFe alloy coatings in a
0.6 M NaCl borate buffer solution. As observed in Figure 13, the curve can be divided
into four distinct regions based on the slope. Regions I and III exhibit positive slopes,
indicative of n-type semiconductor characteristics within the passive film. Conversely,
regions Il and IV display negative slopes, signifying p-type semiconductor characteristics
of the passive film. The overall shape of the coating curve is similar across the samples,
with slight variations observed in the Ni-Cr-Mo-0Fe alloy coating. Notably, region III does
not demonstrate n-type semiconductor characteristics; instead, it represents a transition
zone situated between two negative slope bands (region II and region IV). This observation
suggests that the oxidation and dissolution of CryO3 primarily occur within the passive film,
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and the type of point defects remains unchanged throughout the dissolution process [49].
The donor concentration (Np) and receptor concentration (N ), calculated through linear
fitting based on Formulas (1) and (2), are provided in Table 7.
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Figure 13. Mott-Schottky plots of the passive film formed on the Ni-Cr-Mo-xFe alloy coatings after
immersion in borate buffer solution with 0.6 M NaCl.

Table 7. Evolution of the density donors and acceptors calculated from Mott-Schottky experiments.

. Part 1 Part II Part IIT Part IV
Coatings
(Np 102%)/cm3 (N 102%)/cm? (Np 102%)/cm? (N4 102%)/cm3
OFe 4.33 5.48 - 3.31
5Fe 4.39 6.26 8.95 4.60
10Fe 3.58 6.59 13.49 4.39
15Fe 3.28 9.95 12.09 4.23
20Fe 3.21 12.15 12.07 5.08
25Fe 2.79 12.79 12.19 5.34

In accordance with the PDM-II model [27], the semiconductor characteristics presented
by the passive film are related to the defects within the passive film. In region I, the passive
film forms on the surface of the coating, with cations diffusing through interstitial atoms,
giving rise to passive films displaying n-type semiconductor behavior, such as Fe;O3 and
FeOOH [29,50]. In region II, the passive film exhibits p-type semiconductor behavior, which
can be attributed to the capacitive characteristics of the defective Cr,O3 barrier layer [51].
This behavior mainly arises from cation vacancies within the barrier layer [52]. With an
increase in iron content within the coating, carrier density and cation vacancy defects rise,
ultimately diminishing the stability of the coating passive film. In region III, the passive
film exhibits n-type semiconductor behavior, with oxygen vacancies being the primary
defect. The iron content in the coating falls within a range of 10-25 wt%, and the donor
concentration of the passive film is relatively high (Table 7). Consequently, this leads to a
decrease in the stability of the passive film [27].

The potential range corresponding to region IV corresponds to the secondary passi-
vation stage of the coating (Figure 10). Thus, the slope observed in region IV reflects the
semiconductor characteristics of the secondary passive film. In this stage, the secondary
passive film exhibits p-type semiconductor characteristics. During the secondary passiva-



Coatings 2024, 14, 459

17 of 25

tion period, Mo dissolves to form soluble MoQO,42~, which adsorbs at the activation sites
of the passive film. This phenomenon reduces the dissolution rate of the passive film and
promotes the generation of Cr,O3; within the passive film. The primary defects within the
barrier layer shift from oxygen vacancies or metal gaps to cation vacancies. Notably, the
carrier density of the Ni-Cr-Mo-xFe alloy coatings within the secondary passivation zone
is relatively low, indicating that the secondary passivation reduces the density of point
defects and enhances the stability of the passive film.

3.4.5. Passive Film Analysis

The corrosion resistance of a coating largely relies on the formation of the passive film
on its surface. In this study, we conducted an in-depth investigation into the elemental
composition of a passive film using XPS. The three coatings were maintained at a constant
potential of 0.2 V in borate buffer solution with 0.6 M NaCl for 6 h before undergoing XPS
analysis. The XPS peaks corresponding to Ni2p3, Cr2p3, Fe2p3, and Mo3d in the passive
film are shown in Figure 14. Ni2p3 was deconvolved using the nonlinear least squares
method; Cr2p3 and Fe2p3 were deconvolved using the multi-splitting method according to
the literature [53], and Mo3d was deconvolved using G-L peak splitting. Except for Ni2p3,
which was subtracted using the linear method, all others were subtracted using the smart
method. The peak fitting parameters are detailed in Table 8. The percentage atomic content
of different cationic forms in the passive film is shown in Figure 14. It is evident that the
Cr, Mo, and Fe content on the surface of the passive film exceeds that of the coating substrate,
indicating an enrichment in these three elements on the surface of the passive film.

Table 8. The binding energy of the main species present in the passive film obtained from the
deconvolution of XPS spectral.

Components Binding Energy (eV)
Peak1 Peak2 Peak3 Peak4 Peak5 Peaké
Ni (met) 852.6
Ni(OH), 855.6
Mo3d5 (met) 227.7
Mo3d3 (met) 230.7
Mo3d5 (IV) 228.9
Mo3d3 (IV) 232.1
Mo3d5 (VI) 232.3
Mo3d3 (VI) 235.3
Cr (met) 573.8
Cr,03 575.7 576.7 577.5 578.5 578.9
Cr(OH)3 577.2
Fe (met) 706.9
FeO 708.4 709.7 710.9 712.1 7154
Fe (IIT) 710.0 711.0 7119 713.0 714.1 719.5

Figure 14a shows the high-resolution Ni2p3 spectrum, which was deconvoluted using
the standard spectra of Ni (met), NiO, and Ni(OH),. The results indicate an absence of NiO
peaks in the spectrum, indicating that the morphology of the Ni element in the passive film
is primarily metallic Ni and Ni(OH),, devoid of NiO. This observation may be linked to the
lower oxidation degree of Ni when compared to Fe and Cr [54]. Figure 14b shows a high-
resolution Cr2p3 spectrum, revealing that the passive film contains metallic Cr, CryO3, and
Cr(OH)s. However, when the iron content in the coating reaches 25 wt%, there is an absence
of Cr(OH)3 peaks in the Cr2p3 spectrum. This suggests that the passive film on the surface
of the Ni-Cr-Mo-25Fe alloy coating either lacks Cr(OH); or contains an extremely low
content. From Figure 14, it becomes apparent that the Cr content in the passive film of the
Ni-Cr-Mo-25Fe alloy coating did not significantly decrease. This indicates that, as the iron
content increased, iron became enriched in the outer layer of the passive film, inhibiting the
formation of Cr(OH); in the outer layer. The high-resolution Fe2p3 spectrum is presented
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in Figure 14c. Iron exhibits multiple valence states and compounds, including FeO, Fe,O3,
Fe304, and FeOOH. The similar binding energies of iron oxides and hydroxides [55] make
it challenging to deconvolute them separately. In this study, spectral peaks of Fe (met), FeO,
and Fe (III) (average of Fe,O3 and FeOOH) were obtained using a multiple-splitting peak
method. An increase in the proportion of Fe (III) content (Figure 14) leads to the formation
of more oxygen vacancies within the passive film to maintain charge balance, resulting in a

decrease in the stability of the passive film [56].
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Figure 14. The high-resolution XPS spectra of the passive film formed on the Ni-Cr-Mo-5Fe, Ni-Cr-
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Mo-10Fe, Ni-Cr-Mo-25Fe coatings: (a) Ni2p3; (b) Cr2p3; (c) Fe2p3; (d) Mo3d.

In Figure 14d, the passive film exhibits a high-resolution Mo3d spectrum with dual-
splitting characteristics and a bimodal distribution. This spectrum mainly consists of
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metallic Mo, Mo (IV), and Mo (VI), with Mo (VI) having the highest content (Figure 15).
This indicates that Mo (VI) represents the primary oxidation state of Mo and exists in the
form of MoO42~ [46]. The passive film of the Ni-Cr-Mo alloy coating comprises an inner
layer rich in Cr/Ni and an outer layer rich in Mo [57]. Figure 14 demonstrates that the
content of Fe and Mo in the passive film surpasses that of the alloying elements, suggesting
an enrichment in Fe and Mo in the outer layer. The decrease in the Mo/Fe ratio results in
a reduction in Mo-rich content, an increase in defect concentration, and a decrease in the
stability of the passive film.
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Figure 15. XPS cation fraction of the passive film.

4. Discussion

In this study, Ni-Cr-Mo-xFe alloy coatings were prepared using laser cladding technol-
ogy, and the phase composition and microstructure were comprehensively analyzed. Mul-
tiple testing techniques were utilized to examine and compare the corrosion behavior of
Ni-Cr-Mo-xFe alloy coatings, along with the electrochemical performance and composition
of passive films. The research revealed that selective corrosion dissolution occurs within
the Ni-Cr-Mo-xFe alloy coating. Pitting is observed when the iron content in the coating
exceeds 10 wt%, leading to a distinctive metastable pitting feature on the potentiodynamic
polarization curve. Drawing upon the experimental findings and relevant literature, this
study delves into the pitting behavior of Ni-Cr-Mo-xFe alloy coatings and explores the
influence of Fe content on the passive film.

4.1. Pitting Mechanism of the Ni-Cr-Mo-xFe Alloy Coatings

The element distribution of the Ni-Cr-Mo-xFe alloy coating is uniform, and the area
of local accumulation of iron content and inclusion is not observed by SEM. The analysis
and discussion herein do not consider the preparation problems and corrosion behavior
caused by inclusions. Both the experiments conducted with neutral salt fog (Figure 8)
and iron trichloride solution (Figure 9) reveal instances of selective corrosion within the
coating. Ni-Cr-Mo-0Fe and Ni-Cr-Mo-5Fe alloy coatings demonstrate remarkable resistance
to pitting corrosion. Nonetheless, as the iron content in the coating reaches 10 wt%, surface
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pitting corrosion becomes apparent, indicating a decrease in the pitting resistance of the
coating with the escalation of iron content.

The microstructure of the coating reveals significant disparities in composition be-
tween the dendritic regions and interdendritic regions. The interdendritic regions ex-
hibit higher Mo content and lower Ni content, leading to differing potentials in various
areas within the coating and resulting in non-uniform corrosion behavior. Within the iron
content range of 10-20 wt%, the difference in iron content between the dendritic regions
and interdendritic regions remains minimal, and there is no significant segregation. Si-
multaneously, an increase in iron content does not notably affect the segregation of Mo
content. This suggests that an iron content exceeding 10 wt% leads to reduced density and
stability of the passive film formed on the dendritic regions, making it more susceptible to
Cl™-induced corrosion, thereby diminishing pitting resistance.

At an iron content of 25 wt%, the segregation of iron elements becomes conspicuous,
with the dendritic regions exhibiting higher iron content than interdendpritic regions. Addi-
tionally, Ni and Mo element segregation intensifies, resulting in the most severe corrosion
observed in the Ni-Cr-Mo-25Fe alloy coating when exposed to salt fog and ferric chloride
solution, accompanied by the formation of larger pits. According to the pitting resistance
coefficient (PREN), the interdendritic regions display enhanced pitting resistance due to
their higher Mo element content, while the dendritic regions become more susceptible to
corrosion. The potential difference resulting from element segregation forms a corrosion
micro-battery, where the interdendritic and dendritic regions intersect, initiating corrosion
that progresses longitudinally along the contact site. As the dendritic regions corrode, the
interdendritic regions are subsequently affected, ultimately leading to the expansion of
corrosion and the formation of pits, as depicted in Figure 16.

Initial Dendritic regions Pitting
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Interdendritic regions
Figure 16. Schematic diagram of selective corrosion dissolution of the coating.

4.2. Effect of Iron Content on Passive Film of the Ni-Cr-Mo-xFe Alloy Coatings

The PDM model is employed to describe the physical-chemical processes occurring
during the formation of the passive film [58]. Given the presence of multiple alloy elements
in Ni-Cr-Mo-xFe alloy coatings, the standard PDM model has been extended to accom-
modate a suitable passive film by introducing a point defect reaction involving multiple
elements at the interface, as illustrated in Figure 17. According to the PDM-II model,
the passive film formed on Ni-Cr-Mo alloy and coating exhibits a double-layer structure.
This comprises an inner layer enriched with CryO3, which acts as a barrier layer, and an
outer layer consisting of various oxides and hydroxides [27]. The inner layer comprises
CrpO3 with defects, with Ni and Fe acting as interstitial substituents doped within Cr,Os3,
while Mo functions as a substituent within the cationic sublattice [59]. The passive film pro-
duced by the coating also displays a double-layer structure, with an inner Cr,O3-rich barrier
layer and an outer layer comprising oxides and hydroxides. The coating and barrier layer
are assumed to be a three-dimensional lattice, with Cr undergoing preferential oxidation
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to generate a barrier layer of Cr,O3. Meanwhile, Ni and Fe form interstitial atoms doped
within the barrier layer, and Mo takes on a substituent role in the cationic sublattice of the
barrier layer [59]. The diffusion order of metal cations within oxides follows the sequence
Fe?* > Ni?* > Cr*, with Fe diffusing more rapidly and accumulating in the outer layer,
whereas Cr diffuses more slowly and accumulates and grows within the inner layer [60-62].
Ni and Fe directly penetrate the outer layer/solution via reactions (2) and (5) through
the barrier layer, while Mo infiltrates into the outer layer/solution through reactions (1)
and (4) originating from the barrier layer. Notably, Mo (VI) possesses a higher charge,
leading to stronger electrostatic interactions with negatively charged vacancies [63]. Conse-
quently, Mo exhibits greater segregation into the barrier layer, with higher-ion-charge Mo
tending to accumulate at the barrier layer/outer layer interface [64]. Oxygen vacancies are
generated at the metal/barrier interface via reaction (3) and are subsequently annihilated
at the barrier/solution interface through reaction (6). This demonstrates that the barrier
layer forms from metal and grows inwards. Reaction (7) is responsible for the breakdown
and dissolution of the barrier layer.

Coating ! Cr,O5-rich barrier layer : Outer layer/Solution
(1) M+ Vii b My + V, + xe- (4) My, + M %(aq) + V¥ + (6-x)e
@) m M+ V,, +xe (BYM I + M%(aq) + (5-x)e-

| - M - |

(B)Cr b Cre, + Vot xe  (6) Vo + H,0lo 0, + 2H*
|
!
!

x=L x=0

— Vs — l

(7) Cro,, + xH* :—> Cré* + (3) H,0 + (5-x)e

Figure 17. Interfacial reactions on the passive film of Ni-Cr-Mo-xFe alloy coating based on PDM.
m = metal atom (Ni, Cr, Mo, Fe, etc.), ij} = cation vacancy on the barrier layer, M), = metal cation
on the metal sublattice of the barrier layer, V;;, = vacancy on metal phase, Ml” = interstitial cation
(Cr, Fe, Ni), V4 = anion (oxygen) vacancy, M 5+(aq) = metal cation in outer layer/solution interface,
Op = oxide ion on the anion sublattice, CrOy /, = stoichiometric barrier layer oxide.

Based on the analysis presented above, when the Ni-Cr-Mo-xFe alloy coating is im-
mersed in a Cl™-containing solution, iron in the outer layer readily combines with CI~
to form soluble chloride. This results in an increased number of cation vacancies, which
migrate towards the coating, accumulating locally at the coating/barrier interface. This ac-
cumulation hinders further growth in the passive film, ultimately leading to localized
passive film dissolution and pitting corrosion. In cases where the iron content falls within
the range of 0 to 5 wt%, the dissolution of iron does not cause an excessive accumula-
tion of cation vacancies at the interface, thus not affecting the growth of the passive film.
The results obtained from salt fog tests and immersion tests in iron trichloride solution
demonstrate that Ni-Cr-Mo-0Fe and Ni-Cr-Mo-5Fe exhibit excellent resistance to pitting
corrosion. Potentiodynamic polarization curves indicate stable passivation regions and
lower-dimensional passivation current densities for these coatings, while impedance spec-
tra reveal higher impedance values.

5. Conclusions

This study investigates the microstructure and pitting corrosion behavior of Ni-Cr-Mo-
xFe alloy coatings and delves into the influence of Fe content on the passive film. The main
conclusions are as follows:
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1.  Ni-Cr-Mo-xFe alloy coatings (x =0, 5, 10, 15, 20, 25 wt%) consist primarily of a y-Ni
solid solution phase, with no other discernible phases or precipitates detected. Ni
and Mo exhibit segregation within the dendritic regions and the Mo-rich interdendritic
regions. Notably, substantial segregation of Fe occurs when the iron content reaches
25 wt%, resulting in pronounced segregation of Mo and Ni.

2. When the iron content within the coating falls within the range of 0-5 wt%, the
coating demonstrates exceptional resistance to pitting corrosion, and an increase in
iron content can further enhance secondary passivation. However, within an iron
content range of 10-25 wt%, the polarization curves exhibit a metastable pitting
corrosion characteristic, resulting in the formation of pits on the surface of the coating.
Pitting corrosion occurs due to selective corrosion of the dendritic regions, and the
Ni-Cr-Mo-25Fe alloy coating exhibited the poorest corrosion resistance among all the
coatings subjected to testing.

3. The enrichment of iron in the outer layer of the passive film results in the increased
dissolution of iron, leading to elevated concentrations of cation vacancies. When the
iron content exceeds or equals 10 wt%, the concentration of point defects in the passive
film rises. This surplus of cation vacancies accumulates locally at the coating/barrier
layer interface, impeding the growth of the passive film and inducing pitting corrosion.
On the other hand, the dissolution of iron promotes the repassivation process of the Mo
element, thereby preventing further corrosion of the coating. This study serves as a
valuable reference for regulating the iron content in Ni-Cr-Mo alloy coatings when
they are employed in marine environments.
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