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Abstract: In this study, the surface properties of marine structures were improved by applying
a twin wire arc spray process to high-strength low alloys. The effect of Al and Mo contents in
Ni-Al coatings on their mechanical and corrosion behaviors was analyzed using hardness tests,
electrochemical experiments, and immersion tests. The increase in Al content resulted in the formation
of oxides and intermetallic compounds, leading to a significant improvement in the mechanical
properties by approximately 222 HV. Despite a fine galvanic phenomenon causing a decrease in
corrosion resistance by up to 8.91%, a higher Al content demonstrated the highest corrosion resistance
after high-temperature exposure, with an enhancement of approximately 20.9%, attributed to the
formation of an oxide film generated by intermetallic phase transformation. However, the mechanical
properties experienced a reduction of 134.3 HV. This study demonstrated a correlation between the
microstructure of the coating layers that form passivation films and their respective mechanical and
corrosion properties. It also revealed that the content of Al and Mo significantly affects the mechanical
and corrosion behavior of Ni-Al coatings.

Keywords: twin wire arc spray; Ni-Al coating; intermetallic compounds; mechanical property;
corrosion property; microstructure

1. Introduction

High-strength low-alloy (HSLA) steels are used in marine engineering applications
that induce marine structures, boilers in ships, and turbine engines due to their high
strength, wear resistance, and corrosion resistance [1-3]. The mechanical performance
of steels under elevated temperatures or corrosive environments is restricted because of
the reduction in their properties, which may lead to rapid failure. Surface coating with
materials that can improve the properties of metals and have excellent oxidation resistance
even at high temperatures is the most effective way to improve them [4-7]. To achieve
superior surface protection, thermal spray methods such as flame spray, high-velocity
oxy-fuel (HVOF), plasma arc spray (PAS), and wire arc spray (WAS) are commonly used,
among which the wire arc spray coating technique is widely used in many industries due
to its economy, high spraying rate, and high deposition efficiency [8,9].

Ni-Al-based materials are often utilized as protective coatings because of their distinc-
tive attributes, which include a high melting point, relatively low density, and excellent
corrosion and heat resistance [8-14]. The addition of aluminum (Al) improves the casta-
bility of Ni coatings, allowing them to be applied in extreme environments that require
chemical and mechanical stability as well as corrosion resistance [8,9,15]. However, an
increase in the Al content may lead to micro-galvanic corrosion caused by the formation of
intermetallic compounds and oxides at the lamellar boundary between the matrix oxides
and alumina [16]. Nevertheless, these coatings can enhance the adhesion of the alumina
scale to the substrate, prevent delamination, and inhibit crevice corrosion between the
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coating layer and the substrate [17-19]. In addition, Ni-Al coatings are suitable for a wide
range of engineering applications because the Ni-Al intermetallic compounds formed by
reacting with nickel exhibit high resistance to oxidation at high temperatures and improved
mechanical properties [8,10,13,14]. Molybdenum (Mo) has gained attention as an ideal
additive material for Ni-Al as it has excellent adhesion with various metals, making it
ideal for use as a surface coating material [20-22]. Mo, which forms a thick Mo-oxide
passivation film similar to Al, can prevent corrosion by blocking the absorption of C1~ ions
and generating MoO,42~ ions when metals dissolve in the electrolytes [23,24]. Mo corrosion
products also have the ability to re-passivate when pitting occurs, making them suitable
for use as a pitting prevention coating on surfaces [25,26].

In our previous work, we explained the mechanical properties of Ni-Al coatings with
the addition of Al and Mo in terms of microstructural transformation [27]. Additionally,
several studies have explored the mechanical and chemical properties resulting from the
addition of elements. Hamed et al. [28] analyzed the microstructure of Ni-Al coatings
deposited on AISI 304 stainless steel using plasma spraying and studied the correlation
between microstructure and mechanical properties with varying amounts of mixed Al,
Ni/Al, and Ni5Al powders They found that microhardness improves as the proportion
of Ni increases. J. X. Wang et al. [29] investigated the diffusion behavior of elements in
Ni-20 wt.% Al coating on an aluminum alloy substrate at various temperatures and times.
They observed a decrease in the NiAl and Ni3Al phases and a gradual improvement
in the volume fraction of the nickel matrix after heat treatment. Kornienko et al. [30]
compared the microstructure and properties of Ni75A125 coatings deposited by atmospheric
plasma spray (APS) and high-velocity atmospheric plasma spray (HV-APS). They found
that HV-APS coatings exhibited superior oxidation resistance and bond strength at high
temperatures compared to APS coatings. The authors attributed this improved performance
to the specific process parameters and deposition characteristics of HV-APS. Mihailo R.
Mrdak [31] analyzed the mechanical properties and microstructure of Ni-5.5 wt.% Al-5 wt.%
Mo coatings deposited by APS. They aimed to identify the optimal process parameters
for incorporating Mo additives. The findings revealed that certain process conditions
resulted in enhanced mechanical properties and a desirable microstructure, making them
suitable for the incorporation of Mo additives. Kumar et al. [32] conducted a study on
the high-temperature oxidation behavior and mechanical properties of Ni-Cr and Ni-
Al coatings deposited by wire arc spraying. Their research demonstrated that Ni-20Cr
coatings outperformed Ni-5Al coatings at high temperatures due to the formation of a more
favorable oxide layer after high-temperature oxidation. Despite numerous investigations
carried out on the mechanical properties and microstructure of Ni-Al and Ni-Mo coatings
with added Al and Mo, there remains a scarcity of research focusing on their content,
particularly on the properties of Mo, which shares similarities with Al. Furthermore, there
has been a lack of proper comparison and analysis of the mechanical and electrochemical
behavior of these coatings in actual high-temperature exposed environments.

To overcome these gaps, we aim to explore the mechanical and electrochemical prop-
erties of Ni-Al coatings with varying Al and Mo content and compare them under actual
high-temperature exposure conditions. The microstructure of the Ni-Al coating layer was
characterized at room temperature and after heat exposure, and the mechanical proper-
ties and corrosion resistance were compared under each condition. Finally, based on the
evaluated properties and microstructure, the feasibility of Mo addition in Ni-Al coatings
was assessed, and the mechanisms of each coating layer exposed to high temperatures
were discussed.

2. Materials and Methods
2.1. Materials Preparation
We used Fe-3.5Ni-1.29Cu alloy, a high-strength low-alloy (HSLA) steel, as the substrate

sample. The chemical composition of the substrate was 3.5% Ni, 1.29% Cu, 0.5% Mn, 0.209%
5i, 0.048 C, 0.037% Nb, 0.003% V, 0.025% Al, 0.002% S, and 0.008% P, with Fe balancing the
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composition. To improve the adhesion between the substrate and the coating layer, we used
alumina grit blasting with a 20-mesh grit size, 6 bar air pressure, and a 200 mm distance
for 2 passes. After the surface was roughened, we proceeded with the Ni-based coating.
We performed twin wire arc spray (TWAS) coating using three types of wires: Ni-5Al solid
wire, Ni-20Al cored wire, and Ni-5.5A1-5Mo cored wire, using the process conditions listed
in Table 1 with an Auto Arc AVD HD 456 (Thermion, Silverdale, Washington, WA, USA)
equipment. For clarity, in this paper, we will refer to the as-sprayed coating layers of Ni-5Al,
Ni-5.5A1-5Mo, and Ni-20Al as A_Ni-5Al, A_Ni-5.5A1-5Mo, and A_Ni-20Al, respectively.

Table 1. Process parameters of twin wire arc spray coating.

Spray Parameters (Units) Settings

Coating materials Ni-5Al Ni-5.5Al-5Mo Ni-20A1

Wire diameter (mm) 1.6 1.6 1.6

Voltage (V) 36 36 36

Current (A) 250 250 200

Air pressure (psi) 70 70 70

Spray Distance (mm) 200 200 200

Gun spraying angle (°) 90 90 90

2.2. Heat Exposure at High-Temperature

Heat exposure experiments were performed to investigate the performance of the
coating layer under high-temperature exposure. The samples were placed in an electric
furnace and subjected to heat exposure in a crucible with a height of 110 mm and a width
of 70 mm. After placing the samples in the room-temperature electric furnace, they were
heated to 1050 °C at a rate of 3 °C/min and held for one hour before being air-cooled to
room temperature. We will refer to the heat-exposed coatings of Ni-5Al, Ni-5.5A1-5Mo, and
Ni-20Al as H_Ni-5Al, H_Ni-5.5A1-5Mo, and H_Ni-20Al, respectively.

2.3. Microstructural Characterization of Coating Layers

To analyze the microstructure of the Ni-Al coating layer and substrate, SiC grinding
papers ranging from 200 to 2000 grit were used for surface preparation, followed by
polishing using 9 um, 3 um, and 1 pm diamond suspensions and 0.04 um colloidal. The
microstructure of coating layers was observed using a field emission scanning electron
microscope (FE-SEM; CLARA, TESCAN, Brno, Czech Republic) at an accelerating voltage
of 15.0 kV, and the porosity and oxide content were measured using the Image] software. To
analyze the intermetallic phases and oxide composition of the Ni-5Al, Ni-5.5A1-5Mo, and
Ni-20Al coating layers, energy dispersive spectrometry (EDS, EDAX; CLARA, TESCAN,
Brno, Czech Republic) and X-ray diffraction (XRD; Rigaku, Tokyo, Japan, D/MAX 2500 V
L/PC, 40 kv, 30 mAh) using Cu Ko radiation (A = 1.54 A) were performed. The grain size
of the coating layers was analyzed using electron backscatter diffraction (EBSD; CLARA,
TESCAN, Brno, Czech Republic, accelerating voltage: 20.0 kV, current: 10 nA, step size:
1 um) and the ATEX software.

2.4. Mechanical Properties of the Coating Layers

The mechanical properties of each coating were evaluated by performing hardness
tests according to ASTM E384. Micro Vickers hardness tests were conducted using an
HM-122 hardness testing machine (Akashi Co., Tokyo, Japan) with an applied force of
0.1 kgf for 10 s.

2.5. Chlorine-Induced Corrosion Test

To understand the corrosion behavior between the coated layer and the substrate,
cyclic potentiodynamic polarization (CPDP), electrochemical impedance spectroscopy (EIS),
and galvanic corrosion tests were conducted. Prior to the electrochemical experiments,
open circuit potential (OCP) was measured for 1800 s to stabilize the coating layer and
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substrate. To evaluate the resistance to localized corrosion of the metal, cyclic potentio-
dynamic polarization was measured with a scanning speed of 0.1 mV/s, starting from
an initial potential of —500 mV to a final potential of +1100 mV. Galvanic corrosion po-
tential and current density measurements were performed to understand the galvanic
corrosion behavior formed between the substrate and coating layer. The distance between
the electrodes was maintained at 50 mm, and the galvanic current was measured using a
zero-resistance ammeter at intervals of 0.5 s for 1200 min. The corrosion current density
and corrosion potential were determined in the Tafel region of the cyclic potentiodynamic
polarization curve. All electrochemical experiments were performed in a 3.5 wt.% sodium
chloride (NaCl) solution at 298 K, using a potentiostat (Interface 1010E Potentiostat, Gamry
Instruments, Warminster, PA, USA). A three-electrode electrochemical system was used
with a saturated calomel electrode (SCE) as the reference electrode, a Pt counter electrode,
and a test sample as the working electrode. Gamry Echem Analyst software was used for
all electrochemical data analysis. To understand the corrosion and galvanic characteristics
of the coating layer in actual marine environments, the coating layer and surface were
exposed in a 1:1 ratio, with the surface area being 10 mm x 10 mm, and immersion tests
were conducted for 360 h at 298 K. The immersed specimens were cleaned with ultrasonic
cleaning using distilled water and ethanol, and the corrosion products were removed using
HCI according to ASTM G1-03, followed by ultrasonic cleaning. The weight before and
after the immersion test was measured according to ASTM G31, and the corrosion rate was
calculated in mills per year (mpy).

3. Results and Discussion
3.1. Characterizations of the as-Sprayed Coating Layers and after the High-Temperature
Heat Exposure

The microstructures of the cross-sections of the as-sprayed and heat-exposed coating
layers at 1050 °C are shown in Figure 1, which were obtained in the secondary electron
(SE) beam mode. All the coating layers exhibited a lamellar structure parallel to the
substrate, containing oxides, porosity, and splats. This is a typical microstructure of arc-
sprayed coatings, where coating particles are not fully melted, or melted but react with
oxygen in the atmosphere during the re-solidification process, leading to the formation of
oxide and unmelted particles mixed with lamellae [27]. In each image, the black region
represents the porosity that arises between the splats, where they are not fully melted,
while the gray region is composed of unmelted particles, Ni-Al intermetallic phases, and
Ni-Mo intermetallic phases, if present. The white region represents the oxides, which were
identified from the EDS results shown in Table 2. NizAl and NiAl intermetallic phases
were found in the Ni-5Al and Ni-20Al coatings, whereas only Niz Al and NiAl intermetallic
phases were formed in the Ni-5.5Al-5Mo coatings, where Mo dissolved in the Ni lattice to
form a face-centered cubic solid solution without forming Ni-Mo intermetallic phases. In
the case of Ni-20Al, delamination occurred between the coating layer and the substrate due
to the difference in their coefficients of thermal expansion after high-temperature exposure.
Aluminum diffused along the boundary after high-temperature exposure, extending the
oxide region between the splats and causing aluminum depletion from the splats [33].
The weak adhesion strength and insufficient metal bonding between the splats not only
reduce the mechanical properties of the coating but also provide accessible paths for oxygen
diffusion, promoting internal oxidation of the coating at high temperatures.

Table 2. EDS qualitative analysis of the points in Figure 1.

Chemical Compositions (at. %)

Number
Ni Al (0]
No. 1 30.33 69.67 -
No. 2 72.61 27.39 -
No. 3 43.56 56.44

No. 4 28.78 71.22 -
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Figure 1. Cross-sectional SEM microstructure images of (a—c) as-sprayed and (d—f) heat-exposed
coating layers in SE modes; (a) A_Ni-5Al, (b) A-Ni-5.5A1-5Mo, (¢) A_Ni-20Al, (d) H_Ni-5Al, (e) H_Ni-
5.5A1-5Mo, and (f) H_Ni-20Al.

Table 3 shows the area fraction of porosity, cracks, and intermetallic phases in each
coating layer obtained using the Image]J software. As the aluminum content increases, the
area fraction of the oxide and porosity increases. Aluminum oxidizes rapidly when the
coating material is deposited on the substrate, leading to a higher area fraction of oxides in
Ni-20Al. The area fraction of the intermetallic phases, NiAl, and NizAl increases with the
aluminum content, as aluminum has a strong tendency to dissolve into nickel and form in-
termetallic compounds [9]. Moreover, Ni-Al intermetallic compounds thermodynamically
affect the bond strength between the coating layer and the substrate. The formation of Ni-Al
intermetallic compounds depends on the reaction temperature, and the heat generated
during the reaction provides the heat necessary for the metal bond between the coating
and the substrate [27]. When exposed to high temperatures, all the coating layers tend to
reach equilibrium by consuming more NiAl, resulting in an increase in the area fraction of
NiAl The diffusion coefficient of Al in NiAl is relatively high compared to Ni, and thus
Ni-Al intermetallic compounds mainly consist of NiAl during high-temperature oxidation.

Table 3. Area fraction of porosity, oxides, and intermetallic phases of the cross-sectional microstruc-
ture of the as-sprayed and heat-exposed coating layers using Image] software.

Coating Materials Ni-5Al Ni-5.5A1-5Mo Ni-20Al
Area Fraction (%) As Sprayed  Heat Exposed  As Sprayed Heat Exposed As Sprayed Heat Exposed

Porosit 1.48 1.14 151 1.15 1.97 1.17

Y (+0.14) (4+0.17) (40.15) (4+0.11) (4+0.11) (40.16)
Oxid 1.92 1.42 1.91 1.57 2.25 2.01

xide (40.16) (40.12) (40.18) (40.23) (40.16) (40.21)
Intermetallic whase 0.62 0.60 0.63 0.61 0.68 0.64

p (40.15) (40.10) (40.14) (40.12) (40.12) (40.11)

Figure 2 shows the X-ray diffraction values of the as-sprayed and heat-exposed Ni-5Al,
Ni-20Al, and Ni-5.5Al-5Mo coating layers. In Figure 2a, which shows the detected XRD
peaks of the as-sprayed coating layer, Ni (ICSD 00-004-0850) was detected, and in Figure 2b,
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which magnifies the gray shaded area on the graph, shows that as the Al content increased,
the diffraction peaks of Ni became broader and shifted to lower Bragg angles. This is
because, according to the Bragg lattice equation, as the angle decreases, the interplanar
spacing increases due to the expansion of the FCC lattice structure [9,27]. This is caused
by the different atomic radii of Ni, which acts as a solvent with an atomic radius of 1.24 A,
and Al and Mo, which act as solutes with atomic radii of 1.43 A and 1.39 A, respectively.
In contrast, after heat exposure, the lattice constant decreased and the FCC structure
contracted, showing a higher Bragg angle than the as-sprayed ones. Additionally, while
only Ni peaks were detected in the as-sprayed coating layer, NiO, NiAl,O4, Mo oxide,
Al>O3, and other compounds were detected in the heat-exposed layers.

ONi mNiO xAlL,O; & NiAlL,O, ONi;Al ©NiAl xMoO, ONi

(a) = ut T ax ™ o % o o (b) —— A_Ni-5Al —— H_Ni-5Al
—— A_Ni-5.5A1-5Mo —— H_Ni-5.5A1-5Mo
_— p— A_Ni-20Al
20, Al 1 2| —
[m} H
>) B M % A H >
- |H_Ni-5.5A1-5Mo S’
A =] ]

g = _T x Fx oo -‘;}
£ [H_Ni-5Al @
= =S L ] =
N NETTY — - — &

A INI-2U¢
: _ .._i A E ] :
== A Ni5.3A15Mp -

1 7 35
A Ni-5A1
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Figure 2. X-ray diffraction peaks of (a) as-sprayed and heat-exposed Ni-5Al, Ni-5.5A1-5Mo, and
Ni-20Al coating layers, and (b) enlarged graph of the gray box of (a).

Figure 3 shows the EBSD analysis of the particle size changes induced by the addition
of Al and Mo. According to previous studies [27], Figure 3a A_Ni-5Al has a grain size of
4.41 pm, and Figure 3b A_Ni-5.5A1-5Mo and Figure 3c A_Ni-20Al have a particle size of
4.01 um and 3.53 pm, respectively. The black areas in the images represent regions where
measurement was impossible due to oxide formation. It can be observed that the grain size
decreases as the amount of added elements increases, which is thought to be due to the
difference in atomic radius between Al and Mo, which causes FCC expansion, leading to
refinement of the particle size. Additionally, the as-sprayed coating layer was found to have
a perpendicular structure in a lathed shape, with most particles surrounded by relatively
smaller particles. After heat exposure at 1050 °C, the particle sizes of Ni-5Al, Ni-5.5A1-5Mo,
and Ni-20Al increased to 7.27 um, 5.50 pm, and 5.44 pm, respectively. The heat-exposed
coating layers were uniformly rearranged via thermally active diffusion reconstruction,
with the lath-shaped particles absorbing smaller grains in their surroundings to grow into
uniformly shaped equiaxed grains.

3.2. Mechanical Properties of as-Sprayed and Heat-Exposed Ni-Al Coating Layers

Table 4 shows the comparison of coating layer matrix hardness. A_Ni-5Al exhibits a
hardness value of 182.5 HV, while A_Ni-5.5Al-5Mo has a higher hardness value of 217.7 HV.
The addition of elements in A_Ni-5.5Al-5Mo results in a 19.3% improvement in the me-
chanical properties compared to that of A_Ni-5Al. Furthermore, A_Ni-20Al demonstrates
the highest hardness value of 404.5 HV, showing a remarkable 121.1% enhancement in
mechanical properties compared to A_Ni-5Al. The increased mechanical properties are
ascribed to the addition of elements, which leads to the formation of more oxides and
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intermetallic compounds, as well as to the reduction in grain size. After heat exposure,
the coating layers have hardness values of 141.01 HV, experiencing a reduction of 22.7%
compared to the as-sprayed state for A_Ni-5Al. A_Ni-5.5A1-5Mo exhibits a hardness
value of 157.8 HV, showing a decrease of 27.5%. Additionally, A_Ni-20Al demonstrates a
hardness value of 270.2 HV, experiencing the highest reduction of 33.2% compared to its
as-sprayed state. The rapid decline in hardness values during high-temperature exposure
is attributed to the occurrence of grain growth at elevated temperatures [34]. Although the
mechanical properties of all three samples decrease sharply before and after heat exposure,
heat-exposed Ni-20Al still has the best mechanical properties compared to the other two
samples, despite a 33.2% decrease compared to the as-sprayed state.

@ HLN5.5A15Mo

{2

Figure 3. EBSD maps and grain size (GS) of (a—c) as-sprayed and (d—f) heat-exposed coating layers;
(a) A_Ni-5Al (GS: 4.41 um), (b) A-Ni-5.5A1-5Mo (GS: 4.01 um), and (c) A_Ni-20Al (GS: 3.53 um),
(d) H_Ni-5Al (GS: 7.27 um), (e) H_Ni-5.5A1-5Mo (GS: 5.50 um), and (f) H_Ni-20Al (GS: 5.44 um).

Table 4. Microhardness values of as-sprayed and heat-exposed coating layers.

Mechanical Properties Hardness (HV)
Measurement Location As Sprayed Heat Exposed

Ni-5Al 182.5 (£11.8) 141 (£15.1)
Matrix of coating layer Ni-5.5A1-5Mo 217.7 (+7.8) 157.8 (+£18.8)
Ni-20Al 404.5 (+15) 270.2 (£22.2)

3.3. Electrochemical Properties of Ni-Al Coatings before and after the High-Temperature Exposure
in 3.5% NaCl Solution

3.3.1. Galvanic Corrosion Test

The potential difference between the anode and cathode metals within the electrolyte
drives galvanic corrosion. When metals are in contact, their corrosion rates are influenced
by their ionization tendencies. Noble metals act as cathodes, reducing corrosion rates,
whereas active metals act as anodes, increasing corrosion rates [9]. Figure 4 shows the
changes in galvanic potential and current measured in a 3.5 wt.% NaCl solution over 20 h
to understand the galvanic behavior between the substrate and coating layer. A galvanic
cell was formed due to the potential difference between the substrate and the Ni-Al coating
layers, with the coating layer acting as the cathode and the substrate acting as the anode,
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leading to the corrosion of the substrate. In Figure 4a, the galvanic potential initially
showed fluctuations for the first 200 min but then stabilized. However, A_Ni-5Al showed
decreasing potential values over time and fluctuated continuously due to the ongoing
corrosion of the substrate, which led to the formation of an oxide film on the substrate.
The Ni-Al coating layers showed an increased current density over time due to the active
oxidation reaction at the anodic substrate, which supplied electrons to the cathode coating
layer. As for Ni-5Al, the continuous corrosion of the substrate led to the formation of
an oxide film, which was removed by the cathodic coating layer, leading to fluctuating
potential and current values.

~(2) ~(b)
= —A_Ni-5Al NE — A _Ni-5Al
7 800F  ___ A"Ni-5.5A1-5Mo £ 600f A Ni-5.5A1-5Mo
= ——A_Ni-20Al é —— A_Ni-20Al
500}
\: 700 p—
=
= §>400
= 600 7
2 —~" £ 300
]
S =
= 500 - 200
) =
v &
% 400 = 100
= =
U | I I \ | U 1 ! 1 ] 1
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200

Time (min)

Time (min)

Figure 4. Evolution of (a) galvanic potential and (b) current density of coating layers depending
on time.

3.3.2. Cyclic Potentiodynamic Polarization

To investigate the resistance to the pitting corrosion in the substrate and coating layer,
the CPDP curves are presented in Figure 5. The electrochemical values obtained from the
Tafel region are shown in Table 5. By observing the shape of the CPDP curves as shown,
similar corrosion behaviors were confirmed for the as-sprayed and heat-exposed Ni-5Al, Ni-
5.5A1-5Mo, and Ni-20Al The coating layers of A_Ni-5Al, A_Ni-5.5A1-5Mo, H_Ni-5.5A15Mo,
and H_Ni-20Al have hysteresis loops. The size of the hysteresis loop is determined by the
difference between the forward and reverse current densities, and it shows a decreased loop
size with increasing Al content in Figure 5b,c, indicating that the restoration of damaged
coating layers is difficult [35]. For the substrate Figure 5a, A_Ni-20Al in Figure 5b, and
H_Ni-5Al and H_Ni-5.5A1-5Mo in Figure 5c and Table 5, the reverse potential (Eyep) for the
transition from the anode to the cathode is more negative than the forward potential (Ecorr),
meaning that the corroded area acts as a cathode and continues to corrode. This indicates
that the pit continuously grows along with its formation. For A_Ni-5.5A1-5Mo in Figure 5b
and H_Ni-20Al in Figure 5c, the reverse potential for the transition from the anode to the
cathode is more noble than the forward potential, indicating the resistance of the passive
film in the coating layer. Thus, it implies that Erep, which is higher than Ecorr, exhibits
higher resistance to localized corrosion in the as-sprayed Ni-5Al and Ni-5.5A1-5Mo [36,37].
Similarly, the corrosion current density also decreases with decreasing Al content, which
follows a trend similar to that of the curves. This can be attributed to relatively lower
porosity, oxide formation, and intermetallic compound formation compared to those of
Ni-20AL Ni-20Al exhibits a significantly higher current density due to the occurrence of
localized corrosion caused by the high impurity content preferentially dissolved in the
matrix. The A_Ni-5.5Al-5Mo coating layer has a property that interferes with the ion
absorption of Mo, resulting in a stable passivation film [21,25], and the H_Ni-20Al coating
layer delays general corrosion due to the formation of an oxide film on the surface after
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exposure to high temperatures. Furthermore, even after high-temperature exposure, the
relatively noble Eyep in Ni-20Al compared to Ecorr and lower current density than other
coating layers demonstrate better corrosion resistance than the as-sprayed coating layer,
which is attributed to the oxide layer formed on the surface resulting from the phase
transformation of intermetallic compounds [14,36,37].

(a) (b) 200 (e) 200
——Substrate ——A_Ni-5A1 ——H_Ni-5A1
— 400 - —_ —A_Ni-5.5A15Mo — — H_Ni-5.5A1-5Mo
= = 0f ' = o -
@] &) ——A_Ni-20Al @]
-600 - 200 =200}
£ £ =
- C— S
—_ — 400 — -400
E 800} = 3
= = =
9 o -600 - S -600
1000 s S
A B 800 - B _g00f
1200 . . . . . . - 1000 . . . . . . . 1000 s PR Se—
10° 10% 107 10° 10° 10* 10° 107 10° 10 107 10° 10° 100 100 107 107 10* 107 10° 105 10° 10° 10
log (/mAcm?) log (/mAem) log (/mAcm?)

Figure 5. Cyclic potentiodynamic polarization curves of (a) substrate, (b) as-sprayed, and (c) heat-
exposed of Ni—5Al, Ni—5.5Al-5Mo, and Ni—20Al coating layers.

Table 5. Electrochemical values of CPDP tests of the substrate, as-sprayed and heat-exposed coat-

ing layers.
As Sprayed Heat Exposed
Materials Ecorr Icorr Erep Ecorr Icorr Erep
(mVSCE) (mA/mz) (mVSCE) (mVSCE) (mA/mz) (mVSCE)

Substrate —620 118 —806 - - -
Ni-5A1 —467 177 —482 —445 550 —465
Ni-5.5A1-5Mo —502 113 —390 —448 483 —426
Ni-20Al —384 199 —439 —531 108 —436

3.3.3. Electrochemical Impedance Spectroscopy

EIS tests before and after high-temperature exposure can be used to assess corrosion
resistance with the addition of Al and Mo [38]. Figure 6 shows the diagrams of (a) and
(b) Nyquist plots and (c) and (d) Bode plots for the as-sprayed and heat-exposed Ni-5Al,
Ni-20Al and Ni-5.5A1-5Mo. The diameter of the capacitance loop in the Nyquist plot is
closely related to the charge transfer and represents higher charge transfer values and better
corrosion resistance of the coating as the diameter increases [39,40].

As shown in Figure 6a,b, impedance can generally be characterized by a large semi-
circular capacitive loop. In addition, the charge transfer resistance of the passivation film
means that the lower the capacitance impedance radius, the lower the resistance capaci-
tance for charge transfer, and the higher the phase angle, the better the capacitance of the
material and the higher the stability of the film. Therefore, the corrosion resistance of the
as-sprayed Ni-5Al and heat-exposed Ni-20Al is the best. In other words, the corrosion
resistance decreases in the order of Ni-5Al, Ni5.5Al-5Mo, and Ni-20Al in the as-sprayed
coating, and in the opposite order, Ni-20Al improves the stability of the passive film at
high temperatures. Furthermore, in the Nyquist plot of Figure 6b, two capacitance loops
were observed for Ni-20Al and Ni-5.5A1-5Mo. This phenomenon is due to the deposition
of a stable oxide film caused by the phase transition of intermetallic compounds on the
coating surface. Additionally, Bode plots for Figure 6¢,d show that the as-sprayed Ni-5Al,
Ni-5.5A1-5Mo, and Ni-20Al exhibit high impedance values and maximum phase values in
the low-frequency range, whereas the heat-exposed Ni-20Al, Ni-5.5A1-5Mo, and Ni-5Al
exhibit high impedance values in the opposite order. Therefore, the passive films of Ni-5Al
and Ni-20Al are the most stable in both the as-sprayed and heat-exposed states, as they have
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the highest phase and impedance values. EIS plots based on the Randles circuit model were
used in Figure 6e,f to explain the impedance spectra results of the coating materials, which
are shown in Table 6. While Ni-5Al exhibits the same circuit regardless of high-temperature
exposure, H_Ni-5.5A1-5Mo and H_Ni-20Al show changes in the circuit due to improved
corrosion resistance from the oxide film after the high-temperature heat exposure.

(a)3.ox10° - (b)3.0<10° -
B Ni-SAl As sprayed B Ni-sAl Heat exposed
o~ 28100} H NESSALSMs ~ 2.5x10°L M Ni-55A1-5Mo . "
a M Ni-20Al a7 B Ni-20A
£ — Fittin £ i
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Figure 6. Nyquist plot diagrams of (a) as-sprayed and (b) heat-exposed coating layers, and Bode plot
diagrams of (c) as-sprayed and (d) heat-exposed coating layers; (e f) are equivalent circuit diagrams
used for the analysis of impedance spectra for coating layers; (a,c) A_Ni-5Al, A-Ni-5.5A1-5Mo, and
A_Ni-20Al, (b,d) H_Ni-5Al, H_Ni-5.5A1-5Mo, and H_Ni-20Al, (e) A_Ni-5Al, A_Ni-5.5Al-5Mo, A_Ni-
20Al, and H_Ni-5Al, and (f) H_Ni-5Al, H_Ni-5.5A1-5Mo, and H_Ni-20Al, respectively. Rs: diffusion
resistance of the electrolyte, Ry: oxide film resistance, Ry: charge transfer resistance of the coating
surface, CPE;: constant phase element of the coating layer, CPE,: CPE of the oxide film.
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Table 6. Fitting parameters for the EIS results of the as-sprayed and heat-exposed coating layers.

Condition Re R, R, CPE; CPE;
Samples (Qcm?) (Qcm?) (Qcm?) (Q~1s"cm ?) (Q~1s"cm 2)
Ni-5A1 20.76 423 x 10* - 1.28 x 104 -
As sprayed Ni-5.5A1-5Mo 19.81 3.78 x 10* - 1.42 x 1074 -
Ni-20Al 16.84 3.07 x 10* - 1.06 x 10~* -
Ni-5A1 17.55 3.77 x 10* 3.17 x 103 1.86 x 1074 1.21 x 1074
Heat exposed  Ni-5.5A1-5Mo 18.38 410 x 10* 5.47x 103 1.23 x 1074 1.37 x 1074
Ni-20Al 22.28 5.18 x 10% 7.05 x 103 2.09 x 10~* 236 x 1074

In the equivalent circuit, Rs represents the resistance index for the ion movement
during pit formation and corrosion, which is the electrolyte resistance. R; represents the
electrical resistance value of the coating surface. Additionally, R, represents the resistance
index for the electrochemical reaction at the interface between the oxide film and the coating
layer, indicating greater resistance to ion diffusion and electrochemical reactions [39]. CPE;
is a constant phase element that represents the dielectric characteristics of the surface coat-
ing, and CPE; is a constant phase element that corresponds to the dielectric characteristics
of the oxide film. The CPE value represents the impedance resistance by deviation from the
ideal capacitive behavior and decreasing the uniformity of the coating surface or oxide film.
The CPE value can be calculated from the EIS spectrum at a low frequency of approximately
0.01-1 Hz using Equation (1) [40,41].

Zepe = (Q(jw)*) ™" (1)

The EIS parameter values, such as Q, j, w, and «, were calculated using the Gamry
software. Q is the constant of CPE (™! -s™ cm?). j represents the current, w represents
the angular frequency (rad/s), and « is a dimensionless exponent (« = 0 for resistive CPE
and o = 1 for ideal capacitive behavior of CPE) where n is a value between 0 and 1 in
the actual electrolyte. According to the results, the as-sprayed coatings showed higher
corrosion resistance in the order of Ni-5Al, Ni-5.5A1-5Mo, and Ni-20Al. However, in the
heat-exposed coatings, the order was reversed, with Ni-20Al showing the highest resistance.
This was attributed to the difference in the diffusion coefficients of Ni and Al in NizAl and
NiAl during the phase transformation process of NizAl at high temperatures, resulting
in the formation of an oxide film on the surface. According to Lee’s research [42], during
the formation process of the oxide film, the formation processes of Al;O3, NiAl,O4, and
NiO compete with each other, and reactions occur. The activity of NiO is higher than that
of Al,O3, so Ni moves more rapidly toward the surface, creating nuclei of NiO, but the
protective ability of NiO is lower than that of Al;O3, so Al,O3 is formed beneath the NiO
layer as oxygen diffuses [42,43]. The increase in elemental composition provides a driving
force for the phase transformation activity of the intermetallic compound to form a thicker
oxide film [14,42,43].

3.3.4. Immersion Test

Table 7 shows the corrosion rates of Ni-Al and Ni-Al-Mo coating layers in 3.5% NaCl
solution at 298 K for 360 h, calculated using Equation (2), where W (mg) is the weight loss,
A (cm?) is the exposed area, T (h) is the immersion time, and D (g/ cm?) is the density.

KxW
] t =—— 2
Corrosion rate(mpy) AxTxD 2)
The corrosion rate showed a decreasing trend as the Al content increased. In the
as-sprayed state, Ni-5Al exhibited a corrosion rate of 13.23 mm/y, whereas Ni-5.5A1-5Mo
showed a slightly improved corrosion resistance with a corrosion rate of 12.72 mm/y,
representing a 3.98% enhancement compared to Ni-5Al. However, Ni-20Al demonstrated a
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decrease in corrosion resistance, with a corrosion rate of 14.52 mm/y, representing an 8.94%
reduction compared to Ni-5AL

Table 7. Corrosion rate of the as-sprayed and heat-exposed coating layers after 15 days of immer-

sion tests.
. As Sprayed (mm/y) Heat Exposed (mm/y)
Coating Layers
Surface Cross Section Surface
Ni-5Al 13.23 14.76 12.64
Ni-5.5A1-5Mo 12.72 10.89 12.54
Ni-20Al 14.52 8.77 11.48

Interestingly, after high-temperature exposure, the corrosion rates of the coatings ex-
hibited different behaviors compared to the immersion test in the as-sprayed state. Ni-5Al
displayed a corrosion rate of 12.64 mm/y, indicating a 4.47% decrease compared to the
as-sprayed state. On the other hand, Ni-5.5A1-5Mo exhibited a slightly decreased corrosion
rate of 12.54 mm/y, representing a 1.41% increase. Notably, Ni-20Al showed a signifi-
cant decrease in corrosion rate after heat exposure, with a corrosion rate of 11.48 mm/y,
representing a substantial 20.93% increase compared to its as-sprayed state.

Furthermore, when considering the cross-sectional corrosion rates, Ni-5Al exhibited
a corrosion rate of 14.76 mm/y, Ni-5.5A1-5Mo showed a lower rate of 10.89 mm/y, and
Ni-20Al demonstrated the lowest rate of 8.77 mm/y. These results highlight the decreased
corrosion rates as the Al content increased. Additionally, Ni-5.5A1-5Mo and Ni-20Al
exhibited a more rapid increase in the corrosion rate on the surface rather than on the
cross-section. Conversely, Ni-5Al showed a faster cross-sectional corrosion rate, indicating
severe damage caused by galvanic corrosion in the substrate.

Figure 7 and Table 8 show the corrosion morphology and EDS analysis results of
the coatings immersed in a 3.5% NaCl solution for 360 h at 298 K. The A_Ni-5Al, A_Ni-
5.5Al-5Mo, and A_Ni-20Al coatings deposited via twin wire arc spraying consist of an
inhomogeneous matrix that includes pores, oxides, and unmelted particles. Oxides have
a higher solubility in electrolytes and are deeply related to the corrosion resistance of the
coatings. The porosity provides a pathway for chloride ions to penetrate rapidly into the
electrolyte and creates a route for localized corrosion, where oxygen diffuses slowly into the
pores, leading to the formation of a galvanic cell that acts as an initiation point for pitting
corrosion when the coating is only exposed to the corrosion atmosphere [9,17]. The surface
morphologies of Figure 7a A_Ni-5Al and Figure 7c A_Ni-20Al coating layers shown in
Figure 7 exhibit pitting corrosion with numerous pits marked with yellow circle and a large
oxide film that protects the coating surface. In Figure 7a, the protective film identified by
EDS analysis is shown in Table 8. A_Ni-5Al remains relatively coherent and is not dissolved
in the solution compared to the films of A_Ni-5.5A1-5Mo and A_Ni-20Al. In the case of
Figure 7b, no large oxide film is observed, but uniform corrosion occurs with the detection
of the corrosion products. This is due to the formation of a Mo oxide film during exposure
to chloride ions, and the Mo corrosion product formed in the pits inhibits pit growth,
demonstrating the best corrosion resistance. In Figure 7d-f, galvanic corrosion occurs
between the coating layer and substrate due to the potential difference, exhibiting substrate
corrosion. The extent of damage varies according to the galvanic potential difference. In the
case of Ni-5Al, the interface is severely damaged when the substrate is dissolved, whereas
Figure 7b shows a relatively better condition compared to Figure 7a. In Figure 7c Ni-20Al,
the detection of metal components in the oxide film observed at the interface indicates that
the oxide film formed during the corrosion process acts as a protective layer, blocking the
metal surface from chloride ions. After exposure to high temperature, the coated surface
morphologies of Figure 7d—f in the immersed state show a similar pattern to that of the
as-sprayed samples, with Figure 7f exhibiting the most preserved coating layer, due to
the formation of NiO and Al,O3. The abundant intermetallic compounds present in each
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Substrate

coating layer protect the coating surface from the NaCl solution via the formation of a Ni
oxide film and Al,O3 during exposure to high temperature.

(¢) A_Ni-5.5A1-5Mo

Figure 7. Microstructure of the surface of (a—c) as-sprayed and (g—i) heat-exposed coating layers and
the cross-section of (d—f) as-sprayed coating layers after 15 days of immersion test; (a,d) A_Ni-5Al,
(b,e) A-Ni-5.5A1-5Mo, (c,f) A_Ni-20Al, (d) H_Ni-5Al, (e) H_Ni-5.5A1-5Mo, and (i) H_Ni-20Al.

Table 8. EDS qualitative analysis of the marks in Figure 7.

Chemical Compositions (at.%)

Number
Al Mo (0]
No. 1 32.18 - 67.82
No. 2 - 64.67 35.33
No. 3 40.02 - 59.98
No. 4 38.56 - 32.87
No. 5 35.78 - 64.22
No. 6 37.82 - 62.18
No. 7 29.77 - 70.23

4. Conclusions

In this study, the microstructure, mechanical properties, and corrosion characteristics
of twin-wire-arc-sprayed Ni-Al coatings (Ni-5Al, Ni-5.5A1-5Mo) were analyzed with respect
to the addition of Al and Mo. These properties were compared after exposure to high
temperatures. The summarized results of each experiment are as follows:
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1. The Ni-Al and Ni-Al-Mo coating layers exhibited typical lamellar microstructures
resulting from the twin wire arc spray, with increasing porosity and oxide content as
the Al content increased. Delamination was observed in the Ni-20Al coating layer
after thermal exposure. The addition of Al elements resulted in the miniaturization of
the grain size and various oxides after high-temperature exposure. Ni-20Al exhibited
the excellent mechanical properties among the coatings, under both as-sprayed and
high-temperature heat exposure.

2. Following the corrosion tests, the galvanic corrosion potential difference between the
substrate and the coating layers decreased with increasing Al content. Ni-5Al and Ni-
20Al exhibited localized galvanic corrosion around the intermetallic compounds and
oxides, whereas Ni-5.5A1-5Mo showed uniform corrosion. However, the formation of
an oxide layer resulting from the phase transformation of intermetallic compounds
after exposure to high temperatures improved the corrosion resistance, demonstrating
the superior corrosion properties of Ni-20Al. These results emphasize the correlation
between the corrosion behavior and the composition of the passivation film and
support the potential application of the Ni-5.5A1-5Mo coating as a protective layer
against the pitting corrosion of the substrate.
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