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Abstract: This study aimed to evaluate the corrosion properties of different samples coated by the
laser-cladding method to find the optimal laser parameters. Thereby, potentiodynamic polarization
(Tafel) and electrochemical impedance tests were performed to assess the corrosion resistance of
coated samples. Consequently, the corrosion morphology of tested samples was inspected by scanning
electron microscopy. The results demonstrated that the laser power directly correlates with pitting
corrosion and defects on the surface of the samples. Moreover, when molybdenum and chromium
ions are increased in the electrolyte solution, the passive and protective layers are more durable, as
the ions are sited within the holes and defects, reducing the surface corrosion rate.

Keywords: laser cladding; corrosion; Inconel 738; Inconel 625; Nyquist; Tafel

1. Introduction

Inconel 738 is a nickel-based superalloy, which are mainly used in aerospace [1–4]
and oil industries [5], thanks to their excellent properties such as fatigue resistance, high
yield strength, corrosion resistance, and thermal stability [6]. The mechanical properties of
Inconel 738 superalloy depend on microstructural parameters such as the volume fraction
of the intermetallic γ′-phase (Ni3 (Al, Ti)) and also on the dimensions, distribution, and
shape of γ′ particles [7–9]. However, gas turbine evolution leads to increasingly higher
service temperatures, and corrosion problems often appear [1,2]. Different coatings have
been evaluated to enhance corrosion properties; for example, coatings for high-temperature
applications include diffusion and thermal barrier coatings [10].

Inconel 625 is widely used as a coating material for corrosive environments owing to its
high content of chromium, nickel, and molybdenum [11–13], which guarantees outstanding
corrosion and oxidation resistance [14]. Inconel 625 is also a good coating for marine
environments and cutting tools [15]. Therefore, the use of oxidation-resistant coatings, such
as Inconel 625, is foreseeable to prevent severe damage to sensitive components of gas
turbines [16]. In this study, Inconel 625 nickel-based superalloy has been coated on Inconel
738 substrate by lateral laser cladding.

Nowadays, several surface coating methods are available, such as mechanical [17],
chemical [18–21], sol-gel [22], oxidation [23,24], carburization [25], ion implantation [26,27],
thermal [28,29], and cladding methods [30]. Laser cladding (LC) is an advanced surface
modification technique [31,32] that is commonly used in industrial applications, such
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as rapid manufacturing, repair and maintenance, and the development of innovative
materials such as functionally graded materials [33,34]. A relatively thick (50 µm to 2 mm)
and homogeneous overlay of coating material can be produced with the aid of LC [35,36],
creating a very smooth surface with the desired roughness, as the amount of geometric
dilution of the coating produced by LC is higher than with other methods [37].

Cabrini et al. [38] investigated cyclic polarization and potentiodynamic tests to evalu-
ate the corrosion resistance of different alloys based on ASTM G5 by laser cladding in NaCl
0.6 M solution at pH 7 and pH 3 at 40 ◦C. A correlation between corrosion performance
and microstructure has also shown an increase in the corrosion resistance of surfaces made
after laser cladding. Corrosion behaviours of stainless steel 316 and Inconel 625 alloy
in NaCl were investigated by immersion tests and electrochemical methods, including
potentiodynamic polarization and electrochemical impedance spectroscopy. The results of
electrochemical tests showed that both in chloride show active corrosion, and the current
density of 316 in chloride at 700 ◦C is 2.756 mA/cm2, which is almost three times the
value of Inconel. The corrosion of these two alloys is due to the preferential oxidation of
chromium in the chloride, and the passive layer was porous and showed weak adhesion to
the materials [39].

Abe et al. [40] evaluated the corrosion resistance of the Inconel 625 coating prepared
by LC and found that it was free from preliminary cracks and could fully protect the
stainless-steel substrate. The mentioned study only dealt with the variables of lateral laser
cladding; however, in the current work, more efforts have been dedicated to investigat-
ing the corrosion properties of Inconel 625 coating and the influence of laser power on
polarization corrosion tests.

2. Materials and Experimental Procedures
2.1. Materials

Inconel 738 sheets coated with Inconel 625 were investigated in the current study. Both
Inconel 738 sheets and Inconel 625 powder were supplied by Huanhaialloy (Shandong,
China). The chemical composition of the Inconel 738 (substrate) and Inconel 625 (powder)
are shown in Table 1.

Table 1. Chemical composition of Inconel 625 powder and Inconel 738 substrate, in weight percentages.

Materials Ni Cr Co Mo Al Ti Ta Nb

Substrate Inconel 738 Bal 16.4 4.1 1.7 3.8 3.4 2.8 0.3
Powder Inconel 625 Bal 21.3 1.3 8.1 2.4 0.3 0.0 6.1

2.2. Preparation and Process of Laser Cladding

The surface of the substrates (20 × 20 × 1 mm3) was grounded with 1200 grit sand-
paper and was cleaned with acetone to remove greases and impurities prior to the laser-
cladding process. The laser-pulsed device Nd: YAG model IQL-10 (Quantel, Paris, France)
was used to perform the coating. The laser specifications were as follows: a wavelength of
about 1064 (nm), a peak power of 400 (W), energy per pulse of 8 (J), a pulse frequency of
20 (Hz), a pulse width of 20 (ms), and a pulse period of 50 (ms) (Figure 1a). The nozzle head
was located at an angle of 30 degrees from the surface, the distance between the nozzle
head and the workpiece surface (stand-off distance) was 80 (mm), the distance between the
focal plane and the sample surface (defocused distance) was 20 (mm), and a laser beam spot
diameter of 1 (mm) with 85 (%) percentage of overlapping was used (Figure 1b). During
laser cladding, argon gas with a flow rate of 10 (litres/min) was blown in parallel with
the direction of the injected powder nozzle on the surface (Figure 1c). Laser parameters to
achieve the cladding process are summarized in Table 2.
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Figure 1. (a) Schematic of lateral laser cladding process in this study, (b) laser pulse diagram, (c) schematic
diagram of focal plane position and stand-off distance relative to the surface of the workpiece.

Table 2. Lateral laser cladding process parameters.

Laser Scanning Rate
(mm/s)

Powder Feed Rate
(mg/s) Laser Power (W) Sample Code

5 350 150 S1
5 350 200 S2
5 350 300 S3

2.3. Microstructural Characterization

Optical microscope (OM) OLYMPUS model BX-51M (Tokyo, Japan) was used for imag-
ing the cross-sectional surface. Marble etchant solution (FeCl3 (1 g), HNO3 (4 mL), and HCl
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(10 mL)) was used at room temperature to etch the samples on the surface and the substrate.
The dwell time was about 5 s. Field emission scanning electron microscopy (FE-SEM)
(MIRA3-TESCAN, Kohoutovice, Czech Republic) was used to inspect the microstructure
of the coating. ImageJ software 1.53t (Wayne Rasban, USA) was used to calculate the
geometric dimensions of each coat created after laser cladding.

The X-ray diffraction equipment (Philips model Empyrean Alpha, Lelyweg, The
Netherlands) was utilized to identify the phases in the coating. CuKα beam with a current
of 30 mA and a wavelength of 1.542 Å at a voltage of 40 kW was used in all tests, and the
phases in the X-ray diffraction pattern obtained from the samples were identified by Xpert
High Score software 3.0e (PANalytical, The Netherlands).

Potentiodynamic polarization tests were used to investigate the corrosion behaviour
of Inconel 738 and Inconel 738 coated with Inconel 625. The tests were performed based
on the instructions stated in the ASTM standards, G5-94 and G61-86 [41], respectively. In
this regard, several square-shaped samples with dimensions of 4 × 6 mm2 and a thickness
of 2 mm from laser-coated sheets with specific conditions were cut with a wire cutter.
Subsequently, copper wires were joined on the samples with the help of a soldering
machine. The cut parts were connected, except for the surface on which the corrosion test
was intended to be performed. The square shape of the samples was exposed to a saline
environment (3.5% NaCl) at room temperature using a three-electrode cell. Each sample
(i.e., the working electrode) was immersed in the electrolyte for 20 min before polarizing the
potential against the reference electrode (Saturated Calomel HgCl). A platinum electrode
was used as the counter electrode. Using a potentiostat (Vertex, Ivium, The Netherland),
potentiodynamic polarization scans were performed for each sample with a scan rate of
2 mV/s from the open circuit potential (OCP) for 30 min. The potential was scanned
in the range of −2 to +4 V for each sample. An open circuit system was used for the
impedance electrochemical tests from 100 kHz to 10 mHz with an amplitude of 5 mV.
The ZView®software 4 (Scribner, USA) chose an equivalent circuit for the analysis of
impedance data.

3. Results and discussion
3.1. Cross-Section Study of Laser Cladding Samples

Figure 2 shows the affected area in the corrosion test, the corrosion zone (CZ) in green,
and the area affected by the laser input heat on the surface, the heat affected zone (HAZ) in
red. The laser beam is able to change this HAZ region in terms of microstructural properties
and penetrate to this depth.
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The geometry of laser-affected zones of the Inconel 625 samples (Figure 2 and Table 3)
demonstrates a direct relationship between the laser power and the heat input H (J/mm2)
on the melting pool. Accordingly, the HAZ expands by raising the average laser power,
due to the higher concentration of heat input and the laser energy density on the surface.
Moreover, reducing the laser power can cause less penetration in the substrate, and hence a
poor adhesion of the coating, which means that corrosion will occur at a higher rate.

Table 3. Geometrical dimension of laser affected zone in treated samples.

Sample Depth of HAZ (µm) Width of HAZ (µm) Thickness of the
Coating (µm)

S1 164.10 389.74 173.56
S2 495.72 676.92 223.13
S3 540.17 741.88 314.23

These obtained results are in agreement with those reported by Verdi et al. [42].
Equations (1) and (2) [29,43] confirm the influence of average laser power on heat

input in the molten pool:
Pav = Peak Power × D × f (1)

H = Pav/V (2)

where Pav: average laser peak power (W), D: Pulse duration (ms), f: Pulse frequency (Hz), H:
Input heat (J/mm2), and V: Scanning speed (mm/s) are defined in these equations. Table 4
presents the calculated values for each sample. Accordingly, the measured parameters
reveal that the magnitude of the thermal shock in the molten pool is directly related to its
increased heat input [44,45].

Table 4. Laser parameters and heat input for each average laser power.

Sample D (ms) f (Hz) V (mm/s) Pav (W) H (J/mm2)

S1 5 20 6 150 25
S2 5 20 6 200 34
S3 5 20 6 300 50

3.2. Phase Identification

The XRD spectrums of all studied samples are presented in Figure 3, where the γ′-Ni
phase is the main phase.
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The γ′-Ni phase peaks in Inconel 625 coatings appeared in all samples but with
different intensities. The major peak positions in the spectrum were found for pure nickel,
(111), (200), and (220), appearing at 42◦, 50◦, and 73◦, respectively. The difference in the
lattice parameter is due to alloying elements in Inconel 625, as these elements affect the
inter-planar spacing of the γ′-Ni phase in the coating [46–50].

3.3. Corrosion Behavior of Inconel 625 Coating

The corrosion parameters obtained from the potentiodynamic polarization test are
summarized in Table 5.

Table 5. Polarization parameters of different samples for corrosion testing in 3.5 wt% NaCl solution
at room temperature. Ecorr: Corrosion potential (V), Icorr: Corrosion current density (A/cm2), Rp:
Polarization resistance (Ω), βa: anodic branch slope, βc: Cathodic branch slope, C. Rate: Corrosion
rate (mm/year).

Sample
Code ECorr (V) ICorr

(µA/cm2)
Rp

(Ω/cm2)
βa

(V·dec−1)
βc

(V·dec−1)
C. Rate

(mm/Year)

S1 −0.8509 2.289 2.094 × 104 0.264 0.190 0.007489
S2 −0.3903 0.859 1.650 × 104 0.036 0.311 0.002812
S3 −0.6606 3.880 1.229 × 104 0.243 0.200 0.012693

Uncoated −0.9050 1.985 1.502 × 104 0.197 0.105 0.006494

To evaluate the corrosion resistance, a potentiodynamic polarization method was
used for the samples in a 3.5% NaCl solution. Figure 4 shows the Tofel polarization
curves. cathodic (βc) and anodic (βa) branches were used to gain the corrosion current
density (Table 5). Low corrosion current density (ICorr) indicates a slow corrosion rate or
excellent corrosion resistance. It can be seen that the cathodic polarization process of the
samples is the same. The uncoated samples S1 and S3 show extensive active dissolution
behaviour after a small passivation step in the anodic polarization region. However, it can
be seen that the S2 sample has a wide deactivation region in the anodic polarization region.
The obtained results evince that sample S2 provides better corrosion resistance due to a
less negative corrosion potential and lower corrosion current density. The passive layer
formation in sample S2 took place more quickly as a consequence of a lower corrosion
current density. Additionally, some researchers have pointed out that the good corrosion
resistance of Inconel 625 alloy is due to the high content of Mo, Cr, Ni, and Nb, which causes
the formation of a stronger passive film on the coating surface [51–53]. As can be seen in
Table 6, the content of these elements in sample S2 is higher than other samples, which may
be the reason for the better corrosion resistance of this sample than other samples. As can
be seen in Figure 4, the formation of inactive film in sample S2 occurred at a lower current
density. The formation of inactive film at lower current density prevents the severe loss
of material at higher current density, which also indicates the improvement in corrosion
resistance in the S2 sample. Therefore, the performed Inconel 625 coating on sample S2
provides optimal protection against corrosion in the electrolyte solution (3.5% NaCl) at
room temperature. Moreover, the measured corrosion current (ICorr) for sample S2 indicates
that the passive layer formed has a better condition compared with other studied samples;
hence, better corrosion resistance is expected for sample S2. The Tafel diagram (Figure 4)
shows the relationship between the current generated in an electrochemical cell and the
electrode potential of a specific metal. The Tafel curves of S3 and S1 samples display a rapid
decrease in their surface corrosion resistance, which might be related to corrosion caused
by chloride ions with severe damage to the passive layer [54]. The corrosion resistance
behaviour of the samples improved at the beginning of the corrosion process as a result
of the formation of a passive layer of nickel oxide (NiO) [55,56]. According to the Tafel
diagram of sample S2 (shown in Figure 4), the passing current decreased more slowly than
in other samples, and consequently, the current reached a plateau. The low passing current
in sample S2 confirms that the thickness of the protective layer is preserved, and the surface
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is less corroded. The presented Tafel diagram displayed that the change in potential has led
to a sudden change in the current density value for all samples except S2, which verifies
the inappropriateness of the passive layer formed on the Inconel 625 coating.

Table 6. EDS analysis for the zones determined in Figure 5a–d.

Other Elements (Wt%) Nb (Wt%) Mo (Wt%) Cr (Wt%) Ni (Wt%) Zone

58.18 2.12 1.34 3.43 35 A-S1
15.89 6.24 10.87 22.63 45 B-S2
57.49 0.74 0.01 3.82 38 C-S3
46.27 0.02 2.41 6.31 45 D-Uncoated

According to the results of the Tafel test, polarization resistance was calculated using
the following equation [57].

RP = βa × βc ÷ (2.3 × (βa + βc) × Icorr) (3)

In Equation (3), Rp is polarization resistance, βa is anodic Tafel slope, βc is cathodic
Tafel slope and Icorr is corrosion current. Rp values for different samples are shown in
Table 5. As can be seen, the results are consistent with other corrosion tests. Based on the
calculated values, the S2 sample has the most optimal polarization resistance along with
low corrosion current.
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Figure 5 shows SEM micrographs taken from the surface of all studied samples after
the corrosion test. There are two main reasons for the corrosion in the coating: (i) the
formation of a non-uniform passive layer on the coating, and (ii) the improper fixation and
placement of the Inconel 625 coating on the Inconel 738 substrate. Figure 5b shows a quite
different aspect for sample 2, as compared with the other samples, with very limited and
localized corrosion points. This shows that a uniform layer of Inconel 625 coating with the
appropriate thickness was placed on sample S2. Such a behaviour can be rationalized by
the higher amount of molybdenum found on Inconel 625 laser coating on the S2 sample
(Table 6). The presence of molybdenum ions in the coating surface’s cavities helps to
protect the coating against pitting corrosion by forming sodium molybdate, as a result
of the reaction of sodium in the polarization solution with molybdenum [58]. Similar
behaviour was observed regarding the anti-corrosion properties of (S235JR) steel with
Inconel 625 laser cladding coatings elsewhere [59,60].

As can be seen in Figure 5a,c, pitting and groove corrosion severely damaged the
coating surface of samples S1 and S3, respectively. The presence of corrosion products
and crevice corrosion caused the surface to become spongy in some places, which was
confirmed by the SEM images. A, B, C, and D areas in Figure 5 were analysed by energy
dispersive spectrometry (EDS), and the results are displayed in Table 6. The molybdenum
and chromium elements are critical parameters for corrosion behaviour as ions are absorbed
into the formed holes and protect the surface against pitting corrosion. Accordingly, the
surface corrosion rate decreased for the S2 sample, as it contains a higher amount of
chromium and molybdenum within the electrolyte solution (see Tables 5 and 6). In addition,
the amount of these protective coating elements in the uncoated sample is remarkable. The
uncoated sample contains a significant amount of Ti element, which improves the hardness
of the alloy against wear, but increases the susceptibility of the alloy to corrosion [61].
The purpose of applying the coating is to increase the corrosion resistance of the alloy by
increasing the amount of Mo, Cr, and Nb elements on the surface of the alloy. For this
reason, the application of Inconel 625 coating, in addition to maintaining the mechanical
strength of the alloy, significantly improves its corrosion resistance. The chromium and
molybdenum in sample S3 were oxidized after receiving the highest average laser power,
which reduces the corrosion rate (Tables 5 and 6) [48]. The corrosion process was initiated
with the passive layer’s local failure, and the localized corrosive attack can be originated
in the Inconel 738 substrate (Figure 5c). While uniform corrosion can be seen on the
surface, pitting corrosion mainly appears as small holes. The amount of material removed
underneath the holes is generally unknown because hidden pits can form, making pitting
corrosion more difficult to detect and/or predict [62]. Various forms of corrosion are
evident in the microscopic images, which apply to pitting corrosion. The through pits were
seen as shallow and elliptical (Figure 5a), and sideway pits occurred in the subsurface due
to the increase in average laser power (Figure 5c) [63].

Among the reasons for the spongy spots, the selectiveness of the corrosion site on
the coating can be identified, as well as the improper stabilization and placement of the
Inconel 625 coating on the Inconel 738 substrate, and the formation of a non-uniform layer
on the coating.

The pH of corrosive solution around the Inconel 738 substrate greatly affects the
corrosion of the Inconel 625 coating [59]. The pH of the polarization solution is increased
when nickel ions are added to the polarization solution. According to Figure 6, related to
the electrochemical phase diagram for nickel (Pourbaix diagram), nickel oxide is a passive
coating-resistant layer at high pH [64].
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The spinel phase (NiCr2O4), which prevents oxygen from entering the coating, is not
included in the Inconel 625 surface at low pH [65]; accordingly, the corrosion resistance
increased [66]. The Inconel 738 substrates without Inconel 625 coating are also resistant
to corrosion [67–69]; however, the coated sample S2 has a lower corrosion rate than the
uncoated substrate owing to a proper formation of a passive nickel layer on the surface of
S2 sample.

Figure 7 represents the impedance spectra for Nyquist plots by fitting the experimental
data to the equivalent circuit model. Based on Figure 7 curves, capacitive semi-circular
loops are similar in shape for samples, although the diameters are different. Increasing the
diameter of the Nyquist diagrams shows the high charge transfer resistance (Rct). In total,
a larger diameter in the semicircle in the Nyquist curve means better corrosion resistance.
As can be seen, the S2 sample has the highest charge transfer resistance and the highest
corrosion resistance. Additionally, if the peak frequency of these semicircles is measured,
the amount of corrosion capacitance can be calculated using Equation (4):

[Z′ − (Rs + Rp/2)]2 + (Z′′) = (Rp/2)2 (4)

Equation (5) is for the circle with a centre of (Rs + Rp/2) Z′ located on the Z′ axis, and
its radius is Rp/2. At the circle peak (maximum value |−Z′′|), it can be shown that by
differentiating from −Z′′ respect to Z′ and equating to zero:

Cdl = 1/ω.j.Z |−Z′′|max (5)



Metals 2023, 13, 367 11 of 16Metals 2023, 13, x FOR PEER REVIEW 12 of 17 
 

 

 
Figure 7. Nyquist diagrams of different samples in 3.5% NaCl solution at room temperature. 

Equation (5) is for the circle with a centre of (Rs + Rp/2) Z′ located on the Z′ axis, and 
its radius is Rp/2. At the circle peak (maximum value |−Z″|), it can be shown that by dif-
ferentiating from −Z″ respect to Z′ and equating to zero: 

Cdl = 1/ω.j.Z |−Z″|max (5)

In the equivalent circuit shown in Figure 8 (as selected in ZView software) and Table 
7, Rs is the solution resistor, Rct is the charge transfer resistance, and CPE is the constant 
phase element. According to the parameters of Table 7, the corrosion resistance increased 
in S2 sample in the impedance test. 

 
Figure 8. The electrochemical parameters of the circuit are equivalent to different samples [63]. 

  

Figure 7. Nyquist diagrams of different samples in 3.5% NaCl solution at room temperature.

In the equivalent circuit shown in Figure 8 (as selected in ZView software) and Table 7,
Rs is the solution resistor, Rct is the charge transfer resistance, and CPE is the constant
phase element. According to the parameters of Table 7, the corrosion resistance increased
in S2 sample in the impedance test.
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Table 7. The electrochemical parameters of the circuit are equivalent to different samples.

Rct (Ω·cm−2) Rs (Ω·cm−2) CPE (Fsn−1.cm−2) Sample

941 27.65 0.67217 S1
8969 18.83 0.18763 S2
1320 22.52 0.86593 S3
4381 17.04 0.4321 Uncoated
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The graph related to the coating of sample S2 has a significant resistance up to the
range of 3000 to 3500 Ω/cm2. However, the coating resistance started to decrease after some
time, indicating the beginning of the corrosion process and the formation of holes. The
passive layer on the surface created anti-corrosion properties when the cladding method
was used for coating [69]. The graphs related to the Inconel 625 coating of the S1 and S3
samples have assumed a semi-circular state, which indicates a rapid drop in their surface
resistance against corrosion. According to previous studies [40], this decrease in resistance
in these samples is due to the development of corrosion by chloride ions and as a result of
the severe damage of the passive layer due to the penetration of chloride ions. According
to the Nyquist curve, the value of Rct for the S1 and S3 samples is lower than the uncoated
sample, which, according to the EDS analysis results reported in Table 6, can be attributed
to the lower amount of molybdenum and chromium elements in these samples than in the
uncoated sample.

Constant phase elements (CPE) are widely used in electrical equivalent circuits to fit
experimental impedance data [70]. CPE behaviour is generally attributed to distributed
surface reactivity, surface inhomogeneity, roughness or fractal geometry, electrode porosity,
and current/potential distributions associated with electrode geometry [71]. The coatings
of samples S1, S2, and S3 with high-frequency range for total impedance are shown in
Table 7. Sample S2 has passed a lower amount of CPE as the geometry of the etched
surface is more regular, and this caused less distribution of stationary-phase elements on
the surface (Figure 5) [72].

Rct in the fitted equivalent circuit is related to the charge transfer resistance on the
surface of the sample under the impedance test, which indicates the kinetics of charge
transfer at the interface between the sample and the corrosive solution and is related to
corrosion reactions. The size of the diameter of the semicircle in circuits with one constant
phase element indicates the value of Rct. The higher this value is, the lower the kinetics
of the corrosion reaction on the surface of the sample, which, as a result, indicates higher
corrosion resistance [73]. So, the higher this Rct, the more corrosion-resistant the coating
and the lower the corrosion rate. According to Table 7, sample S2 has the highest value
of Rct, indicating the greater corrosion resistance of this sample; on the opposite side,
sample S1 has the lowest value of Rct, followed by the lowest corrosion resistance. On the
other hand, by measuring the diameter of the semicircles in Figure 5, it is also possible to
determine the value of Rct in the samples. CPE shows the amount of penetration into the
passive layer formed on the samples; with the increase in CPE, the amount of defects in the
passive layer on the samples increased. The corrosive solution caused the surface corrosion
of the samples to occur more easily. As is clear in Table 7, sample S2 had the lowest amount
of CPE and, as a result, the highest amount of corrosion resistance.

Due to the presence of nickel, molybdenum, and niobium—which has different con-
ductivity ratio [74]—sample S2 did not pass much electrical current, increasing the initial
resistance of the solution to almost 3500 Ω·cm−2. Measuring the diameter of the semicircles
in Figure 5, it can be verified that the increase in CPE has a direct relationship with the
number of defects (cavities) in the passive layer on the samples, and the electrolyte solution
caused their surface corrosion.

4. Conclusions

In this study, the aim was to investigate surface corrosion in an Inconel 625 coating.
Laser cladding was the selected deposition process, and it was performed with differ-
ent laser powers on the Inconel 738 substrate. Potentiodynamic polarization (Tafel) and
electrochemical impedance tests were performed, and the conclusions are summarized
as follows:

1. The cross-sectional images of the coated samples showed that the laser power has
a significant influence on the widening of the heat-affected zone (HAZ) and the
thickening of the layer attached to the surface.
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2. Corrosion morphologies on the surfaces of the samples were pitting and cavity types
caused by laser power and surface interactions with the electrolyte (3.5% NaCl).

3. The situated molybdenum and chromium ions within the pores and cavities helped
to maintain the protective layer and decreased the corrosion rate.

4. Nickel ions can increase the pH of the electrolyte solution, which induces a faster
and easier formation of the passive layer, occupying a larger area according to the
electrochemical phase diagram, and consequently reducing the corrosion rate.

5. The lower value of CPE in the electrochemical impedance curve of sample S2 indicated
that the corrosion kinetics in this sample is lower than in other samples. This is a
result of the fact that a lower current density of the corrosive solution reacts with the
surface of the sample.

6. A higher amount of Mo, Cr, and Nb elements in the S2 sample caused a faster
and more resistant passive layer in this sample compared to other samples, which
led to the superior corrosion resistance of this sample in Tafel and electrochemical
impedance tests.
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55. Kozaderov, O.; Światowska, J.; Dragoe, D.; Burliaev, D.; Volovitch, P. Effect of Cr(III) passivation layer on surface modifications of

zinc-nickel coatings in chloride solutions. J. Solid State Electrochem. 2021, 25, 1161–1173. [CrossRef]
56. Li, W.; Cao, R.; Xu, L.; Qiao, L. The role of hydrogen in the corrosion and cracking of steels—A review. Corros. Commun. 2021, 4,

23–32. [CrossRef]
57. Salarvand, V.; Sohrabpoor, H.; Mohammadi, M.; Nazari, M.; Raghavendra, R.; Mostafaei, A.; Brabazon, D. Microstructure and

corrosion evaluation of as-built and heat-treated 316L stainless steel manufactured by laser powder bed fusion. J. Mater. Res.
Technol. 2022, 18, 4104–4113. [CrossRef]

58. Lyon, S. Corrosion of Molybdenum and its Alloys. Shreir’s Corros. 2010, 3, 2157–2167. [CrossRef]
59. Scendo, M.; Staszewska-Samson, K.; Danielewski, H. Corrosion Behavior of Inconel 625 Coating Produced by Laser Cladding.

Coatings 2021, 11, 759. [CrossRef]
60. Gui, W.; Zhong, C.; Gu, J.; Ding, Y.; Wang, X.; Wu, T.; Liang, Y.; Qin, J.; Qu, Y.; Lin, J. Laser-clad Inconel 625 coatings on Q245R

structure steel: Microstructure, wear and corrosion resistance. NPJ Mater. Degrad. 2022, 6, 37. [CrossRef]
61. Bakkar, A.; Ahmed, M.M.; Alsaleh, N.; Seleman, M.M.E.-S.; Ataya, S. Microstructure, wear, and corrosion characterization of high

TiC content Inconel 625 matrix composites. J. Mater. Res. Technol. 2018, 8, 1102–1110. [CrossRef]
62. May, Z.; Alam, K.; Nayan, N.A. Recent Advances in Nondestructive Method and Assessment of Corrosion Undercoating in

Carbon–Steel Pipelines. Sensors 2022, 22, 6654. [CrossRef]
63. Zhang, B.; Xiu, M.; Tan, Y.T.; Wei, J.; Wang, P. Pitting corrosion of SLM Inconel 718 sample under surface and heat treatments.

Appl. Surf. Sci. 2019, 490, 556–567. [CrossRef]
64. Cook, W.G.; Olive, R.P. Pourbaix diagrams for chromium, aluminum and titanium extended to high-subcritical and low-

supercritical conditions. Corros. Sci. 2012, 58, 291–298. [CrossRef]

http://doi.org/10.1021/acs.iecr.1c00788
http://doi.org/10.3390/ma13245805
http://www.ncbi.nlm.nih.gov/pubmed/33352677
http://doi.org/10.1149/2.0471911jes
http://doi.org/10.1515/htmp-2020-0077
http://doi.org/10.1016/S0924-0136(01)00522-2
http://doi.org/10.1016/j.matdes.2014.10.086
http://doi.org/10.35848/1882-0786/ac8414
http://doi.org/10.1007/s11661-010-0319-y
http://doi.org/10.3390/ma15124198
http://www.ncbi.nlm.nih.gov/pubmed/35744256
http://doi.org/10.1016/j.scriptamat.2004.03.017
http://doi.org/10.1142/S0217979208048772
http://doi.org/10.1016/j.jmatprotec.2014.10.024
http://doi.org/10.1007/s10853-021-06577-8
http://doi.org/10.1007/s10853-022-07499-9
http://doi.org/10.1007/BF02670621
http://doi.org/10.1016/S0921-5093(02)00420-3
http://doi.org/10.1016/j.corsci.2009.04.019
http://doi.org/10.1533/9781845694050.3.499
http://doi.org/10.1007/s10008-021-04898-x
http://doi.org/10.1016/j.corcom.2021.10.005
http://doi.org/10.1016/j.jmrt.2022.03.156
http://doi.org/10.1016/b978-044452787-5.00106-2
http://doi.org/10.3390/coatings11070759
http://doi.org/10.1038/s41529-022-00247-z
http://doi.org/10.1016/j.jmrt.2018.09.001
http://doi.org/10.3390/s22176654
http://doi.org/10.1016/j.apsusc.2019.06.043
http://doi.org/10.1016/j.corsci.2012.02.002


Metals 2023, 13, 367 16 of 16

65. Selvig, A.; Huang, X.; Kim, D.J.; Guzonas, D. Surface oxide formation on IN625 and plasma sprayed NiCrAlY after high density
and low density supercritical water testing. Mater. Corros. 2012, 65, 768–777. [CrossRef]

66. Matulis, J.; Sližys, R. On some characteristics of cathodic processes in nickel electrodeposition. Electrochim. Acta 1964, 9, 1177–1188.
[CrossRef]

67. Asselin, E.; Alfantazi, A.; Rogak, S. A Polarization Study of Alloy 625, Nickel, Chromium, and Molybdenum in Ammoniated
Sulfate Solutions. Corrosion 2005, 61, 579–586. [CrossRef]

68. Fesharaki, M.N.; Razavi, R.S.; Mansouri, H.A.; Jamali, H. Microstructure investigation of Inconel 625 coating obtained by laser
cladding and TIG cladding methods. Surf. Coat. Technol. 2018, 353, 25–31. [CrossRef]

69. Fesharaki, M.N.; Razavi, R.S.; Mansouri, H.A.; Jamali, H. Evaluation of the hot corrosion behavior of Inconel 625 coatings on the
Inconel 738 substrate by laser and TIG cladding techniques. Opt. Laser Technol. 2019, 111, 744–753. [CrossRef]

70. Holm, S.; Holm, T.; Martinsen, Ø.G. Simple circuit equivalents for the constant phase element. PLoS ONE 2021, 16, e0248786.
[CrossRef]

71. Pajkossy, T. Electrochemistry of Fractal Surfaces. Encycl. Interfacial Chem. 2018, 121–124. [CrossRef]
72. Jorcin, J.-B.; Orazem, M.E.; Pébère, N.; Tribollet, B. CPE analysis by local electrochemical impedance spectroscopy. Electrochim.

Acta 2006, 51, 1473–1479. [CrossRef]
73. Wang, L.; Li, H.; Liu, Q.; Xu, L.; Lin, S.; Zheng, K. Effect of sodium chloride on the electrochemical corrosion of Inconel 625 at

high temperature and pressure. J. Alloys Compd. 2017, 703, 523–529. [CrossRef]
74. Eliaz, N. Corrosion of Metallic Biomaterials: A Review. Materials 2019, 12, 407. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1002/maco.201206613
http://doi.org/10.1016/0013-4686(64)85009-X
http://doi.org/10.5006/1.3278193
http://doi.org/10.1016/j.surfcoat.2018.08.061
http://doi.org/10.1016/j.optlastec.2018.09.011
http://doi.org/10.1371/journal.pone.0248786
http://doi.org/10.1016/b978-0-12-409547-2.13306-2
http://doi.org/10.1016/j.electacta.2005.02.128
http://doi.org/10.1016/j.jallcom.2017.01.320
http://doi.org/10.3390/ma12030407
http://www.ncbi.nlm.nih.gov/pubmed/30696087

	Introduction 
	Materials and Experimental Procedures 
	Materials 
	Preparation and Process of Laser Cladding 
	Microstructural Characterization 

	Results and discussion 
	Cross-Section Study of Laser Cladding Samples 
	Phase Identification 
	Corrosion Behavior of Inconel 625 Coating 

	Conclusions 
	References

