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Abstract: This study reports the oxidation behavior of a Ni-based alloy used in the manufacture of
valve seats for automotive engine exhaust systems. Isothermal thermogravimetric analyses were
carried out at temperatures of 660, 740, 860, and 900 °C under an oxygen atmosphere for up to 1 h.
At 660 and 740 °C, only one stage was observed during the whole time studied. At this stage, the
oxide layer was formed mainly by NiO + Cr, O3, following a linear oxidation law with a rate constant
(K}) on the order of magnitude of 107 kg/m?s and an apparent activation energy (E,) of ~47 k] /mol.
At 860 and 900 °C, an identical first stage was observed with a transition to a different stage. In
the second stage, the oxidation layer was composed of Cr,O3, and a parabolic oxidation law was
followed with a rate constant (Kj) on the order of 108 kgz/ m?*s and E, of ~128 kJ/mol. Moreover,
the Ni-based alloy formed a dense and compact oxide layer after oxidation, with no apparent cavities,
pores, or microcracks. Characterization techniques such as Scanning Electron Microscopy (SEM),
Energy-Dispersive X-ray Spectroscopy (EDS), Fourier Transform Infrared Spectroscopy (FTIR), and
Raman Spectroscopy were carried out to characterize the formed oxide layer.

Keywords: isothermal oxidation; nickel-based alloy; oxidation kinetics; thermogravimetric analysis

1. Introduction

Nowadays, there is a growing concern over the replacement of environmentally
harmful fuels that emit high levels of pollutants. For this reason, manufacturers are
developing engines powered by cleaner and more efficient fuels that operate at higher
temperatures, such as vehicular natural gas (VNG). This fuel burns almost entirely and
emits lower levels of greenhouse gases and particulate matter than gasoline and diesel.
However, the burning of VNG requires materials resistant to the service conditions inside
the combustion chamber. Consequently, there is an increasing demand for the development
of exhaust system components with superior mechanical and oxidation resistance at high
temperatures. One of the materials used in natural gas engine exhaust valve seats are
nickel-based (Ni) alloys [1-3].

Ni-based alloys are widely used in applications requiring high mechanical strength,
phase stability, and oxidation resistance at high temperatures, especially those with pre-
cipitation hardening [4]. Constant studies have been conducted to improve the oxidation
behavior and, hence, expand the application field of these alloys. One route is the addition
of some elements to the Ni-based alloys, such as Cr and Al. These elements can promote
the formation of NiCr;Oy4, Cr,03, and Al,O3 protective layers [5-10]. The Ni-based alloy
used in the manufacture of natural gas engine exhaust valve seats has a high concentration
of Cr, Fe, W, Co, and Mo to yield the properties required for this application [11,12].
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Valves are used to control the flow of gas into and out of cylinders in internal combus-
tion engines, i.e., they control the intake and exhaust processes of the automotive engine.
In this type of engine, the valve-seat is the surface against which an intake or an exhaust
valve rests during the engine operating cycle. Incorrect positioning or any imperfections
formed during the manufacture can cause valve leakage, thus impairing the compression
ratio of the engine and consequently its efficiency, performance, and service life [13-15].

This is one of the problems that highlights the importance of understanding the high
temperature oxidation behavior, as the formation of oxides over the surface modifies the
dimensions of the component during operation. Furthermore, valve seats are usually
applied under an aggressive temperature condition, involving water vapor and other gases
from the combustion process. Continued operation under these conditions may cause
oxidation and wear of the material, leading to component failure [3,16-18]. The constant
pursuit for lighter, more efficient, and more powerful engines tends to make the valve seats’
operating environment even more severe.

The alloy studied in this survey exhibits proven mechanical resistance at high temper-
atures and is already applied in natural gas engine exhaust valve seats. However, there
is a lack of studies in the literature on its oxidation behavior. Thus, this study aims to
understand the oxidation behavior under an O, atmosphere at different temperatures
(660900 °C) of a Ni-based alloy with high Cr, Fe, W, Co, and Mo contents. For this, thermo-
gravimetric analyses were performed, and the oxide layer that formed was characterized
using SEM/EDS, FTIR, and Raman spectroscopy.

2. Materials and Methods
2.1. Samples Preparation

The material used in this study was exhaust valve seats manufactured from a Ni-
based alloy supplied by a metallurgical company located in the interior of the state of Rio
Grande do Sul, Brazil (Figure 1a). The nominal chemical composition range, provided
by the supplier, in wt.%, is Ni (bal.), 24-28Cr, 10-11Fe, 8-10.5W, 8-10.5Co, 8-10.5Mo,
1.2-1.5C, and 0.7-1S5i. For the thermogravimetric analyses, the samples with dimensions of
@ 2.5 mm x 2 mm (Figure 1b) were cut by electric discharge machining to fit into the
thermal analyzer chamber. Afterwards, the samples were sanded on both faces and on
the circumference, using water sandpaper and following a sequence of 220, 400, 600, and
1200 granulations. Then the samples were cleaned using an ultrasonic bath in acetone
for 5 min to remove grease and surface residues. All samples were carefully measured in
diameter and length and weighed on a precision analytical balance. From this data, it is
possible to calculate their respective mean surface area as well as determine a mean value
for alloy density prior to thermal analysis.

Figure 1. Exhaust valve seats: (a) as received from the supplier and (b) samples prepared for
thermogravimetric analyses.
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2.2. Isothermal Oxidation Tests

The thermogravimetric analysis (TG) was performed using a Netzch ST 409 instrument
in three steps: (i) A sample was heated up to 950 °C with a heating rate of 10 °C/min
under constant O, flow (~80 mL/min) with non-isothermal heating. Subsequently, the
mass variation data obtained were used to set the isothermal analysis parameters, with
temperatures of 660, 740, 860, and 900 °C selected. (ii) The samples were heated under
constant argon flow (~80 mL/min) until the set temperature was reached, aiming to reduce
the initial oxidation. Upon reaching the set temperature, the argon flow was switched to
the oxygen flow and maintained for 60 min during the isothermal. (iii) Cooling the samples
until room temperature under constant oxygen flow (~80 mL/min). Three samples were
used to assess the oxidation behavior at each temperature. Figure 2 illustrates the steps of
the described process.

660 °C
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| |
| |
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()]
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Figure 2. Experimental procedure adopted for isothermal thermogravimetric analysis.

The rate law for oxidation kinetics is given by y = (w/A) = Kt" + C [19-21], where w/A
is the mass gain per unit area at time t, K the rate constant, n the oxidation rate index, and
C the integration constant. Thus, the data obtained from isothermal analysis were plotted
as log y versus log t, determining n for each set temperature previously. The mass variation
curves as a function of time were linearized to determine K, and the apparent activation
energy (E,) for the nickel-based alloy was determined from the slope of the plotted curve
of In K versus 1/T [19,22,23], since there is a dependence of the reaction rate with the
temperature. The Arrhenius equation for temperature dependence can be described by
K = Ky exp(—AE,/RT) [24,25], where K is the pre-exponential factor, R is the gas constant
(8.314 J/mol K), and T is the absolute temperature (K).

2.3. Materials Characterization

The microstructure of the Ni-based alloy was characterized before and after the ox-
idation process at different temperatures using a Phillips FEG X-L30 scanning electron
microscope (SEM) equipped with an energy dispersive X-ray spectroscopy (EDS) system.
The SEM micrographs were inspected using the Image] software to estimate the relative vol-
ume fractions of each phase. The oxide layers formed were analyzed by Fourier transform
infrared (FTIR) spectroscopy using a PerkinElmer Spectrum GX spectrometer. Reflectance
mode with a spectral resolution of 4 cm~! from 4000 to 400 cm~! was carried out. An
amount of 30 scans was acquired and the mean of them was plotted as adsorption. Supple-
mentary FI-Raman spectroscopy measurements were also performed using a Bruker RFS
100/S spectrometer with an excitation source of a YAG:Nd laser (1064 nm).
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3. Results and Discussion
3.1. Nickel-Based Alloy Characterization

The Ni-based alloy micrographs showed two main phases (brighter and darker back-
ground) and some pores, as shown in Figure 3a,b. The EDS spectra results revealed the
elements in each phase (Figure 3c). The brighter phase has as major elements W, Si, Cr, Ni,
and Mo, and the darker phase has as major elements Cr, Ni, and Fe. Using the Olympus
Pro 5 software, the carbide and austenite phase volume fractions were estimated to be 25%
and 75%, respectively. Although the austenite phase has Cr, Fe, and Ni as major elements,
others may be present in the matrix due to the formation of small carbide precipitates
and/or in solid solution (Figure 3c).
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Figure 3. BSE SEM micrographs of the Ni-based alloy: (a,b) chemical contrast of the microstructure;
and (c) EDS spectra of the different phases.

3.2. Thermogravimetric Analysis

The non-isothermal analysis carried out to set the isothermal oxidation temperatures is
shown in Figure 4. The mass of the alloy has increased, exhibiting two different behaviors:
(i) the curve shows a dy/dT slope that is practically constant between 500 and 740 °C;
(ii) the curve undergoes a decrease in its slope due to the transition at 770 °C. Based on
this observation, the temperatures of 660, 740, 860, and 900 °C were selected to perform
the isothermal oxidation analysis with two temperatures from each region of the non-
isothermal analysis.

The mass gain plot (per unit surface area) as a function of the exposure time is shown
in Figure 5. The mass gain increased with increasing temperature, indicating that the
oxidation rate also increased. The alloy shows the lowest mass gain at 660 °C, following a
linear behavior until the completion of the analysis. Similar behavior was exhibited during
exposure to 740 °C, but with the plot showing a higher dy/dt slope. The plot behavior
changed at 860 °C, following a linear behavior until ~2400 s and subsequently undergoing
a slight deviation. This deviation behavior was maintained at 900 °C but started earlier
(after ~1200 s in this latter isotherm) and in a more pronounced way.
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Figure 4. Mass variation per unit surface area as a function of the temperature for the Ni-based alloy.
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Figure 5. Mass variation per unit surface area as a function of the exposure time for the Ni-based
alloy at 660, 740, 860, and 900 °C.

The plots of mass gain as a function of time were linearized according to the oxidation
rate index (n), which is determined from the log y versus log t plots. The oxidation rate
index was assumed to be 1 for values found between 0.90 and 1.10. For values between
0.4 and 0.6, an index value equal to 0.5 was assumed. This approximation was taken
to keep coherence between the units of the rate constants in the graph In K versus 1/T.
The graphs log y versus log t plotted for the alloy at 660 °C showed a value of n = 0.91
with a linear correlation coefficient R? = 0.997 (Figure 6a). No significant change in the
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log y (Kg/mz)

curve d(log y)/d(logt) was observed, indicating that the oxidation mechanism does not
seem to change during the analysis. Assuming the value 1 for 1, the mass gain curve as
a function of time was linearized (Figure 6b). As a result, it was found to have a value of
1.29 x 107 kg/m?s for this oxidation rate constant (K)).
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Figure 6. Mass variation per unit surface area as a function of the exposure time for the Ni-based
alloy at 660 °C: (a) log y versus log t to determine the oxidation rate index () and (b) y versus f to
determine the linear oxidation rate constant (K;).

Following a similar procedure (Figure S1), the sample at 740 °C showed the same value
for 1 (0.91) and a K| with the same order of magnitude (2.00 x 10~ kg/m?s). Nonetheless, it
is slightly higher when compared to a sample analyzed at 660 °C. Numerically, it expresses
an increase in the reaction rate when the temperature is changed from 660 to 740 °C,
however, without changing the oxidation mechanism.

The mass variation of the material at 660 and 740 °C was linear throughout the
isothermal oxidation during the exposure time investigated. It indicates that the oxidation
mechanism at these conditions is controlled mainly by the rate of oxygen reaction with the
metallic substrate. This occurs when the oxide layer formed on the metallic surface allows
direct access of oxygen to the metal-oxide interface because of porosities, microcracks, and
cavities (i.e., when the formation of a continuous oxide layer does not take place on the
metallic surface) or when the diffusion process occurs through a protective layer with a
constant thickness [19,26-28]. In this case, the oxidation rate remains constant over time
and is expressed as x = K1t + C, where x is the mass gain per unit area or oxide thickness.

The graph log y versus log t plotted for the material at 860 °C showed a behavior
deviation after ~2400 s with the d(log ) /d(log t) undergoing a significant change, as shown
in Figure 7. The n value changes from 1.08 to 0.51 and shows two oxidation stages with
different kinetic behaviors. The first stage (linear) occurred until 2400 s, and the second
stage (parabolic) started from this time, indicating that the reactions are controlled at the
interface (linear) during the initial stage and by diffusion (parabolic) subsequently. Metals
and alloys exposed to high temperatures tend to follow this parabolic oxidation kinetics,
in which oxide thickening occurs by diffusion of ions through the layer via structural
defects [29-31]. The reaction rate following the parabolic kinetics is inversely proportional
to the mass or the oxide layer thickness formed [19] and it is expressed by x? = 2Kt + C.
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Figure 7. Log of the mass variation per unit surface area as a function of the exposure time
for the Ni-based alloy at 860 °C to determine the oxidation rate index (1) for the two different
oxidation stages.

The curves plotted to obtain the liner (K;) and parabolic (K},) constant rates from
two-stage oxidation for the sample at 860 °C are shown in Figure 8. In the first stage
of oxidation (Figure 8a), K; = 2.96 x 10~® kg/m?s was calculated. This value is slightly
higher than previously found at 660 and 740 °C. Before determining the Kp value, the
time scale of the second stage was set to 0.5 in order to linearize the curve, and a value of
Kp =2.49 x 1078 kg?/ m*s was found; see Figure 8b. The sample at 900 °C also exhibited
two-oxidation stages behavior (Figure 52), however, with the second stage being more
noticeable. In the first stage, the linear behavior (K| = 5.22 x 107° kg/m?s) remained
until 1200 s in the isotherm. Then, the oxidation kinetics changed from linear to parabolic
behavior, with K, = 3.96 X 1078 kg?/m?s. All kinetic parameters calculated from the
thermogravimetric analysis are summarized in Table 1.
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Figure 8. Mass variation per unit surface area as a function of the exposure time for the Ni-based
alloy at 860 °C to determine the linear (K;) and parabolic (Kp) oxidation rate constants: (a) first stage
and (b) second stage.
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Table 1. Kinetic parameters determined from the thermogravimetric analysis of the Ni-based alloy

under study.

Oxidation Rate Index (n)

Temperature (°C) 1st Stage 2nd Stage K; (kg/m?s) K, (kg*/m's)
(Linear) (Parabolic)
660 0.90903 (1) - 1.2898 x 10 -
740 0.91528 (1) - 2.0058 x 10~° -
860 1.08216 (1) 0.51352 (0.5) 29629 x 107¢  2.49343 x 1078
900 0.90381 (1) 0.53096 (0.5) 52203 x 107®  3.96464 x 108

The apparent activation energies for the linear and parabolic stages of oxidation were
determined using the Arrhenius plot, as shown in Figure 9. Table 2 summarizes the data
used to determine E, values.

-10 10
B In K versus 1/T (1st stage)
regression line
-124 m 12
-—
w In & = -5686.22306/ T -7.50044 I 5
~ =144 14X
£ E_ 4727 kd/mol il
g &
X 6 16 3
- O In Kp versus 1/ T (2nd stage) o
- o regression line -
O
-184 -18
In K =-15412.31064/7-3.90573
E_, 128.14 kJ/mol
-20 T T -20
0.8E-3 0.9E3 1.0E-3 1.1E3

T

Figure 9. In of the linear (Kj) and parabolic (K;) oxidation rate constants as a function of the inverse

exposure time (K~!) to obtain the activation energy (E,) for the two different oxidation stages.

Table 2. Data used to determine the apparent activation energy for the two oxidation stages of the

Ni-based alloy under study.

E;q1 (kJ/mol) E;> (kJ/mol)

UT (K1) InK; (kg/m?s) InK,, (kg?/m?s) 1st Stage 2nd Stage
(Linear) (Parabolic)
1.07164 x 103 —13.56102 - )
9.87021 x 10~* —13.11947 - 4797
8.82496 x 10~4 —12.72934 —17.50703 ’
8.52046 x 10~ ~12.16296 ~17.04328 128.14

E, was calculated to be 47 k] /mol and 128 kJ /mol for the linear and parabolic oxidation
stages, respectively. It is challenging to compare E; values for two different oxidation
mechanisms because of the different operating factors. However, this increase in E, is
expected when changing from the linear to the parabolic stage because in the linear stage
the main controlling factor is the chemical reaction between the species involved, and
in the parabolic stage, there is also the diffusion factor controlling the reaction rate and
being another energy barrier. The comparison between E; values in different studies is
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also difficult because there is a strong dependence between the studied system and the
chemical composition [32,33]. Nevertheless, Calvarin et al. [33] reported a value ranging
between 96 and 171 kJ/mol for the formation of Cr,O3, which is the main oxide formed
in the studied alloy, as shown later. Another factor that may contribute to the lower
E, value in the first stage of oxidation is the presence of NiO, since Ishida et al. [32] found
values ranging between 17 and 56 k] /mol for the formation of this oxide. It is worth noting
that for the parabolic stage, there may be a significant error associated with the value of
E, because only two points were used to obtain the slope. However, since the parabolic
mechanism was reached at only two temperatures, this was the approach that we had to
apply to estimate the E,.

3.3. Characterization of the Formed Oxide Layer

It is possible to observe that the aspect of the samples after oxidation was different
for each temperature, as shown in Figure 10. The samples oxidized at 660 °C presented
a slightly green color when compared to the sanded sample (standard). The samples at
740 °C, 860 °C, and 900 °C presented blue, gold, and darkened colors, respectively. The
color difference presented is due to the thickness and the type of the oxide layer formed
during the analysis.

(b)
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Figure 10. Ni-based alloy characterizations before and after the oxidation analyses at 660, 740, 860,
and 900 °C: (a) FTIR and (b) FT-Raman.

The FTIR spectra (Figure 10a) showed that the vibrational Cr—O bonds associated
with Cr,O5 at ~770, 630, 570, 450, and 420 cm ™! [34,35] emerged at 660 °C. The signal
remains practically constant until 740 °C; however, there is a significant increase from
860 °C. This indicates that the formation of the Cr,O; layer is still at a very early stage up to
a temperature of 740 °C, while its formation is well defined and predominant on the sample
surface at 860 °C and 900 °C. Furthermore, it is indicative that the second oxidation stage
demonstrated in Figures 7-9 is related to the Cr,O3 formation, given the large difference in
peak intensity.

The FT-Raman spectra (Figure 10b) show that the Cr,O3 signal at 660 and 740 °C was
relatively low in intensity and showed no apparent change in this temperature range. At
a temperature of 860 °C, the intensity of the peaks increased substantially and remained
the same at 900 °C. In addition, peaks related to NiCr,O4 (NiO + Cr,O3) formation were
identified at ~431, 515, 560, 705, and 800 cm~!. The sharp peak around ~740 ecm~ ! s
due to the noises. The peaks for the NiCr,O4 phase remain practically unchanged with
increasing temperature, while those for the Cr,O3 phase increase significantly. This finding
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further supports the suggestion that the second oxidation stage is controlled by reduced Ni
diffusion and increased Cr concentration in the outermost oxide layer.

The morphologies of the oxide layers formed at 600, 740, 860, and 900 °C were
investigated by SEM, as shown in Figure 11. The oxide layers are composed of small
crystalline grains. Moreover, the shape and size of these crystals change with temperature.
The oxides formed at 900 °C presented the largest grain sizes and more uniformity when
compared to the oxides formed at lower temperatures due to the higher diffusivity of
the species. Often, the oxide layers cover the entire surface of the substrate, including
defects (caused during the sample preparation) and pores. It is essential to observe that
the oxide layer did not break up or even detach at any of the temperatures analyzed. As
the experiments were carried out under isothermal conditions, this environment (under
specific conditions) may have contributed.

Figure 11. SEM micrographs of the Ni-based alloy after the oxidation test: (a,b) 660 °C; (c,d) 740 °C;
(e,£) 860 °C; and (g,h) 900 °C.
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Spot EDS analyses performed on the cross-section of the oxide layer formed at the
different temperatures, shown in Figure 12, revealed that the oxide is mainly composed
of Cr and Ni. It is also observed that Ni content was reduced, whereas Cr content
increased with increasing temperature. Although the criterion of standard Gibbs
formation free energy indicates the existence of a pronounced difference in the stability
of oxides between CryO3 [4/3 Cr (s) + Oy (g) =2/3 Crp03 (s); AG® = —602.2 k] /mol] and
NiO [2Ni (s) + Oy (g) = 2NiO (s); AGo = —319.3 k] /mol] at 600 °C—facilitating the
preferential oxidation of Cr —, the amount of Cr present in the metallic matrix is not
sufficient to support the formation of a single continuous Cr,O3 oxide layer at low
temperature [33,36-38]. This occurs because Cr preferentially diffuses from the grain
boundaries to bulk regions and, as the Cr diffusivity decreases with lowering temperature,
a long time is required for an enrichment of Cr in the oxide layer. Thus, the oxide layer
formed at lower temperatures (660 and 740 °C) consists of a continuous NiO layer with
Cr,O; particles reacting with NiO to form NiCr,O4 particles [25,33]. As the oxidation
temperature increases, the diffusion coefficient of Cr increases, decreasing the critical time
for the formation of a protective Cr,Oj layer [33]. The formation of a continuous Cr,O3
layer hinders the diffusion of Ni?* cations through the oxide. This occurs because of the
radius size difference between Ni?* and Cr** of ~0.070 nm and ~0.062 nm, respectively.
It is well known that there is a correlation between size and charge species, as well as
their mobility in a specific medium, being more accessible according to the smaller particle
size [39]. In this way, Cr diffusion occurs preferentially in the system compared to Ni. This
may explain the reduction of the Ni content and the increase of Cr in the oxide layer with
increasing temperature.
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Figure 12. Cr and Ni contents in the oxide layers formed on Ni-based alloy as a function of
the temperature.

An inspection of the cross-section of the sample oxidized at 900 °C, shown in
Figure 13, reveals that the oxide layer formed does not appear to have any cavities, pores,
or microcracks. These aspects could allow the direct access of oxygen to the metal sub-
strate, influencing the oxidation kinetics of the alloy. In Figure 13b, the calculated average
thickness for the oxide layer is approximately 2 um. Additionally, no internal oxidation
was observed through cross-section analysis.



Metals 2023, 13, 49 12 0f 15

‘ )’
%
|
T
\
Alloy I ' Alloy:
b k I3
AccV  Spot Det WD Exp u | AccV  Spot Det WD Exp FH——— 1m
250 kV 3.0 SE 92 1 UFSCar - DEMa - LCE - FEG 25.0kV 3.0 SE 92 1 UFSCar - DEMa - LCE - FEG
g i

Figure 13. SEM micrographs of the nickel-based alloy after the oxidation analysis at 900 °C with
emphasis on the oxide layer formed: (a) lower and (b) higher magnification.

Based on this value of average thickness of the oxide layer and the initial dimensions
of the samples, the density of the oxide formed was estimated. The mass and volume
of the oxide layer was assumed to be equal to the differences between the masses and
volumes before and after the oxidation process. The estimation was made according to the
following equation:

AW 0.26957 mg

g
_ _ — 527 1
Por = Y = 53636 mm® — 9.8125 mmd M)

cm3

where: AW is the mass change, Vo is the volume after the oxidation process, and Vs
is the volume of the sanded sample (before oxidation). The obtained data are presented
in Table 3.

Table 3. Average dimensions and mass of the samples before and after the oxidation process

at 900 °C.
Sample Mass Thickness Height Diameter Volume  Density
P (mg) (um) (mm) (mm) (mm?) (g/cm?)
Standard (sanded)  79.80000 - 2.0000 2.5000 9.8125 8.13
Oxidized (900 °C)  80.06957 - 2.0040 2.5040 9.8636 -
Oxide layer 0.26957 ~2 ) ) 0.0511 5.27

Note that the height and diameter values after oxidation show an increase of 4 um,
relative to the oxide layer thickness of 2 um at each extremity of the sample. Comparing
the density value for the formed oxide after alloy oxidation at 900 °C (5.27 g/cm?) with
previous studies for the density of Cr,Oj3 (5.21 g/cm?) [40], the obtained result suggests
the oxide layer formed is mainly composed of Cr,O3;. Moreover, this small deviation of
density to higher values may have been caused by the presence of NiO, since this oxide
presents a higher density (6.67 g/cm?) than Cr,0s3.

4. Conclusions

In summary, this survey demonstrated the oxidation behavior of a nickel-based alloy
used in natural gas engine exhaust valve seats when exposed to an oxygen atmosphere
at temperatures ranging from 660 to 900 °C. From the presented data, the following
conclusions can be drawn:
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1.  Based on the designed kinetic parameters, the oxidation rate increases as the tempera-
ture increases;

2. The samples exposed at 860 and 900 °C exhibited two stages of oxidation, while at
660 and 740 °C, only one stage was observed;

3. The first stage (linear behavior) was led by the oxygen reaction rate with the alloy
surface. The second stage (parabolic behavior) was led mainly by Ni and Cr species
diffusion through the formed oxide layer;

4. The apparent activation energy for the first and second stages was 47 k] /mol and 128
kJ/mol, respectively;

5. The Cry0; layer that formed on the samples exposed at 900 °C presented a potentially
protective character, with no noticeable cavities, pores, or microcracks.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/met13010049/s1, Figure S1: mass variation per unit surface area
as a function of the exposure time for the nickel-based alloy at 740 °C; Figure S2: regression lines
two-stages at 900 °C.
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