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Abstract: MCrAlYHf bond coats are employed in jet and aircraft engines, stationary gas turbines,
and power plants, which require strong resistance to oxidation at high temperatures. This study
investigated the oxidation behavior of a free-standing CoNiCrAlYHf coating with varying surface
roughness. The surface roughness was analyzed using a contact profilometer and SEM. Oxidation
tests were conducted in an air furnace at 1050 ◦C to examine the oxidation kinetics. X-ray diffraction,
focused ion beam, scanning electron microscopy, and scanning transmission electron microscopy were
employed to characterize the surface oxides. The results show that the sample with Ra = 0.130 µm
demonstrates better oxidation resistance compared to Ra = 7.572 µm and other surfaces with higher
roughness in this study. Reducing surface roughness led to a decrease in the thickness of oxide
scales, while the smoothest surface exhibited increased growth of internal HfO2. The β-phase on
the surface with Ra = 130 µm demonstrated faster growth of Al2O3 compared to the γ-phase. An
empirical model was suggested to explain the impact of surface roughness on oxidation behavior
based on the correlation between the surface roughness level and oxidation rates.

Keywords: free-standing CoNiCrAlYHf coating; surface roughness; alumina scale; oxidation kinetics

1. Introduction

Materials used to produce components for high-temperature equipment, such as
aircraft engines, gas turbines in jet motors, stationary turbines, and power plants, must have
several exceptional features, such as low-temperature ductility, high creep resistance, and
oxidation resistance at a wide range of working temperatures, environments, and pressure
conditions [1–4]. The Ni-based superalloys family meets these specifications [5]. The
durability of metals decreases at high temperatures owing to high-temperature corrosion,
which is primarily caused by the interaction between metals and oxygen [6]. Turbine blades
and other high-temperature components of aerojet engines have greatly benefited from the
use of Ni-based single-crystal (SC) superalloys because of their superior high-temperature
mechanical capabilities [7]. Oxidation is one of the most critical evaluation indicators
of the high-temperature performance of high-temperature alloy systems because it can
cause de-alloying corrosion, loss of surface strength, cracking, and eventual collapse [8].
Thermal barrier coatings are often used to prevent the oxidation of alloys [9,10]. Significant
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thermal disturbances, mechanical strain, and partial stress loading on turbine blades
during operation may result in the cracking or spalling of the protective coating [11].
However, coatings cannot be applied to certain locations, such as film perforations on
cooling turbine blades [12]. Consequently, understanding the substrate behavior in an
oxidative environment is essential [13]. However, the morphological compositions and
structures of the oxide scales of solitary Ni-based crystal superalloys are complex [14].
Currently, the major determinant of oxidation behavior is the composition of various
elements, including Al, Ta, Si, Hf, and Re [15,16]. Numerous studies have investigated the
oxidation behavior of Ni-based superalloys [17], including their oxidation kinetics and the
oxide layer microstructure [18,19]. Owing to the feasibility of the experiment, the oxidation
kinetics are widely described in terms of changes in mass [20]. Generally, the mass gain is
speculated to follow a curved response to the oxidation duration. However, recent studies
have reported several phases of parabolic curves [21,22].

Pei et al. [23] differentiated four oxidation phases in the calculated parabolic curves
for the Ni–4.0Cr–5.7Al single crystal superalloy. Pfennig and Fedelich [24] observed two
distinct oxidation phases on a single crystal PWA1483. Another study [25] suggested
two-step oxidation kinetics. Although various studies have identified several stages of the
oxidation kinetics, the differences between a single parabolic law and numerous phases
have not been fully acknowledged. Extensive research [26–28] has confirmed that surface
roughness may change the oxide microstructure of Ni-based superalloys, thereby influ-
encing their oxidation resistance [29]. Evans [4] and Sun et al. [30] demonstrated that
increasing the initial surface roughness resulted in a decreasing oxide resistance. Multiscale
characterization approaches were used to investigate the oxide-scale microstructure and
composition generated on a Ni–Co-based superalloy following oxidation at 900 ◦C in air
for 100 h. Continuous surface oxide scale and interior oxides were preferentially formed
along the grain boundaries. Transmission electron microscopy (TEM) and transmission
Kikuchi diffraction (TKD) indicated that the grain boundary oxides were mostly equiaxed
nanosized Al2Ti7O15. Al2Ti7O15 has several plane defects that can act as rapid diffusion
routes for the inward diffusion of oxygen, causing preferential grain boundary oxida-
tion [7]. An Ni-based superalloy with an ultrafine-grained surface (UFGS–GTD111) and its
polycrystalline equivalent (CP–GTD111) were compared for oxidation in Ar + 20% O2 at
900 ◦C. The surface of UFGS–GTD111 exhibited more GBs and dislocations than that of
CP–GTD111, which accelerated the diffusion of scale-forming elements and oxygen anions
near the oxidation zone. UFGS–GTD111 rapidly formed a three-layer oxide film (outer Ti-,
middle Cr-, and inner Al-rich), which improved oxidation. Grain refinement lowered the
Al concentration required to form an essentially continuous alumina layer [31,32].

Herein, the effects of surface roughness were investigated on the oxidation behavior
of a free-standing CoNiCrAlYHf coating at 1050 ◦C in the presence of dry air. The surface
roughness was evaluated using a contact profilometer and scanning electron microscope
(SEM). Energy-dispersive spectroscopy (EDS) was used to determine the composition of
the oxidized material, and SEM was used to identify the structure of the material and its
ability to remain intact. TEM was used to investigate the development in the Al2O3 scale
and its microstructure at 1050 ◦C. In addition, the positions of the active elements (Hf)
in the oxide scales were analyzed. The results show that the sample with Ra = 0.130 µm
demonstrates better oxidation resistance compared to Ra = 7.572 µm and other surfaces
with higher roughness in this study. Reducing surface roughness led to a decrease in the
thickness of oxide scales, while the smoothest surface exhibited increased growth of internal
HfO2. At present, no reports have described the growth characteristics, microstructure, or
composition of oxide scales formed on a free-standing CoNiCrAlYHf coating with different
surface roughness at high temperatures in dry air. Therefore, we decided to conduct
this investigation.
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2. Material and Methods

Herein, a commercially available free-standing CoNiCrAlYHf was investigated. The
chemical composition is listed in Table 1.

Table 1. Chemical composition of the as-received investigated alloy (wt.%).

Element (wt.%) Ni Co Cr Al Y Hf

Sample 1 28 37.1 24 10 0.6 0.3

Square-shaped specimens with dimensions of 10 mm × 10 mm × 2 mm were machined
from cast free-standing CoNiCrAlYHf blocks. Subsequently, all specimens were polished
using a sandpaper and a polish machine up to 2000 grits (100–240, 400, 600, 800, 1000, 1200,
1500, and 2000 grits). All specimens were subjected to the same surface preparation. Next,
five samples were selected as representative samples, which were mechanically polished
to different surface roughness using abrasive paper, except for one sample for which a
sandblasting machine was used in the workshop. The surface of sample 1 was sandblasted
using a sandblasting device, resulting in a rough surface; the surface of sample 2 was
polished up to 100 grits using a sandpaper; the surfaces of sample 3 and 4 were ground
up to 240 and 600 grits, respectively, using abrasives to produce different rough surfaces;
and the surface of sample 5 was polished up to 2000 grits using a sandpaper, resulting in a
smooth surface (Figure 1).
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Figure 1. Schematic of the free-standing CoNiCrAlYHf coating. Square-shaped samples with mea-
surements of 10 mm × 10 mm × 2 mm were machined from the block and polished to different
surface roughness.

Subsequently, the samples were ultrasonically cleaned in ethanol and dried using
a blower. The initial surface roughness was estimated using SEM images, and ImageJ
software was used to build 3D surface images. A standard contact profilometer (SJ-210,
Mitutoyo, Aurora, IL, USA) was used to quantify the surface roughness. The sample
surfaces were examined using SEM before the oxidation test to identify any possible
scratches. The initial weights of all the samples were then recorded before they were
cleaned again and subjected to the air oxidation test. This test was conducted in a horizontal
furnace for 216 h at 1050 ◦C. A schematic of the oxidation device is shown in (Figure 2).
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Figure 2. Schematic of the oxidation test device.

Digital laboratory weight scales were used to determine the actual weight of each
sample at the beginning of the oxidation tests. After every 24 h of oxidation, specimens
were taken out of the furnace, cooled for 30–40 min at room temperature (~24 ◦C), weighed
again, and returned to the furnace. The mass differences were documented during the
oxidation test at 1050 ◦C for samples with different surface roughness. Throughout the
oxidation test, the weight of each specimen with various surface roughness values was
recorded, and the mass change was accurately calculated. X-ray diffraction (XRD) analysis
was performed to identify the type of oxidation that occurred in the materials and the
corresponding phase composition of the samples. Optical morphologies were used to
observe the differences in surface scratches and forms before and after the oxidation test.
Surface SEM was used before and after the oxidation test to monitor the surfaces of the
specimens in close detail. Standard operating procedures were followed to prepare the
metallographic cross-sections. SEM was used to observe and investigate the cross-sections.
TEM was employed to investigate the locations of the active elements (Al and Hf) on the
smoothest surface (2000-grit samples) in the oxide scale at 1050 ◦C in air and the growth
and microstructure of the Al2O3 scale.

3. Results
3.1. Surface Roughness

Representative samples were selected from each surface preparation procedure, and
the corresponding surface roughness values were recorded. The surface preparation
conditions were analyzed using SEM. The SEM images and ImageJ2 software (Fiji GPL
v3) were used to generate 3D surface images (Figure 3). Typical contact profilometer
measurements of the surface roughness were performed using an SJ-210 Mitutoyo. The
surface roughness (Ra) measurements of the sandblasted (Figure 3a), 100-grit (Figure 3b),
240-grit (Figure 3c), 600-grit (Figure 3d), and 2000-grit samples (Figure 3e) are Ra = 7.572,
0.983, 0.733, 0.245, and 0.130 µm, respectively.
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Figure 3. Three-dimensional surface pictures created using scanning electron microscopic images and
ImageJ2 software. Typical contact profilometer (SJ-210 Mitutoyo) measurements of surface roughness.
(a) Sandblasted surface, (b) 100 grits, (c) 240 grits, (d) 600 grits, and (e) 2000 grits.

Thus, the sandblasted surface and 2000-grit samples exhibit the highest and lowest
roughness level, respectively. Figure 4a demonstrates the SEM images of the free-standing
CoNiCrAlYHf coating surfaces before the oxidation test. The surface SEM was used to
ensure that SiC particles were not entrenched at the top of the surfaces in any of the
investigated samples. The micromorphologies of the surfaces of the samples with different
roughness levels were observed, which were produced by polishing them with abrasive
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paper using a polishing machine, followed by mechanical polish using an abrasive paper. A
sandblasted sample was polished with a polishing machine, and its surface was sandblasted
using a sandblasting machine, which created pits on the surface and made it rough and
bumpy. A 100-grit sample was mechanically polished from top to bottom in the scratch
direction (Figure 4a).
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Figure 4. Scanning electron microscopic images of the free-standing CoNiCrAlYHf coating surfaces
before and after the oxidation test. (a) Surface SEM before oxidation, (b) Surface SEM after oxidation.

3.2. Isothermal Oxidation Test at 1050 ◦C

The isothermal oxidation test was carried out at 1050 ◦C to investigate the effect of
varying surface roughness on the free-standing CoNiCrAlYHf coating oxidation behavior.
The alloy with a sandblasted sample exhibits a mass change nearly twice that of the alloy
with a polished surface of 2000 grit (Figure 5). A considerable difference in the mass change
is observed after 20 h of exposure. This trend was evident at the end of the isothermal
oxidation test. An increase in mass is observed during the first 20 h, and then the mass gain
stabilizes at a nearly constant value. A small variation is observed at 168 h, which is the
most significant value for all specimens. The sandblasted, 100-grit, 240-grit, 600-grit, and
2000-grit samples exhibit a mass change per unit area of approximately 0.6, 0.5, 0.39, 0.4,
and 0.3 mg·cm−2, respectively (Figure 5). Optical morphology results after the oxidation
test reveal that the superalloy changes color during oxidation at 1050 ◦C, owing to the
formation of an oxide layer on the top of the surface. The color of the oxide layer is blue,
which is more noticeable on surfaces that have been sandblasted, with a surface roughness
of Ra = 7.572 µm, and the color of the sample with Ra = 0.130 µm changes to a blueish gray.

3.3. Oxide Phase Composition after 216 h of Oxidation

The XRD semi-quantitative analysis technique was used before and after an oxidation
test on free-standing CoNiCrAlYHf to determine the oxide phases present on the surface
of the samples during 216 h of oxidation at 1050 ◦C in air. Figure 6a depicts the XRD
patterns of the sandblasted, 100-grit, 240-grit, 600-grit, and 2000-grit specimen surfaces
before the oxidation test. Ni3Al, CoAl, and Co–Ni–Cr matrices are identified on the
surfaces of the specimens. Moreover, SiC is observed on the sandblasted surface, which
is attributed to the sand entering the surface during sandblasting. Figure 6b shows the
XRD patterns of oxidized specimen surfaces (sandblasted, 100-grit, 240-grit, 600-grit, and
2000-grit) after 216 h of oxidation at 1050 ◦C in air. The oxides of Ni3Al, Al2O3, HfO2, and
spinel (CoCr2O4) are observed on the surfaces. The intensities of the Ni3Al and Al2O3
diffraction peaks on the sandblasted, 100-grit, and 240-grit surfaces are more significant
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than those on the 600- and 2000-grit surfaces. In addition, when the HfO2 and spinel are
low in quantity with smoother surfaces, the intensities of the diffraction peaks decrease.
The intensities of the diffraction peaks of Ni3Al, Al2O3, HfO2, and spinel (CoCr2O4) of
different surface roughness follow the order: sandblasted surface > 100-grit sample > 240-
grit sample > 600-grit sample > 2000-grit sample, implying that the smoother the polishing
surface, the thinner the oxide scale becomes after 216 h of oxidation in air at 1050 ◦C.
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3.4. Surface Microstructural and Cross-Section Analyses

SEM analysis was performed to characterize the oxides surfaces after 216 h of exposure
to a high temperature. The roughness levels of each of the specimens are shown in Figure 4b,
illustrating the differences in the oxidation behavior of surface of each sample. The surface
of each specimen is covered with a fresh layer of oxide particles. All the five sample types
exhibit distinct surface characteristics. However, the oxide particles on the sandblasted
surface exhibit larger diameters than those on the samples with a surface roughness of 100
and 240 grits (Figure 7), indicating a gradual increase of the oxides and a uniform oxide
layer. The oxide particles in the 600-grit sample are widely separated from each other,
which coincides with the oxidation behavior of the sample, shown in Figure 5. The 2000-grit
sample exhibits the smoothest surface; the Ni3Al and HfO2 are speculated to form the oxide
layer in a given surface area. This increased diffusion helps rapidly nucleate the oxide
particles, leading to their higher production. This illustrates the SEM image at various
magnifications. An oxide particle layer is evident on the surface of each sample. At high
magnification, the surfaces of all five types of samples exhibit comparable characteristics.
In addition, the oxide particles on the surface of the sandblasted sample are larger than
those on the surfaces of the 100, 240, 600, and 2000-grit samples.
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The energy distribution of the oxygen scales on the surface was detected using EDS
analysis (Figure 8). The molecular makeup of all samples and selected points under
extremely high magnification are summarized in Figure 8a–e. The oxide scales with the
sandblasted, 100-grit, 240-grit, 600-grit, and 2000-grit surfaces depict mass percentages of
42%O–37%Al–9%Co–4%Cr–6%Ni–2%Hf, 51%O–42%Al–3%Co–3%Cr–1%Ni–0%Hf, 47%O–
43%Al–3%Co–3%Cr–1%Ni–3%Hf, 55%O–41%Al–1%Co–1%Cr–1%Ni–1%Hf, and 45%O–
38%Al–7%Co–6%Cr–4%Ni–0%Hf, respectively. The compositions of the two elements Al
and O are comparable in all samples with a minor fraction of Co, Cr, and Ni elements.



Materials 2023, 16, 4282 9 of 15

Furthermore, the Hf concentration in the specimens with the sandblasted and 240-grit
surfaces is higher, whereas Co and Ni elements are observed in relatively higher fractions
on the sandblasted and 2000-grit surface (Figure 8).
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Figure 9a demonstrates the SEM image of an oxidized 2000-grit surface after 216 h of
oxidation at 1050 ◦C in a dry air environment with two distinct areas: one with considerable
oxide growth (Area 1) and the other with no oxide growth on the surface (Area 2). TEM
was performed on the specimens with increased spatial resolution. A specimen that is
sufficiently thin to transmit an electron beam is necessary, which is possible using a focused
ion beam (FIB). FIB was used to make surface cuts in Area 1 and 2 (Figure 9b,c). TEM
was used to investigate the interior and external structures of the oxide layers. Figure 9d
demonstrates TEM images of the exterior and interior layers of the oxide film formed in
Area 1, indicating the significant oxide growth on the surface. In contrast, Figure 9h shows
the TEM images of the exterior and interior layers of the oxide film formed in Area 2, where
no significant oxide growth is observed on the surface. Figure 9e–g,i–k demonstrate the
matching patterns of the selective area electron diffraction (SAED).

Figure 10 shows the scanning transmission electron microscopy (STEM) cross-sectional
images and EDS spectra of the oxide scale produced on the free-standing CoNiCrAlYHf
coating after 216 h of oxidation in dry air on a sample with a surface roughness Ra of
0.130 µm after being polished with 2000-grit sandpaper. Both Area 1 and 2 surfaces exhibit
a characteristic two-layer alumina grain structure (Figure 10a–d). Both areas include thick
oxide scales that virtually reveal Al2O3 and a layer of shattered HfO2 when subjected to
EDS analysis. The thick oxide scales in Area 1 exhibit significant oxide growth on the
surface, fast growth of Al2O3 in the internal and external oxide layers, and a thin, straight
layer of HfO2 that causes numerous voids in the oxide scales (Figure 10a,b). In contrast, the
oxide scale in Area 2 is thin, dense, and has fewer voids. Compressed layers of Al2O3 and
dispersed grains of HfO2 are observed in the bottom layer of the oxide scale, similar to the
substrate (Figure 10c,d).
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2000 grits surface on Area two.

Figure 11a–e demonstrate the cross-sectional images of samples with different surface
roughness obtained after the isothermal oxidation test. The phases of the alloy, such as
γ-Ni3Al and β-NiAl with low and high Al content, respectively, are readily seen [33]. The
sample with a sandblasted surface is characterized by Al2O3 and Co-/Cr-/Al-rich oxide
production (the most likely mixture of spinel (CoCr2O4) with the local presence of Al2O3
and HfO2 oxides) (Figure 11a). Furthermore, this surface exhibits the thickest oxide scale
and the lowest amount of internal oxide. Some pores are visible on the exterior oxide scale.
The oxide scale produced on the sample with a 100-grit surface roughness (Figure 11b)
is lighter and thinner than that on the sandblasted sample. In addition, the formation of
Al2O3 and HfO2 at the oxide-scale alloy interface is observed. However, HfO2 precipitates
are localized beneath the exterior oxide scale and appear less firmly incorporated into the
alloy grain boundaries than in the case of the sandblasted surface. The internal oxides
near the surface resemble a split, and the HfO2 concentrations are higher in that area.
The internal oxide scale developed on the 240-grit surface roughness sample is scattered
near the surface, with HfO2 making up most of the scattered internal oxide (Figure 11c).
In addition, the oxide scales of Al2O3 and Co-/Cr-/Al-mixed oxides are formed on the
exterior oxide of the alloy. The formation of a Co-/Cr-/Al-mixed oxide, Al2O3, and HfO2
in the oxide scale, as well as many pores and fissures in the exterior oxides, are observed on
a sample with a surface roughness of 600 grit (Figure 11d). The cross-sectional image of the
sample with a 2000-grit surface roughness (Figure 11e) demonstrates a significantly thinner
oxide scale than those formed on the other samples. The compact oxide scale primarily
comprises Al2O3 and HfO2 oxides, with a considerable inner oxide scale located beneath
the HfO2.
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4. Discussion

Variations in the surface roughness were produced using various surface treatment
techniques, which caused a substantial impact on the oxidation behavior of each inves-
tigated alloy. Furthermore, the observed impact has an effect on short-term as well as
long-term isothermal air oxidation of the examined alloys. This is demonstrated by the
presence of the observed effect. Examination of the free-standing CoNiCrAlYHf coating
with a more recognizable chemical makeup revealed that this alloy exhibited the effects of
surface treatment on the oxidation behavior. Three elements were identified based on the
preliminary analysis of the free-standing CoNiCrAlYHf coating, which were speculated to
be primarily responsible for the observed phenomena. The ratios of roughness to surface
development, environment, method of preparation, and introduced defects are examples
of these variables. An increase in the surface roughness was observed based on the surface
development ratio.

Effects of Surface Roughness on the Oxidation Behavior of Free-Standing CoNiCrAlYHf
Oxide Scale

To investigate the effects of different surface roughness on the oxidation behavior of
the free-standing CoNiCrAlYHf coating and initial growth of the oxide scale, the characteri-
zation of the scale area and average thickness on the cross-section of the investigated alloys
are shown in Figure 12. The scale area and average thickness formed in the oxidation test
are significantly larger in the sandblasted sample, with surface roughness Ra = 7.572 µm
at 1050 ◦C in dry air for 216 h compared to that produced in the 2000-grit surface with
Ra = 0.130 µm.

Materials 2023, 16, x FOR PEER REVIEW 13 of 16 
 

 

 
Figure 12. The average thickness and area of the oxide scale formed on the free-standing 
CoNiCrAlYHf coating after being oxidized at 1050 °C for 216 h with different surface roughness in 
air (a) Sandblasted surface with Ra = 7.572 µm; (b) 100 grits surface with Ra = 0.983 µm; (c) 240 grits 
surface with Ra = 0.733 µm; (d) 600 grits surface with Ra = 0.245 µm; (e) 2000 grits surface with Ra = 
0.130 µm; and (f) a histogram of the results. 

The average thickness of oxide scales for 100-grit (Ra = 0.983 µm) and 240-grit (Ra = 
0.733 µm) surfaces are 3.21744 and 3.22356 µm, respectively, which are nearly identical. A 
small discrepancy is attributed to the action of some strip of interior oxide. The average 
thickness of the oxide scale is 3.04272 µm for a 600-grit surface with Ra = 0.245 µm; hence, 
a low surface roughness reduces the oxidation resistance of the free-standing 
CoNiCrAlYHf material, whereas a high surface roughness increases the oxidation 
resistance. The environment exhibited high oxidation resistance. Furthermore, the area 
and average thickness of the oxide scale created during the oxidation test of the 
freestanding CoNiCrAlYHf coating decrease with decreasing surface roughness. Under 
these conditions, the oxidation behavior of this alloy primarily depends on the surface 
roughness, which is consistent with the aforementioned results (Figure 12). The mass 
change graphs show 0.6 mg·cm−2 for the sandblasted surface, 0.5 mg·cm−2 for the 100-grit 
sample, 0.39 mg·cm−2 for the 240-grit sample, 0.4 mg·cm−2 for the 600-grit sample, and 0.3 
mg·cm−2 for the 2000-grit sample as a result of a rise in the surface development ratio. 
When comparing the roughest and smoothest samples, the sandblasted surface had nearly 
double the mass change value (0.6 mg·cm−2) of that of the 2000-grit sample (0.3 mg·cm−2). 
Therefore, oxygen from the atmosphere has a 50% larger absorption area and immediately 
reacts at the start of the oxidation procedure. According to the Le Chatelier–Braun 
direction, when the number of moles of oxygen accessible for a response increases, the 
number of moles of reaction products increases [34]. Furthermore, surface roughness had 
a significant effect on the morphology of the oxide scale. Small Al2O3 and HfO2 grains 
comprised the majority of the smooth surfaces, with the Co-/Cr-/Al-mixed oxide 
preferentially growing above the initial crevices of the base material. Al2O3 appeared 
disproportionately on the rough surfaces. The protrusions were speculated to be the 
locations where Al depletion rapidly occurred before HfO2 diffused outward through the 
Al2O3 grain boundaries. The interfacial decohesion was speculated to occur, owing to the 

Figure 12. The average thickness and area of the oxide scale formed on the free-standing CoNi-
CrAlYHf coating after being oxidized at 1050 ◦C for 216 h with different surface roughness in air
(a) Sandblasted surface with Ra = 7.572 µm; (b) 100 grits surface with Ra = 0.983 µm; (c) 240 grits
surface with Ra = 0.733 µm; (d) 600 grits surface with Ra = 0.245 µm; (e) 2000 grits surface with
Ra = 0.130 µm; and (f) a histogram of the results.
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The average thickness of oxide scales for 100-grit (Ra = 0.983 µm) and 240-grit
(Ra = 0.733 µm) surfaces are 3.21744 and 3.22356 µm, respectively, which are nearly iden-
tical. A small discrepancy is attributed to the action of some strip of interior oxide. The
average thickness of the oxide scale is 3.04272 µm for a 600-grit surface with Ra = 0.245 µm;
hence, a low surface roughness reduces the oxidation resistance of the free-standing CoNi-
CrAlYHf material, whereas a high surface roughness increases the oxidation resistance. The
environment exhibited high oxidation resistance. Furthermore, the area and average thick-
ness of the oxide scale created during the oxidation test of the freestanding CoNiCrAlYHf
coating decrease with decreasing surface roughness. Under these conditions, the oxidation
behavior of this alloy primarily depends on the surface roughness, which is consistent
with the aforementioned results (Figure 12). The mass change graphs show 0.6 mg·cm−2

for the sandblasted surface, 0.5 mg·cm−2 for the 100-grit sample, 0.39 mg·cm−2 for the
240-grit sample, 0.4 mg·cm−2 for the 600-grit sample, and 0.3 mg·cm−2 for the 2000-grit
sample as a result of a rise in the surface development ratio. When comparing the roughest
and smoothest samples, the sandblasted surface had nearly double the mass change value
(0.6 mg·cm−2) of that of the 2000-grit sample (0.3 mg·cm−2). Therefore, oxygen from the
atmosphere has a 50% larger absorption area and immediately reacts at the start of the
oxidation procedure. According to the Le Chatelier–Braun direction, when the number
of moles of oxygen accessible for a response increases, the number of moles of reaction
products increases [34]. Furthermore, surface roughness had a significant effect on the
morphology of the oxide scale. Small Al2O3 and HfO2 grains comprised the majority of the
smooth surfaces, with the Co-/Cr-/Al-mixed oxide preferentially growing above the initial
crevices of the base material. Al2O3 appeared disproportionately on the rough surfaces.
The protrusions were speculated to be the locations where Al depletion rapidly occurred
before HfO2 diffused outward through the Al2O3 grain boundaries. The interfacial de-
cohesion was speculated to occur, owing to the strong roughening of the freestanding
CoNiCrAlYHf coating surface due to sandblasting in combination with growth stresses on
the thermally grown Al2O3 scale. The oxidation kinetics increased with the mass-change
curve. In the early stage of oxidation, outer (Co, Ni)O and spinel (CoCr2O4) were mostly
formed on the surfaces of sandblasted samples with Ra = 7.572 µm and 2000-grit samples
with Ra = 0.130 µm due to the outward diffusion of metal cations reacting with oxygen
at the metal/gas interface. Consequently, the outward diffusion of Cr and Al cations on
the surfaces of 100-grit samples with Ra = 0.983 µm, 240-grit samples with Ra = 0.733 µm,
and 600-grit samples with Ra = 0.245 µm primarily formed the outer spinel (CoCr2O4) and
transitory θ-Al2O3. Due to the presence of Cr and the high temperature oxidation, the
transitory Al2O3 film could be swiftly transformed into a stable single α-Al2O3 film [2,35].
The sample with the rougher surface exhibited flaws in the area close to the surface. The
existence of flaws was a factor that impacted the oxidation behavior of the free-standing
CoNiCrAlYHf coating. Specifically, the creation of a protective oxide scale is caused by
a more significant defect concentration in the material region close to the surface. We
hypothesized that the flaws in Ni would increase the coefficient of diffusion of Al within
the metal. However, it is still unclear whether the imperfection acts as a manageable path
for diffusion or lowers the activation energy needed for recrystallization, which leads to
a higher concentration of grain boundaries. Regardless of the precise mechanism, the
presence of faults triggers the production of increased amounts of protective oxide scales.

5. Conclusions

The surface roughness effects on the oxidation behavior of a free-standing CoNiCrA-
lYHf coating at 1050 ◦C were investigated. The major findings of this study are as follows:

1. The 2000 grit sample indicates a weight change of approximately 0.3 mg·cm−2, while
the sandblasted sample shows a change of 0.6 mg·cm2. This represents almost a two-
fold decrease in mass change per unit area, indicating that reducing surface roughness
can improve the oxidation resistance of free-standing CoNiCrAlYHf coating.
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2. The samples with a surface roughness of 0.130 µm and polished with 2000 grits
demonstrated the highest oxidation resistance because of their small exposed surface
areas and thin work-hardening layers. The β-phase on the surface with Ra = 130 µm
demonstrated faster growth of Al2O3 compared to the γ-phase.

3. The identical surface preparation process that resulted in a rough surface caused the
formation of a thick oxide layer in the near-surface area of the material. A higher
surface roughness led to the formation of a more protective oxide scale. In contrast,
the surface with a smoother roughness exhibited a thin oxide scale; the interior oxide
was closer to the surface. A slight reduction in surface roughness resulted in a shift in
the oxidation behavior of the examined free-standing CoNiCrAlYHf coating.

4. A simple mechanical surface preparation method demonstrated that the free-standing
CoNiCrAlYHf coating could move from the alumina formation region to the cobalt-
chromium formation region. Polishing improved the resistance of the investigated
materials to oxidation at high temperatures.
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6. Nowak, W.J.; Siemek, K.; Ochał, K.; Kościelniak, B.; Wierzba, B. Consequences of different mechanical surface preparation of

Ni-base alloys during high temperature oxidation. Materials 2020, 13, 3529. [CrossRef] [PubMed]
7. Ju, J.; Shen, Z.; Kang, M.; Zhang, J.; Wang, J. On the preferential grain boundary oxidation of a Ni-Co-based superalloy. Corros.

Sci. 2022, 199, 110203. [CrossRef]
8. Bensch, M.; Preußner, J.; Hüttner, R.; Obigodi, G.; Virtanen, S.; Gabel, J.; Glatzel, U. Modelling and analysis of the oxidation

influence on creep behaviour of thin-walled structures of the single-crystal nickel-base superalloy René N5 at 980 ◦C. Acta Mater.
2010, 58, 1607–1617. [CrossRef]

9. Cao, J.; Zhang, J.; Chen, R.; Ye, Y.; Hua, Y. High temperature oxidation behavior of Ni-based superalloy GH202. Mater. Charact.
2016, 118, 122–128. [CrossRef]

10. Wu, R.; Kawagishi, K.; Harada, H.; Reed, R. The retention of thermal barrier coating systems on single-crystal superalloys: Effects
of substrate composition. Acta Mater. 2008, 56, 3622–3629. [CrossRef]

11. El-Awadi, G.; Abdel-Samad, S.; Elshazly, E.S. Hot corrosion behavior of Ni based Inconel 617 and Inconel 738 superalloys. Appl.
Surf. Sci. 2016, 378, 224–230. [CrossRef]

12. Ma, Y.; Zhao, X.; Gao, M.; Liu, K. High-Temperature oxidation behavior of a Ni-Cr-W-Al alloy. J. Mater. Sci. Technol. 2011, 27,
841–845. [CrossRef]

13. Pei, H.; Wen, Z.; Zhang, Y.; Yue, Z. Oxidation behavior and mechanism of a Ni-based single crystal superalloy with single α-Al2O3
film at 1000 ◦C. Appl. Surf. Sci. 2017, 411, 124–135. [CrossRef]

https://doi.org/10.1149/1.2407837
https://doi.org/10.1007/s11665-010-9605-5
https://doi.org/10.1007/s11661-018-4736-7
https://doi.org/10.3390/ma13163529
https://www.ncbi.nlm.nih.gov/pubmed/32785093
https://doi.org/10.1016/j.corsci.2022.110203
https://doi.org/10.1016/j.actamat.2009.11.004
https://doi.org/10.1016/j.matchar.2016.05.013
https://doi.org/10.1016/j.actamat.2008.03.046
https://doi.org/10.1016/j.apsusc.2016.03.181
https://doi.org/10.1016/S1005-0302(11)60152-7
https://doi.org/10.1016/j.apsusc.2017.03.116


Materials 2023, 16, 4282 15 of 15

14. Wang, H.; Li, W.; Lei, S.; Yuan, W.; Pei, Y.; Zhang, X. Effects of Ta and Y additions on the high temperature oxidation mechanisms
of Ni–10Al alloy at 1100 ◦C. Vacuum 2023, 213, 112074. [CrossRef]

15. Park, S.-J.; Seo, S.-M.; Yoo, Y.-S.; Jeong, H.-W.; Jang, H. Effects of Al and Ta on the high temperature oxidation of Ni-based
superalloys. Corros. Sci. 2015, 90, 305–312. [CrossRef]

16. Sato, A.; Chiu, Y.-L.; Reed, R. Oxidation of nickel-based single-crystal superalloys for industrial gas turbine applications. Acta
Mater. 2011, 59, 225–240. [CrossRef]

17. Yun, D.W.; Seo, S.M.; Jeong, H.W.; Yoo, Y.S. Effect of refractory elements and Al on the high temperature oxidation of Ni-base
superalloys and modelling of their oxidation resistance. J. Alloys Compd. 2017, 710, 8–19. [CrossRef]

18. Paknahad, H.; Nogorani, F.S. Effects of substrate roughness on the surface morphology and corrosion properties of Fe-and
Ni-aluminide coatings on martensitic stainless steel. Surf. Coat. Technol. 2020, 392, 125761. [CrossRef]

19. Song, P.; Naumenko, D.; Vassen, R.; Singheiser, L.; Quadakkers, W. Effect of oxygen content in NiCoCrAlY bondcoat on the
lifetimes of EB-PVD and APS thermal barrier coatings. Surf. Coat. Technol. 2013, 221, 207–213. [CrossRef]

20. Jiang, D.; Tian, Y.; Zhu, Y.; Huang, A. Investigation of surface roughness post-processing of additively manufactured nickel-based
superalloy Hastelloy X using electropolishing. Surf. Coat. Technol. 2022, 441, 128529. [CrossRef]

21. Cheng, C.-Q.; Hu, Y.-B.; Cao, T.-S.; Zhang, L.; Zhu, Y.-W.; Zhao, J. Two typical oxidation models on nickel-based superalloys
under different initial surface roughness. Corros. Sci. 2020, 176, 108942. [CrossRef]

22. Yang, S.-J.; Song, W.-J.; Dingwell, D.B.; He, J.; Guo, H.-B. Surface roughness affects metastable non-wetting behavior of silicate
melts on thermal barrier coatings. Rare Met. 2022, 41, 469–481. [CrossRef]

23. Pei, H.; Wen, Z.; Li, Z.; Zhang, Y.; Yue, Z. Influence of surface roughness on the oxidation behavior of a Ni-4.0 Cr-5.7 Al single
crystal superalloy. Appl. Surf. Sci. 2018, 440, 790–803. [CrossRef]

24. Pfennig, A.; Fedelich, B. Oxidation of single crystal PWA 1483 at 950 ◦C in flowing air. Corros. Sci. 2008, 50, 2484–2492. [CrossRef]
25. Hu, Y.; Cheng, C.; Zhang, L.; Cao, T.; Guo, G.; Meng, X.; Zhao, J. Microstructural evolution of oxidation film on a single crystal

nickel-based superalloy at 980 ◦C. Oxid. Met. 2018, 89, 303–317. [CrossRef]
26. Wang, L.; Jiang, W.-G.; Li, X.-W.; Dong, J.-S.; Zheng, W.; Feng, H.; Lou, L.-H. Effect of surface roughness on the oxidation behavior

of a directionally solidified Ni-based superalloy at 1100 ◦C. Acta Metall. Sin. 2015, 28, 381–385. [CrossRef]
27. Sheng, N.; Horke, K.; Meyer, A.; Gotterbarm, M.R.; Rettig, R.; Singer, R.F. Surface recrystallization and its effect on oxidation of

superalloy C263. Corros. Sci. 2017, 128, 186–197. [CrossRef]
28. Ha, Y.; Baeg, J.-H.; Park, S.; Cho, Y.-R. Effect of substrate roughness and film thickness on the magnetic properties of CoFeB films

on polymer substrate. Vacuum 2021, 191, 110399. [CrossRef]
29. Montero, X.; Ishida, A.; Meißner, T.; Murakami, H.; Galetz, M. Effect of surface treatment and crystal orientation on hot corrosion

of a Ni-based single-crystal superalloy. Corros. Sci. 2020, 166, 108472. [CrossRef]
30. Sun, N.; Zhang, L.; Li, Z.; Sun, F.; Dong, X.; Shan, A. The effect of surface machining on the high-temperature oxidation of a single

crystal Ni-based superalloy. Mater. Trans. 2014, 55, 1540–1546. [CrossRef]
31. Pour-Ali, S.; Tavangar, R.; Akhtari, F.; Hejazi, S. High-temperature oxidation behavior of GTD-111 Ni-based superalloy with an

ultrafine-grained surface at 900 ◦C. Corros. Sci. 2023, 212, 110935. [CrossRef]
32. Kupka, M.; Marut, J.; Aniołek, K.; Barylski, A. The effect of oxide scale roughness on the plasticity of iron aluminide alloy. Vacuum

2016, 132, 111–118. [CrossRef]
33. Ali, S.; Lü, J.; Song, P.; Li, C.; Ali, R.; Lu, J. Effect of external pressure on β-NiAl phase transformation of Co-base alloy at 1323 K.

Mater. Res. Express 2019, 6, 1265b2. [CrossRef]
34. De Heer, J. The principle of le chatelier and braun. J. Chem. Educ. 1957, 34, 375. [CrossRef]
35. Yu, H.; Ukai, S.; Hayashi, S.; Oono, N. Effect of Al content on the high-temperature oxidation of Co-20Cr-(5, 10) Al oxide

dispersion strengthened superalloys. Corros. Sci. 2017, 118, 49–59. [CrossRef]

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.

https://doi.org/10.1016/j.vacuum.2023.112074
https://doi.org/10.1016/j.corsci.2014.10.025
https://doi.org/10.1016/j.actamat.2010.09.027
https://doi.org/10.1016/j.jallcom.2017.03.179
https://doi.org/10.1016/j.surfcoat.2020.125761
https://doi.org/10.1016/j.surfcoat.2013.01.054
https://doi.org/10.1016/j.surfcoat.2022.128529
https://doi.org/10.1016/j.corsci.2020.108942
https://doi.org/10.1007/s12598-021-01773-6
https://doi.org/10.1016/j.apsusc.2018.01.226
https://doi.org/10.1016/j.corsci.2008.06.033
https://doi.org/10.1007/s11085-017-9787-4
https://doi.org/10.1007/s40195-015-0211-2
https://doi.org/10.1016/j.corsci.2017.09.020
https://doi.org/10.1016/j.vacuum.2021.110399
https://doi.org/10.1016/j.corsci.2020.108472
https://doi.org/10.2320/matertrans.M2014077
https://doi.org/10.1016/j.corsci.2022.110935
https://doi.org/10.1016/j.vacuum.2016.07.034
https://doi.org/10.1088/2053-1591/ab5f9f
https://doi.org/10.1021/ed034p375
https://doi.org/10.1016/j.corsci.2017.01.015

	Introduction 
	Material and Methods 
	Results 
	Surface Roughness 
	Isothermal Oxidation Test at 1050 C 
	Oxide Phase Composition after 216 h of Oxidation 
	Surface Microstructural and Cross-Section Analyses 

	Discussion 
	Conclusions 
	References

