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Abstract: Effects of main and trace elements on the formation of oxide in the oxidation behavior of
Inconel 600 and 625 were investigated in this study using various calculated phase diagrams. After
the isothermal oxidation tests at 1000 and 1100 ◦C, Nickel 201 for comparison showed significant
growth of an oxide layer corresponding to NiO, and the NiO layer consisted of oxide crystals with
both equiaxed and columnar shapes. As the temperature increased, the growth of the oxide layer
proceeded mainly through columnar crystals. On the other hand, Inconel 600 and 625 showed
relatively thin oxide layers, which were confirmed to be mainly composed of Cr2O3. The Cr2O3

layer was composed of equiaxed fine crystals. In the case of Inconel 625, an intermediate layer was
formed at the interface between Cr2O3 and the base metal. It was found that the surface segregation
of Cr as the main alloying element influenced the formation of the oxide layer of two Inconel alloys,
and that some elements disappeared from the base metal near the surface due to continuous surface
segregation and vaporization. On the other hand, even some elements with trace amounts showed
strong surface segregation and contributed to the formation of oxide layer.
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1. Introduction

Ni-based superalloys are high-temperature-resistant alloys typically used for the parts
that encounter temperatures above 500 ◦C due to their exceptional mechanical properties,
lower thermal expansion coefficients, and higher oxidation resistance than stainless steel
parts. A wide range of chemical compositions are considered in nickel-based superalloys
since their oxidation behaviors are complex [1,2]. Inconel alloys are Ni-based alloys which
mainly consist of various combinations of Cr and Fe, as well as smaller amounts of W,
Mo, Ta, Nb, Ti, and Al. Trace amounts of alloying elements such as Mn, Si, C, Cu, etc., are
also included [3]. Inconel 600 and Inconel 625 are Ni-based alloys with superior corrosion
resistance and high temperature properties, which determine their widespread applications
in aeronautical, aerospace, marine, and nuclear industries.

Inconel 600 is widely used for applications that require resistance to corrosion and heat.
The various advantages of Inconel 600 has led to its use in many applications involving
temperatures from cryogenic to above 1100 ◦C. Its strength, corrosion resistance, and
oxidation resistance at high temperature make it useful in the chemical industry, the heat-
treating industry, as well as the aeronautical field [4,5]. It is also a good material for the
construction of nuclear reactors due to its excellent resistance to corrosion in high-purity
water. Inconel 625 has also received extensive attention for their outstanding properties
including high tensile and creep strengths and excellent corrosion and oxidation resistance
in different mediums [6,7]. These properties allow it to be widely applied in various sectors
associated with power generation, chemical petrochemical, aeronautical, aerospace, marine,
and nuclear industries. Generally, the oxidation resistance of Inconel alloys depends on the
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protective Cr2O3 scale exposed to oxidizing atmospheres [8–12]. Many researchers have
studied the oxidation characteristics of Inconel 600 and 625.

Xiao et al. [13] investigated the effects of humidity on high-temperature oxidation of
the Inconel 600 alloy in terms of oxide layers and residual stress. The NiO and Cr2O3 are
the main oxides formed during the oxidation between 700 and 900 ◦C of the Inconel 600
alloy, while only NiO was formed at 600 ◦C. The NiO and Cr2O3 layers were located
at external and internal surfaces, respectively. Hashim et al. [14] evaluated the high-
temperature oxidation behavior of Inconel 600 and Hastelloy C-22. Both Inconel 600 and
Hastelloy C-22 showed the formation of a uniform protective oxide film. The oxide film
formed on both alloys was Cr2O3 with smaller amounts of NiCr2O4 spinel. Liu et al. [15]
studied the microstructure and oxidation resistance of Inconel 625 superalloy coatings
on surfaces of 12CrMoV steel. According to their report, oxygen preferentially reacts
with Cr which has high chemical activity in the alloy in the initial oxidation reaction,
forming an oxide layer mainly composed of Cr2O3 on the surface, which slows down the
oxidation reaction. Huang et al. [16] examined the high-temperature oxidation resistance of
Inconel 625 alloys fabricated by selective laser melting. They reported that the oxide scale
on all samples examined consists of a Cr2O3 oxide layer and Ni-rich spinel after oxidation
for 40 h at 1000 ◦C. Sun et al. [17] investigated the high-temperature oxidation behavior and
mechanism of an Inconel 625 super alloy fabricated by selective laser melting. Based on the
analysis results they obtained, the oxide scales of the samples after oxidation for 100 h are
mainly composed of a protective Cr2O3 oxide layer with nonprotective Ni-rich oxides inside.
Sharifitabar et al. [18] studied the high-temperature oxidation of Inconel 625 fabricated by
wire arc additive manufacturing. The results of oxidation testing in the temperature range
between 800 and 1000 ◦C for 20 h showed the formation of Cr2O3 and Ni3Nb phases on
the surface of the alloy. At 1100 ◦C, the oxidation of Ni3Nb resulted in the formation of
CrNbO4 at the oxide/alloy interface. Malafaia et al. [19] studied the microstructure and
oxide layer in the isothermal oxidation of the Inconel 625 superalloy at 800 and 1000 ◦C
for 120 and 240 h. The oxide on the surface was identified as predominantly Cr2O3 in all
conditions, inducing high oxidation resistance. The oxide included spinel MnCr2O4 at
1000 ◦C, as well as ABO4 oxide. Alumina in the internal layer was also observed.

As shown above, the results of existing oxidation studies on 600 and 625 commonly
report that Cr2O3 is produced as the main oxide, providing improved oxidation resistance.
However, the formation of oxides other than Cr2O3 varies depending on the oxidation
conditions. There is quite a difference between 600 and 625 in terms of chemical compo-
sition [3]. The main element, chromium, ranges from 14 to 17 mass% in 600 and from 21
to 24 mass% in 625. Additionally, 600 contains Fe up to 10 mass%, while 625 has limited
Fe content with 5 mass% and 8–10 mass%Mo. The constituent oxides and their growth
in the oxide scale depend on the composition of the base metal since the concentrations
of elements possibly have a significant effect on the continuous diffusion between oxides
in the oxide scale and the base metal during long-term oxidation. This study focuses on
the examination of the effects of main elements such as Fe and Mo and trace elements less
than 1 mass% in addition to Cr on high temperature oxidation from the perspective of the
calculated phase diagram.

The purpose of this study is to investigate the effects of main elements on the formation
of oxide by examining the oxidation behavior of two alloys, 600 and 625, under the same
conditions. The characterization results on oxides formed in the oxide scale were examined
by using various types of phase diagrams calculated in the current study. Oxides from trace
elements or those that were not clearly observed in the oxide layer, even though they were
major elements, were examined by reviewing the calculated phase diagrams and previous
studies [13–19].

2. Materials and Methods

The experimental materials examined in this study are Inconel 600 and 625 (as-
received). For comparison, the same experiments were conducted on Nickel 201. The
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samples used in this study were obtained from VDM Metals (Werdohl, Germany). The
chemical compositions of all samples are shown in Table 1 and are based on those of the
certificate of analysis provided by the manufacturer. The samples were cut to approximately
2 cm × 2 cm × 2 mm by electrical discharge machining. The surface of samples was ground
up to 2000 grade silicon carbide grit sheets. The isothermal oxidation test for all the testing
samples was carried out at temperatures of 1000 ◦C and 1100 ◦C for 48 h under dry air.
According to experimental conditions in the literature reviewed above [6–19], the oxidation
test temperature ranged from 800 ◦C to 1100 ◦C. In this study, 1100 ◦C and 1000 ◦C were
selected for the oxidation tests in a high temperature range. Also, considering that the
longest holding time at 1100 ◦C was 40 h, the time was set to 48 h, a slightly longer time.
The same holding condition was applied at 1000 ◦C for comparison. The cross-sectional
samples after the oxidation tests were carefully cut and ground with silicon carbide grit
sheets and polished with a diamond paste spray (3 and 1 µm). Scanning electron micro-
scope (SEM) was used on the oxidized samples, operating at 20 kV using backscattered
electrons (BSEs) imaging mode. Energy dispersive X-ray spectroscopy (EDS) was used
to conduct the composition measurement of oxide layers in the cross-section. Electron
backscatter diffraction (EBSD) analysis for the oxides on surface was performed using an
SEM (SU 8700, HITACHI, Chiyoda, Japan) equipped with EBSD (Velocity ultra, EDAX,
Mahwah, NJ, USA). All EBSD maps were examined with respect to crystallographic texture
and phase identification using the TSL OIM 8.6 software. The sample was tilted to 70◦

in the chamber. The operating voltage used was 15 kV to obtain the optimum quality of
diffraction patterns. The working distance was 16 mm. The formation of potential oxides
at the examined temperatures was investigated based on the phase diagrams calculated
by FactSage 8.3, a thermodynamic software package [20]. The databases used were FTlite,
which includes all metal elements examined in this study, FToxid, for the oxide phases, and
FactPS, for the gas phases.

Table 1. Analyzed compositions of alloy samples examined in this study.

Sample
Analyzed Compositions (mass%)

Mo Ti Si Mn Cr Cu Co Nb Al Fe Ni

Nickel 201 - 0.05 0.17 - 0.01 - - - - Bal.
Inconel 600 - 0.27 0.54 15.42 0.01 0.012 - 8.10 Bal.
Inconel 625 8.10 0.10 0.06 0.05 21.59 0.02 0.15 3.25 0.17 3.45 63.0

3. Results and Discussion
3.1. Oxidation of Nickel 201

Figure 1 shows the phase diagram plotted for oxygen partial pressure and temperature
in the Ni-O system calculated by FactSage 8.3. The temperature range in the X-axis includes
1000 and 1100 ◦C, which are the test temperatures in this study. This result indicates that Ni
oxide does not produce any other types of oxides other than monoxide. Figure 2 displays
the images of cross-sections by SEM−back scattered electron (BSE) in Nickel 201 samples
oxidized for 48 h at 1000 and 1100 ◦C, respectively. Cross-sections of Nickel 201 oxidized
with different temperatures seem to be similar only in contrast according to BSE. The base
metal and the oxide layer are clearly distinguished, and the oxide layer shows that it has
grown horizontally and neatly. However, it appears that the oxide layer grew thicker even
with a temperature difference of about 100 ◦C. Additionally, as shown in Figure 2c, the
oxide particles are distributed along the grain boundaries in the base metal right under
the oxide layer. The composition by SEM-EDS for Area 1 in Figure 2c is shown in Table 2.
From this result, it is confirmed that those particles are oxides. Figure 3 shows the EBSD
results of Nickel 201 oxidized at 1000 and 1100 ◦C for 48 h. The oxide layer of Nickel 201
was found to be NiO, as shown in Figure 1, and can be divided into upper and lower
layers based on crystallographic analysis results in Figure 3b. The lower layer consisted of
relatively fine, equiaxed oxide crystals, while the upper layer showed the oxide crystals
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with columnar structures that grow long in the thickness direction. According to a previous
study [21], the NiO crystals with both elongated and equiaxed shapes in the oxidation of
Ni were observed, simultaneously, as in this study. As the temperature rises by 100 ◦C, it
can be seen that the oxide layer thickness has increased, and, in particular, the area with
the columnar structure has grown noticeably. A study on the oxidation of a nickel-based
superalloy also showed that the oxides with the columnar structure were associated with a
fast diffusion of oxygen [22]. Therefore, it appeared that the growth of oxide crystals in the
thickness direction possibly led to the acceleration of the oxidation.
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map at 1100 ◦C.

3.2. Oxidation of Inconel 600

Figure 4 shows the formation of oxides according to the main elements in the oxidation
reaction for Inconel 600. These are calculated by excluding the alloying elements shown in
Table 1 that are less than about 1 mass%. The equilibrium oxide phases according to the
oxygen partial pressure are shown on the Y-axis. Oxide does not exist in the area where the
oxygen partial pressure on the Y-axis is lowest. However, as the oxygen partial pressure
increases, the regions containing the presence of oxides begin to appear. The primary oxide
in the region, including the oxide that first appeared, is Cr2O3. It can be said that the oxides
produced in the regions with lower oxygen partial pressure have priority in the oxidation
process. Therefore, in those phase diagrams, it can be seen that Cr2O3 is the preferentially
produced oxide. The oxide that appears after Cr2O3 is spinel because the Ni matrix becomes
relatively Cr-poor due to the formation of Cr2O3. As the oxygen partial pressure further
increases, a region appears where Cr2O3 is absent and only spinel and Ni exist, followed
by a region where only monoxide and spinel exist. This region represents when the entire
alloy is in equilibrium with oxygen and assumes that the entire alloy has formed oxides.
As in various Ni-based alloys with oxidation resistance, it is thought that Cr2O3 is the
preferentially produced oxide in the case of Inconel 600. The spinel exists in all the ranges
of variables on the X-axis. In this case, the spinel contains both NiCr2O4 and FeCr2O4,
and as the Fe content increases, the presence of FeCr2O4 in spinel increases. It can be
explained that the formation of Cr2O3 and two types of spinel lowers the Cr and Fe content
in the base metal, eventually leading to the formation of monoxide. Figure 4b shows the
production of oxide according to changes in the Cr content with the Fe content fixed. This
does not show a significant difference in terms of the produced oxide compared to those in
Figure 4a. Therefore, it can be seen that there is no significant difference in the produced
oxides within the range of the main alloying elements in Inconel 600. As shown in Figure 4c,
no significant changes were observed depending on temperature changes. Figure 5 shows
the cross-sections of the Inconel 600 alloy oxide layer observed by SEM-BSE. Curved oxide
layers exist on the base metals and have grown thicker as the temperature increases by
100 ◦C. However, it can be seen that the thickness of the oxide layer, which is considered
Cr2O3, is much thinner compared to that of Nickel 201 mentioned above. Therefore, it can
be said that Cr2O3 acts as a protective film, as revealed through previous studies. As a
result of SEM-EDS analysis, as shown in Table 2, the oxide layer is believed to be Cr2O3
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and contains trace amounts of Mn or Ti, as shown in the compositions for Areas 3, 5 and 6.
These are the trace elements added to Inconel 600 covered in this study. Even though they
are added in trace amounts, they look to have a strong tendency for surface segregation. In
addition, Area 6 was enriched in Ni and Fe compared to Area 5. Therefore, it is thought
that Ni-based and Fe-based spinels exist in the oxide layer, as in the phase diagram shown
above. The Cr content in Areas 7 and 8, which is lower than that in the base metal region,
is thought to be associated with Cr loss by Cr2O3 formation. In particular, the Fe content is
much higher than that of the matrix. From this result, it can be seen that the tendency of
Fe surface segregation in Inconel 600 is quite noticeable. Figure 6 shows the EBSD results
for the cross-sections shown in Figure 5. The oxide layer of Inconel 600 is composed of
equiaxed oxide crystals at both 1000 and 1100 ◦C. Additionally, the main oxides were found
to be Cr2O3, and some NiO was also observed at the interface with the base metal. This
is considered to be caused by a lack of Cr at the interface due to the formation of Cr2O3.
Besides this, the existence of Fe-based spinel was not discovered. Other oxides are possibly
present in the form of small particles within the oxide layer, but were not observed due to
the limit in the resolution of EBSD based on SEM. However, the results indicate that the
oxide layer is composed of equiaxed oxide particles when it is protective. According to
the report from Hashim et al. [14], the oxide phase analysis showed the presence of Cr2O3
and some spinel oxide NiCr2O4, which were detected from all examined oxide scales on
Inconel 600, while No NiO was detected, which may be due to the small thickness. The
presence of Cr2O3 in the previous report [14] is consistent with the results of this study, but
Ni-based spinel was not observed in this study. Xiao et al. [13] reported that the NiO and
Cr2O3 in Inconel 600 were the main oxides formed during oxidation at 700 to 900 ◦C and
only NiO was formed at 600 ◦C. The NiO and Cr2O3 were located at the external surface
and internal surface, respectively. And also, the presence of spinel was observed in their
analysis, but it was not mentioned as the main oxide. Therefore, based on the above results,
spinel, which is an intermediate oxide between NiO and Cr2O3, is formed during the
oxidation of Inconel 600, but it is not the major oxide. NiO appears to be dominant when
oxidation conditions are not relatively harsh. Conversely, the more severe the oxidation
conditions, the more dominant Cr2O3 becomes. Meanwhile, the presence of NiO in the
outermost layer is different from that in the present study. As mentioned earlier, this is
considered to be because the presence of NiO becomes dominant as the conditions in terms
of the oxidation time and temperature become less severe. However, it is thought that the
Cr2O3 in the oxide scale becomes increasingly dominant and the external NiO disappears
as the oxidation continues.
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Inconel 600 in Table 1. To simplify calculations, the elements less than 1 mass% are excluded.

Coatings 2024, 14, x FOR PEER REVIEW  7  of  15 
 

 

external surface and internal surface, respectively. And also, the presence of spinel was 

observed in their analysis, but it was not mentioned as the main oxide. Therefore, based 

on the above results, spinel, which  is an intermediate oxide between NiO and Cr2O3,  is 

formed during the oxidation of Inconel 600, but it is not the major oxide. NiO appears to 

be dominant when oxidation conditions are not relatively harsh. Conversely,  the more 

severe  the  oxidation  conditions,  the more  dominant  Cr2O3  becomes. Meanwhile,  the 

presence of NiO  in  the outermost  layer  is different  from  that  in  the present  study. As 

mentioned earlier, this  is considered to be because the presence of NiO becomes domi‐

nant as the conditions in terms of the oxidation time and temperature become less severe. 

However, it is thought that the Cr2O3 in the oxide scale becomes increasingly dominant 

and the external NiO disappears as the oxidation continues. 

  

 

Figure 4. Phase diagrams plotted  for  (a) O2 partial pressure and Fe mass  fraction,  (b) O2 partial 

pressure  and  Cr  mass  fraction  at  1100  °C,  and  (c)  O2  partial  pressure  and  temperature  in 

Ni‐Cr‐Fe‐O system calculated by FactSage 8.3 [20]. The fixed content of each element is the same 

as that of Inconel 600 in Table 1. To simplify calculations, the elements less than 1 mass% are ex‐

cluded. 

 

Figure 5. SEM−BSE images on the cross‐sections of Inconel 600 sample oxidized for 48 h at (a) 1000 

°C and (b) 1100 °C. The numbers in the images correspond to the areas analyzed by EDS. 
Figure 5. SEM−BSE images on the cross-sections of Inconel 600 sample oxidized for 48 h at (a) 1000 ◦C
and (b) 1100 ◦C. The numbers in the images correspond to the areas analyzed by EDS.

Coatings 2024, 14, x FOR PEER REVIEW  8  of  15 
 

 

 

Figure 6. EBSD results of Inconel 600 oxidized for 48 h. (a) Image quality (IQ) map, (b) phase map, 

and (c) IQ + Inverse pole figure (IPF) map at 1000 °C. (d) IQ map, (e) phase map, and (f) IQ + IPF 

map at 1100 °C. 

3.3. Oxidation of Inconel 625 

Figure 7 shows the formation of oxides depending on the contents of major elements 

in the oxidation for Inconel 625. As shown in Figure 4 above, they are the phase diagrams 

calculated after excluding the elements of less than 1 mass%. As shown in Figure 7a, the 

region appeared where the Cr2O3 preferentially forms as the primary oxide as the oxygen 

partial pressure  increases. The oxidation after Cr2O3 would be proceeded with  the  for‐

mation of Nb2O5. Therefore, in the case of Inconel 625 containing Nb, it is thought that 

when Cr  is  consumed due  to Cr2O3,  the  surface  segregation of Nb becomes  relatively 

more  prominent.  After  the  Nb2O5  formation,  spinel  and monoxide  are  shown  to  be 

formed, similarly to those in Inconel 600. And then, the oxidation of Inconel 625  is fol‐

lowed by  the MoO2 formation since  it also contains a certain amount of Mo. However, 

when  the  oxygen partial pressure  further  increases,  the MoO2  becomes  a  gas. This  is 

thought  to be  caused by  the  evaporation  temperature being  lower  than  the oxidation 

temperature as the MoO2 becomes MoO3. Figure 7b,c also show that there is no signifi‐

cant change in the oxide production as the content of other elements changes, while only 

a fraction of each oxide is different. In addition, as shown in Figure 7d, there is no sig‐

nificant change in the oxide formation as the temperature increases, but the only change 

is that the MoO3 is present rather than gas at approximately 900 °C. Figure 8 shows the 

SEM‐BSE images on the cross‐section of the oxide layer of the Inconel 625 alloy oxidized 

at 1000 and 1100 °C. The morphology of the oxide layer appears to be similar to that of 

Inconel 600, and  there  is no  significant difference between  Inconel 600 and 625  in  the 

thickness of  the oxide  layer. As shown  in Table 2,  the composition analysis on Areas 9 

and 10 indicated that Cr‐rich oxide was formed on the surfaces, and Area 9 also contains 

a trace amount of Si. Considering that the Si content in the Inconel 625 used in this study 

is 0.06 mass%, it can be seen that the Si has a strong tendency to surface segregate. Alt‐

hough the Mo is enriched in Areas 11 to 13, it was not detected in the oxide layers, which 

appears  to  be  related  to  the  formation  of MoO3,  as mentioned  in  the phase diagrams 

above, and its vaporization temperature being lower than the test temperatures. In addi‐

tion, Nb was detected only in 11, right below the oxide layer, and was not present inside. 

This  is  thought  to be  caused by Nb  loss due  to  continuous  surface  segregation under 

harsh oxidation conditions. At 1100 °C, a trace amount of Al was also detected in Area 14, 

which corresponds to the Cr2O3 oxide layer. In addition, the existence of an intermediate 

oxide  layer between  the Cr2O3 oxide  layer and  the base metal was  found as  the oxide 

layer  grew,  as  indicated  by Area  15.  This  intermediate  oxide  layer was  found  to  be 

Figure 6. EBSD results of Inconel 600 oxidized for 48 h. (a) Image quality (IQ) map, (b) phase map,
and (c) IQ + Inverse pole figure (IPF) map at 1000 ◦C. (d) IQ map, (e) phase map, and (f) IQ + IPF
map at 1100 ◦C.

3.3. Oxidation of Inconel 625

Figure 7 shows the formation of oxides depending on the contents of major elements
in the oxidation for Inconel 625. As shown in Figure 4 above, they are the phase diagrams
calculated after excluding the elements of less than 1 mass%. As shown in Figure 7a, the region
appeared where the Cr2O3 preferentially forms as the primary oxide as the oxygen partial
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pressure increases. The oxidation after Cr2O3 would be proceeded with the formation of Nb2O5.
Therefore, in the case of Inconel 625 containing Nb, it is thought that when Cr is consumed due
to Cr2O3, the surface segregation of Nb becomes relatively more prominent. After the Nb2O5
formation, spinel and monoxide are shown to be formed, similarly to those in Inconel 600. And
then, the oxidation of Inconel 625 is followed by the MoO2 formation since it also contains a
certain amount of Mo. However, when the oxygen partial pressure further increases, the MoO2
becomes a gas. This is thought to be caused by the evaporation temperature being lower than
the oxidation temperature as the MoO2 becomes MoO3. Figure 7b,c also show that there is no
significant change in the oxide production as the content of other elements changes, while only
a fraction of each oxide is different. In addition, as shown in Figure 7d, there is no significant
change in the oxide formation as the temperature increases, but the only change is that the
MoO3 is present rather than gas at approximately 900 ◦C. Figure 8 shows the SEM-BSE images
on the cross-section of the oxide layer of the Inconel 625 alloy oxidized at 1000 and 1100 ◦C.
The morphology of the oxide layer appears to be similar to that of Inconel 600, and there is no
significant difference between Inconel 600 and 625 in the thickness of the oxide layer. As shown
in Table 2, the composition analysis on Areas 9 and 10 indicated that Cr-rich oxide was formed
on the surfaces, and Area 9 also contains a trace amount of Si. Considering that the Si content in
the Inconel 625 used in this study is 0.06 mass%, it can be seen that the Si has a strong tendency
to surface segregate. Although the Mo is enriched in Areas 11 to 13, it was not detected in
the oxide layers, which appears to be related to the formation of MoO3, as mentioned in the
phase diagrams above, and its vaporization temperature being lower than the test temperatures.
In addition, Nb was detected only in 11, right below the oxide layer, and was not present
inside. This is thought to be caused by Nb loss due to continuous surface segregation under
harsh oxidation conditions. At 1100 ◦C, a trace amount of Al was also detected in Area 14,
which corresponds to the Cr2O3 oxide layer. In addition, the existence of an intermediate oxide
layer between the Cr2O3 oxide layer and the base metal was found as the oxide layer grew, as
indicated by Area 15. This intermediate oxide layer was found to be Nb-rich and also contained
Ti. Area 15 possibly corresponds to a mixture of several oxides, mainly including the Nb-based
oxide shown in the phase diagrams above. In Area 16, which corresponds to the base metal right
below the oxide layer, a Mo content much higher than that at 1000 ◦C was detected. Therefore,
it was considered that the surface segregation of Mo was further accelerated as the temperature
increased. Huang et al. [14] found the presence of Al2O3 and TiO2 oxides as a result of internal
oxidation caused by oxygen diffusion into the interior. The Al-based and Ti-based oxides are
found not only in the base material but also possibly inside the oxide layer, as in this study. In
the study of Sun et al. [17], the phase analysis on the oxide scale of Inconel 625 showed that
it is mainly composed of Cr2O3 with Ni-rich oxides inside. Malafaia et al. [19] discovered the
existence of spinel oxide related to Mn in addition to Cr2O3. Additionally, they also observed
the presence of aluminum oxides formed through internal oxidation in the base metal. Figure 9
shows the EBSD results for the cross-section of the oxide layer shown in Figure 8. Similarly
to Inconel 600, the presence of a Cr2O3 oxide layer composed of fine equiaxed oxide particles
was observed, and the size of these particles appears to become coarsened as the oxidation
temperature increases. The presence of other oxides was not detected, and, in particular, the
entire oxide layer was not separated into Cr2O3 and the intermediate layer. This is possibly due
to the characteristic of the EBSD technique, which analyzes the sample by tilting it by about 70◦.

Table 2. Analyzed compositions of areas numbered in Figures 2, 5 and 8 by SEM-EDS.

Area
Analyzed Compositions (at%)

Ni Cr Si Mn Fe Ti Mo Nb Al O

1 57.3 - - - - - - - - 42.7
2 - 57.3 - - - - - - - 42.7
3 - 61.7 - 0.8 - - - - - 37.5
4 79.0 10.8 - - 10.2 - - - - -
5 - 55.5 - - - 0.8 - - - 43.8
6 9.3 42.9 1.8 - 1.6 0.7 - - - 43.8
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Table 2. Cont.

Area
Analyzed Compositions (at%)

Ni Cr Si Mn Fe Ti Mo Nb Al O

7 79.4 10.1 - - 10.5 - - - - -
8 78.5 9.7 1.3 - 10.5 - - - - -
9 - 51.1 1.7 - - - - - - 47.2
10 - 53.7 - - - - - - - 46.3
11 62.4 13.2 - - 3.7 - 5.2 3.1 - 12.5
12 76.6 11.4 - - 4.6 - 7.4 - - -
13 75.4 12.9 - - 4.4 - 7.3 - - -
14 - 53.7 - - - - - - 0.9 45.4
15 9.2 15.6 - - - 1.8 - 29.4 - 44.0
16 77.7 9.2 - 0.4 4.9 - 7.8 - - -
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3.4. Interaction Between Main Oxides and Alloying Elements in Oxidation

From the results of the two types of Inconel alloys examined in this study, it was found
that the oxide layers mainly composed of Cr2O3 were formed. Therefore, examinations on
the intermediate products between Cr2O3 and each Inconel alloy matrix can help predict the
interactions between the oxide layer and the matrix during long-term oxidation. Figure 10
shows the equilibrium products between Inconel 600 and 625 matrixes and Cr2O3 at each
oxidation temperature. It can be seen that each base metal does not form any intermediate
products with Cr2O3. Therefore, the oxides present at the interface between Cr2O3 and the
base metals observed in this study may not have been formed by the interaction between
those two phases. On the other hand, in the case of NiO rather than Cr2O3, oxides such
as spinel, which were mentioned in the previous studies reviewed in this study, can be
produced on the NiO-rich side, as shown in Figure 11. As mentioned above, according
to the research by Xiao et al. [13], only NiO was observed at low temperatures, and NiO
existed on the external layer and Cr2O3 existed on the internal layer as the temperature
increases. Based on this result, if the oxidation temperature is low, the NiO may be the main
oxide. However, even at high temperatures, the NiO possibly dominates the oxide layer in
the early stages of oxidation. It is thought that oxides such as spinel are produced by the
interaction between the NiO and the base metals. However, as oxidation continues, it is
assumed that the main oxide changes to Cr2O3 due to the continued surface segregation of
Cr from the matrix. This is contradictory to the hypothesis that the Cr2O3 is the preferential
oxide, as shown in Figures 4 and 7. The oxide formation in those phase diagrams can be
explained assuming that the base metal is in the equilibrium at each temperature, and
the microstructure heterogeneity and heating process to the target temperature should
be controlled to explain the actual oxidation. Therefore, it is thought that there may be
conditions under which NiO can still exist as the main oxide. In a previous study [23], the
initial oxidation of an alloy sample did not follow that of the equilibrium phase diagram
including oxygen partial pressure, but as oxidation continued for a long time, it began
to exhibit oxidation behavior similar to that of the phase diagram. Figure 12 shows
the relationship between trace elements that were not included in the phase diagram
calculations and Cr2O3. These elements were detected in the oxide layer even though
they were in trace amounts in previous studies. In the case of Mn, it can be seen that it
forms a Mn-based spinel in relation to Cr2O3, and Si, Al, and Ti are confirmed to form SiO2,
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Al2O3, and Ti2O3, respectively. All of these oxides were frequently observed in previous
studies. In this study, they were also detected in the oxide layer, and it appears that the
aforementioned oxides are formed due to their strong surface segregation and reaction
with Cr2O3 depending on the duration of oxidation.
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4. Conclusions

As a result of isothermal oxidation tests at 1000 and 1100 ◦C for 48 h, it was seen that the
NiO layer on Nickel 201 was significantly grown. The NiO layer with a columnar structure
mainly led to the rapid growth of the oxide layer. On the other hand, two Inconel alloys,
600 and 625, showed significantly thinner oxide layers than that of Nickel 201, which were
confirmed to be mainly composed of Cr2O3. It was also shown that the Cr2O3 layer was
composed of equiaxed and fine oxide crystals. In the oxidation of Inconel 625, an intermediate
oxide layer was found at the interface between Cr2O3 and the base metal. This is thought to
be because the 625 alloy contains a greater amount of third elements (Mo, Nb, etc.) in addition
to Cr. The results of the oxide layer analyses under the conditions in this study showed that
elements other than Cr did not have a significant effect on the formation of the oxide layer.
Based on the SEM-EDS results, it is believed that the Cr2O3 layer contains spinel phases
formed from Fe, as one of the main alloying elements, and trace additive elements such as
Mn. From the phase diagrams with oxygen partial pressure calculated by FactSage 8.3, the
distribution of alloying elements in and around the oxide layers and the presence of oxides
composed of those elements, which were found and mentioned not only in the results in this
study but also in previous studies, could be explained. In addition, based on the results in
the current study and previous studies, it is suggested that the main oxide of Inconel alloys is
Cr2O3, but NiO may be the main oxide at low temperatures and at the initial oxidation at high
temperatures, and that in the meantime, spinel, etc., may be formed through the interaction
between NiO and alloying elements in the base metal.
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