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Abstract: The aim of the paper is to evaluate the effect of aluminum content on the oxidation resistance
of new-generation of oxide dispersion strengthened (ODS) alloy at 1200 ◦C. Three grades of the alloy
of chemical composition Fe-15Cr-xAl-4Y2O3 with different Al contents x = 0.3 wt.%, 2.0 wt.% and
5.5 wt.% are prepared by mechanical alloying. The alloys are consolidated by high temperature rolling
followed by heat treatment. To study the oxidation resistance the samples are isothermally aged in the
air for 1 h, 4 h, 16 h and 64 h at 1200 ◦C. The oxidation kinetics, composition and formation mechanism
of the oxide layers are analyzed. The weight gain of prepared steels is estimated. The kinetics of
oxidation is studied on metallographic cross-sections of the exposed samples by scanning electron
microscopy (SEM) and energy dispersive spectrometer (EDS) analysis. The oxides on the surfaces are
identified by X-ray diffraction (XRD) analysis. The Al content significantly enhances the oxidation
resistance of the alloy. For a sufficiently high Al content in the alloy a compact oxide layer of α-Al2O3

on the surface is formed, which significantly suppresses further oxidation process.

Keywords: aluminum; oxidation resistance; high temperature; microstructure; ODS alloys

1. Introduction

The current top creep and oxidation resistant alloys are represented by Ni-based superalloys
for temperatures up to 1100 ◦C [1–3] and by ferritic oxide dispersion strengthened (ODS) steels for
temperatures up to 1300 ◦C [4–7]. The Ni-based superalloys are strengthened by coherent ordered
γ′-precipitates, the mechanisms of creep in single crystals are summarized in the overview paper [8] and
addressed by micromechanical unit cell models [9,10]. However, the γ′-phase cutting by dislocations
and the instability of the γ′-precipitates due to their coarsening or rafting above 900 ◦C limit the
applicability of the Ni-based superalloys in the range of temperatures 900–1100 ◦C. Compared to
Ni-based superalloys, current ODS ferritic steels (alloys) exhibit significant microstructural stability
also in the temperature regime 1100–1300 ◦C [11–13]. The microstructure of the ODS alloys consists
of an alloy matrix strengthened by the dispersion of stable nano-oxides, usually Y-based, typically
of a size between 5–30 nm and of volume fraction of about 0.5%. The processing route of the ODS
alloys involves two steps: (1) the nanocomposite powder consisting of the matrix and Y-nano-oxides
is produced by mechanical alloying (MA) and (2) the powder is then hot consolidated. There is a
variety of commercially produced ferritic ODS alloys like MA 956 or MA 957 [5,11], PM 2000 or PM
2010 [14], ODM alloys [15] as well as research variants like 14YWT [11], 12YWT [11], 9YWT [16],
Eurofer ODS [17,18], etc. Excellent creep strength of the ODS alloys is associated with an attractive
interaction between dislocations and nano-oxides as it is successfully modelled by Rösler and Arzt [19],
who also predict a threshold stress for creep and its significant drop with coarsening of the nano-oxides.
The coarsening kinetics of particles in multicomponent systems is modelled by Fisher et al. [20] and
experimentally studied e.g., by Bartkova et al. [21] or by Svoboda et al. [22] indicating a very high
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resistance of Y-nano-oxides against coarsening in ODS alloys. The benefits of high creep resistance of
ODS alloys at very high temperatures are conditioned by a sufficiently good oxidation resistance. It is
common knowledge that Cr-alloying itself is insufficient in such temperature region, see [23–25], and a
certain content of Al is inevitable, to ensure a sufficient oxidation resistance like, e.g., in MA 956 [5],
or PM 2000 [14] ODS alloys.

The research effort of the authors resulted in development of a mechanically alloyed powder
with a very high content of O, allowing production of an ODS alloy (called new-generation ODS alloy
by the authors) of rather high nano-oxide volume fraction of about 5%, which exceeds the volume
fraction in classical ODS alloys by one order of magnitude [4,6]. The processing of the new-generation
ODS alloy consists of three steps [22]: (1) MA to produce chemically homogeneous powders, (2) hot
consolidation of the powders by intensive plastic deformation, e.g., by rolling, providing a compact
ultra-fine grained alloy due to an intensive dynamic recrystallization and (3) heat treatment to provoke
secondary recrystallization leading to rather coarse-grained microstructure conditioning an excellent
creep resistance. A complex optimization of the chemical composition of the new-generation ODS
alloy performed recently by the authors of the Institute of Physics of Materials leads to conclusion
that pure Y-nano-oxides as strengthening particles are much better with respect to coarsening than
other nano-oxides [21,22], as well as in terms of the cohesive strength of grain boundaries being
influenced by wetting of the nano-oxides (unpublished results). Moreover, the influence of Mo, Ta, La,
Ti, Co and Ni alloying on the creep resistance is evaluated as negative or neutral and Cr alloying as
slightly positive (unpublished results). A very good creep resistance is obtained for the content of Al
up to 10 wt.% (publication in preparation). Now we are in the position to complete the knowledge
on the new-generation ODS alloy by studying the influence of Al alloying on high-temperature
oxidation resistance.

The oxidation resistance of steels is usually increased by high Cr alloying [26,27], Al alloying [28]
or their combination [29,30]. The protective oxide layer is in the case of high-Cr steels composed mainly
of Cr2O3 [27]. At high temperatures a significant amount of Cr2O3 evaporation occurs in atmospheres
containing water vapor in which the volatilization of Cr2O3 is based on its reaction with oxygen and
water creating CrO2(OH)2 [31–33]. The described volatilization reaction is active at temperatures
from 600 ◦C, and depends on the composition and parameters of the environment [32–34]. Next to
it, at temperatures higher than 900 ◦C, the Cr2O3 readily oxidizes in the reaction with oxygen to
volatile CrO3 [35]. Both volatilization reactions reduce the surface oxide layer, thus, lowering the
protective capability of oxide scale and decreasing oxidation resistance [32,35]. The 14Cr ODS steel
shows acceptable oxidation resistance at temperature slightly above 700 ◦C, with a more pronounced
effect on mechanical properties rather than on the oxidation resistance [36]. Detailed studies on the
oxidation of high-Cr ferritic-martensitic steels P92 and of ferritic stainless steel containing W and Ce
are presented in [23–25], from which one can conclude that a high content of Cr itself can ensure the
sufficient long-term oxidation resistance at temperatures only up to 700 ◦C, and it can be increased up
to 1000 ◦C by addition of W, Ce and Si. However, the long-term oxidation resistance can be drastically
increased by the addition of Al, as shown for steels in [29,37], and for the top creep resistant ODS
alloys MA 956 and PM 2000 containing about 5 wt.% of Al, the oxidation resistance of which extends
to the temperature of 1300 ◦C [5,38]. Excellent high-temperature oxidation resistance is achieved
when Al forms a dense and continuous layer of Al2O3 on the surface of the alloy. The formation and
polymorphs of the Al2O3 layer depends on the temperature and alloy composition [29,37,39].

The aim of the present paper is to perform a detailed study of the influence of Al alloying on
oxidation resistance of the new-generation ODS alloys with a high content of Y2O3.

2. Materials and Methods

Three grades of new-generation ODS alloy of chemical composition Fe-15Cr-xAl-4Y2O3 with
different Al content of x = 0.3 wt.%, 2.0 wt.% and 5.5 wt.%, are prepared by the powder metallurgy
route. A custom-made ball mill is used for MA. A vacuum-tight milling container with volume of
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22 dm3 and diameter of 400 mm made from low alloyed steel is filled with 100 balls of diameter
40 mm made from hardened low carbon Maraging 350 steel (25 kg) to minimize contamination of
the mechanically alloyed powder by carbon due to abrasion of milling balls. The inputs in the form
of powders of pure elements or compounds (yttria) are used, which allow a very easy variation of
chemical composition of the resultant ODS alloy. The following metals powders are used for the ODS
powder preparation: Fe-powder ABC100.30 (Höganäs, Sweden), 100 mesh Al-powder of purity 99.9%
(CNPC POWDER, Shanghai, China), Y2O3-powder of purity 99.9% of 500 mesh (Anhui Herrman
Impex Co Ltd., Anhui, China) and Cr metal size 1–4 mm of purity 99.9% (Kovy a slitiny, Zaječice,
Czech Republic). A total amount of 1 kg of the powder (the ball to powder ratio is 25) is mechanically
alloyed by rotation of the milling container at 70 rpm along the horizontal axis. After a sufficiently
long MA (two weeks) in vacuum, the powder properties become saturated and the powder particles
consist of a homogeneous solid solution with a huge density of defects like dislocations and vacancies.
After MA, the powder is poured under the protective atmosphere (CO2) in the rolling container made
from steel tube 20/1 mm, evacuated and sealed by welding. Then the container is rolled in three steps
to thicknesses 7.5 mm, 4.9 mm and 3.25 mm at temperature 900 ◦C. The rolling leads to pore-free
ultra fine-grained microstructure due to heavy plastic deformation inducing dynamic recrystallization.
The strain rate during rolling is estimated as 10 s−1. After stripping from the rolling container, the ODS
alloy is secondary recrystallized by annealing at 1200 ◦C for 16 h. The nominal chemical composition
of the grades is presented in the Table 1.

Table 1. The nominal chemical composition of the grades of the new-generation ODS alloy with
different Al content (wt.%).

Grade Fe Al Cr Y

A1 balance 5.5 14.4 2.8
A2 balance 2.0 14.8 2.9
A3 balance 0.3 15.0 3.0

The specimens for oxidation tests represented by prisms of dimensions 8 × 8 × 2.5 mm are cut
with a wire electric spark cutter. All the surfaces of the samples are ground to the same grade on
metallographic SiC sandpapers up to density 1200. After grinding the samples are ultrasonically
cleaned in acetone. The oxidation tests are performed at 1200 ◦C in a muffle furnace on air for 1 h, 4 h,
16 h and 64 h. For each test time and grade tested, one specimen is used. In total, twelve specimens are
employed in the oxidization experiment. To account for possible oxide delamination of the specimens
during cooling, each specimen is placed on an alumina plate and weighted with the plate before
and after oxidation test. The alumina plates are annealed at 1250 ◦C for 4 h to stabilize their weight
before the test. An analytical balance with an accuracy of 0.1 mg is used for weighing of specimens.
The microstructure, surface morphology of the oxide scales and cross-sections of the oxide layers of
the grades are characterized by a Tescan LYRA 3 XMH FEG/SEM scanning electron microscopy (SEM,
Tescan, Brno, The Czech Republic) equipped with the energy dispersive spectrometer (EDS) analyzer
X-Max80 (Oxford Instruments, High Wycombe, UK). The observation is conducted in the secondary
electron mode using an acceleration voltage 20 kV and a beam spot size of 15 nm. The specimens for
microstructural and cross-sectional observations of the oxide layers are hot and cold mounded with
resin, respectively. The specimens are then ground with SiC sandpaper up to density 2500 and polished
with 3 µm and 1 µm diamond pastes and OPS suspension. Prior to the observation, the specimens of
the oxide scales and cross-sections of the oxide layers are coated by a carbon film of thickness ~17 nm
to prevent charging. The oxide layer thickness is measured in ten lines on three different locations of
the specimen.

The phase composition of the grades and of the surface oxide scales is analyzed by X-ray diffraction
of the bulk material by X-ray diffractometer (Empyrean, PanAnalytical, Almelo, The Netherlands) using
the Co (Kα1,2) radiation measured with beta filter and 1-D detector (Pixel3D). It works in Theta-Theta
geometry, Bragg-Brentano continuous mode with step 0.04◦ and 300 seconds per step. The diffracted



Metals 2020, 10, 1478 4 of 13

patterns were analyzed by HighScorePlus 4 (PanAnalytical, Almelo, The Netherlands) with PDF2 and
ICSD databases and by FullProffSuite [40,41] equipped with Rietveld analysis. According to the ICSD
database the following phases are identified with corresponding identification codes and PDF cards
in the brackets: α-Fe (ISCD code No. 607480, PDF 00-034-0396), Y2O3 (77081, 98-029-0960), α-Al2O3

(160606, 98-002-8919), Y3Al5O12 (31496, 98-009-3633), (Cr,Fe)2O3 (163943, 98-016-3943), (Fe,Cr)3O4

(163943, 98-008-6577).

3. Results and Discussion

3.1. Description of the Microstructure of As-Annealed ODS Alloys

The microstructures of the grades of new-generation ODS alloys with different Al content are
shown in Figure 1. The influence of Al content on the resultant grain microstructure is significant.
Grade A1 with 5.5 wt.% of Al fully recrystallizes to rather large grains. Grade A2 with 2.0 wt.% Al
also fully recrystallizes, but a smaller grain size is obtained. The recrystallization process of grade
A3 is, however, not completed, leading to bimodal grain size distribution. Homogeneous nanosized
particles dispersion is observed in the grain interiors and on the grain boundaries of fine grains.
The black large particles are identified as aluminum nitrides (AlN) by EDS analysis. The results of X-ray
diffraction (XRD) revealed ferrite (α-Fe) and a relatively high amount of Y2O3 nanoparticles of ~4 vol.%,
see Figure 2. The absence of AlN in the XRD spectrum is due to its small quantity, bellow 0.3 wt.% in
the microstructure. The particle analyses by transmission electron microscopy refer for FeCrAl ODS
alloys with similar chemical composition such as PM 2000 (Fe-19Cr-5.5Al-0.5Ti-0.5Y2O3) [42] and MA
956 (Fe-19.9Cr-4.6Al-0.4Ti-0.5Y2O3) [43], also the presence of complex Y-Al oxides YAG (bcc lattice,
Y3Al5O12), YAP (orthorhombic lattice, YAlO3) and A2O3 oxides together with Y-Al complex oxide YAP
(orthorhombic lattice, YAlO3). Especially for the grades with the increased Al content, i.e., A1 and A2,
Al2O3 oxides and Y-Al complex oxides can be expected. The lack of identification of those phases in
this work is probably connected with their low amount in the microstructures of the grades and by the
detection limits of performed XRD analyses.
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The effect of Al addition on microstructure and mechanical properties of the studied FeCrAl ODS
alloy can be described as follows. The increase of Al content in the studied range from 0.3 wt.% to
5.5 wt.% enhances the recrystallization ability of the grades after thermo-mechanical treatment of high
temperature rolling. A larger grain size with smaller portion of grain boundaries is favorable for creep
properties of the alloy [4,44]. The influence of rolling temperature of thermo-mechanical treatment
and of Al content between 4–11 wt.% is described in the separated study [45]. It is observed that the
increase of Al content has positive effect on creep strength, the contribution of which is identified as an
improved cohesion strength of grain boundaries.

3.2. Oxidation Kinetics

The oxidation kinetics of the grades at 1200 ◦C is shown in Figure 3. Obviously, there is a sharp
decrease of the oxidation weight gain with the increase of Al content from 0.3 wt.% to 2.0 wt.%,
see Figure 3a. The weight gain of grade A3 with the lowest Al content 0.3 wt.% is 3.2 mg/cm2,
whereas that of grade A2 with 2.0 wt.%, is only 1.4 mg/cm2 after the oxidation at 1200 ◦C for 64 h.
Further increase of Al content to 5.5 wt.% in A1 has only a slight effect leading to the weight gain
1.3 mg/cm2. A similar trend of data is observed for thicknesses of oxidized layers (see Figure 3b)
determined by examination of the cross-sections of exposed specimens. The thickness of the oxidized
layer is considered as the thickness of the surface layer, where a significant change of chemical
composition with respect to the alloy matrix occurs, see Chapter 3.4. Grade A3 with the lowest Al
content 0.3 wt.% shows by a factor of 20 a faster growth of the oxidized layer to that in grades A2 and
A1 with Al content 2.0 wt.% and 5.5 wt.%. After the exposure for 64 h, the oxidized layer thickness for
grade A3 is 180 µm in contrast to grades A2 and A1 with thicknesses of 10 µm and 9 µm, respectively.
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Figure 3. The weight gain (a) and the thickness of the oxidized layer (b) for grades A1, A2 and A3 with
Al contents 5.5 wt.%, 2.0 wt.% and 0.3 wt.%, respectively.

To analyze the oxidation kinetics, the time dependence of the mass gain and oxide layer thickness
are described according to the Wagner’s theory [46]. The data of mass gain and oxide thickness is fitted
to the parabolic law using the equation:

Xn = kt, (1)

where X is either the mass gain defined as a change of the weight ∆m per unit area before the exposure
A (∆m/A) or a change of oxide layer thickness ∆d, k is the oxidation rate constant, t is the exposure
time in s and n is the rate exponent. For the linear, parabolic, sub-parabolic or cubic and sub-cubic
oxidation kinetics, the values of n are 1, 2, ≤3 and ≤4, respectively. Assuming the n = 2 a parabolic rate
constant kp can be obtained by plotting the square of the measurement variable against time, Figure 4.
In the case of kp, the data is fitted by the equation:

X2 = C + kpt, (2)

where C is a constant.
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Figure 4. The isothermal kinetics of the weight gain (a) and of the thickness of the oxidized layer (b) for
grades A1, A2 and A3 with Al contents 5.5 wt.%, 2.0 wt.% and 0.3 wt.%, respectively.

The results of oxidation kinetics of the weight gain data are presented in Table 2. A non-parabolic
growth law is determined for the examined alloys. Grades A1 and A2 obey nearly a cubic growth
law, whereas grade A3 follows a sub-parabolic growth law at studied conditions. Parabolic rate
constants of grades A1 and A2 forming α-Al2O3 oxide scale layer seem to be quite similar with the
ODS alloy PM 2000 with coarse grains [47]. The oxidization kinetics of grades A1 and A2 are also
well comparable with the kinetics of the intermetallic ODS alloys Fe40Al Grade 3 and ALUSI 1 with
one order lower values determined at 1100 ◦C [48]. In comparison with alumina forming Ni-based
single crystal superalloy DD6 [49], the A1 and A2 grades provide only one order higher kp at 200 ◦C
higher temperature. On the other hand, grade A3 with chromium oxide scale layer demonstrates
similar oxidization kinetics as binary Ni-30Cr alloy [35] or high-Cr steel 19Cr-2Mo-0.3Mn-0.5Si [25].
The effect of Al content on the oxidization kinetics can be also noticed on the results of the 15Cr
steel, with Al contents of 0.08 wt.% and 2.45 wt.% forming a chromium oxide and alumina oxide
scale layer at 1000 ◦C [29]. Considering the lower temperature of the oxidization experiment 1000 ◦C,
comparable results to those of grades A1, A2 and A3 are obtained. The results of oxidation kinetics of
the oxide scale thickness data are presented in Table 3. The kinetics of growth of oxide layer thickness
is sub-parabolic, cubic and parabolic for grade A1, A2 and A3, respectively. The parabolic rate constant
of oxide layer thickness of grade A3 is three orders higher than of grades A1 and A2. Such a big
difference is particularly caused by the internal oxidation of grade A3, see Chapter 3.4. The oxide scale
thicknesses of grades A1, A2 and A3 are quite similar to the ODS alloys PM 2000 [47], MA 956 [50] and
binary Ni 30Cr alloy [35] at corresponding exposure times, respectively.

Table 2. The results of analyses of the weight gain and comparison with the literature data.

Grade/Alloy T
(◦C) n

kp

(g2
·cm−4·s−1)

Oxide Layer

A1 (5.5 wt.% Al) 2.82 6.19 × 10−12 α-Al2O3
A2 (2.0 wt.% Al) 1200 2.94 7.49 × 10−12 α-Al2O3

A3 (0.3 wt.% Al) 2.51 4.30 × 10−11 (Cr,Fe)2O3,
(Cr,Fe)3O4

Fe-19Cr-5.4Al-0.5Y2O3 (PM 2000) [47] 1200 2.82 a 5.79 × 10−12 b α-Al2O3
Ni-30Cr [35] 1200 2.80 a 6.70 × 10−11 Cr2O3

15Cr-0.08Al [29] 1000 1.72 a 1.73 × 10−13 Cr2O3
15Cr-2.45Al [29] 1000 2.57 a 4.48 × 10−14 Al2O3

19Cr-2Mo-0.3Mn-0.5Si [25] 1100 2.70 a 5.51 × 10−11 Cr2O3, (Mn,Cr)2O4
Fe-24Al-1Y2O3 (Fe40Al-Grade3) [48] 1100 2.15 a 6.88 × 10−13 b α-Al2O3
Fe-20Al-12Cr-1Y2O3 (ALUSI 1) [48] 1100 1.94 a 1.69 × 10−13 b α-Al2O3
Ni-9Co-8W-2Mo-6Al-7Ta-4Cr-2Re

(DD6) [49] 1000 5.68 a 2.24 × 10−13 α-Al2O3

a, b Estimated from the literature data using the Equations (1) and (2) respectively.
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Table 3. The results of analyses of the oxide scales.

Grade/Alloy T
(◦C) n

kp

(µm2
·s−1)

Oxide Layer

A1 (5.5 wt.% Al) 2.65 3.64 × 10−4 α-Al2O3
A2 (2.0 wt.% Al) 1200 2.88 4.07 × 10−4 α-Al2O3

A3 (0.3 wt.% Al) 2.11 1.45 × 10−1 (Cr,Fe)2O3,
(Cr,Fe)3O4

3.3. Surface Morphology and Phase Composition of the Oxides

The morphology of the surfaces of oxidized samples of grades A1, A2 and A3 is shown in
Figure 5. The oxide grains of grades A1 and A2 are rather fine after the exposure for 64 h at 1200 ◦C.
The equiaxed grains of grade A1 are of size less than 1.5 µm. The EDS analysis revealed that the oxides
are dominantly composed of Al and O, see Chapter 3.4. Next to it, a small amount of Y, Fe and Cr are
detected too. In comparison to grade A1, the equiaxed grains of surfaces oxides of the grade A2 are
slightly larger (2 µm). Additionally, in the case of the A2 alloy, the EDS analysis detected that fine
oxides are dominantly composed of Al and O. In addition to it, the significantly larger amounts of
Y, Fe and Cr are detected too. Moreover, compared to grade A1, the bright oxides of larger size and
regular distribution are presented on the oxidized surface of grade A2, compare Figure 5a,b. Based on
the results of EDS measurements, these bright oxides contain Al, O, Fe and a slightly increased amount
of Cr. The surface morphology of the oxide layer on the oxidized grade A3 alloy is rather coarse,
see Figure 5c. One can also notice a much higher roughness of the oxide surfaces with pronounced
protrusions. The oxide grains of grade A3 attain size up to 7 µm which is the largest size observed for
the studied grades. According to the EDS analysis, the surfaces oxides contain O, Fe and Cr. Neither Y
nor Al is detected in the surface oxides in this case.
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Figure 5. The surface oxides on specimens of grades (a) A1; (b) A2 and (c) A3 after the exposure for
64 h/1200 ◦C.

The XRD spectra of the oxides grown on the surfaces of specimens after the exposure for
64 h/1200 ◦C are given in Figure 6. The estimated penetration depth of the applied XRD measurement
is 30 µm and is, therefore, considered in the interpretation of the results. The surface layer of grade A1
is dominantly composed of corundum (α-A2O3) and of a small amount of complex Al, Y-rich oxides
identified as Y3Al5O12 (YAG). The oxidized surface of grade A2 also contains a significant amount of
corundum together with a certain amount of complex Cr-Fe oxide identified as (Cr,Fe)2O3. Due to the
small thickness of the oxide layers around 10 µm, both diffraction spectra of grades A1 and A2 also
contain diffraction peaks of the ferritic matrix (α-Fe). On the contrary, the XRD measured only the
oxide layer on the specimen of grade A3, due to its significantly larger thickness. This oxide layer is
formed by nearly the same amount of complex Cr-Fe oxides analyzed as (Cr,Fe)2O3 and (Fe,Cr)3O4.
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Figure 6. X-ray diffraction (XRD) spectra and phase analysis of oxide layers on surfaces of grades A1,
A2 and A3 after the exposure for 64 h/1200 ◦C.

3.4. The Analysis of Cross-Sections of the Oxidized Layers

The cross-sectional morphologies and corresponding EDS line scans of the specimens of grades
A1, A2 and A3 exposed to 64 h/1200 ◦C are presented in Figure 7. It can be noticed that the thickness of
the oxide layer significantly depends on the Al content as it is already shown in Figure 3b. The oxidized
surface layers on grades A1 and A2 are compact with smooth outer surface, see Figure 7a,b. The oxidized
surface layer is dominantly composed from corundum (α-A2O3), forming a top (outer) layer of equiaxed
grains and a bottom (inner) layer containing columnar grains. The ratio of bottom to total oxide layer
thickness of grade A1 continuously develops from 0.47 to 0.69 for 1 h and 64 h of exposure, respectively.
The oxide scale of grade A2 follows a similar trend with the ratios 0.48 and 0.74 for corresponding
exposure times. In the inner corundum layer the dendrites of YAG originated from reaction of yttria
nano-oxides with corundum are observed, see Figure 6. The only sporadic isolated pores are observed
inside corundum layers and no peeling of oxide layers is detected up to 64 h of exposure.
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On the contrary, the oxide layer on the surface of grade A3 with Al content 0.3 wt.% consists of
mixed Cr, Fe oxides, see Figure 7c. Moreover, there are significant changes of the chemical composition
in the oxidized layer concerning O, Cr and Fe elements. The outer region of the oxide scale is composed
mainly of O and Cr with a small amount of Fe, the amount of which decreases throughout the thickness
of the oxide scale. Further, below the oxide layer, the clusters of oxides rich in Fe, Cr and Y are
presented in the alloy matrix. Next, an intensive formation of small Al-Y-rich oxides can be observed
at 30–180 µm beneath the surface representing the inner region of the oxide scale. Note that these
Al-Y rich isolated oxides are not detected in the as-annealed state of grade A3. Following, there is
an increased amount of O in the matrix of grade A3 below the oxide scale. Regarding morphology,
the oxide scale of grade A3 is rough. A significant amount of cavities, presented both in the oxide
scale and also on the interface of oxide scale/matrix, is observed. The cracks on the interface of oxide
scale/matrix are detected too. The oxide scale is compact after 4 h of exposure but it shows a significant
tendency to spall after 16 h of exposure. No additional oxidation is observed below unstuck oxide
scale which indicates that the cracking/spallation of oxide scale takes place during cooling to the
room temperature.

3.5. Discussion of the Effect of Al Content on Oxidization Mechanisms

From the results it is evident that two significantly different oxidation mechanisms occur in the
studied grades’ systems. The oxidization mechanism of grades A1 and A2 is the same, and can be
described as the following. At the beginning of the oxidation, the oxygen molecules are adsorbed onto
the surface of the sample. The Cr and Al are both strong oxide formers which have a high affinity for
oxygen. These elements are preferentially oxidized when added to a base metal such as Fe due to the
lower free energy of formation [51]. In case of grade A1 with Al content 5.5 wt.%, the oxygen anions
diffuse into the substrate and firstly react with Al cations to form Al2O3 nucleating on the surface.
As the time extends, the crystal nucleus of Al2O3 grows into a single, thin, dense and continuous
α-Al2O3 film. Hereafter, the interface of oxide/substrate is established and O2− penetrate through
the α-Al2O3 film and react with Al3+ at the interface. The formation of α-Al2O3 layer leads to the
depletion of Al3+ at the subsurface. Therefore, the oxidation starts to be controlled by the inward
diffusion of O2− to react with Al3+ at the oxide/metal interface, due to fact that the O2− diffuses faster
than Al3+ throughout the Al2O3 layer [48]. The oxidation layer predominantly grows by the inward
displacement of the oxide/substrate interface. This is also proved by the observed dominant growth
of α-Al2O3 layer via columnar grains into the substrate, i.e., the inward growth of the oxide scale.
Dominant inward growth of α-Al2O3 is referred for the alloys with various Al content at comparable
conditions of exposure [48,50,52]. This is due to the excellent protective function of the single α-Al2O3

film the oxidation rate gradually decreases with the thickening of the film. The non-parabolic growth
law of grades A1 and A2 seems to be a consequence of several factors, such as: the interference
of the inter diffusion described by the thermodynamics models reported in [51,53,54], of the effect
of the inter-diffusion of Al and Y elements and the columnar growth of α-Al2O3 grains [48,50,52].
The presence of a relatively large amount of Y2O3 nanoprecipitates in the system allows a significant
modification of the oxide layer, because the phase diagram of the Al2O3—Y2O3 binary system predicts
the formation of three stoichiometric phases YAG, YAP (YAlO3) and YAM (Y4Al2O9) [55]. In our case
having a Al2O3 rich system, the mixture of Al2O3 and YAG is formed as it is observed in Figure 7.

The oxide scale formation of grade A2 with Al content 2.0 wt.% follows similar oxidation
mechanism as grade A1. Nevertheless, at the beginning of oxidation, the formation of a continuous
α-Al2O3 layer is slightly delayed owning to the lower Al content. Before the continuous α-Al2O3 layer
is created the Cr-Fe-rich oxides (Cr,Fe)2O3 are formed in the oxide scale in the gaps between the islands
of α-Al2O3. Those (Cr,Fe)2O3 oxides then remain in small amount in the top part of oxide scale of
this grade.

The results of the surface oxidation of specimens of grade A3 indicate that the oxidation resistance
is much lower, and the process is more complex to that of grades A1 and A2. When the Al content
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is in a low level of 0.3 wt.%, the outer oxide layer composes of complex Cr-Fe-rich oxides identified
as (Cr,Fe)2O3 and (Fe,Cr)3O4. The Cr-Fe-rich oxides are formed prior to Al2O3 because of the both
higher content of Cr and Fe with respect to Al and a higher growth rate of (Cr,Fe)2O3 compared with
that of Al2O3. The Cr element plays the most important role in protecting the alloy and the diffusion
of Cr3+ cations from inner to outer layers leads to the depletion of Cr in the inner layer. The porous
outer (Cr,Fe)2O3 layer becomes compact with the increased oxidation time. The Cr in the initially
formed (Cr,Fe)2O3 gradually changes into volatile CrO3 under a high oxygen partial pressure and flows
over the oxide surface. Simultaneously, some internal Fe ions diffuse outwards creating (Fe,Cr)3O4.
The oxide scale of grade A3 composed of (Cr,Fe)2O3 and (Fe,Cr)3O4 grows outwardly unlike for grades
A1 and A2 with α-Al2O3 oxide scale. This indicates that the matrix continues to maintain the supply of
Cr and Fe to the oxide scale, resulting in the Cr and Fe depletion at the subsurface region and causing
the local matrix enrichment of Al and Y. The oxygen anions easily penetrate through porous oxide
scale composed of Cr-Fe-rich oxides and develop Al-Y-rich oxides in this region. The oxidization of Al
and Y promotes the creation of Cr-Fe-rich oxides in their surroundings, leading to the formation of
clusters of oxides. These oxide clusters contribute to weakening of the stability composition of the
matrix solid solution accelerating the diffusion of oxygen ions into the material. The higher partial
pressure of oxygen in the subsurface matrix solid solution further promotes the internal oxidation of
the alloy, resulting in the formation of individual Al-Y-rich oxides in the inner region of the oxide scale.
The outer oxide scale is non-compact after 16 h of exposure at 1200 ◦C, and shows a tendency to peel
off during the cooling stage. The oxide scale spallation most probably is caused by the difference in the
thermal expansion coefficient between the oxide scale and matrix of the alloy [56,57]. Next, the high
Kirkendall porosity, modelled, e.g., in [53,58], together with the misfit stresses induced by volumetric
changes between the oxide and metal matrix [57], may also contribute to the spallation phenomenon.

A comparison of oxidation resistance performance of three studied grades of the new-generation
ODS alloy leads to the conclusion that Al content over 2 wt.% ensures an excellent resistance to high
temperature oxidation. The long-time high temperature oxidation protection is conditioned by the
integrity of Al2O3 oxide scale layer preventing the oxygen diffusion into the material and its repetitive
formation in case of oxide scale spallation. For ferritic steels, the formation of uniform Al2O3 oxide
scale seems to be ensured for Cr and Al concentrations larger than 14 wt.% and 2 wt.%, respectively [30].
The results of other authors show that the uniform oxide scale of α-Al2O3 is repeatedly formed for
ferritic steels with 4.6 wt.% of Al [59]. The long-term formation of the stable oxide layer of the A1
grade with 5.5 wt.% of Al is therefore ensured. Grade A2 with 2.0 wt.% of Al is expected to provide
slower formation of a uniform Al2O3 oxide layer on the surface in case of spallation and thus a less
durable oxidation resistance to that of grade A1.

4. Conclusions

The oxidation mechanisms and kinetics are investigated for three grades of the new-generation
ODS alloys of chemical composition Fe-15Cr-xAl-4Y2O3 with different Al contents x = 0.3 wt.%,
2.0 wt.% and 5.5 wt.%. The results can be summarized as follows:

1. The new-generation ODS alloys are successfully prepared by hot consolidation of mechanically
alloyed powders followed by annealing.

2. The oxidation tests using the limited number of test specimens are performed at 1200 ◦C on air
for 1 h, 4 h, 16 h and 64 h. The oxidation kinetics obeys the non-parabolic law.

3. In the case of sufficiently high Al content x = 2.0 wt.% and 5.5 wt.%, a compact corundum-based
oxide layer of α-Al2O3 is formed on the surface, which protects the alloys from internal oxidation
very effectively.

4. In the case of a low Al content x = 0.3 wt.%, a mixture of Fe, Cr oxides forms a porous and
non-compact layer on the specimen surface, which cannot protect the alloy from internal oxidation
and degradation of mechanical properties.
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5. As the Fe-15Cr-xAl-4Y2O3 new-generation ODS alloys contains a high amount of Y2O3,
the corundum-based oxide layer of the grades with the high Al content x = 2.0 wt.% and
5.5 wt.% reacts with the Y2O3 and YAG dendrites grow in the layer.

6. The Al content exceeding 2 wt.% ensures an excellent oxidation resistance of the new-generation
ODS alloys. Nevertheless, for long-term oxidation resistance grade A1 with higher Al content
5.5 wt.% is expected to provide an improved performance.
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