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Abstract: A protective oxide film is the key to the corrosion resistance of the FeCrAl alloy. The
mechanism of the formation of the multilayer oxide film of the FeCrAl alloy in 700 ◦C air was
explored by studying the structure evolution of the oxide film and the oxidation kinetics of FeCrAl.
The results show that a multilayer oxide layer is formed on the surface of the FeCrAl alloy after
1344 h, with a (Fe,Cr)2O3 layer, an Al-rich oxide layer, an Al-depleted zone, and a new Al-rich oxide
layer sequentially arranged from the surface to the matrix. This indicates that the Al element plays
an important role in the formation of the oxide film. The Al in the matrix is depleted to form the
Al-rich oxide layer, resulting in the Al-depleted zone. The new Al-rich oxide layer is formed under
the Al-depleted zone by internal oxidation. It should be noted that the precipitation of the AlN phase
in the matrix is observed, which might be a probable factor for the Al-depleted zone in the matrix.

Keywords: FeCrAl; oxidation mechanism; 700 ◦C; Al-depleted zone; AlN

1. Introduction

The high temperature environment of advanced energy systems creates requirements
for the corrosion resistance of structural materials. As a rational corrosion inhibition
strategy for structural materials, introducing a surficial oxide film can prevent further
corrosion to the bulk phase [1–3]. In general, the common oxides on the surface of alloys are
SiO2, Cr2O3, and Al2O3 [4–6]. Among the three oxides, Al2O3 has the most stable chemical
properties at high temperatures, making it an ideal candidate for the corrosion inhibition of
structural materials with high-temperature application scenarios [7].

As a potential candidate for next-generation structural materials for advanced energy
systems, the FeCrAl alloy stimulates broad research interests because of its superior high-
temperature corrosion resistance [8,9], which could be attributed to its surficial oxide layer,
Al2O3 [10,11]. Such a layer inhibits oxidation by hindering the outbound diffusion of Fe
and the inbound diffusion of O [12].

Considering the dominant effect of the Al2O3 layer in the corrosion inhabitation of the
FeCrAl alloy, the Al content has a significant impact on its oxidation behavior. A protective
alumina-based layer starts to form as dispersed islands on the FeCrAl surface when the Al
content is about 2 wt.%, so the layered fraction gradually increases to full coverage when
the Al content is higher than 3.2 wt.% [13]. Therefore, the oxidation resistance extension of
FeCrAl can be achieved by increasing the Al content [14]. However, such a practice is also
known to deteriorate the mechanical properties of the FeCrAl alloy due to the increased
Al content, such as the high-temperature creep strength [15]. Lean Al FeCrAl alloys have
been widely investigated to solve the contradiction between oxidation resistance and creep
strength caused by the increasing Al content [16].
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It is worth noting that a multi-layered oxide film on the surface of FeCrAl can be
synthesized at 600~700 ◦C, while a variety of morphologies are obtained at other tem-
peratures, including amorphous oxide at temperatures lower than 500 ◦C and α-Al2O3
at temperatures up to 500 ◦C [17,18]. In the temperature range of 800–900 ◦C, a bilayer
oxide is generated with the aluminum-rich inner layer and the Al, Cr, and Fe- containing
outer layer [19,20]. A single layer alumina is generated when the temperature increases to
1000–1300 ◦C [8,21].

However, the oxidation mechanism leading to the formation of the multilayer structure
at an intermediate temperature (such as 700 ◦C) is still unclear, which limits the application
and development of FeCrAl in solar concentrating power generation systems [22,23]. The
formation of the oxide film, especially caused by internal oxidation, is the most likely cause
of growth stress [24]. Growth stress might be one of the reasons for the failure of protective
oxide films [24,25]. Therefore, the formation mechanism of the multilayered-structure oxide
film on the FeCrAl in the air at 700 ◦C is investigated. This study provides new hints for the
oxidation mechanism of FeCrAl alloys and might lead to an improved corrosion inhibition
strategy of this alloy, which broadens the application scenario of this important material
for advanced energy systems applications.

2. Materials and Methods

The Fe13Cr2Al alloy was used in this work. The pure metal powders were melted by
vacuum induction melting (VIM) to obtain ingot, followed by hot rolling at 1100 ◦C. After
rolling, the chemical compositions of FeCrAl were analyzed using inductively coupled
plasma optical emission spectroscopy (ICP-OES), model Agilent 5110(OES) (Agilent, Santa
Clara, CA, USA). The major elements in the alloy are shown in Table 1. Figure 1 shows the
microstructure of Fe13Cr2Al, which was chemically etched using 15% Nital.

Table 1. Compositions of FeCrAl alloys used in the present work (wt. %).

Elements Fe Cr Al Mo

Content (wt.%) balance 12.7 2.0 1.5
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Figure 1. OM microstructure of the Fe13Cr2Al etched with 15% NITAL (100×).

The samples for the high-temperature oxidation test specimens, with dimensions of
12 × 12 × 2 mm in thickness, were prepared. The surfaces of all specimens were mechani-
cally ground using silicon-carbide paper of up to 2000 grit and were cleaned ultrasonically
in deionized water and alcohol before the exposure test. After being numbered, the samples
were placed into the prepared alumina crucible. The crucible was then placed into a muffle
furnace and high-temperature oxidation in the air was carried out. The oxidation tests were
carried out three separate times (336 h, 672 h, and 1344 h) at 700 ◦C. An oxidation time of
1344 h was selected because of the excellent oxidation resistance of the alloy. The division
of the time nodes (336 h and 672 h) is based on the assumption that alloy oxidation may
follow the parabolic law [10]. After oxidation, the samples were allowed to cool in the air.
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The specimens were then ultrasonically washed using ethanol or acetone. The oxide
phases of the external layer of oxide film were analyzed using an X-ray polycrystalline
diffractometer (XRD) (Bruker, Billerica, MA, USA) with Cu-Kα radiation. The measure-
ments were obtained between 15◦ < 2θ < 85◦ (step size 0.03◦). The structure and composition
of the oxide film were observed by a field emission scanning electron microscope (FESEM)
(JEOL Ltd., Tokyo, Japan) equipped with an EDS system. FESEM used an accelerating
voltage of 15KV. The cross-sectional and superficial images of the oxidized samples were
captured on the FESEM in the secondary electron mode (SE).

3. Results
3.1. Characterization of Oxide Layers
3.1.1. Morphology of the Oxide Film Surface

The surface morphology evolution of the FeCrAl alloy samples after oxidation at
700 ◦C for 336 h, 672 h, and 1344 h were observed using SEM, as shown in Figure 2. The
alloy surface was covered by the oxide film with thick lamellar grains and an uneven
morphology. Numerous protrusions on the surface of the oxide film were observed after
oxidation for 336 h (Figure 2a). At the scale of 500nm, these protrusions were needle-like
and consisted of small lamellar grains, as shown in Figure 2b. After exposure in air for
672 h, the number of protrusions decreased while their size increased, as shown in Figure 2c.
After 1344 h of oxidation, the number of protrusions and depressions on the oxide film
surface further decreased (Figure 2e). Figure 2b,d,f indicates that the grain size on the
oxide film surface increased and their number decreased with the exposure time. In other
words, the oxide film became smoother as the exposure time increased. The XRD analysis
of the surface of the FeCrAl alloy sample after oxidization for 336 h, 672 h, and 1344 h
is illustrated in Figure 3. (Fe,Cr)2O3 could be easily identified in all of the samples (the
number of the PDF card is 02-1357).
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Figure 3. XRD patterns of the oxidation scale formed on the FeCrAl surface. 
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the EDS line profiles reveal an Al,O-rich region (Figure 5d), suggesting that the particu-
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to the coarsening and interconnection of the aforementioned Al-rich oxide particulates 
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Figure 2. FESEM-SE surface morphology of FeCrAl after oxidation at different exposure times: (a)
(b) 336 h, (c,d) 672 h, and (e,f) 1344 h. The magnification of (a,c,e) is 8000× and the magnification of
(b,d,f) is 40,000×.
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3.1.2. The Cross-Section Morphology and Composition of the Oxide Film

A continuous oxide film formed on the alloy surface and was observed in all of the
samples (Figure 4), which is rich in Fe, Cr, and Al, as shown in the corresponding EDS
mapping images of Figure 4. Many needle-like phases precipitated in the alloy matrix.
Additionally, the EDS results show that the acicular phase was not an oxide, which will be
discussed in the next section.

After 336 h of exposure, the oxide film exhibited a double-layer structure composed of
an external layer and an internal layer, as shown in Figure 5a. The typical EDS line profile
images suggest that the outer layer was composed of an Fe,Cr-rich oxide, as Fe, Cr, and O
accumulated there (Figure 5b). The XRD in Figure 3 also supports this. It could be seen
from Figure 5b that the internal layer of the oxide film was Al-rich oxides because Al and
O accumulated there. However, the peak of Al-rich oxides was relatively ambiguous in
XRD in comparison with the strong peak of (Fe,Cr)2O3, due to the lower content of Al-rich
oxides in the oxide film.

The structure of the oxide films changed from being double-layered to four-layered
with the aging time. As the exposure time increased to 672 h, new particles were observed
in the matrix close to the matrix–oxide interface (Figure 5c). Peaks around 1.7–1.8 µm of
the EDS line profiles reveal an Al,O-rich region (Figure 5d), suggesting that the particulates
were Al-rich oxide. It is worth noting that these Al-rich oxide particulates were formed
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in the matrix 0.2–0.3 µm below the Al-rich oxide layer, so it should be distinguished from
the previously observed Al-rich oxide layer around 1.0–1.6 µm (Figure 5c,d). When the
exposure time increased to 1344 h, a new Al-rich oxide layer was formed due to the coars-
ening and interconnection of the aforementioned Al-rich oxide particulates (Figure 5e,f).
There was an Al-depleted zone with a relatively low Al content and O content between
the two Al-rich oxide layers, as shown in Figure 5f. In brief, a multilayer oxide layer was
formed on the surface of the FeCrAl alloy after 1344 h, with a (Fe,Cr)2O3 layer, an Al-rich
oxide layer, an Al-depleted zone, and a new Al-rich oxide layer sequentially arranged from
the surface to the matrix.
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Figure 5. FESEM-SE image and EDS line scanning on the cross-sectional oxide film of the FeCrAl
during different exposure times (16,000×): (a,b) 336 h, (c,d) 672 h, and (e,f) 1344 h.

It is worth noting that the structural changes in the oxide film mainly occurred on
the inner side of the oxide film. The inner side of the oxide film evolved from a single
Al-rich oxide layer to an Al-rich oxide layer, an Al-depleted zone, and a new Al-rich oxide
layer. In contrast, the morphology of the (Fe,Cr)2O3 layer on the outer side of the oxide
film remained stable with negligible thickness changes.

3.2. Morphology of AlN Precipitation in the Matrix

A large amount of needle-like precipitation was observed in the matrix after exposure
for 336 h (Figure 4). The EDS analysis of the precipitation showed that the stoichiometry of
Al and N was approximately 1:1 (inset table in Figure 6), suggesting the existence of AlN.
In the meantime, the prominent concentration of Fe in the alloy matrices was also detected
as the diameter of the needle-like phase was about 200 nm and the actual scope of the EDS
analysis was usually a few cubic microns [26]. The AlN coarsened as the distance from the
oxide film increased, as illustrated in Figure 4, where the AlN was almost invisible at the
oxide film/matrix interface. The number of AlN phases decreased as the exposure time
increased, as shown in Figure 4.
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4. Discussion
4.1. Mechanism of Oxide Film Growth

A double-layer oxide film composed of an external layer and an internal layer was
observed, after exposure for 336 h in air. These external and internal layers were mainly
composed of (Fe,Cr)2O3 and Al-rich oxides, respectively. This is consistent with previous
observations of oxidation in the Fe–Cr–Al systems [12]. The formation of this structure
may be related to the promoting effect of Cr oxide on the formation of alumina [27]. In the
present work, the XRD results show that (Fe,Cr)2O3 has a rhombohedral structure with
space group R3c, which is the same as α-Al2O3. The Cr2O3 may promote the formation of α-
Al2O3 [27–29]. However, it should be noted that their lattice parameters are not consistent.
Therefore, the crystallographic relationship between (Fe,Cr)2O3 and Al-rich oxides needs
to be characterized on a smaller scale in the future so as to obtain more accurate evidence.

The structural evolution of the oxide film with the aging time was observed. The
change mainly occurred at the matrix near the oxide film because of the internal oxidation,
while the phase and morphology of the (Fe,Cr)2O3 layer remained stable. Compared with
the inhibition of internal oxidation, the Al-rich oxide layer had a better performance when
inhibiting the external oxidation of the FeCrAl alloy, which explains this observation [29].
Considering the relative stability of the external (Fe,Cr)2O3 layer, the internal oxidation and
its influences on the corrosion inhabitation performance of the FeCrAl alloy are discussed
in the following text.

Because of internal oxidation, the new Al-rich oxide particles nucleated in the matrix
and finally formed a new Al-rich oxide layer. It should be noted that the newly formed
Al-rich oxide layer was isolated from the Al-rich oxide layer that previously formed. An Al-
depleted zone formed between the two Al-rich oxide layers. Figure 7 illustrates a probable
alloy internal oxidation model, which is also supported by the EDS results (Figure 5f). The
presence of the Al-depleted zone can be attributed to the consumption of Al on the matrix
side of the oxide film/matrix interface when forming the Al-rich oxides. The outward
Al flux diffusing from the alloy is not sufficient to counterbalance the consumption of Al,
which may also be one of reasons leading to the Al-depleted zone. Similar phenomena
have also been reported in previous studies. A concentration gradient of Al on the matrix
side of the oxide film/matrix interface oxidized below 1080 ◦ C was observed in the study
of Al consumption during oxidation by B. Lesage [30].

The morphology and EDS analysis show that the Al-depleted zone is mainly composed
of the partially oxidized alloy matrix (Figure 5c–f). This is because the oxidation of Fe and Cr
requires a higher oxygen concentration than that of Al. Figure 8 reveals that for oxidization
reactions at the same oxygen partial pressure, the standard Gibbs free energy change of
Fe, Cr, and Al (∆Gθ

Fe3O4
, ∆Gθ

Cr2O3
, and ∆Gθ

Al2O3
) were −401.5, −628.7, and −912.9 kJ mol−1,

respectively, in the order Fe3O4 < Cr2O3 < Al2O3, where Al2O3 had the largest value,
indicating that Al exhibited a higher affinity for O than Cr and Fe at 700 ◦C [31]. The change
in standard Gibbs free energy for the oxidation reaction is as follows [31,32]:

3/2Fe(s) + O2(g) = 1/2Fe3O4(s), ∆Gθ
Fe3O4

= −551, 100 J/mol + 153.7T (1)
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4/3Cr(s) + O2(g) = 2/3Cr2O3(s), ∆Gθ
Cr2O3

= −773, 173 J/mol + 148.5T (2)

4/3Al(s) + O2(g) = 2/3Al2O3(s), ∆Gθ
Al2O3

= −1, 124, 800 J/mol + 217.9T (3)
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temperature [31,32].

In addition, the Al-depleted zone may have appeared after 336 h of oxidation (Figure 7a),
instead of 672 h. As previously mentioned, the occurrence of the Al-depleted zone was caused
by the depletion of Al in the matrix by the formation of the Al-rich oxide layer. After 336 h
of oxidation, an Al-rich oxide layer formed inside the oxide film (Figure 5a). Therefore, the
Al-depleted zone should also be formed at the same time. The results after oxidation for 672 h
could also prove this conclusion. After 672 h of oxidation, new Al-rich oxide particles were
found in the matrix ~0.2 µm away from the oxide film, as shown in Figure 5c. This shows that
the concentration of Al in the matrix area between the newly formed Al-rich oxide particles
and the oxide film was too low to form the Al-rich oxide. Therefore, after 336 h of oxidation,
the Al-depleted zone may have appeared.

4.2. Oxidation Kinetics

The oxidation kinetics were studied by measuring the oxide film thickness. The oxide
film thickness at different oxidation times is listed in Table 2. The growth curve of the
oxide film is shown by the red line in Figure 9. The thickness of the (Fe,Cr)2O3 layer as
one subdivision sub-layer of the oxide film was also measured to show the different stages
of oxidation, as shown by the blue line in Figure 9. It can be seen that in the early stage
(<336 h), external oxidization leads to the fast growth of the (Fe,Cr)2O3 layer. Then, its
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growth stagnates due to the formation of the Al-rich oxide layer, indicating that the external
oxidation of the alloy is significantly inhibited.

Table 2. Change in oxide film thickness with time.

Time (h) 336 672 1344

Thickness (µm) 1.3 1.8 2.5
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The growth rate of the oxide film (red curve in Figure 9) conformed to the parabolic
law, as shown below:

x2 = 2kt (4)

where k is the parabolic rate constant of the oxide film (including all fine layers, such
as the (Fe,Cr)2O3 layer). k = 2.4 × 10−3µm2/h, between the parabolic rate constants of
Fe10Cr1.9Al and Fe10Cr2.3Al in 650 ◦C air [16]. In this study, we examined a continuous
Al-rich oxide layer on the alloy surface after 336 h of oxidation and its significant inhibition
on external oxidation of the alloy during 336~1344 h of oxidation (Figures 4 and 5). This
is the main reason the oxidation rate of the alloy is lower than that of Fe10Cr1.9Al [16],
which is consistent with the previous understanding of the protective effect of Al-rich
oxides [12,27–29,31].

The inhibition of Al-rich oxides against external oxidation means that the (Fe,Cr)2O3
layer may not be formed if fast formation of the continuous Al-rich oxide layer is realized in
the early oxidation stage (<336 h). However, in this study, the external (Fe,Cr)2O3 layer was
observed on the alloy surface at the early stage of oxidation, indicating that the formation
rate of Al-rich oxides on the alloy surface was relatively slow. This may be caused by the
slightly lower Al content in the alloy. The Fe10Cr2.3Al in previous research does not form an
external Fe-rich oxide, showing a better oxidation resistance [16]. The lower Al content may
be one of the reasons the oxidation rate of the alloy in this work is higher than Fe10Cr2.3Al.
Another reason is that the Al-depleted zone in the oxide film reduces the protective effect
of the oxide film during long-term oxidation. As previously mentioned, the Al-depleted
zone was mainly composed of unoxidized Fe (see Figure 5). The diffusion coefficients of
oxygen in Fe, Cr2O3, and Al2O3 are, respectively [33–35]:

DO in Fe = 0.37exp

(
−298 KJ × mol−1

RT

)
m2/s (5)

DO in Cr2O3 = 1.59 × 10−3exp

(
−421 KJ × mol−1

RT

)
m2/s (6)
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DO in Al2O3 = 1.59 × 10−3exp

(
−603 KJ × mol−1

RT

)
m2/s (7)

when the temperature is 700 ◦C, DO in Fe = 3.7× 10−11 m2/s, DO in Cr2O3 = 4.0× 10−26 m2/s
and DO in Al2O3 = 1.1 × 10−35 m2/s. It can be seen that the diffusion coefficient of oxygen in
the alloy matrix is much greater than that in Cr2O3 and Al2O3. Therefore, when designing new
alloys, the content of Al should be carefully designed within the acceptable range of processing
performance to avoid the generation of the Al-depleted zone as much as possible.

4.3. Interaction between AlN and Oxide Film

The appearance of the Al-depleted zone may be related to the formation of AlN.
Figures 4 and 6 show that the AlN phase precipitated in the alloy matrix under the oxide
film after oxidation for 336 h. The precipitation of the AlN phase may have been the
result of diffusion of the N element from the air into the alloy matrix. Previous studies
have shown that the nitridation of alloys occurs in the very early stage of oxidation [36].
Consequently, Al in the alloy matrix is consumed by the precipitation of AlN, which may
be another reason for the appearance of the Al-depleted zone.

The formation of the Al-rich oxide layer prevents further nitridation, as shown in
Figure 4. This indicates that the oxide film on the surface of the alloy successfully inhibits
the migration of N into the alloy matrix, thus preventing the nitridation of the alloy.
Compared with AlN, Al2O3 is more thermodynamically stable [13]. The formation of
Al2O3 consumes Al in the matrix, so the Al content in the matrix near the oxide film is
further lowered, making the formation of AlN thermodynamically unfavorable. Therefore,
only a limited amount of AlN is observed in the matrix extremely near the oxide film. The
fine AlN phase near the oxide film may directly react with the inwardly diffused O to form
Al2O3 due to the higher affinity of Al and O [37].

5. Conclusions

The oxidation behavior of FeCrAl in the air at 700 ◦C for 336 h, 672 h, and 1344 h was
studied by investigating the oxidation kinetics and microstructure evolution. Based on the
presented analysis, the following conclusions can be drawn:

1. At the early stage of oxidation, a double-layer oxide film was formed on the alloy
surface. The external layer of the oxide film is (Fe,Cr)2O3 and the internal layer is
Al-rich oxides.

2. With the extension of the oxidation time, the structure of the oxide film evolved
from being double-layered to four-layered. The four-layered oxide film consists of a
(Fe,Cr)2O3 layer, an Al-rich oxide layer, an Al-depleted zone, and an Al-rich oxide
layer. The main components of the Al-depleted zone are Fe and Cr, which have not
been completely oxidized.

3. The occurrence of the Al-depleted zone is mainly due to the depletion of Al in the
matrix by an Al-rich oxide layer formed at 336 h. The formation of the new Al-rich
oxide layer is mainly because of the internal oxidation of the alloy.

4. The growth of the oxide film follows a parabolic law.
5. The AlN phase was formed due to the diffusion of N into the alloy matrix in the early

stage of oxidation. The precipitation of the AlN phase might be one of the reasons for
the appearance of the Al-depleted zone.
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