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Abstract: The chemical composition of FeCrAl alloy significantly influences its thermal-
mechanical as well as anti-corrosive properties. This study investigates the impact of silicon
and yttrium additions on the thermal-mechanical properties and high-temperature oxida-
tion resistance of FeCrAl alloy. The results indicate that thermal conductivity gradually
decreases with the incorporation of Y or Si into the lattice, whereas the mechanical strength
of the alloy can be enhanced through the addition of Y. A trace amount of Y can improve
the alloy’s high-temperature oxidation resistance by mitigating the spallation of the surface
oxidation film and promoting the growth of the film, characterized by heterogeneous
chemical composition and microstructure. It is observed that Y possesses a higher charge
density than FeCrAl, suggesting that Y can lose electrons more readily than other elements,
which implies a reduction in oxygen diffusion.

Keywords: FeCrAl alloy; high temperature oxidation; thermal-mechanical behavior

1. Introduction
Current and future advanced energy systems require structural materials that can

withstand high-temperature environments. The materials are required to maintain both
mechanical strength and corrosion resistance at high temperatures while also having high
thermal conductivity and low expansion rates [1]. Common high-temperature structural
materials include intermetallic compounds and high-temperature ceramics, such as Ti-
Al alloys, Ni-Al, and Fe-Al, which have been identified to maintain robust reliability in
the aerospace and automotive industries [2]. Additionally, high-temperature ceramics,
including silicon and carbide, can also be identified as promising candidate materials in
the aerospace and automotive industries [2].

Among these structural materials, Fe-Al alloy has been chosen as an ideal high-
temperature structural material due to its robust oxidation resistance at high temperatures,
as well as its good mechanical properties and low density [3]. The addition of the Cr
element can further increase the oxidation resistance of the Fe-Al alloy and improve its
mechanical and electrochemical properties, which makes it an ideal substitution material
for stainless steel as a high-temperature alloy material at 773~873 K [4–6].

FeCrAl alloys are long recognized to have robust performance in turbo systems, boiling
water tanks, heating elements, etc., due to their ready formation of surface oxide film at
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high temperatures [7]. The feasible formation of Cr2O3 at low oxidation temperatures will
lose its passivation capability at elevated temperatures [8]. Therefore, the high-temperature
anti-oxidative capacity is highly dependent on the formation of metal-stable Al2O3 at high
temperatures in order to compensate for the loss of Cr2O3, which induces the superior
anti-oxidative capacity for FeCrAl alloy [9]. The properties of the surface oxide film are
crucial for the corresponding performance of the materials, which is highly dependent
on its chemical composition, as confirmed by previous research [9,10]. Weisenburger
et al. [11] showed that model FeCrAl alloys containing 12.5 wt.% Cr and 6 wt.% Al were
able to form thin protective alumina layers in the temperature interval of 400–600 ◦C. It is
difficult to simultaneously achieve high mechanical strength and oxidation resistance for
FeCrAl alloy. Previous research has optimized the chemical composition of FeCrAl alloy
(Fe-13Cr-6Al) by balancing the mechanical strength and oxidation resistance under the
LOCA scenario [12,13].

However, the uneven growth of the oxidation film leads to the premature spalling and
breakdown of these denseα-Al2O3 scales during high-temperature oxidation, particularly
upon large fluctuations in temperature, limiting the practical application of FeCrAl al-
loys [14]. Rare earth elements (REs) such as Y, La, and Ce have long been considered active
elements that can be used to reduce film spallation as well as increase the high-temperature
affinity of film [15,16]. Among these elements, Y has been widely used as an active addition
to suppress the oxidation film’s growth rate and reduce film spallation [17]. Qi’s research
pointed out that the addition of Y promotes the formation of the Al2O3 layer and stabilizes
its structure, which helps to reduce the spalling of oxides [13]. More in-depth research has
been conducted on the effect of Y on the oxidation properties of FeCrAl alloy. Riffrard’s
research shows that the addition of Y will increase the oxidation rate in the initial oxidation
stage, followed by reducing the on-site oxidation rate due to the gradual formation of a
stable oxide film [18]. Ramanarayanan’s research further confirmed that Y doping can
significantly improve the high-temperature oxidation resistance of FeCrAl alloy, especially
when an Al2O3 film is formed [19]. Meanwhile, the lowest oxidation weight gain being
obtained by incorporating Y into the FeCrAl matrix can be explained by the formation of
secondary Y2O3 or the ternary crystalline phase of Y3Al5O12 [10], reducing the film spalla-
tion and increasing the film quality. Although the addition of Y can enhance the oxidation
resistance of the alloy, it has a rare positive effect on the thermal-mechanical property based
on the previous report [20]. To some extent, the addition of Y or Y2O3 can reduce the
Young’s modulus of the alloy by making the alloy more brittle at high temperatures [20].
Therefore, the high-temperature application of the alloy needs to thoroughly balance the
thermal-mechanical behavior and anti-oxidation behavior. However, few previous studies
have provided a deeply insightful and convincing mechanism that can clearly explain the
role of additive elements in simultaneously enhancing thermal-mechanical properties and
oxidation resistance, especially under high-temperature oxidation conditions.

On the other hand, the effect of the concentration of eutectic elements on the thermal
and mechanical properties of the FeCrAl alloys has been further studied, aside from its
oxidation resistance. Although the addition of Al can significantly enhance the formation
of oxidation film, it can lead to the fast phase transition to BCC, which results in a high
brittle property [12]. The Cr ratio of higher than 21 wt.% can lead to the phase segregation
of α-phase [21], while the high-temperature mechanical performance can be enhanced by
the addition of Mo (0–3 wt.%), leading to the formation of a secondary Laves phase [22].
However, it was pointed out that the addition of Mo can reduce the mechanical performance
of the surface oxidation film, leading to premature spallation and cracking of the oxidation
film [10]. From now on, the effect of Cr and Al on the alloy’s thermal-mechanical and
anti-oxidation properties has been deeply studied, with the Cr and Al ratio being further
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optimized. However, the overall effect of trace addition elements, including Y, Si, or Nb, on
the physical-chemical properties of the alloy has not been fully appraised.

Although the positive effect of Y on the anti-oxidation property of the FeCrAl alloys has
been widely studied, there is a lack of systematic understanding of the thermal-mechanical
properties of Y-doped FeCrAl alloy. Whether the Y-doped alloy exhibits simultaneously
robust thermal and mechanical performance along with the anti-oxidation performance
remained unknown. In the current study, the FeCrAl alloys with variable Si and Y addition
have been successfully fabricated, with their microstructure evolution being further charac-
terized. The thermal-mechanical properties of the alloys have been further evaluated by
measuring the temperature-dependent thermal conductivities, stress-strain curves, and
friction-wear behavior. The anti-oxidative behavior of the alloys was studied by conducting
the on-site high-temperature oxidation test subjected to the ambient atmosphere. The mi-
crostructure evolution of the alloy before and after oxidation was characterized by Scanning
Electron Microscopy (SEM) and Scanning Transmission Electron Microscopy (STEM), while
the on-site oxidation weight gain was further determined. The effect of rare earth Yittrium
on the oxide film formation was studied by the first principal calculation as well.

2. Materials and Methods
2.1. Materials

The FeCrAl alloy (with Si and Y addition) with detailed chemical compositions was
manufactured by vacuum induction melting (VIM) of pure Fe (99.50 wt.%), Cr (99.00 wt.%),
Al (99.60 wt.%), Si (99.90 wt.%), and Y (99.90 wt.%) at a temperature of 1150 ◦C, followed
by high-temperature homogenization for 3 h under 1000 ◦C before hot rolling into sample
slices with a thickness of 16 mm at 800 ◦C. The precast ingots were further machined into
thin slices with a length and width of around 10 mm, followed by thermal annealing at
1000 ◦C for 3 h before polishing for further testing. The chemical compositions of the
alloy can be determined by an inductively coupled plasma optical emission spectrometer
(ICP-OES) (ICAP-6300, Thermal Fisher Scientific, Waltham, MA, USA), while the residual
carbon content was measured by a carbon analyzer (HW2000B, Joinstars, Hangzhou, China)
as well. The chemical compositions of these alloys based on the ICP-MS are listed in Table 1.

Table 1. Chemical composition of the six FeCrAl alloys tested herein.

No. Chemical Composition Cr (wt.%) Al (wt.%) Si (wt.%) Y (wt.%) Fe (wt.%)

1 13Cr-3Al-0.5Si 12.84 3.12 0.51 0 balance
2 13Cr-3Al-1.0Si 13.13 3.18 1.06 0 balance
3 13Cr-3Al-1.5Si 13.07 3.13 1.64 0 balance
4 13Cr-3Al-2.0Si 12.90 3.09 2.15 0 balance
5 13Cr-3Al-0.5Si-Y 13.20 3.20 0.48 0.56 balance
6 13Cr-3Al-1.5Si-Y 13.03 3.11 1.60 0.48 balance

2.2. Methods

The surface microstructure evolution of the as-synthesized alloy pellets was further
characterized by Scanning Electron Microscopy (SEM) (TESCAN LYRA3 GM, Warrendale,
PA, USA), with the corresponding elemental analysis being achieved by elemental disper-
sive spectroscopy (EDS). The samples were chemically etched with acetic acid (70%) before
being subject to grain size and grain boundary determination. The crystalline structure
of the as-synthesized alloy was further characterized by X-ray diffraction (XRD) (PAN-
alytical B.V., Westborough, MA, USA). The cross-section morphology evolution, as well
as the elemental distribution of the sample alloy post-high-temperature on-site oxidation,
can be analyzed by SEM-EDS. The nanoscale structural evolution of the sample coupon
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post-oxidation can be further evaluated by STEM (TITAN 200, FEI, Hillsboro, OR, USA),
with the sample lamella being prepared by the focused ion beam.

The mechanical performance of the fabricated alloys was further studied by plotting the
stress-strain curves via a universal testing machine (UTM, SUNS, Shenzhen, China), with
the corresponding tensile stress, fracture stress, and elongation rate being calculated. The
uniaxial tensile rate of the sample was set to be 1 mm/min. The temperature was controlled
by a heating chamber with an aluminum oxide ceramic insulator surrounding it. The tensile
tests were carried out three times for each sample under both room temperature and 400 ◦C.

The coefficient of friction (COF) and wear rate of the FeCrAl alloy at both room tem-
perature and 400 ◦C were further studied by carrying out the friction and wear test (Anton
Paar TRB, Graz, Austria). The test selected Φ6 mm Al2O3 balls and Φ26 mm × 8 mm TC4
alloy cylinder distribution as the upper and lower samples. The upper specimen dual ball
is fixed to the cantilever of the testing machine through a hollow pin tube, and the TC4
alloy cylinder is fixed to the moving sub-frame of the testing machine through a clamp.
Before the test, the lower sample was ground, polished, cleaned, and dried; the upper
and lower samples were cleaned with alcohol to ensure that the two contact surfaces were
smooth and to avoid distortion of the wear data caused by different initial contact interface
roughness, impurities, etc.

The thermal conductivity of the as-fabricated sample coupons was evaluated by a laser
flash analyzer (TG309, NETZCH, Exton, PA, USA). The sample pellets were sized down to
a round pellet with a diameter of Φ12 mm and a thickness of around 1.5 mm. The sample
pellets were deeply polished and then sprayed with graphite paste before the test. The
thermal diffusivity of the sample pellets was measured, and the corresponding temperature-
dependent thermal conductivity was further determined by the following formula:

k = αρC (1)

The k stands for thermal conductivity, which can be calculated by the as-measured
thermal diffusivity (α), density, and thermal capacity (C).

The first principal calculation was introduced to a fundamental understanding of the
interfacial effect of oxygen/metallic surface in order to reveal the oxidation pathway. A
molecular model with 64 atoms (thickness of 25 Å), evenly distributed into four layers with a
corresponding lattice constant of a = 11.5 Å, b = 11.5 Å, and c = 29.3 Å. The first calculation
modeling was carried out by VASP, with a cutting energy of 400 eV; the k-point regarding the
Boullinou zone is being set as 4 × 4 × 1, with calculation following the (001) lattice plane.

The distance between the oxygen atom and the FeCrAl alloy has a strong impact on its
oxidation process. Therefore, the oxygen adsorption mechanism on the alloy was revealed
by calculating the system energy based on the different oxygen-alloy distances following
the (100) crystalline plane (Figure 1). The oxygen atom moved toward the red arrow, as
denoted in Figure 2. Analyses of total energy, adsorption energy, and charge transfer were
conducted in order to evaluate the stability and interaction of oxygen with the alloy. The
adsorption energy, which quantifies the strength of the bond between oxygen and the
surface, is calculated using the following formula:

Eads = Etotal − Eslab − Egas

where Etotal is the total energy of the system after oxygen adsorption, Eslab is the energy of
the clean surface, and Egas is the energy of the isolated oxygen molecule. Eads represents
the adsorption energy, with a negative value indicating favorable adsorption and a positive
value indicating repulsion. However, it should be noted that the adsorption energy includes
both the oxidative binding energy and the crystal distortion potential energy.
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3. Results and Discussion
The crystalline structure of the as-fabricated alloys was tested with the corresponding

XRD profiles indicated in Figure 3. The major crystalline phases for these sample coupons
can be indexed as alpha-Fe phase [Fe PDF#01-089-7194] without a secondary phase being
detected, consistent with previous research [13]. The lattice constant derived from the
Rietvald peak refinement can be further indicated in Figure 3, which suggests a constant
lattice parameter around 2.8662 Å. The lattice constants did not show a large discrepancy
by increasing the Si addition. The addition of Y leads to the reduction in the lattice constant;
specifically, the lattice constant reduces from 2.8662 Å to 2.856 Å by the Y incorporation,
which probably can be attributed to the small ionic radii size of Y compared to other
metallic elements.
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The microstructure and average grain sizes of the FeCrAl alloys with and without the
Y addition were denoted in Figure 4, with the average grain sizes of the sample pellets being
around 20–40 µm. Specifically, the average grain sizes for these sample pellets are 27 µm,
38 µm, 32 µm, and 34 µm for 3Al-0.5Si, 3Al-1Si, 3Al-1.5Si, and 3Al-0.5Si-Y, respectively.
A large proportion of the grain sizes fall within the range of 20–50 µm, with only a few
grains with size below either below 20 µm or above 50 µm. Similar average grain size and
grain size distribution can be demonstrated in our previous research [12,13] with the same
casting process. The as-cast FeCrAlMoY alloys herein are higher than the APMT FeCrAl
alloy with a general grain size of 8.8 µm due to the different preparation methods [23]. The
average grain sizes faced increase with the addition of Si and decrease by further increasing
the Si ratio. The addition of Y does not have a significant impact on the grain growth, as
denoted in Figure 4. The surface of the sample alloys featured a columnar grain structure
without manifest open pores, suggesting the successful fabrication of the alloy with high
theoretical density.
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3.1. Thermal Conductivity

The thermal conductivity of the as-fabricated alloys was further studied and subjected
to elevated temperature from room temperature to 500 ◦C, as denoted in Figure 5. The
thermal conductivities gradually reduce with temperature due to the high thermal radiation
effect at high temperatures. The alloys exhibit high thermal conductivities ranging from
20 to 30 W/mK, with the highest thermal conductivity coming to 3Al-1Si. The thermal
conductivities for the fabricated alloys herein are significantly higher than the Kanthal
APMT and C06M FeCrAl alloy, with typical thermal conductivities around 16 W/mK [24].
The increases in Al content will lead to an increase in thermal conductivity, with the highest
thermal conductivity no more than 20 W/mk [24,25]. Therefore, the as-fabricated Fe-Cr-
Al-Si-Y alloys enjoy higher thermal conductivity than monolithic FeCrAl alloys, which
is beneficial for high-temperature applications. The addition of Si reduces the thermal
conductivity of the alloy by increasing the lattice disorder through short-term atomic
interaction. The highest thermal conductivities can be seen for the 3Al-0.5Si, followed by
3Al-0.5Si-Y, compared to the alloys with higher Si ratios. In addition, the addition of Y has a
strong impact on high-temperature thermal conductivity by reducing thermal conductivity
in a high-temperature regime.
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3.2. Mechanical Behavior

The as-measured yield stress and tensile stress first increase with the Si ratio and
then decrease at a high Si ratio of 3Al-2Si, as denoted in Figure 6. The fracture elongation
ratio also faces an increase-to-decrease transition since the high amount of Si addition
significantly decreases the fracture toughness of the alloy by making the alloy more brittle.
It is suggested that the addition of Si refines the alloys’ crystal grains and the crystalline
structure units (packets, blocks, and laths). However, the higher amount of Si leads to the
formation of Si-enriched precipitation, resulting in a reduction in mechanical strength [26].
The yield stress and tensile stress can be further enhanced through the addition of Y,
which can stabilize the alloy under high temperatures. The addition of Si and Y in the
improvement of the tensile stress of FeCrAl alloy can be further confirmed by previous
research. The highest yield stress and tensile stress of around 3000 and 3500 can be
seen for 3Al-1.5Si-Y, with the corresponding breakage engineering strain of 0.5 mm. The
addition of Y leads to the increase in breakage elongation rate as denoted in the comparison
of strain within 3Al-0.5Si and 3Al-0.5Si-Y and 3Al-1.5Si and 3Al-1.5Si-Y, suggesting the
potential mechanism transition from plastic deformation to elastic deformation. According
to previous research, the addition of Y can significantly increase the high-temperature
oxidation resistance as well as the mechanical strength by reducing the plastic deformation
ability. Therefore, the Y addition in the alloy should be subsequently optimized in order to
balance the oxidation resistance and thermal-mechanical properties. Similar behavior of Y
in enhancing the mechanical behavior of FeCrAl alloy can also be observed in previous
research [27]. The current alloy with Si and Y addition enjoys higher mechanical properties
as compared to Fe-20Cr-5Al, with a corresponding engineering strain of 0.3 mm, lower
than the alloy studied herein, suggesting the synergistic effect of Si and Y in improving the
alloy’s mechanical performance, especially at high temperature [28].
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The fracture cross-section of the sample coupon post-mechanical tests was further
characterized in order to elucidate the deforming mechanism by SEM, as denoted in
Figure 7. The ductile fracture surface of the as-tested sample coupons denotes significant
breakage on the crystal grain without manifest micro-voids and dimples, suggesting the
strong mechanical strength of the grain boundary. On the other hand, a large area of grain
pullout can be seen for the alloys with Y addition, suggesting that ductile fracture occurred.
However, a high amount of Y incorporation results in the mechanism transition from
ductile fracture to brittle fracture as the alloy crystal breaks apart during the stress-strain
test, with the morphology of the fracture cross-section denoted in Figure 7.
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The coefficient of friction (COF) and wear rate of the FeCrAl alloy at both room
temperature and 400 ◦C are presented in Figures 8 and 9. It is found that the incorporation
of Y slightly enhanced the CoF to above 0.9, suggesting a higher friction resistance compared
to the one without Y addition. The addition of Si has barely any effect on the material
toughness, as evidenced by the time-dependent CoF curves. The CoF curve typically
progresses through two stages as denoted herein: (1) in the initial stage, the sharp increases
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in the CoF can be seen, which can be attributed to the direct contact with the matrix,
and the typical two-body contact causes a sharp increase in friction coefficient; (2) in the
stabilization stage, the CoF value is stable, and the friction experiment enters a stable period.
A slight decrease in the COF can be observed in the 5-minute friction test, which can be
attributed to the lubricating effect resulting from the contact between the friction debris
and the matrix, causing the so-called three-body contact model as denoted in the previous
research [28]. Significant reduction in the COF can be observed at higher temperatures
(400 ◦C) compared to room temperature for 3Al-0.5Si, which is consistent with the Inconel
718 alloy [29]. The temperature-dependent reduction in the COF, representing the reduction
in friction resistance, can be attributed to the reduction in the mechanical strength, leading
to the softer of the alloy at elevated temperatures [29].
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The 2D profile of the worn surface can further be denoted in Figures 8 and 9, with the
corresponding microstructure related to the damage zone being seen in Figure 10. Both
depth and width are almost identical for the tested alloys at room temperature, suggesting
the Y or Si does not have a manifest effect on its wear behavior. The width and depth
show a significant increase for 3Al-0.5Si at elevated temperatures, suggesting temperature-
dependent mechanical strength degradation at temperatures as high as 400 ◦C. The two
depth peaks around 0.7 and 1.7 with different shapes indicated a distinguishable damage
behavior of the alloy at elevated temperatures. At 400 ◦C, the main worn mechanism was
abrasive wear, stripping, and oxidative wear; the wear debris remained on the alloy surface,
resulting in the two peaks in the worn curve [30,31]. The wear surface is irregular, featuring
uneven distribution and wear damage to tracks. Some areas have severe spalling, and other
areas show the characteristics of abrasive wear, which leads to the dispersion of minute
wear debris.

Metals 2025, 15, x FOR PEER REVIEW 12 of 21 
 

 

 

Figure 10. Microstructure of the worn surface for the FeCrAl alloys. 

3.3. Surface Alteration Behavior of FeCrAl Alloys Subjected to High-Temperature Oxidation 

The on-site high-temperature oxidation behavior of the alloys subjected to elevated 
oxidation temperatures from 500 to 900 °C for 20 h was further studied, with the corre-
sponding changes in surface morphology that can be seen in Figure 11. The surface oxi-
dation of the alloys leads to the gradual growth of the surface oxidation film, which fur-
ther results in the enhancement of the surface roughness. The grain growth of the oxida-
tion film is thermodynamically driven, with the average grain size of the oxidation film 
gradually increasing from 500 °C to 900 °C, especially for the Y-doped FeCrAl alloys (3Al-
0.5Si-Y and 3Al-1.5Si-Y). Specifically, the spherical grain of the oxidation film gradually 
transfers to equatorial or columnar grain at 900 °C, denoting the fast growth of the surface 
oxidation film. For example, the average grain size of 50 nm gradually increases to 500 nm 
from 500 °C to 900 °C (Figure 11). The surface roughness increases with the addition of Si, 
with the inhomogeneous growth of the oxidation particles randomly distributed on the 
sample surface, leading to the non-uniform microstructure of the film morphology. For 
comparison, the surface of Y-doped alloys was featured with a uniform morphology with 
homogeneous oxidation particles distributed. The large-scale morphology of the surface 
oxidation film without film convolution and defoliation can be seen for the Si- and Y-
doped FeCrAl alloys. Therefore, the incorporation of Y can stabilize the growth of the 
surface oxidation film, leading to the reduction of film convolution and spallation. 

Figure 10. Microstructure of the worn surface for the FeCrAl alloys.

3.3. Surface Alteration Behavior of FeCrAl Alloys Subjected to High-Temperature Oxidation

The on-site high-temperature oxidation behavior of the alloys subjected to elevated oxi-
dation temperatures from 500 to 900 ◦C for 20 h was further studied, with the corresponding
changes in surface morphology that can be seen in Figure 11. The surface oxidation of
the alloys leads to the gradual growth of the surface oxidation film, which further results
in the enhancement of the surface roughness. The grain growth of the oxidation film is
thermodynamically driven, with the average grain size of the oxidation film gradually
increasing from 500 ◦C to 900 ◦C, especially for the Y-doped FeCrAl alloys (3Al-0.5Si-Y and
3Al-1.5Si-Y). Specifically, the spherical grain of the oxidation film gradually transfers to
equatorial or columnar grain at 900 ◦C, denoting the fast growth of the surface oxidation
film. For example, the average grain size of 50 nm gradually increases to 500 nm from
500 ◦C to 900 ◦C (Figure 11). The surface roughness increases with the addition of Si, with
the inhomogeneous growth of the oxidation particles randomly distributed on the sample
surface, leading to the non-uniform microstructure of the film morphology. For comparison,
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the surface of Y-doped alloys was featured with a uniform morphology with homogeneous
oxidation particles distributed. The large-scale morphology of the surface oxidation film
without film convolution and defoliation can be seen for the Si- and Y-doped FeCrAl alloys.
Therefore, the incorporation of Y can stabilize the growth of the surface oxidation film,
leading to the reduction of film convolution and spallation.
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The surface oxidation film was Al-enriched at a temperature of 900 ◦C, with which
thickness gradually increased from 1.5 µm to 3.5 µm and finally to 4 µm with the increases
of Y ratios, demonstrating the functionality of Y on the acceleration of the oxidation film.
The temperature-driven growth kinetics of the surface oxidation layer follows a parabolic
model, suggesting the decreasing of the oxidation film formation via reducing the oxygen
diffusion and penetration with the gradual formation of the oxidation film. The oxidation
film is almost invisible at temperatures of 500 ◦C and 700 ◦C post 20 h oxidation, suggesting
the temperature-dependent fast growth of the surface oxidation film. The temperature
below 900 ◦C cannot trigger the fast growth of the surface oxidation film, which can be
significantly accelerated by the temperature around 900 ◦C (Figures 12–14).

The nanoscale observation of the surface oxidation film, as well as the insightful
understanding of the chemical composition of the oxidation film, can be further studied
by the STEM as denoted in Figures 15–17. Results indicate the heterogeneous property of
the surface oxidation film with a triple-layer structure dominated, as denoted in the EDS
mappings for both 13Cr-3Al-0.5Si and 13Cr-3Al-1.5Si-Y post 700 ◦C oxidation. Specifically,
the top layer of the oxidation film is Fe-enriched with a thickness of around 80 nm for
13Cr-3Al-0.5Si, followed by a chromium-enriched oxidation layer (Figure 15). The addition
of Y can further propagate the film growth, as evidenced by the surface oxidation layer
with a thickness of around 420 nm for 13Cr-3Al-1.5Si-Y. The Al dominated the oxidation
layer underneath the Fe- and Cr-enriched layer, with the thickness around 100 nm post
700 ◦C on-site oxidation for 13Cr-3Al-0.5Si. The top layer enriched with Fe can be seen with
a thickness of around 50 nm, while the Cr-enriched layer with a thickness of around 50 nm
can be seen in the middle region of the oxidation film to form a triple-layer structure. The
Si and Mo signals are weak and approximately undetectable, as denoted by the elemental
mappings, suggesting the indirect function of Si and Mo in the formation of oxidation film
(Figure 15). A similar triple-layer structure can be seen for 13Cr-3Al-1.5Si-Y oxidized at
700 ◦C, as denoted in the elemental mappings in Figure 17, with the Fe, Cr, and Al-enriched
layer staying on the top surface of the oxidation film. However, the thickness of the
oxidation film for 13Cr-3Al-1.5Si-Y is higher than that of the 13Cr-3Al-0.5Si, consistent with
the elemental mappings in Figures 12–14. The surface crystalline oxide film can be divided
into three distinct crystalline layers, including an Fe-Cr-Al-O-enriched top oxide layer, an
Fe-Cr-O-enriched second oxide layer beneath, and an Al-O-enriched oxide layer, which
is mainly composed of meta-stable Al2O3 according to the FFT pattern. However, a nano
amorphous layer enriched in Si and Y can further be seen on top of the crystalline oxide
layer, as denoted in the elemental mappings, suggesting the potential outward growth
of the surface oxidation layer. Moreover, the transportation and diffusion of the Si and
Y to the external surface oxidation layer suggest the oxygen-favorable property of the Si
and Y compared to Fe and Al. The higher oxygen affinity of Y can be further confirmed
by the previous research, resulting in the inhibiting of the fast growth of the oxidation
film and reducing the film spallation [12,13]. The heterogeneous property of the surface
multi-oxide layer can be attributed to the diversity in the oxygen affinity for the Fe-Cr-Al
alloys. Specifically, the highest oxygen affinity can be seen for Fe, with the lowest formation
Gibbs’ free energy for the formation of Fe2O3, which intrigues the outward growth of Fe2O3

towards the top surface layer. The Cr-enriched oxide layer (Cr2O3) stayed in the middle
region of the surface oxide film, consistent with the previous study [10], while the Al2O3

dominated the middle and bottom regions of the oxide film, suggesting the relatively low
growth rate of the Al2O3 film. Although the growth kinetics of the Al2O3 film are relatively
low compared to the Fe2O3, it exhibits robust high-temperature stability, especially under
ultra-high temperatures above 1100 ◦C, as denoted in previous research [10]. The unaltered
matrix underneath the oxide film exhibits the homogeneous distribution of the Fe, Cr, Al,
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Si, and Y, suggesting the successful preparation of the multi-component solid solution of
the alloy.
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The crystalline structure of the oxide film for 13Cr-3Al-0.5Si oxidized under 700 ◦C
can be further denoted in Figure 16. The surface is covered with a nanosized oxidation
layer with a thickness of around 150 nm, featuring a polycrystalline structure as denoted
in Figure 16. The matrix underneath the oxidation layer with d-spacing around 0.197 nm
is consistent with the alpha-Fe crystalline phase according to the selective area diffrac-
tion pattern (SADP). The oxidation layer right above the matrix with Al-enriched can
be further identified as dual-crystalline phase structures, featuring the coexistence of α-
Al2O3 and Cr2O3 as denoted by the FFT pattern following the zone axis of [2–21] with
d-spacing = 0.37 nm. The middle region of the oxidation film with Al-enriched demon-
strates a single crystalline property, which can be indexed as α-Al2O3 with a cubic structure.
The upper oxidation layer featured an Al2SiO5 crystalline phase with d-spacing = 0.378 nm,
suggesting the participation of Si in the formation of the surface oxidation film. The high-
resolution STEM image focused on the middle region further suggests the polycrystalline
structure with an average grain size of around 50–100 nm. The nano-grains will be en-
larged by thermodynamic-driven grain coarsening, as denoted in the SEM images. The top
layer of the oxidation film featured with Fe-enriched can be identified as Fe2O3, with the
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coexistence of Fe2O3 and Al2O3. Therefore, it is reasonable to assume that the oxidation
process of the FeCrAl alloys at elevated temperatures followed a stepwise sequence, with
the Fe2O3 growing outward faster than Al and Cr due to the high oxygen affinity. The Cr
can then be oxidized to Cr2O3 due to its oxygen affinity compared to Al.
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3.4. Y Affection Based on First Principal Calculation

The Y affection on the surface oxidation behavior of the FeCrAl alloy was further
analyzed via the first principal calculation regarding the oxygen adsorption energy and
electron density (Figures 18 and 19). The system energy gradually increases as the oxygen
atom approaches the alloy surface, which is dominated by the physical adsorption weak
van der Waals forces. The chemical interaction between the oxygen atom and the FeCrAl
alloy has been enhanced by the narrowing down of the oxygen-matrix surface distance
to 3.0–1.5 Å, resulting in the elevation in the atomic interaction. The bonding energy
subsequently decreases by further reducing the atomic distance between oxygen and
the FeCrAl alloy surface, facilitating the rapid formation of a stable metal-oxygen bond
(distance below 1.5 Å). The stable metal-oxygen bond will lead to the formation of a more
stable molecular structure with the system energy significantly decreased.
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FeCrAl and FeCrAlY alloys. (a,b) the original molecular surface; (c,d) oxygen atom stays on the Fe
and Al atoms; (e,f) oxygen atom stays on the Y and Al atoms.
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The electron cloud of the FeCrAlY alloy surface atoms overlaps with the electron cloud
of the oxygen molecules when oxygen molecules gradually approach the surface of the
alloy, forming a stronger interaction. The overlapping effect of this electron cloud will also
increase the adsorption energy (Figure 19).

The charge distribution of each metal atom during the adsorption of oxygen for both
FeCrAl and FeCrAlY was further calculated (Figure 19). The blue area represents the area
with electron vacancy with corresponding low charge density; the red area represents the
area where electrons accumulate with high electron density, while the charge density is
close to zero for the green zone. It can be seen from the Figure 19 that Y has a higher charge
density than Fe, Y loses electrons more easily than Fe, and the Al atom has a lower charge
density at its location.

The high and uniform charge density around Fe atoms suggests that the interaction
between Fe atoms is strong. The charge distribution between Cr atoms and Fe atoms is
also uniform and high, suggesting the strong interaction between Cr atoms and Fe atoms
is strong. The charge density around Al atoms is lower, as indicated by the blue electron
cloud map. The charge distribution difference between Al atoms and Fe and Cr atoms is
large, and the interaction between Al atoms and Fe and Cr atoms is weak.

Overall, the charge distribution between Fe and Cr atoms is relatively uniform, show-
ing strong interaction, while the charge density around Al atoms is low, showing weak
interaction. This may indicate that strong metallic bonds are formed between Fe and Cr
atoms, while Al atoms may play a filling or regulating role in the structure.

4. Conclusions
The current work systematically studied the thermal-mechanical properties and high-

temperature anti-oxidation behavior of the FeCrAl alloys with Si and Y addition. The key
findings can be summarized as follows:

1. The addition of Si and Y can alter the crystalline lattice by enlarging the lattice
constant and further lead to a reduction in the thermal conductivity. The Y has
a strong affection for the high-temperature thermal conductivity compared to the
low-temperature regime. The thermal conductivity of 30 W/mK can be seen for the
Fe-13Cr-6Al-Si, higher than the commercial FeCrAl alloy.

2. The addition of Si will reduce the mechanical strength by making the alloy more
brittle, while the mechanical strength can be enhanced by the incorporation of Y,
especially in a high-temperature regime. The yield stress and tensile stress can be
further enhanced through the addition of Y, which can stabilize the alloy under high
temperatures with elastic deformation dominant.

3. The growth of the surface oxidation film can be significantly enhanced by the addition
of Y, with simultaneous suppression of the film spallation. The growth of the surface
oxidation film is thermodynamically driven, as the gradual increases in the film
thickness can be seen from 500 ◦C to 900 ◦C. The surface oxidation film is composed of
multiple oxidation layers, featuring the coexistence of Fe, Cr, and Al oxides. The Y- and
Si-enriched amorphous layer on the alloy top surface post-high-temperature oxidation
suggests the outward growth of the oxidation film with Y has higher oxygen affinity.

The current study provides systematic information about the thermal-mechanical and
oxidation behavior of the FeCrAl alloy. Si and Y addition has heterogeneous effects on the
alloys’ properties, which can be justified by balancing the chemical composition of the alloy.
The work provides a necessary insight for the future optimization of the alloy composition.
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