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INTRODUCTION
Owing to their superior high temperature oxidation (HTO) 
resistance, ferritic FeCrAl alloys containing 13-20 wt. %Cr 
and 5-6 wt.% Al are widely used as heating elements in 
furnaces, cladding materials in nuclear industry, substrates 
in automobile exhaust catalysts and many more (1–3). This 
superior HTO resistance of FeCrAl alloys is related with the 
slow-growing protective α-Al2O3 scale especially over 900 
°C and can be utilized up to 1300 °C (4,5).  However, lean 
Al2O3 forming alloys without de-sulfurization are susceptible 
to spallation especially when exposed in cyclic oxidation 
conditions (6). Therefore, these alloys are commonly 
doped with reactive elements such as Y, Zr, Hf, La, Ce and 
their oxides (Y2O3, ZrO2) to improve oxide adhesion and 
slow down the Al2O3 growth rate (7,8). The latter not only 
improves the oxidation properties, but also improves the 
mechanical properties (e.g. creep resistance) (7,8). Despite 
their excellent HTO resistance, FeCrAl alloys with open 
body BCC structure do not possess the desired mechanical 
properties at elevated temperatures (>600 oC) which highly 
restrict their applicability (9). Oxide dispersion strengthened 
(ODS) FeCrAl alloys with better mechanical properties are 
commercially available (e.g. Kanthal APMT), but they are 
expensive due to manufacturing route (powder metallurgy) 
(9). Hence, affordable alloys with identical HTO resistance 
but with better mechanical properties are needed. One such 
alternative might be cost effective Co free AlCrFeNi medium 
entropy alloys (∆Scon: R>x>1.5R). This group of alloys either in 
equiatomic or in non-equiatomic compositions were shown 
to form α-Al2O3 scales at elevated temperatures (T≥900 °C) 
with much better mechanical properties such as high yield 
strength (1041-1424 MPa), high microhardness (403-553 HV) 
and adequate compressive ductility (ε≈ 18.6-40%) (10–16). 
Better mechanical properties of these alloys are related with 
the two-phase structure, B2 phase (Ni-Al rich) reinforcing A2 
phase (Fe-Cr rich) (11). However, based on previous studies, 
RE-free AlCrFeNi alloys especially at 1100 ºC formed wrinkled/
buckled α-Al2O3 scales with equiaxed morphology and showed 
extensive oxide spallation which will without a doubt limit 
the lifetime of these alloys in HTO conditions (14,16). Hence, 
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improvement of high temperature oxidation properties by 
reactive element modification is needed on AlCrFeNi alloys. Y 
is one such element and studied extensively to modify FeCrAl 
and AlCoCrFeNi alloys as a single dopant (6,7,17,18). Y and 
Y2O3 modification are a lso studied on Cr2O3 forming CrFeNi 
and CoCrFeNi medium entropy alloys not only for improving 
the oxidation properties but also for better thermal stability 
(19–22). Especially on FeCrAl alloys, when used as a single 
dopant, 0.08 at.% Y addition was found to be most effective 
for prolonging the life time at elevated temperatures (7). 
However, to the best of the authors knowledge, the effect of 
reactive element doping on Co-free AlCrFeNi alloys are not 
yet studied. Therefore, for the first t ime, high t emperature 
oxidation of Y-doped (0.08 at. % Y) equiatomic AlCrFeNi alloy 
at 1100 ºC for 168h is studied under air. 

MATERIAL AND METHODS
Production and Characterization of Alloys
Y doped medium entropy AlCrFeNi alloy with the nominal 
composition of Y0.08-Al24.98 Cr24.98Fe24.98Ni24.98 was produced 
by vacuum arc melting method (Edmund Bühler GmbH, Arc 
Melter AM200). Hereinafter, the alloy will be designated as 
Y-AlCrFeNi.  Metals at least %99.95 pure were used to produce 
the alloys. Prior to melting, the chamber was evacuated to 10-6 
mbar and subsequently filled with Ar (%99.999 pure). Final 
gas pressure of the system was 600 mbar. Melting process was 
carried out in two steps. First, Fe-Y master alloy containing 
1 at.% Y was prepared. In the second step, this master alloy 
was melted with pure elements together to fabricate the 
alloy according to the nominal composition given previously. 
To obtain homogenous castings, alloys were melted at least 
5 times by flipping them upside down in each melting cycle. 
Final castings were in the shape of ingots with the dimensions 
of 50 mm x 10 mm x 10 mm. Total weight of ingots after vacuum 
melting were approximately 24g. To obtain samples with the 
dimensions of 10 mm x 10 mm x 1 mm, ingots were sectioned 
with a low-speed saw. After sectioning, samples were ground 
down to 2500 grit emery paper and subsequently polished 
with alumina suspension (≈1 µm particle size). After polishing, 
samples were etched with 3 parts of HCl, 1 part of HNO3 and 
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2 parts of H2O for further metallographic investigations. It 
should be mentioned that only polished samples were used 
in high temperature oxidation tests. Prior to oxidation tests, 
phase analysis was carried out by Bruker D8 Advance (Cu 
Kα radiation) diffractometer by scanning between 20°-90° 
with the step size of 0.02°. The scanning rate was selected 
as 2 °/min and the electrical parameters were 40 mA and 
40 kV. Microstructural investigations were made by Nikon 
Eclipse LV150 light microscope and Philips XL30 FEG SEM 
equipped with EDS detector (Amatek EDAX). Microhardness 
tests (Vickers) were carried out with Instron Wolpert Testor 
2100 device under 500g load for 5 seconds of loading, 
dwell and unloading time. ASTM standard E92 is used as 
the microhardness procedure which is valid between 200gf-
150kgf.

High Temperature Oxidation Tests
High temperature oxidation tests were carried out in 
tube furnace at 1100 °C under laboratory air for 168h. This 
temperature and exposure duration is commonly practiced to 
understand the initial high temperature oxidation behavior of 
Al2O3 forming alloys (23,24). Relative humidity of the room 
was approximately 25%. Temperature profiling of the furnace 
was carried out by placing an external IN625 jacketed k-type 
thermocouple in the furnace. The hottest zone of the furnace 
was approximately 10 cm long and temperature within this 
zone deviated ± 4 °C. Heating and cooling rate of the samples 
were 5 °C/min.   Samples were placed in Al2O3 crucibles 
(%99.8 purity) in a way to achieve minimum contact with the 
sample. To ensure reproducibility of the results, exposures 
were repeated twice and 3 samples were exposed in each 
oxidation test. Mass gains for each sample was determined by 
weighing samples before and after HTO tests using sartorius 
CPA225D scale. The resolution of the scale is 0.01 mg. 

Characterization After High Temperature Oxidation 
Tests
After HTO tests, phase analysis was carried out by Bruker 
Advance D8 diffractometer with identical parameters used 
to characterize as-cast alloys. After XRD analysis, top view 
investigations were made by Philips XL 30 FEG SEM equipped 
with Amatek EDAX EDS detector. Before SEM investigations, 
samples were deposited with gold to prevent charging. For 
cross-sectional investigations one sample was cold mounted 
with epoxy resin (Struers Epofix) without sectioning. Cold 
mounted samples were ground down to 2500 grit emery 
paper and subsequently polished with colloidal Alumina 
(≈1 µm) and Silica (≈50 nm). Cross-sectional SEM-EDS 
examinations were also made with Philips XL30 FEG SEM.  
Samples were also deposited with gold before the cross-
sectional investigations. Microhardness tests were also made 
with the same device with identical parameters.   

RESULTS AND DISCUSSION
Investigation of as-cast Y-AlCrFeNi Alloy
Figure 1 illustrates the XRD analysis of as-cast Y-AlCrFeNi 
alloy. According to the analysis, two phases were detected. 
I) Fe-Cr rich disordered BCC A2 phase and II) and Ni-Al rich 
ordered BCC B2 phase. Y-rich phase if present any were
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not found in the diffractogram most probably related to 
the minor dopant concentration (0.08 at. %Y) in the alloy. 
Additionally, peaks of A2 and B2 phases were found to 
overlap in the diffractogram since these phases have very 
similar lattice parameters (11). Yet, the (111) peak observed at 
55° only belongs to B2 phase, hence justifies the presence of 
B2 phase (25,26). Furthermore, a second XRD analysis was 
performed on the same alloy by grinding and re-analyzing the 
surface and the obtained diffractogram is presented in the 
supplementary information as Figure S1. B2 phase is usually 
characterized with the (100) reflection. After the second 
XRD analysis, both (100) peak with the additional (111) was 
observed in the diffractogram hence proving the presence of 
B2 phase. Similar XRD results on AlCrFeNi alloys were also 
given in previous studies (25–28). The intensity of (110) peak 
is much higher compared to the other peaks observed in the 
XRD diffractogram. In contrast, in the second diffractogram 
the intensity of (211) peak was much higher (Figure S1). The 
reason for that is related to the production route, since alloys 
produced by vacuum arc melting usually exhibit anisotropic 
microstructures due to directional and slow solidification 
process (16,25,28).

Figure 1: XRD pattern of as-cast Y-AlCrFeNi alloy.

Figure 2 represents the SEM images of polished as-cast 
Y-AlCrFeNi alloys captured with BSE detector with different 
magnifications. According to low-magnification images, 
columnar grains with different orientations were revealed 
by electron channeling contrast. However, etched optical 
microscopy images given in Figure S2 (supplementary 
information) revealed that, the microstructure is dendritic. 
Hence, orientation difference should be related to the 
formation of dendrites in a columnar manner with different 
orientations during the solidification process. General 
composition of Y-AlCrFeNi alloy determined by SEM-EDS 
analysis was given in Table 1. Alloys were slightly richer 
in Al but except that they are very close to the nominal 
composition. Y concentration was not determined by SEM-
EDS analysis due to low Y concentration (0.08 at.% Y). Better 
analytical techniques such as arc/spark optical emission 
spectroscopy (OES) or glow discharge optical emission 
spectroscopy (GD-OES) is needed to determine the actual Y 
concentration. Furthermore, magnified images Figure 2b and 
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Figure 2c revealed that dendritic regions consisted of a two-
phase lamellar structure commonly referred as weave-like 
morphology, dark phase being Ni-al rich B2 phase and bright 
phase being Fe-Cr rich A2 phase (29,30). The width of lamella 
in dendritic regions is approximately 120 nm. Interdendritic 
regions were also consisted of same phases, yet they are 
coarser and resemble a cellular morphology (≈ 1µm). On 
dendritic regions, it is impossible by SEM-EDS to determine 
the chemical composition of these phases individually due to 
small lamella size. However, SEM-EDS analysis carried out on 
interdendritic regions (Table 1), clarified that dark regions are 
Ni-Al rich while bright regions are rich in Fe-Cr. The region 
where the chemical analysis of individual A2 and B2 phases 
determined by SEM-EDS were given in the supplementary 
information section as Figure S3. Based on TEM analysis 
performed in previous studies, the dark regions correspond 
to Ni-Al rich B2 phase while bright regions correspond to 
Fe-Cr rich A2 phase  (13,28). There is a slight difference in 
compositions between SEM-EDS and TEM-EDS due to fine 
microstructure coupled with relatively low spatial resolution 
of SEM-EDS despite performing the analysis the on coarse 
regions. Furthermore, In the same Figure (Figure S3), some 
bright precipitates were observed within the coarse B2 phase 
located at the interdendritic regions. Due to the very small 
size of these precipitates, it was not possible to identify these 
with SEM-EDS analysis, hence further work is needed with 
TEM-EDS or Atom Probe Tomography (APT). Yet, a study 
performed on AlCrFeNi system identified these precipitates 
as A2 precipitates within the B2 coarse matrix (30). Hence, it 
is likely that these are A2 precipitates. More will be discussed 
in the upcoming sections.

Figure 2. SEM analysis of as-cast Y-AlCrFeNi alloy. a) 125x 
magnification while b) 2000x and c) 5000x are magnified images of 
region X marked in a).

Additionally, Y-rich bright precipitates were found to be 
distributed in the microstructure, as coarse precipitates mostly 
segregated into interdendritic regions. Y-rich precipitates 
did not have a distinct morphology, yet the width of these 
precipitates is approximately 1-5 µm. Chemical analysis of 
these precipitates by SEM-EDS is also given in Table 1. Based 
on the obtained composition, these precipitates resemble Ni-
Al rich B2 phase enriched with Y. Further analysis is needed 
to determine this by SEM-EBSD or TEM-SAED. Still, according 
to previous research on Y doped AlCoCrFeNi alloy, a new 
phase is identified as a Ni-Y rich phase differing from the Ni-
Al phase, but the chemical composition of this phase is not 
given (31). It is possible that, same phase might be present in 
the current study. Nevertheless, more studies are needed for 
phase identification of Y-rich precipitates.
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Table 1. SEM-EDS analysis results of as-cast Y-AlCrFeNi. 

Points Fe Cr Al Ni Y

General Composition 24.36 24.05 27.2 24.39 -

A2 Phase 39.71 43.55 9.77 6.97 -

B2 Phase 15.67 12.54 33.89 37.9 -

Y-Rich Precipitate 9.35 4.35 30.5 41.81 13.99

Furthermore, as-cast Y-AlCrFeNi alloy exhibited a 
microhardness value of 447 ± 17 HV. A2 and B2 phases exhibit 
very similar lattice parameters hence they form coherent 
interfaces which can be understood from the overlapping 
of peaks in the XRD diffractogram (28,32). The misfit strain 
in weave-like A2/B2 structures in AlCoCrFeNi alloys were 
reported as ε= 0.7% (33). This high misfit strain in return causes 
hardening but in the cost of ductility(29,30). Nevertheless, 
obtained values are consistent with the previous publications 
on equiatomic AlCrFeNi alloys (12,13,16). Furthermore, when 
compared, this value is twice as much of FeCrAl alloys which 
in return might increase the applicability for load bearing high 
temperature applications (34). However, as a future work, it is 
intended to produce alloys with lower misfit strains to achieve 
a balance between hardness and ductility.

Investigations After High Temperature Oxidation 
Tests
Figure 3 represents the XRD analysis of Y-AlCrFeNi alloy 
after HTO tests at 1100 °C after 168h. According to the 
diffractogram, the only phase detected after the HTO tests 
are α-Al2O3 showing the capability of Y-AlCrFeNi alloy to form 
protective α-Al2O3 scale. No additional phase containing Y-rich 
oxides were detected in the XRD analysis presumably due to 
low concentration of Y (0.08 at.% Y) in the alloy. According 
to the study of Ren et al. (31) when AlCoCrFeNi is doped with 
0.1 at.% Y, the only detected phase was also α-Al2O3. Tang et 
al. (18) also reported similar results. Therefore, results consist 
well with the previous studies. Furthermore, additional peaks 
belonging to alloy phases (A2 and B2) were also observed. 
Peaks observed at 2θ= 25° and 44.2° were not able to be 
identified hence designated as X.

Figure 3. XRD analysis of oxidized Y-AlCrFeNi alloys at 1100 °C for 
168h in dry air.
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Figure 4. illustrates the top-view SEM images captured 
after oxidation tests at 1100 °C for 168h. Images Figure 4b 
and Figure 4c are the magnified regions shown in Figure 
4a. Furthermore, Figure 5 represents the point SEM-EDS 
analysis carried out on regions X and Y marked in Figure 4. 
Point analysis results are given in Table 2. According to the 
combined results of Figure 4 and Figure 5, two distinct regions 
were identified. X represents regions containing whiskers and 
flat surfaces while region Y consists of bright oxides coupled 
with flat surfaces without formation of whiskers. On region 
X, SEM-EDS results suggest the presence of Al2O3 based on 
the analysis carried out on whiskers and flat surfaces. On 
the other hand, bright oxides found in region Y suggest the 
formation of a Y and Al rich oxide, coupled with the formation 
of Al2O3. The chemical composition and related phases will be 
discussed in cross-sectional SEM-EDS examinations. 

Figure 4. Top-View SEM images of Y-AlCrFeNi alloys after oxidation 
at 1100 °C for 168h. a) Low magnification top view image. b) Region 
marked as X in low magnification image. c) Region marked as Y in low 
magnification image. Images d), e), f) represent alternative images 
showing that regions X and Y is repeating all over the surface.  

Figure 5. Top-view point SEM-EDS analysis of oxidized Y-AlCrFeNi 
carried out on a) whisker rich regions and b) Y-rich oxide regions.  

Table 2. Top-view point SEM-EDS analysis results of regions marked 
in Figure 5.

Points Fe Cr Al Ni Y O

1 0.34 0.41 47.61 0.08 0.11 51.45

2 0.18 0.21 36.99 0.05 0.06 62.51

3 0.31 0.66 46.66 0.11 0.13 52.14

4 2.8 1.32 33.23 5.44 9.45 47.76

Furthermore, Figures 4d-4f clearly show that the oxidation 
pattern observed in Figure 4a is repeated everywhere on the 
surface: Whiskers being formed on regions that do not contain 
Y-rich oxides, while the presence of Y-rich oxides suppressed
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whisker formation. The presence of whiskers on the surfaces is 
due to formation of metastable Al2O3 phases such as θ-Al2O3 or 
γ-Al2O3 which are not protective and grow outwards by cation 
diffusion(35–37) . With time, they do transform into α-Al2O3 
(38). The important conclusion is the presence of Y-rich 
oxides clearly shown to suppress whisker formation at 1100 °C 
when compared with the lean equiatomic AlCrFeNi alloy (16). 
This is also verified on after oxidation top-view analysis of Y 
doped FeCrAl alloys (37,39). In fact, on FeCrAl alloys, due to 
homogeneous distribution of Y-rich precipitates in the matrix, 
whisker formation is eliminated (37,39). However, arc melted 
Y-AlCrFeNi alloy did not show this effect, since Y-rich coarse 
precipitates were mostly segregated into interdendritic regions 
and in return, Y-rich oxides were more regularly formed in 
these regions after high temperature oxidation. Therefore, 
the effect of suppressing whisker formation is rather localized 
in vacuum arc melted Y-AlCrFeNi alloy. By investigating the 
previous studies on Y doped AlCrCoFeNi alloys, no such 
oxidation behavior (regions with and without whiskers) was 
reported (18,31,40). One such possibility might be the heating 
regime. Rather than placing the samples in the cool furnace 
and ramping with a typical heating rate of 5-7 ºC/min, directly 
inserting the samples into hot zone of the pre-heated furnace 
at 1100 °C might have mitigated the formation of whiskers 
since over 1000 °C formation of metastable Al2O3 phases are 
greatly suppressed (35).

Nevertheless, compared to lean equiatomic AlCrFeNi alloy, 
spallation free, smooth Al2O3 scales without any wrinkling were 
obtained on Y-AlCrFeNi alloy even on the whisker containing 
regions, showing the beneficial effect of Y doping (16). 
However, additional top-view SEM images captured on the 
edges of oxidized samples given in Figure 6 show that Al2O3 
scales on the edges were completely spalled off, revealing 
the bare alloy surface. Since the metal surfaces revealed by 
oxide spallation do not contain any newly formed oxide, it 
is suggested that Al2O3 scales spalled off during the cooling 
step. The reason for such behavior is related to the additional 
stress formation on the edges due to geometrical effect 
coupled with the high strength of Y-AlCrFeNi alloy. All high 
temperature alloys, when oxidized at elevated temperatures, 
experience additional stress formation on the edges due to 
their high curvature (sharp edges) (41,42). Yet, alloys with 
weak mechanical properties such as FeCrAl alloys, especially 
at elevated temperatures, can relieve these additional stresses 
by the combined plastic deformation of alloy and oxide (8). 
However, the high strength of Y-AlCrFeNi alloy similar to 
ODS FeCrAl alloys hinders the plastic deformation of alloy 
thus stress is relieved by the fracture and spallation of Al2O3 
scales (8,43). Spallation of oxides around edges were also 
reported in HTO of lean equiatomic AlCrFeNi alloy at 1100 ºC 
(16). To the best of the authors knowledge, edges of Y-doped 
AlCrCoFeNi alloys (similar mechanical properties to AlCrFeNi 
alloy) after high temperature oxidation were not investigated 
(18,31,40). As a future study, it might be interesting to examine 
how edges of Y doped AlCoCrFeNi alloys behave after high 
temperature oxidation. Figure 7 depicts the cross-sectional 
SEM images captured after high temperature oxidation tests 
at 1100 °C for 168h. Figure 8 illustrates the SEM-EDS elemental 
mapping results while Figure 9 shows the point SEM-EDS 
analysis results. Point SEM-EDS results were tabulated in 
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Table 3. 

Figure 6. Top-view SEM analysis of oxidized Y-AlCrFeNi alloy 
captured near the edges of the sample, a) low magnification image, 
b) Marked region in image a in higher magnification. 

Figure 7. Cross-sectional SEM images of oxidized Y-AlCrFeNi 
alloy captured from two different regions, a,c) low magnification 
images , b,d) High magnification images of regions marked in a), c) 
respectively.

Figure 8. Cross-sectional SEM-EDS Mapping analysis of oxidized 
Y-AlCrFeNi alloy. 

Table 3. Cross sectional point SEM-EDS analysis results of regions 
marked in Figure 9.

Points Fe Cr Al Ni Y O

1 - - 43.24 - - 56.76

2 - - 33.29 8.8 57.91

3 - - 43.47 - - 56.53

4 - - 25.47 - 15.35 59.18

5 43.71 48.43 4.82 3.04 - -

6 8.92 4.07 43.55 43.46 - -

7 9.8 3.15 26.77 46.34 13.94 -

8 9.43 3.68 26.54 46.45 13.9 -

Figure 9. Cross-sectional point SEM-EDS analysis of oxidized 
Y-AlCrFeNi alloy. a,b) Different regions containing Y-rich oxides, c) 
Region that contains Y-rich precipitates in the alloy. d) Marked region 
of Figure c in higher magnification.

Based on the cross-sectional analysis combined with XRD 
results, pore free α-Al2O3 scales with planar metal-oxide 
interfaces without wrinkles/buckles were obtained. α-Al2O3 
scales also adhered well to the substrate. When compared 
with the lean equiatomic AlCrFeNi alloy, this is a significant 
improvement showing the beneficial effect of Y addition (16).

In localized regions though, Y-Al rich oxides were also present 
as coarse precipitates within the oxide due to relatively high 
Y concentration (Figure 8 and Figure 9). In some cases, they 
were completely encapsulated within the oxide scale. When 
they are located around the metal-oxide interface they form 
localized inwards grown perturbations/intrusions known 
as oxide pegs (44,45). In earlier studies, oxide pegs were 
reported to improve oxide adhesion by mechanical keying 
the oxide scale to the substrate. However, present studies 
show that it is not necessary to have oxide pegs to improve 
the adhesion of oxide scales (44,46). 

Alternatively, when Y-Al rich precipitates are not enveloped 
continuously by Al2O3 scale, the oxidation is progressing 
towards the metal, forming internal oxides especially in 
metal grain boundaries (intergranular oxidation). In other 
words, these precipitates act as oxygen channels towards 
the metal (17). These internal oxides are reaching almost 50 
µm deep within the metal. Based on previous studies, these 
Y-Al precipitates within oxide scale are identified as Yttrium 
Aluminates. In high temperature oxidation studies, most 
commonly observed Yttrium Aluminate phase is Y3Al5O12 
(YAG phase) along with the YAlO3 (YAP phase) (17,47,48).  
Point analysis performed on the Y-Al rich precipitate 
observed in Figure 9b showed excellent fit to Y3Al5O12 phase 
(Point 4 in Table 3). Yet, the precipitate observed in Figure 
9a showed a darker contrast and measured to be richer 
in Al (Point 2, Table 3). None of the phases reported in the 
Y2O3-Al2O3 phase diagram fit into this stoichiometry (49). 
Additionally, it should be stated that, this precipitate has 
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an elongated rod-like shape hence it is possible that signals 
might have been collected from the surroundings during the 
SEM-EDS analysis. Nevertheless, the darker contrast of this 
precipitate points toward a relatively Y-poor phase. Further 
studies with better analytical techniques such as TEM or 
APT are required to fully identify this phase. Additionally, 
the deepest part of the mentioned precipitate within the 
metal (intergranular oxide in the metal) is identified as Y2O3 
(Figure S4 in the supplementary information) by SEM-EDS 
analysis which is expected since Y2O3 is thermodynamically 
more stable than Al2O3 (17).  A very thin depletion zone (≈ 1-2 
µm) was observed beneath the Al2O3 scale, showing that the 
alloy can supply sufficient Al to the surface (Figure 9). When 
compared with the initial microstructure, coarse A2 (bright) 
and B2 (dark) phases with intertwined morphology were 
observed in cross-sectional investigations (Figure 9). Point 
analysis carried out on A2 and B2 precipitates verified that A2 
phase is rich in Fe and Cr while B2 phase is rich Ni and Al as 
expected (Figure 9d and Table 3). The chemical composition 
of these phases correlates well with the previous studies 
(13,16,28).  Additionally, Y-rich precipitates were also present 
within the alloy microstructure. Chemical composition of 
Y-rich precipitates before and after the oxidation tests are 
quite similar showing that they are rich in Ni, Al and Y. As 
mentioned previously, these precipitates resemble B2 phase 
composition that is rich in Y. Yet, further studies with TEM are 
required to identify the crystal structure of these precipitates. 
Furthermore, bright precipitates were found within the B2 
phase as in the case of coarse structures found in the as-cast 
alloy (Figure S3). Analysis of such precipitates are given in the 
supplementary information Figure S5. According to Figure S5, 
the analysis performed on these regions resulted in a higher 
Fe/Cr concentration compared to the surrounding regions. 
Obviously, signals will be collected from the surroundings, yet 
similar precipitates were identified as A2 phase in a previous 
study (30). According to previous studies, it is stated that 
formation of weave-like structure is a result of spinodal 
decomposition (29,33). Hence a similar mechanism might 
trigger the formation of nano-precipitates within the B2 
phase due to relatively high Fe/Cr concentration of B2 phase. 
After high temperature oxidation test (1100 °C, 168h), average 
mass gain values of 0.83 ± 0.01 mg.cm-2 were obtained. When 
compared to the lean Al2O3 forming AlCrFeNi alloy (mass 
gain ≈ 0.95 mg.cm-2), and lean FeCrAl alloys at 1100 °C after 
1 week (mass gain ≈ 1 mg.cm2), recorded value in the present 
study is lower (16). It should be noted that the mass gain value 
for lean equiatomic AlCrFeNi alloy is obtained by converting 
the thickness value (5.1 ± 0.5 μm) into mass gain to obtain 
a more accurate value. The reason for obtaining lower mass 
gain is related to the reduced oxide growth rate and partial 
elimination of whisker formation when compared with the lean 
AlCrFeNi alloy (16). However, when compared with the FeCrAl 
alloys containing 0.1 wt.% Y these values are slightly higher 
(≈0.76 g.cm-2) (37,39). A comparison of surfaces formed 
on Y-FeCrAl and Y-AlCrFeNi suggests that Y-rich oxides as 
spherical precipitates were distributed more homogenously 
on Y-FeCrAl alloy and as a result, formation of whiskers 
were eliminated with 0.1 wt.% Y doping (37). High entropy 
AlCoCrFeNi alloys doped with 0.1 at.% Y showed mass gain 
values around 0.77 mg.cm-2 in which whisker formation was 
not reported (31,40). In the present study, the oxide thickness 
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based on cross-sectional investigations were determined as 
3.9 ± 0.14 µm. Conversion of this thickness value into mass 
gain according to the formula given in reference (50) results 
in 0.75 mg.cm2. Two sources are identified that results in 
additional mass gain: I) Formation of Whiskers II) Formation 
of Y-rich oxide precipitates both in the oxide scale and in the 
metal (internal oxidation). Since Y-rich oxide formation is also 
observed on Y-AlCoCrFeNi and Y-FeCrAl alloys, the reason 
for further additional mass gain is more likely related to the 
formation of whiskers on top of the oxide scales. Additionally, 
microhardness measurements carried out after the oxidation 
tests showed that, values were determined as 398 ± 6.8 HV. 
Comparing this value with the as-cast structure revealed that 
the reduction by precipitate coarsening is approximately 
10%. Therefore, these alloys were shown to retain their 
hardness values after 168h at 1100 °C. Prolonged exposures 
might be useful to observe the coarsening behavior and 
its effect on microhardness values. Despite Y-AlCrFeNi 
alloys show enhanced mechanical properties compared 
to FeCrAl alloys, it seems that high strength of the former 
caused oxide spallation around edges. This finding shows 
that the strength of the alloy should be tuned (reduced) by 
purposeful coarsening with heat-treatments or adjusting the 
composition in a manner to not prevent plastic deformation 
at elevated temperatures at least to a level might be a future 
goal. Additionally, further studies might be useful to improve 
the high temperature oxidation performance of Co free 
AlCrFeNi alloys (e.g. mitigating whisker formation or internal 
oxidation) by optimizing the reactive element concentration, 
for instance by single doping with Hf and/or double doping 
with Y and Hf as given in the previous studies (50,51).

CONCLUSION
In this study, production (vacuum arc melting) and high 
temperature oxidation of Y doped (0.08 at.%Y) cost effective 
medium entropy AlCrFeNi alloy at 1100 °C for 168h were 
studied. Conclusions drawn from the present study are given 
below:

1-Y doped AlCrFeNi alloy in as-cast state consisted of A2 
(disordered Fe-Cr rich) and B2 (ordered Ni-Al rich) phases 
according to XRD and SEM investigations. Due to production 
by vacuum arc melting, Y-AlCrFeNi alloy was highly oriented 
in <110> directions.

2-According to etched optical microscopy images coupled 
with SEM investigations; alloys were found to exhibit a 
columnar dendritic structure. Dendritic regions consisted 
of weave-like structures with nano sized A2 and B2 phases 
while coarser structures with identical phases were found 
in interdendritic regions. Y-rich coarse precipitates were 
also observed to form mainly in interdendritic regions. The 
composition of this phase resembles B2 phase enriched in Y, 
but further identification with TEM is needed.

3-Microhardness of as-cast Y-AlCrFeNi is measured as 447 ±
11 HV. High hardness of this alloy is due to coherent B2 phase
reinforcement of A2 phase.

4-After high temperature oxidation tests carried out at 1100 
°C for 168h in dry air, the only detected oxide phase was 
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α-Al2O3 with the additionally observed substrate phases. 

5-Top-view analysis revealed that two different types of 
oxides were observed: I) Region enriched with Y-rich oxides 
coupled with smooth Al2O3 surfaces. II) Y-poor regions 
consisting of whiskers and smooth Al2O3 surfaces. This shows 
that Y addition into equiatomic AlCrFeNi alloy suppresses 
whisker formation but not entirely on the surface, due their 
segregation into interdendritic regions. 

6-Despite formation of whiskers on the surface, Y-addition
prevented wrinkling and spallation on the main surfaces.
However, oxide scales spalled around the edges due to
additional stress formation by geometrical effects coupled
with the high strength of Y-AlCrFeNi alloy, which prevented
stress relaxation by combined plastic deformation of metal
and oxide.

7-Cross-sectional investigations revealed that Al2O3 scales
were compact and pore-free. Planar metal-oxide interfaces
without any wrinkles/buckles were observed, verifying the
beneficial effect of Y addition.

8-Y-rich precipitates within the oxide scale and within the 
metal as internally oxidized precipitates were observed in 
cross-sectional examinations. Some of these precipitates 
show excellent fit to Y3Al5O12 (YAG) phase determined by 
SEM-EDS point analysis. Yet, precipitates deficient in Y were 
also observed.

9- After exposing samples at 1100 °C for 168h, coarsening of
A2 and B2 phases occurred. However, a microhardness value
of 398 ± 6.8 HV was measured after the high temperature
oxidation tests. Therefore, despite coarsening, only a 10%
reduction compared to as-cast structure was obtained.

10-Despite high hardness and its retention after exposures at
1100 ºC for 168h, spallation of oxides located around the edges 
suggests that an optimization of mechanical properties (heat-
treatment, alloying) might be useful for further prolonging
the lifetime. Furthermore, optimization of reactive element
addition such as double doping with Y and Hf might further
improve HTO performance (preventing internal oxidation and 
whisker formation).
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SUPPLEMENTARY INFORMATION

Figure S1. XRD diffractogram of ground and re-analyzed Y-AlCrFeNi 
alloy. 

Figure S2. Optical microscope images of etched as-cast Y-AlCrFeNi 
alloy. 

Figure S3. SEM-EDS analysis performed on A2 and B2 phases in 
the as-cast Y-doped equiatomic AlCrFeNi alloy. Point 1 represents A2 
while point 2 represents B2 phase. Note bright precipitates within B2 
phase.

Figure S4. SEM-EDS analysis of internal oxide precipitates located 
deep within the metal on Y-AlCrFeNi alloy oxidized for 168h at 1100 
°C.

Figure S5. SEM-EDS analysis performed on bright precipitate (spot 
1) and precipitate free region (spot 2) within the B2 phase on the
oxidation unaffected region after exposing Y-AlCrFeNi alloy at 1100
°C for 168h.


