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A B S T R A C T

Y/Hf-doped AlCoCrFeNi high-entropy alloys stand out for their potential application in high temperature 
coatings. Thereinto, both Cr and Al are crucial for improving oxidation properties. However, simultaneously 
increasing the content of Al and Cr is not advisable, since it can significantly reduce the ductility/toughness of 
the coating. In this research, we proposed an equivalent replacement method of Al and Cr, namely, tuning Al/Cr 
ratio (ACR), to enhance the elevated-temperature oxidation resistance of AlCoCrFeNi alloys. This strategy was 
verified by the 1000 h/1100 ◦C oxidation tests of three Y-doped AlCoCrFeNi alloys with different ACRs of 0.78, 
0.58 and 0.41. The test results indicated an elusive transformation of oxidation rate occurred on these alloys, that 
the alloy with lowest ACR exhibited an initially higher oxidation rate but a lower oxidation rate over an extended 
period, in comparison to those higher ACR alloys. The underlying oxidation mechanisms were uncovered using 
microscopic techniques and thermodynamics calculations. The initial higher oxidation rate was ascribed to the 
rapid growth of spinel oxides, while the extended slower oxidation process was attributed to the resulting Al2O3 
scale with larger grain sizes. Thermodynamic assessment revealed that larger Al2O3 grains corresponding to 
fewer grain boundaries decreased the diffusion coefficient of oxygen in Al2O3 scale. Our research is of both 
theoretical and industrial importance for clarifying the high temperature oxidation mechanism of Y-doped 
AlCoCrFeNi alloys and enhancing the oxidation resistance in multicomponent alloy systems.

1. Introduction

Y/Hf-doped AlCoCrFeNi high-entropy alloys (HEAs) have attracted 
increasing attention for their potential application in high temperature 
coatings [1–4]. In comparison with classic MCrAlY (M: Ni and/or Co) 
alloys, these materials display lower oxidation rate and superior resis-
tance to oxide-layer spallation, which have been substantiated by 
long-term high-temperature oxidation tests [5–8]. Their superior 
oxidation properties can be primarily attributed to the resulting Al2O3 
layer with large grain-size and the beneficial reactive-element effect 
[7–11]. More specifically, the presence of Fe and high Al content facil-
itate the early establishment of Al2O3 through increasing the Al activity 
[7,8,12]; the formed large grain-size structure reduces the number of 
grain boundaries that act as fast diffusion pathways for oxygen. Reactive 
elements such as Y and Hf enhance the bonding force between oxide 

layers and the underlying alloys or coatings [6,7,10,11]. However, 
current research tends to neglect the effect of Cr in this system. During 
the oxide-forming process, Al and Cr are pivotal contributors [13–15]. 
The outward diffusion of Al and Cr results in the formation of the 
principal oxide layers as oxidation barrier by selective oxidation. Ac-
cording to the classic oxidation theories of metals, Cr acts as an oxygen 
getter and promotes the phase transition from γ-Al2O3 to dense α-Al2O3 
[16–18]. Cr is also found to prevent internal oxidation of Al and help to 
maintain an intact Al2O3 layer [17,19,20]. Thus, the effects of both Cr 
and Al should be considered for improved oxidation properties. Unfor-
tunately, simultaneously increasing the content of Al and/or Cr is not 
advisable, since it can significantly reduce the ductility or toughness of 
coatings [16].

In this research, we investigated the isothermal oxidation behaviors 
of three Y-doped AlCoCrFeNi HEAs with varying Al/Cr ratios (ACRs) at 
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1100 ◦C in air for 1000 h, using multiple microscopic techniques and 
thermodynamic calculations. 1100 ◦C was chosen as the test tempera-
ture, as it is the highest operating temperature for the existing coated- 
superalloy systems [21]. The experimental results indicated that the 
oxidation rate increased with the increase of ACR for the long-term 
oxidation, whereas an opposite trend was observed during the early 
stage. We studied the formed oxides on the surface of alloys, uncovering 
that the oxidation process at the very early stage was dominated by the 
fast spinel growth, while Al2O3 of large grain size formed on the lower 
ACR alloy helped to reduce the inward diffusion of oxygen and thus 
decrease the oxidation rate.

2. Experiments

HEA ingots with a size of 10 × 10 × 25 mm3 were prepared using 
high purity (>99.9 %) pure metals by arc melting technology, in a 
water-cooled copper mold with Ar protective atmosphere. The compo-
sitions of three HEAs are listed in Table 1. The ingots were sliced into 
pieces (2 × 10 × 25 mm) for oxidation tests, by the means of electrical 
discharge machining (EDM). Before oxidation, the surface of each 
specimen was sequentially ground by #400, #800 and #1200 SiC 
sandpapers. Corundum crucibles were chosen as the container, and they 
were heated up to 1100 ◦C for 200 h prior to oxidation tests to remove 
potentially volatile matters. Oxidation tests were carried out at 1100 ◦C 
in air, using a laboratory furnace to study the long-term oxidation ki-
netics for up to 1000 h and a thermal analyzer (STA, STA 449) with a 
precision of 0.001 mg to obtain the initial oxidation kinetics for 1 h. 
During the long-term tests, three samples for each HEA were used to 
obtain the weight-change curves. These measurements were taken using 
a precision balance (0.01 mg) at the interval of 50 h of oxidation time.

After the oxidation tests, the specimens were electroless plated with 
a 1–2 μm thick nickel film to protect the oxide scales, mounted in resin 
and then polished. The microstructures of HEAs and the formed oxide 
layers were examined using X-ray diffraction (XRD, PANalytical X’Pert 
Pro) and scanning electron microscope (SEM, Hitachi SU70 FEG) 
equipped with energy dispersive X-ray spectroscopy (EDS) and wave- 
length dispersive spectroscopy (WDS). The acceleration voltage was 
15 KV. The working distance (WD) was approximately 15 mm.

Prior to conducting EDS or WDS, the standardization database was 
calibrated using Oxford standard blocks.

3. Results and discussions

3.1. Microstructures of Y-doped AlCoCrFeNi alloys

Fig. 1 illustrates the distinct microstructures of the three HEAs 
attributed to variations in Al and Cr contents. The examined results from 
XRD and EDS reveal that the alloys are composed of a γ phase (face- 
centered cubic crystal, FCC), a β phase (body centered cubic crystal, 
BCC) and disperse distributed Y-rich particles. The EDS maps highlight 
the enrichment of Ni, Al in the β phase and enrichment of Co, Cr, Fe in 
the γ phase. The D741 alloy with the highest ACR (0.78) comprises a β 
matrix and bimodal γ precipitates, namely an almost continuous 
network of thick γ and small, elongated γ grains in the β matrix (Fig. 1a 
and b). The phase fractions of β and γ are 53.9 vol% and 46.1 vol%, 
respectively, which are measured by the image segmentation method 
[22]. With a lower ACR of 0.58, the small, elongated γ grains are missing 

in D742 and its microstructure consists of approximately 44.8 vol % β 
and 55.2 vol % γ. A classical eutectic structure featuring alternating 
lamellar morphology can be observed in D743 with the lowest ACR 
(0.41), which is composed of 30.7 vol % β and 69.3 vol% γ. To elucidate 
the observed distinct microstructures, thermodynamic calculations (TC, 
2020b) [22–24] and differential scanning calorimetry (DSC) were car-
ried out to investigate the phase transitions during the solidification 
process (Fig. 2). As the temperature decreased, β was the primary phase 
to precipitate from liquid (L→ β + L), aligning with the first peak in the 
DSC results (D741 and D742). It was evident that a reducing ACR could 
lower the initial precipitation temperature of β (1426 ◦C for D741, 
1377 ◦C for D742 and 1335 ◦C for D743). Subsequently, at the second 
peak (about 1335 ◦C) in D741 and D742, a eutectic reaction occurred, L 
→ β + γ, with significantly enthalpy changes (see Fig. S1 in Supple-
mentary materials). In D741, the eutectic reaction took place at primary 
solidification stage, when β and γ simultaneously precipitated from L, 
resulting in the alternating lamellar microstructure (see Fig. 1e and f).

3.2. Oxidation behaviors

Fig. 3a depicts the weight gains per unit area (W) of D741, D742 and 
D743 HEAs as a function of oxidation time at 1100 ◦C spanning up to 
1000 h, indicating a clear declining trend of oxidation rate with oxida-
tion time. Hence, parabolic kinetics were employed to describe the 
weight-gain processes. The inset of Fig. 3a suggests the relations be-
tween the square of weight gain and oxidation time, in which the slope 
of the curve, that indicates the oxidation rate, is found to decrease for all 
the three alloys after approximately 150 h.

Due to the change in slope, each oxidation process is divided into two 
stages, both described by the parabolic law [16,25,26] but with different 
parameters: 

W2 = kpt + C (1) 

where kp and t are parabolic parameter and oxidation time, respectively. 
C is a fitting constant. The constant C is needed for the parabolic fitting, 
since there is a linear stage prior to the parabolic stage during the 
oxidation process [19,27,28]. The constant C is related to the transition 
time from the linear stage to the parabolic stage [19,27,28]. At the 
initial stage, the fitted kp of D741, D742 and D743 HEAs is 0.0037, 
0.0060 and 0.0038 mg2cm− 4h− 1, respectively. After the transition point, 
the oxidation rate is significantly decreased and the corresponding kp 
value of the three HEAs is 0.0018, 0.0017 and 0.0008 mg2cm− 4h− 1, 
respectively.

Typically, a higher Al content in alloy is expected to reduce the 
oxidation rate [2,8]. However, this work indicates that the ACR ratio 
could also be important for the oxidation resistance. While D741 and 
D742 seem to follow the trend for the Al effect, D743 with the lowest Al 
content deviates from this trend. The ultimate weight gain per unit area 
of D743 is 1.13 mg/cm2, which is significantly lower than that of D741 
(1.40 mg/cm2) and D742 (1.49 mg/cm2) with higher Al contents. On the 
other hand, short-term oxidation tests at 1100 ◦C in air using a TGA 
reveal that the early-stage oxidation rates of these alloys increased with 
decreasing Al content, as shown in Fig. 3b. This means that the oxidation 
behaviors at the initial and long-term stages are reversed for D743 which 
has the lowest Al content but also the highest Cr content, namely, a low 
ACR. A mechanistic understanding of this finding is necessary for 
improving the oxidation resistance of HEA coatings. Therefore, the 
following sections will delve into discussing the oxidation mechanisms 
during both the initial and prolonged processes.

3.3. Initial oxides on the surface of HEAs

The initially formed oxides on the surface of the three HEAs upon an 
initial oxidation are shown in Fig. 4, revealing different oxidation 
mechanisms on the surface of β and γ phases. The γ phase displayed a 

Table 1 
Composition (in wt.%) of three as-cast HEAs with different Al/Cr ratio (ACR), 
measured by WDS.

Al Cr Fe Co Ni Y ACR

D741 12.05 15.41 10.00 24.46 37.39 0.68 0.78
D742 10.52 18.15 9.66 24.00 37.02 0.65 0.58
D743 8.69 20.95 9.66 23.76 36.30 0.63 0.41
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Fig. 1. Microstructure and XRD profiles of HEAs: low magnification backscattered electron (BSE) images, showing the microstructure of (a) D741, (c) D742 and (e) 
D743; (b, d and f) magnified BSE images of the rectangular regions marked in (a, c and e) with the corresponding EDS maps, indicating the elemental distribution; (g) 
XRD patterns of three as-cast HEAs.

Fig. 2. The thermodynamics calculation results of phase transitions during solidification processes from 1500 ◦C to 600 ◦C in (a) D741, (b) D742 and (c) D743, which 
were also verified using DSC, given in (d) D741, (e) D742 and (f) D743.
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prominent oxidation with a significant enrichment of oxygen element 
(see the inset of Fig. 4a). The oxides covering the γ regions were mainly 
composed of spherical Fe and/or Co-rich oxides and cube-shaped Cr-rich 
oxides, as shown in Fig. 4 c1, c2 and Supplementary Fig. S2. The β 
sections were covered by mesh-shape Al2O3 layers (see Fig. 4 c3 and 
Supplementary Fig. S2), and the observed contrast was ascribed to un-
dulate morphology. It is established that the growth of Al2O3 is 
comparatively slower than that of other oxides, owing to its large 
bandgap (over 6 eV) and consequently a lower electron migration rate 
[16,29]. The initial oxidation kinetics of D741, D742 and D743 could be 
elucidated by the different oxidation behavior of the β and γ phase. 
Specifically, the HEA with a higher ACR had a high phase fraction of the 
β phase, characterized by a lower oxidation rate, as more Al2O3 with a 
slow growth rate was formed on the β phase surface. Accordingly, the 
oxidation rate of D741 with a high ACR and a high β phase fraction was 

the lowest in these three alloys, which was corroborated by the TGA test 
(see Fig. 4b).

3.4. Prolonged oxidation kinetics

Fig. 5 illustrates the evolution of oxide scales of the three HEAs 
during the long-term oxidation tests at 1100 ◦C. Double oxide layers 
formed on the surface of oxidized HEAs: thin spinel and Al2O3 layer 
formed on D741 and D742, and thick spinel layer and thinner columnar 
Al2O3 layer formed on D743, as shown in Fig. 4a–i and Supplementary 
Fig. S3. During the extended oxidation period, the weight gain primarily 
stemmed from the growth of Al2O3, supported by the comparison of the 
oxide layer thickness evolution between Al2O3 and spinel shown in 
Fig. 6. (Y, Al)-rich and Y-rich oxides could be detected in the Al2O3 layer 
and the substrate, as evident in Fig. 5d–m and n. The original Y-rich 

Fig. 3. (a) Weight-change curves of D741, D742 and D743 HEAs as a function of oxidation time during 1100 ◦C/1000 h oxidation tests, measured by a precision 
balance; (b) Initial oxidation kinetics of D741, D742 and D743 HEAs for 1 h, measured by a simultaneous thermal analyzer. The error bar is the standard deviation of 
three samples for each HEA.

Fig. 4. Microstructural evolution on the surface of (a–c) D741, (d–f) D742 and (g–i) D743 HEAs, during the initial oxidation stage at 1100 ◦C.
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particles were found to dissolve within the inner of alloys after 50 h, as 
depicted in the inner of HEAs (Fig. 5a–e and i). Here, one role Y played 
here is to enhance the bonding force between the formed Al2O3 layer 
and HEAs. Y could segregate to the interface and improve the oxide- 
scale adhesion by the pegging effect [16]. This pegging behavior can 
be found near the oxide/metal interface in Fig. 3, where the outward 
diffusing Y reacted with oxygen and/or Al2O3, forming (Y, Al)-rich ox-
ides. Fig. 7 displays the cross-sectional morphologies of Al2O3 formed on 
the HEAs at 1100 ◦C after 10 h and 1000 h of oxidation, revealing that 
the grain size of Al2O3 on D743 is significantly larger than that on D742 
and D741. This means fewer grain boundaries formed in the Al2O3 layer 
on D743. According to previous research, grain boundaries can provide 
fast diffusion paths for oxygen [30]. Since the dynamic segregation ef-
fect of reactive element Y inhibits the outward diffusion of metal cations, 
the growth of Al2O3 layer is dominated by the transport of oxygen anions 

[31–33]. Therefore, the larger grain size signifies a lower diffusion rate 
of oxygen and a lower growth rate of Al2O3.

To verify the effect of the Al2O3 grain size on oxidation, Wagner’s 
oxidation theory is employed to derive the growth kinetics of the Al2O3 
layer guided on the following assumptions: (a) The oxidation reaction of 
Al element is under thermodynamic equilibrium; (b) Since Al2O3 is an n- 
type oxide and the reactive element Y inhibits the outward diffusion of 
metal ions, only the transport of oxygen anions in the Al2O3 layer is 
considered; (c) The diffusion path of oxygen ions includes the crystal 
lattices and grain boundaries, but the dislocations in Al2O3 are 
neglected.

A general oxidation reaction of metal element M can be expressed as: 

2x
y

M(s)+O2(g) =
2
y
MxOy (s) (2) 

Fig. 5. The evolution of oxide layers on the surface of (a–d) D741, (e–h) D742 and (i–l) D743 HEAs during the 1000 h oxidation process at 1100 ◦C; EDS lines scans of 
Y-rich oxides measured on the oxide layers (m) and substrate (n) in D741 (d).
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A time-depending kinetics constant kt could be introduced from the 
classic Wagner’s theory [25] as follows: 

kt = −
σt tiontel
z2

c z2
ae2

c
ΔGf (3) 

Where σt is the conductivity of the MxOy oxide. tion and tel represent the 
transported numbers of ions and electrons, respectively. The valences of 
the metal and oxygen ions are denoted as zc and za, respectively; to be 
consistent with the valence of oxygen, one has za = − 2. The charge of 
species is represented by ec. ΔGf is the Gibb’s free energy for the for-
mation of MxOy oxide. Beside the transportation of ions, the Gibb’s free 
energy for the formation of Al2O3 is another factor controlling the 
growth of Al2O3, since it is the driving force of the oxidation reaction, 
which would be increased due to the increment of Al content in HEAs 
with the high ACR.

Since Al2O3 is an n-type oxide rather than a p-type oxide, it is taken 
as an electron conductor with tel ≈1, and the conductive ions are mainly 
oxygen ions. Hence, the kt can be expressed as [34]: 

kt = −
σt to

z2
c z2

ae2
c
ΔGf (4) 

where to represents the transported number of the oxygen ions. With the 
use of the Nernst–Einstein relation, Eq. (4) can be rewritten as [34]: 

kt = −
co

z2
c kT

DoΔGf (5) 

where co represents the concentration of oxygen, which can be regarded 
as a constant in Al2O3, Do represents the diffusion coefficient of oxygen 
in the oxide layer. According to Eq. (5), the kinetics parameter kt is 
determined by the diffusion coefficient of oxygen Do and the Gibbs free 
energy of formation Δ Gf .

During the reaction, the Δ Gf of MxOy oxide was calculated using: 

ΔGf =ΔG0 − RT ln

(
a2/y

MxOy

a2x/y
M • PO2

)

(6) 

Where, ΔG0 is the standard free energy of formation under the oxidation 
reaction. T is the absolute temperature, and R is the gas constant. aMxOy 

represents the activity of the oxide of metal element M. aM is the activity 
of element M in the HEA which is subject to oxidation. The partial 
pressure of oxygen is PO2 which approaches to 0.21 atm in the atmo-
sphere. Eq. (6) can be also utilized to calculate the equilibrium partial 
pressure of oxygen by making ΔGf equal to zero. ΔG0 can be accessed 
from the Ellingham diagram [35] (see Supplementary Fig. S4), and aM 
can be calculated using the Thermo-Calc software. The calculated Δ Gf 

of Al2O3 for D741-3 are − 588.0, − 587.5 and − 587.2 kJ/mol, showing a 
slight difference with the change in ACR. It can be found that the Δ Gf of 
Al2O3 is only up to the activity of Al, when T and PO2 are constant (see 
Eq. (6)). However, the positive effect of Al on its activity is significantly 
counteracted due to the decrease in Cr content, as shown in Fig. 8a and 
b. Thus, the Δ Gf of Al2O3 changes insignificantly due to the simulta-
neous alterations of Al and Cr contents.

For a polycrystalline Al2O3 layer, the overall diffusion flux of oxygen 
is the sum of the fluxes through the bulk lattice and grain boundary. As a 
result, the diffusion coefficient of oxygen in Al2O3 layer (DAl2O3

o ) can be 

Fig. 6. The growth of Al2O3 and spinel layers on the D743 HEA during the 
1100 ◦C/1000 h oxidation test. The error bar is the standard deviation of 5 
measurements in different regions.

Fig. 7. The cross-sectional morphologies of oxide layers after oxidation at 1100 ◦C for 10 h: (a) D741, (b) D742, (c) D743, and after oxidation at 1100 ◦C for 1000 h: 
(d) D741, (e) D742, (f) D743.
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expressed as [36,37]: 

DAl2O3
o =DL

o(1 − f) + DGB
o f (7) 

Where, DL
o and DGB

o respectively represent the diffusion coefficient of 
oxygen in Al2O3 crystal lattice and grain boundary, obtained from 
Ref. [38]. f is the area ratio of the grain boundary, given by Refs. [36,
37]: 

f =
2δ
d

(8) 

where δ is the grain boundary thickness (~0.6 nm for Al2O3 layer [36,
37]) and d is the grain size.

Fig. 9 shows the calculated DAl2O3
o at 1100 ◦C, as a function of grain 

size, revealing that DAl2O3
o is very sensitive to the grain size, with a sig-

nificant reduction in DAl2O3
o observed as the grain size increases. The 

calculated DAl2O3
o in the formed Al2O3 on D743 is approximately half that 

in D742 and D741 (the inset of Fig. 9), which agrees with the long-term 
test results (Fig. 3a). And the calculated DAl2O3

o shows a strong positive 
correlation with oxidation kinetic parameters (long-term stage) as 
illustrated in Fig. 10. This implies that the transportation of oxygen in 
Al2O3 is the critical factor for the long-term oxidation stage. Therefore, 
the lower oxidation rate in HEAs with low ACR is mainly ascribed to the 
resulting large sized Al2O3 grains. As fewer grain boundaries are avail-
able as fast inward diffusion path for oxygen, a lower oxygen diffusion 
rate is achieved, leading to a reduced growth rate of the Al2O3 layer.

4. Conclusions

In this research, we investigated the oxidation behaviors of three Y- 

doped AlCoCrFeNi HEAs with varying ACR. The oxidation tests were 
conducted in air at 1100 ◦C for up to 1000 h. The following conclusions 
can be reached: 

(1) Diverse microstructures in the three HEAs were observed after 
adjusting the ACR. Phase equilibrium calculations and DSC tests 
indicated that decreasing the ACR could lower the initial pre-
cipitation temperature of the β phase, consequently reducing β 
precipitation.

(2) Microstructural analysis on the surface oxides revealed that the 
fast growth of spinel dominated the early oxidation process of the 
HEAs with lower ACR, resulting in a higher oxidation rate 
compared to the HEAs with higher ACR.

(3) The prolonged oxidation stage was governed by the growth of the 
Al2O3 layer, as confirmed by comparing the growth of the Al2O3 
layer and the spinel layer. Thermodynamics assessment revealed 
that reducing grain boundaries in Al2O3 scale could decrease the 
diffusion coefficient of oxygen. Hence, low ACR with less Al2O3 
grain boundaries displayed a lower oxidation rate during the 
prolonged oxidation stage.

CRediT authorship contribution statement

Xiaoyu Sun: Writing – original draft, Validation, Software, Meth-
odology, Investigation, Formal analysis, Conceptualization. Xiaolong 
Li: Resources, Investigation. Sheng Guo: Writing – review & editing, 
Resources, Conceptualization. Lilong Zhu: Resources, Investigation. 
Jianwei Teng: Writing – review & editing, Investigation, Conceptuali-
zation. Liang Jiang: Resources, Investigation, Conceptualization. 
Johan Moverare: Writing – review & editing, Supervision, Resources, 
Conceptualization. Xin-Hai Li: Writing – review & editing, Supervision, 
Resources, Conceptualization. Ru Lin Peng: Writing – review & editing, 

Fig. 8. The effect of (a) Al and (b) Cr on the activity at 1100 ◦C, calculated by TC based on the TCIN10 database.

Fig. 9. Calculated diffusion coefficient of oxygen in the formed Al2O3 layer as a 
function of grain size at 1100 ◦C.

Fig. 10. The relation between the oxidation kinetic parameters (long-term 
stage) and the calculated diffusion coefficients of O in Al2O3 layer.

X. Sun et al.                                                                                                                                                                                                                                      Intermetallics 176 (2025) 108582 

7 



Supervision, Resources, Project administration, Investigation, Funding 
acquisition, Conceptualization.

Data availability statement

The raw/processed data required to reproduce these findings cannot 
be shared at this time as the data also forms part of an ongoing study.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

The authors acknowledge the financial support from Siemens In-
dustrial Turbomachinery AB (Finspång, Sweden) and Stiftelsen Axel 
Hultgrens Fond (Stockholm, Sweden). R. P. appreciates the Swedish 
Government Strategic Research Area in Materials Science on Functional 
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