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A B S T R A C T

This study investigates the oxidation behavior of Y/Hf co-doped NiCoCrAl-type EMPEAs with various Co and Cr 
concentrations (Ni59.6Co10Cr10Al20.4, Ni50.7Co15Cr15Al19.3 and Ni33.4Co25Cr25Al16.6 in at%) at 1100 ◦C and 1200 
◦C. After oxidation at 1100 ◦C, increasing Co and Cr contents enhances Y/Hf solubility in the β phase, which 
delays the θ- to α-Al2O3 phase transformation and promotes the formation of larger columnar grains of α-Al2O3 
scale, thereby reducing the oxidation rate by up to 62 %. After oxidation at 1200 ◦C, the NiCoCrAl-type EMPEAs 
with higher Co and Cr content show significantly better spallation resistance due to the reduction of the coef
ficient of thermal expansion (CTE) and Y/Hf solubility in the γ phase. This reduction minimizes residual stress in 
the oxide scale and decreases the tendency for oxide intrusion at the scale/alloy interface, thereby enhancing the 
interfacial fracture energy. These findings provide scientific guidance for optimizing the composition of NiC
oCrAl EMPEAs to enhance oxidation resistance in high-temperature applications.

1. Introduction

NiCoCrAlY alloys are extensively utilized as bond coating materials 
for thermal barrier coatings (TBCs) and overlay coatings in aero-engine 
and gas turbines due to their excellent oxidation resistance at elevated 
temperatures [1–3]. The oxidation resistance of NiCoCrAlY alloys relies 
on the formation of a stable and well-adherent Al2O3-based scale with a 
slow growth rate at high temperatures. Reactive elements (REs) such as 
Y, Hf, and Zr are commonly incorporated into the substrate to suppress 
the formation of interfacial voids and inhibit the outward diffusion of Al 
ion, thereby enhancing scale adhesion and reducing the growth rate of 
oxide scale [4–6]. However, commercial NiCoCrAlY alloys or coatings 
(Amdry 365-2, Ni-23Co-17Cr-12Al-0.5Y in wt%) fail to provide 
adequate oxidation resistance at a high temperature (above 1100 ◦C) 
owing to their high oxide scale growth rate and accelerated interfacial 
degradation, leading to the spallation of oxide scale and shorter service 

life [7]. This limitation underscores the need for developing novel ma
terials with superior high-temperature oxidation resistance.

Recently, eutectic multi-principal element alloys (EMPEAs) have 
emerged as a promising candidate for high-temperature applications 
because of their excellent high-temperature stability and the ability to 
form a lamellar or rod-like ultra-fine eutectic microstructure with high 
rupture strength and resistance to high-temperature creep [8–11]. 
Moreover, the ultra-fine eutectic microstructure plays a critical role in 
homogenizing the distribution of REs. By optimizing the RE effect, it can 
minimize the formation of interfacial imperfections (e.g., RE-rich in
clusions), thereby enhancing interfacial toughness and oxidation resis
tance [12,13]. It has been reported that commercial NiCoCrAlY coatings 
deposited by laser powder deposition and laser cladding exhibit a finer 
microstructure (like ultra-fine eutectic microstructure) compared to 
those fabricated by air plasma spray (APS) or high-velocity air-fuel 
(HVAF) techniques [14–16]. This ultra-fine microstructure promotes the 
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rapid formation of a continuous Al2O3 scale and accelerates the trans
formation from θ-Al2O3 to α-Al2O3, leading to superior oxidation resis
tance. Despite the promising benefits offered by these eutectic 
structures, the oxidation mechanisms and RE interplay with the 
ultra-fine microstructure in NiCoCrAl-type EMPEAs remain insuffi
ciently understood, warranting further investigation.

To date, various computational approaches, including the calcula
tion of phase diagram (CALPHAD) method [17], simple mixing [18], 
mixing enthalpy [19], and grouping and machine learning [20], have 
been developed to design EMPEAs. Herein, three NiCoCrAl-type 
EMPEAs with different Co and Cr concentrations (Ni59.6Co10Cr10Al20.4, 
Ni50.7Co15Cr15Al19.3 and Ni33.4Co25Cr25Al16.6) are designed using the 
CALPHAD method and their oxidation behavior at 1100 ◦C and 1200 ◦C 
is carefully studied. The REs (Y/Hf) are incorporated into the substrate 
to enhance the scale adhesion. The microstructure of the alloys and their 
oxide scale oxidation rates, residual stress, and RE solubility are sys
tematically determined to elucidate the oxidation behavior and failure 
mechanisms. Our findings provide scientific insights into the design of 
oxidation-resistant NiCoCrAl-type EMPEAs for advanced applications.

2. Materials and method

2.1. Compositional design

The NiCoCrAl-type EMPEAs are designed by deriving the pseudo- 

quaternary phase diagrams (Fig. 1a–c) of the Ni50-xCo25Cr25Alx, Ni70- 

xCo15Cr15Alx, and Ni80-xCo10Cr10Alx systems using the CALPHAD 
method and thermo-calc (TC) software. The actual eutectic point of 
these systems is ~ 1 at% less than the calculated eutectic point due to 
non-equilibrium effects during the solidification process [21]. In the 
computational model, the minor Y and Hf are excluded from the 
calculation because of the low concentrations (Y: 0.025 at%, Hf: 0.025 at 
%). According to our previous work [22], the minor Y and Hf shows 
negligible influence on the types and fractions of primary phases due to 
their small amounts. Subsequently, three NiCoCrAl-type EMPEAs are 
generated by the CALPHAD method and designated as 25E, 15E, and 
10E according to the Co and Cr concentrations. Table 1 summarizes the 
chemical compositions of the three alloys, which is determined by 
inductively coupled plasma optical emission spectra (ICP-OES) analysis. 
Since the oxidation behavior of the Y/Hf co-doped Ni60-xCo20Cr20Alx 
system has been studied by us [22], it will not be discussed in this paper. 
The phase fraction of the EMPEAs calculated by the TC software 
(Fig. 1d–f) shows a combination of γ and β phases at 1100–1200 ℃.

2.2. Materials preparation and isothermal oxidation test

The 25E, 15E, and 10E alloys were prepared by adding high-purity Y 
and Hf (> 99.9 wt%) melted in a Ti-gettered high-purity argon atmo
sphere. The as-cast ingots were remelted five times and subsequently 
heat treated at 1100 ◦C for 20 h under an argon atmosphere to ensure 

Fig. 1. Thermodynamic calculations of the Ni50-xCo25Cr25Alx, Ni70-xCo15Cr15Alx, and Ni80-xCo10Cr10Alx systems: (a–c) Pseudo-quaternary phase diagrams with the 
three alloy compositions shown in the diagram (black dash line); (d-f) Phase fractions of 25E, 15E, and 10E alloys as a function of temperature.

Table 1 
Chemical composition of the 25E, 15E, and 10E alloys determined by ICP-OES analysis (in wt%).

Alloys Elements

Ni Co Cr Al Y Hf S

25E
37.8 28.4 25.1 8.6 0.041

0.085 ＜0.0005

15E
58.0 16.9 14.9 9.9 0.038

0.087 ＜0.0005

10E
67.7 11.4 10.1 10.7 0.043

0.084 ＜0.0005
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compositional homogeneity. Square plates (10 × 10 × 2.5 mm3) were 
cut from the ingot by a precision cut-off machine (Accutom 5, Struers). 
The samples were then ground with 5000-grit SiC paper and cleaned in 
an ultrasonic bath for 5 min. The isothermal oxidation tests were con
ducted at 1100 ◦C and 1200 ◦C in a furnace for up to 500 h. Because of 
the non-hermetically sealed nature of the chamber furnace, the oxida
tion atmosphere inside the furnace can be considered the same as the 
ambient air (21 % oxygen, 78 % nitrogen, and small amounts of other 
gases such as carbon dioxide and argon). Each composition of NiCoCrAl- 
type EMPEAs was subjected to three parallel experiments to ensure the 
reliability and reproducibility of the results. The specimens were 
removed from the furnace and air-cooled for 10 min with the help of a 
fan.

2.3. Characterization

The phase structure of the three alloys was determined by X-ray 
diffraction (XRD, Bruker D8 ADVANCE) at a scanning rate of 5◦/min and 
2θ scanning range of 10–90◦.

The enthalpies of the endothermic reactions of these three NiCoCrAl 
EMPEAs were measured by differential scanning calorimetry (DSC, 
Discovery SDT 650, TA Instruments, USA). Scanning electron micro
scopy (SEM, Mira3, Tescan), energy-dispersive X-ray spectroscopy (EDS, 

Oxford Instruments), and electron backscatter diffraction (EBSD, Oxford 
Instruments NordlysMax3) were employed to analyze the microstruc
ture and composition of the alloys and oxide scales. To protect the cross- 
sectional samples during analysis, a layer of Ni was electroplated onto 
the oxide scale. Scanning transmission electron microscopy (STEM, 
Talos F200X G2, Thermo Fisher Scientific, USA) combined with EDS was 
used to determine the chemical composition. The average coefficient of 
thermal expansion (CTE) was measured on a high-temperature dila
tometer (DIL 402 Expedis Select/Supreme, NETZSCH, Germany) in 
argon from 25 ◦C to 1250 ◦C at a heating rate of 5 ◦C/min. The specimen 
for CTE measurements had a rectangular shape with dimensions of 
15 × 3 × 3 mm3. To measure the residual stress in the oxide scales, 
photoluminescence piezospectroscopy (PLPS) was performed on a 
confocal Raman microprobe (LabRAM HR, Horiba Jobin Yvon, France) 
equipped with a 532 nm Nd:YAG laser by Eq. (1) [23], derived from the 
piezospectroscopic shift of the R2 line in α-Al2O3. 

Δv = 5.07σ (1) 

Where Δv is the peak shift of R2 line with respect to that of the stress-free 
sapphire. The spectra were analyzed by mixed Gaussian-Lorentzian 
functions (Labspec software) to determine the peak positions. PLPS 
was also used to identify the phase transformation of Al2O3 during the 
early oxidation stage of these alloys.

Fig. 2. XRD patterns of the 10E, 15E, and 25E alloys, showing the 
phase structure.

Fig. 3. Microstructural analysis of the 25E, 15E, and 10E alloys: (a-c) Low-magnification BSE images of NiCoCrAl-type EMPEAs (white arrows indicating Y/Hf-rich 
precipitate); (d) STEM-DF image and EDS maps of the Y/Hf precipitate in the 10E alloy.

Table 2 
Chemical compositions (at%) of the β and γ phases in the alloys based on the 
average of four analyses.

Elements 25E 15E 10E

β γ β γ β γ

Ni 37.2 
± 1.3

30.6 
± 1.6

50.2 
± 2.5

49.6 
± 1.9

55.9 
± 2.5

54.7 
± 2.1

Co 20.6 
± 0.9

28.2 
± 1.5

12.5 
± 1.4

17.1 
± 1.0

8.8 
± 0.4

13.3 
± 1.7

Cr 13.8 
± 1.0

28.8 
± 1.1

8.8 
± 0.5

19.9 
± 1.6

6.6 
± 0.7

15.7 
± 1.4

Al 28.4 
± 1.9

12.4 
± 0.3

28.5 
± 1.7

13.4 
± 0.8

28.7 
± 2.4

15.3 
± 1.0
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3. Results

3.1. Microstructure of the 25E, 15E and 10E alloys

Fig. 2 indicates that all alloys have a dual-phase microstructure 
consisting of γ and β phases, consistent with the calculated results 
(Fig. 1d–f). Fig. 3a–c reveal that the alloys have a lamellar and rod-like 
eutectic microstructure comprising the γ phase (bright contrast) and β 
phase (dark contrast). Moreover, the DSC results show a single sharp 
endothermic peak during the heating process for each alloy (Fig. S1), 
which provides strong evidence that these alloys are eutectic as 
designed. Table 2 provides the composition details of the γ phase and β 
phase in the alloys, disclosing that the γ phase is enriched in CoCr while 
the β phase is enriched in NiAl. Moreover, minor Y/Hf precipitates are 
observed (white contrast in Fig. 3a–c). The Y/Hf precipitate (1–2 μm) is 
confirmed by STEM and EDS mapping, with a composition of approxi
mately 20 % Y, 60 % Hf, and 20 % Ni (in at%) (Fig. 3d). Fig. 4 shows 
that the volume fraction of the β phase decreases with Co and Cr 

concentrations from 35.2 % to 25.3 % (Table 3). Based on EBSD anal
ysis, the lamellar eutectic microstructure has an average β phase size of 
approximately 0.5–1 μm, while the rod-like eutectic microstructure 
shows β phase sizes ranging from 1 μm to 3 μm.

3.2. Oxidation behavior of 25E, 15E, and 10E at 1100 ◦C

Fig. 5 shows that the oxidation products consist of exclusively 
α-Al2O3 after oxidation at 1100 ℃. Fig. 6 presents the surface mor
phologies of 25E, 15E, and 10E after 500 h oxidation at 1100 ℃. All the 
alloys show a uniform and well-adherent α-Al2O3 scale without spall
ation (Fig. 6a–c). The α-Al2O3 scale formed on the γ and β phases exhibit 
different surface morphologies possibly due to compositional discrep
ancy. Meanwhile, the grain size of the α-Al2O3 scale formed on the β 
phase is significantly larger than that formed on the γ phase (Fig. 6d–f). 
Furthermore, the oxide surface on 10E contains more Y/Hf-rich oxides 
in both the γ and β phases than in 25E and 15E (Fig. 6f). Fig. 7 depicts the 
cross-sectional morphology and elemental distributions after oxidation 
for 500 h at 1100 ℃. Continuous and uniform α-Al2O3 scales are formed 
on the surface without interfacial imperfections such as pores and oxide 
intrusions at the scale/alloy interface (Fig. 7a–c). The thicknesses of the 
α-Al2O3 scale on 25E, 15E, and 10E are 3.3 μm, 4.2 μm, and 5.3 μm 
(Fig. 7d–f), respectively. These results suggest that the oxidation rate of 
Y/Hf co-doped NiCoCrAl-type EMPEA can be lowered by increasing the 
Co and Cr concentrations.

To obtain more information about the oxidation mechanism, Fig. 8
displays the fractured microstructures of the oxide scales formed on the 
three alloys after 500 h oxidation at 1100 ℃. The oxide scales have the 
typical double-layer structure consisting of outer equiaxed grains and 
inner columnar grains (Fig. 8a, d, and g). It is generally accepted that 
the outer equiaxed grain is the consequence of the counter-diffusion of 
Al and O while the formation of columnar grains is dominated by inward 
O diffusion [24]. The small ratio of equiaxed to columnar grains 
(Table 4) indicates that inward O diffusion is predominantly in the Al2O3 
scale growth. Quantitative image analysis of the oxide grain imprints 
indicates that the average width of the columnar grains decreases with 
increasing Co and Cr concentrations, ranging from ~ 0.40 µm to ~ 
0.75 µm (Fig. 8b–c, e–f, and h–i).

3.3. Oxidation kinetics of 25E, 15E, and 10E at 1100 ◦C

Fig. 9 shows the evolution of the oxide scale thickness with oxidation 
time. The linear fit of the oxide scale thickness to the square root of the 
oxidation time indicates that oxidation of the three alloys follows the 
parabolic law [25]. The parabolic rate constant kh can be obtained by 

Fig. 4. EBSD analysis of the 25E, 15E, and 10E alloys: (a–c) Band contrast maps and (d–f) Phase maps.

Table 3 
Volume fractions of the γ phase and β phase in the alloys based on 5 analyses at a 
magnification of 2000 ×.

Alloys γ phase fraction β phase fraction

25E 64.8 ± 2.0 % 35.2 ± 1.6 %
15E 70.1 ± 2.1 % 29.9 ± 2.7 %
10E 74.7 ± 2.4 % 25.3 ± 1.8 %

Fig. 5. XRD patterns of the 10E, 15E, and 25E alloys after oxidation for 500 h 
at 1100 ℃, showing exclusive formation of α-Al2O3.
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the following relationship [26]: 

h2
t = kht (2) 

where ht represents the oxide scale thickness after a given oxidation time 
t. The parabolic rate constants kh of 10E, 15E and 25E are estimated to 
be 14.1 × 10− 14 cm2 s− 1, 9.5 × 10− 14 cm2 s− 1, and 5.3 × 10− 14 cm2 s− 1, 
respectively. Compared to 10E, 25E exhibits a reduction of ~ 62 % in 
the parabolic rate constant (kh) while 15E shows a reduction of ~ 33 %. 
Although our previous study reported that the Ni40Co20Cr20Al20 alloy 
shows lower oxidation rate than NiCoCrAl EMPEAs after oxidation at 
1100 ◦C [22], this alloy does not possess a eutectic microstructure. The 
lower oxidation rate of this alloy is attributed to its high β phase volume 
fraction (~ 65 %) and favorable elemental distribution. In contrast, the 
present study focuses on the NiCoCrAl-type EMPEAs with a consistent 
eutectic microstructure and comparable β phase volume fractions (~ 
25–35 %). These results reveal that, under a fixed eutectic framework, 
the Co and Cr concentrations of NiCoCrAl-type EMPEAs play an 
important role in the oxidation kinetics.

3.4. Oxidation behavior of 25E, 15E, and 10E at 1200 ◦C

The spallation resistance of the oxide scale becomes increasingly 
critical when the oxidation temperature rises to 1200 ℃ and surpasses 
the oxidation kinetics. The spallation degree of the oxide scale is shown 
in Fig. 10. Spalled areas were distinguished from intact areas using 
grayscale thresholding of Image J analysis, with darker spalled regions 
separated from brighter intact oxide scale. Specifically, it decreases from 
~ 37 % for the 10E alloy to ~ 5 % for the 25E alloy after 500 h oxida
tion, suggesting that larger Co and Cr concentrations enhance the 
spallation resistance of the oxide scale in the NiCoCrAl-type EMPEAs at 
1200 ◦C. The surface and cross-sectional morphologies of the oxide 
scales on these alloys after oxidation at 1200 ℃ are examined. These 
results provide valuable comparative information on the oxidation 
resistance of the alloys. Although mass gain measurements were not 
conducted in this study, they will be considered in future work to pro
vide a more comprehensive understanding of the oxidation kinetics, 
particularly regarding internal oxidation and spallation.

Fig. 11 presents the surface morphology of the three alloys after 
oxidation for 100 h at 1200 ◦C. In the case of the 10E and 15E alloys, 

Fig. 6. Surface morphology of 25E, 15E, and 10E after oxidation for 500 h at 1100 ℃: (a–c) Low-magnification BSE images showing the oxide surface; (d–f) High- 
magnification BSE images showing the detailed morphology of the β and γ phases.

Fig. 7. Cross-sectional morphology and elemental distributions of 25E, 15E, and 10E after oxidation for 500 h at 1100 ℃: (a–c) Low-magnification BSE images; (d–f) 
High magnification BSE images and corresponding EDS maps showing the composition of OXIDE SCALE.
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substantial amounts of oxide intrusion surround the Y/Hf-rich oxides at 
the spallation region (Fig. 11a–f). With regard to the 25E alloy, finer Y/ 
Hf-rich oxides are uniformly distributed at the grain boundaries of the 
α-Al2O3 scale without oxide intrusions and oxide scale spallation 
(Fig. 11g–i). However, oxide intrusions are not observed after oxidation 
at 1100 ℃, suggesting that the formation of oxide intrusions cannot 
stem from the over-doping of REs (Y/Hf) [27]. At an elevated temper
ature of 1200 ◦C, the diffusion rates of Y and Hf to the scale/alloy 

interface along phase boundaries increase. Additionally, the rapid 
coarsening of the γ and β phases at this temperature reduces the number 
of sites available for Y and Hf distribution in the alloy. These two factors 
give rise to the localized enrichment of Y/Hf precipitates at the grain and 
phase boundaries during prolonged oxidation to facilitate the formation 
of oxide intrusions. The distribution of Y/Hf precipitates is consistent 
with the location of oxide intrusions (Fig. S2), also indicating that the 
distribution of Y/Hf precipitates plays an important role in oxide in
trusions in the NiCoCrAl-type EMPEAs.

Fig. 12 shows the cross-sectional morphology and elemental distri
butions of the three alloys after oxidation for 250 h at 1200 ℃. BSE-EDS 
mapping reveals the presence of oxide intrusions and Y/Hf-rich oxides in 
the spallation region near the scale/alloy interface in 10E and 15E 
(Fig. 12a–f), consistent with the surface morphology of these alloys. The 
results reveal a strong correlation between the spallation regions and 
oxide intrusions at the scale/alloy interface of 10E and 15E. In contrast, 

Fig. 8. Microstructural analysis of the OXIDE SCALEs: (a–c) 25E, (d-f) 15E, and (g–i) 10E after oxidation for 500 h at 1100 ℃: (a, d, g) SE images showing the 
fractured cross-sectional microstructures of OXIDE SCALEs (white dash lines delineate the boundaries between the equiaxed grains and columnar grains); (b, e, h) SE 
images showing the imprints left on the substrates by the columnar α-Al2O3 grains; (c, f, i) Distributions of widths of the columnar grains quantified from their 
imprints (b, e, h). The fractured cross-sectional microstructures of the OXIDE SCALEs are obtained by the mechanical fracture test.

Table 4 
Variation of the ratios of the equiaxed grain to columnar grain in the alloys.

Alloys Ratios of the equiaxed grain to columnar grain

25E 6.4 ± 1.0 %
15E 7.7 ± 1.1 %
10E 8.2 ± 1.4 %

Fig. 9. Oxidation kinetics of 25E, 15E, and 10E at 1100 ℃: (a) Thicknesses of the oxide scales as a function of oxidation time; (b) Thicknesses of the oxide scales on as 
a function of the square root of oxidation time, showing the parabolic law.
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no oxide intrusions are observed from the scale/alloy interface of 25E 
after 250 h oxidation at 1200 ℃ (Fig. 12g–i). However, minor oxide 
intrusions are detected surrounding Y/Hf-rich oxides in the spalled re
gions of the oxidized surface on 25E after oxidation for 500 h at 1200 ℃ 
(Fig. 13a–c). Interfacial pores are observed near the oxide intrusions 
(Fig. 13d–f), potentially related to volume shrinkage associated with the 
transformation of α-Al2O3 to Y3Al5O12 [28]. Overall, the formation of 
oxide intrusions at the scale/alloy interface plays a critical role in 
determining the spallation resistance of the alloys at 1200 ℃, and it is 
predominantly influenced by the distribution of REs-rich oxides during 
oxidation.

4. Discussion

The oxidation resistance of NiCoCrAl-type EMPEA can be enhanced 
by increasing the Co and Cr concentrations (Fig. 8). Here, we discuss the 

mechanism responsible for the different oxidation resistance of 
NiCoCrAl-type EMPEAs at 1100 ◦C and 1200 ◦C.

4.1. NiCoCrAl-type EMPEAs at 1100 ◦C

After oxidation at 1100 ℃, the oxidation rate of NiCoCrAl-type 
EMPEAs decreases with Co and Cr concentrations. Fig. 9 and Table 3
show that the oxidation rates of the three NiCoCrAl-type EMPEAs 
depend on the growth of columnar grains and inward oxygen diffusion is 
the primary factor controlling the oxidation rate. The segregation of REs 
(Y/Hf) ions to the grain boundaries of the Al2O3 scale can inhibit the 
outward diffusion of Al from the underlying alloy [29]. As a result, 
oxygen diffusion becomes the dominant mechanism for the growth of 
the Al2O3 scale. Therefore, the oxidation rates are governed by the 
effective diffusivity of oxygen (Deff

o ), which is determined by the lattice 
and grain boundary diffusion of oxygen [30,31]: 

Deff
o = fDgb

o + (1 − f)DL
o (3) 

where f represents the volume fraction of grain boundary diffusion, Dgb
o 

and DL
o are the grain boundary diffusion and lattice diffusion of oxygen, 

respectively. Owing to the significantly larger value of Dgb
o than DL

o 

(about 3–4 orders of magnitude higher), the expression for Deff
o can be 

approximated as [32]: 

Deff
o ≈ fDgb

o =
2δ
d

Dgb
o (4) 

where δ is the width of grain boundary (about 1 nm [33]), d is the width 
of columnar grain.

Fig. 14a illustrates the relationship between Deff
o and the width of the 

columnar grain by setting Dgb
o according to the literature [31], showing a 

decreasing trend with increasing d. For columnar grain widths of 0.40 
μm, 0.59 μm, and 0.75 μm in the case of δDgb

o = 7.5 × 10− 8 μm3/s, Deff
o of 

10E, 15E and 25E is calculated to be 3.5 × 10− 7 μm3/s, 2.6 × 10− 7 

μm3/s, and 1.6 × 10− 7 μm3/s, respectively. To better understand the 

Fig. 10. Spallation degree of oxide scales as a function of oxidation time at 
1200 ◦C determined by the ratio of the spalled area to the total area of the oxide 
scale, measured by the Image J software from five 50 × magnification BSE 
images for the three different samples.

Fig. 11. Surface morphologies of (a–c) 10E, (d–f) 15E, and (g-i) 25E after oxidation for 100 h at 1200 ℃: (a, d, g) Low-magnification BSE images showing the oxide 
scale; (b, e, h) and (c, f, i) High-magnification BSE images showing the morphology of the oxide scale.
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effect of oxygen diffusion on the oxidation rate, Fig. 14b compares the 
decreasing rates of Deff

o and kh of 15E and 25E relative to 10E. The 
reduction rate of Deff

o is consistent with that of the oxidation rate, con
firming that the difference in the oxidation rate is attributed to the 
columnar grain widths.

Although the oxidation rates of three alloys are not abnormally high 
in the initial stage (Fig. 9a), the θ- to α-Al2O3 phase transformation is 
important for the grain size of α-Al2O3 owing to its critical effect on the 
nucleation sites [34]. The accelerated θ- to α-Al2O3 phase trans
formation can increase the number of sites for nucleation of α-Al2O3, 
which results in a smaller Al2O3 grain [35]. For instance, the NiCrAl 

alloy has higher oxidation rate than NiAl alloy because the chromium 
accelerates the phase transformation, and thus formed the fine grained 
α-Al2O3 [36]. Moreover, the θ-Al2O3 phase is formed on the alloys 
during the initial oxidation stage and is controlled by outward Al 
diffusion [37]. The Al diffusion coefficients of the γ and β phases are 
calculated by the TC software (Table 5). The Al diffusion coefficients of 
the β phase are significantly higher than those of the γ phase, suggesting 
that θ-Al2O3 should be formed on the surface of the β phase in agreement 
with the literature [22,38].

It is well recognized that the θ- to α- alumina transformation occurs 
rapidly at 1100 ◦C [], making it difficult to characterize the intermediate 

Fig. 12. Cross-sectional morphology and elemental distributions of (a–c) 10E, (d-f) 15E, and (g–i) 25E after oxidation for 250 h at 1200 ◦C: (a, d, g) Low- 
magnification BSE images showing the cross-sectional microstructure; (b, e, h) High-magnification BSE images and (c, f, i) EDS elemental maps showing the 
composition of the oxide scale.

Fig. 13. Surface and cross-sectional morphology of 25E after oxidation for 500 h at 1200 ◦C: (a) Low-magnification BSE image showing the oxide scale; (b–c) High- 
magnification BSE images showing the oxide intrusion and Y/Hf-rich oxides in the spallation region; (d) Low-magnification and (e) High-magnification BSE images 
and (f) Elemental maps of the oxide scale.
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oxide phases through conventional post-oxidation analysis. Therefore, 
the PLPS spectra are collected after oxidation for 5 min to determine the 
phase constitution of θ-Al2O3 on the β phase of the three alloys 

(Fig. 15a–c). Based on the PLPS results and Eq. (5), the concentrations of 
θ-Al2O3 (wt%) on the β phase of 10E, 15E, and 25E are 6 %, 13 %, and 
40 %, respectively: 

Fig. 14. (a) Evolution of the effective diffusivity of oxygen (Deff
o ) as a function of the width of columnar grains. The average value of the width of columnar grains is 

obtained from Fig. 6. (b) Reduction rate of Deff
o and oxidation rates of 15E and 25E alloy in comparison with that of 10E.

Table 5 
Al diffusion coefficients of the γ and β phases at 1100 ℃ calculated by the TC 
software.

Alloys Dβ
Al(cm2/s) Dγ

Al(cm2/s)

25E 2.66 × 10− 10 9.68 × 10− 14

15E 2.49 × 10− 10 9.54 × 10− 14

10E 1.82 × 10− 10 9.37 × 10− 14

Fig. 15. PLPS spectra and microstructure of the Al2O3 scale on 25E, 15E, and 10E after oxidation for 5 min at 1100 ℃: (a–c) PLPS curves of the Al2O3 scale formed on 
the β phase; (d–f) Low-magnification SE images showing the surface morphology; (g–i) High-magnification SE images, showing the θ-Al2O3 morphology on the 
β phase.

Table 6 
θ-Al2O3 concentrations in the oxide scale of each alloy after oxidation for 5 min 
at 1100 ℃.

Alloys θ-Al2O3 content in the whole oxide scale (wt%)

25E 14.1 ± 2.0 %
15E 6.5 ± 1.1 %
10E 1.3 ± 1.4 %
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Cθ =
A14575 + A14645

A14402 + A14432 + A14575 + A14645
(5) 

where A denotes the area of the peaks (calculated by the deconvolution 
integration method), and the subscript represents the peak wave
number. SEM indicates that the θ-Al2O3 (needle-like morphology in 
Fig. 15g–i) is formed on the β phase. Hence, the concentration of θ-Al2O3 
in the oxide scale can be estimated by multiplying the calculated θ-Al2O3 
concentration by the volume fraction of the β phase. The concentration 
of θ-Al2O3 shows increase trend as the Co and Cr content increases, from 
1.3 % for 10E alloy to 14.1 % for 25E alloy (Table 6). Consequently, the 
larger grain size of the columnar grain in the 15E and 25E alloys can be 
attributed to the larger concentrations of θ-Al2O3 during the early 
oxidation stage leading to a smaller oxidation rate.

Since the difference of the phase fraction of the β phase is not sig
nificant, the high θ-Al2O3 concentration should be attributed to other 
factors. According to the literature [39–41], REs (Y/Hf) can delay the 
phase transformation from θ- to α-Al2O3 in NiCoCrAlY and NiAlHf by 
entering the θ-Al2O3 lattice during the early oxidation stage. It is re
ported that Cr promote this phase transformation, acting as a "third 
element" that facilitates nucleation [42]. For instance, the addition of Cr 
to the NiAl alloy significantly promote the formation of α-Al2O3 [36]. In 
contrast, Co likely delays this transformation by stabilizing the θ-Al2O3 
phase owing to the structural similarity between CoO and θ-Al2O3 (cubic 
structure) [43]. However, as the θ-Al2O3 forms exclusively on the β 

phase and not on the γ phase, the high θ-Al2O3 concentration is primarily 
driven by β phase-related factors, such as Y/Hf stabilization, with 
alloying effect (Co and Cr) playing secondary roles.

Therefore, the solubility of Hf and Y in the β phase has been calcu
lated and is detailed in Fig. 16. As Co and Cr concentrations increases in 
NiCoCrAl-type EMPEAs, the solubility of Hf in the β phase rises from 
3.50 × 10− 5 at% in the 10E alloy to 3.24 × 10− 3 at% in the 25E alloy, 
and that of Y increases from 0.013 at% to 0.049 at% (Table 7). Although 
the solubility of Y cannot be determined accurately due to the strong 
tendency of the formation of Ni-Y intermetallic compounds [44,45], it 
follows a similar trend to that of Hf (Fig. 16). Eventually, the higher Y 
and Hf solubility of the β phase in NiCoCrAl-type EMPEAs is the primary 
reason for the larger θ-Al2O3 concentration during the early oxidation 
stage, thereby resulting in smaller oxidation rates for 15E and 25E at 
1100 ℃.

It is noteworthy that the Al content in the 25E alloy is ~ 4 at% lower 
than 10E alloy, which is similar to the Al content difference reported in 
our previous study [22]. In that work, the reduction in Al content led to a 
substantial decrease in the β phase volume fraction (from 15.3 % in 
Ni44Co20Cr20Al16 alloy to 65.2 % in Ni40Co20Cr20Al20 alloy) and signif
icantly affected the oxidation rate. However, in the present study, 
despite the Al content difference, all three NiCoCrAl EMPEAs show 
nearly identical β phase volume fractions. These results suggest that, 
compared with Al content alone, the volume fraction of the β phase plays 
a more dominant role in influencing the oxidation rate of NiCoCrAl-type 
alloys. Therefore, Fig. 17a shows the relationship between the β phase 
fraction and oxidation rate of NiCoCrAl-type alloys for the same Y/Hf 
concentration (0.025 at%). Although there is a general increase in the 
oxidation rate with decreasing β phase fraction, the relationship lacks a 
well-defined and consistent correlation, suggesting that other factors 
may also contribute to the oxidation rates. Prior studies have noted the 
importance of valence electron concentration (VEC) on the volume 
fractions of the β and γ phases [46–48]. For instance, increasing the Al 

Fig. 16. The Y and Hf solubility of the β phase in NiCoCrAl-type EMPEAs at 1000–1200 ℃ by the TC software.

Table 7 
Y and Hf solubility of the β phase at 1100 ℃ calculated by the TC software.

Alloys Y(at%) Hf (at%)

25E 3.24 × 10− 3 0.049
15E 8.87 × 10− 4 0.029
10E 3.50 × 10− 5 0.013

Fig. 17. (a) Relationship between the β phase fraction and oxidation rates; (b) VEC and oxidation rates of Y/Hf co-doped NiCoCrAl-type alloys at 1100 ℃ based on 
this study and Ref. [22].
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concentration in AlxCoCrFeNi high entropy alloys decreases VEC but 
increases the β phase fraction [48]. Fig. 17b shows the scatter diagram of 
the relationship between VEC and oxidation rates of NiCoCrAl-type al
loys, revealing a well-defined and consistent correlation. VEC is a crucial 
factor affecting the oxidation rates of NiCoCrAl-type alloys at 1100 ℃ 
and the underlying mechanism requires further studies in the future.

4.2. Spallation resistance of Al2O3 scale of NiCoCrAl-type EMPEAs at 
1200 ◦C

After oxidation at 1200 ◦C, the spallation resistance of the Al2O3 
scale is improved together with increasing Co and Cr concentrations 
(Fig. 10). Spallation of the oxide scale occurs typically when the elastic 
strain energy in the oxide scale exceeds the interfacial fracture energy 
(Gc) as expressed below [49,50]: 

(1 − v2)

2E
σ2h> Gc (6) 

where v and E represent the Poisson’s ratio and the elastic modulus of 
the Al2O3 scale and σ and h denote the residual stress and thickness of 
the Al2O3 scale, respectively. Therefore, the interfacial fracture energy, 
residual stress, and thickness of the Al2O3 scale play crucial roles in 
determining the resistance to spallation. According to Fig. 12 and 
Fig. S2, the thickness of the Al2O3 scale is nearly the same (6.0–6.5 μm) 
for all the alloys after oxidation for 250 h at 1200 ℃. Therefore, the 
effects of Al2O3 scale thickness and oxidation kinetic are negligible.

The evolution of residual stress in the intact oxide scale region is 
shown in Fig. 18a after oxidation at 1200 ℃. The residual stress of the 
Al2O3 scale decreases with increasing Co and Cr concentrations, from −
8.6 GPa of 10E to − 6.8 GPa of 25E. The residual stress of the oxide scale 
at room temperature comprises two components: thermal mismatch 
stress (σT) and growth stress (σg) [51]. The thermal mismatch stress (σT) 
arises from the difference in CTE between the alloy and Al2O3 scale, 
while the growth stress (σg) is generated by the lateral growth of the 
Al2O3 scale. Assuming that the creep relaxation is negligible due to the 
fast-cooling process, σT and σg can be calculated by the following 
equations [52]: 

σT =
Eox

1 − vox
(αox − αm)ΔT (7) 

σg =
ET

ox
(1 − vox)

[
σox(1 − vox)

Eox
−
(αox − αm)ΔT

1 + R

]

(8) 

R =
Eox(1 − vm)hox

Em(1 − vox)hm
(9) 

where Eox and vox are the elastic modulus and Poisson’s ratio of the 
Al2O3 scale at room temperature, ET

ox is the elastic modulus of Al2O3 

scale at 1200 ◦C, αox and αm are the CTE of Al2O3 scale and substrate 
alloy, and hox and hm are the thickness of the Al2O3 scale and substrate 
alloy, respectively.

In order to calculate the thermal mismatch stress and growth stress, 
Fig. 18b shows the evolution of CTEs of the three alloys as a function of 
temperature up to 1250 ◦C. The average CTE of 10E, 15E, and 25E from 
the room temperature to 1200 ℃ is 23.0 × 10− 6/◦C, 21.7 × 10− 6/℃ 
and 19.8 × 10− 6/℃, respectively. By substituting the parameters into 
Eqs. (7)–(9) (Eox=380 GPa, ET

ox=330 GPa, αox= 8 × 10− 6/℃, vox= 0.2, R 
≈ 0 for hm≫ hox) [51], Table 8 presents the thermal mismatch stress and 
growth stress of the three alloys. The thermal mismatch stress decreases 
with increasing Co and Cr concentrations, dropping from − 8.6 GPa for 
25E to − 6.8 GPa for 10E. The growth stress of these alloys is nearly the 
same about − 0.21 GPa. Therefore, the variation of the residual stress in 
these alloys is ascribed to the difference CTE of these three alloys. Ac
cording to the reported data [53], the β-phase alloys possess lower CTE 
than γ-phase alloys at a high temperature. Moreover, it is reported that 
increasing the Co content can also reduce the CTE of NiCoCrAl-type and 
AlCoCrFeNi-type alloys [54–56]. Eventually, the low CTE of 25E can be 
ascribed to its higher volume fraction of the β phase and Co content.

The interfacial fracture energy is primarily influenced by two factors: 
impurity segregation at the scale/alloy interface and the presence of 
interfacial imperfections (e.g., interfacial pores and oxide intrusion) [57, 
58]. The distribution of REs plays a critical role in determining the 
interfacial impurity levels. For instance, the ball-milling process can 
enhance the homogeneity in the Y distribution of the NiCoCrAlY alloys 
to suppress S segregation at the interface during oxidation [39]. Since 
the size of the γ and β phases in the three alloys shows limited variation, 
the homogeneity of the RE distribution across these alloys can be 
considered to be nearly equivalent. However, after oxidation at 1200 ℃, 
oxide intrusions are observed at the interface between the oxide scale 
and NiCoCrAl-type EMPEAs. This observation shifts the focus to the 
differences in oxide intrusions among these alloys, which is the main 
subject of our investigation.

The oxide intrusions surrounding Y/Hf-rich oxides are predomi
nantly distributed within the Al-depleted layer of the NiCoCrAl-type 
EMPEAs (Figs. 12–13). Given that the γ phase is Al-lean, the micro
structure of the Al-depleted layer in the NiCoCrAl-type EMPEAs consists 
of the γ phase. Therefore, the distribution of oxide intrusions should be 

Fig. 18. (a) Evolution of the residual stress in the Al2O3 scale of 10E, 15E, and 25E with oxidation time; (b) Evolution of the average CTE as a function of temperature 
up to 1250 ℃. The average residual stress is based on 100 measurements, and the error bar shows the standard error.

Table 8 
Calculated thermal mismatch stress and growth stress of 25E, 15E, and 10E 
alloys.

Alloys Thermal mismatch stress (GPa) Growth stress (GPa)

25E − 6.8 − 0.19
15E − 7.9 − 0.22
10E − 8.6 − 0.21
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determined by the RE solubility of the γ phase. As shown in Fig. 19 and 
Table 9, the Hf solubility in the γ phase of NiCoCrAl-type EMPEAs de
creases from ~ 0.050 at% of the 10E alloy to ~ 0.011 at% of the 25E 
alloy, while that of Y decreases from 3.38 × 10− 7 to 4.48 × 10− 10 at%. 
The thickness of the Al-depleted layer increases with time due to the 
ongoing consumption of Al to form the Al2O3 scale, consequently pro
moting the formation of RE-rich oxide at the scale/alloy interface. 
Moreover, compared to 10E alloy, the observation that fewer RE-rich 
precipitates are present in the 25E alloy after 100 h oxidation 
(Fig. S2), which can be attributed to its lower RE solubility in the γ 
phase. The higher Co and Cr concentrations reduce the solid solubility 
limit of Y and Hf in the γ phase, which means that a larger portion of REs 
remains in solid solution rather than precipitating out as secondary 
phases. As a result, there are fewer RE-rich precipitates to act as pref
erential sites for internal oxidation, leading to a less significant internal 
oxidation phenomenon in 25E alloy.

Hence, oxide intrusions surrounding the RE-rich oxides are found 
from the scale/alloy interface of 15E and 10E after oxidation for 100 h at 
1200 ◦C on account of the higher solubility of the γ phase in these alloys. 
In contrast, the lower RE solubility in the γ phase of the 25E alloy re
duces the likelihood of RE-rich oxide formation at the scale/alloy 

interface, thus leading to only minor oxide intrusions at the scale/alloy 
interface after oxidation for 500 h at 1200 ◦C. Other thing should be 
noted that the formation of RE-rich oxide inclusions in all three NiC
oCrAl EMPEAs indicates that the current RE concentrations may exceed 
the optimal level, and further work is needed to optimize the RE effect 
for improved oxidation resistance.

In summary, increasing the Co and Cr concentrations in NiCoCrAl- 
type EMPEAs improves the interfacial fracture energy by lowering the 
RE solubility of the γ phase. The enhancement in interfacial fracture 
energy, in conjunction with a decrease of the driving force for scale 
spallation (elastic strain energy), contributes to the observed improve
ment in the spallation resistance. Fig. 20 presents the change of the 
driving force for scale spallation and interfacial fracture energy of the 
three alloys with oxidation time at 1200 ℃. The intersection of the 
elastic strain energy and interfacial fracture energy indicates the 
oxidation time when spallation of the Al2O3 scale occurs. Eventually, as 
the Co and Cr concentrations in the NiCoCrAl-type EMPEAs increase, the 
driving force for spallation decreases while the interfacial fracture en
ergy increases, resulting in better spallation resistance.

5. Conclusions

The oxidation behavior of Y/Hf co-doped NiCoCrAl EMPEAs with 
different Co and Cr concentrations (25E, 15E, and 10E) is investigated at 
1100 and 1200 ◦C to provide guidance on the development of oxidation- 
resistant NiCoCrAl alloys. Our results reveal that the NiCoCrAl-type 
EMPEAs designed by the CALPHAD method have an ultrafine lamellar 
and rod-like eutectic microstructure. The oxidation rate of the NiCoCrAl- 
type EMPEAs decreases with increasing Co and Cr concentrations at 
1100 ℃ due to the enlarged columnar grain size, which results from the 
higher Hf solubility in the β phase. The higher Hf solubility delays the θ- 
to α-Al2O3 phase transformation in the β phase, thereby promoting 
larger columnar grains. The spallation resistance of the NiCoCrAl-type 
EMPEAs can be improved by increasing the Co and Cr concentrations 
at 1200 ℃ stemming from the reduction of the CTE and RE solubility of 
the γ phase. The reduction of CTE minimizes the residual stress in the 
oxide scale and decreases the driving force of spallation of the oxide 
scale. The smaller RE solubility in the γ phase lowers the propensity for 
oxide intrusion and formation at the scale/alloy interface, consequently 
increasing the interfacial fracture energy.
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Fig. 19. Calculated Y and Hf solubility of the γ phase in NiCoCrAl-type EMPEAs at 1000–1200 ℃ using the TC software.

Table 9 
Y and Hf solubility of the γ phase at 1200 ℃ calculated by the TC software.

Alloys Y(at%) Hf (at%)

25E 4.48 × 10− 10 0.011
15E 3.09 × 10− 7 0.023
10E 3.38 × 10− 7 0.050

Fig. 20. Evolution of the elastic strain energy (solid lines) and interfacial 
fracture energy (dash lines) in the Al2O3 scale formed on the three alloys with 
oxidation time at 1200 ℃.
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Section 1 DSC analysis 

 

Fig. S1 DSC heat curves of NiCoCrAl EMPEAs, revealing a single endothermic peak 

during heating. 
  



Section 2 The distribution of Y/Hf-rich precipitates after 100 h oxidation at 1200 ℃ 

 

Fig. S2 The microstructure of 10E and 25E alloy after 100 h oxidation at 1200 ℃: a, c) 

low magnification BSE images, showing the overview of microstructure in 10E and 

25E alloys (white arrows indicates the Y/Hf-rich precipitates); b, d) high 

magnification BSE images and corresponding EDS mapping, showing the detail of 

Y/Hf-rich precipitates.  

Fig. S2 shows the distribution of Y/Hf-rich precipitates in 10E and 25E alloy after 

100 h oxidation at 1200 ℃. In the 10E alloy, Y/Hf-rich precipitates are predominantly 

located at grain boundaries, showing a strong preference on the γ phase. In contrast, 

the 25E alloy exhibits a more uniform distribution of Y/Hf-rich precipitates across 

both its γ and β phases, without a notable tendency for aggregation. Furthermore, the 

phase size of the Y/Hf-rich precipitates in the 25E alloy is significantly larger 

compared to that in the 10E alloy. These results indicate that the distribution of Y/Hf 

precipitates plays important role on the difference of oxide intrusions in the NiCoCrAl 

EMPEAs. 
  



Section 3 The thickness of Al2O3 scale after 250 h oxidation at 1200 ℃ 

 

Fig. S3 The cross-sectional morphology of Al2O3 scale formed on the 10E and 15E 

alloys after 250 h oxidation at 1200 ℃: a, c) low magnification BSE images, showing 

the overview of Al2O3 scale; b, d) high magnification BSE images and corresponding 

EDS mapping, showing the thickness of Al2O3 scale.  
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