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In this study, the oxidation behavior of AlCoCrFeNiy ; eutectic high entropy alloy (EHEA) with/without Y doping
at 1000 °C and 1100 °C was reported. The doping of minor Y is crucial to improving the Al,O3 scale adhesion and
achieving its durability at high temperatures. The oxidation rates of Y-doped AlCoCrFeNiy ; EHEA at 1000 °C and
1100 °C are comparable and even lower compared with conventional AlyO3-forming NiCoCrAlY/CoNiCrAlY
alloys. The superior oxidation resistance and highly stable eutectic lamellar structure after high-temperature

oxidation make Y-doped AlCoCrFeNiy; EHEA show a tremendous potential in high-temperature application.

1. Introduction

High-entropy alloys (HEAs), also termed as multi-principal element
alloys contain four or more principal elements in equal or non-equal
atomic proportion [1-3], which is first proposed by Yeh et al. [4] and
Cantor et al. [5] in 2004. HEAs are newly developed class of alloys, since
they are substantially different from the conventional alloys (such as
superalloys and stainless steels), which have one or two principal matrix
elements.

In the last 15 years, two main types of HEAs have been widely
designed and investigated because of their excellent physical properties:
one is single-phase face-centered cubic (FCC) HEAs, the other one is
single-phase body-centered cubic (BCC) HEAs. Single-phase FCC struc-
tured HEAs exhibit high tensile ductility but low yield strength (e.g.
CoCrFeMnNi HEA) [6]. Single-phase BCC structured HEAs can have very
high yield strength, but at the sacrifice of the ductility (e.g. NbMoTaW
refractory HEA) [7]. Thus, it is really difficult to realize the balance
between high strength and high ductility in a single-phase HEA. Addi-
tionally, the inferior cast-ability and compositional segregation are
common for a single-phase HEA and thus further limit their engineering
applications [8].

To overcome the above limitations, an AlICoCrFeNiy ; eutectic high
entropy alloy (EHEA) with an acceptable cast-ability was developed by
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Lu et al. [9] to achieve a good combination of high tensile strength (> 1
GPa) and high tensile ductility (>10 %) at room temperature. More
importantly, it is well known that the eutectic solidification structure
have provided a solid foundation for high-temperature alloys for
application in the high-temperature components of gas turbine engines
due to their superior high-temperature stability, which is simply sum-
marized as following: (1) near-equilibrium eutectic structure can effec-
tively resist structural change at temperatures up to their reaction
temperature; (2) low-energy lamellar structure can maintain their high
thermodynamic stability and kinetic resistance to thermal degradation
[9,10].

Additionally, the AlCoCrFeNiy; EHEA exhibits a fine and regular
lamellar structure, consisting of coupled grown FCC (L1,)/BCC (B2)
phases [8]. On one hand, the L1; phase, also termed as y’ phase, is an
indispensable strengthening phase in the Ni-base superalloy and the
antioxidant y-y’ bond coat (y is a disordered FCC phase) in thermal
barrier coatings (TBCs) to maintain their strength at elevated tempera-
tures (e.g. creep resistance) [11-13]. On the other hand, the Al-rich B2
phase, also termed as p phase, is a primary phase constitution to form a
protective Al,Og3 scale for the typical oxidation resistant overlay coatings
or bond coats (e.g. NiCoCrAlY, Pt/Hf-modified NiAl) [8,12,14-18].
First, the high volume fraction of p phase (bout 35 %) is sufficient to
support the formation of Al;O3 scale during prolonged oxidation [8,19].
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Second, the lamellar eutectic structure leads to an elongated phase shape
with a large aspect ratio [8,9,19], which is beneficial to facilitate the
earlier establishment of Al,O3 scale through lowering the critical Al
concentration required to form Al,O3 [20,21]. Therefore, the AlCoCr-
FeNiy ; EHEA shows a great potential as a new type of overlay coating or
bond coat in TBCs to protect the high-temperature components from
oxidation due to its unique eutectic structure and phase constitutions.
Moreover, when it comes to the high-temperature application of this
AlCoCrFeNiy 1 EHEA, the oxidation resistance of this alloy should be also
evaluated in detail. Regrettably, at present, no publications related to
the oxidation behavior of AlICoCrFeNi;; EHEA can be found.

In this contribution, the oxidation behavior of AlCoCrFeNi,; EHEA
with minor reactive element Y doping combined with its structure and
phase constitutions are systematically investigated at 1000 °C and 1100
°C in this study. The objective of Y doping into this alloy is to improve
the oxide scale adhesion to metal substrate. The beneficial effect of Y
doping on the oxidation resistance has been well documented in the
FeCrAlY alloy and NiCoCrAlY alloy [15,16,22,23]. Meanwhile, the
AlCoCrFeNiy; EHEA without Y doping was also fabricated to further
understand the oxidation behavior of this alloy. Two different test
temperatures are selected to clarify the effect of temperature on the
oxidation behavior of this alloy. The microstructure and phase consti-
tutions of original alloy, oxidized alloy and oxide scale are characterized
in detail for understanding the oxidation mechanism comprehensively.

2. Materials and method
2.1. AlCoCrFeNiy ; alloy preparation

The ingots with a nominal composition of AlCoCrFeNi; ; (at%) with
doping of 0.05 at% reactive element Y (> 99.9 wt%) and without Y
doping were prepared by arc-melting a mixture of the constituent ele-
ments (>99.9 wt%) under a Ti-gettered high-purity argon atmosphere.
The melting was repeated at least five times to achieve a good chemical
homogeneity of the alloy. The molten alloy was suction-cast into a 15
mm (width) x90 mm (length) x6 mm (thickness) copper mold.

2.2. Isothermal oxidation test

The square plates with dimensions of 10 mm (length) x10 mm
(width) x3 mm (thickness) were extracted from the as-cast material
using a precision cut-off machine (Accutom 5, Struers) coupled with a
SiC abrasive cutting blade. All the samples were ground with SiC abra-
sive papers and polished using 0.05 pm colloidal alumina following
standard metallographic approaches. The samples were thoroughly
cleaned ultrasonically with acetone prior to oxidation. The isothermal
oxidation tests were performed at 1000 °C and 1100 °C in a chamber
furnace at atmosphere environment up to 500 h. The oxidized samples
were removed from the furnace after a required exposure time, and then
air-cooled to room temperature outside the furnace in approximately 20
min.

2.3. Samples characterization

The microstructure and phase constitutions of original alloy,
oxidized alloy and oxide scale are determined by scanning electron
microscopy (SEM, Mira3, Tescan) coupled with energy dispersive X-ray
spectroscopy (EDS, Oxford Instruments). The scanning transmission
electron microscope (STEM, TALOS F200X, FEI, USA) equipped with an
energy dispersive X-ray spectroscopy (EDS, XIS Ultra DLD, Kratos,
Japan) system operated at 200 kV was employed to identify the
microstructure and chemical composition of each phase in the original
alloy. The thin lamellae with dimensions of 10 pm (length) x 5 pm
(width) x50 nm (thickness)for TEM was prepared using a focused ion
beam (FIB, GAIA3, Tescan, Czech Republic). The Young’s modulus (E)
and Vickers hardness (H) of the original alloy and alloy substrate after
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oxidation at 1000 °C and 1100 °C were obtained from the load-
displacement curves produced by micro-indentation (Anton Paar, CPX
MHT, Austria) with a diamond Vickers indenter.

3. Results
3.1. Microstructure and composition of Y-doped AlCoCrFeNiy ; EHEA

Fig. 1 shows the microstructure of Y-doped AlCoCrFeNi;; EHEA. As
shown in Fig. 1a, the alloy exhibits a typical eutectic lamellar structure,
composed of fine and regular two phases. Previous literature reports
suggested that the bright and dark contrasts correspond to a FCC-
ordered L1, phase (y’) and a BCC-ordered B2 phase (p), respectively
[8,9,19,24]. Two characteristic morphologies can be observed in the
alloy: one is the region A (Fig. 1b), where the elongated two phases with
a large aspect ratio are well aligned in lamellar structure; other one is the
region B (Fig. 1c), where the two phases are intertwined in the shape of a
maze. According to the EDS maps, the y’ phase is enriched with Fe, Co
and Cr and the p phase is enriched with Ni and Al. Minor Y is doped into
this alloy, but no Y-rich precipitates can be found, probably due to the
low concentration of Y (0.05 at%) and its adequate solution.

TEM analysis was employed to accurately identify the structure and
chemical composition of each phase in the Y-doped AlCoCrFeNis
EHEA, as presented in Fig. 2. It can be clearly seen in the Fig. 2a
collected from the region A that the widths of two phases are both in
submicron scale (<1 pm). Meanwhile, in some locations in the regions
B, the sizes of two phases are slightly larger, but less than 5 pm (Fig. 1a).
Selected area diffraction patterns (SADPs) with superlattice spots
(marked in red circles in Fig. 2b and c) recorded from the two phases
clearly indicate that the alloy consists of y* phase with an ordered L1,
structure and f phase with an ordered B2 structure. The STEM-EDS maps
corresponding to the Fig. 2a also manifest that y’ phase is FeCoCr-rich
and B phase is NiAl-rich. This result agrees well with that from the
SEM-EDS maps (Fig. 1). The chemical composition of y’ and p phases is
also obtained using STEM-EDS point analysis, which is presented
Table 1.

3.2. Growth of oxide scale

Fig. 3 shows the surface morphology of oxide scale formed on the Y-
doped AlCoCrFeNis ; EHEA after 96 h oxidation at 1000 °C and 1100 °C.
After oxidation at 1000 °C (Fig. 3a), the morphology of oxide scale can
be divided into two characteristic regions, which inherit the surface
profile of original alloy (Fig. 1). In the region A, the oxide scale is uni-
form Al;03 formation (bright contrast) with an extremely small amount
of spinel (dark contrast) (Fig. 3b). The spinel contains all base elements
in combination with the EDS analysis of point 1, as shown in the inserted
image in Fig. 3b. In this region, the elongated lamellar profile deriving
from the original alloy structure can be still seen (Fig. 3a). In the region
B (Fig. 3a), a higher amount of spinel formed at surface and the distri-
bution of spinel corresponds to the surface profile of region B in the
original alloy (Fig. 1a). In other words, the oxide constitutions at scale
surface at 1000 °C derives from the initial oxidation stage, which is
directly determined by the surface morphology of original alloy. After
oxidation at 1100 °C (Fig. 3c and d), the oxide scale shows a uniform
Al;03 formation with minor Cr content (point 2) and no spinel can be
seen at scale surface.

Fig. 4 shows the cross-sectional morphology of oxide scale and alloy
substrate after 96 h oxidation at 1000 °C and1100 °C. After oxidation at
1000 °C (Fig. 4a), it can be clearly seen that a continuous and uniform
Al,03 scale formed on the alloy in combination with the SEM-EDS maps.
The spinel is hardly found from the cross-section of scale, due to its
extremely low thickness at scale surface (Fig. 3a). The thickness of Al,O03
scale reaches about 1.5 + 0.3 pm after 96 h oxidation, while a contin-
uous Al-depletion layer with a thickness about 7.2 + 2.3 pm also de-
velops beneath the Al;Os scale, resulting from the growing scale
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Fig. 1. Microstructure and phase composition of Y-doped AlCoCrFeNi,; EHEA: (a) a low magnification back-scattered (BSE) image, showing the overall surface
morphology of the alloy; (b, ¢) amplifying BSE images of the rectangular regions marked in (a) with the corresponding SEM-EDS maps, showing the elemental

distribution in each phase.
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Fig. 2. TEM analysis of Y-doped AlCoCrFeNi,; EHEA: (a) a bright-field (BF) STEM image and the corresponding STEM-EDS maps, showing the eutectic lamellar
morphology of the alloy and phase composition; (b, c) selected area diffraction patterns with superlattice spots, showing the ordered L1, and B2 structures of

two phases.

(Fig. 4b). After 96 h oxidation at 1100 °C (Fig. 4c and d), the Al,O3 scale
is much thicker (about 3.4 & 0.2 pm), but still continuous and uniform.
Meanwhile, the thickness of Al-depletion layer attains about 17.1 + 2.2
pm. For either oxidation test temperature, the scale/alloy interface is
smooth and clean and no interfacial imperfections (e.g. pores) occurs,
which ensure a good interfacial bonding (Fig. 4b and d). Moreover, the

typical eutectic lamellar structure of two phases (y’+p) is well preserved
in the alloy substrate after 96 h oxidation at 1000 °C and1100 °C, sug-
gesting a highly structural stability of this alloy for its high-temperature
application.
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Table 1
Chemical composition (at%) of y’ and B phases in the Y-doped AlCoCrFeNis ;
EHEA.

Elements (at%)

Phases

Al Co Cr Fe Ni
Y 9.5+ 0.2 19.7 £ 0.2 19.1 + 0.3 19.9 + 0.2 31.8 £ 0.3
B 29.3 +0.3 12.4 + 0.3 4.6 +£0.2 9.6 + 0.2 44.1 £0.3

3.3. Oxidation kinetics

According to the results in Fig. 4, the oxide scale predominantly
consists of Al;O3 for the prolonged oxidation process at two test tem-
peratures. In the diffusion-controlled thickening process of AlyOs, the
growth of Al;Oj3 scale should follow a parabolic law at either test tem-
perature based on the classical oxidation theory [25]:

W = kyt (€))
where kp, hand t are the oxidation rate constant, the thickness of Al,03
scale and oxidation time, respectively.

Fig. 5 shows the evolution of Al;O3 scale thickness for the Y-doped
AlCoCrFeNisy 1 EHEA as a function of the square root of oxidation time at
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1000 °C and 1100 °C. Through the linear fitting, the calculated oxida-
tion rate constants at 1000 °C and 1100 °C are 6.1 x 10~ ** cm?/s and 2.9
x 10713 cm?/s, respectively. On the basis of results reported by Evans
and Taylor [26], the average oxidation rate constant of a CoNiCrAlY
bond coat in TBCs is 9 x 1073 em?/s at 1100 °C, which is three times
higher than that of Y-doped AlCoCrFeNiy ; EHEA at 1100 °C.

To better compare oxidation rate with those of commercial Al,O3-
forming NiCoCrAlY/CoNiCrAlY alloys [15,17,27,28], the oxidation rate
constants based on the Al;O3 scale thickness are accurately converted
into those based on the mass gain due to the negligible internal oxida-
tion and uniform scale thickness [26,29]:

. (3M0pA1203) e
i Mo,

(2)
where Mo (16 g/mol) and My,0, (102 g/mol) are molar mass of O and
Al>0s3, respectively. py, o, (3.98 g/cm?) is the density of Al,Os.

Thus, the calculated oxidation rate constants based on the mass gain
are 2.1 x 10713 g2 em™ s and 1.0 x 1012 g2 em™ 5L, respectively, at
1000 °C and 1100 °C. Mercier et al. [30] reported an oxidation rate of
7.41 x 10713 g2 em™ 57! at 1000 °C for a nanostructured CoNiCrAlY
coating by high velocity oxygen fuel (HVOF) using milled powder,
which is much higher than that Y-doped AlCoCrFeNiy; EHEA at 1000

Point 1

1100°C 96 h

C))

Fig. 3. Surface morphology of oxide scale formed on the Y-doped AlCoCrFeNi, ; EHEA: (a) a low magnification BSE image, giving an overview of oxide scale after 96
h oxidation at 1000 °C; (b) amplifying BSE images of the rectangular region marked in (a), showing the detailed grain structure of oxide scale; (c) a low magnification
BSE image, giving an overview of oxide scale after 96 h oxidation at 1100 °C; (d) amplifying BSE images of the rectangular region marked in (c), showing the detailed

grain structure of oxide scale.
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Fig. 4. Cross-sectional microstructure of the Y-doped AlCoCrFeNi, ; EHEA: (a) a low magnification BSE image, giving an overview of oxide scale and alloy substrate
after 96 h oxidation at 1000 °C; (b) amplifying BSE images of the rectangular region marked in (a) and the corresponding SEM-EDS maps, showing the detailed
structure and composition of oxide scale and alloy substrate; (c) a low magnification BSE image, giving an overview of oxide scale and alloy substrate after 96 h
oxidation at 1100 °C; (d) amplifying BSE images of the rectangular region marked in (c) and the corresponding SEM-EDS maps, showing the detailed structure and

composition of oxide scale and alloy substrate.
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Fig. 5. Evolution of Al,O3 scale thickness as a function of the square root of
oxidation time at 1000 °C.

°C. Hejrani and his co-workers [31] fabricated a free-standing NiC-
oCrAlY coating using high-velocity atmospheric plasma spraying
(HV-APS). Its oxidation rate at 1100 °Cis 6 x 1012 g2 em™ s7%, which is
about six times higher than that of Y-doped AlCoCrFeNiy ; EHEA at 1100
°C. In our previous work [32], an improved NiCoCrAlY alloy was pre-
pared via powder milling and spark plasma sintering. Its oxidation rate
at 1100 °C is 1.4 x 1072 g% em™ s7!, which is comparable to that of
Y-doped AlCoCrFeNiy; EHEA at 1100 °C. It is difficult to accurately
compare the oxidation rate of Y-doped AlCoCrFeNi, ; alloy with those of
NiCoCrAlY/CoNiCrAlY alloys, but it can be proposed that the oxidation
rates of Y-doped AlCoCrFeNiy; EHEA at 1000 °C and 1100 °C are
comparable and even lower in comparison to those of AlyOs-forming

NiCoCrAlY/CoNiCrAlY alloys.

4. Discussion

4.1. Necessity of Y doping to AlzO3 scale adhesion for the AlCoCrFeNiy ;
EHEA

To understand effect of Y on the oxidation performance of AlCoCr-
FeNiy; EHEA, Fig. 6 shows the surface morphology of oxide scale
formed on the Y-free AlICoCrFeNi;; EHEA after 96 h oxidation at 1000
°C and 1100 °C. The oxide constitutions at scale surface for the Y-free
alloy are substantially consistent with those at scale surface for the Y-
doped alloy after 96 h oxidation at 1000 °C (Fig. 3a and 6 a). However,
the oxide scale for the Y-free alloy undergoes devastating spallation
from the scale/alloy interface, revealing an extremely inferior interfacial
adhesion. A further observation on the spalled interface shows that a
large amount of interfacial pores occur at interface and thus rapidly
degrade the interfacial adhesion (Fig. 6b). It is considered that the for-
mation of these pores at interface originates from vacancy condensation
and the source of vacancies is the Kirkendall effect in the alloy as
described by Kuenzly and Douglass [33]. For the Y-free AlCoCrFeNis 1
EHEA, the growth of Al;O3 scale is controlled by the concurrent diffu-
sion of Al and O. The outward Al diffusion to Al,O3 scale leads to the
inward difusion of other metal elements to alloy. The different diffusion
rate of Al and other metal elements due to the Kirkendall effect causes
the formation of interfacial pores.

The oxide scale is an exclusive Al;O3 formation for the Y-free alloy
after 96 h oxidation at 1100 °C (Fig. 6¢), but the AlyO3 scale develops
severe scale wrinkling with a highly convoluted configuration (Fig. 6d).
According to the model proposed by Golightly et al. [23], the scale
wrinkling results from the lateral growth of oxide for the Y-free
Al»Os-forming alloy (e.g. FeCrAl). However, no scale wrinkling can be
observed at scale surface for the Y-doped alloy after 96 h oxidation at
1000 °C (Fig. 6a), possibly due to the limited lateral growth of oxide
within the external oxide layer resulting from the much lower oxidation
rate at 1000 °C than that at 1100 °C (Fig. 5).



J. Lu et al.

Corrosion Science 180 (2021) 109191

1000 °C 96 h

Wrinkle

Fig. 6. Surface morphology of oxide scale formed on the Y-free AlCoCrFeNi,; EHEA: (a) a low magnification BSE image, giving an overview of oxide scale surface
after 96 h oxidation at 1000 °C; (b) amplifying BSE images of the rectangular region marked in (a), showing the exposed metal surface; (c) a low magnification BSE
image, giving an overview of oxide scale surface after 96 h oxidation at 1100 °C; (d) amplifying BSE images of the rectangular region marked in (c), showing the

detailed scale structure.

To reveal the oxidation mechanism of Y-free AlCoCrFeNi,; EHEA
more clearly, the cross-sectional morphology of Y-free AlCoCrFeNis
EHEA after 96 h oxidation at 1000 °C and 1100 °C is presented in Fig. 7.
Two features should be noted for the Y-free alloy after 96 h oxidation at
1000 °C (Fig. 7a and b): first, the Al,O3 scale has already detached from
the underlying metal during cooling, even if the scale does not spall from
the surface for the moment; second, in combination with SEM-EDS
maps, the oxide scale predominantly comprises Al;O3, which is same
oxide constitution as that of the Y-doped alloy. An important point
should be mentioned for the Y-free alloy after 96 h oxidation at 1100 °C
(Fig. 7c and d): a thin but continuous Al;O3 scale form at the spalled
interface in conjunction with the SEM-EDS maps. This result indicates
that the scale wrinkling leads to the interfacial separation at high tem-
perature (1100 °C) and then the alloy was re-oxidized to form a thin and
dependent Al;O3 scale due to the low oxygen partial pressure at
interface.

Thus, doping of Y into the AlCoCrFeNi, ; EHEA is indispensable for
improving scale adhesion to achieve its durability at high temperatures.
Fig. 8 shows the fractural structure of Al;O3 scale formed on the Y-doped
AlCoCrFeNiz 1 EHEA at 96 h oxidation at 1000 °C and 1100 °C. The
typical double-layer scale structure composed of the external equiaxed
grains and the internal columnar grains in contact with metal substrate

(Fig. 8a and b). It is extensively accepted for RE-doped Al;O3-forming
alloys that the equiaxed grains forms by the outward Al diffusion and the
columnar grains forms by the inward O diffusion [22,23,34,35]. The
predominant columnar grain structure of scale indicates that the growth
of Al;O3 scale is dominated by the inward O diffusion [35]. The mech-
anism of inward O diffusion prevents the formation of oxide within the
existing scale, thus inhibiting the scale wrinkling and improving the
scale adhesion (Figs. 3 and 4) [23]. In addition, the segregation of Y to
scale/metal interface can inhibits interfacial pore growth, presumably
due to the presence of adequately efficient vacancy sinks [23,35]. Based
on the discussion mentioned above, doping of Y into the AlCoCrFeNis ;
EHEA can significantly improve its interfacial adhesion and thus delay
its scale failure through suppressing the formation of interfacial pores
and scale wrinkling.

4.2. Effect of p-phase size and shape on oxide constitutions at scale
surface for the Y-doped AlCoCrFeNiz ; EHEA

According to the results presented in Figs. 1 and 3, a higher amount
of spinel forms on the region B at 1000 °C for the Y-doped AlCoCrFeNi; 1
EHEA, while the scale formed on the region A predominantly consists of
an exclusive AlpO3 plus minor spinel. Based on the model proposed by



J. Lu et al Corrosion Science 180 (2021) 109191

7000 °C 96 h 1100°C96h
(a) Detached —--. (b) .— Ni plating W (d) o pl@_‘
% ' b J:[V : e kS = s;;alluiion :
spallation »M\_A' ° s°°'e ale Wrinking
N : _ Remaining scale
50um ~ 10um ( _loum

Fig. 7. Cross-sectional microstructure of the Y-free AlICoCrFeNi,; EHEA: (a) a low magnification BSE image, giving an overview of oxide scale and alloy substrate
after 96 h oxidation at 1000 °C; (b) amplifying BSE images of the rectangular region marked in (a) and the corresponding SEM-EDS maps, showing the detailed
structure and composition of oxide scale and alloy substrate; (c) a low magnification BSE image, giving an overview of oxide scale and alloy substrate after 96 h
oxidation at 1100 °C; (d) amplifying BSE images of the rectangular region marked in (c) and the corresponding SEM-EDS maps, showing the detailed structure and
composition of oxide scale and alloy substrate.

Fig. 8. Fractural structure of Al;O3 scale formed on the Y-doped AlCoCrFeNiy; EHEA at 96 h oxidation: (a) at 1000 °C; (b) at 1100 °C.

Wang et al. [29], the exclusive Al,O3 formation formed on an Al;O3-- Indeed, the size of p phase in region A is slightly smaller than that in
forming two-phase alloy is affected by size and shape of the second region B, but it is speculated that the difference in $-phase size in region
phase. A finer second phase in the alloy matrix can facilitate the for- A and region B is not primary reason for difference in oxide constitu-
mation of exclusive Al;O3 under a given second-phase volume fraction. tions, since the p-phase size is still in one order of magnitude in these two
For the Y-doped AlCoCrFeNiy; EHEA, the second phase is Al-rich B regions.

phase (Table 1), which uniformly precipitates from the y” matrix (Fig. 1). Therefore, the difference in oxide constitutions in region A and re-
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gion B is attributed to the substantial difference in f-phase shape in these
two regions. The shape of the second phase has a vital effect on the
criterion required for the exclusive oxide formation. The effectiveness
(Eff.) of differently shaped second-phase to form exclusive oxide has
been well defined by Wang et al. [29]:

3.22 sphere

Eff. — 4.0 cube 3)

sil[r 3 .
1.84\/;[7+5} cylinder

where r and 1 represent radius and length of a cylindrical phase. For a
cylindrical phase, the effectiveness is also dependent on the ratio of the
length to the radius, which is plotted in Fig. 9. As shown in Fig. 9, a cubic
second phase is more effective than a spherical second phase, but a
cylindrical second phase is superior to both of them. For the Y-doped
AlCoCrFeNiy 1 EHEA, the f§ phase can be thought to be cylindrical shape
with a large aspect ratio of the length to the radius (about 20 <1/r < 600)
in the region A, while the cylindrical p phase in the region B shows a
much lower aspect ratio (about 1 <1/r < 20) (Fig. 1a). The measurement
of aspect ratio might not be very accurate, but this measurement is close
to the actual value. It can be clearly seen in Fig. 9 that the effectiveness
to form an exclusive Al;O3 is much higher in the region A than that in the
region B due to the large aspect ratio of Al-rich p phase. In addition,
some f phases closed to cubic or spherical shape can be also observed in
the in the region B (Fig. 1a), which will leads to a further decrease in the
effectiveness to form an exclusive Al,O3 (Fig. 9). Therefore, compared
with the region A, a higher amount of spinel develops in the region B
resulting from the low aspect ratio of spherical § phase and the forma-
tion of some cubic and spherical § phases. The relatively high amount of
spinel formed in the region B derives from the initial oxidation stage.
After the prolonged oxidation (96 h), the spinel is hardly seen from the
cross-section of scale due to its extremely low thickness with respect to
the overall scale (Fig. 4a and b). In other words, the thickening of scale
during the prolonged oxidation at 1000 °C is still dominated by the
Aly03 growth. In addition, the spinel at scale surface is very dispersive
and does not form a continuous layer, thus the effect of spinel on the
overall scale growth is more negligible (Fig. 3a and b).

When the Y-doped AlCoCrFeNiy; EHEA was oxidized after 96 h at
1100 °C, the scale surface shows an exclusive Al;03 formation without
the presence of spinel (Fig. 3c and d). A higher oxidation temperature at
1100 °C can enhance the Al activity and thus accelerating the Al flux
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Fig. 9. The dependence of the effectiveness of a cylindrical phase to form an
exclusive Al,O3 on its r/1 ratio. The effectiveness of spherical and cubic phase is
also added in this figure for comparison.
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reaching alloy surface to form Al;Os. In other words, the temperature is
predominant factor rather than p-phase shape affecting oxide constitu-
tions at scale surface at 1100 °C.

4.3. Excellent oxidation resistance and structure stability of the Y-doped
AlCoCrFeNiz ; EHEA at 1000 °C and 1100 °C

To further evaluate the oxidation resistance of Y-doped AlCoCr-
FeNisy ; EHEA after prolonged oxidation at 1000 °C and 1100 °C, Fig. 10
shows the growth of oxide scale and structural evolution of alloy sub-
strate after 500 h oxidation at 1000 °C and 1100 °C. First, after 500 h
oxidation at 1000 °C, a higher amount of spinel can be observed in re-
gion B, while the oxide scale is predominant AlyO3 formation in region A
(Fig. 10a and b). However, the oxide scale consists of uniform Al,O3
after 500 h oxidation at 1100 °C (Fig. 10g and h). These results are
highly consistent with those after 96 h oxidation at 1000 °C and 1100 °C
(Fig. 3). More importantly, the Y-doped AlCoCrFeNiy ; EHEA exhibits a
strong resistance to scale spallation, since no spallation of oxide scale
occurs, even if the alloy is oxidized for 500 h at 1000 °C and 1100 °C.

It can be clearly seen that the Al,Og3 scale thickens uniformly and
slowly, and reaches about 3.1 + 0.3 pm (1000 °C) and 6.6 + 0.2 pm
(1100 °C) respectively after 500 h oxidation (Fig. 10c-f and i-1). It
should be specially noted that the Al;O3 scale is well adherent to the
alloy substrate and no interfacial imperfections can be found (e.g. cracks
or pores) after 500 h oxidation, thus contributing to a good interfacial
bonding during prolonged oxidation (Fig. 10d and j). Additionally, the
alloy substrate is still eutectic lamellar structure of y* and p phases and
no other phases precipitate from the alloy substrate after 500 h oxida-
tion (Fig. 10c and i). Highly stable eutectic lamellar structure is also
beneficial to the scale/metal interface stability, thus improving scale
adhesion.

The structural stability of Y-doped AlCoCrFeNiy; EHEA after
oxidation is of very importance to its practical application at high
temperatures. In theory, the stability of mechanical properties at room
temperature for this alloy after oxidation can reflect the structural sta-
bility of this alloy to some extent. Fig. 11 shows the positions and results
of micro-indentation test from the original alloy, alloy after 96 h
oxidation at 1000 °C and alloy after 96 h oxidation at 1100 °C. The
Young’s modulus (E) and Vickers hardness (H) of alloy after 96 h
oxidation at 1000 °C are 155 + 7 GPa and 3189 + 73 MPa, respectively,
which are almost same as those (E = 153 &+ 6 GPa, H = 3195 + 68 MPa)
of original alloy (Fig. 11d and e). Interestingly, the E (183 + 6 GPa) and
H (4187 + 89 MPa) of alloy are significantly increased after oxidation at
1100 °C (Fig. 11f), but the reasons for such tremendous improvement in
mechanical properties is still unclear, which requires a further work. In
addition, the focused distribution of five load-displacement curves
(Fig. 11d, e and f) and low error bars of E and H also reveal a highly
structural homogeneity of original alloy and oxidized alloy. The superior
structural stability can be attributed to the low-energy lamellar struc-
ture, which is intrinsically thermodynamically stable and kinetic resis-
tance to thermal degradation [9,10]. To prove its superior structural
stability directly, the phase constitutions and mechanical properties of
AlCoCrFeNiy ; EHEA at high temperatures are deserved to be investi-
gated in later work.

In short, the excellent oxidation and spallation resistance, and highly
stable eutectic lamellar structure composed of y* and p phases of the Y-
doped AlCoCrFeNiy; EHEA guarantee its possibility of high-
temperature application.

5. Conclusions

In this study, the oxidation behavior of AlCoCrFeNiy; EHEA with/
without Y doping at 1000 °C and 1100 °C was systematically investi-
gated. The following conclusions can be drawn:

(1) The as-cast AlCoCrFeNiy; EHEA exhibits a typical eutectic
lamellar structure composed of a FCC-ordered L1, phase (y’) and a BCC-
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Al-depletion layer

Al-depletion layer

Fig. 10. Surface and cross-sectional microstructure of the Y-doped AlCoCrFeNi, ; EHEA: (a, b) surface morphology of oxide scale after 500 h oxidation at 1000 °C; (c-
f) cross-sectional morphology and composition of oxide scale and alloy substrate after 500 h oxidation at 1000 °C; (g, h) surface morphology of oxide scale after 500 h
oxidation at 1100 °C; (i-1) cross-sectional morphology and composition of oxide scale and alloy substrate after 500 h oxidation at 1100 °C.
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Fig. 11. Micro-indentation test of Y-doped AlCoCrFeNi,; EHEA: (a, b and c) low magnification BSE images, showing the positions of indentation on the original
alloy, alloy after 96 h oxidation at 1000 °C and alloy after 96 h oxidation at 1100 °C, respectively; (d, e and f) the Young’s modulus (E) and Vickers hardness (H) of
the original alloy, alloy after 96 h oxidation at 1000 °C and alloy after 96 h oxidation at 1100 °C from the load-displacement curves. The values of E and H are
obtained by the average values from five different positions and the error bars are the standard deviations.

ordered B2 phase (B). The y’ phase is enriched with Fe, Co and Cr and the

B phase is enriched with Ni and Al.

(2) For the Y-free AlICoCrFeNiy ; EHEA, a large amount of interfacial
pores develop at the scale/metal interface after oxidation at 1000 °C and

1100 °C, while the severe scale wrinkling forms due to the substantial

lateral growth of oxide within the existing oxide layer after oxidation at

1100 °C. The formation of interfacial pores and scale wrinkling lead to a
rapid degradation of scale adhesion and thus accelerates the scale
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failure.

(3)For the Y-doped AlCoCrFeNiy ; EHEA, the formation of interfacial
pores and scale wrinkling can be completely suppressed on the account
of the minor reactive element Y doping. Thus, the Y-doped AlCoCr-
FeNiy; EHEA shows a superior scale adhesion to the Y-free AlCoCr-
FeNiy EHEA after high-temperature oxidation. In other words, doping
of Y into the AlCoCrFeNiy; EHEA is of great importance to improving
scale adhesion for achieving its durability at high temperatures.

(4) The Al-rich p phase with a high aspect ratio is beneficial to
facilitate the exclusive formation of Al;O3 scale after oxidation at 1000
°C, while the p phase with a low aspect ratio and some cubic or spherical
B phases tend to cause a higher amount of spinel formation at scale
surface. However, at a higher oxidation temperature (1100 °C), the
temperature is decisive factor rather than p-phase shape for the exclu-
sive formation of Al;O3 scale. In spite of either oxidation temperature
(1000 °C or 1100 °C), the overall thickening of oxide scale is dominated
by the growth of Al;03 during the prolonged oxidation.

(5) The low oxidation rates (6.1 x 10~* cm?/s at 1000 °C and 2.9 x
1072 em?/s at 1100 °C) and highly stable eutectic lamellar structure
consisting of y’ and p phases for the Y-doped AlCoCrFeNi, ; EHEA after
high-temperature oxidation make it show a tremendous potential as an
oxidation resistant overlay coating material, bond coat material in TBCs
or a high-temperature structural material.
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