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The oxidation behavior of Y-Hf co-doped AlCoCrFeNi high-entropy alloy coating (HEA coating) at 1100 °C was
investigated and compared with that of conventional Y-Hf co-doped NiCoCrAl alloy coating (CNA coating) in this
study. First, the HEA coating exhibits an extremely low oxidation rate with an oxidation rate constant of
1.3 x 10”2 pm?/h, which is 50 % lower than that of CNA coating. Second, the HEA coating shows much better
resistance to the oxide scale spallation compared with CNA coating, resulting from the lower oxidation rate and

the well suppression of interface rumpling.

1. Introduction

MCrAlY (M = Ni, Co or both) alloys are extensively applied as the
bond coats in thermal barrier coatings (TBCs) to protect the Ni-based
superalloy components from oxidation at high temperatures [1-6].
The oxidation resistance of these coatings is predominantly achieved by
forming a continuous, adherent and slowly growing Al»O3 scale on the
coating surface upon exposure to high temperatures. A fairly high re-
sidual stress (about 3—6 GPa) in a compressively stressed state will
develop in the Al;O3 scale, mainly due to the thermal expansion misfit of
Aly03 with the metal substrate upon cooling to room temperature [7].
The large stress generates the elastic strain energy stored in the Al,O3
scale. Then, the elastic strain energy could motivate the scale spallation
once a critical thickness is reached, as the elastic strain energy is pro-
portional to the scale thickness [8]. Thus, a low rate of Al;O3 scale
thickening is of importance to improve resistance to scale spallation and
the durability at high temperatures.

Unfortunately, the oxidation rates of MCrAlY alloys are usually one
order of magnitude higher than those of the typical Al,O3-forming al-
loys, such as p-NiAlHf and FeCrAlY [9-13]. However, at present, both
NiAlHf and FeCrAlY are difficult to be used as the bond coats in TBCs
due to their intrinsic shortcomings. First, the high Al content (about
31.4 wt%) in B-NiAlHf causes severe inter-diffusion with the Ni-based
superalloy substrate, which leads to the formation of a secondary reac-
tion zone (SRZ). A large amount of brittle topologically close-packed
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(TCP) phase precipitate from the SRZ, thus resulting in the degrada-
tion of creep-rapture resistance of Ni-based superalloy. Therefore, SRZ
might cause initiation and propagation of cracks along the grain
boundaries in the SRZ [14]. Second, the Al concentration in the p-NiAIHf
declines rapidly due to the inter-diffusion with the Ni-based alloy sub-
strate. Once the Al concentration in the B-NiAlHf is less than 17 wt%, the
external Al,O3 scale growth is difficult to be sustained because of an
inadequate Al supply [15]. The FeCrAlY is not practically used for the
bond coat because the Al in the coating reacts with the Ni in the Ni-based
superalloy to form a NiAl layer between the coating and the alloy sub-
strate at high temperatures [16]. Additionally, the extremely low
strength at high temperatures for the FeCrAlY also restricts its
high-temperature application [17,18]. It is extensively reported that the
high oxidation rates at/above 1100 °C for MCrAlY lead to premature
failure of AlyO3 scale easily [19-21]. Therefore, to meet the re-
quirements of high stability and long life of TBCs at/above 1100 °C in
the future, it is of necessity to develop an ultra oxidation resistant bond
coat material at/above 1100 °C with an excellent chemical compati-
bility with the Ni-based superalloy substrate and an appropriate
high-temperature strength.

In this contribution, an ultra oxidation and spallation resistant Y-Hf
co-doped AlCoCrFeNi high-entropy alloy at 1100 °C is reported in our
recent work [22]. Its oxidation rate is one order of magnitude lower than
those of MCrAlY and comparable to those of NiAlHf and FeCrAlY. The
mechanical properties of AlCoCrFeNi HEA at high temperatures were
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Table 1
Chemical composition of HEA coating and CNA coating.

Phases Elements (at. %)

Al Co Cr Fe Ni Y Hf

HEA coating 19.99 19.99 19.99 19.99 19.99 0.02 0.02
CNA coating 22.37 19.71 16.51 / 41.37 0.02 0.02

investigated by Lim et al. [23]. Their results indicate that the
high-temperature yield strength of AlCoCrFeNi is higher than that of
conventional NiCoCrAlY [24]. The extremely low oxidation rate, the
ultra strong resistance to the oxide scale spallation and the appropriate
high-temperature strength of Y-Hf co-doped AlCoCrFeNi high-entropy
alloy make it an excellent candidate material as a bond coat in TBCs
or an oxidation protective overlay coating at high temperatures.

Up to now, the oxidation behavior of Y-Hf co-doped AlCoCrFeNi
high-entropy alloy coating has not been reported and is still unclear.
Unlike the oxidation of bulk alloy, the interaction of coating and Ni-
based superalloy substrate can change the composition and structure
of coating, thus affecting the oxidation behavior of coating [25].
Therefore, it is urgent to understand the oxidation behavior of AlCoCr-
FeNi high-entropy alloy coating with Y-Hf co-doping and clarify its
reliability of the coating application. In this study, a thin plate of Y-Hf
co-doped AlCoCrFeNi high-entropy alloy was bonded onto the Ni-based
superalloy using spark plasma sintering (SPS) technique to fabricate
coating samples. The coatings are typically deposited by air plasma
spray (APS), high velocity air fuel (HVAF), vacuum plasma spray (VPS)
and electric beam physical vapor deposition (EBPVD) [11,12,26], but
the SPS has attracted increasing attention on fabricating model samples
for the scientific research, due to its capability of fast sintering. The
multilayer TBCs model samples with the MCrAlY bond coats on the
Ni-based superalloys have been already fabricated using SPS and the
corresponding performances were investigated [27-31]. In our previous
works [32-34], NiCoCrAlY or reactive element oxides dispersed p-NiAl
coating model samples were also produced by SPS to investigate their
oxidation behavior expediently.

The overarching objective of this work is to investigate and under-
stand the oxidation behavior of Y-Hf co-doped AlCoCrFeNi high-entropy
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Fig. 2. XRD results of two types of coatings.

alloy coating (termed as HEA coating) at 1100 °C. The conventional Y-
Hf co-doped NiCoCrAl alloy coating (termed as CNA coating) was also
fabricated as a counterpart to further reveal the oxidation behavior of
HEA coating. The growth of oxide scale, the residual stress in oxide
scale, inter-diffusion of coating with superalloy, and the microstructural
evolution of coating are investigated in detail to understand the un-
derlying oxidation mechanism of HEA coating comprehensively.

2. Experimental procedure
2.1. Material and sample preparation

The Y-Hf co-doped AlCoCrFeNi and NiCoCrAl (referring to Amdry
365-2, Sulzer Metco) were melted in a vacuum induction melting
furnace with a mixture of the constituent elements (>99.9 wt%), as
shown in Table 1. The molten alloy was poured into a high-purity
graphite crucible. Then the alloy rods were directionally solidified at a
constant growth rate of 10 mm/min and cast into the size of 48 mm
(diameter) x120 mm (height). The solidified rods were cut into the

(b)  Surface morphology

Fig. 1. (a, d) low magnification backscattered SEM (BSE) images, giving an overview of cross-sectional microstructure for the CNA coating and HEA coating,
respectively; (al, d1) high magnification BSE images, showing the inter-diffusion zone (IDZ) of CNA coating and HEA coating, respectively; (b, ¢) high magnification
BSE images of surface morphology, showing the typical two-phase microstructure of CNA coating; (e, f) high magnification BSE images of surface morphology,

showing the typical two-phase microstructure of HEA coating.
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Fig. 3. A high-angle annular dark-field (HAADF) STEM image of HEA coating with corresponding elemental maps, showing the size and chemical composition of A2
and f phases.

circular plates with a size of 45 mm (diameter) x 500 pm (thickness)
using a wire cutting machine. The circular plates were subsequently
sintered on the nickel-based Hastelloy® X polycrystalline superalloy
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with a size of 48 mm (diameter) x5 mm (height) using SPS to produce
coating samples. The sintering process was performed at 1050 °C for
20 min under a pressure of 30 MPa in vacuum (10’3 Pa). The heating
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Fig. 4. Spallation degree of oxide scale formed on the two
types of coatings at 1100 °C: (a, b) low magnification BSE
images, giving an overview of the spalled surface for the CNA
coating after 200 h and 500 h oxidation, respectively; (c, d)
low magnification BSE images, showing the completely intact
oxide scale with the substrate for the HEA coating after 500 h
and 1000 h oxidation, respectively; (e) spallation ratio of oxide
scale for the two types of coating as a function of the oxidation
time (The spallation ratio is defined by the ratio of the area of
exposed metal to the area of whole surface. Five BSE images
with a magnification of 500xare employed to obtain the
average value and the error bar is standard deviation).
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Fig. 5. Surface morphology of the oxide scale formed on the CNA coating after 500 h oxidation at 1100 °C: (a) low magnification SEM image, giving an overview of
the spalled surface; (b, ¢) amplifying SEM images over the region within the white rectangle in (a), showing the spalled interface in detail; (d) amplifying SEM images
over the region within the white rectangle in (c), showing the fractured oxide scale.

rate is 100 °C/min and the time cooling to room temperature is about
30 min. The chemical composition of nickel-based Hastelloy® X poly-
crystalline superalloy can be seen in our previous works [20,26].

2.2. Isothermal oxidation

The as-sintered coating samples were cut into 10 x 10 x 5 mm?>
rectangle plates using a precision cut-off machine (Accutom 5, Struers)
equipped with a SiC abrasive cutting blade. All the coatings were ground
to the thickness of about 200 pm with SiC abrasive papers and then were
polished using 0.05 pm colloidal alumina following standard metallo-
graphic approaches. The samples were thoroughly cleaned ultrasoni-
cally with acetone prior to oxidation. The isothermal oxidation was
carried out at 1100 °C in a chamber furnace at atmosphere environment.
The samples were placed in the center of chamber furnace near the
thermocouple. The oxidized samples were removed from 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 phase constitutions of CNA coating and HEA coating before and
after oxidation and oxide scale were determined by X-ray diffraction
(XRD, Ultimo IV, Riau, Japan) at 30 kV with Cu Ka radiation. The
spectra were collected in a 260 range of 20~80° with a step size of 0.02°
and a scanning speed of 5°/min. The residual stress was measured using
photoluminescence piezospectroscopy (PLPS) on a confocal Raman
microprobe (LabRAM HR, Horiba Jobin Yvon, France) with a 532 nm
Nd:YAG laser. All PLPS spectra were fitted by Labspec software 6.0 with
an automatic fitting function using the mixed Gaussian-Lorentzian
function. The surface roughness of the oxide scale was measured using

an optical profilometer (Zegage™, Zygo, USA). The measurements were
conducted using a x 10 lens (Nikon Corporation) and the scanning area
was 800 x 800 pm?. The surface and cross-sectional morphology of all
samples before and after oxidation was characterized by scanning
electron microscopy (SEM, Mira3, Tescan). Additionally, the chemical
composition of oxide scale and coatings was identified using energy
dispersive X-ray spectroscopy (EDS, Oxford Instruments). Thin lamellae
with a thickness less than 50 nm from the as-sintered HEA coating was
prepared using a focused ion beam (FIB, GAIA3, Tescan, Czech Repub-
lic) and were subsequently analyzed using a scanning transmission
electron microscope (STEM, TALOS F200X, FEI, USA) equipped with an
energy dispersive X-ray spectroscopy (EDS, XIS Ultra DLD, Kratos,
Japan) system.

3. Results
3.1. Microstructures of coatings

Fig. 1 shows the cross-sectional and surface morphology of CNA
coating and HEA coating. Two types of coatings adhere well to the
substrate through inter-diffusion, which can be indicated by the inter-
diffusion zone (IDZ) between the coating and substrate (Fig. 1a, al,
d and d1). The effect of IDZ from the sintering process on the oxidation
behavior of two types of coatings can be neglected due to the much
higher thicknesses of coatings (200 + 20 pm) than those of IDZ (about
8 pm for the CNA coating and about 10 pm for the HEA coating).
Additionally, these two coatings are both fully dense without occurrence
of pores or internal oxide inclusions, which can be attributed to the fast
sintering capacity of SPS under vacuum [31].

For the CNA coating, a typical two-phase structure consisting of face-
centered cubic (FCC) y phase (bright contrast) and ordered body-
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Fig. 6. Profilometer images of two types of coatings after 100 h oxidation at 1100 °C: (a) CNA coating; (b) HEA coating; (c) height profiles of the white lines in (a)

and (b).

centered cubic (B2) p phase (dark contrast) can be observed (Fig. 1b and
c), which agrees well with the XRD results in Fig. 2. The volume frac-
tions of y and p phases in the CNA coating are about 64.7 % and 35.3 %
respectively, which is measured using Image J software. For the HEA
coating, a characteristic two-phase nanostructure composed of disor-
dered body-centered cubic (A2) phase (bright contrast) and p phase
(dark contrast) can be clearly seen in combination with the XRD results
in Fig. 2. The volume fractions of A2 and f phases are 44.9 % and 55.1 %
in the HEA coating.

TEM analysis of HEA coating is also utilized to examine the size and
composition of A2 and f phases, which is presented in Fig. 3. It can be
clearly seen that A2 phase is enriched with Fe and Cr and p phase is
enriched with Ni and Al, while Co is uniformly distributed in the HEA
coating. In our recent work [22], the structure of as-cast AlICoCrFeNi
alloy has been characterized in detail. The phase constitutions of the
HEA coating are same as that of as-cast AlICoCrFeNi alloy, while the
phase size in HEA coating (about 500 nm in width) is about five times
higher than that (about 100 nm in width) in as-cast AlCoCrFeNi alloy
due to sintering [22].

3.2. Spallation resistance of oxide scale

Fig. 4 shows the spallation degree of oxide scale formed on the two
types of coatings at 1100 °C as a function of oxidation time. The CNA
coating undergoes a severe spallation of oxide scale with a spallation
ratio of over 20 % after 200 h oxidation (The bright regions represent
the exposed metal surface due to the oxide scale spallation) (Fig. 4a and

e). When the oxidation time increases to 500 h for the CNA coating, the
oxide scale bears destructive spallation and the spallation ratio exceeds
50 % (Fig. 4b and e). For the HEA coating, the oxide scale is still well
adherent with the substrate after 500 h oxidation and no oxide scale
spallation can be seen even after 1000 h oxidation (Fig. 4c and d). Based
on the results above, the HEA coating exhibits much stronger resistance
to oxide scale spallation in comparison to the CNA coating at 1100 °C.

3.3. Oxide scale microstructure

Fig. 5 shows the surface morphology of oxide scale formed on the
CNA coating after 500 h oxidation at 1100 °C. It can be clearly seen in
Fig. 5a and b that the oxide scale detaches and spalls from the scale/
metal interface based on the exposed metal substrate. The progressive
surface/interface roughening (also termed as rumpling) develops after
500 h oxidation (Fig. 5c and d). Similar rumpling phenomenon of the
NiCoCrAlY coating is also observed and investigated in the previous
studies [35,36]. According to the results presented in Fig. 5b and d, the
fracture and detachment of oxide scale occur first in these locations of
undulation peaks. In other words, the spallation of oxide scale formed on
the CNA coating is closely related to the interface rumpling, which will
be discussed in later section.

Since the oxide scale undergoes severe spallation after 200 h
oxidation for the CNA coating (Fig. 4e), the magnitude of surface
roughening of oxide scale for two types of coatings is compared based on
the surface morphology of oxide scale after 100 h oxidation. Fig. 6
shows the profilometer images of two types of coatings after 100 h
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Fig. 7. Surface morphology of oxide scale formed on the two types of coatings at 1100 °C: (a, c¢) low magnification SEM images and (b, d) amplifying SEM images
over the region within the white rectangle in (a) and (c), showing the surface morphology of oxide scale formed on the HEA coating after 500 h and 1000 h oxidation,

respectively.

oxidation. The surface topographies (Fig. 6a and b) accompanied with
the corresponding height profiles of the line segments (Fig. 6¢) indicates
that the bright regions with a high surface roughness (3—6 pm) are the
locations of surface rumpling for the CNA coating. These results are in
accordance with the observations in Fig. 5. For the HEA coating, the
surface roughness amplitude of oxide scale is much smaller (<1 pm)
and more uniform along the line segment than that of CNA coating
(Fig. 6¢), which reveals a much smoother surface for a given oxidation
time (e.g. 100 h). The smooth surface of oxide scale formed on the HEA
coating after 500 h and 1000 h oxidation is also presented in Fig. 7 to
further emphasize the negligible rumpling magnitude.

To further reveal the failure mode of oxide scale formed on the HEA
coating, Fig. 8 shows the cross-sectional morphology of oxide scale and
substrate for the CNA coating after 500 h oxidation at 1100 °C. Two
features should be noted in Fig. 8a: first, the rupture and detachment of
oxide scale has already occurred, even if the oxide scale does not spall
from the metal substrate; second, the scale rumpling relies on the
interface rumpling. These results are consistent with the observations for
the spalled surface in Fig. 4. As shown in Fig. 8b, the oxide scale is a
double-layer structure consisting of a predominant AlyO3 inner layer
and an outward spinel layer with a low thickness of about 500 nm, while
the thickness of oxide scale reaches about 4.8 pm after 500 h oxidation.
According to the corresponding elemental maps, the spinel layer con-
tains all base elements, which is thought to be the common (Co, Ni)(Al,
Cr)204 oxides [20]. Since Al flux from the underlying metal substrate
required to form Al,Oj3 is sufficient due to the presence of Al-rich p phase
(Fig. 8a), the formation of spinel originates from the early transitive
oxidation stage. XRD results presented in Fig. 9 also indicate that oxide
scale formed on the CNA coating and HEA coating mainly consist of
Al,03 after 500 h oxidation. The spinel at the top of Al,O3 scale for the
CNA coating is not detected using XRD, probably due to its low

concentration.

To further confirm the strong resistance to oxide scale spallation for
the HEA coating after oxidation and compare this with the CNA coating,
Fig. 10 shows the cross-sectional morphology of HEA coating after 500 h
and 1000 h oxidation at 1100 °C. Three important points should be
pointed out here: first, the scale/metal interface is smooth and no
obvious interface rumpling can be seen after 500 h and 1000 h oxidation
(Fig. 10a and c); second, the HEA coating comprises § and y phases
(Fig. 10a and c), in conjunction with XRD results in Fig. 8; third, a
continuous Al-depletion layer from the phase transformation of p to y
due to the growing Al;O3 scale forms beneath the Al;O3 scale (Fig. 10a
and c). Similar Al-depletion layer resulting from the growth of Al,O3
scale is also found for the oxidized CNA coating (Fig. 8a). In addition, the
thickness of oxide scale 500 h oxidation is about 3.8 pm, which is much
lower than that of CNA coating (Fig. 8b and 10b). Even after 1000 h
oxidation, the thickness of oxide scale is merely about 4.9 pm, which is
basically equal to the scale thickness (about 4.6 pm) formed on the as-
cast Y-Hf co-doped AlCoCrFeNi alloy after 1000 h oxidation at
1100 °C [37]. Compared with the oxidized CNA coating, a Cr-containing
(Al1,Cr);03 layer rather than a spinel layer forms at the top of Al,O3 layer
combined with the elemental maps (Fig. 10d). Generally, the HEA
coating exhibits a much stronger resistance to the scale rumpling and a
much slower oxidation rate in comparison to the CNA coating at
1100 °C.

3.4. Oxidation kinetics

The overall thickening of oxide scale formed on two types of coatings
is dominated by the growth of an Al;O3 scale, which is a diffusion-
controlled process. Therefore, the growth of oxide scale should follow
a parabolic law according to the classical oxidation theory [38]:
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substrate; (b) an amplifying BSE image from the region marked by white rectangle in (a) and the corresponding elemental maps, showing the composition of oxide
scale and substrate.
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where kp, hand t are the oxidation rate constant, the thickness of oxide
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scale and oxidation time, respectively. For the CNA coating and HEA
coating, the oxidation kinetics can be accurately measured by the
thickness of oxide scale, especially in the case of the uniform scale
thickness and the negligible internal oxidation (Figs. 8 and 10).

Fig. 11 shows the evolution of oxide scale thickness for the two types
of coating as a function of oxidation time at 1100 °C. Based on the linear
fitting, the oxidation rate constants of CNA coating and HEA coating are
calculated to be 2.6 x 1072 pm?/h and 1.3 x 1072 um?/h, respectively.
In conclusion, the oxidation rate contant of HEA coating at 1100 °C is 50

CNA coating 500 h

Intensity (a.u.)

. . ing 5
% lower than that of CNA coating. In our previous work [37], the HEA coating 500 h
oxidation rate constant of an as-cast AlCoCrFeNi alloy with same
amount of Y and Hf co-doping after 1000 h oxidation at 1100 °C is
1.1 x 102 ym?/h, which is very closed to that for the oxidized HEA Attt
. qos 20 30 40 50 60 70 80
coating. In other words, the extremely low oxidation rate for the as-cast 20(degree)
Y-Hf co-doped AlCoCrFeNi alloy can be still maintained, even if this
alloy is fabricated into a coating material. Fig. 9. XRD results of two types of coatings after oxidation for 500 h
at 1100 °C.
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Fig. 10. Cross-sectional morphology of HEA coating after oxidation at 1100 °C: (a, b) low and high magnification BSE images, showing the structure of oxide scale
and substrate after 500 h oxidation; (b, ¢) low and high magnification BSE images, showing the structure of oxide scale and substrate after 1000 h oxidation; The
corresponding elemental maps, showing the composition of oxide scale and substrate.
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Fig. 11. Evolution of oxide scale thickness for the two types of coatings as a
function of the square root of oxidation time at 1100 °C. The thickness of oxide
scale formed on the CNA coating was merely measured until 500 h oxidation
due to the severe scale spallation.

To directly compare the oxidation rate constant of HEA coating with
the typical AlyOs - forming alloys (e.g. NiAlHf and FeCrAlY), the
oxidation rate constants based on the oxide scale thickness can be con-
verted into those based on the mass gain by [39,40]:

3Mopao )2
k= o 2FAR0s ) )
( MA/zas "

where k;, is the oxidation rate constant based on the mass gain. Mo
(16 g/mol) and My;,0, (102 g/mol) are molar mass of O and AlyOs,
respectively. p4;, 0, (3.98 g/cm®) is the density of a-Al,03. The oxidation
kinetics based on the scale thickness can be accurately converted into
that based on the mass gain due to the uniform oxide scale thickness and
the absence of internal oxidation. Therefore, the oxidation rate constants
based on the mass gain of CNA coating and HEA coating are 2.5 x 10713
g2em™ s and 1.2x10 3 gZem™ s, respectively. Through
comparing the oxidation rate constant of HEA coating (1.2 x 10
13 g2 em ™ s'l) with those from NiAlIHf (1.6 x 10713 g2 em~ 4 s1) and
FeCrAlY (0.98-4.4 x 1073 g2 em™* s) reported by Pint et al. [9,10], it
can be clearly indicated that the oxidation rate of HEA coating is com-
parable to those of NiAlHf and FeCrAlY.
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Table 2

Columnar grain width in the double-layer oxide scale formed on the CNA coating
and HEA coating after 500 h oxidation. (The columnar grain width is obtained
by SEM image (with a magnification of 20000x) width divided by the overall
numbers of columnar grains in a single SEM image. Five SEM images are
employed to measure the average columnar grain width using Image J software
and meanwhile the error bar represents the standard deviation of measured
widths.).

Samples Columnar grain width after 500 h oxidation (pm)
CNA coating 1.1+0.2
HEA coating 1.8+0.3

4. Discussion
4.1. Growth mechanism of oxide scale

The oxide scale formed on the CNA coating consists of an inner Al,O3
layer and an outward spinel layer with a low thickness of about 500 nm
(Fig. 8b). In the early oxidation stage, all base elements of the CNA
coating will be oxidized to form spinel. Similar spinel formation at the
top of Al;O3 layer for a NiCoCrAlY coating is extensively reported in
previous works [40-42]. This brittle spinel is detrimental as it reduces
the protectiveness of the oxide scale and undermines the interfacial
adhesion, especially in the case of YSZ TBCs [41,43]. Once a continuous
oxide scale develops at the metal surface, the critical Al concentration
required to Al;O3 will be significantly lowered due to a much lower
oxygen partial pressure at the scale/metal interface than that at the scale
surface. Thus the thickening of oxide scale is still dominated by Al,O3
growth for the CNA coating (Fig. 8).

However, for the HEA coating, no spinel can be observed at the scale
surface, except for the formation a thin Cr-containing (Al,Cr),O3 layer at
the top of Al,O3 layer (Fig. 10). The initially formed CroOj3 interacts with
the Al;O3 layer forming a solid solution phase (Al,Cr)203, which is also
found on the oxidized NiCrAl or NiCoCrAl alloys [44,45]. The inhibition
of spinel formation for the HEA coating is attributed to the intrinsic
nanostructure of HEA coating (Fig. 1le and f). According the selective
oxidation theory of Al,0s, the nanostructure provides a large amount of
phase boundaries, which can significantly increase the outward Al
diffusion paths and thus accelerates Al flux reaching coating surface to
form Al,03 [41,46]. Eventually, the formation of spinel is well inhibited.
It should be mentioned that the Al content in the HEA coating (10.7 wt
%) is lower than that in the CNA coating (12.3 wt%). In theory, a higher
Al concentration in the substrate should be more preferential AloO3
formation, but the formation of spinel occurs for the CNA coating. Two
factors might contribute to the absence of spinel for the HEA coating.
First, the Al activity could be is higher in the AlCoCrFeNi matrix, thus
leading to preferential Al,Os formation. Second, as mentioned
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Fig. 12. Fractural structure of oxide scale formed on the two coatings after 500 h oxidation at 1100 °C: (a) CNA coating; (b) HEA coating.
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(2)
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:|§ub stratsl

Fig. 13. Cross-sectional morphology of HEA coating after 50 h oxidation 1100 °C: (a) a low magnification BSE image, giving an overview of coating and substrate;
(b, ¢ and d) enlarged views of the designated areas in (a), showing the phase constitutions in different areas of HEA coating.

previously, the nanostructure with a high phase boundary density could
facilitate the formation of Al,Os3.

Since the formation of thin spinel or (AL Cr);0O3 layer at the top of
Al,03 layer derives from the early transitive oxidation stage, the overall
thickening of oxide scale during the prolonged oxidation is still
controlled by the growth of Al;O3 for the two coatings (Figs. 8 and 10).
To understand the growth mechanism of Al,O3 layer during the pro-
longed oxidation, the fractural structure of oxide scale formed on the
two coatings is presented in Fig. 12. First, a typical double-layer scale
structure composed of the outward equiaxed grains and the inward
columnar grains in contact with the metal substrate suggests concurrent
diffusion of Al and O (Fig. 12a and b) [47]. Second, the predominant
columnar grain structure in the scale indicates that the growth of Al;03
scale is dominated by the inward O diffusion [48,49]. A predominant
columnar grain structure of scale is usually observed on the reactive
elements (RE) doped NiAl, FeCrAl, NiCoCrAl alloys [13,47,50]. The
dynamical segregation of RE (Y and Hf) ions from scale/metal interface
to scale surface along Al,Os scale grain boundaries can effectively block
the outward Al diffusion, and thus the inward O diffusion is predomi-
nant growth mechanism of Al,O3 scale [51].

Since the thickening of oxide scale formed on the two coatings during
prolonged oxidation is controlled by the growth of Al,O3 scale with a
predominant columnar grain structure, the columnar grain boundaries
of Al,Og3 scale are fast paths of inward O diffusion. A lower columnar
grain width signifies a higher grain boundary density, thus a higher
amount of inward O diffusion paths. It can be clearly found in Fig. 12
that the columnar grain width of Al;O3 scale for the HEA coating is much
higher than that for the CNA coating. In addition, the average columnar
grain width based on the fractural surface of oxide scale formed on the
two coatings after 500 h oxidation is presented in Table 2. The average
columnar grain width for the HEA coating (1.8 & 0.3 pm) is 64 % higher
than that of CNA coating (1.1 + 0.2 pm). Therefore, the fast paths of
inward O diffusion in the Al;O3 scale for the HEA coating is much lower
than those for the CNA coating, thus contributing to a much lower
oxidation rate. It is possible that the unique structure and chemical
composition of HEA coating induces the formation of coarse columnar
grains, but the formation mechanism of coarse columnar grains is still
unclear and more works are required to understand this point.
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4.2. Interface rumpling and failure mechanism of oxide scale

It is clearly indicated that the CNA coating shows obvious scale/
metal interface rumpling, while the interface rumpling is well inhibited
for the HEA coating (Figs. 5-9). It is reported that the interface rumpling
initiates cracks nucleation and propagation, and thus leads to the scale
failure [35,36,52,53]. For the CNA coating, the inter-diffusion between
coating and substrate at high temperatures causes the phase trans-
formation of f to y, which involves a volume shrinkage up to 38 % [54].
Since the volume change is constrained by the substrate, a stress will be
generated in the CNA coating at high temperatures. The high tempera-
ture stress can facilitate the coating creep through activating the grain
sliding, thus inducing the interface rumpling [36].

For the HEA coating, the original structure consists of A2 and
phases (Figs. 1-3), but the coating structure is dominated by the y and §
phases after oxidation due to the growth of oxide scale and the inter-
diffusion with substrate (Figs. 9 and 10). Fig. 13 shows the overall
cross-section of HEA coating after 50 h oxidation 1100 °C. It can be
clearly seen that the HEA coating predominantly comprises y phase
(about 48.5 %) and p phase (about 50.4 %) and only minor amount of A2
phase (about 1.1 %) is preserved after 50 h oxidation (Fig. 13b-d). In
our recent work [37], an extremely low amount of y phase merely
precipitates from the grain boundary in the as-cast AlCoCrFeNi alloy
after 1000 h oxidation at 1100 °C. Thus, the formation of a large amount
of y phase in the HEA coating primarily derives from the inter-diffusion
of coating with substrate, rather than the growth of oxide scale.

Since the y and B phases is primary phase constitutions in the HEA
coating after 50 h oxidation, the volume change of HEA coating during
the prolonged oxidation is determined by phase transformation of § to y.
Fig. 14 shows the IDZ thickness after 500 h oxidation at 1100 °C and the
evolution of volume fraction of y and  phases with the increasing
oxidation time at 1100 °C for two coatings. As presented in Fig. 14a and
b, the IDZ thicknesses for two coatings is almost equal (about 100 pm)
after 500 h oxidation, suggesting a similar inter-diffusion level. In
addition, the total amount of p to y phase transformation is also com-
parable after oxidation from 50 h to 500 h for two coatings (Fig. 14c and
d). Therefore, the volume change caused by p to y transformation should
be substantially equal for two coatings, which leads to a comparable
high temperature stress level. However, the interface rumpling is well
suppressed for the HEA coating.



J. Lu et al.

(a) CNA coating \
~— .

IDZ (y)
I eanaa o Lt STl
Substrhte_
g 100 pm

[y
=3
<>

. (c) CNA coating

® o

& & &

LA RAAA )
|
7
=

C= -1.98t"2+64.7
R’=0.9967

Volume fraction (%)
w S 17 N 2
[—] =]
L) L

<
T

20F
10F
0 'l '} 1 'l '}
0 100 200 300 400 500
Oxidation time (h)

Corrosion Science 182 (2021) 109267

(b) HEAf'coating

IDZ (7)

Substljate
100 pm

100
90

(d) HEA coating

—0—8

70 F
60

50 F
C,=-2.13t"+66.6
R’=0.9953

40 F

Volume fraction (%)

30F
20F

1 1 'l 1
200 300 400 500
Oxidation time (h)

0 1
0 100

Fig. 14. Low magnification BSE images, showing the thickness of IDZ for the CNA coating (a) and the HEA coating (b) after 500 h oxidation at 1100 °C. Evolution of
volume fraction of y and f phases as a function of oxidation time for the CNA coating (c) and the HEA coating (d).

Thus, it is proposed that the HEA coating might have a stronger creep
resistance in comparison to the CNA coating. At such a high temperature
(1100 °C), the creep of coating is actually controlled by atomic diffusion
[36]. Sluggish diffusion effect of compositional elements in the
high-entropy materials is very important, which can lead to exceptional
high-temperature creep resistance and impressive high-temperature
strength [55-57]. It is proposed by Yeh et.al that sluggish diffusion ef-
fect derives from the fluctuation in lattice potential energy (LPE) [57].
The distorted multi-principal element lattice in the HEA contributes to
fluctuated LPE for the migration of an atom from one site to another
because each site is surrounded by different kinds of atoms and thereby
causes different total interaction energy [57,58]. As a result, this fluc-
tuated LPE in the HEA would lead to the more difficult diffusion of atoms
than that in the lattice with uniform LPE. Sluggish diffusion effect for Al,
Cr and Fe is also observed in the FCC AlCoCrFeNi HEA [59].

Even if the HEA coating is a two-phase structure, the configurational
entropy (AScons) of each phase (y and f) in the HEA coating after 500 h
oxidation at 1100 °C can be still calculated by [60]:

AS,,,y = —RXIn(X;) (3)
where X; is the atom fraction of element i and R is the gas constant. The
atom fraction of each element based on the SEM-EDS point analysis is
presented in Table 3. Therefore, the configurational entropy of y and p
are respectively 1.56R and 1.51R, which are higher than the present
classification of high entropy alloys (>1.5R) [60]. In other words, the y
and p in the HEA coating after prolonged oxidation at 1100 °C can be
regarded as a high-entropy alloy, respectively. Based on the analysis
mentioned above, it is speculated that the sluggish diffusion effect of
each phase in the HEA coating can increase the creep resistance by
lowering the rate of atomic diffusion and thereby suppress the interface
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rumpling.

It is well accepted that the detachment of oxide scale from the scale/
metal interface is predominantly driven by the elastic strain energy
stored in the attached scale G, resulting from the constantly thickening
scale and the residual stress in scale. The detachment of oxide scale will
occur, once G exceeds the interfacial toughness G. [8]:

G (1 —v2)0%h,,

4
2E,, @
where E,y, hox and v, are Young’ modulus, thickness and Poisson’ ratio
of oxide scale, respectively. The residual stress in oxide scale ¢ can be
determined at room temperature, using PLPS technique, by [13,61]

Av =5.07c (5)
where Av is the peak shift from R2 line of Al;03, which is obtained using
a stress-free sapphire as the stress reference. The residual stress in oxide
scale originates predominantly from the thermal expansion mismatch
between the scale and metal substrate and the growth of oxide scale [7].

Fig. 15 shows the evolution of residual stress in the oxide scale
formed on the two coatings with the increasing oxidation time at
1100 °C. Two coatings show no obvious difference in stress level and
stress evolution during the prolonged oxidation. The slight increase in
stress level before 10 h oxidation probably results from the gradually
continuous growth of oxide scale [62]. Eventually, the residual stress
reaches a stable stress level in a compressively stressed state (about
-4.8 GPa). Based on the Eq. (4), the stored elastic strain energy in the
oxide scale for two coatings is determined by the oxide scale thickness
because of the substantially equal residual stress. Therefore, a higher
oxide scale thickness for the CNA coating contributes to a higher elastic
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Table 3
Chemical composition of y and f phases in the HEA coating after 500 h oxidation
at 1100 °C based on the SEM-EDS point analysis.

Phases Elements (at. %)
Al Co Cr Fe Ni
¥ 8.9+0.1 23.4+02 23.8+02 257+03 183402
B 303402 171402 99401 122402 305403
S5.2¢
S0F
= -48F
(ﬁj [
< -4.6 -
2 [
£ a4l
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= [
g 4.0
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Fig. 15. Evolution of residual stress in the oxide scale formed on the two
coatings as a function of the oxidation time at 1100 °C.

strain energy in the oxide scale, thus a higher driving force for the scale
spallation. As shown in Fig. 5, the spallation of oxide scale for the CNA
coating occurs along the scale/metal interface. In addition, no interfa-
cial imperfections (e.g. pores or oxide intrusions) can be found at the
spalled interface (Fig. 5a and c) [13]. Thus, the nucleation of interface
cracks is merely initiated through the interface rumpling (Fig. 8a and b).
The interface rumpling develops a tensile stress around the undulation
peaks across the scale/metal interface, where the oxide scale is in a
compressively stressed state in the lateral direction (Fig. 5b and d). The
tensile stress leads to the interfacial cracking easily [7]. Meanwhile, for
the CNA coating, a higher driving force for the scale spallation will
accelerate the propagation of interface cracks. Once the length of
interface cracks reaches the critical size of oxide scale spallation, the
oxide scale will spall off along the interface. For the HEA coating, both
the inhibition of interface rumpling and a lower driving force for the
scale spallation contribute to a stronger resistance to the scale spallation.

5. Conclusions

In this study, a highly oxidation and spallation resistant AlCoCrFeNi
high-entropy alloy coating (HEA coating) with Y-Hf co-doping is re-
ported. Additionally, its oxidation behavior is systematically investi-
gated at 1100 °C and compared with that of the conventional NiCoCrAl
alloy coating (CNA coating) with same Y-Hf co-doping. The following
conclusions can be drawn.

(1) The HEA coating consists of nanostructured A2 (disordered BCC)
and f (B2, ordered BCC) phases, which can facilitate the forma-
tion of Al;03 and thus inhibit the formation of spinel in the early
oxidation stage. After the prolonged oxidation, the HEA coating
transforms into the two-phase structure of y and f, which is
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predominantly attributed to the inter-diffusion of coating with
the substrate.
(2) The HEA coating exhibits an extremely low oxidation rate with an
oxidation rate constant of 1.3 x 10~2 um?/h at 1100 °C, which is
50 % lower than that (2.6 x 102 pmz/h) of the CNA coating. The
low oxidation rate for the HEA coating is attributed to the much
higher width of columnar grains in the Al;03 scale in comparison
to that for the CNA coating.
The scale/metal interface rumpling is well suppressed for the
HEA coating. It is proposed that the elimination of interface
rumpling is likely to result from the higher creep resistance of
HEA coating, originating from the unique sluggish diffusion effect
in a high-entropy alloy.
The HEA coating shows superior resistance to the oxidation
resistance compared with that of the CNA coating. Almost no
spallation of oxide scale can be observed after 1000 h oxidation at
1100 °C.

@3

—

4

In summary, both the extremely low oxidation rate and the strong
inhibition of interface rumpling for the HEA coating contribute to its
superior resistance to scale spallation, which makes it a good candidate
material for the bond coat in TBCs or the oxidation protective coating at
high temperatures.
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