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Abstract:

We compare the oxidation behavior of two AlCoCrFeNi-based high-entropy alloys
(HEAs) at 1200 °C. The thermally grown oxide (TGO) on an AlCoCrFeNi HEA
undergoes significant surface rumpling, which causes TGO cracking and spallation.
However, a similar HEA with a lower Cr content, AICoCrosFeNi, shows no TGO
rumpling or failure even after 1000 h oxidation. Our analysis suggests that TGO
rumpling on the AICoCrFeNi HEA is predominantly driven by the body-centered cubic
(BCC) to tetragonal Cr-rich ¢ phase transformation within the Al-depleted layer during

cooling. A reduction of the Cr content in the HEA or fast water quenching prevents the
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phase transformation and, therefore, TGO rumpling. The findings in this study provide
scientific guidance for designing more durable, oxidation-resistant AlICoCrFeNi HEAs

and coatings.

Keywords: High-entropy alloy; Phase transformations; Static oxidation; Scale

adhesion.

NiCoCrAlY alloys are widely used as the bond coat material in thermal barrier coatings
(TBCs) due to their good oxidation resistance at high temperatures . Such
application depends on the ability to form a slow growing, stable and adherent alumina-
base thermally grown oxides (TGO). Minor additions of reactive elements (RE) such
as Y and Hf, are always doped the bond coats to improve the TGO adhesion and reduce
the TGO growth rate . However, conventional NiCoCrAlY bond coats cannot
provide sufficient oxidation resistance at temperatures exceeding 1100 °C, due to fast
TGO growth rate and degradation of interfacial adhesion |5]. Consequently, there is an
urgent demand for developing new bond coat materials with higher temperature
capability (e.g., 1200 °C), which meets the requirement for the increasing operating

temperatures of advanced TBCs [6].

In recent years, high-entropy alloys (HEAs) have gained significant research attentions
due to their unique composition, microstructure and exceptional material properties
. Among these HEA systems, numerous studies have investigated mechanical,
electrical, thermal, corrosion and oxidation properties of the AlxCoCrFeNi HEA system
, providing valuable insights into the potential applications of AlxCoCrFeNi
HEA alloys in various fields. We have reported that RE-doped equimolar AICoCrFeNi
alloy and coating exhibit lower oxidation rates and stronger TGO adhesion than
conventional NiCoCrAlYHf at 1100 °C, which are attributed to the nano-sized coherent
microstructure of AICoCrFeNi HEA . These results suggest that RE-doped
equimolar AlICoCrFeNi HEA has great potential for the bond coat application in TBCs.
However, up to now, the oxidation behavior and failure mechanisms of equimolar

AlCoCrFeNi HEA at higher temperature (e.g.,1200 °C) have been seldom reported.
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It is worth noting that reducing the Cr content can inhibit the formation of the Cr-rich
detrimental o phase at high temperature (above 1100 °C) in the equimolar AlICoCrFeNi
HEA, which could maintain its oxidation resistance at 1200 °C . In this
contribution, two HEAs, including AlICoCrFeNi and AICoCrosFeNi, are designed to
investigate their oxidation behavior at 1200 °C. Minor Y and Hf are doped into the two
HEAs for improving the TGO adhesion . The TGO growth and microstructures of
the alloys are analyzed in detail to clarify the oxidation behavior of the two HEAs at

1200 °C.

The AlCoCrFeNi (named HEA1) and AlCoCrosFeNi alloys (named HEA2) with minor
addition of Y(0.025 at%) and Hf (0.025 at%) were manufactured by arc-melting high-
purity constitutional elements (>99.9%) in water-cooled copper molds. The as-casted
ingots were homogenized at 1200 °C for 48 h under an argon atmosphere. After that,
the ingots were cut into cuboid samples with a dimension of 10 X 10 x 2.5 mm? using
a precision cut-off machine (Accutom 5, Struers). The sample surfaces were
progressively ground on sandpapers with descending grit size to a 5000-grit finish. The
samples were then isothermally oxidized in a chamber furnace at 1200 °C in laboratory
air and removed from the furnace after the required oxidation time, followed by fan-

assisted cooling to ambient temperature.

The microstructure of the alloys was analysed by scanning electron microscopy (SEM,
Mira3, Tescan) and scanning transmission electron microscopy (STEM, Talos F200X
G2, Thermo Fisher Scientific, USA) fitted with an energy-dispersive X-ray
spectroscopy (EDS) system. TEM samples were prepared using a focused ion beam
(FIB, GAIA3, Tescan, Czech) and analsysed using transmission kikuchi diffraction
(TKD) in the Mira3 SEM to map the phase distribution with a step size of 10 nm. The
phase structures of the alloys were identified using X-ray diffraction (XRD,Bruker D8
ADVANCE). The surface roughness of the TGO was measured by an optical
profilometer (Zegage™, Zygo, USA) with x 10 lens (Nikon Corporation) and 800 x
800 um? scanning area. A high temperature differential scanning calorimeter (DSC,

Germany) was used to analyze the phase transformation of the alloys from room
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temperature to 1500 °C.

The XRD result shows that HEAT consists of A2 (disordered BCC) and B2 (ordered
BCC) phases (Fig. 1a). The microstructure of HEA1 exhibits two distinct regions (Fig.
1b): the bright region (Fig. 1¢, B2 precipitates within the A2 matrix) and the dark region
(Fig. 1d, A2 precipitates within the B2 matrix). The formation of those regions is
attributed to the spinodal decomposition process during homogenization at 1200 °C
[23]. STEM-EDS mapping reveals that the B2 phase is rich in AINi (dark contrast),
while the A2 phase is abundant in CoCrFe (bright contrast) (Fig. 1e-g). The chemical
compositions of A2 and B2 phases are summarized in Table. 1. HEA2 has a similar
A2/B2 microstructure with minor FCC precipitates at the grain boundaries (Fig. 1h-k).
Since Cr acts as a BCC phase stabilizer, reducing the Cr content in HEA2 destabilizes

the BCC phase and results in the formation of FCC phase in the alloy

Fig. 2 shows the surface and cross-sectional morphology of HEA1 after 50 h oxidation
at 1200 °C. The TGO formed on the HEA1 exhibits significant rumpling with spallation
(Fig. 2a-b). TGO rumpling is further confirmed by the surface roughness measurement
(Rg=1.94 pm) (Fig. 2¢). The distribution of Y/Hf-rich oxides at TGO grain boundaries
suggests that the dynamic segregation of RE ions occurs during TGO growth, driven
by the oxygen potential gradient across the TGO (Fig. 2d) . In addition, the clear
TGO imprints on the exposed metal surface indicate that no imperfections (e.g., pores)
are formed at the TGO/HEAI interface (Fig. 2e). Apart from the surface rumpling of
TGO, the Al-depleted layer underneath the TGO (~2.1 pm in thickness) also rumples
concurrently, thus causing the interface rumpling (Fig. 2f-g). According to the SEM-
EDS mapping (Fig. 2h), the TGO is exclusive Al2O3. The Al-depleted layer shows a
dual-phase microstructure that comprises continuous ¢ matrix and nanoscale BCC

precipitates, as confirmed by the TKD analysis (Fig. 2i).

Fig. 3 shows the surface and cross-sectional morphology of HEA2 after 50 h and 1000
h oxidation at 1200 °C. The TGO shows little surface rumpling after 50 h oxidation. A
flat Al-depleted layer with a single-phase structure is formed underneath the TGO (Fig.

3a). Moreover, the TGO thickness (~2.3 um) of HEAZ2 is similar to that of HEAT after
4/18



50 h oxidation (Fig. 3b), suggesting that the difference in oxidation rate between HEA1
and HEA?2 is negligible. Even after 1000 h oxidation, no TGO rumpling and spallation
can be observed for the HEA2. Y/Hf-rich oxides at TGO grain boundaries are also seen
on HEA?2 after oxidation (Fig. 3c-e), which is similar to the observations on HEATI.
Meanwhile, the TGO remains exclusively Al>O3 after 1000 h oxidation (Fig. 3f-g). The
surface roughness of the TGO is merely ~0.98 um after 1000 h oxidation, which is
much lower than that of HEA1 after 50 h oxidation (Fig. 3h). In short, the TGO
rumpling of HEA2 is well inhibited via lowering Cr content and the oxidation resistance

of HEAZ2 is significantly improved.

Based on the above results, the TGO growth rates of two alloys are comparable and no
interface imperfections are formed in either of the alloys after oxidation at 1200 °C.
Therefore, the difference in oxidation resistance between HEA1 and HEA?2 is attributed
to TGO rumpling. According to the established theories formulated in previous works
[26-29], TGO rumpling is predominantly determined by the thermal mismatch stress
and growth stress in TGO, the creep resistance of alloy substrate, the phase
transformation of alloy substrate. Since there is no repeated generation and release of
thermal mismatch stress during the isothermal oxidation, the effect of thermal mismatch
stress on the TGO rumpling can be neglected. The growth stress (o) is predominantly
generated by the lateral growth of TGO, which can be estimated from the residual stress
in TGO by assuming no stress relaxation in cooling. Our calculations (see
supplementary material section 1 in detail) show that the growth stress of TGO is
almost the similar for HEA1 (~0.13 GPa) and HEA2 (~0.15 GPa). Furthermore, the
TGOs on the two alloys show similar thickness and predominantly columnar grain
microstructure with nearly same average width of the columnar grains (~1pm) after 50
h oxidation (Fig. S2¢), indicating that the TGO growth shares the same kinetics and is
primarily governed by inward oxygen diffusion [30-31]. Overall, the similar TGO
growth kinetics and microstructure result in similar TGO growth stress for the

HEAland HEA2.

The TGO rumpling is controlled by not only the TGO growth stress, but also the creep
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resistance of HEA substrate . To achieve force balance during the oxidation
process, the compressive growth stress within the growing oxide must be balanced by
a tensile stress within the metal substrate. The tensile stress induces creep deformation
of the metal substrate, initiating simultaneous rumpling of both the TGO and metal

substrate. For a flat alloy substrate, the force balance requires that

Omhm + 204h0, = 0 (1D
20,h

O = 9 ox (2)
hm

where the o, and h,, are the stress and thickness of metal substrate, h,, denotes
the thickness of TGO. The tensile stress calculated from Eq. (1) and Eq. (2) is ~0.32
MPa for HEA1 after 50 h oxidation at 1200 °C. Such a low tensile stress is unlikely to
induce the creep deformation of HEAI1 substrate [10] and, therefore, has limited

influence on TGO rumpling.

After assessing and ruling out all the above-mentioned factors, we have identified that
the remaining significant difference between HEA1 and HEA?2 is the microstructure of
their Al-depleted layers. Evidenced by the TKD analysis (Fig. 2i) and XRD patterns
(Fig. 4a), the microstructure of the Al-depleted layer in HEA1 comprises a ¢ phase
matrix and BCC precipitates while the Al-depleted layer in HEA?2 is single FCC phase.
Based on the DSC cooling curve (Fig. 4b), the formation temperature of ¢ phase is
around 700 °C, which suggests that the ¢ phase is not a thermodynamically favorable
phase at high temperature. However, the ¢ phase is found in the Al-depleted layer of
HEAT1 after 1200 °C oxidation by air cooling, suggesting the occurrence of possible
phase transformation from the BCC phase (stable phase at 1200 °C) to ¢ phase in Al-
depleted layer during the air cooling. The phase transformation is accompanied by a
volume change, which induces mechanical strain and results in rumpling. The following
sections will provide further microstructural characterizations for understanding the
phase transformation, calculate the strain induced the phase transformation and validate

our hypothesis on phase transformation induced rumpling by experiment.

To understand the phase transformation in detail, we conducted TEM analysis on the
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microstructure of the Al-depleted layer in HEAT1 after 50 h oxidation at 1200 °C (Fig.
4c-e). The nanoscale phases in the Al-depleted layer are identified as B2 precipitates
embedded within the ¢ phase matrix. STEM-EDS mapping (Fig. 4¢) indicates that the
o phase matrix is rich in CrCoFe, while the B2 precipitates are rich in AINi. Table. 2
shows the chemical composition of Al-depleted layer in HEAT1. Clearly, the ¢ phase has
a similar composition with the A2 phase (Table. 1 and Table. 2), indicating the ¢ phase
probably originates from the A2 phase in the HEA1 substrate. It is well known that the
mobility and content of Cr is important for the thermodynamic driving force for
formation of the ¢ phase [35]. As the Al atoms diffuse from the Al-depleted layer to the
TGO during the oxidation process, other atoms (e.g. Cr and Fe) migrate to compensate
for the vacancies left by Al atoms [36]. Consequently, the mobility of Cr and Fe atoms
is enhanced by this phenomenon, which may result in the ¢ phase formation in the Al-
depleted layer. As for the HEA2, only single FCC phase is found in the Al-depleted
layer. The mobility of Cr and Fe atoms in FCC phase is significantly lower than that in
A2 phase [37], which contributes to the difference in Cr diffusion behavior between the
Al-depleted layer of HEA1 and HEA2. Eventually, no TGO rumpling is observed in the
HEAZ2 even after 1000 h at 1200 °C oxidation.

Furthermore, we calculate the volume change and its associated strain during the
transformation to understand its effect on TGO rumpling. The volume change, AV,

induced by the A2 to ¢ phase transformation is given by

) (3)

where N is an arbitrary total number of atoms in A2 and ¢ phase; N4, and N, are
the number of atoms in the A2 and o unit cell (Ny, = 2 and N, = 30), respectively;
ay, 1is the lattice parameters of the cubic A2 phase, a, and c, are the lattice
parameters of the tetragonal o phase (Table. 3 [38]). Substituting AV by Eq. (4), the

linear strain, &, generated by the volume change can be estimated by
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_ 1AV 1 15a3, —aj X ¢,
= 3V, 3 1542,

) (4)

By inserting the values in Table. 3 to Eq. (4), &, is calculated to be ~1.2%. The
magnitude of the strain is comparable to the martensitic transformation strain (~0.7%)
in B-(N1,Pt)Al bond coat [39]. Furthermore, we use the Finite Element Method (FEM)
to determine the distribution of von mises stress across the TGO, the Al-depleted layer
and the underlying substrate in response to the phase transformation strain in the Al-
depleted layer at the phase transformation temperature (~700 °C). The calculated stress
in Al-depleted layer is approximately 700 MPa (see supplementary material section
2 in detail), which is significantly higher than the yield stress of HEA1 at 700 °C
(~450MPa) [40]. Therefore, the presence of this phase transformation in the Al-depleted
layer of the HEAI1 induces the stress at the TGO/substrate interface and plastic
deformation of metal substrate, eventually cause the TGO rumpling during the cooling

process.

To test our hypothesis regarding the effect of this phase transformation on TGO
rumpling of HEA1, we conducted an identical oxidation test of HEA1 at 1200 °C but
used water quenching for cooling to completely suppress the phase transformation. Our
in-situ surface temperature measurements in cooling have confirmed that the cooling
rate in water quenching within the temperature range of phase transformation is 50
times higher than that in air cooling (see section 3 in supplementary material). No
TGO rumpling or spallation is observed from the surface of the HEA1 quenched in
water after 50 h oxidation at 1200 °C (Fig. Sa-b). The absence of rumpling after water
quenching is further confirmed by the smooth and continuous TGO/metal interface (Fig.
Sc-e). XRD pattern and TEM analysis show that the Al-depleted layer of HEA1 after
water quenching comprises an A2 matrix and B2 precipitates (Fig. 5f-g), which
confirms the lack of A2 to o phase transformation in cooling. This experiment validates
our hypothesis that the phase transformation is the main reason for TGO rumpling of

HEAL.
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In conclusion, we have found that the equimolar AICoCrFeNi HEA undergoes TGO
rumpling after oxidation at 1200 °C, which results in TGO cracking and spallation.
TGO rumpling is primarily attributed to the A2 to o phase transformation and its
associated strain within the Al-depleted layer during cooling. Reducing the Cr content
in the AICoCrFeNi HEA can significantly reduce rumpling and improve the oxidation
resistance by inhibiting the A2 to ¢ phase transformation. Fast water quenching also
mitigate TGO rumpling by freezing the phase transformation. The findings provide
scientific guidance for designing oxidation resistant AICoCrFeNi high entropy alloys

or coatings with higher durability.
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Fig. 1 Microstructural analysis of HEA1 and HEA2: a) XRD pattern of HEA1. The
peaks of A2 and B2 overlap due to their similar lattice parameters; b) low magnification
BSE image of HEA1; c) and d) high magnification BSE image, showing the nano-
structured A2/B2 phase of HEA1 in bright and dark regions, respectively; ¢) STEM-
HADDF image and g) EDS mapping of the bright region in HEA1 with f) a SAED
pattern along [001] zone axis, showing the element distribution in A2 and B2; h) XRD
pattern of HEA2; i) low magnification BSE image of HEAZ2; j) and k) high
magnification BSE images of HEA2, showing the FCC phase and nano-structured

B2+A2 phase. (The white dash line in Fig. 1i denotes the grain boundaries of HEA?2).
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Fig. 2 Surface and cross-sectional morphology of TGO formed on the HEA1 after 50 h
oxidation at 1200 °C : a-b) SE images of TGO surface revealing TGO rumpling,
cracking and spallation; c) profilometer image and height profile (green line) of HEAT1;
d) BSE image of TGO surface, showing the distribution of Y/Hf-rich oxides; e) BSE
image of the exposed metal surface, showing the TGO imprints; f-g) BSE images and
h) EDS mapping of alloy cross-section, showing the interface rumpling; i) A TKD
phase-contrast map of the Al-depleted layer, which shows a dual-phase microstructure

that comprises a continuous ¢ matrix and nanoscale BCC precipitates.
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Fig. 3 Surface and cross-sectional morphology of TGO formed on the HEA?2 after 50 h
and 1000 h oxidation at 1200 °C: a-b) BSE images of cross-section after 50 h oxidation,
showing no interfacial rumpling; c-¢) BSE images of TGO surface after 1000 h
oxidation, showing no TGO spallation; f) BSE images and g) EDS mapping of cross-
section after 1000 h oxidation, showing no interfacial rumpling; f) Profilometer image

and height profile (green line) after 1000 h oxidation.
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Fig. 4 Phase transformation and microstructural analysis of HEA1 and HEA2: a) XRD
patterns of HEA1 and HEA?2 with different cooling process after 50 h oxidation at 1200 °C
and the TGO is removed before the XRD test (AC: Air cooling); b) DSC heating and
cooling curves of HEA1 and HEA2 with 20 °C/min heating rate and 10 °C/min cooling
rate, showing the phase transformation temperature; c) STEM-EDS image of the Al-
depleted layer in HEAT after 50 h oxidation at 1200 °C; d) HRTEM image of the Al-
depleted layer in HEAT after 50 h oxidation at 1200 °C; e) SAED pattern showing the
bright and dark phases, indexed as [001] zone of ¢ and B2 phases (the red circles

indicate the superlattice spots of the B2 phase).
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Fig. 5 Surface and cross-sectional morphology of TGO formed on the HEA1 after 50 h
oxidation at 1200 °C followed by water quenching: a-b) BSE images of TGO surface
after 50 h oxidation, showing no rumpling or spallation; c-d) BSE images and ¢) EDS
mapping of cross-section of HEA1, showing no interfacial rumpling; f) XRD pattern of
HEAZ2 after 50 h oxidation by water quenching and the TGO is removed before test; g)
STEM-DF image, showing the microstructure of the Al-depleted layer (the inset shows
the SAED pattern of B2/A2 phase along the [001] zone axis).
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Table 1 Composition of A2 and B2 in HEA1 quantified from TEM-EDS point analysis

(standard deviations are based on measurement results from 5 points).

HEA1
Elements
A2 phase (at.%) B2 phase (at.%)
Al 3.840.2 30.740.7
Co 19.840.8 21.3140.6
Cr 41.340.3 3.6140.4
Fe 28.140.2 12.940.3
Ni 7.040.5 31.540.7

Table 2 Composition of 6 and B2 in Al-depleted layer of HEAT after 50 h oxidation at
1200 °C quantified from TEM-EDS point analysis (standard deviations are based on

measurement results from 5 points).

Al-depleted layer of HEA1

Elements
¢ phase (at.%) B2 precipitate (at.%0)
Al 1.440.1 29.44H.7
Co 20.64.9 20.240.6
Cr 42.14.2 5.44).4
Fe 30.5#H.5 15.040.3
Ni 5.4405 30.040.7

Table 3 Lattice parameters of ¢ and A2 phase in Al-depleted layer of HEAT1 after 50 h
oxidation at 1200 °C quantified from TEM-SAED and reference [38].

Lattice parameters (A)

Phases
a c
o phase 8.87 4.79
A2 phase 2.97 \
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