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Abstract: The development of high-entropy alloys (HEAs) for high-temperature applications has
been driven by the limitation of nickel-based superalloys in achieving optimal efficiency at higher
temperatures for higher efficiency in power generation engines. The alloys must have high oxidation
resistance and microstructural stability at high temperatures. Relatively equimolar multi elements
involved in HEAs produce microstructure containing a single solid solution or multiphase that
improves the mechanical properties and oxidation resistance resulting from sluggish diffusion and
core effects. In this study, the oxidation behavior and microstructural changes of Al 75CoCrFeNi
HEA at 900, 1000, and 1100 °C in air atmosphere were investigated. Based on the XRD and SEM-EDS
analysis, the mechanism of oxide scale formation and microstructural changes of the substrate are
proposed. The results show that the oxidation behavior of the alloy follows a logarithmic rate law.
Different oxide compounds of CoO, NiO, Cr,03, and CrOs, 8-Al,03, x-Al,O3, and Ni(Cr,Al),O4
with semicontinuous oxides of Al,O3 with Cr,O3 subscale and an oxide mixture consisting of spinel
of Ni(Cr,Al);O4 and Co(Cr,Al);O4 were found. During oxidation, Widmanstatten of FCC-A1 and
BCC-B2/A2 phases in the substrate have changed. Spheroidization of B2 and a reduction in volume
fraction decrease the hardness of the substrates.

Keywords: high-entropy alloy; Aly75CoCrFeNi; Widmanstatten structure; isothermal oxidation;

alumina scale

1. Introduction

Nickel-based superalloys are considered the most successful alloy system for high-
temperature applications. These materials are mostly used as turbine blades in aircraft
jet engines, as well as other high temperature components such as in rocket nozzles and
nuclear power plants [1-3]. Precipitates of ordered coherent intermetallic y'-Niz (Al Ti) play
an important role as the prime alloy strengthener in nickel-based superalloys. However,
these materials have approached their peak operating temperatures close to their y /vy
equilibrium solvus temperatures, beyond which complete dissolution of v’ precipitate
can occur and leave a relatively weak matrix of v solid solution [4,5]. Thermodynamics
theory confirms that increasing energy efficiency of the power engines requires higher
temperature operations. Due to the limitation of nickel-based superalloys, research activi-
ties on materials with properties beyond superalloys have appeared massively in recent
decades [6,7]. Among many candidates, high-entropy alloys (HEAs) are considered a
group of materials that exhibit good combinations of strength and resistance to oxida-
tion at elevated temperatures. This group of materials has unique properties suitable for
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high-temperature applications such as low diffusion rates, high mechanical properties,
and cocktail effects [8,9]. The configuration entropy of the alloy based on the Boltzmann
equation has been considered as the atomic concept to define the HEA. With this concept
Yeh et al. [10] have proposed the following equations to define the configuration entropy of
HEA [7].

1.1 1.1 1. 1
ASconf = —klnw = _R(Hln H‘FHIHH +... Hln H), 1

= —RIn 1 = Rlnn, (2)
n

where R is a gas constant of 8.314 ] /K mol. Configuration entropies equal to or higher than
1.5R have been accepted to define high-entropy alloys [11,12].

Two groups of HEAs have been developed for high-temperature applications, i.e.,
refractory high-entropy alloys (RHEAs) and transition metal high-entropy alloys (TM
HEAs) [13]. In the second group of HEAs, AICoCrFeNi has been intensively studied [12-14],
with particular emphasis on the effect of Al composition variations on the microstructural
stability and mechanical properties of the alloys. These alloys have been reported to form
two phases of face-centered cubic Al and body-centered cubic B2, which possess good
mechanical properties at high temperatures [15]. Zhang et al. [16] have shown that the
volume fraction of B2 phase in Al,CoCrFeNi increases when aluminum content in the alloys
is increased and this makes the alloy brittle [15]. Furthermore, it is reported that the single
phase of A1 FCC is stable when the mole fraction of aluminum in these alloys is less than
0.45, while the B2 BCC phase dominates when the aluminum content is higher than 0.88.
This phase stability in this alloy has been related to its valence electron concentration [13]
as well as lattice distortion due to atomic size mismatch [17].

High-entropy alloy has a high tendency to form a single solid solution phase [12]. Only
when careful selection of chemical composition to fulfill the HEA parameters is carried
out could solid solution and not intermetallic compounds form [16]. The formation of
intermetallic compounds as a matrix is usually avoided because these phases are usually
brittle [7]. In addition, HEAs have high structural stability by extending the solid solution
stability region in the phase diagrams [18]. In addition, regular solid solution is also
strongly affected by the enthalpy of mixing. Zhang et al. [19] have introduced a parameter
Q) as absolute value of the ratio between multiplication of alloy melting point and the
entropy of mixing to the enthalpy of mixing, i.e.,

0= |Tm'Asmix/AHmiX|/ (3)

Together with the value of atomic misfit, this parameter can be used to predict the
type of alloy whether solid solution or intermetallic compound. Moreover, the atomic
size misfits in the alloy give heterogeneous lattice strain and make HEAs normally have
sluggish diffusion as the result of atoms tending to move slowly [20,21].

The pre-exponential factor in the diffusion coefficient of each atom is considered as

follows [22].
KT S H
D= T &P <k>exp (kT)' 4)

kT S
Dy = hGXp(—k>, ()

where k is Boltzmann constant, 5* is entropy of activation, H* is enthalpy of activation, T is
absolute temperature and h is Plank’s constant. Therefore, it is predicted that the diffusivity
of the element decreases when entropy of activation and give a sluggish diffusion effect [23].
This effect gives the possibility that HEAs can be used for high-temperature applications
at temperatures above about 0.6Ty, as the microstructural changing is usually a diffusion-
controlled process so that the microstructure stability would be high [24].
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However, Miracle and Senkov [17] have argued that all investigations supporting
the sluggish diffusion properties in HEAs were based on secondary observation. Several
studies have shown that increasing the element content in HEA did not linearly decrease the
diffusion rate of the elements in the alloys [25]. For example, Vaidya et al. [22] described that
diffusion in CoCrFeMnNi was faster than that in CoCrFeNi, although the configurational
entropy of quinary is higher than that of quarternary. Meanwhile, the melting point of
CoCrFeMnNi is lower than that of CoCrFeNi because Mn lowers the melting point of the
alloy. Therefore, the pre-exponential factor for the diffusivity (D,) of CoCrFeMnNi would
be lower than that of CoCrFeNi. Decreasing diffusivity can also result from increasing
lattice distortion in alloys [26]. HEAs have relatively high lattice distortion [12,16] due to
the large atomic size differences of the elements in the alloys [16,27]. This lattice distortion
of the alloy can also be seen in the reduction in Bragg’s diffraction intensities [28].

For HEAs to be used for high-temperature applications, the alloys must have high
resistance to high-temperature oxidation in addition to high microstructural stability. Com-
pact and continuous scales of CryO3 and Al,Oj3 are typically used as a protective layer
against oxidation because these oxides are known to have low growth rates. While rela-
tively high aluminum content HEA, as found in equiatomic AlICoCrFeNj, is predicted to
have high oxidation resistance, it increases the brittleness of the material. Therefore, it is
generally recommended that reducing the aluminum content will decrease the brittleness
of the material.

Several studies have been conducted on the high temperature behavior of AICoCrFeNi
alloys. However, only limited studies on the oxidation resistance of AICoCrFeNi HEAs
were found in the literature [9,29-31]. Lu et al. [32] demonstrate that lower diffusion rate
of Al in the AICoCrFeN:i is beneficial to lower oxidation rate thus improving oxidation
resistance. Butler et al. investigated the effect of aluminum content in as-cast AlyCoCrFeNi
on oxidation behavior at 1050 °C [9,33]. They found that alloys with relatively low alu-
minum content formed discontinuous layers of Cr,O3 on the outer part of the scale and
internal oxide of Al,Os. In alloys with high aluminum contents, continuous Al,Os is
formed. A thorough and systematic study is required to evaluate the oxidation behavior of
Al 75CoCrFeNi HEA at high temperatures concerning the microstructure of the alloy. The
present study aims to find out the effect of high-temperature oxidation on microstructural
changes and oxidation behavior of Aly75CoCrFeNi alloy. Isothermal oxidation simulations
were carried out at 900, 1000, and 1100 °C. The effect of spallation of the protective scale
during oxidation, especially at 1100 °C, is also discussed.

2. Materials and Methods

The alloy was prepared from high purity Al, Co, Cr, Fe, and Ni, obtained from Sigma
Aldrich, by melting in a mini single arc furnace purged with high purity (>99.9%) argon.
To ensure homogeneity, the alloy was melted four times. The alloy button was then
homogenized at 1100 °C for 10 h in a tube furnace purged with argon to prevent oxidation.
The as-homogenized alloy was then sectioned into several coupons with an average size
of approximately 8 x 7 x 2 mm?® using an electric discharge machine. The coupons were
polished using SiC paper up to #2000, followed by a 3 pm alumina suspension, and then
cleaned in ethanol using an ultrasonic cleaner for 15 min. An as-homogenized sample
was taken to analyze the chemical content and microstructure of the alloy using energy
dispersive X-ray spectroscopy (EDS) equipped in a scanning electron microscope (SEM)
(JCM-7000 NeoScope™, JEOL, Tokyo, Japan) with an acceleration voltage of 15 kV.

The coupon samples were subjected to atmospheric isothermal oxidation in a tube
furnace at temperatures of 900 and 1100 °C for 2, 16, and 40 h. Oxidation at 1100 °C for a
longer period of 168 h was also carried out. The weight gain of each sample was measured
and characterized by XRD and EDS-SEM to find out the oxidation behavior of the material.
A chemical solution of 1.5% HNO3 + 2.5% H,SO4 + 46% HCI + 50% ethanol was utilized as
an etching solution to reveal the microstructure of the as-homogenized and as-oxidized
samples. The etchant preferentially dissolved Al-rich phases but not stable oxides on the
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scales. Surface oxides were identified by XRD (SmartLab, Rigaku, Tokyo, Japan) using
Cu-Ko radiation (A = 1.54 A) for 20 in the range of 20-90° at a voltage and current of 40 kV
and 15 mA, respectively. The reading time was taken at 10°/min. This method investigates
relatively thin layers of oxides on the surface of the scales. Meanwhile, the microstructural
stability of the alloy was investigated by studying the volume fraction changing during the
heating of oxidation tests using Image]J 1.53t software (Wayne Rasband and contributors,
National Institute of Health, USA).

3. Results and Discussion
3.1. Empirical Approach Using Hume Rothery Law

It is important to predict the microstructure of the Aly75CoCrFeNi based on the
empirical approach using Hume Rothery law. The lattice misfit (8) of elements in the alloy
was calculated in Excel using Goldshmidt atomic radius of the elements based on the

following equation.
2
5=/ % (1 - r) , 6
\/21_1 YL xiox ©

It was found that the lattice misfit is 5.29, in which among the five elements in the
alloy, aluminum has the largest size. Meanwhile, the valency electron concentration of the
alloy was calculated based on the following equation.

VEC =Y x - VECi, 7)

where X; and VEC; are atomic fraction and electron valence concentration of each element
in the alloy, respectively. The calculation gives a VEC of 7.42. Furthermore, calculations
were conducted on entropy and enthalpy of mixing as well as the melting point of the alloy.
The omega value, expressed as (2 = | Try. ASpix/AHnmix |, was found to be 1.65. However, it
should be noted that the entropy of mixing is basically the configurational entropy, and the
enthalpy of mixing was approached from the binary systems, where the negative values
of AHpyix tend to make the alloy in an ordered intermetallic structure, while at positive
values, it will produce a solid solution [15,16,34]. However, according to Zhang et al.,
based on parameter of () that makes the Aly75CoCrFeNi has () > 1, they stated that the
role of entropy of mixing is more dominant compared to the melting point [16,34]. The
results predict that the Al 75CoCrFeNi alloy has a microstructure containing two phases of
A1-FCC and B2-BCC. However, A2 BCC might also occur [20,24]. Relatively large misfit in
the alloy produces localized lattice strain that increases the strength of the alloy [21,35].

When the entropy of the alloy and the diffusion coefficient given in equation 5 are
considered, Aly75CoCrFeNi has low diffusion kinetics [15,26]. Combining this low dif-
fusion and local lattice strain resulted from high %6 would produce a sluggish diffusion
effect. However, it should be noted that this relatively high atomic size difference in
the alloy increases the Gibbs free energy of the alloy and reduces the stability of the mi-
crostructure [36,37]. Therefore, the stability of the microstructure Aly75CoCrFeNi at high
temperature needs to be investigated further.

Calculation on VEC as suggested by Guo et al. [38] was carried out to predict the crystal
structures of the phases that occur in the alloy. It was found that the VEC of Alj 75CoCrFeNi
is 7.42 and this indicates the stability of two phases of FCC + BCC. It is predicted that this
gives a combination of relatively ductile FCC and hard BCC phase that produces optimum
mechanical properties in terms of alloy toughness [16,26]. The involvement of Al in the
alloy stabilizes the BCC structure [39,40] and increases the possibility for B2 phase to form.
Increasing Al content in the alloy increases the volume fraction of B2 in the alloy.

In terms of mechanical properties, the high atomic size of Al increases the internal
stresses of the lattices [41] and increases the solid solution strengthening of the alloy. While
the involvement of B2 phases in the alloy increases the alloy strength [16,26], FCC provides
alloy ductility [11,16]. In addition, this phase has higher AH}’ and AH}, [42] compared with
that of BCC phase, and this makes the substitution diffusion in FCC phase lower than in
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ALQOsinclusion

A1FCC B

BCC phase. Therefore, even though Cr acts as the strong element to increase the driving
force for sigma phase formation [43], the existence of FCC forming elements such as Ni
in Alp75CoCrFeNi HEA can reduce the possibility for the sigma phase to occur [44]. In
addition, the sigma phase is normally formed only at temperatures below about 800 °C
in Al-CoCrFeNi alloy system [24]. Therefore, sigma phase is predicted to be absent in the
alloy studied at temperatures studied.

3.2. As-Homogenized Alloy

From the EDS analysis, it is confirmed that the chemical composition of the as-
homogenized alloy has slightly changed from the raw materials, as shown in Table 1.
It is seen that the Al content in the alloy has decreased while Co is relatively constant and
Cr, Fe, and Ni have slightly increased. Aluminum loss during melting is predicted due
to the oxidation of Al during melting, even though the argon gas used has high purity,
as seen in some inclusions of Al,O3 found in the microstructures of the as-homogenized
alloy (Figure 1). Recalculation on the configurational entropy of the as homogenized gives
ASconfig €qual 1.6R indicating that the alloy still in the range of HEA.

A1+B2

AlOsinclusion

B2 BCC

(b)

Figure 1. Microstructure of as-homogenized sample (a) in an optical micrograph and (b) the corre-
sponding elemental EDS mapping.
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Table 1. Comparison of the alloy before and after melting.

Element As-Designed (at.%) As-Homogenized (at.%)
Al 15.79 12.45
Co 21.05 22.02
Cr 21.05 21.19
Fe 21.05 21.92
Ni 21.05 22.42

The microstructures of the as-homogenized sample, shown in Figure 1, indicate
that Aly75CoCrFeNi HEA is composed of Widmanstatten laths of two different phases,
and this meets with what has been found in other investigations [45,46]. The elemental
mapping shows that Co is distributed relatively homogenously in both phases, while
Fe and Cr are mostly partitioned in the main plate that grows along and from the grain
boundaries indicated by relatively bright color in the optical micrograph. This Fe- and
Cr-rich plate is essentially the A1-FCC phase as found in previous studies [47,48]. On
the other hand, Ni and Al partition in the area between the branch of the primary plates
and has been characterized as B2-BCC or NiAl phase [48-50]. The average hardness of
the as-homogenized alloy using Vickers hardness tests gave 367 HV. This result is slightly
higher compared with that obtained by Liu et al., which is 320 HV [51].

3.3. Oxidation Behavior
3.3.1. Surface Oxides from XRD Results

The oxidation mechanism of Al 75CoCrFeNi HEA can be approached from the pro-
posed model of Giggins—Petit for ternary Ni-Al-Cr systems that are classified into three
groups [52]. Mohanty et al. [53] have stated that Aly75CoCrFeNi HEA belongs to group
III as the oxidation of this alloy produced thick, continuous Al,O3 below a layer of Cr,Os.
Considering that the studied material is a concentrated alloy with nearly uniform concen-
tration, it is possible for all oxides to form during transient oxidation. However, this study
did not identify any iron oxides through XRD characterization. Previous studies on the
oxidation of HEA have also reported the absence of iron oxides [9,53,54]. The oxidation
behavior of the Aly75CoCrFeNi alloy in the transient state is significantly influenced by the
partition of elements in the Al and B2 phases. Specifically, Fe and Cr exhibit a preference
for partitioning in A1l. However, Ni and Al are strongly partitioned into B2, and Co is
relatively homogeneously distributed in both phases. During the early stages of oxidation,
FeO and Cr;O3, as well as CoO, can form on the surface of the Al phase. On the other
hand, NiO, Al,O3, and CoO can occur on the B2 surface.

Referring to the Ellingham-Richardson diagram for oxide formation, the stability order
for oxides at 1100 °C is Al, Cr, Fe, Co, and Ni. Meanwhile, the parabolic rate constants at
the same temperature are in the order of Fe, Co, Ni, Cr, and Al [55]. This indicates that iron
oxide has the fastest rate among the other oxides. Other researchers have found the absence
of single iron oxide to be related to the spinel formation of NiFeO [9] and Co(Cr,Fe),O4 [56].
However, based on the XRD patterns presented in Figures 2—4, no iron-containing spinel
was detected in this study. Additionally, EDS analysis of a specific surface area, as shown
in Figure 5, revealed the presence of oxides relatively rich in iron.

The XRD diffraction patterns of samples surface after oxidation at 900 and 1100 °C are
depicted in Figures 2—4. In both patterns, the highest intensity peaks indicate phases in the
substrate, i.e., A1-FCC and B2-BCC that make the other peaks not exposed. Hu et al. [56]
have also found relatively low intensity peaks of oxides in their oxidation investigation on
AlCoCrFe at 1100 °C for 620 h. These facts were predicted as the results of a relatively thin
layer of scales formed on the surface of all samples, even on the sample oxidized at 1100 °C
for 168 h. At 900 °C oxides of NiO, CoO, x-Al,O3, 8-Al,03, CryO3, and spinel of NiCry Oy
and NiAl,O4 were identified. Other oxides of CrOs; were found in the sample oxidized at
1100 °C.
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Figure 2. X-ray diffraction patterns of the alloy after oxidation 900 °C for 2 up to 40 h.
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Figure 3. X-ray diffraction patterns of the alloy after oxidation 1000 °C for 2 up to 40 h.

Because the elements, except Co, are not homogeneously distributed in the alloy but

tend to partition into Al and B2, the oxidation would be initially localized

in different

phases when exposed to air at high temperatures. At the transient oxidation stage, Al
phase rich in Fe and Cr would form Cr,O3 and the iron oxides of FeO, Fe30,4, and Fe,O3,
while B2 produces NiO and Al,O3. During this early stage, the spinel of FeCr,O4 and
NiAlyOy, as well as (Fe,Co)Cr,O4 and (Ni,Co)Aly Oy, can occur. Meanwhile, singular oxides
of NiO and Al,Oj3 are expected to form from B2 phase. From both phases, CoO might also
be formed. However, no iron oxides were found in the XRD patterns of samples oxidized
at 900 and 1100 °C, even though the free energy formation for iron oxides are lower than
that of NiO and CoO. It is also expected that mixed spinel of Ni(Cr,Al),O4 might also form

even though no XRD peak indicates these mixed oxides formation.
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Figure 4. X-ray diffraction patterns of the alloy after oxidation 1100 °C for 2 up to 168 h.

Area Concentration (at.%)
(@) Al Cr Fe Co Ni
1 53.71 44.45 1.39 0.13 0.20 0.12
41.24 0.92 45.21 4.26 6.30 2.08

Figure 5. (a) Back scattered Electron image and (b) secondary electron image of the surface mi-
crostructure, and corresponding EDS analysis of the sample after oxidation at 900 °C for 40 h showing
(c) plate and (d) polyhedral morphologies. Points 1 and 2 in (a,b) indicate the area of EDS analysis
with chemical composition as shown in the table.
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Diffractograms of CoO and NiO for 2 h oxidation indicate higher peaks compared
with those obtained in longer times. Substitution reactions of these oxides with Al and Cr
were predicted to be responsible for these facts. However, as the CoO and NiO formation
require higher oxygen partial pressures and more stable oxides of Al;O3 and CryO3 have
occurred in 16 and 40 h, no further CoO and NiO would be formed. From the occurrence
of oxides on the samples oxidized in 2 h at 1100 °C, it is believed that the transient stage for
oxidation has passed, which is especially indicated by the appearance of Al,O3 and Cr,Os.
This steady-state formation of Al,O3 can be seen from increasing the intensity of «-Al,O3
peaks for 20 of 35.141 and 35.141 planes with oxidation time. The intensity of Cr,O3 for
26 of 41.615° plane also increased with time from 2 to 16 h but decreased from 16 to 40 h
and disappeared after oxidation for 168 h. The formation of other stable oxides of Cr,O3 is
also an indication for the end transient oxidation. However, this oxide would be further
oxidized into CrOj3 at 1100 °C but not at 900 °C.

Several clusters with ridge morphology occurred on the scale surface of the sample
oxidized at 1000 °C for 40 h as shown in micrographs of Figure 6. This occurrence of
ridge morphology indicates the formation of x-Al,O3. Zhang et al. [54] have reported
previously that within an alloy system of Al-Co-Cr-Fe-Ni featuring a combination of BCC-
B2 rich in Ni and Al, and FCC-A1 rich in Fe and Cr, the growth of columnar x-Al,O3
occurred longitudinally. Initially, «-Al,O3 emerged from the B2 phase, acting as a ridge,
followed by the formation of columnar «-Al,O3 from the Al phase at the base of the ridge.
These characterization results support the findings of Doychack et al. [57] for 8-Al,O3 with
platelet morphology. The different morphology of a-Al,O3 at 900 and 1000 °C for 40 h
indicates that this alumina still maintained its metastable 6-Al,O3 morphology. The SEM
photographs reveal that the surface samples oxidized at different temperatures exhibit
distinct morphologies, indicating a significant impact of temperature on the kinetics of
oxide formation. At 900 °C, platelets of Al;O3 and polyhedral of Cr,O3 were observed,
and this difference in morphology is influenced by the formation kinetics of both oxides.
The XRD patterns show that the Al,O3 appeared as monoclinic 0-Al,O3 and trigonal
a-Al, O3 crystal structures. The results indicate that after being held at 900 °C for 40 h,
certain portions of metastable 6-Al,O3; underwent a transformation into the more stable -
AlOs3. Levin [58] has previously discussed the transformation of different alumina crystal
structures at high temperatures (y — 6— 8 — x-Al,O3). The diffractograms also revealed
the formation of both 6-Al,03 and «-Al,O3 alumina oxides after being held at 1000 °C for
40 h. Additionally, clusters with ridge morphology were found in this study, indicating the
formation of x-Al,O3. Zhang et al. [54] described the formation of ridge morphology in
the AlICoCrFeNi alloy system. Initially, the longitudinal columnar of x-Al,O3 forms as a
ridge, followed by the short columnar of x-Al,O3 located at the bottom of the ridge. Flake
or platelet morphologies of x-Al,O3 were observed at 900 and 1000 °C, indicating that
the stable x-Al,Oj5 still retained its previous metastable 6-Al,O3 morphology. In addition,
some areas have relatively low oxygen and aluminum content, showing that spallation of
alumina scale had happened, but did not expose freely the substrate. Similar phenomena
have been found in oxidation of other alloy systems, i.e., Ni-Cr-Al-Zr [57].

The columnar structure of x-Al,O3 was also identified on the sample oxidized at
1100 °C for 40 h but showed cracks on the scales and some parts of the oxide scale had
spalled. The occurrence of Al,O3; with whiskers morphology indicated that the transforma-
tion of platelet 6-Al, O3 into ridge «-Al,O3 had not fully occurred. Cracks and spallation
that were also found in clusters with whiskers morphology show that this morphology
had inadequate adherence, suggesting it did not form a compact scale. A relatively large
difference in thermal expansion between the oxide scale and substrate was the cause of
scale spallation. The addition of small amounts of elements of Ce, Hf, Y, or Zr less than 1%
is expected and can increase the spalling resistance of the oxide scales [59,60].
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Composition (at.%)
Area 0 Al Cr Fe Co Ni
1 53.34 43.90 1.69 0.52 0.35 0.20
55.15 30.84 7.00 1.89 3.15 1.97
3 11.60 7.54 23.17 21.41 20.05 16.23

Figure 6. Surface microstructure and corresponding EDS analysis of the sample after oxidation at
1000 °C for 40 h showing flakes and ridge morphologies. Point 1, 2, and 3 indicate the area of EDS
analysis with chemical composition as shown in the table.

EDS mapping on the surface sample after oxidation at 1100 °C for 168 h (7 days) is de-
picted in Figure 7. It is seen that most surface oxide of the scale is dominated by aluminum
oxide. However, some parts of the scale show areas rich in Fe, Cr, Co, Ni, indicating that
some part of alumina oxide scale had spalled and revealed areas of new exposed substrate.
Oxidation at 1100 °C for 168 h produced oxides with different morphologies as seen in
Figure 8. Whiskers, flakes, and needle-like morphologies were found on the scale surface,
dominated by whiskers. No cracks were found on this scale, indicating that the oxide
scale formed after a relatively long time of oxidation had a more compact protective scale.
EDS analysis on this area confirmed that this oxide had relatively low aluminum content.
Investigation carried out by Zhang et al. [54] has revealed that ring-like morphology was
essentially Al,O3 below which spinel commenced to grow. The larger size of Al,O3 flake in
the sample oxidized at 1100 °C for 168 compared with that which occurred in 40 h indicates
that the scale is more protective, as the larger grains of oxide in the scale decrease the rate
for scale formation [57].

S50um

Figure 7. Cont.
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Ni

Figure 7. Surface microstructure and EDS mapping of the sample after oxidation at 1100 °C for 168 h.

Composition (at.%)
O Al Cr Fe Co Ni
1 56.69 | 39.78 | 2.58 0.49 0.29 0.17
2 55.77 | 41.15 | 1.41 0.94 0.43 0.30
3 42.85 | 3597 | 8.05 4.85 4.48 3.80
4
5

6.31 701 | 2428 | 23.68 | 22.54 16.18
53.19 | 25.08 | 19.81 1.04 0.58 0.30

Globular

Figure 8. Surface microstructure and corresponding EDS analysis of the sample after oxidation at
1100 °C for 168 h. Points 1-5 indicate the area of EDS analysis with chemical composition as shown
in the table.

3.3.2. Cross-Section Analysis

EDS analysis on cross sections of the oxidized samples has been conducted to investi-
gate different layers of oxides in the scales and the microstructure of substrate underneath
the oxide scale. Figures 9 and 10 show the microstructures of cross-section samples after
oxidation at 900 and 1000 °C both for 40 h. The scales of both samples consist of essentially
Al;O3 and CrpO3, but the presence of spinel of NiCr,O4 + Al,O4 was also identified. All
oxidized samples have shown the formation of a B2-denuded zone between the oxide scale
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and Al + B2 substrate, as shown in Figures 9 and 10. These zones are Al phase, and the
thickness was larger in the samples oxidized at higher temperatures and longer times. The
EDS analysis on these regions has confirmed the depletion of Al as the result of platelet or
flake 0-Al,O3 formation in the scale where A1+ diffused outwardly in 6-Al,O3. However,
no depletion of Cr has been found in these denuded zones, even though this element was
used to produce polyhedral Cr,Os in the scales. This indication of low diffusivity of Al in
the denuded zone is due to the fact that Al has the largest Goldschmidt atomic radii [61].

ALO3

Figure 9. Microstructure and EDS mapping of a cross-section sample after oxidized at 900 °C for 40 h.

Oxidation at 1100 °C for 2 h produced a relatively thick oxide scale, as can be seen
in Figure 11. The EDS analysis on several areas from the outer zone up to the substrate
has given variation in chemical compositions of the cross section. The elemental X-ray
mappings show that most of the scale consists of aluminum oxide, probably Al,Os3, but on
the top of the scale, there were other transient oxides of Fe, Ni, and Co. Alumina remained
as the major oxide scale when oxidation was extended in 16 h (see Figure 12). However,
some parts of the substrate-oxide scale interface show buckling and produced cracks along
the interface. This has resulted from the relatively large difference in volume between the
oxides formed and metals origin in substrate that produce compressive stress.

The EDS analysis shows that at the bottom of the scale, below the x-Al,O5 layer, mixed
oxides might occur, probably spinel and oxides of Fe, Co, and Ni. This indicates that the
alumina layer in the scale acts as a protective layer. Equiaxed grains of alumina in this layer
reduce oxygen diffusion inwardly through the scale, therefore decreasing the oxygen partial
pressure [56]. Ellingham diagrams confirm that oxides of Cr, Fe, Co, and Ni require higher
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oxygen partial pressure than Al,O3. Substrate close to the substrate-scale interface had
an aluminum content at a relatively high level of 7.81 at.%. that can produce an alumina
scale as found in Ni-Cr-Al systems [9]. Oxidation at 1100 °C for 40 h produced a layer of
Al,Oj3 at the external scale, as shown in Figure 13. A similar result was obtained by Butler
et al. [9] when oxidation was carried out at 1050 °C for 50 h. The alumina layer consists
of equiaxed grains of x-Al;Oj3, as also found by XRD analysis, showing the formation of

ridge morphology, and acting as protective layer [56,57].

AlLO3

Element | At.%
O 66.28
Al 33.43
Cr 0.28

Figure 10. Microstructure and EDS point analysis of a cross-section sample after oxidation at 1000 °C

for 40 h.

Ni

Figure 11. Microstructure and EDS mapping of a cross-section sample after oxidation at 1100 °C for

2h.
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10 pm 10 uym
— e —
Area Concentration (at.%)

©) Al Cr Fe Co Ni
1 53.79 43.80 1.14 0.51 0.35 0.41
2 49.96 48.53 0.64 0.37 0.30 0.20
3 27.88 22.78 14.16 14.06 11.54 9.58
4 1.85 7.81 23.79 24.75 22.24 19.57
5 1.72 7.64 23.97 24.02 23.19 19.45
6 1.97 7.00 24.23 23.98 23.33 19.49
7 1.83 7.43 24.50 24.57 22.63 19.05
8 1.64 7.15 24.46 24.63 22.39 19.74

Figure 12. Microstructure and EDS point analysis of a cross-section sample after oxidation at 1100 °C

for 16 h.

et Shoihe - )
o
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C

Fe

Figure 13. Microstructure and EDS mapping of a cross-section sample after oxidation at 1100 °C for

40 h.
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The EDS analysis, as discussed earlier, confirmed that the scale of the sample oxidized
at 1100 °C for 168 h was essentially Al,O3. However, some areas were not covered by
alumina, but oxides of other elements. The areas were exposed after some parts of alumina
scale were spalled. Investigation into these areas in the cross-section position revealed that
the scale consisted of external oxide of Cr,O3 beneath, and there were mixed oxides of
iron, nickel, and cobalt as well as discrete internal oxide of Al,O3, as depicted in Figure 14.
This characteristic of cross-section microstructure shows that these areas have experienced
spallation during oxidation. Some CryO3 had further oxidized when exposed to oxygen in
the air to form CrOg, as revealed by the XRD analysis.

3 Q’ﬁ'g.f Y

AT ":\W“M’W

PN L

& B

Area Concentration (at.%)
@) Al Cr Fe Co Ni
1 |5783] 012 [4132] 052 | 015 | 0.05
2 |5487] 021 | 4423 | 034 | 0.06 | 029
3 [5326] 024 | 4287 [ 1.67 | 1.42 | 054
4 [2796] 0.88 |36.15 1513 | 12.29 | 7.59
: . 5 |364430.10 | 10.27 [ 9.82 | 8.20 | 5.17
: 6 | 2816|2564 | 12.53 | 1351 | 11.00 | 8.17
7 | 17.58 | 14.40 | 19.14 | 1991 | 17.79 | 11.17
7 7 :}’ ] 8 | 364 | 203 | 2500 27.16 | 23.71 | 18.46
T 8 9 | 264 | 340 |23.89 | 26.45 | 24.13 | 19.49
10 | 229 | 457 [ 23.29 | 25.67 | 23.55 | 20.63

Figure 14. Microstructure and EDS point analysis of a cross-section sample after oxidation at 1100 °C
for 168 h.

3.4. Oxidation Mechanism

Referring to the study carried out by Butler et al. [9], there were significant differences
between oxidation mechanisms of as-cast and as-homogenized Al 75CoCrFeNi alloy. Oxi-
dation of the as-cast alloy at 1050 °C produced an external oxide of chromia and internal
oxide of alumina. Conversely, a single alumina layer was produced on the as-homogenized
alloy. Stott et al. [62] have studied the oxidation behavior of MCrAl (M = Fe, Co, Ni) alloy
and proposed eight different oxidation mechanisms. Meanwhile, Giggins and Pettit [63]
proposed three oxidation mechanisms in Ni-Cr-Al alloy systems. Mohanty et al. [53] and
Butler et al. [9] suggested that the oxidation mechanisms of this alloy follow type 3 of Gig-
gins and Pettit, in which scale with external layer of Al,O3 and internal spinel or complex
oxides would take place.
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The microstructure of the alloy should affect the early stage of oxidation. Due to
the presence of two phases in the Alj 75CoCrFeNi alloy—namely, A1-FCC rich in Fe and
Cr, and B2-BCC rich in Ni and Al—with Co distributed relatively homogeneously across
both phases, different oxidation mechanisms can occur on these phases. Iron and cobalt
oxides form on the Al surfaces, but then are reduced by Cr to produce Cr,O3 and spinel of
FeCr,04. Conversely, on the B2 phase, nickel and cobalt oxides are further reduced by Al,
resulting in the formation of metastable Al,O3; and the spinel NiAl,Os.

The metastable oxide 8-Al,O3; undergoes transformation into the stable x-Al,O; fol-
lowing a transient oxidation stage. After oxidation for 2 h, some 6-Al,O3 had transformed
to a-Al,O3. At oxidation at 900 and 1000 °C, it is expected that the transformation of
8-Al,O3 to 0-Al,O3 might occur. However, as no 8-Al,O3 was found in this study, we
predict that it was due to Ni2* acting as an inhibitor for the formation of §-Al,O3 [58]. The
consumption of Al from Bl produces a B2-denuded zone underneath the oxide scales. This
zone is essentially Al as a result of both the dissolution of B2 and interdiffusion among
elements in the B2-denuded zone and Al.

Meanwhile, the occurrence of Cr,Os acts as oxygen absorber for the formation of Al,Os.
In -Al,03 chromium can participate in a trigonal corundum as an isotope of Cr* [58].
Airiskallio et al. have discussed how the formation of Cr,O3 occurs faster compared with
Al>O3. In this case, chromium diffuses along defects such as grain boundaries to the surface
to form Cr,O3 and then the substitution reaction of Cr,O3 + 2Al — 2Cr + AlL,O; takes
place. It should be noted that the crystal structure of corundum is similar to Cr,O3 and the
substrate—chromia interface is believed to act as the nucleation site for corundum formation.
These mechanisms explain why oxidation for 2 h at all temperatures studied produced a
relatively continuous layer of Al,O3 in the scale on the overall alloy surface.

Following the transient stage, the subsequent steady state begins when scale growth
is primarily dominated by a specific oxide. If the diffractogram of the sample oxidized at
900 °C is noticed, the dominant oxide that had higher peaks is Cr,O3 compared with other
oxides. Oxides of NiO and CoO showed decreasing their intensity at similar 20 planes. This
could happen because of substitution reactions with Cr or Al that have higher affinity with
oxygen. The formation of protective layers of Cr,O3 or Al;O3 reduces inward diffusion
of O%~ to the substrate-scale interface making partial pressure of O*~ decrease. When
the partial pressure of oxygen is inadequate for formation of NiO and CoO, then these
oxides would not occur. This result follows Zhang et al. [54] who have reported that spinel
and other oxides such as NiO and CuO were not increased with oxidation times when a
protective layer of AlO3 had formed.

Some parts of scale cracked and spalled when steady state stage was in progress. This
happened in samples oxidized at 900 °C for 40 h. Meanwhile, stable alumina formed at
900 °C for 16 h and the percentage increased up to 40 h but was less than the amount of
chromia. This is because the transformation into stable alumina mostly occurs at higher
temperatures, i.e., 10001100 °C [58]. Therefore, oxidation of Alj 75CoCrFeNi alloy at 900 °C
produced external scale consisting of alumina and chromia with CoO and NiO at the inner
part of the scale.

In principle, a similar mechanism at 900 °C applies to the transient stage of oxidation
at 1000 °C and 1100 °C. Stable alumina (x-Al,O3) formed in 2 h and then followed by
Cr,0O3 and transformation of NiAl,Oy4 to «-Al,O3 when oxidation was extended to 16 h. In
addition, CrOj has also occurred. Oxidation for 40 h caused some XRD peaks for Cr,O3 to
disappear accompanied by decreasing CrO3 peaks. The reason for these facts is that Cr,O3
oxidized to form a volatile oxide of CrOj3, but substitution of aluminum into Cr,O3 might
also be possible [64]. Meanwhile, the intensity for NiO had increased with oxidation for
16 h, but no significant addition was found in 40 h. Similar phenomena had happened for
CoO but some of its XRD peaks had disappeared in 40 h. Therefore, oxidation at 1000 and
1100 °C produced external Al,Os3 at the outer part of the scale, below which a mixture of
spinel as well as NiO and CoO occurred. However, some parts of the alumina layer had
spalled exposing mixed oxides of Cr,O3, spinel, as well as NiO and CoO.
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When characterizing the areas where alumina has spalled in the sample oxidized at
1100 °C for 168 h or 7 days, as shown in Figure 15, it is seen that the outer part of the scale
consists of Cr,O3 and below it mixed oxides of iron, nickel, and cobalt. Internal oxide
of Al,O3 was found distributed under the scale in the denuded zone. During oxidation
at 1100 °C for longer periods, the formation of external layer of stable Al,O3; continued,
consuming aluminum atoms from the denuded zone. While diffusion of Al from the
substrate into interface substrate-Al,O; interface is relatively slow and made this area rich
in other elements. When Al,O3 was spalled and exposed to the air, this substrate oxidized
and formed a layer of Cr,O3 on the outer part of the new scale, under which other mixed
oxides of Fe, Ni, and Co were formed. Spinel of NiCr,O4 would be formed as the iron
can reduce the activation energy of this spinel and increasing the diffusion of Ni and Cr in
the substrate had increased the formation of this depleted aluminum spinel. Formation of
spinel and other oxides occurs by increasing the aluminum content in the substrate. The
low oxygen partial pressure in this substrate triggered the formation of Al,O3. However,
because the aluminum concentration in this substrate was below the critical concentration
for the formation of continuous Al,Oj3, further oxidation produced discrete internal oxide
of Al,O3 [9,65,66].

——0 —e—Al Cr Fe —#—Co —®—Ni

58

30 27 24 21 18 15 12 9 6 3
Distance from the surface (um)

Ko gl N K 18
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— N I I I S S S .

1 J
! 1 Y

Substrate (A2+B2) Denuded zone External oxides
Internal oxides

Figure 15. Concentration profiles of elements on a cross-section of sample oxidation at 1100 °C for
168 h in the area that scale had spalled.
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3.5. Oxidation Kinetics

Figure 16 shows the specific weight changes of the oxidized samples in mg/cm? at 900
and 1100 °C for different times in hours. Interesting results were identified for the sample
oxidized at 1000 °C which decreased the weight change from 16 to 40 h. The most possible
reason for this is that Cr,O3 further oxidized to form CrOj3. The XRD results have shown
that the peaks for Cr,Oj3 at 26 of 33.675°; 36.336°; and 54.981° for the sample oxidized at
1000 for 16 h are relatively high but decreased after 40 h. The transformation of Cr,O3
into CrO3 has reduced the oxidized sample because the density of Cr,O3 is 5.22 gr/cm?
while CrOj; is 2.40 g/cm3. Meanwhile, the weight change curve for 1100 °C is in the
position between the curves for 900 and 1000 °C. Two factors made this happen. The first
is the fact that the dominant oxide formed at 1100 °C was Al,O3. The densities of the
metastable oxides (5-y-0-0’-0""), which are in the range of 3.6-3.65 gr/cm?3, and the stable
corundum, which has a density of 3.99 gr/cm? [58], are all lower than that of Cr,O3 which
is5.22 gr/ cm?. The second factor is that the oxidation of Cr,O3 to CrO; was shown by the
diffractogram of the 46.696° plane.
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Figure 16. Fitted weight gain curves of Aly75CoCrFeNi HEA at various temperatures.

The oxidation kinetics of the Aly75CoCrFeNi alloy were defined by carrying out
fittings by power laws.

Am = ktn )

where Am is the weight gain per initial surface area in mg/cm?, t is time in hours, k the oxi-
dation rate constant, and n the time exponent. Table 2 displays the possible oxidation rates
with the corresponding rate constants obtained after fitting. Previous studies have shown
that the oxidation of AICoCrFeNi HEAs follows parabolic rate laws [65]. In summary,
the oxidation resistance of AICoCrFeNi HEAs during isothermal oxidation tests is highly
dependent on both temperature and time. It is important to note that this study focused
on gaining a fundamental understanding of oxide formation and growth mechanisms

through relatively short-term oxidation tests, rather than detailed oxidation kinetics such
as oxidation rate.
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Table 2. Oxidation rate with the corresponding rate constants at various temperatures.

Temperature (°C) Rate Constant K, n
1.038 x 1074
900 Mgt 67 /e 13334 6.667
4.841 x 1073
1000 mg3704 /cm?408 3.704
1100 1.92 x 1073 mg>571 /em”142 h 3.571

3.6. Microstructural Evolution

The volume fraction of B2 in the alloy originally in the as-homogenized sample is
48.98%, and this is slightly higher compared with the 45% that was found in the alloy
studied by Shi et al. Heating at high temperatures for various times resulted in decreasing
the volume fraction of the B2 phase, as shown in Figure 17a. Two possibilities are predicted
as the cause of this phenomenon. Firstly, the consumption of aluminum from the B2 phase
as Al-rich phase for alumina scale formation during oxidation. Secondly, it is due to the
coarsening of the B2 phase triggered by the reduction in the B2-A1 interface for decreasing
the Gibbs free energy of the alloy. While the first possibility has been supported by Lu
et al. [66], coarsening of the second phase during heating has been rigorously investigated
in many alloy systems, especially in nickel-based superalloys containing precipitates of
v'-Niz(ALTi) [67]. As B2 was basically in plate morphology, coarsening of B2 was measured
from the changing in thickness of the B2 plates. As shown in Figure 17b, the thickness
of the B2 plates increased with time. This microstructural change was accompanied by
decreasing the hardness, as shown in Figure 18.
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Figure 17. Effect of temperature and time of heating for oxidation on (a) B2 volume fraction, and
(b) average thickness of B2 at different temperatures and times.

Moreover, the microstructures shown in Figure 19 indicate the formation of a B2 de-
pletion zone underneath oxide scales due to the need for aluminum for alumina formation.
Dissolution of B2 commenced when aluminum in B2 diffused into the Al matrix and
further diffused to the matrix—alumina interface. While the depletion zone enlarged with
time, the B2 phase changed its morphology into more rounded, the process is known as
spheroidization, as also found by John et al. [68] in AlyyCoCrFeNi HEA when the alloy
was heated at 1000 °C for 1 h. This spheroidization is expected to occur together with the
coarsening process [69].
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Figure 18. Effect of temperature and time of heating for oxidation on the hardness of the substrate.

Figure 19. Changes of substrate microstructure from as homogenized and after oxidized at 900 and
1100 °C for 40 h.

4. Conclusions

High-temperature oxidation simulations were conducted on Alj 75CoCrFeNi HEA to
investigate the oxidation behavior and microstructural changes of the matrix at 900, 1000,
and 1100 °C for 2, 16, and 40 h. The SEM-EDS confirmed that the materials had microstruc-
ture typically consisting of lamellar A1 and B2 phases, as predicted by the Hume Rothery
law and valency electron concentration value. During oxidation, the B2 phase in the matrix
underwent spheroidization, resulting in a decrease in its volume fraction and a reduction
in the matrix hardness. The scales that formed on the surface of the oxidized samples
consisted of various oxides, including CoO, NiO, Cr,03, and CrO3, alumina (6-Al,O3 and
x-Al,O3), as well as Ni(Cr,Al);O4. At temperatures higher than 1000 °C for 168 h, the
Al,O5 did not cover the entire scale surface but instead formed as islands. Complex oxides
occurred on the cluster without alumina. At the lower temperature of 900 °C, the external
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scale consisted of alternating layers of alumina and chromia, underneath which complex
oxides were present.
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