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Abstract
Recently, High entropy alloys (HEAs) advanced into high-temperature applications as potential candidates by enduring 
high temperatures with high thermal stability, higher oxidation and corrosion resistances, thermal fatigue, and creep 
resistances. HEAs acquire unique characteristics called core effects of HEAs: high entropy effect, sluggish diffusion effect, 
severe lattice distortion, and cocktail effect. HEAs frequently exhibit remarkable properties because of having such unique 
core effects. Thus, the emergence of HEAs has gained significant interest in the field of materials leading to a contem-
porary point of discussion on their exciting nature and properties. The current review article intends to summarize the 
significant works on the oxidation behavior of High entropy alloys (HEAs). Also, peculiar attention has been invested in 
comprehending oxidation behavior of HEAs in the viewpoint of the crystal structure that is BCC-HEAs, FCC-HEAs and 
few case studies were compared with the conventional alloys. Current challenges and essential future directions in this 
field are also pointed out.

Keywords High entropy alloys · Oxidation behavior · High-temperature applications · Microstructure · Oxidation 
kinetics

1 Introduction

Ever since the Bronze age, alloying has been persistently 
emerging with many progressions. Recently, improv-
ing novel alloys that contain multi-elements became a 
contemporary research topic to meet the requirements 
of advanced applications that demands higher perfor-
mances. Conventional alloys consist primarily of one or 
two principal elements chosen to meet the demand of 
specific property for a specific application, while other 
alloying additions to those systems further enhance their 
properties. On the other hand, High-entropy alloys (HEAs) 
which have a new concept of alloy design that contains 
five or more principal elements where each element mixed 

in equimolar ratio or near equimolar, for instance, AlCo-
CrFeMnNi [1], and FeCrMnNiCo [2]. Though K. F. Achard 
had investigated the first multi-component system with 
five to seven principal elements in the 18th century [3], 
it took almost two centuries for the notable reception on 
the HEAs research after Yeh et al. [2] and Cantor et al. [4] 
in 2004. Later, a detailed study on non-equiatomic multi-
component materials such as  Fe40Mn40Co10Cr10 [5], have 
been widely reported.

The unique attribute of HEA that distinguishes from 
conventional alloys is, HEAs mostly comprises a sim-
ple solid solution instead of forming complex phases or 
intermetallic compounds, which is fundamentally due to 
high mixing entropies and sluggish diffusion that further 
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decreases the brittleness of the material [2, 6]. HEAs are 
credibly employed in high-temperature applications due 
to having high thermal stability, exceptional oxidation 
resistance, superior mechanical properties such as high-
temperature strength, and thermal fatigue [7–10] that 
are achieved by compositional and structural features of 
HEAs. In recent days, much attention is given to HEAs in 
various research areas due to their credible applicability in 
many applications at extreme conditions [11–15] because 
of possessing remarkable properties. Additionally, easy 
implementation of HEAs’ mass production is highly pos-
sible with existed equipment and technologies as HEAs 
do not require special processing techniques. Nearly more 
than 300 HEAs were reportedly processed with more than 
30 elements and their combinations to date [16].

Several significant works contributed to HEAs exhibiting 
excellent mechanical properties, oxidation, and corrosion 
resistances, etc. to date. Concerning high-temperature 
applications, oxidation resistance is the foremost prop-
erty to consider. The oxidation resistance of conventional 
alloys can be improved by incorporating the elements 
those form a stable and thick oxide layer on the surface of 
a material at higher temperatures; for example, Al, Si, and 
Cr can significantly improve the oxidation resistance. In 
case of HEAs, investigation of oxidation resistance was per-
formed only on selected HEAs that are CrMnFeCoNi [17], 
 CoCrFeNiAlx [18],  CoCrCuFeNiSix [19] as they often exhibit 
good oxidation resistance majorly due to having Al, Cr, and 
Si elements. Furthermore, most of the research focused on 
HEAs’ oxidation behavior as an effect of alloying addition. 
There were only limited significant works on the oxidation 
behavior of HEAs to date. Hence, the present review article 
summarizes those significant works on recent advances 
and developments in HEAs’ oxidation study, emphasizing 
phase formation, and microstructural changes after the 
oxidation test. Current challenges and critical future direc-
tions in this field are also pointed out.

2  Oxidation kinetics

Oxidation kinetics are very crucial in understanding the 
oxidation behavior of any material that can be explained 
by the power law [20], 

where mass gain per initial surface area after the oxida-
tion is given by Δm , ki is the oxidation rate constant, and 
t is exposure time. The power-law exponent, n, defines 
the type of oxidation kinetics such as linear, parabolic, 
exponential, cubic growth rates. For example, oxidation 
kinetics follows linear growth when n = 1, whereas they 

(1)Δm = kit
n,

follow parabolic kinetics when n = 0.5. The experimental 
oxidation kinetics will be determined by choosing the sat-
isfactory values of R2 (coefficient of determination) in mass 
gain per initial surface area (mg/cm2) vs. exposure time. 
The equation that governs mixed kinetics of parabolic and 
linear has been mentioned along with the corresponding 
study in the later section. The various oxidation kinetics-
laws reviewed in this article are presented as follows:

The linear kinetics are explained with the following 
equation [20]

The parabolic kinetics are explained with Eq. 3 [20]

The equation used to explain cubic oxidation kinetics 
is given as follows [19]

The exponential kinetics is given by the following equa-
tion [21]

where, kl , kp , kc , ke are oxidation rate constants of linear, 
parabolic, cubic, and exponential kinetics, respectively. 
Few studies also calculated the experimental activation 
energy for oxidation given by the Arrhenius equation, as 
mentioned in Eq. 6. The higher the activation energy, the 
greater the oxidation resistance, where higher activation 
energies are required for higher diffusion of cations/ani-
ons. The activation energy for oxidation also signifies the 
thermally activated oxidation mechanisms if they existed 
in the system. For example, few studies indicated that 
solid-state diffusion and breakaway oxidation occurs at 
lower and higher oxidation temperatures, respectively are 
thermally activated processes [20].

where, ki and Ea are oxidation rate constant and activation 
energy for oxidation, respectively. k0 is the pre-exponential 
factor, R is gas constant, and T is the oxidation test temper-
ature. The formation enthalpies are also were calculated in 
a few studies that determine the formation of favorable 
oxide scales thermodynamically and which oxide scale is 
favorable to form first. The oxide compounds with the low-
est formation enthalpy will be the first oxide scale to be 
formed on the alloy’s surface. The formation enthalpy (Hf) 
to form  XnOm oxide can be calculated by [22]

(2)Δm = klt,

(3)Δm2 = kpt + c0,

(4)Δm3 = kct + c0,

(5)Δm = keexp
(nt),

(6)ki = k0exp

(

−Ea

RT

)

,
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where, nEX
solid

 is the total energy per X atom in a solid-state 
of crystal structure, EO2 is the total energy of spin polarized 
 O2 molecule, Etot is the total energy of the system.

3  Recent updates of oxidation study in HEAs

It is very crucial to choose suitable materials that ascer-
tain mechanical and oxidation properties at higher tem-
peratures to affirm the demand for high-temperature 
applications. Recently, several high entropy alloys (HEAs) 
have been developed and commenced using at higher 
temperatures that meet the demand and performance of 
high-temperature applications. Few HEAs typically have 
enhanced oxidation resistance due to sluggish diffusion 
and because of having specific elements such as Al, Cr, and 
Si [2, 23–26]. Better oxidation resistance can be achieved 
by incorporating these elements such as Al, Cr, and Si by 
reducing oxygen diffusivity and solubility in the matrix 
and forming a denser protective oxide layer on the surface. 
This section briefly discusses the recent developments of 
oxidation study in both BCC and FCC based high entropy 
alloys. As mentioned earlier, Yeh et al. [2] and Cantor et al. 
[4] proposed the concept of HEAs in 2004, and several 
works have been carried out on HEAs latter. However, the 
oxidation behavior of HEAs is an essential topic, though a 
limited study is available till date. By considering the sig-
nificance of the oxidation study in HEAs, a few research 
groups recently focused on this topic.

3.1  BCC (Body‑centered cubic)‑HEAs

Many of the HEAs investigated for the oxidation behav-
ior among HEAs are BCC-HEAs, and most of the studied 
HEAs are Refractory HEAs (RHEAs). Most of the BCC-HEAs 
are incorporated with Al and Si addition as both act as 
a strong BCC stabilizer and forms the protective  Al2O3 
and  SiO2 layers that favors the oxidation properties. Cr 
also benefits the oxidation properties along with Al and 
Si addition, which also stabilizes BCC [27]. The following 
case studies emphasize the oxidation behavior of BCC-
HEAs with a special attention dedicated to the effect of 
alloying addition. Senkov et al. [10] reported on the iso-
thermal oxidation behavior of HEA  (Mo0.5Ta0.5TiZrNbCr) 
at 1273 K for 100 h in the presence of air. This particu-
lar HEA consists of a major BCC1 phase and two minor 
phases that are BCC1 and FCC (laves). The assigned HEA 
was prepared using a vacuum arc melting process, and 
Thermax 700 TGA unit (Cahn Instruments, Madison, WI) 
was used to study the oxidation behavior of the alloy. 

(7)Hf =

(

Etot − nEX
solid

−m
EO2

2

)

∕(n +m),
The entire experiment was carried out in a vertical fur-
nace with a 15 K/min heating rate and held for 100 h at 
1273 K, followed by furnace cooling with a cooling rate 
of approximately 10 °C/min. Weight gain was automati-
cally registered every 20 s. Continuous weight gain of 
HEA was observed during the test by holding at 1273 K. 
Before starting the experiment, the sample weight was 
measured as 1381.4 mg. However, after reaching the 
furnace’s temperature to 1273  K, the sample weight 
was increased to 1397.1 mg. Weight gain of the sample 
increased drastically with time for the first 10 h beyond 
which the weight gain increment became slow com-
pared to the first 10 h, as indicated in Fig. 4. Such type 
of behavior was described by power-law dependence, as 
shown in Eq. 1. Best fitting was observed with the time 
exponent, n = 0.6 and  k1 = 0.055 mg cm−2 s−0.6. After com-
pleting the oxidation test for 100 h, the sample weight 
was measured as 1620.7 mg. During the cooling, the 
oxide layer was separated from the samples’ surface due 
to different thermal expansion of the alloy and oxide. 
The average density of the oxide layer has been reported 
as 5.06 ± 0.46 g cm−3.

Microstructure characterization after the oxidation test 
revealed the origin of crack formation in the region of FCC 
and BCC2 phases, which has been extended to the BCC1 
phase. However, the BCC1 phase exhibited higher resist-
ance to the cracking during oxidation when compared to 
the remaining phases. Moreover, the BCC1 phase is hav-
ing larger volume expansion than the other two phases, 
leading distribution of tensile strains to other phases that 
caused cracking. Moreover, Gaussian distributions were 
also used to study the oxygen solubility of the existing 
phases using the equation, CO = A.exp

[

−(x∕r)2∕2
]

 , where 
x represents the distance from the sample surface and r 
is the standard deviation. Obtained results demonstrated 
that the diffusion rate of oxygen in the BCC1 phase was 
almost 25 times slower than in other phases (BCC2 and 
FCC phases). These results confirmed that the BCC1 phase 
has higher oxidation resistance than the other two phases. 
Another point observed during the oxidation study is that 
limited diffusion of alloying elements in HEA leads to com-
plex oxides formation. A slower diffusion rate could occur 
due to a lower concentration of free vacancies in HEAs. 
But it is quite different in the case of conventional alloys 
like Nb-based developmental alloys in which metal oxide 
layer forms due to decreasing of alloying elements con-
centration inside the metal matrix and increasing in oxy-
gen solubility ultimately suffer with internal oxidation [29, 
30]. The isothermal oxidation results of corresponding HEA 
alloy in comparison with Nb based developmental alloys 
at 1273 K were summarized in Table 1. The comparison evi-
dences the excellent oxidation resistance for HEA over Nb 
based alloys. However, two Nb-based alloys also exhibited 



Vol:.(1234567890)

Review Paper SN Applied Sciences (2021) 3:366 | https://doi.org/10.1007/s42452-021-04374-1

excellent performance where the oxidation resistance of 
HEA is similar to that of Nb-18Si-26Mo and slightly lower 
than that of Nb-12Si-15Mo alloy [10].

The effect of core effects in achieving phenomenal oxi-
dation behavior in HEAs was elucidated in BCC HEAs. The 
temperature dependence of oxidation behavior in TiZ-
rNbTa has been investigated by Wang et al. [31] by con-
sidering the effect of severe lattice distortion. Their study 
emphasized that the severe lattice distortion strongly 
affects the diffusion rate of oxygen concerning oxidation 
temperatures. According to their results, TiZrNbTa exhibits 
two distinguishable oxidation phenomena caused by two 
different elemental diffusion trends: weaker lattice distor-
tion and severe lattice distortion in TiNb-rich and TiZr-rich 
regions, the oxidation temperatures at which are between 
1073 and 1673 K, respectively. TiZr-rich regions where 
severe lattice distortion exists ascertain higher oxidation 
rates. The diffusion rate of oxygen atoms is explained by 
the dislocation pipe effect [32]. Figure 1 shows isother-
mal oxidation plots of TiZrNbTa; the oxidation rates are 
significantly different at 1273 K and above 1273 K, result-
ing from the lattice distortion change. The oxidation rates 
increase with increasing temperature above 1273 K, and 
it is vice-versa at 1073 K, as shown in Fig. 1. The oxidation 
rates follow parabolic law (Eq. 3) above 1273 K, caused by 
the homogenous and higher diffusion of oxygen atoms 
attributed to the TiZr-rich region. On the contrary, inhomo-
geneous diffusion of oxygen atoms, which leads to severe 
stress concentrations and disintegration of oxide scales 
into powders, has been evidenced at 1073 K, resulting in 
a reverse trend of the oxidation rate (Fig. 1). Their study 
proposed that the correlation between diffusion rate of 
oxygen atoms and severe lattice distortion can be affirmed 
by the degree of lattice distortion, i.e., the slower diffusion 
rates are inevitable when the degree of lattice distortion 

to generate dislocation pipe is lower than the threshold 
value.

Liu et al. [33] studied the oxidation behavior of four 
different HEAs by varying alloying additions that are 
 Al0.5CrNbMoTi (H-Ti),  Al0.5CrNbMoV (H-V),  Al0.5CrNbMoTiV 
(H-TiV), and  Al0.5CrNbMoTiVSi0.3 (H-TiVSi0.3) at 1573 K in air. 
In this study, H-Ti, H-V, and H-TiV samples consist of single 
BCC phase whereas H-TiVSi0.3 alloy composed with single 
BCC phase and (Nb,Ti)5Si3 compound phase. Oxidation test 
was carried out for 20 h at 1573 K, and weight gain was 
recorded every 5 h for each specimen. Overall, oxidation 
kinetics of all the samples asserted a linear relationship 
(Eq. 2) between weight gain and time. The primary focus 
of this work is to determine the effect of alloying elements 
on the oxidation behavior of HEAs, and the investigated 

Table 1  comparison of 
weight gain per unit surface 
area (in mg/cm2) between 
 Mo0.5Ta0.5TiZrNbCr [10] and 
Nb-based alloys [28, 29] during 
isothermal holding at 1273 K 
in air

Alloy ̸ time 1 h 2 h 4 h 24 h 100 h References

Mo0.5Ta0.5TiZrNbCr (HEA) 10 15 22 50 119 [10]
Nb 159 300 – – – [28]
Nb-10Si 37 – – – – [28]
Nb-10.1Si 45 90 170 – – [29]
Nb-17.3Al 23 43 65 – – [29]
Nb-5Si-9Al 90 160 275 – – [29]
Nb-7Si-9Al 69 145 275 – – [29]
Nb-8Si-9Al-10Ti – – – 182 338 [29]
Nb-10Si-9Al-10Ti – – – 95 291 [29]
Nb-6Si-11Al-15Ti – – – 51 167 [29]
Nb-8Si-11Al-15Ti – – – 51 153 [29]
Nb-12Si-15Mo 1.3 1.4 4.0 15 – [28]
Nb-13Si-4Mo 48 105 166 – – [28]
Nb-18Si-26Mo 9.7 13.8 19.5 45 – [28]
Nb-19Si-5Mo 26 53 106 – – [28]

Fig. 1  Isothermal oxidation curves of TiZrNbTa HEA in the tempera-
ture range between 1073 and 1673 K [31]
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results demonstrated that the addition of Si and Ti stimu-
lates a drastic increase in oxidation resistance of the HEAs 
while it is vice-versa with V addition as indicated in Fig. 2. 
A few observations were highlighted after incorporation 
of vanadium as follows: (i) initially, oxides of H-Ti are com-
pacted with very little porosity as shown in Fig. 3a, but 
the introduction of V to the alloy led to harmful nature by 
exceptional increase in porosity, as shown in Fig. 3b, c, e, 
f. Increase in porosity encouraged more inward diffusion 
of oxygen at the interface between oxide and metal. (ii) 
Large sized pores were observed in the microstructure of 
H-V (Fig. 3b) and H-TiV (Fig. 3c), where the oxide scales are 
 CrNbO4 and  VOx in H-V alloy (Fig. 3b) and  VOx has been 
observed in the vicinity of the pores in both the cases. 
These Pores became larger owing to fusion or volatiliza-
tion of the  V2O5 due to its low melting point. Thus, the 
oxidation rates will be increased in H-V and H-TiV alloys 
as there will be a higher chance for higher oxygen diffu-
sion towards the metal-oxide interface. Therefore,  VOx 
formation resulted in the evolution of large-sized pores 
in oxide layers of H-V and H-TiV alloys, which further led 
to the higher oxidation rates in both the alloys as shown 
in Fig. 3e, f, respectively. Similarly, the effect of Si and Ti 
on the HEAs were discussed as follows: (i) in the case of 
H-TiVSi0.3, the oxide layer neither consists of  VOx nor larger 
pores, as shown in Fig. 3d. This accounts the enhanced 
oxidation resistance after introducing Si element in HEAs, 
which inhibits the formation of harmful  VOx (ii) Nb and 
 Ti5Si3 compound phase can act as a physical diffusion-bar-
rier for inward and outward diffusions of oxygen and metal 
ions, respectively in the H-TiVSi0.3 alloy, leading to better 
oxidation resistance. (iii)  Al2O3 oxide layer formation was 
noticed in all the HEAs. However, a more uniformed and 
compacted  Al2O3 oxide layer formation was observed in 
case of H-TiVSi0.3 that acts as a protective layer for further 

inward oxygen diffusion. However, there was no signifi-
cant effect observed with Ti addition on the alloy’s oxida-
tion property although the surface consisted of  CrNbO4, 
(TiCrNbV)O2. The significant effect of Ti on solid solubility 
and oxygen diffusivity in conventional alloys was reported 
earlier [34–36].

In another study, Gorr et  al. [26] studied the effect 
of Si addition on the oxidation properties of HEAs 
 (NbMoAlCrTiSix) at 1173 K, 1273 K, and 1373 K for 48 h. 
The HEAs are composed of a single BCC phase along with 
other minor phases like  Cr2Nb. Samples were prepared via 
arc-melting in ~ 0.6 atmosphere of Ar. Oxidation tests were 
performed on NbMoAlCrTi and  NbMoAlCrTiSix at the same 
temperatures and time intervals. However, NbMoAlCrTi 
alloy obeyed the liner oxidation kinetics (Eq. 2) at 1173 
and 1273 K. The oxidation rate is more at 1273 K due to the 
formation of non-protective oxide scales, while oxidation 
kinetics at 1373 K exhibited a lower oxidation rate com-
pared to 1273 K after 48 h of exposure time. These results 
demonstrated that the formed oxide layer at 1373 K is par-
tially protective after a longer oxidation time. However, 
 NbMoAlCrTiSix alloy obeyed the liner oxidation kinetics 
(Eq. 2) at 1173 K, and parabolic law (Eq. 3) at 1273 K and 
1373 K up to 30 h and beyond that changed to linear rate 
law. From their results, it was identified that the Si addi-
tion can show some advantages on the oxidation property 
of NbMoAlCrTi. According to earlier literature, there are 
two credible factors demonstrated with the Si addition 
as follows: (i) Si can form the protective silica layer at the 
interface between the substrate and oxide resulting in 
the reduced inward diffusion of oxygen. (ii)  SiO2 can act 
as nucleation sites for forming a homogenous protective 
oxide scale, which abates the inward and outward diffu-
sions of oxygen and metal cations, respectively that aids in 
achieving better resistance towards oxidation. The mecha-
nisms are same in this HEA as Si addition accounted for 
the enhanced oxidation resistance.  NbMoAlCrTiSix alloy 
evidenced lower mass gain at 1273 K and 1373 K over 
NbMoAlCrTi, which affirms the better oxidation resistance 
in HEA with Si. Nevertheless, the weight gain values, and 
oxidation resistance are similar in case at 1173 K for both 
the alloys, as shown in Fig. 4. Oxidation resistance has been 
enhanced with Si content that caused by forming continu-
ous protective oxide layers of  Cr2O3 and  Al2O3 by increas-
ing elemental activities of Cr and Al that rendered higher 
driving force to form such layers [37–39]. In contrast, HEA 
without Si addition evidenced the oxide layers that are 
porous, thick, and non-protective at 1173 K. However, the 
formation of partially protective oxide layers of Cr rich and 
Al-rich were occurred at higher temperatures of 1273 K 
and 1373 K, respectively. Gorr et al. [40] also studied the 
oxidation behavior of equimolar MoWAlCrTi at 1273 K for 
40 h. This HEA alloy was prepared by arc-melting in ~ 0.6 

Fig. 2  The isothermal oxidation curves of  Al0.5CrNbMoTiVSi HEAs at 
1573 K, emphasizing the effects of Ti, Si, and V addition [33]
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atmosphere of argon, as shown in Fig. 4. Oxidation kinet-
ics of corresponding HEA followed the parabolic rate law 
(Eq. 3), demonstrating the growth of oxide layer by the 
solid-state diffusion. Positive values and the positive slope 
of the graph indicating the reduction in evaporation of 
volatile W and Mo oxides during the oxidation tests or 
completely hindered by the oxide scale formed on the 
substrate’s surface. It proposes that the catastrophic oxi-
dation by internal oxidation was not observed in the HEA. 
However, the oxidation rate is still significantly high in the 
alloy but the formation of homogenous protective oxide 
layers of  Al2O3 or  Cr2O3 are expected to form on the sub-
strate by replacing the Ti with Nb in HEA, where the oxida-
tion resistance exceptionally enhanced by the addition of 

Nb and avoiding Ti that promotes the formation of non-
protective and porous  TiO2 layer. Unlike HEAs,  Al2O3 is not 
a protective layer in case of conventional alloys such as 
TiAl, where the formed oxide scales were combination of 
Ti and Al that are mainly porous, thick, and non-protective 
[41].

The oxidation behavior investigation was continued 
on the RHEAs in the most recent studies as well. Zhang 
et al. [42] studied the oxidation behavior of NbZrTiCrAl at 
temperatures of 1073 K, 1273 K, and 1473 K up to 50 h 
in air. HEAs were prepared by vacuum arc melting under 
pure Ar atm that has mostly BCC phase along with mini-
mal fractions of  Al2Zr and  Nb2Al precipitates. BCC phase 
was occupied mainly by the microstructures of dendritic, 

Fig. 3  BSE images of oxide 
scales formed on the surfaces 
of HEAs at 1573 K for 10 h. 
evidencing a  Al0.5CrNbMoTi 
(H-Ti), b  Al0.5CrNbMoV (H-V), 
c  Al0.5CrNbMoTiV (H-TiV), 
d  Al0.5CrNbMoTiVSi0.3 
(H-TiVSi0.3), and large sized 
pores in the oxide layers of 
HEAs e  Al0.5CrNbMoV (H-V), f 
 Al0.5CrNbMoTiV (H-TiV) [33]
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which has Nb, Ti elements and inter-dendritic with Al, 
Cr, Zr. Oxidation kinetics followed parabolic rate law 
(Eq. 3) at 1073 and 1273 K and linear kinetics at 1473 K. 
The oxidation resistance decreased as the temperature 
increases, and oxidation rate constants followed vice 
versa. The oxide scale was denser and continuous after 
50 h at 1073 K. In contrast, oxidation scales are adherent 
to the substrate up to 25 h and cracking and spallation 
occurred after 25 h at the higher temperatures of 1273 
and 1473 K. Mass gain was gradually increased throughout 
oxidation tests up to 50 h. Mass gain initially followed slow 
growth up to 25 h and changed to fast reaction growth 
between 25 and 50 h at 1273 K as shown in Fig. 4. On the 
contrary, mass gain drastically increased from the start-
ing at 1473 K due to cracking and spallation. However, 
similar oxide scales were formed in all three cases that 
are  TiO2,  CrNbO4,  ZrO2,  Al2O3, and  ZrNb2O7. The oxida-
tion mechanism of the NbZrTiCrAl-RHEA was compared 
with other RHEAs: the reported oxidation mechanism in 
NbTiZrV and NbTiZrCr is internal oxidation at higher tem-
peratures. It was demonstrated that Ti, Nb, Zr elements 
have a higher affinity to oxygen at elevated temperatures 
in RHEAs that diminishes the protective layer’s formation, 
such as  Al2O3 and  Cr2O3. The favorable oxide formation 
in NbZrTiCrAl-HEAs based on the Gibbs free energies of 
simple oxides’ formation (Eq. 7) in ascending order as fol-
lows:  Cr2O3 > Nb2O5 > TiO2 > Al2O3 > ZrO2. Aforementioned 
simple oxides at the initial stages of oxidation reacted with 
complex oxides such as  ZrNb2O7 and  CrNbO4 that corre-
spond to the denser and continuous oxidation scales at 
all three temperatures. Still, the oxide scales have higher 
porosity at 1473 K though thicker and continuous layers 
formed.

Recent work on MoTaTiCrAl RHEAs proposed the 
enhanced oxidation resistance after removing Al addition. 
Li et al. [43] investigated the oxidation behavior of MoTaT-
iCrAl-based HEAs over a range of temperatures between 
773 and 1273 K for 10 h exposure in the air. MoTaTi, MoTa-
TiAl, MoTaTiCr, and MoTaTiCrAl HEAs were prepared by 
arc melting under Ar atm. MoTaTi alloy initially showed 
better oxidation resistance at temperatures below 1273 K, 
but the alloy underwent severe oxidation with the drastic 
increase in mass gain at 1273 K, as shown in Fig. 4. All the 
other three alloys exhibited better oxidation resistance at 
1273 K compared to that of MoTaTi alloy, as shown in Fig. 4. 
After Cr addition, i.e., in MoTaTiCr alloy, the mass gain ini-
tially increased slowly for the first one hour of the expo-
sure, beyond which it reached a plateau throughout up to 
10 h (Fig. 4). A similar trend of oxidation behavior as MoT-
aTiCr was also observed in Al added alloy, i.e., MoTaTiAl. 
However, the oxidation resistance of Cr added alloy was 
better than Al added HEA (Fig. 4). The oxidation resistance 
of the three alloys in descending order as follows: MoT-
aTiCr > MoTaTiAl > MoTaTiAlCr > MoTaTi as shown in Fig. 4. 
The oxidation resistance of the HEA after simultaneous 
addition of both the Al and Cr was better than MoTaTi and 
MoTaTiAl alloys but poor than MoTaTiCr alloy (Fig. 4). The 
poorest oxidation resistance in MoTaTi can also be affirmed 
by the oxide scales formed on the surface that are  TiO2 and 
 MoTiTa8O25, which are non-uniform, porous, and non-pro-
tective scales. The porosity was created by the evaporation 
of volatile Mo-based oxides as the temperature increases 
in the MoTaTi alloy.  Al2O3 layer was formed along with the 
two above mentioned oxide scales in MoTaTiAl alloy due 
to which oxidation resistance was increased compared to 
MoTaTi alloy. However, the oxide layers in MoTaTiAl alloy 
also contained more porosity in the scales enriched with 

Fig. 4  Isothermal oxidation 
plots of mass gain vs. exposure 
time in the major classes of 
BCC-HEAs; two plots indicated 
by red arrows belongs to Bot-
tom X, Left Y-axes
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Al and the interface between oxidized and non-oxidized 
regions enriched with Ti. The addition of Al failed to form 
the uniform and continuous layer that correlated to the 
poor oxidation resistance than MoTaTiCr. The addition of 
Cr in MoTaTiCr alloy formed the continuous, dense  CrTaO4 
layer that acted as a diffusion barrier for inward and out-
ward diffusion of oxygen and metal cations, respectively, 
that accounted for the best oxidation resistance in MoT-
aTiCr among all the alloys. Despite forming the CrTaO4 
layer in MoTaTiAlCr alloy, the discontinuous formation of 
non-protective  TiO2 and  Al2O3 layers failed to prevent fur-
ther oxygen diffusion. Thus, the study proposed that the 
MoTaTiCr-based HEAs exhibit better oxidation resistance 
for high-temperature applications by removing Al addi-
tion. A few more oxidation studies on similar BCC-HEAs 
are summarized in Table 2.

3.2  Face‑centered cubic HEAs (FCC‑HEAs)

In comparison with BCC-HEAs, there are fewer studies 
that investigated the oxidation behavior of FCC-HEAs. 
This review paper suggests that there is a great necessity 
to extend the investigation of oxidation behavior in FCC-
HEAs. In a few cases, as-cast BCC was transformed into 
FCC after heating the alloys to elevated temperatures for 
oxidation studies. In many studies, the FCC-HEAs were 
compared with the conventional FCC alloys. As similar to 
that of BCC-HEAs, the protective Al, Cr based oxides along 
with Fe oxide are essential to yield better oxidation resist-
ance and Ni, Co act as FCC stabilizers [27]. Liu et al. [18] 
reported the oxidation properties of HEAs by varying Al 
concentrations in AlCoCrFeNi HEA  (AlxCoCrFeNi (x = 0.15, 
0.4)) in supercritical water. They compared the HEAs out-
come with HR3C steel. The HEAs with FCC solid solution 
used in this study were prepared using vacuum induction 
smelting and casting methods. The oxidation tests of all 
the specimens were performed at 823 K and 873 K for 70 h 
in supercritical water. Spinel type oxides were detected 
on the oxide layer formed on the samples’ surface after 
the oxidation test, where  Al0.15 and HR3C contain a dou-
ble spinel layer of  FeCr2O4 and  Fe3O4 as inner and outer 
layers, respectively. In contrast,  Al0.4 only consisted of a 
single spinel layer, i.e.,  FeCr2O4. Moreover, the oxide layer 
formed on the surface of HEAs  (AlxCoCrFeNi (x = 0.15, 0.4)) 
was much thinner than the oxide layer formed on HR3C 
steel. The comparison affirms that HEAs acquire higher 
oxidation resistance over HR3C steel. The augmented oxi-
dation resistance in HEAs, especially,  AlxCoCrFeNi is caused 
by the sluggish diffusion effect of HEAs and the formation 
of duplex oxide structure that consists of Cr rich inner layer 
and Fe rich outer layer. Though HR3C steel also consists of 
a duplex oxide layer, only the inner layer persists better 
oxidation resistance, and the outer layer is poorer to resist 

the oxidation, which is dissimilar from HEA with  Al0.15 [18]. 
It has been widely reported fact that the presence of Cr 
and Al enhances the oxidation resistance of the HEAs as 
Al increases the lattice distortion in the alloy’s lattice struc-
ture that results in preventing the atomic movement and 
elemental diffusion rate [54–57]. On the other hand, the 
existence of Cr contributes to the formation of Cr-Fe mixed 
oxide film that further refrains the formation of a strong Fe 
oxide layer on the surface of HEAs, which results in a lower 
oxidation rate [18].

Chen et al. [58] also investigated the oxidation behav-
ior of the same HEA, AlCrCoFeNi, with 0.6 wt% Al and Si 
addition. The study compared the oxidation behaviors of 
 Al0.6CrCoFeNi and  Al0.6CrCoFeNiSi0.3 (HEA-Si) at oxidation 
temperatures of 1073 K, 1173 K, and 1273 K under ambient 
air in a furnace up to 100 h. The initial as-cast specimens 
have an FCC + BCC crystal structure, but the specimens 
have only FCC structure after the oxidation tests. The dis-
solution of the BCC phase is accounted due to the meta-
stable nature of BCC in as-cast conditions. Also, the trans-
formation of BCC to FCC after oxidation is credibly due to 
preferential oxidation of the BCC phase. The formation of 
 Al2O3 and AlN (Aluminum Nitride) depletes the matrix in 
Al that destabilizes the BCC. BCC phase has been disap-
peared after the oxidation at all the temperatures in HEA 
without Si and beyond 1073 K in HEA-Si. However, HEA-Si 
after oxidation at 1073 K still contains a small amount of 
BCC, which is due to the formation of Silicide precipitation 
on the surface of the alloys and weakening of  Al2O3 scale, 
which demonstrates the effect of Si addition is stronger 
on the oxidation kinetics at 1073 K over HEA without Si 
compared to other temperatures. In all the conditions of 
both the alloys, an Al depleted zone was found due to the 
formation of AlN exempting HEA-Si at 1073 K, and local 
spallation of oxide layers occurred at the depleted zones. 
 Al2O3,  Cr2O3, and (Ni, Co, Fe)  Cr2O4 spinel oxide scales 
were found in all the cases except additional  Cr15Co9Si6 
were detected in the case of HEA-Si at 1073 K. Oxidation 
kinetics followed linear growth law (Eq. 2) at 1073 K in 
both the HEA without Si and HEA-Si alloys below 100 h 
oxidation times due to thin non-protective layers. It was 
expected that both the alloys would follow parabolic rate 
law (Eq. 3) beyond 100 h oxidation times by the forma-
tion of denser protective layers at 1073 K. In contrast, 
both the alloys followed parabolic growth law at 1173 K, 
as shown in Fig. 5 whereas they followed parabolic rate 
law and linear growth law in HEA without Si and HEA-Si, 
respectively at 1273 K. Summarily, the study suggested 
that  Al0.6CrCoFeNiSi0.3 alloy is suitable for applications up 
to 1073 K while  Al0.6CrCoFeNi is not suitable for the high-
temperature applications [58].

Recently, Shaik et  al. [19] studied the effect of Si 
concentration on the oxidation behavior of HEAs 
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 (CoCrCuFeNiSix(x=0,0.3,0.6,0.9)) and reported some impor-
tant points on the oxidation behavior of HEAs, emphasiz-
ing the effect of Si. HEAs were processed by the powder 
metallurgy route i.e., high energy ball milling for 10 min 
followed by spark plasma sintering at 1273 K for 5 min 
by applying uniform load of 60 MPa. HEAs were oxidized 
at Room temperature, 873 K, 973 K, and 1073 K for 30 h. 
According to their study, Si content in HEA increased the 
oxidation resistance of HEA up to the addition of 0.6% Si 
concentration beyond which oxidation resistance of the 
alloy decreased, as shown in the isothermal plot (mass 
gain vs. time) of HEAs at different temperatures (Fig. 5). 
The oxidation resistance of the investigated HEAs is as 
follows:  HEA0.6Si > HEA0.3Si > HEA0.9Si > HEA(Si-free), as 
shown in Fig. 5. In their study, oxidation kinetics followed 
cubic law (Eq. 4). From Fig. 5, it was observed that the 
oxidation rate initially decreased with Si content at any 
tested temperature up to 0.6%, latter it increased with Si 
content in the HEAs investigated. The following reasons 
can attribute such a change in the trend. 1) F1, F2, and 
σ phases were detected after the spark plasma sinter-
ing process, among which the F2 phase is enriched with 
Cu content by which, F2 phase has been considered as 
highly prone to oxidization of CuO oxide. The amount of 
F2 phase fraction decreased with the addition of Si con-
tent due to which oxidation prone phase decreased that 
further reduced the oxidation rate in HEAs. 3) Concentra-
tion of sigma phase and lattice distortion increased with 
Si content, which helped in decreasing the oxidation rate 
in HEAs. However, the oxidation rate increased beyond 
0.6% Si content, which was promoted by the increment 
in porosity with higher Si concentrations. Additionally, 
activation energies for oxidation were also calculated 
using Arrhenius equation (Eq.  6) in all the HEAs. The 
HEA without Si addition evidenced the lowest activa-
tion energy that indicates the higher diffusion of oxygen 
into the substrate, which also affirms the lowest oxida-
tion resistance in HEA without Si. Among HEAs with Si 
addition,  HEA0.9Si has the lowest activation energy and 
thus, lowest oxidation resistance compared to  HEA0.3Si 
and  HEA0.6Si.  HEA0.6Si demonstrated the highest activa-
tion energy for oxidation caused by the decrement in 
volume fraction of F2 phase.

In another study, the oxidation behavior of equimolar 
CoCrFeMnNi-HEA, a single solid solution of FCC, was inves-
tigated in the temperature range between 873 and 1173 K 
in laboratory air for 100 h [59]. The oxidation kinetics in 
this study are in good agreement with linear rate law at 
initial oxidation times followed by parabolic rate law as the 
oxidation time increases. Hence, the study used the gen-
eral parabolic equation (Eq. 8) that constitutes both linear 
and parabolic terms to evaluate the oxidation kinetics. The 
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Eq. 8 comprises of the parabolic rate constant, and the lin-
ear rate constant is defined by the ratio of kp∕k2.

Among both the linear and parabolic regions, the linear 
region at lower oxidation times denotes a non-protective 
oxide layer, whereas, at higher oxidation times, the oxide 
layer becomes protective, which is presented by the para-
bolic term in Eq. 8 that constitutes of thermal diffusion 
as a rate-limiting process. Oxidation resistance decreased 
as the temperature increased, as shown in Fig. 5. This 
study emphasized the effect of temperature on the for-
mation of different types of Cr and Mn-based oxides on 
the surface of HEAs. The formation oxide scales at differ-
ent temperatures is as follows: α-Mn2O3 along with a thin 
 Cr2O3 scale at 873 K, while it is  Mn3O4 at 1173 K. Thin  Cr2O3 
was diminished as the oxidation temperatures increases, 
which is different from 873 K. At higher temperatures, the 
HEA substrate is depleted in Mn due to the formation of 
denser oxide scales by transforming α-Mn2O3 to  Mn3O4. 
Their study suggested that the formation of pores near 
oxide interfaces due to the depletion of Mn, Cr causes a 
significant difference to the diffusion paths that further 
alter the oxidation resistance of the HEAs [59]. The study 
also compared the isothermal oxidation behavior of HEA 
with Mn-rich conventional alloys to emphasize the effect 
of Mn. The outer thick Mn layer formed by the faster dif-
fusion of Mn in FeMnAl alloys [60–63],which is two folds 
faster than Cr diffusion in Fe–Cr based alloys [64–68]. The 
faster diffusion of Mn over Cr in Mn-rich alloys is similar to 
that of HEA. Also, various studies have been reported that 
higher Mn concentrations exhibit detrimental oxidation 

(8)
(

ΔW

A

)2

+ k2
ΔW

A
= kpt,

behavior over a wide range of Cr concentrations as a result 
of the oxide scale spallation [60, 65, 66]. The depletion of 
Mn by forming a thick Mn oxide layer in austenitic SS steel 
destabilizes the FCC austenite that further consequences 
in forming the BCC ferrite layer below the oxide scales [67, 
68]. On the contrary, selective removal of Mn in CoCrF-
eMnNi-HEA cannot destabilize the FCC structure as occurs 
in other conventional FCC alloys due to equimolar compo-
sitional elements in CoCrFeMnNi-HEA, which are all FCC at 
room temperature.

A similar study has been investigated on the CrMn-
FeCoNi-HEA to determine oxidation behavior at 1173 K, 
1273 K, and 1373 K for 24 h under 79%  N2 and 29%  O2 atm 
[17]. Valence Electron Concentration (VEC) values ascertain 
the crystal structure of the HEA to be FCC or BCC. Only the 
BCC phase will have existed when the VEC is less than 6.87, 
the VEC to yield FCC structure is ≥ 8.0, whereas it is ≥ 6.87 
and < 8.0 would result in FCC + BCC structure. The calcu-
lated VEC, atomic size difference (δ), and Ω are ≈ 8, < 4%, 
and ≈ 7.4, respectively in CrMnFeCoNi alloy. Ω is defined 
as Ω = Tm.ΔSmix∕Hmix , where Tm,ΔSmix ,Hmix are melting 
point, mixing entropy, and mixing enthalpies of the alloy, 
respectively. Thus, CrMnFeCoNi in this study has a random 
FCC solid solution. The oxidation behavior results deter-
mined that oxidation kinetics followed parabolic growth 
law (Eq. 3) at all three temperatures where the parabolic 
rate constant, kp, increased with increasing oxidation tem-
perature. The oxidation resistance of the HEA decreased as 
temperature increases that resulted by the rise in weight 
gain with an increase in oxidation temperature as shown in 
Fig. 5. The oxidation behavior of HEA was compared with 
SUS 405 SS steel [69]. CrMnFeCoNi HEA exhibited superior 
oxidation resistance over SUS 405 SS steel at 1273 K. Nev-
ertheless, SUS 405 SS steel outperformed HEA’s oxidation 

Fig. 5  Isothermal oxidation 
plots of mass gain vs. exposure 
time in the major classes of 
FCC-HEAs; plots indicated by 
red arrows belongs to Top X, 
Right Y-axes
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behavior at lower oxidation temperatures that proposes 
that CrMnFeCoNi alloy is suitable for high-temperature 
applications over SUS 405 SS steel. HEA experiences spal-
lation, kirkendall pores, atom concentration changes, and 
transformation of  Mn2O3 to  Mn3O4 abates the better oxida-
tion resistance at higher temperatures. The microstructural 
characterization revealed that the oxide scales at 1173 K 
are  Mn2O3 and  Cr2O3, whereas they are  Cr2O3 and (Mn, 
Cr)3O4. Preferential oxidation took place at some places, 
as shown in Fig. 6a at 1173 K, due to internal diffusion of 
metal cations or faster oxygen diffusion via grain bounda-
ries. The oxide scale of spinel was noticed at 1173 K, as 
shown in Fig. 6b. Much more fast oxide growth was clearly 
observed at 1273 K along the grain boundaries, as shown 
in Fig. 6c. Cracks in oxide layer and spallation were identi-
fied at 1273 K, as shown in Fig. 6d instead of spinel oxide 
layers those observed at 1173 K. At 1373 K, the formed oxi-
dation layers were thicker and denser by which the grain 
boundaries are not distinguishable as shown in Fig. 6e, 
and non-uniform, thicker, and non-spinel-based layer 
was detected at 1373 K as shown in Fig. 6f. In CrMnFeCoNi 
HEA, the oxidation behavior was strongly influenced by 
the existence of Mn and Cr oxides, also by the spallation 
of Mn and Cr oxides at higher temperatures. The study 
emphasized that grain boundaries are the weakest and 
nucleation sites to promote the oxidation, further lower-
ing the oxidation resistance at higher temperatures [17].

Recent studies on the oxidation behavior of FCC-HEAs 
focused on heavy concentrated HEAs in which one of the 
multi-component elements will be in high concentra-
tion. Kai et al. [70] investigated the oxidation behavior 
of  Ni2FeCoCrAlx(x = 0, 0.5, 1) in the temperature range 
between 873 and 1173 K up to 48 h in dry air. The HEAs 
with Al-free and low Al concentrations have a single FCC 
structure, while the HEA with the highest Al content has 
FCC + BCC phase because Al acts as a strong BCC stabi-
lizer. The microstructural characterization affirmed that the 
FCC phase is enriched in Fe, Co, Cr while the BCC phase 
is enriched in Ni and Al. Oxidation resistance increased 
as the oxidation temperature lowers from 1173 to 873 K, 
while Al-free  Ni2FeCoCr HEA evidenced poor oxidation 
resistance among the three HEAs investigated. The oxida-
tion resistance of the HEAs in ascending order as follows: 
 Ni2FeCoCr < Ni2FeCoCrAl0.5 < Ni2FeCoCrAl (Fig. 7a) that is 
the alloy with FCC + BCC phase ascribed better oxidation 
resistance that was explained by the oxidation kinetics and 
the scales formed on the surfaces of the HEAs. Increas-
ing Al concentration increased the lattice distortion in the 
matrix and formed the protective  Al2O3 layer that conse-
quences in better oxidation resistance. Oxidation kinetics 
at 873 K is too slow to be determined up to 48 h as the 
nucleation and growth of oxides were much longer than 
the exposure. The oxidation kinetics followed parabolic 

growth law at temperatures greater than or equal to 973 K 
in the three alloys. However, the parabolic growth law per-
sisted throughout at 973 K, whereas it followed multiple-
stage growth at higher temperatures (1073 K and 1173 K). 
Two-stage and three-stage kinetics were observed in Al-
free HEA and HEA with Al, respectively, where the solid-
state diffusion is the rate-determining step in both the 
cases. Two-stage kinetics comprised of slow initial growth 
stage and fast-reaction stage, while three-stage kinetics 
has an extended stage of steady-state growth region [70].

Oxidation rate constants were calculated in the tem-
perature range between 973 and 1173 K; the effect of Al 
on the oxidation rate constants also was investigated. In 
Al-free  Ni2FeCoCr HEA, the oxidation rate constants in the 
initial slow growth rate remained nearly constant while 
decreasing in the fast-reaction stage as temperature 
increases. In the two alloys with Al content, oxidation rate 
constants were reduced with increasing temperature in 
the initial slow growth stage. In contrast, the oxidation 
rate constants increased with increasing temperature in 
the steady-state growth stage. Nevertheless, oxidation rate 
constants decreased with increasing the temperature, as 
shown in Fig. 7b, which suggests better oxidation resist-
ance with increasing Al content. The oxidation scales in all 
the conditions exempting 873 K are revealed to be in good 
cohesion with the substrate along with numerous pores in 
the scales. The oxide scales in Al-free HEA and HEA with Al 
are  Cr2O3 and  Al2O3, respectively at 873 K. A non-uniform 
and granular  Al2O3 was observed at 973 K for HEAs with Al 
content while it is the combination of  FeCr2O4 and  NiCo2O4 
as an outer layer and  Cr2O3 as an inner layer at 1073 and 
1173 K. The outward diffusion of metal cations and inward 
diffusion of oxygen atoms attribute to the oxidation 
behavior of the alloys, where the diffusion of cations/ani-
ons increased with increasing the oxidation temperature 
that deteriorated the oxidation behavior at higher temper-
atures. The study also discussed the diffusivity of Al in two 
HEAs with Al. The FCC + BCC dual-phase matrix was also 
prevailed despite the formation of Al scale in  Ni2FeCoCrAl 
HEA by the simultaneous oxidation of the BCC phase (Al-
rich) FCC phase depleted with Al content. Although the 
two HEAs with Al content have a low concentration of Al, 
the continuous and uniform Al oxide scale was formed 
on the surface of both the HEAs that indicates that the 
diffusivity of Al is much higher than other elements in 
 Ni2FeCoCrAl HEA [70]. The results of Holcomb et al. [71] 
also featured the importance of Cr addition to improving 
the oxidation resistance of CoCrFeMnNi HEAs. A total of 8 
CoCrFeMnNi-based HEAs by varying Cr, Mn compositions 
were investigated for oxidation behavior at 923 K and 
1023 K up to 1100 h in laboratory air. The oxidation behav-
ior of HEAs has been compared with 304H stainless steel 
and 230 Ni superalloy. Higher diffusion coefficients and 
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lower activation energies in conventional FCC alloys are 
reported than in CoCrFeMnNi, which is FCC solid solution. 
In this study, only one HEA (HEA-1) with higher Cr content 
and slight additions of Al, Mn exhibited higher activa-
tion energies than conventional 304H SS steel and 230 Ni 
superalloy at 923 K. However, higher activation energies 
were reported in 304H SS steel and 230 Ni superalloy over 
HEA-1 at 1023 K. Their study emphasized the effect of Cr 
on the oxidation behavior of HEAs and conventional FCC 
alloys. The Cr concentration in 230 Ni superalloy is similar 
to that of HEA-1, which is the primary reason for better or 

similar oxidation behavior exhibited by 230 Ni superalloy 
to that of HEA-1. In the other investigated 7 HEAs, the Cr 
concentration is lower than that of 230 Ni superalloy and 
HEA-1 along with higher Mn concentrations. HEAs were 
reported to perform poor oxidation behavior over 304H SS 
steel despite having high Cr, Ni contents, and sluggish dif-
fusion effect. Their study acknowledged the reduction in 
diffusion rate by the early formation of a thin Cr oxide layer 
due to the addition of Cr in HEAs. They also suggested that 
the outer layer of Mn-based oxide also improves the oxida-
tion properties of HEAs exclusively in the alloys with lower 

Fig. 6  Oxidation scales after 
oxidation tests at different 
temperatures for 24 h in CrM-
nFeCoNi HEA. a, b 1173 K, c, d 
1273 K, e, f 1373 K [17]
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Mn concentration. Higher Mn concentrations have a detri-
mental effect on the oxidation behavior of both FCC-based 
HEAs and conventional FCC alloys due to the formation of 
a thicker Mn-Spinel oxide scale that significantly enhances 
outward diffusion of metal cations [72]. Few other signifi-
cant oxidation studies on similar HEAs are presented in 
Table 3.

4  Few extended miscellaneous works

On the other hand, few studies on HEAs were also focused 
on HEAs as binders and coating materials to improve the 
oxidation resistance of materials. Zhu et al. [81, 82] syn-
thesized dense Ti(C,N) cermets by using Ni/Co bimetallic 
(conventional) and HEA (AlCoCrFeNi) binders. Their results 
observed that the cermet synthesized with a HEA binder 
exhibits appreciable oxidation resistance over the conven-
tional Ni/Co binder. The poor oxidation resistance associ-
ated with cermet using a conventional binder is due to 
inward oxygen diffusion through micro-cracks and pores 
formed in the oxide scales, as shown in Fig. 8a. The exist-
ence of micro-cracks, voids, and pores is much apparent 
in the enlarged view of the intermediate reaction layer, 
as shown in Fig. 8c. The cermet with conventional binder 
contains less protective oxide layers such as inner  TiO2, 
 Ti3O5,  NiMoO4, Outer  CoNiO2, and  NiTiO3 intermediate lay-
ers. Ti-based oxides and a mixture of (Co, Ni) oxides are vis-
ible as grey white and bright white scales in Fig. 8c. On the 
other hand, Cermet with HEA binder consisted of dense, 
stable, compact, and adherent oxide scales that are an 
external layer of FeO, CoO,  WO3, an intermediate layer of 
 NiWO4,  Cr2WO6, and an inner layer of  TiO2 along with small 

amounts of  TiMoO5, and  AlTiO2. The formation of dense 
microstructure was evidenced in cermet with HEA binder, 
as shown in Figs. 8b, d, which apparently continues higher 
oxidation resistance.

HEAs were also used in coating technology more than a 
decade ago. Huang et al. [54] synthesized two of the HEAs 
coating:  AlCrFeMo0.5NiSiTi and  AlCoCrFeMo0.5NiSiTi, on the 
alumina substrate using a plasma spraying process, and 
the thickness of the coating layer is 160 microns. The oxi-
dation test was performed on the corresponding coated 
alumina substrate in order to study oxidation properties. 
The obtained results demonstrated that both the coat-
ing layers demonstrated better oxidation resistance up to 
1373 K, which was confirmed by the weight gain values 
during oxide layer formation and weight gain of the oxide 
layer approached a constant level after about 50 h of the 
test, as shown in Fig. 9. The protective passive layer forma-
tion was detected by EDS mapping, where it was observed 
that the top protective layer belongs to Ti oxide, whereas 
the successive layer is composed of Cr oxide. However, 
the better oxidation resistance was not attributed to the 
Ti oxide layer instead, Cr presence in the alloy ascertained 
the oxidation protection.

5  Concluding remarks and future directions

The expanding applications of HEAs at high temperatures 
demand higher performance and high-temperature stabil-
ity at extreme practical conditions. Oxidation behavior is 
one of the most crucial parameters to consider for high-
temperature applications. This article reviews the limitedly 
available literature on the oxidation behavior of HEAs in 

Fig. 7  The effect of Al content on the oxidation behavior of  Ni2FeCoCrAlx alloy. a Parabolic plots of oxidation kinetics at 873 K, b Parabolic 
rate constants in the steady-state region at different temperatures [70]
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order to enhance the scope and significance of oxidation 
study in HEAs. The trend of oxidation kinetics is similar 
between a few high-performance Nb alloys, AFA steels 
(alumina forming austenite), and HEAs. However, HEAs 
exhibit superior oxidation behavior and high-temperature 
stability over the other two alloys due to the four core 
effects of HEAs. The oxidation behavior of HEAs strongly 
influenced by the chemical composition and nature of 
formed oxide scales. Typically, HEAs that contain Al or 
Cr indeed evidence superior oxidation resistance up to 

1373 K inherently. The addition of a few more alloying ele-
ments further enhances the oxidation resistance of HEAs, 
which are suitable for high-performance applications. For 
example, the addition of Ti and Si to the  Al0.5CrNbMo HEA 
significantly enhances the oxidation resistance, whereas 
the addition of V lowers the oxidation behavior of the HEA. 
The addition of Si up to 0.6% to the CoCrCuFeNi HEA favors 
the oxidation behavior. The oxidation behavior of HEAs 
strongly depends on the oxidation scales; the formation 
of protective  Al2O3 and  Cr2O3 scales highly enhances the 

Fig. 8  Cross-sectional images of Ti (C, N) cermet after isothermal oxidation at 1373 K for 4 h in static air with a Ni/Co bimetallic binder and b 
HEA (AlCoCrFeNi) binder, and intermediate reaction layer formed on cermet c with Ni/Co binder, d with HEA binder [82]
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oxidation behavior of HEAs, while it is vice versa with less 
protective oxides layers such as  TiO2,  VOx,  Fe3O4. Thus, 
alloying additions that promote the homogenous growth 
of  Al2O3,  Cr2O3layers, and which can abate the interdiffu-
sion of oxygen and elements are beneficial for distinctive 
oxidation properties of HEAs.

Investigation of the oxidation behavior of HEAs is a bud-
ding research topic in the field of high-temperature mate-
rials and their applications. There is a much wider scope 
for extending oxidation studies in HEAs, as its research is 
very limited so far. The following are the few ideologies on 
expanding research on the oxidation behavior of HEAs:

1. In order to meet the demands of high-performance 
materials at extreme conditions such as high tempera-
ture, there is a necessity to investigate the oxidation 
properties of HEAs by altering alloying additions and 
tailoring the microstructure.

2. As the oxidation study of HEAs is a newly developing 
research field, comprehending and establishing funda-
mental theories/mechanisms involved in the oxidation 
behavior of HEAs is highly encouraged and deemed.

3. The most recent works on the oxidation behavior of 
HEAs studied by doping reactive elements such as Y/
Hf. There is a great need to investigate the oxidation 
behavior of HEAs by tailoring constitutive elements 
and their microstructure in this scenario.

4. The currently available works on oxidation behavior 
of HEAs mostly used HEAs processed by conventional 
methods such as arc melting and induction melting. 
The works can be extended to HEAs processed by 
other processing methods such as powder metallurgy 

techniques, additive manufacturing to understand the 
oxidation mechanisms that differ with processing.

5. The oxidation behavior of single-crystalline HEAs was 
not yet attempted. In order to investigate the oxida-
tion behavior by eliminating the effect of grain bound-
aries, which often act as nucleation sites for crack, pits 
would be a standard and crucial contribution to the 
field of HEAs in high-temperature applications.

6. The Oxidation behavior of dual-phase HEAs such as 
eutectic HEAs is worthwhile to be originated and 
investigated.

7. Most of the available research on the oxidation study 
of HEAs thus far constrained to the limited composi-
tions such as RHEA, Al/Cr containing HEAs, and lim-
ited alloying elements. The field would be extended 
to wide compositional ranges to understand the effect 
of alloying additions and to elucidate the oxidation 
behavior with different HEAs extensively.
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