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The increasing demand for high-efficiency heat engines, along with advancements in the power generation
and aerospace industries, necessitates the development of high-temperature (HT) alloys with superior
mechanical properties, as well as enhanced oxidation and corrosion resistance. This review
comprehensively examines the potential of complex concentrated alloys (CCAs) to meet these demands.
Beginning with an overview of the extensively studied Cantor alloy systems, it explores the effects of
elemental additions and substitutions-such as Al, Nb, Cu, and Si-on the oxidation behavior of CCAs. The
review delves into the mechanisms of oxide scale formation and design strategies for enhancing
oxidation resistance. Additionally, it emphasizes the integration of advanced computational techniques
and machine learning for alloy development. By synthesizing existing research, this review identifies key
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1. Introduction

The growing demand for higher efficiency in heat engines has
continuously elevated the requirements for high-temperature
(HT) alloys. In the power generation industry, including
nuclear, coal-fired, and oil-fired, increasing operating temper-
atures contribute to reduced fuel consumption, decreased
pollution, and lower operating costs.** Similarly, higher oper-
ating temperatures in jet engines in the aerospace industry
enhance performance, allowing for heavier payloads, greater
speed, and extended range.””® Such material requirements have
initiated a revolution in materials science, favoring the use of
alloys over pure metals. Specifically, the development of new HT
alloys faces the challenge of balancing low component costs
with superior HT performance.* This has led to research efforts
aimed at developing new categories of materials that are light-
weight, cost-effective, possess superior HT mechanical proper-
ties, and demonstrate high resistance to oxidation and
corrosion.***?

Complex concentrated alloys (CCAs) have emerged as
a promising solution, balancing performance and economic
efficiency.**" Initially developed by Cantor and Yeh et al., the
concept of CCAs introduced a new equiatomic CCA FeCrNi-
CoMn (also known as the Cantor alloy) with a single face-
centered cubic (FCC) structure.™® CCAs, also referred to as
high/medium-entropy alloys (HEAs/MEASs), typically consist of
multiple main alloying elements (generally 3-5), leading to
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a high mixing entropy (ASmix)- In comparison, traditional alloys
have a low ASp,;, (less than 1R) and are typically composed of
one or two main elements. Due to the entropy effect, instead of
precipitating intermetallic and complex phases, CCAs tend to
form simple structural phases such as FCC,"** body-centered
cubic (BCC),"* and close-packed hexagonal (HCP).**** This
simplicity in structure allows CCAs to exhibit properties that
exceed the mere combinations of their constituent elements.
CCAs have demonstrated many unique properties, including
high strength, high ductility,>?** superior thermal stability,>>**
substantial oxidation behavior,?”*® and resistance to oxidation/
corrosion.*?

CCAs can be classified by elemental composition into either
transition metal (TM)-CCAs or refractory (R)-CCAs. TM-CCAs,
especially Cantor alloys, are often used as prototype models
and have been extensively developed by adding, modifying, or
replacing elements to improve performance in extremely harsh
environments, such as those found in nuclear, marine engi-
neering, and aerospace industries,*** where a high risk of
mechanical failure and HT oxidation is significant. The
mechanical properties of HEAs/CCAs have been summarized
and reviewed by George et al.>* Most compressive data at room
temperature show ultimate compressive strength values
ranging from 1000 to 2300 MPa and strain values between 0.1-
15%, indicating significantly enhanced compressive properties
compared to those of conventionally engineered alloys. For
instance, the FeCrNiCoAl,; HEA is reported to exhibit
a compressive strain of 97% and a compressive strength of
1378 MPa.*> An ultra-high compressive strength of 4390 MPa
has been reported for the FeCrNiCoAl HEA at ambient

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Commonly used elements and their occurrence frequency in CCA development (a) and the count of occurrence frequency for each
testing temperature of CCAs (b) (data from Appendix Tables 1-5 covering the years 2004 to 2024).

temperature.** However, the specific strengths of the surveyed
HEAs drop significantly at temperatures above 600 °C.**
Notably, the simultaneous alloying of Al and Ti, combined with
short-term annealing treatment, leads to an exception with
superior specific strength values.*” On the other hand, the
addition of Al, Cu, and Ni does not significantly contribute to
strength enhancement.*®** The compositional flexibility offered
by the multi-element space allows for the exploration of
multiple mechanisms, which may lead to new alloys with
superior mechanical properties compared to current engi-
neering alloys.

A review of publications from 2004 to 2024 on CCAs used for
HT oxidation was conducted and the most common elements in
CCAs for oxidation tests are shown in Fig. 1a, where elemental
proportion is defined as the frequency of each element occur-
ring in alloys relative to the total number of elements. TM
elements Cr, Ni, Fe, Co, and post-TM element Al are the most
popular with frequencies higher than 10%. Additionally,
refractory elements such as Ti, Mo, and Nb are commonly used
with low frequencies (around 5%). The restriction of R-CCA
application can be explained by the difficult preparation
process for R-CCAs due to high melting points and high room
temperature (RT) brittleness.* Fig. 1b displays the frequency of
testing temperatures, defined as the number of occurrences of
each testing temperature within the reviewed publications. It
reveals that the most common oxidation testing temperatures
for CCAs mainly range around 800 °C, 900 °C, and 1000 °C,
which fits the service temperatures of engine applications.

This work reviews research papers on the HT oxidation of
TM-CCAs focusing on the application of oxidation data and
identifying gaps for future research. It begins with an overview
of the operating/testing temperatures and commonly used
elements in CCAs, providing a context for understanding their
performance under HT conditions. Then, the review delves into
the oxidation behavior of Cantor alloy systems and other TM
MEA systems, examining the effects of various alloying
elements on oxidation resistance. Finally, the knowledge gaps
requiring further investigation are identified, aiming to high-
light areas where future research should be directed. The goal of
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this study is to provide a comprehensive review of the literature,
effectively communicating existing oxidation data and identi-
fying the remaining research gaps. It establishes a solid foun-
dation for future CCA design and highlights the potential of
machine learning (ML) for the prediction of their oxidation
resistance from a data-oriented perspective.

2. Cantor alloy system

2.1. Fe-Cr-Ni-Co-Mn system

The FCC FeCrNiCoMn system, commonly known as the Cantor
alloy, first proposed by Cantor and Yeh et al. in 2004, is one of
the most extensively studied HEAs.'>'® Significant oxidation
data exists for equiatomic FeCrNiCoMn, summarized in
Appendix Table 1. Fig. 2a illustrates selected oxidation data for
FeCrNiCoMn at temperatures ranging from 800 °C to 1000 °C.
The mass gain curves of FeCrNiCoMn, from various methods
such as vacuum induction melting (IM),"** arc-melting
(AM), 142444548 and vacuum gas atomization,* exhibit similar
trends at the same temperature.

Studying the phase stability and possible transformations is
critical for designing CCAs with optimal material properties.****
In this study, the predicted HT stable phase structures were
calculated using the software Thermo-Calc (Database HEA 6.1),
with the results shown in Appendix Table 1 and Appendix
Fig. 14. The alloys in the Fe-Cr-Ni-Co-Mn system with different
Fe contents contain the sigma phase below 850 °C (Appendix
Fig. 14a) and show a high proportion at lower temperatures
(31% at 600 °C, 19% at 700 °C and 4% at 800 °C). This sigma
phase can weaken the corrosion resistance and cause embrit-
tlement failure.*>** Therefore, such alloys should be avoided for
use under 850 °C to prevent sigma phase formation and its
consequent effects.

As detailed in Appendix Table 1, after 24 hours, the parabolic
rate constant k, (with the unit of mg®> cm * h™") of FeCrNi-
CoMn, calculated by Adomako et al., is 3.41 x 10~ at 800 °C,
1.27 x 102 at 900 °C, and 0.012 at 1000 °C.** After 48 hours, k,
values calculated by Kai et al. are 0.054 and 0.104 mg® cm™ *h™!
at 800 °C and 900 °C, respectively.** For 100 hours, &, values are
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Fig. 2 Mass gain curves of the equiatomic FeCrNiCoMn alloy during oxidation at 800-1000 °C, with arc-melting noted as AM and induction
melting noted as IM (a); schematics of thermally grown oxide (TGO) layer formation (b); and the phase diagram of Mn,O3—Cr,0Os3 (c) (curve data
adapted from Adomako,** Huang,*? LaPlanche,** Kim,** and Agustianingrum,*® and phase diagram from ref. 46).

0.18 and 1.347 mg® cm * h™* at 900 °C and 1000 °C, respec-
tively.* Notably, the increase in k, from 900 °C to 1000 °C
(around 8 to 10 times higher) is much more significant than
from 800 °C and 900 °C (around 2 to 4 times higher). The data
and curves in Fig. 2a indicate rapid mass gain above 1000 °C, as
reflected by the higher &, values at this temperature compared
to that from 800 °C and 900 °C.

To further understand the oxidation mechanism, many
studies have been conducted to analyze the oxide scale. Fig. 2b
displays the distributions of oxidation layers. At 800 °C, the
outer layer comprises Mn,O; with an inner layer of Cr,0;. As the
temperature rises to 900 °C, the outer layer transitions to
Mn;0,4, which can be explained using the Mn oxide-Cr,0;
phase diagram (Fig. 2c).*® More specifically, Mn,0; is stable and
can incorporate up to 21 wt% Cr in solid solutions below 850 °C,
whereas Mn;0, is stable between 850 °C and 1150 °C and can
incorporate up to 8 wt% Cr in the solid solution (Fig. 2c).*** At
1000 °C, Mn;0, and Cr,0; form a mixed layer,*" as concentra-
tions of Mn and Cr increase and they are dispersed throughout
the oxide layer due to their increased diffusion rate at higher
temperatures. The predominance of the Mn-rich outer layer
(Mn,03/Mn3;0,) suggests that Mn diffuses faster than Cr.** This
is supported by the observation that Mn exhibits the highest
diffusivity and the lowest activation energy of diffusion in the
Fe-Cr-Ni-Co-Mn system.>®

Researchers have begun tailoring the elemental ratio in the
Fe-Cr-Ni-Co-Mn system.*>” For instance, the oxidation
behavior of Fe,(CrNiCoMn), oo, including Fe20, Fe40, and Fe60,
indicates that the oxidation rate increases with higher Fe
content.*” As shown in Fig. 3a, the mass gains of Fe20 and Fe40
after 48 hours are relatively similar, while Fe60 shows a signifi-
cant increase in the mass gain, suggesting that alloys with higher
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Fe content are more susceptible to oxidation. The mass gain
curves at 1100 °C (Fig. 3b) demonstrate that Fe60 exhibits the
highest periodically increased mass gain. Schematics in Fig. 3¢
illustrate the distribution of oxidation layers. Cr,O; forms as the
inner layer on the surface of the Fe20 and Fe40 due to the high
oxygen affinity of Cr, which requires a relatively low oxygen
partial pressure at the front of the oxidation zone.*! In Fe60, Cr is
enriched at the grain boundaries due to internal oxidation, and
the Cr content on the surface is insufficient to create a stable
Cr,0; layer (Fig. 3d). Mn3O, is found as the outer layer, with
Fe;0, mixed on top due to the high diffusivity of Fe. The rapid
outward diffusion of Mn and Cr creates vacancies in the alloys,
which later coalesce into Kirkendall voids,*® leading to a porous
zone at the interface between the oxide and base alloy.

2.2. Fe-Cr-Ni-Co-Mn + M sub-system

The distinct combination and number of constituent elements
in CCAs significantly influence the nature and continuity of the
evolved oxide scale and, therefore, affect the HT oxidation
resistance of these alloys. Incorporating additional elements
into the original system can enhance the oxidation resistance of
the Fe-Cr-Ni-Co-Mn + M system (M = Al, Nb, etc.). For
instance, adding various amounts of Al leads to a noticeable
decrease in the mass gain during the oxidation of
(FeCoCrNiMn);¢_,Al, alloys (referred to as Al, alloys) over 100
hours at 900 °C (Fig. 4a).*® Specifically, the mass gain reduces
from 1.51 mg cm 2 for Al alloy to 1.08 mg cm ™2 for Al alloy.
This reduction is primarily due to the increased formation of an
Al,O; protective layer for the alloy with higher Al content,
resulting in a flatter and denser oxide layer surface. After 100
hours of oxidation, the Al,O; layer thickens while the overall

This journal is © The Royal Society of Chemistry 2024
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oxide layer thickness diminishes, suggesting that Al,O; effec-
tively inhibits the inward diffusion of oxygen, thereby slowing
the oxidation process and enhancing the HT oxidation resis-
tance of the cladding layer.*

The HT oxidation process includes two stages: an initial
rapid oxidation stage within the first 10 hours and a subsequent
steady-state oxidation stage. To provide a detailed description of
the oxidation kinetics, Ye et al. calculated the &, separately for
the intervals from 0-10 and 10-100 hours.*® As detailed in
Appendix Table 2, during the initial 0-10 hours, &, values are
approximately 1.2 x 10~* mg* ecm * h™* for Al;, and Al,, and
around 4-8 x 10 ° mg® em * h™" for Al,; and Al,,. During the
subsequent 10-100 hours, &, for these four alloys remains

This journal is © The Royal Society of Chemistry 2024

consistent, around 2-3 x 10~° mg® em~* h™". This highlights
the importance of the test duration on the oxidation data, as the
steady-state stage appears to exhibit similar k,, values. Notably,
when oxidized for only 10 hours, the Al; alloy does not reach the
steady-state stage of the mass gain curve.* Therefore, by
extrapolating from the linear relationship of mass gain after 100
hours with Al content ranging from 10% to 29%, the estimated
mass gain of the Al alloy after 100 hours is around 1.5 mg cm ™2,
as illustrated in Fig. 4b. The predicted mass gain is two times
lower than that of (FeCoCrNiMn)qsNbs (named Nbs) under the
same condition, which is around 3.2 mg cm?, as shown in
Fig. 4c. This indicates that Nb does not significantly improve
the oxidation resistance.”” The addition of Nbs leads to the

J. Mater. Chem. A, 2024, 12, 33488-33517 | 33491
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formation of an Nb-rich Laves intermetallic phase layer on the
alloy surface. However, the Laves phase layer fails to prevent
internal oxidation and even becomes a channel for the inward
diffusion of oxygen.”” According to our phase structure
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calculation, the formation of the Laves phase aligns with the
predicted phase fraction of around 13-17 vol% at this temper-
ature range. This provides valuable insights into designing HT
alloys to avoid this phase.

2.3. Fe-Cr-Ni-Co system

Given that Mn oxides are known to be non-protective, the
FeCrNiCo system has been further investigated after removing
Mn. As illustrated in Fig. 5, increasing Ni content from 25 at%
in FeCrNiCo® to 40 at% in FeCrNi,Co* results in varying
oxidation behaviours at different temperatures. At 800 °C, the
increased Ni content raises the mass gain from 0.17 to 0.30 mg
em 2, while at 900 °C, higher Ni content results in a decreased
mass gain from 1.52 to 0.91 mg cm 2. The two alloys show
similar distributions of the oxide layers, with a spinel structure
(FeCr,0, and NiCo,0,) forming as an outer layer and Cr,O; as
an inner layer. The thickness of the inner protective Cr,0; layer
in FeCrNi,Co increases significantly as the temperature rises,**
which leads to the decreased mass gain at 900 °C. Another long-
term test demonstrates that FeCrNiCo maintains the same
oxidation layer distribution even after 500 hours, with a steady
increase in the mass gain.®> Moreover, according to the phase
calculation results shown in Appendix Table 3, both alloys
indicate a single FCC phase across the tested temperature

(®)

Fig. 6 Fe—-Cr—Ni-Co-M sub-systems: (a) FeCrNiCoCu systems, (b) FeCrNiCoCuAl systems, (c) FeCrNiCoAl systems, and (d) FeCrNiCoAlTi/Si

systems (data from Appendix Table 4).
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anisms (d) of the FeCrNiCoCu alloy®® (reproduced from ref. 66 with
permission from [Elsevier], copyright [2022]).

range, indicating a simple phase structure. In Appendix Fig. 16,
alloys with varying Fe or Co contents show a single FCC struc-
ture above 900 °C, and to maintain this phase structure the Cr
content should be limited to below 40 at%.

In summary, while removing Mn and increasing the Ni
content in the FeCrNiCo system alters the oxidation behavior,
the formation of a thicker Cr,O; protective layer at higher
temperatures improves the oxidation resistance, particularly at
900 °C. This suggests that optimizing the Ni content in the
FeCrNiCo system can significantly enhance its HT oxidation
resistance.

This journal is © The Royal Society of Chemistry 2024
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2.4. Fe-Cr-Ni-Co + M system

Building upon insights from Section 2.3, FeCrNiCo CCAs
generally exhibit a single FCC structure, which can lead to
limited strength. To address this, additional elements such as
Cu, Al, Ti, Si, Nb, and B, have been added to balance the
strength and plasticity, as well as enhance the oxidation and
corrosion resistance.®*** Fig. 6 summarizes an overview of the
most investigated Fe-Cr-Ni-Co + M systems.

Cu-containing CCAs like FeCrNiCoCu promote the forma-
tion of two distinct FCC phases: a primary ductile FCC1 phase
and a secondary Cu-rich FCC2 phase,* as shown in the back-
scattered electron (BSE) image of Fig. 7a. The secondary Cu-rich
FCC phase acts as a hardening network, enhancing the strength
of the matrix, and slightly improving ductility in comparison to
FeCrNiCo.*” Additionally, the Al addition has been noted to
improve Young's modulus, hardness, and yield strength of
FeCrNiCoCuAl. The (FeCrNiCo),,sCuos alloy, for instance,
demonstrates outstanding comprehensive mechanical proper-
ties with a fracture strength of 2270 MPa and a plastic strain of
43%.% Moreover, the oxidation resistance of CCAs plays
a crucial role in the serviceability of structural materials.

Recent studies have also explored the effects of replacing Cu
with Al on the oxidation behavior of CCAs (Fig. 6a—c). After 100
hours of oxidation at 700 °C, the FeCrNiCoCu alloy forms
a loose outer layer of CuO, internal oxides of Fe, Co, and Ni, and
a thin Cr,0; layer as the inner layer, as confirmed by SEM/EDS
analysis (Fig. 7b).* Increasing the temperature to 900 °C results
in a predominantly pure and thick Cr,O; inner layer, which
extends into the matrix through the FCC2 network (Fig. 7c). This
layer formation mechanism involves the interplay of oxidation
activity and diffusion rates. It is known that a lower equilibrium
partial pressure of oxygen (Inpo,) indicates higher oxidation
activity. For example, the In po, of Cr-Cr,0j; co-existence is lower
than that of Fe, Co, Ni and Cu, indicating that Cr exhibits high
oxidation activity.®® The diffusivity can be reflected by diffusion
coefficient D through density functional theory (DFT), calcula-
tions. In the FeCrNiCoCu alloy, calculation®® and measured
data® show that the diffusivity of metal elements (D™) follows
the order of D" > D™ > D°° > D" > PN in the FCC1 phase. DM
follows the same order in FCC2 but with significantly higher
values. The high oxidation activity of Cr and high diffusivity of
Cu leads to a fast-growth outer layer of CuO and a slow-growing
Crrich inner layer (Fig. 7d).

In TM HEAs, the diffusivities of O and selected constituents
(Cu, Cr, and Al) are summarized, as these are the main
compositions of the as-grown oxide scales.®® As shown in
Fig. 8a, the diffusivity of O (D°) presents a descending order of
FCC2-FeCrNiCo(Cu45Al5) > BCC-FeCrNiCo(Cu,0Al;y) > FCC2-
FeCrNiCoCu > FCC1-FeCrNiCoCu > FCC1-FeCrNiCo(Cu45Als),
indicating that the O diffuses faster in FCC2 than in FCC1.
Similarly, D of FCC2 phases is the highest (Fig. 8b), following
a descending order in FCC2-FeCrNiCoCu > FCC2-

J. Mater. Chem. A, 2024, 12, 33488-33517 | 33493
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FeCrNiCo(Cu;5Al5) > BCC-FeCrNiCo(Cu;Al;4) > CuO” > FCC1-
FeCrNiCoCu > FCC1-FeCrNiCo(CuysAls). Fig. 8c indicates that
the D" is generally larger in FCC2 phases than in FCC1 phases,
and is significantly lower in Cr,05.”* D* shows similar behavior
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Fig.9 Mass gain after 100 hours of oxidation with varying Al contentin
FeCrNiCoCuAl systems (data from Butler,”*”* Chen,”® Dabrowa,®* and
Liu™).
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to Cr, i.e., generally faster in FCC2 phases than in FCC1 phases,
and this trend increases with increasing Al content in phases.

According to the results, diffusion in the examined high-
entropy phases (HEPs) is generally slower than in low/
medium-entropy phases (LEPs/MEPS) with the same constitu-
ents. For example, BCC-FeCrNiCo(Cu,,Al;,) HEP shows high
diffusion rates, which can be attributed to the less dense-
packed structure of the BCC phase (compared to the FCC
phase), and strong dependence on the individual constituent.
Therefore, one cannot simply assume slow diffusion in HE
systems based solely on the increase in the number of constit-
uent element types; the specific types of constituent elements
and phase structure also play more pronounced roles.

The beneficial effect of Al on the oxidation resistance was
evaluated based on the quality of the oxidation scale and
oxidation rate of CCAs.” Varying Al content added to FeCoCr-
NiCu has been investigated, as shown in Fig. 7b. Results after
100 hours of oxidation are plotted in Fig. 9 and indicate that
increasing Al content enhances oxidation resistance through
the formation of an Al,0; layer. However, Cu addition in the
FeCrNiCoCuAl system results in poor adhesion of the Al,O;
oxide scale to the alloy surface. As reported, the CuO outer layer
tends to detach from the substrate after 30 min of oxidation
between 1000 °C and 1250 °C.”® In contrast, increasing the Al
content improves oxidation resistance by forming pure or Al-
rich oxide scales.®*”> Consequently, Cu has been systemati-
cally removed from the HT CCAs system, as shown in Fig. 6b
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and c. Meanwhile, comparing FeCrNiCoAl with FeCrNiCoCuAl
for the same Al content (Fig. 9) shows that mass gain increases
for the FeCrNiCoAl alloy,”»”>”” indicating poorer oxidation
resistance.

Small additions of Si have beneficial effects on oxidation
resistance. Si addition improves oxidation resistance by form-
ing a continuous SiO, layer at the alloy/scale interface.”®
Comparisons between Fe,;Cr,,;Niz»C0,,Aly; and FeygCrygNisg-
Co,0Al;,Si¢ indicate that the Si addition positively affects
oxidation resistance at 800 °C but has a negative impact on
oxidation resistance at 900-1000 °C.” Adding Si promotes the
formation of a continuous Al,O; layer at 800 °C and prevents the
formation of AIN at this temperature. To further reveal the effect
of Si, investigations on adding various Si contents from 0 to 16.5
at% show that Fe,Cr;oNi;oC0,4Al;4Si, offers the best oxidation
resistance as the Si contributes to the formation of a single,
compact Al,O; scale.” Furthermore, after oxidation, Fe,,Crao-
NijC0,0Size and Fe,oCr,oNiygCoy0Al,, form a Cr,03/Si0, layer
and an Al,O; layer, respectively.** The Cr,05/SiO, layer leads to
a lower oxidation resistance for Fe,,Cr,,Niy,C0,,Si5. Excessive
Si addition shows negative effects on oxidation resistance,
leading to the formation of intermetallic compounds that can
act as diffusion channels for oxygen, resulting in internal
oxidation.* Moreover, the effect of Ti on the properties of
FeCrNiCoAl alloys has been studied.*** When Al is partially
substituted by Ti, the increased Ti content in the FeCrNiCoAITi
system promotes the formation of the FCC phase and leads to
good mechanical properties.** The Ti addition also enhances
oxidation resistance due to its higher oxide-forming ability,
diminishing the external oxidation of Cr and promoting the
formation of an external oxide layer composed of Ti and Fe
oxides.®* However, excessive Ti addition leads to a discontin-
uous Cr,0; layer and a lower oxidation resistance.** There-
fore, the addition of Ti should be limited to small amounts to
adjust the microstructure and mechanical properties.

According to the phase diagram calculation shown in
Appendix Table 4 and Appendix Fig. 18, the FeCrNiCoCuAl
system exhibits a low melting point, and phase structure
predictions indicate the presence of a liquid phase at 1000 °C. In
contrast, the FeCrNiCoAl system with varying Al content shows
no liquid phase at 1000 °C (Appendix Fig. 19), however, the sigma
phase occurs in FeCrNiCoAl systems below 1000 °C. For example,
the volume fraction of the sigma phase is around 30% at 700-
900 °C but is 0% at temperatures above 1000 °C. Overall, it is
suggested that the FeCrNiCoAl system can perfectly replace the
FeCrNiCoCuAl system for HT applications above 1000 °C.

3. Other transition metal ternary
systems and sub-systems

By reducing the number of elements, MEAs containing around
three primary elements may offer cost benefits along with
performance benefits. A series of MEAs is listed in Appendix
Table 5. Fig. 10 presents the mass gain curves of several ternary
alloys, including those of FeCoNi, FeCrNi, and CoCrNi, after
oxidation at various temperatures. Among these, FeCrNi

This journal is © The Royal Society of Chemistry 2024
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Fig. 10 Oxidation mass gain curves of ternary MEAs, including
FeCoN;i,®° FeCrNi,% and CoCrNi.**

exhibits the lowest and most stable mass gain, ranging from
0.28 mg cm > at 800 °C to 0.91 mg cm™ > at 1000 °C after 100
hours.? In contrast, FeCoNi shows the highest mass gain, from
5.2 mg cm 2 at 800 °C to 19.8 mg cm™ 2 at 1000 °C after only 28
hours.*” CoCrNi has a mass gain of 2 mg cm™> at 900 °C to
2.5 mg cm * at 1000 °C after 48 hours.®* The significant
difference in k,, values between FeCoNi and FeCrNi, 12.96 mg>
em *h "and 7.2 x 10> mg” cm™~* h™', respectively, at 1000 °C,
indicates that FeCrNi forms a protective oxidation layer that
resists the penetration and diffusion of oxygen.

Comparing the above oxidation data, the presence of Cr in
FeCrNi significantly contributes to its oxidation resistance. At
temperatures ranging from 800-1000 °C, Cr,O; acts as the main
protective layer for FeCrNi after 100 hours of oxidation.*® This
stable Cr,0; layer effectively reduces mass gain and enhances
the overall oxidation resistance of the alloy. Although CoCrNi
includes Cr, it forms a thin inner layer of Cr,0; and a main layer
of CoCr,0,.% After 48 hours, the oxide layer for CoCrNi becomes
unstable, and the adhesion between different oxide layers
weakens, compromising its overall oxidation resistance. For
FeCoNi, the formation of CoNiO, and Fe oxides on the surface
leads to high mass gain,*® which indicates less effective
protection against oxidation.

Adding Al or a combination of Al and Mo to the FeCoNi
system has been proven as an effective strategy for enhancing
oxidation resistance.®”* For instance, by adding 5-20 at% of Al,
the mass gain of FeCoNi (35.5 mg cm ?) is reduced to 28.6-
20.9 mg ecm 2. The incorporation of Al leads to the formation of
a protective Al,O; layer, significantly reducing mass gain and
improving the alloy's HT performance. In summary, the pres-
ence of Cr and Al in ternary alloys such as FeCrNi and FeCoNi
plays a crucial role in forming protective oxide layers that
enhance oxidation resistance. The performance of these alloys
at high temperatures is heavily influenced by the type and
stability of the oxide layers formed. Further exploration of
element additions, such as Si and Mo, may provide additional
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Fig. 11 Interplay of thermodynamics and kinetics in the FeCrNiCoAlCu system®® (reproduced from ref. 66 with permission from [Elsevier],

copyright [2022]).

improvements in oxidation resistance and overall mechanical
properties.

4. General discussion and perspective
4.1. Understanding protection and failure mechanisms

Alloys designed for HT oxidizing conditions rely heavily on
forming exterior oxide scales, which imparts resistance to hot
corrosion and oxidation.>**° For the oxide scale to be beneficial,
it must be thermodynamically, chemically and mechanically
stable.”® Both thermodynamic and kinetic factors influence the
oxidation resistance and failure mechanisms of the oxide scale.
As illustrated in Fig. 11, the investigation into the Fe-Co-Cr-Ni-
Cu-Al system has shown that the interplay of these two factors
primarily governs TGO formation. As shown in Fig. 11, Cu with
the highest diffusion coefficient, predominantly diffuses
outward, forming a discontinuous oxide layer on the surface.*®
In contrast, Cr shows slow diffusivity and exhibits a relatively
high oxidation activity compared to the other TMs, and thus

[JFcc stabilizer (High VEC)([) Negative AH, i mix
([)BCC stabilizer (Low VEC) [[] Positive AH,.y; nix

Bner)
BB 0 A
BEB ) ﬂﬂ

Fig. 12 Periodic table for the selection of CCA elements, showing
oxidation activity (reflected by po,) and diffusion coefficient (D) data
from ref. 66, mixing enthalpy of binary pairs (AH;_nimix) data from ref.
93, and VEC values from ref. 92. Note that the binary pairing-enthalpy
of element j with Ni is used as the benchmark, aligning with Ni-based
HT alloys.
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ends up as a slow-growing Cr-rich protective oxide scale for
steels and alloys in various HT corrosive environments. In
addition, Al has a high oxidation activity and is preferentially
oxidized to form a protective pure or Al,O;-rich scale on the
alloy surface. Therefore, the HT oxidation rate of the TM HEAs
is significantly reduced with the addition of Al.

To design effective TM-CCAs, it is crucial to selectively
incorporate elements that act as FCC/BCC stabilizers to obtain
good mechanical properties and tailor diffusion rates. These
elements should possess negative enthalpy, associated with the
priority of dissolving in the matrix phase instead of segregating
in a low-entropy phase as a fast diffusion channel, as well as
exhibit high oxidation activity and a low diffusion rate to build
a high-quality oxide scale at elevated temperatures.” This
strategic incorporation can be guided by data such as valence
electron concentration (VEC) values,” binary pair enthalpy of
mixing (AH;_;mix),” the equilibrium partial pressure of oxygen
(90,),*® and diffusion coefficients (D),* as shown in Fig. 12. The
In po, and D can be calculated through the following equations
separately.

2AG°

lnpo2 = 7RT (1)

where AG° is the standard free energy change, R is the ideal gas
constant, and T is temperature.

A
D = D, exp( — %) (2)

where D, is the pre-exponential factor, Qp is the activation
energy, and kg is the Boltzmann's constant.

This strategy developed a novel class of CCA, AlTiVCrNis, by
selecting components with low VEC, highly negative AH;_j mix
with Ni, low diffusion rate, and high oxidation activity.”* After
oxidation at 1000 °C, a complex concentrated oxide (CCO) is
developed. It is found that this CCO shows unique thermos-
mechanical properties, including high thermodynamic
stability, low thermal expansion, high fracture tolerance, and an
excellent combination of strength and ductility. This study
shows great promising potential to offer a fresh perspective on

This journal is © The Royal Society of Chemistry 2024
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designing and developing advanced materials that boast
exceptional functionality and versatility.

4.2. Improving design and experimental methods

One of the major challenges in CCA research is the inefficiency
of design and preparation methods. Traditional experimental
approaches are time-consuming and resource-intensive. To
overcome this, high-throughput techniques are being increas-
ingly adopted.®**® These techniques enable rapid screening of
a large number of alloy compositions, significantly accelerating
the discovery and optimization process. A combined approach
utilizing phase diagram calculations (CALPHAD), DFT, and
oxidation resistance assessments to systematically design and
evaluate new alloys should be used. This approach will provide
a comprehensive understanding of the alloys' behavior under
HT conditions, allowing for more efficient and targeted alloy
development. CALPHAD is instrumental in designing alloys
with desired phase structures, such as FCC + BCC, while
avoiding intermetallics such as Laves and Sigma phases. For
instance, Appendix Fig. 14-22 present the stable phase
diagrams of all the commonly used CCAs discussed in this
paper. Additionally, DFT calculations assist in determining the
diffusivity of each element within each various phase, aiding in
the prediction of oxidation layer formation.

Comparative studies have shown that CCAs exhibit similar or
lower oxidation/corrosion resistance than Fe- and Ni-based
traditional HT alloys (such as 310S and Inconel 625) below
800 °C, while displaying higher resistance above 900 °C.**%¢
Therefore, it is essential to ensure that the operational
temperature of CCAs for future applications remains above 800
or 900 °C to fully exploit their superior oxidation resistance.
Additionally, a schematic diagram illustrating the mass gain
curves over time, highlighting the transition from the initial
rapid oxidation stage to the stable steady-state stage, can
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provide valuable insights into the long-term performance of
these alloys and can extend the test time to above 48 hours.

4.3. Developing standards and towards artificial intelligence

The current review aims to promote data sharing in the field of
oxidation of CCAs. Fig. 13 presents a co-citation network of
publications from the period of 2004-2024 and their citation
relations using the Web of Science search engine.” The search
employed the queries of ‘CCAs (or HEAs/MEAs)’ and ‘Corrosion/
Oxidation’ in all types of documents under the ‘Topic’ search.
The resulting cluster highlights extensive research conducted
on the corrosion and oxidation of CCAs. However, the
complexity of the alloy's chemical composition makes it diffi-
cult for researchers to compare and establish predictive long-
term corrosion kinetic models.

Machine learning (ML) offers transformative potential in
materials science, particularly in the intelligent design of HT
CCAs."**** By leveraging vast datasets and advanced algo-
rithms, ML can accelerate the identification of promising alloy
compositions through complex pattern recognition and predict
alloy performance with high accuracy. A study on phase
prediction of CCAs exemplifies this, using an experimental
dataset of 401 different HEA compositions and phases to train
three ML algorithms: K-nearest neighbours (KNN), support
vector machine (SVM), and artificial neural network (ANN).'
For scenarios classifying three phases using parameters such as
VEC, AH i (mixing enthalpy), ASmx (mixing entropy), 6 (atomic
radius difference), and Ay (electronegativity difference), the
accuracy rates for KNN, SVM and ANN models have been re-
ported as 68.6%, 64.3% and 74.3%, respectively. Although these
ML methods have achieved reasonable accuracy, there is still
room for improvement. While VEC, AH iy, ASmix, 0, and Ay are
the most commonly used parameters in HEA phase prediction,
additional parameters, such as atomic polarizability, should be
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Fig.13 Visualization of the co-citation network of ‘'CCAs (or HEAs/MEAs)' and ‘Corrosion/Oxidation’ publications. Citation relations from 2004 to

2024 (VOSviewer®).
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considered for performance improvements.'*% Identification
and use of the most influential parameters as input features for
CCA phase prediction models can enhance model accuracy.
However, it is challenging to conclude which physical parame-
ters have the highest correlation due to variations in datasets
and ML algorithms.'® To address this issue, it is suggested to
build a public dataset using CALPHAD as a first step to mini-
mize dataset discrepancies. The integration of CALPHAD with
artificial intelligence (AI) techniques presents a major oppor-
tunity for optimizing alloy design, enabling the efficient explo-
ration of the compositional space and the identification of
optimal properties. Furthermore, developing standardized
testing protocols and performance benchmarks for CCAs is
essential. These standards will ensure consistency and reli-
ability in experimental data, facilitating the comparison of
results across different studies and accelerating the overall
progress in this field.

Understanding the protection and failure mechanisms of
corrosion product layers, improving design and experimental
methods, and leveraging ML and advanced computational
techniques will aid in the future development of high-
performance CCAs. Addressing these aspects can significantly
enhance the oxidation resistance and overall performance of
CCAs for HT applications, broadening their applicability across
various industries.

5. Conclusions

HT applications are essential for industries seeking enhanced
performance of engine components. CCAs represent the fore-
front of high-performance alloys in this context. Therefore,
understanding the protection and failure mechanisms of
corrosion product layers, improving design and experimental
methods, and leveraging ML and advanced computational
techniques are crucial for the future development of high-
performance CCAs. This work reviews the oxidation resistance
and overall performance of CCAs in HT applications and chal-
lenges in the field. The following key aspects are summarized.

(1) Cantor alloy systems exhibit good oxidation resistance
primarily due to the formation of stable protective oxide layers,
such as Cr,0;. Elemental additions, notably Al, further enhance
this resistance by promoting the formation of Al,O; layers,
which serve as robust barriers against oxidation. Conversely,
elements such as Cu and Mn can compromise the integrity of
the protective oxide layer, thereby reducing the overall oxidation
resistance.

(2) MEA systems, particularly FeCrNi, demonstrate excellent
oxidation resistance due to the formation of stable Cr,0; layers.
In contrast, systems such as FeCoNi demonstrate higher mass
gains and less stable oxide layers in the absence of Cr,
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highlighting the need for further optimization to enhance their
oxidation resistance.

(3) A deep understanding of the thermodynamic and kinetic
factors that influence oxide scale stability is essential for
improving the alloy's HT performance. Selective incorporation
of elements based on these principles can significantly enhance
the properties of CCAs. Balancing the factors such as oxidation
activity, diffusion coefficients, VEC values, and binary pair
enthalpy of mixing is crucial to achieving the desired HT
properties.

(4) The advancement of CCAs relies heavily on innovative
design and experimental methods. High-throughput tech-
niques enable rapid screening and optimization of alloy
compositions. Computational approaches, including CALPHAD
and DFT, play a pivotal role in predicting phase stability and
oxidation behavior, providing valuable insights into the prop-
erties of potential alloy compositions before experimental
validation.

(5) ML offers promising avenues for the intelligent design
and prediction of alloy performance. By analyzing vast datasets,
ML can identify patterns and predict the behavior of new alloy
compositions under diverse conditions. When combined with
traditional computational techniques, ML can significantly
enhance the efficiency and accuracy of alloy development,
leading to the discovery of novel CCAs with superior properties.
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Table 3 Oxidation data of the FeCrNiCo system
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Materials Weight gain parabolic rate constant k,, Predicted phases
Ref. T/°C Time/h (mol%) (mg em™?) (mg>em *h™") (vol%)
Kai, et al., 2004 (ref. 60) 800 72 Fe,5CrysNiysCo,s 0.23 7.02 x 10~ FCC_L12
850 1.15 (1) 0.00144 FCC_L12
(2) 0.23
900 1.62 (1) 0.00637 FCC_L12
(2) 0.11
(3) 0.0249
950 1.83 (1) 0.0133 FCC_L12
(2) 0.0824
(3) 0.0204
1000 2.25 (1) 0.0147 FCC_L12
(2) 0.355
(3) 0.0612
Kai, et al., 2020 (ref. 61) 700 48 FeyoCryoNiggCos  0.14 1.21 x 1074 FCC_L12
800 0.3 1.36 x 1072 (0-2.8 h) FCC_L12
9.4 x 10~* (4.3-48 h)
900 0.9 1.29 x 107° (0-2.3 h) FCC_L12
1.2 (2.8-4 h)
2.82 x 107° (5.4-48 h)
Dabrowa, et al., 2021 1000 500 Fe,,CryeNiy;Cosg 6.4 — FCC_L12
(ref. 62)
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Appendix B: phase diagrams of common CCA systems
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Fig. 14 Phase diagrams of FeCrNiCoMn system: (a) Fe,(CrNiCoMn);_,, (b) Cr,(FeNiCoMn),_,, (c) Ni,(FeCrCoMn);_,, (d) Co,(FeCrNiMn),_,, and (e)

Mn,(FeCrNiCo);_,.
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