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ABSTRACT

High-Entropy Alloys (HEAs) have emerged as a novel class of materials exhibiting excellent mechanical, thermal, and corrosion-resistant
properties. This paper discusses the application of HEAs in high-temperature steam environments, focusing on their potential as advanced
materials for components in geothermal systems, nuclear power plants, and hydrogen fuel cells. These applications demand materials that
can withstand harsh conditions, including elevated temperatures, aggressive fluids, and corrosive environments. With their unique composi-
tion of multiple elements in equimolar or near-equimolar ratios, HEAs present an intriguing prospect for addressing these challenges. The
review summarizes recent research findings on the performance of HEAs in harsh conditions, highlighting their corrosion resistance. The
versatility of HEAs, coupled with ongoing advancements in alloy design and processing techniques, opens new avenues for optimizing these
alloys for enhanced durability and efficiency. A perspective on the current state of research and future prospects on the above has been dis-
cussed here. It sets the stage for further exploration of HEAs as promising candidates for sustainable and resistant materials in aggressive
environment applications.
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1. INTRODUCTION optimizing the performance and durability of these alloys.* Earlier
research, ie., the year 1994 study shown in Fig. 1, primarily
focused on the corrosion resistance of alloys under various steam
conditions, evaluating the effect of element additions, surface pre-
treatment, and chemical environments on corrosion behaviors.”
This research contributed to developing materials with improved
corrosion resistance, such as alloys with higher chromium (Cr)
content that form protective oxide layers.” Recent research, e.g.,
2020 and 2022 year studies, has expanded to include corrosion

The research and development of corrosion-resistant alloys,
particularly for steam environments, are of high importance for the
efficiency and longevity of power generation systems. In the context
of ultra-supercritical power plants, which aim for higher efficiency
and lower emission, the study of steam oxidation in advanced
alloys is crucial.' Research based on Ni-based alloys, such as
Inconel 617, Haynes 230, and Haynes 282, as well as high-alloyed

steels, has shown promising results in improving steam corrosion  ¢ontrol measures in nuclear steam generators and focuses on sus-
resistance.”” The formation of thin and adherent Cr,05 oxides on tainable energy systems. These studies highlight the importance of
these alloys can significantly extend the lifetime of superheaters  corrosion resistance for the development of climate-resilient energy
and reheaters in power plant systems.4 Furthermore, understanding systems and infrastructure.””®
the internal oxidation process [which can lead to accelerated degra- Investigations on high-entropy alloys (HEAs) in geothermal
dation in gamma-prime (y) strengthened alloys] is essential for steam environments face a dearth in the literature. There is
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FIG. 1. Worldwide geothermal electricity generation in different years.

insufficient data on their long-term behavior, as most studies focus
on mechanical properties or initial corrosion resistance rather than
extended evaluations. Additionally, systematic and diverse testing
of different HEA compositions under varying geothermal condi-
tions is required to understand their performance and durability
better. Geothermal energy is a promising renewable energy source,
and its utilization has been increasing in the world in recent
years,”'" as shown in Fig. 1. In geothermal power production, the
machinery in plants and wells is exposed to geothermal steam and
water. Corrosive species such as hydrogen sulfide (H,S), carbon
dioxide (CO,), and chloride ions (Cl”) are commonly present in
geothermal steam.'” Figure 2 shows the geothermal power system
highlighting the corrosive steam generation in the process. The
materials in direct contact with steam can experience uniform
and localized corrosion.'” Corrosion problems encountered in the
plant can lead to expensive repairs and loss of production.'* This
can be solved with appropriate materials’ selection, which are
commercially available and good engineering design and prac-
tice.'” Large challenges that need attention include corrosion and
erosion problems in turbines, corrosion in high-temperature geo-
thermal well fluid, and deep-drilled superheated geothermal
wells.

HEAs face several challenges in geothermal steam environ-
ments, including susceptibility to corrosion from chemicals like
H,S and CO,. Limited understanding of their long-term stability
under these extreme conditions has directed investigations to be
conducted in laboratories. With minimal real-world testing, it is
difficult to predict practical performance. Customizing HEAs for
geothermal applications involves high cost and time-consuming
trial and error processes. Additionally, HEAs must withstand fluc-
tuating mechanical and thermal cycles, which require optimum
combination of mechanical strength and thermal stability.
Addressing these issues demands focused research, enhanced
testing, and interdisciplinary collaboration, which creates demand

REVIEW pubs.aip.org/aip/jap

to develop new HEAs or engineer existing HEAs to combat high
temperatures and pressure wherein corrosive and erosive conditions
exist.'® Conventional alloys like Inconel-617, Haynes-230, and
Haynes-282 absorb hydrogen, leading to hydrogen embrittlement.
These alloys also undergo degradation and environmental cracking
[stress corrosion cracking (SCC) or hydrogen-induced cracking
(HIC)], which can affect their performance over time. HEAs have
been proposed to be used in harsh environments; for instance,
components such as wellbore casings, downhole tools, and heat
exchangers. The versatility in alloy design allows tailoring composi-
tions for compatibility with specific geothermal fluid composi-
tions.”” When compared to conventional materials, HEAs show
better performance.'”"*’ Higher configurational entropy, similar
metallic element character, and mixing enthalpy combinations that
favor the formation of solid solutions, such as BCC or FCC over
intermetallic compounds, result in solid solution phase stabilization
at high temperatures. These characteristics of HEAs are promoted
by the combined interactions among all of the fundamental constit-
uents, referred to as “cocktail effect.” HEAs have been shown to
outperform conventional alloys in terms of wear resistance, oxida-
tion, and corrosion resistance, as well as mechanical properties.'”’
The number of publications in the field of HEAs has also increased
rapidly starting from the year 2015.>>’ Despite numerous recent
studies on the corrosion behavior of HEAs, certain aspects remain
unclear. Investigation of the stability of the passive film and its cor-
relation with the alloy composition is of significance to the materi-
als’ community. The phenomenon of passivation is a common
feature of HEAsS, resulting from incorporating passivating elements
like Hf, Ti, Cr, Ni, Fe, and Al Each of these elements reacts with
corrosive species and forms respective oxides on the surface and
prevents further corrosion. The alloy structure and the composition
of the passive film lead to distinct electrochemical response. The

nature of these responses depends on the type and content of alloy- ¢
ing elements. This discussion correlates the intricate relationship !

between corrosion resistance, the stability of passive films, and
alloy composition in HEAs. Various aspects of the influencing
factors of corrosion in HEAs have been elaborated and delibrated.
Overall, HEAs play an important role in improving the integrity
and performance of components in geothermal applications, sup-
porting the growth of this renewable and environment friendly
energy source.

Il. STATE-OF-THE-ART
A. Geothermal steam corrosion

Geothermal energy is a renewable and sustainable source of
power that harnesses the earth’s natural heat. The process involves
extracting high-temperature steam from beneath the earth’s surface
to generate electricity. While geothermal power generation systems
possess immense potential, the chemical composition of geother-
mal steam poses significant challenges to the durability and effi-
ciency of the materials used in power plants. Geothermal steam
contains water vapor (H,O) mixed with gases such as hydrogen
sulfide (H,S), carbon dioxide (CO,), methane (CH,), nitrogen
(N,), hydrogen (H,), and oxygen (O,), as well as dissolved ions like
chloride (Cl7), sodium (Na*), and calcium (Ca*"). These chemical
species are highly corrosive and can severely degrade metal and
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FIG. 2. Geothermal power system highlighting corrosive steam that impacts plant durability (parts of this figure were drawn using Microsoft Designer).

alloy components, leading to high maintenance and reduced effi-
ciency. Hydrogen sulfide (H,S), carbon dioxide (CO,), and chloride
ions (Cl7) are key contributors to material degradation due to their
aggressive corrosive properties. H,S is highly corrosive, causing
severe pitting and embrittlement of metals, while CO, reacts with
water to form carbonic acid, creating acidic environments that
accelerate corrosion. Chloride ions further intensify localized corro-
sion mechanisms like pitting and crevice corrosion. Environmental
factors such as high temperatures, pressures, and mixed gases exac-
erbate these effects, significantly increasing the rate and severity of
material degradation. Understanding the stages of corrosion in geo-
thermal systems is critical for designing effective mitigation strate-
gies and ensuring the longevity and efficiency of the infrastructure.
Sections IT A 1 a-IT A 1 e outline the key stages of corrosion in
geothermal systems from initial steam exposure to the eventual
degradation of materials. Figure 3 illustrates the stages of corrosion
in geothermal systems, from initial steam exposure to eventual deg-
radation of the metal surface.

1. Stages of corrosion in geothermal systems

a. Steam exposure. The initial stage of corrosion begins with
the interaction between geothermal steam and metal surfaces.
Components such as pipelines, turbines, and heat exchangers are
exposed to steam at temperatures ranging from 150 to 370 °C and
pressures of 2-20 bar. The steam’s reactive gases, such as H,S and
CO,, along with chloride ions (Cl7), initiate chemical reactions
upon contact with the metal surface. This interaction disrupts the
stability of the metal, creating conditions conducive to corrosion.

b. Corrosion reaction. In this stage, electrochemical reactions
occur on the metal surface. Species like H,S, Cl™, and hydroxide
ions (OH™) attack the metal, leading to electron transfer and the

formation of metal ions. These reactions create localized anodic
and cathodic regions on the surface, which accelerate the corrosion
process. This localized deterioration is often manifested as pitting,
wherein small, deep holes form on the metal surface.

c. Formation of oxide layer. As a by-product of corrosion, an
oxide layer forms on the metal surface. Initially, this layer acts as a
protective barrier, slowing the rate of further corrosion. However,

in geothermal environments, the oxide layer becomes porous and ;
brittle due to the presence of ions like Cl™ and H,S. This instability ¢

allows the corrosion process to persist, compromising the layer’s
protective properties.

d. Ion diffusion. The next stage involves the penetration of
ions through the oxide layer. Chloride ions (Cl™) diffuse through
the porous oxide, reaching the underlying metal. This leads to
accelerated electrochemical reactions, where the accumulation of
corrosion products weakens the oxide layer further. The metal
surface develops distinct anodic and cathodic regions, promoting
localized corrosion.

e. Degradation. Over time, the passive oxide layer cracks and
detaches, exposing the base metal to further attack. This results in
the formation of rust, surface cracks, and significant material loss.
Continuous degradation weakens the structural integrity of compo-
nents, leading to failures in pipelines, heat exchangers, and tur-
bines. Such failures can cause leaks, reduce efficiency, and even
result in system shutdowns.

B. Impact of geothermal steam

Uniform corrosion occurs when the surface material experi-
ences even thinning, often caused by acidic or basic fluids in
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FIG. 3. Stages of corrosion in geothermal systems.

geothermal brines, leading to a gradual loss of strength. Pitting cor-
rosion results in localized pits on the metal surface, promoted by
the presence of chloride ions, while crevice corrosion occurs in
confined spaces like joints and seals, where stagnant fluid causes
accelerated material failure. Galvanic corrosion happens when dis-
similar metals are in contact, with one metal deteriorating faster
due to the presence of geothermal fluids as an electrolyte. Stress
corrosion cracking (SCC) occurs when tensile stress and a corro-
sive environment combine, often causing catastrophic failures in
components exposed to sulfides, chlorides, or carbon dioxide.
Erosion-corrosion prevails when high-velocity geothermal fluids
carry particles that cause both mechanical wear and chemical
attack, rapidly degrading materials, particularly in pipelines and
pumps. Hydrogen embrittlement weakens metals exposed to
hydrogen sulfide (H,S), leading to brittle fractures, while sulfide
stress corrosion cracking (SSCC) results from hydrogen sulfide
interacting with high-strength steels, leading to sudden failures.
Carbon dioxide corrosion (sweet corrosion) occurs when dis-
solved CO, reacts with water to form carbonic acid, which
degrades carbon steels. Finally, microbiologically influenced cor-
rosion (MIC) is caused or accelerated by microorganisms such as
sulfate-reducing bacteria (SRB) producing hydrogen sulfide and
forming biofilms, which lead to localized damage and pitting.
These various forms of corrosion can significantly impact the effi-
ciency, reliability, and lifespan of geothermal systems. Figure 4

showing geothermal steam’s corrosive nature leads to various
types of corrosion in power plants.

C. Impact of geothermal corrosion

Economically, the costs of replacing corroded parts and repair-
ing infrastructure are high, especially with the need for specialized
corrosion-resistant materials. These expenses are compounded by
reduced efficiency, leading to higher energy losses and lower
output, which can also result in revenue losses due to prolonged
downtime. Environmentally, corrosion poses significant risks, such
as leaks of geothermal fluids containing harmful substances like
hydrogen sulfide (H,S) and heavy metals. These leaks can lead to
soil, groundwater, and surface water contamination, disrupting
local ecosystems. Furthermore, the release of toxic gases like H,S
due to corrosion threatens both workers and nearby communities.
The safety concerns associated with corrosion include sudden
equipment failures that could lead to accidents or blowouts, posing
risks to both personnel and infrastructure. Finally, corrosion accel-
erates the wear and tear of components, significantly reducing their
lifespan and undermining the overall reliability of geothermal
systems, causing frequent interruptions in energy generation. These
combined impacts necessitate the need for effective corrosion man-
agement to ensure the longevity and efficiency of geothermal
energy production.
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FIG. 4. Corrosive nature of geothermal steam resulting in different types of corrosion in power plants.

D. Cost of corrosion

The effects of corrosion span our daily life by both direct and
indirect means. Corrosion is considered one of the significant prob-
lems for most of the industrialized countries.”* When designing
any machinery for industry, the effect of corrosion on the equip-
ment and its surroundings always deserves to be a significant cost
incurring issue. Oil companies all over the world spend huge
amount of money to manage the corrosion problem.”
Nevertheless, disasters such as casualties, economic losses, and
environmental side effects triggered by corrosion still happen quite
often. The maintenance cost of corrosion-related issues for a partic-
ular country varies from 1% to 5% of its gross national product
(GNP).” NACE International conducted a global study on corro-
sion costs and preventative strategies in 2013, which was utilized in
the World Bank economic sector and global Gross Domestic
Product (GDP) data to relate the cost of corrosion. This study
showed that the estimated global cost of corrosion was

approximately 3.4% of the GDP and the cost of corrosion in Gulf
Cooperation Council (GCC) countries”® (Fig. 5).

E. Corrosion challenges in power generation plants
and potential solutions

Structural materials in many front-line high-technology areas
must operate under extreme conditions of temperature, pressure,
and corrosive environments.”” So, material degradation at high
temperatures is a serious problem in several high-tech industries.
Gas turbines in aircraft, fossil-fueled power plants, refineries, petro-
chemical industries, and heating elements for high-temperature fur-
naces are some examples where corrosion limits their use or
reduces their life, considerably affecting their efficiency.”® The exist-
ing preventive methods of steam corrosion and erosion in aggres-
sive environments are (a) alloying additions, (b) use of inhibitors,
and (c) coatings.”” The majority of corrosion resistance efforts have
been concentrated on a variety of steels and nickel alloys, such as
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IN 617, Alloy 800, Alloy 600, Alloy 690, and IN 718.”°** An effec-
tive solution to the above corrosion-prone alloys could be HEA
coatings, which offer several benefits, such as enhancing their resis-
tance to steam corrosion.'® HEA coatings impede stress corrosion
cracking, oxidation, fatigue, and parabolic growth rates, which
reduce the corrosion rate of nickel-based alloys in high-temperature
steam environments.”” This performance offers superior strength
and corrosion resistance suitable for applications in gas turbines,
power generation, and petrochemical plants where these alloys are
commonly utilized. HEA coatings offer economic advantages over
the component lifecycle by reducing maintenance requirements,
extending service intervals, and improving operational reliability in
steam corrosion environments.

lll. RESEARCH FINDINGS

A. Effect of phases on steam corrosion behavior of
HEAs

HEAs typically exhibit either body-centered cubic, face-
centered cubic, or a blend of these two phases.22 Materials with a
stable crystal structure can form protective oxide layers that shield
them from further degradation, thereby enhancing their durability
in harsh environments. Al,x—02, 0.4, o_s)CrCuFeNiz34 promotes the
formation of protective Al,O; and Cr,O3 oxide scales while reduc-
ing the formation of Fe-rich oxides, resulting in improved oxida-
tion resistance and the development of thinner, more stable oxide
layers. Cr in the MoO.SVNbTiCrx(,C:0_2,0)55 alloy promotes the
formation of the Laves phase and leads to a more complex multi-
phase microstructure that is hard and consists of dense intermetal-
lic compounds (e.g., C15-type) along grain boundaries. This acts as
a physical barrier to oxygen and other corrosive species, slowing
down diffusion into the matrix and improving corrosion resistance
at high temperatures. Adding “Mn” to the AlCrFeNi matrix results

REVIEW pubs.aip.org/aip/jap

in a mixed-phase (FCC-BCC). However, when “Mn” is replaced
with Cr, it results in a single-phase alloy (FCC)."” The steam
corrosion-resistant alloys include 45.2% of HEAs that are FCC,
35.5% are BCC, and 19.4% are a combination of these phases
(which includes 80.7% single-phase HEAs and 19.4% multi-phase
HEAs). Notably, alloys with FCC and combined FCC + BCC struc-
tures demonstrate superior resistance to high-temperature steam
corrosion compared to those with BCC structures.”*™"

B. Influence of microstructure on corrosion
performance of HEAs

Understanding the microstructure of HEAs serves as a blue-
print to predict the corrosion performance. Grain boundaries
within HEAs can serve as preferential sites for corrosion initiation,
influenced by factors such as elemental segregation and structural
defects. Moreover, the presence of precipitates and second phase
alters local chemical compositions, thereby impacting the forma-
tion and stability of protective oxide layers. The microstructure also
affects diffusion pathways for corrosive agents like steam and
oxygen, influencing the kinetics of oxide formation and corrosion
processes. Furthermore, surface morphology that is implication of
roughness and grain size, which plays a role in the adhesion and
stability of oxide scales, ultimately affecting the overall corrosion
behavior of HEAs.””"!

Chromium addition to HEAs can significantly improve their
corrosion resistance by promoting the formation of protective
oxide layers, stabilizing simple solid solution phases, and synergisti-
cally interacting with other alloying elements like AL
MOO.SvaTiCrx(x:O, 0.25, 0.5, 0.75, 1.0, 1.5, 2'0)35 demonstrates a Signiﬁ—
cant correlation between corrosion, with the addition of Cr. As the
Cr content in the HEAs increases beyond a concentration of 1.0,

the formation of the Laves phase begins, resulting in enhanced cor- ¢
rosion resistance against severe conditions (superheated steam at !

400 °C and 10.3 MPa for 1680 h), exhibiting the least mass gain.
Similarly, ALCrCuFeNiy o5 o4, 06 HEAs follow the same
trend with increasing concentration of Al. High Mo concentration
in the (Mo, Cr) rich phase forms FCC solid solution of the
CoCrFeNiMo alloy. This reduces the Cr concentration in the other
phases (Mo rich phases and Ni-Fe-rich phases), resulting in lower
corrosion resistance.*

The as-cast FeNiCrCuAl” HEAs possesses NiAl-rich BCC
(B2) phase surrounding the FeCr-rich region petal-like microstruc-
ture contributing to lower mass gains. This is notably less than
those of austenitic stainless steels and Ni-based alloys under identi-
cal corrosion conditions (1000h at 550°C and 25MPa). In a
similar family of alloys of AICrFeNiMn** where Mn replaces Cu,
characteristic dendritic segregation (DR) pattern is observed. As the
heat treatment temperature rises, the precipitation of the BCC
phase is enhanced, transforming microscale needle-like structures
into nanoscale granular structures. Treatment at 800 °C results in
the dispersion of ultrafine precipitates, reducing the coarse DR.
Further heating (900 °C) leads to a decrease in ultrafine precipitates
and a weakening of the DR structure. Simultaneously, at 1000 °C,
the second phase becomes passivated, with the emergence of a
twin. This dendritic segregation in the HEA leads to active corro-
sion and dissolution of the alloy, as indicated by a high corrosion
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rate of 3.25mm/year. On the other hand, in the AlgsCr,;
Fe,, oNiyy 1C0,4 matrix, the addition of reactive elements (Zr or
Y) leads to segregation at dendritic domain boundaries, limiting
coalescence, which results in grain refinement showing slight var-
iation in corrosion resistance. However, Al ¢Cr,3,Nis, g consists
of a single FCC solid solution, while AlgoCr,3Niz4; has FCC
plus B2-NiAl phases, but the addition of Nb or Ti promotes the
formation of the Laves phase (Fe,Nb) and y'-Ni3(Al, Ti) within
the FCC solid solution matrix and this contributed to an increase
in Welght gain Compared to A17_9Cr23'2Ni34'8 and Als'gcr23.1Ni34v3.
Figure 6 shows the surface morphologies of oxides formed on
FeNiCrCuAl after exposure to supercritical water (SCW) at
various temperatures (380, 500, and 650°C) and durations
(100-500 h). The images reveal temperature- and time-dependent
evolution of oxide microstructural features like striped (Al,O3),

FIG. 6. Surface morphologies of the oxides developed on FeNiCrCuAl after exposure to SCW for different exposure times at different temperatures.*®
permission from Zhao et al., Corros. Sci. 227, 1-15 (2024). Copyright 2024 Elsevier.

REVIEW pubs.aip.org/aip/jap

polyhedral [FeCr,0, and (ALFe);0,], and flakes (Cu,O), indicat-
ing the changes in oxidation mechanisms and scale stability.
Cu,O particles are rough and become less dense over time at
380°C [Figs. 6(a)-6(c)], whereas polyhedral FeCrO, and Al,O;
stripes form in NiAl- and FeCr-rich regions, respectively.
The FeCrO, content increases over time at a particular tempera-
ture. Both Cu,O and FeCr,O, particles enlarge at 500°C
[Figs. 6(d)-6(f)], with flaky Al,O; and Cu,O predominating in
NiAl-rich regions and FeCr,O, covering FeCr-rich zones. This
indicates enhanced oxide segregation at higher temperatures.
While smaller Cu,O particles continue to exist, flaky Al,O;
becomes the predominant phase on NiAl regions at 650 °C
[Figs. 6(g)-6(i)]. At the same time, a synchronous Cr/Al-rich
oxide film forms on FeCr regions, Al,03-based protection becom-
ing predominant at higher temperatures (Table I).*’

ALY
.*-\f 0 4

£eCI Y (ALFe)s0

- 3 &

- ALOSY 3

n
) =

w
FIN Lun

Reproduced with

0€:22:90 §20z 1oquiadeQ 20

J. Appl. Phys. 138, 020701 (2025); doi: 10.1063/5.0273671
© Author(s) 2025

138, 020701-7


https://pubs.aip.org/aip/jap

Journal of
Applied Physics

TABLE 1. High-entropy alloys and their crystal structure.

REVIEW pubs.aip.org/aip/jap

S. No. Alloy Crystal structure Reference
1 A17'9Cr23'2Fe34'1Ni34'8 AuStenite 46
A13_9Cr23_1Fe33_7Ni34_3 Austenite
A18'2Cr21'4Fe30'3Ni35Nb5'1 FeZ Nb (laves)
Al; oCr;,Fe3; 9Nisz o Tis Austenite + Niz (AL Ti)
2 A11141Cr22.2F622.2N122.3Mn22_2 FCC +BCC + B2 41
Aly30Cra1.7Fes1 7N2;1 8C021 7 FCC+BCC+ B2
A112.7C1'21.6Fez1.7Ni.21A7C021A621'0A06 FCC
Aly7Cry 6Fe217Niz1 7C021.6Y0.06 FCC+BCC
3 AICrNbTiZr BCC 47
4 FeCrMnNi BCC + FCC 48
5 FeNiCrCuAl BCC + FCC 49
6 AICrNbDSITi 50
7 (FeNi)57Cr15Mn10A15Ti3 FCC + BCC 36
8 CoCrFeNiMo Fe;Ni, (laves) + FCC, Cr, Mo (laves) 41
9 FeCoNiCr FCC 50
FeCoNiCrMo FCC
FeCoNiCrTi BCC + FCC
FeCoNiCrMn FCC
10 Al,CrCuFeNi2 (x=0.2, 0.4, and 0.6) FCC 34
11 AlCrFeNiMn FCC + BCC 43
12 FeNiCrCuAl FCC + BCC 42
13 CoCrFeNiMn FCC 52
14 A125colscr25Ni25 BCC+o 53
A120C025Cr25N125Si5 BCC+o
A_lzocoscrzoFezoNi35 BCC + FCC
A110C015Cr20F620Ni35 BCC + FCC
C. Oxidation behavior of HEAs in harsh and hostile and Cu,O after 100h of exposure.”” The Aly,CrCuFeNi, HEA™ |
environments

Oxidation can be influenced by several factors, including the
specific elements present in the alloy, temperature, the environment
in which the oxidation occurs, and the presence of impurities or
contaminants. Oxidation kinetics aids in understanding the nature
of oxide formed in a particular environment. Linear kinetics indi-
cate the formation of a non-protective oxide layer that allows con-
tinuous oxygen penetration, resulting in a constant oxidation rate
over time. In contrast, parabolic kinetics reflect the development of
a dense, protective oxide scale (like Al,O; or Cr,03), where oxida-
tion slows down, as diffusion through the oxide layer becomes rate-
limiting. The transition from linear to parabolic behavior often
signals improved oxidation resistance in HEAs.”*~>°

An excellent equiatomic composition with superior steam
corrosion-resistant behavior would be Al,5C0,5Cr,5Niys." This alloy
displays remarkable oxidation resistance in steam environments at
1000 °C, particularly under conditions involving rapid temperature
changes, making it well-suited for resisting oxidation challenges in
dynamic thermal environments. The weight gain of the FeNiCrCuAl
HEA gradually increases with extended exposure periods to super-
critical water (SCW), following a parabolic growth law. Identified
oxide films on this alloy surface include FeAl,O,, NiAL,Oy, y-AL O3,

exhibits two-stage oxidation kinetics at 700 °C, with an initial fast-
growing stage before 25h and a slow-growing stage within 100 h.
Aly 4CrCuFeNi, and Alps CrCuFeNi, HEAs show single parabolic
rate constants. A lower solute concentration of Al in Aly,CrCuFeNi
» leads to a discontinuous Al,O; distribution and thicker Fe-Ni-rich
spinel oxides. Aly 4CrCuFeNi, and Aly¢CrCuFeNi, HEAs exhibit less
Cu,0 and NiO oxide and thinner spinel oxide scales. Spinel becomes
part of the growing oxide layer on the alloy surface. This layer can act
as a partial barrier to further oxidation.”' At 380°C, irregular Cu,O
particles, AL,O; striped oxides, and FeCr,O4/(Al, Fe);04 polyhedral
oxide particles develop on NiAl-rich and FeCr-rich regions in
CoCrNiFeMo."' Duplex/triplex structured oxide films form on
NiAl-rich and FeCr-rich regions at 380 °C. At 500 °C, oxide sizes
increase, and at 650 °C, flaky Al,O; oxides are larger and denser;
this leads to exhibiting strong corrosion resistance.

The Aly;CrFeNiMn a\lloy58 exhibits poor oxidation resistance
in air. Oxide scales consist of a thick Mn;O, single layer and a
triple-layer assembly (Mn,AlO4/MnAl,0,/Al,O3) in steam, indicat-
ing reduced oxidation rates in steam. Distinct scaling behaviors are
attributed to varying oxygen partial pressures and preferential
initial oxidation of Mn. AlysCrFeNiCo alloys exhibit selective oxi-
dation of Al, forming a dense and protective alumina scale, show-
casing excellent high-temperature oxidation resistance comparable
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to alumina-forming FeCrAl alloys. However, the oxide scales show
low adherence with significant peeling off during cooling.

HEAs with A1(7.9-8A9)C1' (21A4-23A2)Ni(34.3-35)16 forms a-Al,O3
scales during exposure to steam at 1200 °C. Adding Nb improves
oxide scale adherence, while adding Ti degrades oxidation resis-
tance due to the formation of less protective TiO, and Fe;O, layers.
The oxygen dissociation partial pressures of metal oxides such as
Al O;, TiO,, Nb,Os, Cr,03, and Fe;O, are lower than the oxygen
partial pressure of steam (0.5 bar) at 900-1300 °C. This shows their
thermodynamic stability in a steam atmosphere.””

D. Comparison of steam corrosion behavior of HEAs
with conventional superior alloy

The corrosion layer primarily comprises sulfide- and
oxide-rich corrosion products, indicating aggressive reactions with
H,S and CO, gas in geothermal steam. CoCrNiFeMoy s is the most
corrosion-resistant among CoCrNiFeMo alloys. Corrosion rates of
Cu-containing HEAs (CoCrNiFeMoCu) increase with higher Cu
concentrations in a simulated superheated geothermal environ-
ment, with the main corrosion product identified as Cu,S. The
reaction between H,S and Cu is responsible for the corrosion
process.”’

Both (FeNi)s;Cr;sMn;oAlsTi; and Zr-4 alloys gain weight in a
360 and 400 °C high-temperature and high-pressure steam environ-
ment, with HEA exhibiting lower weight gain compared to the Zr
alloy over a time period of 336 h. The HEA’s weight gain is signifi-
cantly lower than that of the conventional Zr alloy as time pro-
gresses. Steam vapor corrosion resistance varies significantly with
bias voltage, where samples with a 50 V bias exhibit corrosion pits
between 140 and 200 h, while other conventional alloys show pits
between 50 and 140 h.*°

The FeCrMnNi alloy experiences weight loss in a 360 °C high-
temperature and high-pressure water environment, with evenly dis-
tributed oxide particles formed on the surface, mainly consisting of
Fe and Cr oxides, whereas weight gain occurs at 400 °C, indicating
poor corrosion performance compared to the former. Oxide parti-
cle size is smaller at 400 °C, suggesting a difference in corrosion
behavior between the two environments. This HEA has superior
steam corrosion resistance compared to other HEAs. Various Fe
compositions had been tested for steam corrosion performance
under high temperatures (380-1200°C) at different time scales
(1-1680 h), and the results showed an outstanding corrosion resis-
tance. In the case of mass gain, it ranges from 0.00268 mg/cm” for
FeNiCrCuAl" to 0.2 mg/cm?® for FeCoNiCrMn."' Coatings, regard-
less of deposition temperature, exhibit good hydrophobicity. After
45 days of high-temperature corrosion, all coatings exhibit good
corrosion performance, with RT-deposited coatings showing supe-
rior high-temperature corrosion resistance. Conventional model
alloy (FeAICrNi) from both alumina-forming austenitic (AFA) and
HEA systems exhibits similar corrosion behavior, forming protec-
tive alumina scales with comparable thickness, except for HEA
with Ti. Al and Cr are the most used elements in steam corrosion-
resistant HEAs. Cr does not provide any direct protection against
steam corrosion unlike Al, but it gives a phase stability in HEAs
that leads to less mass gain under such extreme conditions. HEAs
and traditional alloys differ significantly in their steam corrosion

REVIEW pubs.aip.org/aip/jap
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FIG. 7. Ashby plot showing various alloys under steam corrosion conditions.

properties.”’ Conventional alloys, such as Fe, Al, and nickel-based
alloys, are widely used in high-temperature corrosive environments.
These alloys typically contain a primary element along with smaller
amounts of other alloying additions to enhance specific properties.
Figure 7 shows the comparison of various alloys of corrosion resis-
tance under harsh environments. Examining Fe-alloys at a temper-
ature of 750 °C over a period of 1000-1800 h revealed a mass gain
within the range of 0.15-1.5mg/cm®®" Conversely, Al-alloys,
Ta-alloys, and other alloys subjected to steam corrosion at tempera-

tures between 800 and 1100 °C for a period of less than 100 h dis- ¢
played mass gain ranging from 9 to 220, 0.9 to 22, and 8 to 18 mg/ !

cm?, respectively. Steels and nickel alloys exhibited a mass gain of
0.1-6.63 mg/cm” under the conditions of 600 °C for 150 h. Notably,
Ni-Fe-Cr alloy experienced mass loss, indicating vulnerability to
steam corrosion, necessitating regular replacement.

In contrast, HEAs demonstrated exceptional resistance to
steam corrosion, with compositions tailored for both high tempera-
tures (1100-1200 °C) over short durations (<100 h) and low tem-
peratures (400-700°C) spanning longer periods (100-1700 h).
HEAs exhibited mass gains of 0.025-19.4 and 0.0268-15.2 mg/cm®
under these respective conditions. Consequently, HEAs emerge as
highly significant in mitigating steam corrosion, rendering them
suitable for applications in supercritical steam environments
(Table II).

E. HEA coatings as a plausible solution for steam
corrosion

High-entropy alloy coatings are healthy alternatives for anti-
steam corrosion applications due to their superior corrosion resis-
tance, thermal stability, and mechanical strength. HEAs as bulk
materials are expensive because they require several rare or expen-
sive elements. Coating them as thin coatings onto inexpensive sub-
strates has both practical and financial benefits.””™" This targeted
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TABLE II. Mass gain of HEAs at various conditions.
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pubs.aip.org/aip/jap

Composition Time (h)  Temperature (°C)  Mass gain (mg/ cm?)  Reference
HEA CoCrFeNiMn 100 1000 1.75 57
FeNiCrCuAl 100 550 0.14 42
Aly,CrCuFeNi, 100 700 0.17 34
Aly 4CrCuFeNi, 100 700 0.075
Aly CrCuFeNi, 100 700 0.025
FeCoNiCr 300 550 0.07 50
FeCoNiCrMo 300 550 0.04
FeCoNiCrTi 300 550 0.07
FeCoNiCrMn 300 550 0.2
Moy 5VNDTICr, (x=0) 1680 400 12.18 35
Moy 5VNDTiCr, (x =0.25) 1680 400 12.46
Mo (5 VNbBTICr, (x=0.5) 1680 400 15.2
Moy 5VNDbTICr, (x=0.75) 1680 400 10.84
Moy s VNbTICr, (x=1.0) 1680 400 7.64
Mogs VNbTiCr, (x=1.5) 1680 400 9.58
Mog s VNbTICry (x=2.0) 1680 400 6.56
FeNiCrCuAl 500 380 0.00268 49
FeNiCrCuAl 500 500 0.0067
FeNiCrCuAl 500 650 0.0135
AICrNbTiZr 0.5 1000 6.125 47
AICrNbTiZr 0.5 1100 13.251
AICrNbTiZr 0.5 1200 19.414
All1_1Crzz_zFezz_zNizz_ganz_z 20 1000 5.2 41
Alyy1Crpz2Fe; 5Nix; sMng; 5 20 1200 37.1 .
A113_0Cr21‘7F621‘7Ni2148C021_7 20 1000 0.1 8
A113.0Cr21‘7F621.7Ni2148C021_7 20 1200 1.5 %
Aly; 7Cry 6Fes1.7Niz1 7C051.6Z10.06 20 1000 0.5 %
Aly2.7Cry; 6Fe21 7Nia1 7C021.6Z10.06 20 1200 7 8
Aly5 7Cry1 6Fes1.7Niz1 7C021.6Y0.06 20 1000 0.1 §
Aly57Cry1 6Fe21.7Niz1 7C051.6Y0.06 20 1200 2 R
Aly oCry3,Fes4 1 Ni 348 1 1200 0.39 45 g
AI&QCr 23.1 Fe33_7Ni34v3 1 1200 0.24
A18‘2Cr21‘4Fe30.3Ni35Nb5.1 1 1200 0.72
A17_9Cr22Fe31‘gNi33.2Ti5 1 1200 2.66
Steels and nickel alloys 304 168 650 6.63 60
316 168 650 1.74
321 168 650 0.34
347 168 650 3.87
Inconel 600 168 650 0.22
Inconel 625 168 650 0.1
Inconel X750 168 650 0.19
Incoloy 800 168 650 0.21
GE Rene 41 168 650 0.14
Nb-alloy NbCrMo, s5TagsTiZr 100 1000 120 61
NbCrMoTiAly s 20 1300 150 62
NbCrMoVAlj 5 20 1300 350
NbCrMoTiVAly 5 20 1300 260
NbCrMoTiVAly 5Sio 3 20 1300 185
NbMoCrTiAl 48 1100 8 63
NbMoCrTiAlY 48 1000 25 64
Nb; 3Sis 4Tijo 4Als sHEg 4 100 1200 1.5 65
NbTiZrCr 100 1000 100
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TABLE II. (Continued.)
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Composition Time (h)  Temperature (°C)  Mass gain (mg/ cm?)  Reference
Al-alloy AlzocrloMoloszoTizozrzo 20 1000 21 66
Al30Cr10Nb20Tizozr20 20 1000 20
A110Cr30Nb20Tizozr20 20 1000 39
AINbTiVZrg »5 50 900 220 67
A120Nb30Ta10Ti30Zr10 100 1000 50 68
Alzocr25Nb20Tizozr15 24 800 21 69
AlzocrzsNblgTizozrlel 24 800 9
Al (CrNbTiZrq 50 1000 24 46
Ta-Alloy TaMoCrTi 5 1000 0.9 70
TaMoTiAl 5 1000 2.5
TaMoTi 5 1000 22
TaMoCrTiAll Si 48 1100 3.7 71
TaMoCrTiAl 12 1100 10 72
Fe-alloys HR120 1800 725 0.25 59
310TaN 1800 725 0.35
HCMI12A 1800 725 0.5
NF709 1800 725 0.8
HR3C 1800 725 0.15
347HFG 1800 725 0.9
Modified 800 1800 725 0.95
SAVE25 1800 725 1.15
Other alloys WMoCrTiAl 40 1000 8 73
13.4T320'3M015'2Nb25'2CI‘5.4 T1176A12981 100 1400 18 71
CrMoNbTaV 25 1100 10 74
protection reduces the component weight and material consump- enhances the corrosion resistance of the coatings.” AlCoCrFeNi
tion without sacrificing functionality.”*”” There are some common coated on a 304 SS substrate with a thickness of 190-210 um acts !

coating techniques, such as laser cladding, magnetron sputtering,
and high-velocity oxy-fuel, that have been widely used in various
industries for anti-corrosion coating of HEAs. Table III shows
some of the major high-entropy alloy coating techniques that are
used in the steam corrosion environment. HEA has fair wettability
on metallic substrates, and this enhances better adhesion and
uniform coating coverage, leading to the formation of consistent
and protective passive films on the substrate surface. Moreover, the
refinement of the microstructure with minimized defects in the
coatings enhances corrosion resistance. These synergistic effects
can lead to better performance and extended service life of parts of
biomedical implants and in components used in nuclear reactor
and fuel cells.”

Various steels (304, AISI 1045, 316 1, etc.) are coated with
HEAs such as FeCoCrNiTi, AICoCrFeNiMn,, CoCrCuysFeNiSiy,
Al ;CrFeCoNi, CuCrFeMnNi, and (TiHfZrVNb)N (high-entropy
alloy nitride) with a micrometer scale of thickness for improvement
in high-temperature steam corrosion.”' ™" FeCoCrNiTi coatings
were deposited on 304 stainless steel (304SS) substrates with a
thickness ranging from 1.15 to 1.45mm, enhancing its anti-
tribocorrosion behavior. These coatings have an average grain size
of 27.23 um, which increases grain boundary density. This pro-
motes the formation and repair of passive films and thereby

as an effective physical barrier with <1% porosity, against CI~ ion
attack on the substrate.”” AISI 1045 steel was coated (1.2-1.5 mm)
with CoCrCuy sFeNiSiy, where increasing silicon (Si) content pro-
moted the formation of silicide, aiding in refinement of the grains,
thus enhancing corrosion resistance. HEA nitride coatings specifi-
cally (TiHfZrVND)N with a thickness of 4.78 um also showed sig-
nificant improvement in the material’s corrosion resistance.”® The
optimum interplay of parameters like coating thickness, micro-
structure control, and electrochemical properties ensures superior
corrosion resistance.”’

F. Elemental profile of HEAs during steam corrosion

HEAs before and after steam corrosion testing reveal critical
insights into oxide layer formation, elemental segregation, and
chemical bond transformations, with depth profiling. In
Cr-containing HEAs, the formation of dense and adherent oxides
(Cry03) occurs post high-temperature steam exposure at 300 °C.
The formation of protective oxide barriers like CrO; or AlL,Oj; is
linked to their elemental segregation in the oxide layer. The surface
morphologies of the oxides formed on as-cast FeNiCrCuAl after
exposure to supercritical water (SCW) at different temperatures
and holding times are shown in Fig. 6. The oxide film grew along
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TABLE lll. Common HEA coating techniques.

Method Coating type Properties of coating/film Advantages Disadvantages

1. Thermal spraying Thick coatings

(100-300 &m) HVOF)

- Good adhesion

- Can have oxides depending

on environment
- Low porosity

- Dense (especially with

- Cost-effective

- Suitable for large surfaces
- Adjustable thickness

- High scalability

- May have porosity

- Oxidation during
spraying

- Rough surface

- Mechanical bonding type

HVOF (high-velocity

oxy-fuel) - Low porosity

- Mechanical bonding type
- Less dense than HVOF

Plasma spraying Lese :
- Higher porosity

- Metallurgical bonding type

2. Laser cladding Thick coatings - Dense, crack-free

(200-500 m)

- Dense, smooth coatings

- Strong metallurgical bond
- Good microstructure

- Lower oxidation

- Strong mechanical bonding

- High scalability

- Suitable for high-temp
HEAs

- High deposition rates

- High scalability

- Equipment cost

- Requires careful
parameter control

- Oxidation risk

- Surface prep needed

- Excellent bonding
- Minimal dilution
- Good corrosion resistance

- High initial cost
- Requires precise
control

retention - Medium scalability - Slower process
- Very low porosity
3. Magnetron Thin films - Nanocrystalline or - Precise composition control - Expensive
sputtering (PVD) (1-10 um) amorphous structure - Ideal for microelectronic/ - Slow
- High purity sensor applications - Not suitable for thick
- Very smooth and uniform - Low-medium scalability coatings
- Very low porosity
- Physical/atomic layering
bonding type
4. Arc or RF Sputtering - High purity - Good adhesion - Low deposition rates

(PVD)
- Smooth surface
- Very low porosity

5. Electrospark
deposition (ESD)

Thin coatings

(up to ~10 um) - Rough surface

- Microcracks possible

- Low porosity

6. Cold spraying Thick coatings

(~100 um)

- Ductile coating
- Low oxidation
- Very low porosity

- Nanostructure retained

- Dense and uniform

- Strong metallurgical bond

- Suitable for complex shapes
- High scalability

- High vacuum
requirements

- Limited thickness

- Rough finish

- Not suitable for large
areas

- Minimal heat input

- Strong wear and corrosion
resistance

- Low scalability

- Limited to ductile
powders

- Requires high-pressure
gas systems

- High deposition rate

- No thermal degradation
- Dense coatings

- Medium-high scalability

- Mechanical bonding type

the Cu-rich phase toward the interior of the substrate, and the
embedding depth increased with temperature for a holding time of
100, 300, and 500 h, i.e., 2.84 £ 0.96 um at 380 °C, 4.15 + 0.56 um at
500 °C, and 6.96 + 0.94 um at 650 °C, respectively.”®

The elemental profiles and depth analysis of the FeNiCrCuAl
were studied using TEM with energy dispersive x-ray spectroscopy
(EDS) line scans (Fig. 8). Cross-sectional view of the oxide layer
formed on the pristine HEA after 300 hours of exposure to super-
critical water (SCW). First, in the FeCr-rich BCC regions, after
100h at 550°C and 25MPa in SCW, a duplex oxide structure
formed, featuring an outer FeAl,O, spinel layer (~1um) and an
inner FeCr,O, spinel layer (~200nm), with Cu,O particles

embedded. Second, post-1000h, the oxide evolved into an outer
v-ALO; layer and an inner CrAl,O, spinel layer, with Cr,0O5 parti-
cles appearing beneath. In the NiAl-rich BCC regions, a stable
duplex oxide structure was observed at both 100 and 1000 h, com-
prising an outer y-Al,Oj; layer (0.32-1.1 um) and an inner NiAlL,O,
layer, developed on the NiAl-rich regions regardless of the exposure
period. In the Cu-rich FCC regions, localized corrosion caused
redeposition of Cu,O particles on the surface.”” In FeNiCrCuAl
exposure to 380 °C SCW, oxide particles such as irregular Cu,O,
ALO; stripes, and FeCr,O,/(ALFe);0, polyhedra formed on
NiAl-rich and FeCr-rich regions, with Cu,O and FeCr,0, particle
sizes increasing over time (100-500 h). Duplex and triplex oxide
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FIG. 8. Cross section of the oxide layer of pristine HEA after 300 h exposure to SCW: (a) TEM image and corresponding EDS elemental maps; (b) the selected area elec-
tron diffraction (SAED) pattern of the Cr-rich oxide film; and (c) the EDS compositional profile of O, Cr, Fe, Co, and Ni.** Reproduced with permission from Huang et al.,

Corros. Sci. 208, 1-14 (2022). Copyright 2022 Elsevier.

films were developed with varying layer compositions and thick-
nesses (~2.60 and ~0.97um). At 500 °C, similar morphologies
were observed, though oxide particle sizes and film thicknesses
slightly increased. At 650 °C, AL,O; oxides became significantly
larger and denser, while Cu,O particles decreased in size. Distinct
multi-layered oxide structures formed on NiAl- and FeCr-rich

J. Appl. Phys. 138, 020701 (2025); doi: 10.1063/5.0273671
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regions, with oxide film thicknesses of ~2.90 and ~0.90um,
respectively.”

The graphene-reinforced laminated CoCrFeNiMn showed a
uniform distribution of Co, Cr, Fe, Ni, and Mn within the FCC
matrix, along with localized Cr- and Mn-rich oxides mainly in the
slurry regions due to pre-oxidation during processing. After 100 h
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of steam oxidation at 1000 °C, a multi-layered oxide scale formed,
featuring an inner Cr-rich Cr,O; layer and an outer Mn-rich
(Mn,Cr);04/Mn;0, layer. Cross-sectional EDS revealed that the
Mn and Cr get depleted near the oxide/matrix interface from outward
diffusion, while oxygen penetration caused internal oxidation within
the matrix. Elemental depth profiling confirmed Cr enrichment in the
inner oxide layer and Mn depletion in the substrate, with GNPs
largely intact due to their parallel alignment, which contributed to the
composite’s enhanced oxidation resistance.**

IV. FACTORS INFLUENCING CORROSION RESISTANCE

The steam corrosion resistance of (HEAs) is intricately influ-
enced by multiple factors. Figure 9 shows the factors affecting cor-
rosion properties. First and foremost, the alloy composition plays a

REVIEW pubs.aip.org/aip/jap

pivotal role in shaping their resistance to steam-induced corrosion.
Furthermore, the sluggish diffusion effect of HEAs and the
complex atomic arrangement impede the movement of corrosive
species, reducing their ability to penetrate the material and form a
stable and protective oxide layer on the surface are paramount,
acting as a barrier against further degradation in the presence of
steam. Sensitivity to temperature and pressure conditions is
another critical aspect, with the alloy’s performance varying under
diverse steam environments, necessitating optimization for specific
temperature and pressure ranges. Microstructure stability, including
the presence of multiple phases and grain boundaries, also contrib-
utes to the alloy’s resilience against steam-induced degradation.
Some HEAs exhibit passivation, forming a protective layer that
inhibits corrosion, adding to their overall resistance. The distribu-
tion of alloying elements within the microstructure and the surface
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FIG. 9. Factors affecting corrosion properties.
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finish and condition are crucial, impacting susceptibility to steam
corrosion. Exposure time is a critical factor, as some HEAs may
show excellent short-term resistance but could experience degrada-
tion over extended periods. Finally, the presence of impurities in
steam, such as contaminants or aggressive species, can affect corro-
sion resistance, necessitating HEAs designed for specific impurity-
laden steam environments. The optimization of these factors
through meticulous alloy design, processing, and testing is essential
for developing high-entropy alloys with superior steam corrosion
resistance, rendering them suitable for applications in steam-rich
environments, including power generation systems. In addition to
this, factors influencing corrosion resistance are categorized into
two based on their origin.

The transition from laboratory research to industrial deploy-
ment of corrosion-resistant HEAs for geothermal systems faces
several critical challenges. Lab-produced HEAs can be disks, rods,
pellets, thin films, or small blocks, and their typical weight ranges
from a few grams to several hundred grams. While thin films range
in thickness from 10 nm to a few micrometers, lab-scale ingots or
buttons typically measure between 10 and 50 mm in diameter and
5-20mm in thickness. Bulk samples made by casting or sintering
can have lengths or diameters ranging from 10 to 100 mm, while
powders at this scale are typically in the micrometer to sub-
micrometer range. Industrial-scale HEAs, on the other hand, are
made in far greater quantities, from a few kilograms to tons, and
come in a variety of forms, including powders, rolled sheets, forged
parts, cast components, rods, and wires. Industrial ingots are 100-
500 mm in diameter and up to 1 m long; rods and bars are usually
10-100 mm in diameter and several meters long, and sheets or
plates can be 1-20 mm thick, up to 1 m wide, and several meters
long. Additionally, powders are made in large quantities for uses
such as coatings and additive manufacturing,”””

A primary obstacle is the difficulty in scaling lab results to
actual geothermal environments. HEAs must withstand complex,
multi-factor degradation mechanisms, including high-temperature
corrosion, stress corrosion cracking, and erosion-corrosion under
dynamic flow conditions.”' ™" The lack of long-term field-testing
data is another significant limitation since most studies rely on
short-term laboratory tests that are unable to predict material
behavior. Faster cooling rates during lab-scale production encour-
age finer microstructures, which improve corrosion resistance
through efficient mixing. On the other hand, slower cooling in
large-scale production, combined with less efficient mixing, can
lead to composition gradients, segregation, and the formation of
coarse grains.'”'® Additively manufactured HEAs frequently have
significantly higher corrosion resistance than their arc-melted
counterparts due to variations in microstructural features such as
porosity, elemental segregation, and residual stresses. For instance,
laser powder bed fusion of AlCoCrFeNi alloys has been shown to
produce finer microstructures than conventionally cast versions of
the same alloy.” ™

V. FUTURE DIRECTIONS

Several future directions have been identified to enhance per-
formance in steam-rich environments. These include a dedicated
focus on refining and optimizing HEA compositions for superior

REVIEW pubs.aip.org/aip/jap

steam corrosion resistance, emphasizing the selection of alloying
elements that form protective oxide layers. Advanced microstruc-
ture engineering techniques are under exploration to tailor the
internal structure of HEAs, ensuring improved resistance to steam-
induced corrosion by optimizing grain boundaries and phase distri-
butions. The diffusion pathway and diffusion barrier created by a
multi-grain structure, variation in grain sizes (micro- and nano-
grains), or a dual-phase structure in high-entropy alloys can effec-
tively hinder or block the diffusion pathway. This can slow down
diffusion reactions by increasing the complexity of the diffusion
process.

The presence of diverse grain sizes and dual-phase structures
introduces a unique variation in interfaces and boundaries, which
act as obstacles to atomic movement. These features reduce the dif-
fusivity of atoms, making the material more resistant to diffusion-
driven phenomena such as corrosion, oxidation, and phase trans-
formations. Figure 10 illustrates the morphology and structure of
the microstructure, collectively providing insights into the crystallo-
graphic features of the high-entropy alloy. These features are
directly related to how multi-grain structures, varied grain sizes,
and dual-phase distributions create diffusion barriers and slow
down diffusion reactions. Additionally, innovative surface modifica-
tion methods like coatings or treatments are being investigated to
create protective layers on HEA surfaces, mitigating the impact of
steam exposure.

The development of in situ corrosion monitoring techniques
during HEA synthesis and service aims to enable real-time assess-
ment of corrosion behavior, providing a comprehensive under-
standing of how HEAs respond to steam exposure over time.
Establishing standardized and rigorous testing protocols for evalu-
ating HEAs under high-temperature steam conditions is critical,
offering a consistent benchmark for assessing the steam corrosion
resistance of different alloy formulations.

Multi-scale modeling approaches are being employed to simu- !

late the behavior of HEAs under steam corrosion conditions, aiding
in predicting performance, optimizing compositions, and under-
standing complex interactions at different scales. Targeted research
for specific applications, such as power generation systems or steam
turbines, involves tailoring HEA properties based on unique chal-
lenges posed by these environments.

Machine learning (ML) in HEA anti-corrosion design focuses
on developing hybrid physics-informed models that combine the
density functional theory (DFT) simulations and neural networks
to predict phase stability, while active learning systems enable
autonomous alloy development through closed-loop synthesis and
testing.”"™'"’ ML, thermodynamic modeling, and high-throughput
computational tools are exploited to discover high-temperature
oxidation-resistant HEAs for advanced turbine systems. Dataset of
K, values (oxidation parabolic rate constants) was compiled from
over 106 papers, covering 340 alloy compositions. 44 features were
used, including elemental compositions, phase stability parameters
(Q, 8, AH,,x), and Cr/Al ratios to predict high-temperature
oxidation-resistant HEAs.'”' By integrating several ML techniques
such as Logistic Regression (LR), Decision Tree (DT), Random
Forest (RF), K-Nearest Neighbor (KNN), Artificial Neural Network
(ANN), and Synthetic Minority Over-sampling Technique
(SMOTE), prediction of the cracks of oxide scales during high-
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FIG. 10. Multi-scale hierarchical microstructure of (NiCo); 7AICrFe HEA.”” Reproduced with permission from Vikram et al., Philos. Mag. 103(16), 1592-1602 (2023).
Copyright 2023 Taylor and Francis.

temperature oxidation of metals and alloys can be done.'”” To dis-
cover Cr- and Al-containing HEAs with high oxidation resistance
at 1100 °C in air, ML was applied to 482 datasets from the literature
containing chemical compositions, oxidation temperature/time,
and weight gain after exposure. Nine algorithms were tested, identi-
fying AICrCuFeNi as a top-performing HEA.'”> ML was used to
predict the corrosion behavior of the HINbTaTiZr system in simu-
lated body fluid (SBF) at 37 £1°C, based on data from 46 HEAs
reported in the literature, all vacuum arc-melted and tested in the
as-cast form. The target variable was corrosion potential (Ecor),
chosen over corrosion current due to reproducibility issues. The
dataset included 12 elemental/experimental features and 22 calcu-
lated features (e.g., VEC, r, Ay, AH, AS, etc.).'

Several research groups have standardized microstructural,
electrochemical, and operando datasets, which aid artificial intelli-
gence (AI) tools such as Shapley Additive Models (SHAPs) to
analyze corrosion mechanisms and establish design rules while
addressing challenges in multi-scale data integration. Optimizing
resource efficiency through element substitution strategies and
using Generative Adversarial Network (GAN)-generated synthetic
data to simulate extreme environments is practiced in the ML study
domain. AI approaches will turn ML from a predictive tool into a
self-driving platform for next-generation corrosion-resistant HEAs
that can withstand the most aggressive operating conditions.'’

VI. CONCLUSION

The review highlights the potential of high-entropy alloys as
novel materials for components in harsh steam environments
encountered in power generation systems, nuclear facilities, and
geothermal applications. HEAs demonstrate superior steam corro-
sion resistance compared to traditional alloys due to their unique

composition, complex atomic arrangements, and passivation
behavior.

o Adjusting the proportions of specific elements within HEAs can
trigger phase changes, forming novel alloy systems. For example,
increasing the concentration of elements like chromium (Cr) and
aluminum (Al) can lead to the emergence of Lave phases,
enhancing properties such as corrosion resistance.

o The distribution of phase structures in steam corrosion-resistant ¢
alloys varies, with 45.2% of HEAs exhibiting FCC structures, |

35.5% displaying BCC structures, and 19.4% comprising a com-
bination of these phases. Notably, alloys with FCC and combined
FCC + BCC structures demonstrate superior resistance to high-
temperature steam corrosion compared to those with BCC
structures.

o Al,5C0,5Cry5Niy; HEA exhibits remarkable oxidation resistance
at 1000 °C in steam vapor environments, making it suitable for
dynamic thermal environments.
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