E frontiers ‘ Frontiers in Coatings, Dyes and Interface Engineering

’ @ Check for updates

OPEN ACCESS

Robert Wood,
University of Southampton, United Kingdom

Noé Lopez Perrusquia,
Polytechnic University of the Valley of Mexico,
Mexico

Wenjun Cai,
caiw@vt.edu

15 April 2024
11 June 2024
03 July 2024

Lee JY and Cai W (2024), From fabrication to
mechanical properties: exploring high-entropy
oxide thin films and coatings for high-
temperature applications.

Front. Coat. Dye In. 2:1417527.

doi: 10.3389/frcdi.2024.1417527

© 2024 Lee and Cai. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Coatings, Dyes and Interface Engineering

Mini Review
03 July 2024
10.3389/frcdi.2024.1417527

From fabrication to mechanical
properties: exploring
high-entropy oxide thin films and
coatings for high-temperature
applications

Jun Yeop Lee and Wenjun Cai*

Department of Materials Science and Engineering, Virginia Polytechnic Institute and State University,
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High-entropy oxides (HEOs) containing five or more cations have garnered
significant attention recently due to their vastly tunable compositional space,
along with their remarkable physical and mechanical properties, exceptional
thermal stability, and phase reversibility at elevated temperatures. These
characteristics position HEOs as promising candidates for structural
components and coatings in high-temperature applications. While much of
the ongoing research on HEOs centers around understanding processing-
structure relationships, there remains a dearth of knowledge concerning their
mechanical properties, crucial for their prospective high-temperature
applications. Whether in bulk form or as coatings, the efficacy of HEOs hinges
on robust mechanical properties across a spectrum of temperatures, to ensure
structural integrity, fracture resistance, and resilience to thermal stress. This
review offers a succinct synthesis of recent advancements in HEO research,
spanning from processing techniques to mechanical behaviors under extreme
conditions. Emphasis is placed on three key aspects: (1) Investigating the
influence of processing parameters on HEO crystal structures. (2) Analyzing
the interplay between crystal structure and mechanical properties, elucidating
deformation mechanisms. (3) Examining the mechanical behavior of HEOs under
extreme temperatures and pressures. Through this review, we aim to illuminate
the effective control of HEOs' unique structures and mechanical properties,
paving the way for their future applications in extreme environments.

high-entropy oxides, thin film, coating, mechanical properties, crystal structure,
deformation mechanism, high temperature

1 Introduction

High-entropy oxides (HEOs) have recently attracted significant interest due to their
unique properties and adaptability to meet the rapidly evolving demands of technology,
particularly under extreme service conditions (Musico et al., 2020). HEOs are single-phase
solid solutions with five or more different cations and anions, strategically designed to
maximize configurational entropy (Toher et al., 2019; Akrami et al., 2021). This approach
aims to counteract enthalpic driving forces, thereby reducing Gibbs free energy, especially at
elevated temperatures where the entropy contribution becomes more significant, ultimately
achieving thermodynamic phase equilibrium (Spurling et al., 2022). Within HEOs,
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elements of varying sizes are uniformly distributed across the
structure, leading to substantial sublattice disorder and marked
lattice distortions (Sarkar et al., 2019; Oses et al., 2020). These
distortions elevate the activation energy, thereby retarding diffusion
(Usharani et al., 2020; Fu et al., 2021; Sun and Dai, 2021; Gao et al.,
2022). This sluggish diffusion, coupled with rapid cooling,
contributes to the stability of HEOs at room temperature
(Kotsonis et al., 2023). The cocktail effect of HEOSs, the
synergistic lead to
performance than predicted by the rule of mixtures (Wang, 2022;

interaction of cations, can superior
Nan et al, 2023), overcoming trade-offs between properties like
stiffness and thermal conductivity at high temperatures (Braun et al.,
2018). These unique structural characteristics of HEOs endow them
with thermal and mechanical properties distinct from those of low-
entropy oxides, including high hardness, stiffness, and temperature
resistance (Albedwawi et al., 2021; Kotsonis et al., 2023).

HEOs exhibit remarkable structural stability, maintaining a
single phase even under extreme temperatures (Sarkar et al,
2018; Dong et al., 2019; Ren et al, 2019; Zhao et al.,, 2019) and
pressures (Chen et al., 2019; Cheng et al., 2019; Cheng et al., 2020;
Yan et al, 2021; Yue et al,, 2022). While enthalpy-driven phase
separation may occur at high temperature, most HEOs can
reversibly transition back to a single phase upon further
temperature elevation (Rost et al, 2015; Bérardan et al, 2016;
Chen et al, 2018; Sarkar et al, 2018; Dupuy et al, 2019;
Nallathambi et al., 2023). The severe lattice distortion, combined
with thermal stability, results in low thermal conductivity and high
stiffness, beneficial for thermal barrier protection. The mechanical
properties of HEOs are primarily attributed to the solid solution
structure, which exhibits severe lattice distortion due to the diverse
sizes of the cations (Ling and Yan, 1988; Hong et al., 2019; Bi et al.,
2020; Ren et al., 2020; Song et al., 2021; Xue et al., 2022; Zhang et al.,
2024). HEOs typically feature a fine grain size, resulting from
sluggish diffusion, which is further refined by an increase in the
number of elements and their concentrations (Bi et al., 2020; Zhu
et al,, 2021; Khan et al,, 2021; Song et al., 2021; Zenkin et al., 2022).
Other strengthening mechanisms for ceramics such as dispersion
strengthening through secondary phase particles, work hardening,
and strengthening through preferred crystallographic orientations
should also apply to HEOs (Kirnbauer et al., 2019; Nallathambi
et al., 2023).

Temperature and pressure play significant roles in controlling
the structure and mechanical properties of HEOs (Lin et al., 20105
Rost et al., 2015; Cheng et al., 2019; Hong et al., 2019; Kirnbauer
et al,, 2019; Cheng et al., 2020; Rost et al., 2022; Yue et al., 2022; Liu
X. et al., 2023; Fu et al,, 2024). At low temperatures, the entropic
term may not be sufficient to counterbalance the enthalpic term,
potentially leading to phase separation (Hong et al., 2019; Rost et al.,
2022; Liu X. et al, 2023). High pressure can trigger phase
transformations and may alter or eliminate lattice slip systems,
offering toughening mechanisms for ceramics (Lai et al., 2013;
Cheng et al, 2019; Cheng et al, 2020; Pang et al, 2022; Yue
et al, 2022). Furthermore, electronic states, oxygen vacancies,
and localized lattice distortions are also susceptible to pressure
effects (Cheng et al, 2019; Cheng et al, 2020), which will
influence mechanical response in the end.

To expand the application of HEOs into more extreme
environments, a deeper understanding of their structures and

Frontiers in Coatings, Dyes and Interface Engineering

10.3389/frcdi.2024.1417527

consequent mechanical properties is required. This review focuses
on processing techniques for HEO oxide thin films and coatings,
elucidates strengthening mechanisms and the impact of HEO
structures, and explores their mechanical behavior at elevated
temperatures from a structural perspective.

2 Survey of processing-structure-
mechanical properties relationships
of HEOs

A literature survey on the interplay between processing,
structure, and mechanical properties of high-entropy oxides
(HEOs) from 2015 to 2024 was conducted, as summarized in
Supplementary Table S1. The commonly utilized synthesis
methods for HEO thin films and coatings include sputtering
deposition, chemical vapor deposition, laser cladding, plasma
spraying, pulsed laser deposition, anodizing, and the sol-gel
technique, as shown in Figures 1A-G. While these techniques are
well-established, the unique challenge lies in precisely controlling
the HEO structure through composition and deposition parameters.
For instance, in sputtering and laser deposition, differentiating
HEOs from traditional oxides involves controlling composition
through target composition and parameters like deposition rate,
substrate temperature, and chamber pressure. Optimizing these
parameters remains a significant technical barrier in HEO
processing. For example, Guo et al. (2022) found that controlling
the deposition rate affects both the thickness and stoichiometry of
the HEO film, while variations in substrate temperature can
influence crystallinity and grain size (Ling et al., 2015; Abed
et al., 2024).

The common crystal structures reported for HEOs include cubic
(rock-salt, fluorite), orthorhombic/tetragonal (perovskite, rutile),
and their derivatives (pyrochlore, bixbyite, spinel), as illustrated
in Figure 1H. The subsequent sections delve into how process
parameters influence HEO formation, with a focus on crystal
structure, and how crystal structure and lattice distortion impact
crucial mechanical properties like hardness and elastic modulus.
While limited research exists on other properties like ductility and
toughness, these aspects will be revisited in the concluding summary
and outlook.

3 Effects of processing parameters on
HEOQO crystal structures

Various thin film and coating synthesis techniques have been
employed for HEO production, each presenting unique challenges
in controlling stoichiometry, phase formation, and microstructure
due to the multi-cation nature of HEOs.

3.1 Physical and chemical vapor deposition

Physical vapor deposition (PVD) is recognized as a flexible and
reliable technique for producing thin HEO films via ion
bombardment (Chen and Wong, 2007; Kirnbauer et al., 2019;
Yang et al,, 2019; Bi et al,, 2020; Khan et al.,, 2021; Zenkin et al,,
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FIGURE 1

Synthesis methods for HEOs; (A) sputtering deposition process, (B) chemical vapor deposition process, (C) laser cladding process, (D) plasma
spraying process, (E) pulsed laser deposition, (F) anodizing process, (G) sol-gel method, and (H) The concept and schematic structure of HEOs. The left
image presents atomic structure models of a rock-salt HEO, where the metal cations of different colors are randomly distributed within an ordered
crystalline lattice. The right images show the crystal structures of HEOs; anions are represented as red spheres, and cations are randomly distributed

in the sublattice sites colored blue and yellow.
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2023). The substrate is placed inside a high-vacuum chamber filled
with an inert gas like argon, and oxygen is introduced to facilitate
chemical reactions that deposit HEO films ranging from a few
angstroms to several microns (Figure 1A). The deposition rate
and properties of the film depend on various processing
parameters including the total and partial oxygen pressures,
power, voltage biases, substrate temperature, the sputtering yield,
and the distance from target (Chen and Wong, 2007; Lin et al., 20105
Kirnbauer et al., 2019; Behravan et al., 2021; Salian and Mandal,
2022). For example, adjusting the oxygen partial pressure enables
control of the HEO film properties, such as composition, structure,
and thickness. Typically, an increase in oxygen partial pressure leads
to finer and denser HEO films, enhancing their mechanical
properties, while also resulting in thinner films. (Chen and
Wong, 2007; Kirnbauer et al.,, 2019; Bi et al., 2020; Khan et al,
2021). Kirnbauer et al. (2019) found higher oxygen flow rates led to
denser microstructures in (ALCr,Nb,Ta,Ti)O, films, resulting in
increased hardness and elastic modulus. Meanwhile, the thickness
of the (AICrNbTaTi)O, film decreased from 2.7 pm to 1.6 um as the
oxygen flow ratio increased from 30% to 80%, due to a higher
poisoning-state of the target. Similarly, Lin et al. (2010) observed
that the thickness of a deposited (AICrTaTiZr)Oy film reduced from
1.5 um to 300 nm as the oxygen flow ratio increased from 2.5% to
50%. However, some researchers have also reported the opposite
trends, where increasing the oxygen flow-rate ratio can lead to
increased film thickness (Bi et al., 2020), indicating that these effects
can vary based on the specific process conditions. Khan et al. (2021)
synthesized AlCoCrCugsFeNi HEO films under different oxygen
flow rates, who showed that initial increases in oxygen content led to
an increase in hardness due to reduced void fractions and grain sizes.
Further increasing oxygen content, however, resulted in a loss of
crystallinity in the spinel HEO, with a decrease in hardness. In
addition to PVD, chemical vapor deposition (CVD) method has also
been demonstrated to form high-quality conformal HEO films, such
as (MgCoNiCuZn)O (Raison et al., 2023), through chemical
heated
(Figure 1B). The cation distribution remains homogeneous,

reactions of vaporized precursors on substrates
matching compositions from solid-state or sputtering methods.
Generally, the microstructure and properties of CVD deposited
films are highly sensitive to parameters including temperature,
pressure, and gas flow rates (Sabzi et al, 2023; Saringer et al,
2023). Additionally, film thickness linearly increases withe
deposition time, ranging from a few hundred nanometers up to
several hundred microns (Choy, 2003).

3.2 Laser-based cladding and deposition

Laser cladding has also been used to produce HEO films
(Figure 1C). For example, Zhang et al. (2023a) applied laser
cladding to (LaNdSmEuGd),Zr,0; powders onto a NiCoCrAlY
substrate that was coated with Y,0;-stabilized ZrO,. They found
that differences in thermal expansion coefficients among layers and
phase transitions within the HEO can lead to the formation of cracks
on the cladded surface, penetrating the HEO coating. Another
related laser-based synthesis technique is pulsed laser deposition.
High-power laser pulses evaporate a HEO target within a vacuum
chamber, with the resulting plume being directed onto the substrate,
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depositing films ranging from a few nanometers to several microns
in thickness (Figure 1E) (Kotsonis et al., 2018; Ahn et al., 2021;
Jacobson et al., 2021). Both the deposition rate and the properties of
the film depend on processing factors such as laser intensity,
substrate temperature, and ambient oxygen pressure (Salian and
Mandal, 2022). Kotsonis et al. (2018) found that single-phase
MgNiCoCuZnScO films form under high kinetic energy (low
pressure) conditions, while low kinetic energy (high pressure)
leads to phase separation. A higher O,/Ar ratio at low pressure
also promotes phase separation. Jacobson et al. (2021) observed that
the texture and lattice parameter of (MgCoNiCuZn)O films can be
controlled through substrate temperature and oxygen partial
pressure. However, the oxygen partial pressure might have little
impact on film thickness; the thickness of these films remained
constant at about 250 nm despite a decrease in the oxygen pressure
from 100 mT to 50 mT. Conversely, when the laser pulse energy was
increased by 30% from 200 m], the film thickness increased from
approximately 250-470 nm.

3.3 Thermal plasma spraying

Thermal plasma spraying melts and deposits HEO particles onto
substrates in a cost-effective manner (Figure 1D). During plasma
spraying, fine HEO particles are melted in a thermal plasma jet and
sprayed onto a substrate, forming layers of lamellae or splats upon
solidification (Zhou et al., 2020; Park et al., 2021; Wang et al., 2022;
Chen Z. et al.,, 2023). Typically, the coatings are deposited with
thicknesses ranging from several tens to hundreds of micrometers
but can reach up to a few millimeters. Zhou et al. (2020) utilized
atmospheric plasma spraying with (LaNdSmEuGd),Zr,0, powder
on a superalloy substrate and deposited a coating approximately
200 pm thick that was tightly bonded and free of large pores. They
observed compositional variations in the coating due to varying
volatility of oxides during the process. On the other hand, Chen Z.
etal. (2023) deposited (YbYLuHoEr),Si,O, with a thickness of about
100 um and found that the elements losses in (YbYLuHoEr),Si,0;
due to volatilization were similar across different oxides, despite
varying saturated vapor pressures, suggesting that the effect of varied
saturated vapor pressure on coating quality is limited. In addition to
these compositional changes, process parameters significantly
influence coating properties (Swain et al, 2018). Generally,
reduced porosity and enhanced hardness are achieved with a
finer particle size and higher substrate temperature. Meanwhile,
increased spraying current and plasma power directly result in
thicker coatings (Verbeek, 1992).

3.4 Electrochemical anodization

Electrochemical — anodization  produces  self-assembled
amorphous HEO nanotube arrays with a thickness of tens of
microns on high-entropy alloy precursors (Figure 1F) (Makurat-
Kasprolewicz and Ossowska, 2023). For example, Lei et al. (2018)
employed anodic oxidation on TaNbHfZrTi high-entropy alloy to
synthesize (Ta,Nb,Hf,Zr,Ti)O nanotube arrays. The anodization
voltage and fluoride concentration have a linear relationship with

the thickness of the nanotubes (Shi et al., 2022). However, excessive
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voltage and fluoride exposure can lead to thinner layers due to
electro-polishing or chemical etching (Shi et al., 2022).

3.5 Sol-gel method

The sol-gel method produces HEO coatings at low temperatures in
a cost-effective manner, encompassing both dip- and spin-coating
processes (Figure 1G). Einert et al. (2023) utilized dip-coating to
HEO, which then
nanocrystalline (CoNiCuZnMg)Fe,O, upon subsequent annealing.
They observed that the thickness of the HEO film increased from
190 nm to 330 nm when the withdrawal speed was doubled from 8 mm/

form an amorphous crystallized  into

s to 16 mm/s (Einert et al.,, 2023), reflecting the parabolic increase in film
thickness with faster substrate speeds in the draining region (high speed
region) (Chen R. et al,, 2023). This higher speed resulted in a thicker
film with less homogeneous morphologies and more structural defects
(Einert et al., 2023). Besides withdrawal speed, fluid properties such as
surface tension, viscosity, and density significantly affect both the
thickness and quality of the coating in dip-coating processes
(Brinker et al., 1991; Fernindez-Herndn et al, 2021). Post-heat
treatment parameters, including annealing temperature and
duration, should also be considered. Wu et al. (2024) synthesized a
nanocrystalline CoNiFeCrMnOy thin film through dip-coating. At
lower post-annealing temperatures, the films showed a tendency
towards particle agglomeration, whereas at higher temperatures, the
formation of mesoporous HEO films was more pronounced. Einert
etal. (2023) found that the thickness of nanocrystalline (CoNiCuZnMg)
Fe,O, increased from 190 nm to 230 nm as the post-annealing time was
extended from 10 min to 2 h.

Spin coating processes are also used for various HEO applications,
including semiconductors and electrocatalysts. The spin-coated film
properties are primarily determined by two independent process
parameters—fluid flow, which is governed by spin speed and
viscosity, and the rate of evaporation (Sahu et al, 2009). Baek et al.
(2023) spin-coated a spinel HEO film approximately 50 nm thick,
comprising Co, Fe, Ni, Cr, and Mn, on fluorine-doped tin oxide glass
substrates. The process was performed at 3,000 rpm for 20 s, repeated
twice, followed by flame annealing at 1,000°C for 30 s. Ma (2023)
fabricated spinel MnCoNiXYO, (X, Y = Mg, Cu, Zn) films on Si
substrates by spin coating at 3,000 rpm for 30 s, repeated eight times,
followed by a subsequent heat treatment at 750°C for 1 h. Huang and
Chang (2021) (AITiVZrHN)O, films
approximately 15 nm thick on (100) Si substrates using spin coating
at 3,500 rpm for 60 s, followed by annealing at 400°C for 1 h. They
enhanced adhesion to substrates and minimized defect formation by
adjusting the viscosity of the precursor solutions through the types and
amounts of solvents used, as well as by optimizing annealing conditions

synthesized amorphous

such as temperature, pressure, and duration.

3.6 Other manufacturing methods

High-temperature oxidation of sputtered high-entropy alloy films
yields dense, layered HEO coatings driven by thermodynamics and
cation diffusivities (Minouei et al., 2022). For example, Minouei et al.
(2022) showed that oxidation of CoCrFeMnNi high-entropy alloy at
850°C for 30 min in an atmosphere of 20% O2/Ar ratio results in a
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spinel (CrMnFeCoNi);0, HEO film, approximately 510 nm thick.
However, during oxidation, the inner and outer layers often exhibit
distinct compositions and microstructures. Li et al. (2024) developed
AITiVCrNis and oxidized it at 1,000°C to form a complex concentrated
oxide. This process yielded a multi-layered structure, featuring a dense
NiO outer layer, an intermediate layer of medium entropy oxides, and
HEOs with a nano-NiO internal layer. While limited work exists,
additive manufacturing techniques like 3D extrusion combined with
pressureless sintering have enabled fabrication of bulk HEO ceramics.
For example, Chen R. et al. (2023) were the first to utilize a 3D extrusion
technique, employing oxide precursors and pressureless sintering, to
produce (MgCoNiCuZn),;Lip30. The HEOs achieved a relative
density of 92% when using ink with a solid content of 78 wt%, after
undergoing pressureless sintering at 800°C.

Overall, precise control over HEO stoichiometry, phase, and
microstructure remains challenging due to the intricate interplay
between deposition/synthesis parameters and multi-cation
compositions. Optimizing these techniques is crucial for realizing

desired structures and properties in HEO thin films and coatings.

4 Effects of crystal structure on
mechanical properties

This section delves into the mechanical properties and
deformation mechanisms of the HEO family, highlighting the
role of various cation elements within HEOs. Particularly, the
effect of lattice distortion (8) on mechanical properties is
discussed, which is calculated according to Eq. 1 (Wright
et al., 2020a):

= ZC,‘(I—T,'/T'_)Z, (1)

where ¢;, r; and 7 are the atomic fraction, the radius of the i
component, and average radius of multiple cations, respectively. The
equation is modified for the fluorite, pyrochlore, and perovskite,
which feature A-site and B-site sublattices, as shown in Eq. 2

(Wright et al., 2020a):
8= +8 )

Figures 2A, B summarizes the hardness (H), elastic modulus (E),
and H/E ratio as a function of HEOs crystal structures using data
detailed in Supplementary Table S1. First of all, the data show that H
tend to increase with E, regardless of crystal structure and
composition of the HEO. This trend is in good agreement with
prior first-principles calculation results (Chong et al, 2017). In
terms of the effects of crystal structures, rutile structure exhibits
the highest hardness and elastic modulus among all the HEO
structures. Fluorite generally shows greater hardness than
pyrochlore, a difference likely stemming from inherent structural
differences (Chong et al., 2017; Karthick et al., 2021; Liu et al., 2022).
Typically, HEOs composed of elements with smaller ionic radius
and stronger bonds exhibit higher hardness (Song et al., 2021; Liew
et al, 2022; Sang et al, 2023). However, for nearly identical
compositions, the impact of cation radius on hardness appears
minimal (Karthick et al., 2021). The greater structural order in
fluorite compared to pyrochlore might account for its higher
hardness (Chong et al., 2017; Karthick et al., 2021; Liu et al., 2022).
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Summary of mechanical properties of HEOs from a literature survey; (A) elastic modulus and hardness, (B) H/E ratio, (C) hardness, and (D) elastic
modulus with distortion across different HEO structures. The hardness and elastic modulus of several important engineering metals are also included for

comparison, which are common substrate materials for such coatings.

H/E ratio is often used as an indicator of wear resistance, with a
higher H/E ratio generally indicating better wear resistance of coatings
(Leyland and Matthews, 2000). The H/E ratios in most HEO structures
fall within 0.04-0.08, as indicated by the dashed lines in Figures 2A, B.
Fluorite exhibits the higher H/E ratio (between 0.08 and 0.12) among all
structures, thus likely showing great wear resistance. However, it should
be noted that ranking a clear hierarchy among the mechanical
properties of HEO structures is challenging due to the multitude of
factors influencing their performance, such as composition, density, and
grain size. This phenomenon is particularly evident in HEOs used as
coatings or films. Even when deposited with identical compositions
under the same process parameters, coatings of varying thicknesses can
exhibit different mechanical properties due to intrinsic microstructural
variations, their interaction with the substrate, and the thickness itself
(Chen et al, 2005). First of all, coatings or films often exhibit
microstructural inhomogeneity across their thickness due to varying
grain growth mechanisms. For instance, a PVD-deposited film shows
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larger grain sizes on the outmost surface and smaller grains underneath,
inducing variations in mechanical properties across the thickness
(Bouzakis et al, 2004). Dudnik et al. (2021) physically vapor-
deposited high-entropy multicomponent zirconate films with
thicknesses of 70 um and 85 um. They found that the 85 pum film
exhibited higher overall microhardness of 6,110 MPa, 3,675 MPa, and
2,860 MPa at the bottom, middle, and top, respectively, compared to the
relatively lower values of 2,696 MPa, 2,273 MPa, and 1,354 MPa in the
70 pym film. These variations across thickness and differences in
microhardness are attributed to compositional changes in Ce, La,
Nd, and Zr, which are caused by differing evaporation behaviors
during the process, as well as potentially by variations in the
microlayer thickness development.

Second, in a film/substrate composite system, the thickness of the
film directly determines the influence of the substrate, consequently
affecting the composite’s hardness and elastic modulus (Chen et al.,
2005). Bi et al. (2020) found that a sputtered (NbMoTaWV)yg.46051 54
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film with a thickness of 603 nm exhibited stable hardness and elastic
modulus, even when the indentation depth reached 300 nm, which is
50% of the film thickness. However, Gopalan et al. (2022) found that the
elastic modulus of a 3 um thick sputtered high entropy ceramic film
continuously decreased with increasing indentation depths ranging
from 100 nm to 300 nm, which correspond to 3%-10% of the
thickness, due to the increased contribution from the elastically
compliant Si substrate. Similarly, Xing et al. (2018) found that the
hardness of a sputtered high entropy ceramic film was influenced by the
substrate when the indenter displacement exceeded 40% of the film
thickness. Lastly, from a processing perspective, the thickness itself can
influence the mechanical properties. Peng et al. (2013) found that the
maximum bonding strength of a thermally sprayed coating with a
thickness of 240 um was approximately 41 MPa, which rapidly
decreased to 25 MPa when the coating thickness increased to
750 pm. This reduced bonding strength in thicker coatings was
attributed to high residual stress, resulting from a mismatch in
thermal expansion between the coating and substrate, as well as the
rapid cooling rate of the coating.

In high entropy materials, lattice distortion induced by size disorder
is thought to enhance mechanical properties through solid solution
strengthening (Oses et al,, 2020; Wang et al,, 2023; Zhang et al., 2024).
On one hand, lattice distortion can impede dislocation movement
(Song et al, 2021). On the other hand, a solid solution containing
cations with a smaller jonic radius and greater ionic charge leads to
stronger bonds, thereby enhancing mechanical properties such as elastic
modulus (Wu et al.,, 2020; Song et al., 2021; Liew et al., 2022; Sang et al,,
2023). This concept has also been well-established in high entropy alloys
(Roy et al, 2021; Tandoc et al, 2023). However, the relationship
between lattice distortion and mechanical properties in HEOs
turned out to be complex and multifaceted. As illustrated in Figures
2C, D, § varies according to the HEO structure type, which does not
always result in predictable changes in mechanical properties; an
increase in & within a given structure can sometimes lead to
reduced properties (such as hardness for fluorite). This indicates the
influence of other factors beyond lattice disorder on mechanical
properties. Particularly, grain size, density, and porosity need to be
considered alongside lattice distortion, as smaller grain sizes, higher
densities, and uniformly distributed pores generally enhance hardness
(Hong et al., 2019; Mao et al., 2021; Guo et al., 2023; Zhang et al., 2024).
Indeed, several recent reports show that lattice distortion does not
invariably benefit mechanical properties of HEOs. For example, Zhao
(2021) found that lattice distortion can soften the elastic modulus by
promoting electronic charge delocalization. Similarly, Sharma and
Balasubramanian (2023) identified that bond lengthening and
angular distortions could lead to a decrease in the elastic modulus.

5 Mechanical behavior of HEOs under
extreme temperatures and pressures

Typically, with increasing temperature, HEOs demonstrate a
tendency towards softening, with reduced elastic modulus, shear
modulus, and hardness (Ren et al.,, 2019; Rost et al., 2022; Fu et al,,
2024). This effect is likely due to increased atomic thermal motion at
higher temperatures, leading to expanded interatomic spacing and
weakened atomic forces, thus reducing the stiffness (Li et al., 2011).
Fu et al. (2024) demonstrated that both the elastic modulus and
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shear modulus of (LaYSmEuGd),Zr,0; decrease with increasing
temperature from room temperature to 1,200°C, with the elastic
modulus from 148 GPa to 117 GPa, and the shear modulus from
57 GPa to 45 GPa. It should also be considered that phase
transformations of HEOs can occur at high temperatures. Rost
et al. (2022) measured the hardness and elastic modulus of
(MgNiCoCuZn)O while
temperature to 950°C three times. The hardness and elastic

thermally cycling it from room
modulus significantly softened as the temperature increased to
850°C, dropping from 4 GPa to 1.5 GPa and from 110 GPa to
40 GPa, respectively. Upon further heating, the HEO phase
transformed, resulting in a stepwise increase in the elastic
modulus to 65 GPa, but hardness did not increase and continue
to soften. Throughout the heating cycles, the properties were
reversible and dependent solely on temperature, showing no
degradation with repeated cycles. It might be more challenging to
predict temperature-dependent properties, especially in the HEO
system. Ren et al. (2019) found that the elastic modulus of
(YHoErYb),SiOs at 1,300°C is 8% higher than predicted by the
mixture rule, attributed to the cocktail effect. As a result,
(YHoErYb),SiOs demonstrates remarkable retention of high-
temperature elastic stiffness, with only an 11% decrease from
170 GPa to 150 GPa. Additionally, a change to a preferred
orientation at high temperatures can also significantly affect
high-temperature mechanical properties. Kirnbauer et al. (2019)
exhibited that as the random orientation of rutile (Al,Cr,Nb,Ta,T1)
O, developed into a highly (Guo et al., 2023) textured orientation
after annealing above 1,000°C, the hardness decreased from 24 GPa
to 21 GPa and the elastic modulus increased from 400 GPa
to 460 GPa.

In addition to temperature, pressure is also found to significantly
influence the deformation mechanisms and phase transformations
in HEOs (Cheng et al,, 2019; Yue et al., 2022). Yue et al. (2022)
observed a transition from anisotropy to isotropy in
(Co,Cu,MgNi,Zn)O at pressures above 20 GPa, with this
structural evolution altering the slip system from <011 > {100} to
<110>{110}. This change aligns with that compression over
20 GPa suppresses the Jahn-Teller effect in CuOg octahedra,
causing the distorted lattice to become nearly cubic (Yan et al,
2021), thereby reducing the Jahn-Teller effect that facilitates
in (Mg,Co,Ni,Cu,Zn)O (Wang et al, 2023).
Furthermore, high pressure can break down the long-range

deformation

lattice connectivity and lead to amorphization, potentially
eliminating the dislocation slip system, as demonstrated in
(CeLaPrSmY)0O,_s HEO system (Cheng et al., 2019).

HEOs are primarily utilized as coatings or films (rather than as
structural materials) to protect the substrates from the extreme
environments, with their application as thermal barrier coatings
being a prime example. Hence, understanding how coating
characteristics, such as thickness and microstructural variations
across the depth, especially in high temperatures, influence the
coating performance is crucial. Dudnik et al. (2021) found that
increasing HEO coating thickness from 70 pm to 85 pum increased
the hardness. Similar effects are also observed at high temperature,
where Wu et al. (2023) showed that thicker thermal barrier coatings
led to increased hardness and elastic modulus at the surface due to
greater sintering facilitated by higher surface temperatures. This, in
turn, negatively impacts thermal cycling performance due to
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increased thermal stress caused by larger differences in elastic

modulus. Typically, thinner coatings have higher fracture
toughness, and exhibit better resistance to thermal stress-induced
failures. Lu et al. (2019) showed that increasing the coating thickness
resulted in a significant compressive stress gradient and increased
strain energy, which increased the hardness and elastic modulus at
the interface, reducing fracture toughness and thereby diminishing
the thermal shock resistance. Similarly, Zhang et al. (2023a), Zhang
et al. (2023b) observed that thinner laser-cladded double-layer
coatings, comprising a pyrochlore structure HEO and an yttria-
stabilized zirconia buffer layer on a NiCoCrAlY alloy substrate,
exhibit higher thermal cycling resistance. Specifically, debonding at
the interface between the buffer layer and the substrate occurred
after 40 cycles at 1,050°C for coatings with thicknesses of 305 pm. In
contrast, for coatings of 264 pm, debonding occurred after 70 cycles.

Furthermore, thickness is a critical factor in determining the
failure behavior of coatings induced by thermal stress. For example,
Wu et al. (2023) demonstrated how coating thickness influences the
temperature and its distribution within the coating, thereby affecting
microstructure evolution, the thickness of thermally grown oxides,
and sintering behaviors. They found that in relatively thin 100 pm
air-plasma-sprayed coatings, the stress from thermally grown
oxides, induced by intensive oxidation, dominates the failure
behavior. In contrast, in thicker coatings of 400 pm, sintering
behavior becomes predominant, causing failure by increasing the

modulus at the surface, which experiences higher temperatures.

6 Summary and outlook

HEO:s represent a promising class of ceramic materials with tunable
compositions and mechanical properties, making them attractive
candidates for future high-temperature applications. This review
elucidates the critical interplay between processing methods,
resulting crystal structures, and mechanical behavior of HEOs under
extreme environments. The synthesis processes for HEO thin films and
coatings play a pivotal role in determining their compositions,
crystallinity, phase formations, defect densities, and thickness, which
directly influence their mechanical properties. Among the various
crystal structures exhibited by HEOs, rutile-structured compositions
have demonstrated superior elastic modulus and hardness, and fluorite-
structured compositions exhibited the highest tendency for wear
resistance compared to other structures. Interestingly, while lattice
distortion was initially considered a reliable predictor of mechanical
properties in high-entropy materials, it does not consistently correlate
with the observed changes in HEOs.

For  high-temperature  applications, a
temperature-dependent

comprehensive
understanding of the mechanical
behavior of HEOs is imperative. Notably, there is a lack of
experimental data on the plastic deformation and strain tolerance
of HEOs both in bulk and as films in the current literature.
Additionally, more experimental measurements of temperature-
dependent dislocation behavior are needed, as these factors are
crucial determinants of creep and high temperatures mechanical
properties. High-throughput synthesis techniques capable of rapidly
exploring a larger compositional space, including stoichiometric and
off-stoichiometric HEO compositions, are highly desirable to
accelerate the development of mechanically robust HEOs.
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Furthermore, the development of multiphase structures and
precipitates in HEOs beyond single-phase solid solutions presents
an opportunity to further enhance their mechanical properties.

Overall, this review underscores the immense potential of HEOs
as promising high-temperature materials and emphasizes the need
for a comprehensive understanding of their processing-structure-
property relationships, temperature-dependent behavior, and
computationally-guided design approaches to unlock their full
potential in extreme environments.
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