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vior of high-entropy intermetallic
compounds and high-entropy ceramics

Bin Li,a Jialin Sun, *abc Xiao Lid and Jun Zhaoe

High-entropy intermetallic compounds (HEICs) and high-entropy ceramics (HECs) are both novel materials

obtained by introducing chemical disorder through the mixing of multiple primary components. In

comparison to traditional materials, they exhibit superior mechanical properties. However, the

widespread application of HEICs and HECs is greatly hindered by their inferior ductility/toughness. In

addition, the conventional trial-and-error method for designing HEICs and HECs is time-consuming and

labor-intensive, and the mechanical properties of the final samples are highly uncertain. The primary aim

of this review is to summarize the latest research progress on HEICs and HECs, with a focus on relevant

phase structure prediction criteria and strengthening/toughening strategies, in order to accelerate their

engineering applications. In this article, we have compiled the applications of machine learning and

descriptor criteria in the prediction of phase structures. Furthermore, various strengthening/toughening

strategies applied in HEICs and HECs were discussed, including solid solution strengthening, second-

phase strengthening, nano-composite strengthening, etc. Finally, the challenges and future research

directions of HEICs and HECs were also addressed.
1. Introduction

Entropy is a thermodynamic parameter that quanties the
degree of disorder in a material. It was not until 2004 when Yeh
et al.1,2 introduced the concept of high-entropy alloys (HEAs)
that an increasing number of scholars came to recognize the
signicant impact of entropy in driving the development of
materials. HEAs are characterized as multi-principal element
alloys with high congurational entropy, composed of at least
four principal metallic elements in approximately equimolar or
near-equimolar fractions. HEAs benet from four major effects:
the thermodynamic high-entropy effect, kinetic sluggish diffu-
sion effect, structural lattice distortion effect, and “cocktail”
effect on performance.3–5 The high entropy effect is the foun-
dation for the other three effects. It has been suggested that the
high entropy effect can enhance the compatibility between
multiple principal components and improve the mechanical
properties of materials through the solid solution strength-
ening mechanism. High-entropy materials are composed of
multiple elements that are randomly distributed at lattice
positions in a multi-atomic size, which inevitably leads to
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signicant lattice distortion. The sluggish diffusion effect is
currently facing scrutiny. Relevant studies suggest that hyster-
esis diffusion may not be applicable to CoCrFeNi and CoCr-
FeMnNi high-entropy alloys (HEAs).6–8 Therefore, more in-depth
research on the sluggish diffusion effect is needed in the future.
The cocktail effect refers to the ability to achieve unexpected
properties in high-entropy materials by carefully selecting key
elements. Adding highmelting point elements such as tungsten
and vanadium can enhance the high-temperature resistance of
the alloy, while choosing aluminum and silicon can improve the
oxidation resistance of the resulting high-entropy alloy.3

These effects demonstrate outstanding comprehensive
mechanical properties, making high-entropy materials a well-
deserved research hotspot over the past 20 years. In recent
years, the eld of high-entropy materials has introduced revo-
lutionary structural materials such as high-entropy interme-
tallic compounds (HEICs), high-entropy ceramics (HECs), high-
entropy cemented carbides (HECCs) (Fig. 1), etc.

Similar to HEAs, HECs are dened as the solid solution of
corresponding ve or more binary ceramic compounds with
large congurational entropy. In 2015, the rst bulk single-
phase (MgCoNiCuZn)O HEC was synthesized by Rost et al.9

proposing entropy-stabilized ceramics. Since then, HECs have
expanded from oxides to carbides, borides, nitrides, and sili-
cides as well as multi-anion HECs such as carbonitrides, oxy-
nitrides, borocarbides, borocarbonitrides and so on. As
depicted in Fig. 2(a), the high frequency research objects of
HECs mainly include mechanical properties, microstructure
evolution, sintering behavior etc. Similarly, HECs exhibit
J. Mater. Chem. A, 2024, 12, 27855–27891 | 27855
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Fig. 1 High-entropy material keyword co-occurrence graph.
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superior stability and properties as a function of the combined
high-entropy effect, sluggish diffusion effect, lattice distortion
effect and cocktail effect. For example, as illustrated in Fig. 2(b),
HECs enjoy much higher hardness in comparison with tradi-
tional ceramic matrices. Besides, HECs generally have more
oxidation/corrosion/creep resistance and augmented thermal
stability compared with conventional ceramics.19,20 Yet, it is
worth mentioning that the toughness of HECs yielded no
obvious enhancement compared to traditional ceramics,
Fig. 2 (a) High-entropy ceramics keyword co-occurrence graph; (b) com
other conventional metals (the mechanical properties of traditional ceram

27856 | J. Mater. Chem. A, 2024, 12, 27855–27891
dramatically limiting the practical application of HECs.
Toughening is also the urgent issue for HEC matrices with
advanced applications.

The term HEIC could date back to Tsai describing the multi-
principal element intermetallic in 2016.21 In the simplest case,
the structure of of HEICs could be expressed as (A1, A2,., Am)
x(B1, B2,., Bn)y, in which A or/and B sublattices is/are in the
form of high entropy substitution solid solution, signicantly
inuencing the congurational entropy of the system as
parison of hardness–fracture toughness of high-entropy ceramics with
ics and alloys are derived from https://www.makeitfrom.com/.10–18

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Comparison chart of hardness and fracture toughness of high-
entropy cemented carbide with high-entropy ceramics, high-entropy
alloys, high-entropy intermetallic compounds and traditional
cemented carbide.11–15,17,34–36
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a whole.22 It is noteworthy as shown in Fig. 3(a) that ductility,
toughness, deformation and mechanical properties are the
predominant high frequency research objects for HEICs. As
shown in Fig. 3(b), HEICs exhibited simultaneously enhanced
ductility and fracture toughness in comparison with traditional
intermetallic compounds. However, the trade-off relationship is
still present between strength and toughness in the HEIC
matrix.

Very recently, in 2023, on the 100th anniversary of the
invention of cemented carbides, Sun et al.32 proposed the
concept of HECCs in an authorized patent, which are composed
of a high entropy carbide hard phase and high entropy alloy (or/
and high entropy intermetallic compound) binder phase.
Currently, very few literature studies are available on HECCs.
However, HEA bonded cemented carbides have been investi-
gated by some scholars. It is declared that WC-HEA hardmetals
possess enhanced mechanical properties and oxidation/
corrosion resistance compared to traditional WC-Co cemented
carbides,33 as a function of the excellent microstructure
stability, splendid high-temperature soening resistance and
exceptional thermal-mechanical-chemical properties of HEAs.
Based on these reports, HECCs are expected to yield further
improved structure stability and properties in comparison with
HEA bondedWC cemented carbides. For instance, as illustrated
in Fig. 4, HECCs demonstrated slightly lower toughness but
much higher hardness than HEAs, whereas it exhibited much
higher hardness and toughness in comparison with HECs and
HEICs. Furthermore, HECCs enjoyed the much-enhanced
hardness and fracture toughness relationship compared to
traditional cemented carbides. Therefore, HECCs play a broad
role in advanced manufacturing industries, which cannot be
matched or replaced by any metal, ceramic materials or tradi-
tional cemented carbides.

By comparing the mechanical properties of HECs, HEICs,
and HECCs with those of conventional materials, it is evident
that high-entropy materials indeed demonstrate superior
performance. However, HECs and HEICs are also constrained
by the trade-off between strength and plasticity. Furthermore,
the phase and microstructure have a signicant impact on the
Fig. 3 (a) High-entropy intermetallic compounds keyword co-occurren
intermetallic compounds with that of other conventional metals (the
www.makeitfrom.com/).23–31

This journal is © The Royal Society of Chemistry 2024
mechanical properties of materials. However, the conventional
trial-and-error method for preparing high-entropy materials is
not only time-consuming and resource-intensive, but also
results in signicant uncertainty in the mechanical properties
of the nal design, thus severely limiting the widespread
application of high-entropy materials. Therefore, the purpose of
this paper is to summarize the principles of phase structure
prediction and strengthening/toughening strategies for HEICs
and HECs. Additionally, the study also identied and proposed
potential challenges and future research directions for HEICs
and HECs.
2. High-entropy intermetallic
compounds
2.1 Development history

HEICs are a new class of intermetallic materials. The intro-
duction of the high entropy concept greatly improves the
ce graph; (b) comparison of yield strength–elongation of high-entropy
mechanical properties of traditional alloys are derived from https://

J. Mater. Chem. A, 2024, 12, 27855–27891 | 27857
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brittleness of intermetallic compounds in the process of
elemental doping. At the same time, HEICs also have four major
effects on HEAs, which can be randomly arranged while
ensuring the structural stability of the compounds. Even at high
temperatures, they can maintain good stability, breaking
through the limitations of material use.

The term HEIC could dat back to Tsai describing the multi-
principal element intermetallic in 2016.21 HEICs are obtained
through multi-principal element design of individual sub-
lattices of traditional intermetallic compounds. In these novel
materials, the volume fraction of the intermetallic phase rea-
ches over 75%.37 It has been suggested that ordered second-
phase and multicomponent intermetallic compounds have
been observed in many HEAs before obtaining single-phase
HEICs.38 Until 2017, T. P. Yadav et al.39 successfully synthe-
sized a high-entropy Ti–Zr–V–Cr–Ni alloy composed of ve
elements. The cast alloy is composed entirely of a micron-sized
C14-type hexagonal structure Laves phase, while the rapidly
solidied ribbon shows the presence of a nanostructure Laves
phase. It was suggested that the Ti–Zr–V–Cr–Ni alloy has no
signs of the presence of amorphous or other metastable phases.
This is the rst reported single-phase HEIC. In 2019, Zhou
et al.40 successfully prepared a B2-type (Fe1/5Co1/5Ni1/5Mn1/5Cu1/
5Cu1/5)Al HEIC by mechanical alloying and spark plasma sin-
tering. In 2020, the application of the “interfacial disordered
nanolayer induced ductilization” method in the preparation of
HEICs demonstrated exceptional strength and tensile ductility,
offering a novel approach for the fabrication of HEICs with
superior comprehensive mechanical properties.27 In 2023, Zhao
et al.41 creatively utilized the ductility effect of interfacial
disordered nanolayers to develop Co-rich HEICs, effectively
overcoming the trade-off between strength and ductility.
Furthermore, research indicates that the micro-segregation of
elements in high-entropy sublattices is related to the properties
of the constituent elements, their interactions, and the char-
acteristics of melt crystallization.22
2.2 Methods for predicting the phase structure and
mechanical properties of high-entropy intermetallic
compounds

HEICs are the latest typical representatives of high-entropy
materials, which provide a new paradigm for the development
of new high-entropy materials with unusual properties.42 Laves
phases are the most extensive category of inter-metallic
compounds and have signicant potential for practical and
structural applications. Specically, previous reports on Cr–Nb–
Ti–V–Zr and Al–Cr–Nb–Ti–V alloys have indicated that the
formation of Laves phases allows the alloys to maintain high
strength at temperatures as high as 1000 °C.43,44 Therefore, the
prediction of the phase structure and mechanical properties of
HEICs can expedite the discovery of novel HEICs with splendid
mechanical properties.

2.2.1 d* Criterion. The structured B2 HEICs exhibit simi-
larities to HECs in that one element, aluminum in this instance,
which predominantly occupies one sublattice, while the
27858 | J. Mater. Chem. A, 2024, 12, 27855–27891
remaining four or ve elements form a solid solution on the
other sublattice. In addition, previous research has indicated
that the atomic size difference of cationic atoms and the cation–
anion bond length are considered important parameters for
predicting the formation of single-phase HECs.45,46 Inspired by
this, Zhou et al.40 proposed the use of atomic size dispersion
d*of non-Al elements as a key parameter for predicting the
single-phase high-entropy B2 structure, which can be expressed
as

d* ¼ 100
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
isAl

cið1� ri=rnon-AlÞ2
r

(1)

It was suggested that d* < 1 can be a favorable indicator for
facilitating the formation of a single B2 phase consisting of four
to ve components with nearly equal molar compositions.

2.2.2 DcAi−Bj
− dAi−Bj

criterion. It has been suggested that
atomic radius and electronegativity are two important param-
eters for the formation of intermetallic phases.40,47 Ostovari
et al.42 proposed two modied parameters, the sublattice elec-
tronegativity difference (DcAi−Bj

) and atomic size differences
(dAi−Bj

) as new indicators for the formation of a single high-
entropy phase in ordered AB ICs. In order to describe the
effect of electronegativity of atoms lling distinct sub-lattices in
the semi-ordered crystal structure of (A1, A2, A3/An)x(B1, B2,
/Bm)y HEICs, the sublattice electronegativity difference is
dened as

DcAi�Bj
¼ 100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXm
jsA

cj
Xn

isB

ci
�
1� ei

�
eBj
�2vuut (2)

where ci, ei, cj and ej are the atomic fractions and Pauling's
electronegativity of the atoms occupying A and B sublattices in
the crystal structure respectively. In addition, the atomic size
difference of the sublattice is denoted as

dAi�Bj
¼ 100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXm
jsA

cj
Xn

isB

ci
�
1� ri

�
rBj
�2vuut (3)

where ri and rj are the atomic sizes of the atoms occupying A and
B sublattices. The ndings indicate that higher DcAi−Bj

can
promote the formation of single-phase HEICs. For thee B2
phase with equimolar AB compositions, a single high entropy
phase forms when 5 < dAi−Bj

< 6, and DcAi−Bj
> 7. A single high

entropy phase is obtained over a relatively larger range of
DcAi−Bj

and dAi−Bj
parameters (DcAi−Bj

$ 7.13 and 6.05# dAi−Bj
#

9.57) for the Laves phase.
2.2.3 dr − DcAllen criterion. It was proposed that the

formation of the Laves phase can be predicted through atomic
size mismatch (dr) and the difference in Allen electronegativity
parameters (DcAllen).47 The dr can be calculated using the
following formula:

dr ¼ 100%
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX

cið1� r=rÞ2
q

(4)

�r =
P

ciri (5)
This journal is © The Royal Society of Chemistry 2024
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where ci and ri are the atomic friction and atomic radius of
element i, respectively. Furthermore, the Allen electronegativity
difference (DcAllen) can be expressed as

DcAllen ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

i¼1

cið1� cAllen
i =caÞ2

s
(6)

ca =
P

cic
Allen
i (7)

where cAlleni is the Allen electronegativity of element i and ca is
the average Allen electronegativity. The formation of interme-
tallic Laves phases occurs when dr > 5.0% and DcAllen > 5.0%, as
determined through analysis (Fig. 5(a)).

2.2.4 h − d criterion. According to the research conducted
by Guo et al.,48 the signicant impact of the difference in elec-
tronegativity on the formation of intermetallic compounds has
been observed. Furthermore, it was suggested that a larger
electronegativity difference promotes the formation of inter-
metallic bonds, such as Fe–Al and Ni–Al.24 Yao et al.24 proposed
the use of differences in electronegativity (h) and atomic size (d)
to understand the fundamental phase formation patterns of
HEICs. Previous calculations of the electronegativity difference
neglected the direct electronegativity differences between
neighboring atoms. Yao et al. proposed a new parameter h to
better describe how the electronegativity of central atoms is
inuenced by neighboring atoms, which can be expressed as

h ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

i¼1

ci

"Xm �
ei � ej

�2#vuut (8)

where ei − ej is the direct Pauling's electronegativity difference
between a central and neighbor atom, the probability coeffi-
cient. m is denoted as

m ¼ cjVmj
2=3

Pcj
Vmj

2=3

(9)

where Vm is the molar volume. The d can be calculated using
formula (4). Aer conducting statistical analysis, it was found
Fig. 5 (a) Relationship between parameters dr and DcAllen. Reproduced fr
the d− h plot delineating the phase selection of multicomponent alloys. R

This journal is © The Royal Society of Chemistry 2024
that full intermetallic compounds tend to form when 0.2 < h <
0.4 and d $ 5.5 (Fig. 5(b)).

2.2.5 DcAi−Bj
− d* criterion. In order to address the

prediction of the single-phase structure of newly developed
HEICs, a criterion based on the electronegativity difference of
sub-lattices has been proposed.49 This criterion aims to better
describe the impact of the electronegativity of atoms occupying
different sub-lattices within the semi-ordered crystal structure
of (A1, A2, A3/An)x(B1, B2,/Bm)y MEICs (medium high entropy
intermetallic compounds)/HEICs. The variable DcAi−Bj

can be
represented by formula (2). The dispersion of atomic sizes of
elements occupying high-entropy sites, denoted as d*, is rep-
resented by the following equation:

d* ¼ 100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

isB

ci

�
1� ri

rsite A

�2

vuut (10)

Fig. 6 illustrates the DcAi−Bj
− d* diagram. As depicted in

Fig. 6, a single phase is formed when DcAi−Bj
$ 5 and 1.2# d*#

3.3. It was suggested that a high sublattice electronegativity
difference (DcAi−Bj

$ 5) promotes the formation of single phase
HEICs.

2.2.6 Machine learning. Due to its superior capabilities in
data processing, machine learning (ML) has emerged as
a signicant tool in the eld of materials science. Recently,
a novel approach for exploring HEIC phase structures was
proposed by Huang et al.,50 which involves initially utilizing
empirical guidelines and ML for preliminary predictions. The
procient articial neural network (ANN) model was derived
from the research conducted by previous research.51 As illus-
trated in Fig. 7, the input layer of the ML model comprises 13
neurons, while the output layer consists of a single neuron
dedicated to outputting the recognition results of HEIC phase
structures.

The empirical criteria and results of the ML model suggest
that the HEIC AlTiCuCo is expected to manifest in the form of
AM or IM phases, and based on the calculated Em, it is more
likely to adopt the L12 structure rather than the B2 structure.
om ref. 47 with permission from Sage Publications, copyright 2017; (b)
eproduced from ref. 24 with permission from Elsevier, copyright 2020.

J. Mater. Chem. A, 2024, 12, 27855–27891 | 27859

https://doi.org/10.1039/d4ta04183f


Fig. 6 The DcAi−Bj
− d* map outlining the single-phase formation in MEICs/HEICs. Reproduced from ref. 49 with permission from Elsevier,

copyright 2022.
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The term “mixing energy Em” is commonly employed to
characterize phase stability and formability and can be calcu-
lated using the following formula:50

Em ¼ Etotal � Eatoms

n
(11)

where Etotal and Eatoms represent the total energy of the cell.

2.3 Mechanical properties of high-entropy intermetallic
compounds

2.3.1 Hardness. It has been suggested that alloying has
a signicant impact on the hardness of HEICs. Scientists
examined the inuence of Cr content on the microstructures
and hot hardness of the AlCoCrxFeMo0.5Ni HEIC (x = 0–2.0).52

As the numerical value of x increases from 0 to 2, there is
a corresponding increase in the hardness of the alloy from Hv
601 to Hv 867. This phenomenon can be ascribed to the emer-
gence of the hard s phase, which is a result of the heightened Cr
content. Similarly, the hardness of the B2-ordered Ti2ZrHf0.5-
VNb0.5Alx HEIC shows a linear increment as a function of x.23

Additionally, the structure also plays a considerable role in
the hardness of HEICs and should not be overlooked. Ostovari
et al.42 synthesized (Ni0.2Co0.2Fe0.2Cu0.2Mn0.2)3(Al0.5Ti0.5) to
Fig. 7 The schematic illustration of a well-trained 13 × 20 × 1 network fo
with permission from Elsevier, copyright 2022.

27860 | J. Mater. Chem. A, 2024, 12, 27855–27891
study the microstructure and hardness. The experimental
ndings indicate that the microhardness value of the dendritic
B2 phase in (Ni0.2Co0.2Fe0.2Cu0.2Mn0.2)3(Al0.5Ti0.5) is 1.5 times
greater than that of the interbranch region.

2.3.2 Elevated temperature properties. Intermetallic alloys
possessing long-range ordered structures are considered highly
promising materials for use under high-temperature condi-
tions, owing to their exceptional yield strength when exposed to
elevated temperatures.53

During the oxidation process, the complex oxide structure
formed by HEICs may potentially enhance its high-temperature
oxidation performance. Hou et al.54 systematically studied the
high-temperature oxidation resistance and mechanism of
a novel Ni33Co39Cr5Al12Mo2Ti3Ta2Nb3B1 HEIC. The present
HEIC demonstrates notably low rates of oxidation, measuring
8.7 × 10−5 mg2 cm−4 and 5.6 × 10−4 mg2 cm−4 per hour at
temperatures of 900 °C and 1000 °C, respectively. The oxidation
process of the HEIC results in the formation of a complex oxide
structure, characterized by a multi-layered composition. The
outer layer primarily consists of a multicomponent spinel oxide,
while the middle layer contains a combination of (Ti, Nb,
Ta)2O4-type oxides and boron oxides. Additionally, the inner
layer is observed to be a continuous layer of Al2O3 at both 900 °C
r predicting the phase structure of AlTiCuCo. Reproduced from ref. 50

This journal is © The Royal Society of Chemistry 2024
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and 1000 °C. The Al2O3 layer contributes to the excellent
oxidation resistance. A novel Fe0.75Co0.75Ni0.75Cu0.75TiZrHf
HEIC exhibits remarkable stability in a high temperature envi-
ronment, maintaining yield strengths of 905 MPa at 800 °C and
705 MPa at 900 °C.24 Researchers produced a non-equiatomic
HEIC with the chemical composition of Ti16.5Zr17Hf16.5Co16.5-
Ni16.5Cu17, which predominantly crystallized in a B2 structure
and contained a minor quantity of Cu10Zr7 precipitates.25 The
HEIC demonstrated remarkable thermal stability, maintaining
a strength of around 1220 MPa and a fracture strain of
approximately 20% at a temperature of 873 K, which can be
ascribed to the stability of the B2 phase.

2.3.3 Strength and ductility. Yao et al.24 successfully
prepared a Fe0.75Co0.75Ni0.75Cu0.75TiZrHf HEIC, which demon-
strated exceptional compressive strength (2.25 GPa) and frac-
ture strength (2.52 GPa). The Fe0.75Co0.75Ni0.75Cu0.75TiZrHf
HEIC demonstrates remarkable strength, attributed in part to
its distinctive fully intermetallic-matrix-based HEA composi-
tion. This composition is characterized by a signicant pres-
ence of covalent and metallic bonds, as opposed to a singular
metallic bond. The Co25Ni25(HfTiZr)50 HEIC possesses a signif-
icantly distorted lattice structure and intricate atomic-level
chemical order.55 As a result of its composite structures, this
alloy demonstrates a notably elevated energy barrier, effectively
impeding dislocation movement and consequently displaying
exceptional yield strength (1.96 GPa). The Ti16.5Zr17Hf16.5-
Co16.5Ni16.5Cu17 HEIC with metastable amorphous (am) and B2
phases demonstrated an excellent compressive fracture
strength of approximately 2.25 GPa and fracture strain of about
8%.25 The as-spun ribbons, consisting of both amorphous and
[am + B2] phases, demonstrate favorable bending plasticity.

A novel AlNbTiVZrx (x = 0, 0.1, 0.25, 0.5, 1, 1.5) alloy was
prepared to investigate the structure and mechanical proper-
ties.31 The compressive yield strength demonstrated an increase
with the increase in Zr content, reaching 1000 MPa for the
AlNbTiV alloy and 1535 MPa for the AlNbTiVZr1.5 alloy.
Concurrently, the plasticity increased from 6% for the AlNbTiV
alloy to over 50% for the AlNbTiVZr0.5 alloy, subsequently
declining to 0.4% for the AlNbTiVZr1.5 alloy. Qiao et al.23

synthesized a series of novel B2-ordered Ti2ZrHf0.5VNb0.5Alx
HEICs. As the variable x progresses from 0 to 1, there is
a notable increase in the value of yield strength, increasing from
915 MPa to 1410 MPa, representing an approximate 54%
increase. In addition, the compressive fracture strain maintains
a level exceeding 50% for x values up to 0.5. We have collected
and organized some mechanical properties of high-entropy
intermetallic compounds in Table 1, hoping to accelerate the
design of high-performance high-entropy intermetallic
compounds.

2.3.4 Elasticity. Intermetallic compounds have been widely
utilized in the automotive and aerospace industries due to their
exceptional shape memory effect. Nevertheless, conventional
shape memory alloys (SMAs) exhibit a limited spectrum of
phase transition temperatures, and the formation of disloca-
tions and precipitates at elevated temperatures results in
inadequate thermal cycling stability, rendering them unsuitable
for use under highly demanding service conditions.59,60
This journal is © The Royal Society of Chemistry 2024
The introduction of the concept of high entropy has signif-
icantly propelled the advancement of SMAs. Presently, a range
of novel high-entropy shape-memory alloys (HEMSAs) have
been designed utilizing TiNi, Fe-based, Ti-based, and NiMn-
based alloy compositions.61 Peltier et al.62 established a rela-
tionship between the forward martensitic transformation
starting temperature (TMs) in a HESMA and its chemical
composition. It was suggested that the elements Hf, Zr, Fe, and
Al are associated with an increase in TMs, while Co, Cu, and Ti
are linked to a decrease in TMs. The correlation between the
chemical composition and forward martensitic transformation
starting temperature offers valuable insights for the develop-
ment of HESMAs. At a temperature of 443 K, HESMA Ti25Zr10-
Hf15Ni25Cu25 demonstrates excellent yield strength (>1680MPa)
and is capable of fully recovering strain upon stress unloading.63

Canadinc et al.64 conducted a study on a series of HESMAs,
proposing that the high congurational entropy of the alloy may
contribute to the enhancement of transformation temperature,
transformation stress, and strain recovery at high temperatures.
Specically, the transformation temperature of HESMA
(TiZrHf)50(NiPd)50 exceeds 973 K, and in addition, alloys Ni25-
Pd25Ti25Hf25 and Ni35Pd15Ti30Hf20 also exhibit a certain degree
of high-temperature super-plasticity.
2.4 Strengthening/toughening of HEICs

Intermetallic compounds (ICs) have metallic, ionic and covalent
hybrid bonds. Therefore, ICs are more resistant to diffusion-
driven phenomena such as dislocation climb, grain boundary
slipping and grain growth. This results in ICs exhibiting ultra-
high temperature strength and stability.22

With the rapid development of industries such as aerospace,
high-speed transportation, and advanced weaponry, there is an
increasing demand for high-temperature structural materials.
The excellent strength and high-temperature stability exhibited
by ICs align with this requirement. Furthermore, the intro-
duction of the high-entropy concept has provided a broader
space for intermetallic compounds to demonstrate even more
outstanding mechanical properties. However, the inferior
ductility/toughness signicantly hinder the widespread appli-
cation of ICs and HEICs in the eld of high-temperature
structures.

Extensive research has been conducted on the toughening of
ICs. In the 1990s, inspired by the multi-layered structure of
shells, Vecchio et al.65 developed novel Ti–Al3Ti laminate
composites, consisting of alternating layers of high-strength,
low-toughness Al3Ti and high-toughness Ti, in the form of
a metallic/intermetallic compound laminate composite mate-
rial. It has been suggested that the Ti–Al3Ti laminate composite
demonstrate outstanding performance; thus using layered
composites is considered to be one of the important strategies
for toughening ICs. In addition, the effective measure of
enhancing the toughness of ICs is also achieved through the
utilization of in situ reactions to generate dispersed reinforcing
phases.66–68 Simultaneously, the reinforcement of ICs through
the use of whisker/ber and ne grain strengthening/
toughening is also considered a viable approach.69–71
J. Mater. Chem. A, 2024, 12, 27855–27891 | 27861
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Fig. 8 Diagram illustrating part of the strengthening/toughening
strategies for ICs and HEICs.
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Currently, there is a limited amount of research on the
toughening of HEICs. It is believed that toughening strategies
for HEICs can draw inspiration from traditional toughening
methods for ICs, such as whisker/ber and ne grain
strengthening/toughening. Fig. 8 illustrates some of the
strengthening/toughening strategies which have been
employed in ICs and HEICs. We aim for Fig. 8 to assist readers
in gaining a better understanding of the strengthening/
toughening strategies discussed in Section 2.4. We have
compiled the current strengthening/toughening strategies of
HEICs, with the aim of inspiring scholars to accelerate the
research and design of high-performance HEICs.

2.4.1 Strengthening/toughening of nanocomposites. A
dual-phase high-entropy nanocomposite (DHENC) material,
consisting of high-entropy nano-intermetallic precipitates
(HENIPs) and high-entropy nanoscale solid solution domains
(HENSDs), demonstrates elevated tensile yield strength (1.23
GPa) and exceptional ductility (∼19%).72 The iso-concentration
surfaces of Ni, Al, and Ti revealed the existence of HENIPs, with
the high-density HENIPs being evenly dispersed across the
volume of the three-dimensional reconstruction at the tip of the
sample (Fig. 9(a)). Due to the slight lattice mismatch between
the nanoscale precipitate particles and the FCC matrix phase,
the order strengthening will result in a signicant enhancement
of the yield strength. According to calculations, the strength of
the DHENC has increased by approximately 0.81 GPa due to the
presence of nano-intermetallic precipitates. Furthermore, the
evolution of multiple dislocation types during the deformation
process is considered to be the primary reason for its high
ductility. This deformation stage includes predominant
features such as dislocation plane slip (Fig. 9(b)), coplanar
dislocation arrays (Fig. 9(c)), dislocation walls (Fig. 9(d)),
This journal is © The Royal Society of Chemistry 2024
microbands (Fig. 9(e)), and stacking faults in solid solution
domains (Fig. 9(f)).

2.4.2 Solid solution strengthening. A novel Fe0.75Co0.75-
Ni0.75Cu0.75TiZrHf HEIC (T0.75) demonstrated an exceptional
compressive yield strength of 2.25 GPa and fracture strength of
2.52 GPa.24 Furthermore, T0.75 also demonstrates excellent high-
temperature phase stability, maintaining yield strengths of up
to 905 MPa and 705 MPa at 800 °C and 900 °C, respectively. As
depicted in Fig. 9(g), T0.75 demonstrates excellent room-
temperature compressive strength compared with other mate-
rials. The exceptional strength exhibited by T0.75 can be attrib-
uted to the presence of seven primary elements in close to
equimolar ratios, leading to more pronounced lattice distortion
and solid solution strengthening compared to most HEAs. Very
recently, the multi-principal Co1.7Cu1.7TiZrHf HEIC (A1.7) with
a single B2 phase exhibits exceptional compressive yield
strength (1.77 GPa) and fracture strength (2.15 GPa) at room
temperature.73 Furthermore, A1.7 maintains an elastic strain
limit of approximately 1.5% at such high strength. Fig. 9(h) and
(i) illustrate the microstructural characteristics of A1.7. It was
suggested that the primary reasons for the elevated strength
exhibited by A1.7 are solid solution strengthening and grain
boundary strengthening. To quantify the solid solution
strengthening effect, the density-related parameter specic
yield strength of A1.7 was calculated. The specic yield strength
can be computed using the following equation:

SYS=sy/rmix (12)

rmix ¼
P

ciAiP
ciAi=ri

(13)

where sy, Ai, and ri are yield strength, atomic weight and the
density of the ith element, respectively. Based on the calculated
results, the specic yield strength of A is 209.4 kpa m3 kg−1.
Simultaneously, the high-entropy effect exhibited by A1.7 and
the single-phase B2 structure also contribute to a certain degree
of enhancement in strength.

2.4.3 Interfacial disordered nanolayer induced ductiliza-
tion. The Ni43.9Co22.4Fe8.8Al10.7Ti11.7B2.5 HEIC prepared using
the “interfacial disordered nanolayer induced ductilization”
method exhibits exceptionally high strength (∼1.6 GPa) and
tensile ductility (∼25%).27 From Fig. 10(a), we can clearly see
interfacial disordering, which creates an ultrathin disordered
layer along the grain boundary with an FCC solid-solution
structure. It is suggested that the improvement in yield
strength is attributed to the high antiphase boundary energy of
highly ordered superlattice grains, which plays a signicant role
in hindering the nucleation and motion of dislocations.
Fig. 10(b) illustrates a schematic diagram of the nanoscale
interfacially disordered structure. Moreover, due to the intro-
duction of a plastic buffer nanolayer, the plastic deformation
compatibility between adjacent ordered grains is greatly
enhanced and the generation of micro-cracks along the
boundary is effectively inhibited.27

Zhao et al.41 creatively exploited the ductility effect of inter-
facial disordered nanolayers to develop a Co-rich HEIC (Co47-
Ni30Al10V5Ta4Ti4)99B1 (at%, denoted as Co-rich HEIC hereaer).
J. Mater. Chem. A, 2024, 12, 27855–27891 | 27863
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Fig. 9 (a) Three-dimensional (3D) reconstruction map of an atom probe tomography (APT) needle tip (the iso-concentration surface was
constructed with an Ni + Al + Ti atomic ratio of 50%) of the DHENC, and 3D APT maps showing the distribution of each element (Fe, Co, Ni, Al,
and Ti). Reproduced from ref. 72 with permission from Elsevier, copyright 2022; (b–f) schematic illustrations of the deformation mechanisms
withmulti-type dislocation substructure evolution. Reproduced from ref. 72 with permission from Elsevier, copyright 2022; (g) comparison of the
room-temperature compressive properties of the T0.75 HEIC, BMGs and conventional ICs. Reproduced from ref. 24 with permission from
Elsevier, copyright 2020; (h and i) electron backscatter diffraction IPF image and phase distribution image of an A1.7 alloy. Reproduced from ref. 73
with permission from Elsevier, copyright 2023.
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As depicted in Fig. 10(c), clear disordered FCC nanolayers can
be observed near the grain boundaries. The prepared Co-rich
HEIC exhibits excellent yield strength (∼748 MPa) and ulti-
mate tensile strength (∼1611 MPa), as well as exceptional
ductility (∼37%). Considering that the critical shear stress of
the dislocation nucleus in the ordered L12 alloy is positively
correlated with its antiphase boundary energy,76 the antiphase
boundary energy is signicantly increased due to the addition of
Ta, Ti and V elements, which causes an elevated impediment for
dislocation motion and an increased strength consequently.
Fig. 10(d) depicts three-dimensional reconstructions of a repre-
sentative APT tip obtained from the Co-rich HEIC, revealing
a prominently visible near-edge-on grain boundary. The excel-
lent ductility exhibited by the (Co47Ni30Al10V5Ta4Ti4)99B1 HEIC
may be ascribed to the synergistic impact of the material's high
work-hardening capacity and enhanced fracture resistance
resulting from the presence of interfacial disordered nanolayers
at grain boundaries.
27864 | J. Mater. Chem. A, 2024, 12, 27855–27891
2.4.4 Lamellar-structure. A novel lamellar-structured (LS)
L12-type Co–Ni–Al–Ti–Ta–Nb–B-based HEIC was designed,
which overcomes the trade-off of strength and plasticity.74 The
LS-HEIC exhibits an outstanding yield strength (∼1007 MPa at
temperature, ∼1.2 GPa at 600–800 °C) and tensile elongation
(∼17% at room temperature, ∼10% at 600–800 °C). Previous
studies have shown that the addition of elements such as Ti, Ta,
and Nb causes an increase in the anti-phase boundary
energy.77,78 In addition, it has been proven that the stacking of
geometrically necessary dislocations will produce hetero-
deformation induced stress, which also has a certain effect on
the improvement of strength.79 Furthermore, the reasonable
tensile elongation exhibited by the LS-HEIC at temperatures
ranging from 600 to 800 °C can be attributed to two underlying
reasons. One of which is that, as illustrated in Fig. 10(e) and (f),
the deformed LS-HEIC produces substantial paired dislocations
and a high density of SISFs (superlattice intrinsic stacking
faults) and SISF networks at 600 °C and 800 °C, respectively.
According to previous research, SISFs will play a role in
This journal is © The Royal Society of Chemistry 2024
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Fig. 10 Unusual nanoscale interfacially disordered structure of superlattice materials. (a) High-resolution HAADF-STEM image revealing the
ultra-thin disordered layer at the grain boundaries with a nanoscale thickness. The images on the right show the corresponding fast Fourier
transform (FFT) patterns. (b) Schematic illustration highlighting the nanoscale interfacially disordered structure. Reproduced from ref. 27 with
permission from The American Association for the Advancement of Science, copyright 2020. (c) High-resolution TEM image and the insetted fast
Fourier transform (FFT) revealing the interfacial disordered nanolayer formed at the grain boundary. (d) 3D reconstructions of individual element
maps for an APT tip containing a grain boundary; deformation substructures of the LS-HEIC at intermediate temperatures (600 and 800 °C).
Reproduced from ref. 41 with permission from Elsevier, copyright 2023; (e) dislocation configurations of the LS-HEIC deformed by ∼10% plastic
strain at 600 °C, indicating the generation of numerous dislocation pairs; (f) microstructures of the LS-HEIC deformed by ∼10% plastic strain at
800 °C, showing deformation-induced high-density SISFs and SISF networks. Reproduced from ref. 74 with permission from Elsevier, copyright
2023; (g) typical high-resolution TEM imaging of the off-stoichiometric HEICs showing grain boundary structures between ordered L12-type
grains. Reproduced from ref. 75 with permission from Elsevier, copyright 2023.
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hindering dislocations.80 Accordingly, this ultimately leads to
the LS-HEIC achieving enhanced work hardening and improved
plastic deformation stability. Another reason is that aer the
tensile test, plastic deformation occurs parallel to the cylin-
drical interface, and stacked dislocations are preferentially
formed at the boundary. This contributes to the formation of
a large number of dislocation slip paths, which in turn improves
tensile plasticity.74

2.4.5 Off-stoichiometry-guided design. Prior research has
reported that altering the stoichiometry of an alloy has a notable
positive impact on the ductility of intermetallic alloys.81,82

Xiao et al.75 sought to investigate the potential for enhancing
the ductility of high-strength HEICs through the modication
This journal is © The Royal Society of Chemistry 2024
of the alloying stoichiometry. Off-stoichiometric HEICs exhibit
an exceptionally high yield strength of 839 ± 2 MPa and excel-
lent ultimate tensile strength of 1433 ± 17 MPa. Furthermore,
these off-stoichiometric HEICs also display a substantial tensile
elongation of 29 ± 1%, in contrast to their stoichiometric HEIC
counterparts which exhibit noticeable brittleness. As depicted
in Fig. 10(g), the nanoscale disordered FCC phase in off-
stoichiometry HEICs is also generated in the proximity of the
grain boundary. It has been proposed that the presence of
disordered FCC phases is signicant in enhancing tensile
plasticity through the elimination of intergranular embrittle-
ment.27 Furthermore, the disordered FCC phase aids in
reducing the signicant antiphase boundary barrier that
J. Mater. Chem. A, 2024, 12, 27855–27891 | 27865
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impedes the nucleation and movement of dislocations.83

Consequently, the disordered FCC phases at the grain bound-
aries, induced by off-stoichiometry, effectively prevent prema-
ture intergranular fracture and lead to exceptional ductility at
elevated strength levels.
3. High-entropy ceramics
3.1 Development history

Since 2015, Rost et al.9 rst designed and prepared a high-
entropy oxide (HEO) ceramic (Mg0.2Zn0.2Cu0.2Co0.2Ni0.2)O with
a rock-salt structure and conrmed the important role of high
mixed entropy in phase stability. To date, extensive scholarly
attention has been devoted to the study of high-entropy
ceramics both domestically and internationally. A consider-
able array of high-entropy ceramic materials has been synthe-
sized, and novel design principles have been introduced within
this timeframe. In 2016, seven boride HECs with a density of
about 92% were synthesized for the rst time, all of which have
better hardness and oxidation resistance than single-
component diborides.47 Biesuz et al.84 prepared (MgNiCo-
CuZn)O powder with high sintering activity by chemical co-
precipitation combined with the hydrothermal method using
metal nitrate and sulfate as raw materials and sintered it
without pressure at 1050 °C, which can make the prepared
ceramic density reach up to 97%. Researchers have been
striving to develop ceramic materials that are extremely hard
and tough. Finally, scientists have prepared (Hf0.2Nb0.2Ta0.2-
Ti0.2Zr0.2)N high-entropy nitride ceramics with extremely high
hardness (up to 33 GPa)and fracture toughness (5.2 MPa m1/2)
Fig. 11 The comparison of the number of research papers on high-entro
terms of the CC-BY 4.0 license. Copyright 2019, the authors, publish
permission from Springer, copyright 2023; reproduced from ref. 88 with p
permission from MDPI AG, copyright 2023.
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by exothermic combustion of mechanically activated nano-
structured metallic precursors in nitrogen, consolidated by
spark plasma sintering.18 In addition, the sintering of HECs is
challenging due to their robust covalent bonds and low diffu-
sion coefficient, thereby imposing signicant constraints on the
widespread adoption of HECs on a large scale. A novel rapid
liquid-phase assisted ultra-high temperature sintering strategy
was proposed to overcome this challenge.85

At present, high-entropy ceramic materials can be divided
into high-entropy oxide ceramics, high-entropy carbide
ceramics, high-entropy nitride ceramics, high-entropy boride
ceramics and high-entropy silicide ceramics. High-entropy
oxide ceramics not only have the excellent thermal and
mechanical properties of traditional oxide ceramics, but also
their various crystalline structures such as the rock salt struc-
ture, uorite structure, spinel structure, perovskite structure
and magnetite structure make high-entropy oxide ceramics
show rich functional properties. Excellent performance makes
high-entropy oxide ceramics show good application potential in
high-temperature protective layers, magnetic materials and
catalytic materials. Fig. 11 shows the comparison of the number
of research papers on high-entropy oxide ceramics of different
crystal forms, and it can be seen that among many high-entropy
oxide ceramics, rock salt metal oxides and spinel-type metal
oxide ceramics are the most widely studied.
3.2 Methods for predicting the phase structure and
mechanical properties of high-entropy ceramics

High-entropy ceramics have been widely studied due to their
superior mechanical properties and unique structure. However,
py oxide ceramics with different crystal forms. Reproduced under the
ed by American Chemical Society.86 Reproduced from ref. 87 with
ermission from Elsevier, copyright 2020; Reproduced from ref. 89 with

This journal is © The Royal Society of Chemistry 2024
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the traditional trial-and-error method greatly limits the devel-
opment of high-entropy ceramics. In this section, we have sor-
ted out the relevant part of the research on the structure and
mechanical property prediction of high-entropy ceramics,
hoping to give researchers a general understanding of the
prediction of high-entropy ceramic phase structures and
mechanical properties.

3.2.1 DHform criterion. Lu et al.90 investigated the single-
phase formation and mechanical properties of (TiZrNbTaMo)
C with one equimolar and twenty non-equimolar systems using
rst-principles calculations. The scientists calculated the
formation energies of all the samples. The formation energy
DHform can be expressed as

DHform ¼ EHEC �
Xn

i¼1

ciEi (14)

where E is the Density Functional Theory (DFT) ground-state
energy and ci is the molar fraction of the ith component. It
was found that the DHform values for all samples were negative,
indicating that single-phase solid solutions can be prepared as
long as there is enough energy to overcome the energy barrier.
Furthermore, an analysis was conducted to examine the corre-
lation between compositions, lattice constants, formation
energy, VEC, and mechanical properties. This involved the
calculation of the Pearson correlation coefficient and the crea-
tion of a heatmap illustrating the correlation between compo-
sition, structure, and elastic properties (Fig. 12(a)). The
introduction of zirconium in a (TiZrNbTaMo)C system is not
conducive to the formation of a single-phase solid solution
phase, which probably can be attributed to the large lattice
distortions and high formation energy of ZrC.90 Based on the
correlation heat map for “composition–-structure–elastic prop-
erties”, researchers have also noted that Ti contributes to the
stability of the crystal structure and the enhancement of hard-
ness and Young's modulus, whereas Mo demonstrates
a contrary effect. The occurrence of elemental segregation
demonstrates that, alongside miscibility, entropy serves as the
primary driving factor in the creation of solid solutions.90 In
good accord with the prediction results, the hardness and
Young's modulus show a notable increase with increasing Ti
content and a decreasing Mo concentration.

3.2.2 U − da criterion. The U − d criterion has demon-
strated effectiveness in the prediction of HEAs. By utilizing rst-
principles calculations and thermodynamic principles related
to congurational mixing entropy, researchers have developed
a three-dimensional phase diagram that incorporates thermo-
dynamic and structural variables, such as congurational mix-
ing entropy and enthalpy. Liu et al.95 recently extended the U −
da criterion to high entropy carbide ceramic systems. U repre-
sents the formation of solid solution in HECs, as shown below:

U ¼ TmDSmix

jDHmixj (15)

where Tm is the melting point with the standard error. It has
been proposed that when the value of U exceeds 1, a multi-
component high entropy carbide has the potential to create
This journal is © The Royal Society of Chemistry 2024
a single-phase solid solution based on thermodynamic princi-
ples. Furthermore, lattice constant differences, denoted as d,
are frequently employed to forecast the development of solid
solutions within single-phase high entropy ceramics. The vari-
ation in lattice constants among the constituent carbides within
high entropy carbides is delineated as follows:96

da ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN
n¼1

xi

"
1� ai

,XN
n¼1

xiai

#2
vuut (16)

where the lattice constant of the ith carbide component is
denoted as ai, with its molar fraction represented by xi It has
been suggested that when bothU > 1 and da < 6.6% are satised,
single solid solution high entropy carbides can be formed.

3.2.3 Machine learning methods. Due to its superiority,
machine learning has achieved great success in many elds,
especially in predictive materials, making it one of the tools in
the eld of materials science.97 In Zhang et al.'s study, they
developed a machine learning model to overcome the challenge
of large phase spaces for the rational design of new high-
performance HECs.91 Utilizing a prociently trained model,
the researchers examined approximately 90 un-synthesized
high entropy ceramic carbides comprising 5 cations from
groups IV, V, and VI of the periodic table. As a result, they
successfully predicted 38 single-phase HECCs, and these prog-
nostications closely align with the outcomes of the ongoing
experimental investigations. In order to reduce overtting
caused by strongly correlated features and enhance prediction
accuracy, the scientists removed features with Pearson coeffi-
cients higher than 0.9. Fig. 12(b) shows the feature selection for
ML models. Previous studies have demonstrated that the metal
elements in group IV and group V can form stable rock-salt
structures with carbon as binary transition metal carbides
(TMCs).98–100 According to the results, the scientists found that
the elements in group IV/V have higher tendency in single phase
HECCs. The Group VI elements (Cr, Mo, and W) are commonly
found in multi-phase HECCs. In addition, due to Group VI
elements having a higher valence lling, it is anticipated that
the inclusion of these elements can lead to improved mechan-
ical properties of HECCs.101,102 The study has come to some
interesting conclusions. The VEC has been widely used to
distinguish different phases of HEAs103 and has been shown to
play an important role in intermetallic phase formation.104

However, it is noteworthy that the VEC is less effective in
determining the formation of phases in HECCs.91 The scientists
have identied sVEC (VEC deviation of constituent TMCs) and sc

(deviation of electronegativity of constituent TMCs) as key
factors that inuence the bonding properties and local atomic
environment of metal elements in HECCs. These factors have
been found to exert a substantial inuence on the phase
formation or separation of HECCs.91 This ML model proposed
by Zhang is able to predict the possibilities of phase formation
of equimolar and non-equimolar HECCs, which can accelerate
the design of HECCs. While ML models show a lot of advan-
tages, they also have some non-negligible shortcomings, that is,
machine learning models require a large amount of high-
quality data to achieve accurate prediction. Some researchers
J. Mater. Chem. A, 2024, 12, 27855–27891 | 27867
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Fig. 12 (a) The “composition–structure–elastic properties” correlation heatmap of (TiZrNbTaMo)C. Reproduced from ref. 90 with permission
from Elsevier, copyright 2021; (b) feature selection for ML models. Reproduced under the terms of the CC-BY 4.0 license. Copyright 2022, the
authors, published by Springer Nature;91 (c) machine learning flowchart for the prediction of mechanical properties and descriptor-property
correlation analysis of multicomponent ceramics. Reproduced from ref. 92 with permission from Elsevier, copyright 2022; (d) single phase
formation probability of all compositions (training and test) predicted by the KNN model trained by dB-TM. When dB-TM approaches 3.66, marked
as the red zone, HEBs can exist as a single or multiphase. Reproduced from ref. 93 with permission from Elsevier, copyright 2023; (e) ab initio
molecular dynamics tensile properties and deformation mechanisms. Reproduced under the terms of the CC-BY 4.0 license. Copyright 2022,
the authors, published by the American Association for the Advancement of Science.94
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have noticed this problem and are committed to circumventing
it.

3.2.4 �c criterion. In this case, more and more studies start
with ML models to predict the phase formation ability, hard-
ness, Young's modulus and other related performance param-
eters of HECs. There are scholars who established a high-
precision machine learning model to predict the Young's
modulus, hardness and wear resistance of high-entropy
carbides.92 The diagram in Fig. 12(c) depicts the machine
learning framework used to forecast the mechanical properties
and examine the correlations between descriptors-properties of
HECs. In order to determine the predominant features during
the prediction process, scientists used the permutation impor-
tance calculation method. To minimize accidental errors and
enhance the precision of the calculation importance, each
feature was randomly rearranged with 10 different orders (K =

10). The three most inuential factors in predicting Young's
modulus were determined to be dTm

(deviation of melting
temperatures), �Etotal (fraction-weighted mean total energy of
the constituent metal carbides), and dc(deviation of the Pauling
electronegativity). In addition, dVEC (deviation of valence elec-
tron concentrations), VEC (valence electron concentration), and
dTm

were identied as the primary predictors for hardness.92 The
nding indicates that the hardness increases when �c< 4.3 and
decreases at higher �c values while the modulus demonstrated
an increase across three distinct intervals:�c < 4.1, 4.1 # �c # 4.3
and �c > 4.3 (�c, average Pauling electronegativity). In addition,
the hardness increases rst with dEA (deviation of electron
affinities) and then is apt to decrease. It was proposed that dc
and dr atom are relatively essential in predicting the Young's
modulus of HEAs,105 but not so effective in predicting the
Young's modulus and hardness values of HECs. In addition, as
the total energy of the HEC system decreases, there is an
observed increase in both the modulus and hardness. This
suggests that high-entropy systems characterized by greater
stability are more inclined to exhibit improved mechanical
properties.
Fig. 13 (a) Linear relationship between EFA−1 and the distortion of exp
homogeneous high-entropy single- and multi-phase compounds, re
Copyright 2022, the authors, published by Springer Nature.109 (b) Format
the circle shows the BLSD, as shown in the inset. Reproduced from ref.

This journal is © The Royal Society of Chemistry 2024
3.2.5 dB-TM criterion. Yan et al. identied a systematic
approach for the design of single-phase high entropy diborides
(HEBs) through the utilization of a data-driven methodology.93

The utilization of machine learning in materials science has
been signicantly impeded by data-related challenges,
including insufficient data and substandard data quality.
However, researchers have effectively addressed this issue
through the implementation of a high-throughput experimental
(HTE) methodology.93 In contrast to prior studies, Yan's
research does not rely solely on the existing literature for data
collection. Instead, all data utilized in the study are obtained
from samples that have been prepared under consistent
conditions. This methodological approach notably enhances
the quality of the training data essential for the development of
dependable machine learning models. Through the utilization
of interpretable machine learning techniques, they illustrated
that the predominant factor inuencing the formation of HEBs
is dB-TM. According to previous study, the dB-TM means B-TM
bond length deviation of the precursor diborides.106

dB-TM ¼ 100�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

i¼1

ci

�
1� li

l

�2

vuut (17)

where li is the length of the B-TM bond in diborides, l ¼ Pn
i¼1

cili

denotes the mean distance of the B-TM bond, ci denotes the
concentration of the ith diboride precursor, and n is the total
number of precursor species in a HEB. Consequently, the
researchers proposed an empirical rule that while dB-TM < 3.66
tends to form single-phase high-entropy diborides, dB-TM > 3.66
is more likely to form multiphase high-entropy diborides
(Fig. 12(d)).93

3.2.6 VEC criterion. The high hardness and thermal
stability exhibited by high-entropy carbide ceramics have
enabled their potential applications in signicant elds, yet
they have been consistently limited by their inferior fracture
toughness. Sangiovanni et al.94 proposed that the valence elec-
tron concentration (VEC) is a crucial parameter in regulating
the fracture resistance of high-entropy carbides. The research
erimental lattice parameters 3. Green circles and red squares indicate
spectively. Reproduced under the terms of the CC-BY 4.0 license.
ion enthalpy, EFA, and BLSD of all 56 HEN compositions. The radius of
108 with permission from John Wiley and Sons, copyright 2021.
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examined six different compositions of high-entropy ceramics
to explore the relationship between the VEC and the material's
resistance to brittle fracture. Fig. 12(e) illustrates the tensile
properties of six types of high-entropy carbides. It was suggested
that high entropy carbides with a VEC equal to or greater than
9.4 demonstrate favorable fracture resistance, while samples
with a VEC below 9 appear to be brittle.

3.2.7 EFA criterion. Entropy formation ability (EFA) is oen
utilized as a descriptor for identifying potential single-phase
high-entropy ceramics.107–109 EFA is characterized as the
inverse of the standard deviation of the energy distribution
spectrum encompassing all congurations.109 The standard
deviation s can be used to quantitatively describe the energy
distribution spectrum (Hi). The equation for EFA can be repre-
sented by the following formula:

EFA(N) h {s[spectrum(Hi(N))]T=0}
−1 (18)

sfHiðNÞg ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1

giðHi �HmixÞ2�Pn
i¼1

gi

�
� 1

vuuuuut (19)
Fig. 14 (a) Nanoindentation hardness as a function of the valence elect
mean value. Reproduced under the terms of the CC-BY 4.0 license. Copy
seven high entropy carbide compositions along with rule mixture valu
Elsevier, copyright 2020. (c–h) The mechanical properties of the quina
hardness; (d) Young's modulus; (e) fracture toughness; (f) B/G; (g) bulk m
from Elsevier, copyright 2024.
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where n is the total number of sampled geometrical congu-
rations and gi are their degeneracies. Saker et al.109 produced 56
ve-metal compositions from eight refractory metals (Hf, Nb,
Mo, Ta, Ti, V, W, and Zr). Subsequently, they utilized the
automated FLOW partial occupation method to generate 49
distinct 10-atom unit cell congurations for each composition.
Based on calculations and experimental ndings, it is suggested
that the formation of single phase by high-entropy carbides is
more likely when the EFA exceeds 50 (Fig. 13(a)). A few years
later, Huang et al.108 carried out an in-depth investigation on the
focus of high-entropy nitride ceramics building upon prior
studies. The standard deviation of bond length (BLSD) is also
implemented to describe the relationship between EFA and
lattice distortion. EFA, BLSD, and formation enthalpy for the
entire set of 56 compositions are depicted in Fig. 13(b). It was
suggested that large EFA values and small enthalpy of formation
tend to form single-phase high-entropy nitride ceramics.

3.2.8 VEC and mechanical properties. The VEC has been
demonstrated to function as a reliable indicator for the
mechanical characteristics of nitrides, carbides, and carboni-
trides. An increase in the VEC is associated with an increase in
metallic bond properties and a greater number of structural
ron concentration (VEC). Error bars are 1 standard deviation from the
right 2020, the authors, published by Springer Nature.110 (b) Hardness of
es against the VEC. Reproduced from ref. 107 with permission from
ry high-entropy metal diborides as functions of the VEC. (c) Vickers
odulus; (h) shear modulus. Reproduced from ref. 111 with permission

This journal is © The Royal Society of Chemistry 2024
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transformations that the lattice can undergo during
deformation.101,107,110

Dippo et al.110 conducted a series of computations on ten
synthesized high-entropy carbides and high-entropy carboni-
trides. As illustrated in Fig. 14, the VEC–hardness diagram is
depicted. From Fig. 14(a), it can be observed that high entropy
ceramics with high VEC values exhibit low hardness. It was
suggested that the increment in the VEC enhances the charac-
teristics of metallic bonds and anharmonic lattice vibrations.112

In terms of mechanical properties, it is characterized by
a decrease in hardness. Harrington et al.107 calculated the VEC
for seven types of high-entropy carbide ceramics and compared
their respective hardness values. The hardness exhibits
a decreasing trend with an increase in the VEC value (Fig. 14(b)).

Very recently, Liu et al.111 conducted an extensive study on
the mechanical properties of 56 types of quinary high-entropy
Fig. 15 (a) Comparison chart of Vickers hardness of high-entropy ceram
strength–fracture toughness of high-entropy ceramics and traditional c

This journal is © The Royal Society of Chemistry 2024
diborides through rst-principles density functional theory
and thermodynamic calculations. Similarly, the Vickers hard-
ness of quinary HEBs also demonstrates a decreasing trend with
an increase in VEC values (Fig. 14(c)). Furthermore, Fig.
14(d)–(h) illustrates the correlation between various mechanical
properties and VEC. Within the realm of materials science, the
bulk modulus (K), shear modulus (G), and Young's modulus (Y)
are fundamental mechanical properties that are commonly
employed in the design and development of materials charac-
terized by high hardness and resistance to compression.113–115

Furthermore, it can be observed from Fig. 14(e) that the fracture
toughness of HEBs exhibits a decreasing trend with an increase
in the VEC. This indicates that the VEC can serve as a reliable
indicator of the mechanical properties of high-entropy
ceramics, thereby aiding in the acceleration of the develop-
ment of high-performance high-entropy ceramics.
ics and traditional ceramics.116–133 (b) Mechanical properties of flexural
eramics.12,17,35,134–136
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3.3 Mechanical properties of high-entropy ceramics

3.3.1 Hardness. Many HECs demonstrate superior hard-
ness compared to conventional ceramics. Fig. 15(a) illustrates
the Vickers hardness values of select HECs in comparison to
traditional ceramic materials. The exceptional hardness of
HECs is intricately linked to their fundamental properties.
When multiple alloying elements are mixed in near equimolar
ratios to form a single-phase solid solution, the inevitable
distortion of the lattice structure in high-entropy materials is
attributed to the differences in atomic radii and mismatch in
physical properties such as elastic moduli among the various
elements. HECs are innovative materials containing
a minimum of four distinct cations or anions. Due to variations
in the atomic radii of constituent elements, HECs exhibit
pronounced lattice distortion effects. Excessive lattice distor-
tion will destabilize the structure of the single-phase solid
solution, resulting in the precipitation of the second phase or
even amorphization.137 Furthermore, the distortion of the
lattice structure will lead to an increase in the internal energy of
the material, an increase in microscopic stress, and a hindrance
to the movement of dislocations. Consequently, this will
contribute to the heightened hardness of HECs.

3.3.2 Elevated temperature properties. The advancement
and evolution of human civilization have necessitated more
rigorous demands for mechanical properties. Certain high-
temperature operational conditions urgently require a novel
material possessing thermal stability, high temperature resis-
tance, and resistance to oxidation and ablation. The thermal
resistance and low thermal conductivity of HECs exactly align
with this requirement. For example, the thermal resistance of
equiatomic (HfZrTaNbTi)C ceramics was investigated through
the process of annealing the specimens at temperatures of 500,
800, and 1140 °C in an argon environment for a duration of 1
hour.138 The experimental ndings demonstrate the absence of
phase decomposition and phase transition, providing evidence
for the favorable thermal stability of (HfZrTaNbTi)C at
a temperature of 1140 °C. It was suggested that the excellent
thermal stability of HECs can be attributed to sluggish
diffusivity.139–141 A research investigation was conducted to
analyze the high temperature oxidation characteristics of a dual
phase diboride and a high entropy diboride composed of
(Ti0.25V0.25Zr0.25Hf0.25)B2, both containing identical metallic
elements in the sublattice.139 At 1500 °C, the oxidation rate of
dual phase diboride was found to be 2.8 times higher than that
of high entropy diboride. The exceptional effectiveness of high
entropy diboride was ascribed to the high entropy and sluggish
diffusion of oxygen resulting from lattice distortion, thereby
augmenting its resistance to oxidation.139 Due to the kinetic
hysteresis diffusion effect introduced by HECs, the velocity of
heat transfer in HECs becomes slow, which can explain the low
thermal conductivity of most HECs. Furthermore, the high-
entropy effect of HECs contributes to enhancing their resis-
tance to oxidation. As a result, HECs are anticipated to
demonstrate greater potential in high-temperature thermal
insulation and anti-oxidation applications compared to tradi-
tional ceramic materials.
27872 | J. Mater. Chem. A, 2024, 12, 27855–27891
3.3.3 Strength and toughness. Ceramic materials have
historically been constrained by their relatively low fracture
toughness. However, the vast compositional range and
distinctive microstructure of HECs offer the potential to attain
a balance between strength and fracture toughness in these
materials. We observed an enhancement in the strength–
toughness characteristics of high-entropy ceramics in compar-
ison to conventional ceramic materials (Fig. 15(b)). As a result of
the incorporation of additional components into HECs, these
materials exhibit noticeable lattice distortion. This lattice
distortion contributes to heightened resistance to dislocation
motion, consequently resulting in greater strength of HECs
when compared to conventional ceramic materials. The solu-
tion strengthening effect resulting from the mutual solution
between different metal components in HECs has been
observed to contribute to their high levels of hardness and
fracture toughness.142 In addition, the addition of various
elements in HECs may produce a cocktail effect and improve
the strength–fracture toughness of ceramics. It has been
proposed that the addition of Mo can promote grain renement
and produce ne grain strengthening. On the other hand, the
addition of Mo helps in the ceramic sintering process to
densify. These two effects synergistically improve the fracture
toughness of (TiZrNbTaMo)C.36

As emerging ceramic materials, HECs undoubtedly break the
design shackles of traditional ceramic materials and greatly
expand the diversity of ceramic materials. Due to the distinctive
composition of HEC materials and their resemblance to high-
entropy alloys in terms of the “four major effects”, HEC mate-
rials exhibit exceptional corrosion resistance/chemical stability/
hardness/wear resistance and thermal stability. Consequently,
these materials are anticipated to nd extensive applications in
national defense, aerospace, nuclear energy, and other sectors.
Unlike metallic materials, which typically function as conduc-
tors, ceramics possess diverse electrical properties and can
serve as conductors, semiconductors, or insulators, thereby
expanding the potential use of HECs in electronic appliances.
Tables 2–5 show the mechanical characteristics of high-entropy
oxide ceramics, high-entropy nitride ceramics, high-entropy
carbide ceramics and high-entropy boride ceramics,
respectively.
3.4 Strengthening/toughening of HECs

3.4.1 Fine grain strengthening/toughening. In poly-
crystalline materials, the size of the grains signicantly impacts
the mechanical properties. This is attributed to the abundance
of grain boundaries in materials with small grain sizes, which
impede the motion of dislocations. Additionally, the diverse
orientations of the grains also contribute to this inuence.209

Therefore, grain renement may have a certain degree of
improvement effect on fracture toughness. Fig. 16 illustrates the
fracture toughness of high entropy ceramics with different grain
sizes, showing an increasing trend in fracture toughness as the
grain size decreases.

Ma et al.213 successfully prepared ultra-ne-grained (Hf0.2-
Zr0.2Ta0.2Nb0.2Ti0.2)B2 high-entropy diboride ceramics.
This journal is © The Royal Society of Chemistry 2024
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Table 2 Reported mechanical properties of high-entropy oxides

High entropy oxides Condition Crystal structure Hardness (GPa)
Thermal conductivity
(Wm−1 K−1)

Fracture toughness
(MPa m1/2) Ref.

(Al0.19Cr0.13Nb0.19Ta0.30Ti0.19)O2 RMS-fO2
(30%) Rutile 22 — — 143

RMS-fO2
(80%) Rutile 24 — —

(AlCrTaTiZr)Ox RMS-fO2
(2.5%) Amorphous 13 — — 144

AlxCoCrCuFeNi-O RMS-AN
(500°C/5 h)

Spinel 25.7 � 2.3 — — 117

(Al0.31Cr0.20Fe0.14Ni0.35)O RMS — 18.5 — — 145
BaCo0.2Fe0.2Zr0.2Sn0.2Pr0.2O3−d — Perovskite — — — 146
(Ce0.2Y0.2Gd0.2Sm0.2Nd0.2)2Zr2O7 PLS — — 0.056 — 147
(Dy0.2Y0.2Ho0.2Er0.2Yb0.2)2Zr2O7 — — ∼12 — — 148
(Gd0.2Y0.2Er0.2Tm0.2Yb0.2)2Zr2O7 — — 11.98 — 1.535 149
(La0.2Nd0.2Y0.2Er0.2Yb0.2)2Zr2O7 — — 11.47 — — 148
(La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 — Pyrochlore 10.75 — — 148
(La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 RFS Pyrochlore ∼12 — — 150
(La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 RFS Pyrochlore 8.2 — — 150
(La0.2Y0.2Gd0.2Sm0.2Nd0.2)2Zr2O7 PLS — — 0.044 — 147
(La0.2Y0.2Gd0.2Ce0.2Sm0.2)2Zr2O7 PLS — — 0.047 — 147
(La0.2Ce0.2Gd0.2Sm0.2Nd0.2)2Zr2O7 PLS — — 0.052 — 147
(La0.2Y0.2Gd0.2Ce0.2Nd0.2)2Zr2O7 PLS — — 0.051 — 147
(La0.2Y0.2Ce0.2Sm0.2Nd0.2)2Zr2O7 PLS — — 0.057 — 147
(La1/7Nd1/7Sm1/7Eu1/ 7Gd1/7Dy1/7Ho1/7)2Zr2O7 SPS Pyrochlore 13.86 — 1.1 151
(La0.2Y0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 CIP-PLS Pyrochlore 7.9 — — 152
((La1/3Eu1/3Gd1/3)1−xYbx)2Zr2O7 — — ∼11 — — 153
(La0.25Eu0.25Gd0.25Yb0.25)2(Zr0.75Hf0.25)2O7 — — ∼10 — — 154
(La0.2Nd0.2Sm0.2Gd0.2Yb0.2)2(Zr0.75Ce0.25)2O7 — Pyrochlore — — 2.0 � 0.3 155
(Sm1/ 5Yb1/5Gd1/5Er1/5Dy1/5)2Ti2O7 — Pyrochlore 10.14 — — 156
Sr(Y0.2Sm0.2Gd0.2Dy0.2Yb0.2)2O4 SSR — 6.86 — 1.92 � 0.04 157
(Zr0.2Hf0.2Ti0.2Gd0.2Y0.2)O2−d — — — 0.0257 — 158
(Ce0.2Zr0.2Hf0.2Sn0.2Ti0.2)O2 SSR Fluorite — 1.28 — 159
(Dy0.2Ho0.2Er0.2Y0.2Yb0.2)3NbO7 — Fluorite 9.51 0.724 — 160
(Hf0.25Zr0.25Ce0.25Y0.25)O2−d SPS Fluorite 13.6 � 0.5 1.74 � 0.15 — 161
(Hf0.25Zr0.25Ce0.25)(Y0.125Yb0.125)O2−d SPS Fluorite 12.7 � 0.7 1.55 � 0.20 — 161
(Hf0.2Zr0.2Ce0.2)(Y0.2Yb0.2)O2−d SPS Fluorite 13.3 � 0.6 1.29 � 0.11 — 161
(Hf0.25Zr0.25Ce0.25)(Y0.125Ca0.125)O2−d SPS Fluorite 13.3 � 0.6 1.10 � 0.20 — 161
(Hf0.25Zr0.25Ce0.25)(Y0.125Gd0.125)O2−d SPS Fluorite 13.2 � 0.5 1.17 � 0.13 — 161
(Hf0.2Zr0.2Ce0.2)(Y0.2Gd0.2)O2−d SPS Fluorite 13.1 � 0.5 1.61 � 0.13 — 161
(Hf0.2Zr0.2Ce0.2)(Yb0.2Gd0.2)O2−d SPS Fluorite 12.6 � 0.5 1.62 � 0.13 — 161
(Hf0.25Zr0.25Ce0.25)(Yb0.125Gd0.125)O2−d SPS Fluorite 12.3 � 0.7 1.81 � 0.14 — 161
(Y0.3Gd0.3Yb0.4)4Hf3O12 UHS Fluorite 11.94 — 1.26 162
(Ca0.5Sr0.5)(5RE)2O4 SSR Anti-spinel — 1.48 — 163
(Dy0.2Ho0.2Er0.2Tm0.2-Lu0.2)2Hf2O7 — Fluorite 15.55 — 1.69 164
La2(Hf1/2Zr1/2)2O7 — Pyrochlore — 2.29 � 0.06 — 125
(La1/2Pr1/2)2(Sn1/3Hf1/3Zr1/3)2O — Pyrochlore — 2.24 � 0.07 — 125
(La1/3Pr1/3Nd1/3)2(Hf1/2Zr1/2)2O7 — Pyrochlore — 2.16 � 0.06 — 125
(La1/5Ce1/5Nd1/5Sm1/5Eu1/5)2Zr2O7 — Pyrochlore — 2.06 � 0.06 — 125
(La1/7Ce1/7Pr1/7Nd1/7Sm1/7Eu1/7Gd1/7)2
(Hf1/2Zr1/2)2O7

— Pyrochlore — 1.97 � 0.06 — 125

(La1/7Ce1/7Pr1/7Nd1/7Sm1/7Eu1/7Gd1/7)2
(Sn1/3Hf1/3Zr1/3)2O

— Pyrochlore — 2.02 � 0.06 — 125

(La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 SSR Pyrochlore — <1 — 165
(La0.2Y0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 SSR Pyrochlore — <1 — 165
(La0.2Nd0.2Y0.2Eu0.2Gd0.2)2Zr2O7 SSR Pyrochlore — <1 — 165
(La0.2Nd0.2Sm0.2Y0.2Gd0.2)2Zr2O7 SSR Pyrochlore — <1 — 165
(La0.2Nd0.2Sm0.2Eu0.2Y0.2)2Zr2O7 SSR Pyrochlore — <1 — 165
(La0.2Ce0.2Nd0.2Sm0.2Eu0.2)2Zr2O7 — Pyrochlore — 0.76 — 166
(Sm0.2Eu0.2Tb0.2Dy0.2Lu0.2)2Zr2O7 SSR Pyrochlore 12.42 0.86 ∼2.24 167
(Mg,Co,Ni,Cu,Zn)O — Rock-salt — — — 168
MgxNixCoxCuxZnxScxO (x ∼ 0.167) — Rock-salt — — — 169
MgxNixCuxCoxZnxGexO, x = 0.167 — Rock-salt — 1.60 � 0.14 — 170
MgxNixCuxCoxZnxCrxO, x = 0.167 — Rock-salt — 1.64 � 0.24 — 170
MgxNixCuxCoxZnxSnxO, x = 0.167 — Rock-salt — 1.44 � 0.10 — 170
MgxNixCuxCoxZnxSbxO, x = 0.167 — Rock-salt — 1.41 � 0.17 — 170
MgxNixCuxCoxZnxScxO, x = 0.167 — Rock-salt — 1.68 � 0.13 — 170

This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. A, 2024, 12, 27855–27891 | 27873
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Table 2 (Contd. )

High entropy oxides Condition Crystal structure Hardness (GPa)
Thermal conductivity
(Wm−1 K−1)

Fracture toughness
(MPa m1/2) Ref.

MgxNixCuxCoxZnxO, x = 0.2 — Rock-salt — 2.95 � 0.25 — 170
Sm2(Sn1/4Ti1/4Hf1/4Zr1/4)2O7 — Pyrochlore — 1.73 � 0.05 — 125
(Sm1/2Gd1/2)2(Ti1/3Hf1/3Zr1/3)2O7 — Pyrochlore — 1.47 � 0.04 — 125
(Sm1/3Eu1/3Gd1/3)2(Hf1/2Zr1/2)2O7 — Pyrochlore — 1.97 � 0.06 — 125
(Sm1/3Eu1/3Gd1/3)2(Sn1/3Hf1/3Zr1/3)2O7 — Pyrochlore — 2.21 � 0.07 — 125
(Sm1/3Eu1/3Gd1/3)2(Ti1/4Sn1/4Hf1/4Zr1/4)2O7 — Pyrochlore — 1.67 � 0.05 — 125
(Sm1/4Eu1/4Gd1/4Yb1/4)2(Ti1/4Sn1/4Hf1/4Zr1/4)2O7 — Pyrochlore — 1.45 � 0.04 — 125
(Sm1/3Eu1/3Gd1/3)2(Ti1/2Sn1/6Hf1/6Zr1/6)2O7 — Pyrochlore — 1.71 � 0.05 — 125
(Sm1/3Eu1/3Gd1/3)2(Ti3/4Sn1/12Hf1/12Zr1/12)2O7 — Pyrochlore — 1.90 � 0.06 — 125
(Sm1/3Eu1/3Gd1/3)2Ti2O7 — Pyrochlore — 2.88 � 0.09 — 125
(Sm1/4Eu1/4Gd1/4Yb1/4)2(Ti1/2Hf1/4Zr1/4)2O7 — Pyrochlore — 1.36 � 0.04 — 125
(Sm3/4Yb1/4)2(Ti1/2Zr1/2)2O7 — Pyrochlore — 1.40 � 0.04 — 125
(Y0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 SSR Pyrochlore — <1 — 165
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Specically, at a temperature of 1973 K, the sintered sample
with an average grain size of 684 nm exhibited high Vickers
hardness (26.2 GPa) and excellent fracture toughness (5.3 MPa
m1/2). It was proposed that the comprehensive mechanical
properties exhibited by (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)B2 are mainly
Table 3 Reported mechanical properties of high-entropy nitrides

High-entropy nitrides Condition Structure

(Al29.1Cr30.8Nb11.2Si7.7Ti21.2)Nx RMS FCC (NaCl-type)
(Al23.1Cr30.8Nb7.7Si7.7Ti30.7)N50 RMS FCC (NaCl-type)
(AlCrNbSiTiV)N RMS FCC (NaCl-type)
(AlCrTiZrHf)N RMS FCC
(Al0.34Cr0.22Nb0.11Si0.11Ti0.22)50N50 RMS FCC (NaCl-type)
(Al0.5CrFeNiTi0.25)Nx RMS FCC
(AlMoNbSiTaTiVZr)Nx — FCC (NaCl-type)
(AlCrMoTiNi)1−xNx (x = 0.29) — Amorphous
(AlCrMoTiNi)1−xNx (x = 0.37) — FCC
(AlCrMoTiNi)1−xNx (x = 0.40) — FCC
(AlCrMoTiNi)1−xNx (x = 0.45) — FCC
(AlCrNbSiTiV)N RMS FCC
(Al,Ta,Ti,V,Zr)N RMS —
(AlCrNbSiTiV)N RMS FCC (NaCl-type)
(AlCrSiNbZr)Nx RMS —
(AlCrSiTiZr)100−xNx RMS Amorphous
(AlCrTiZrHf)N RMS FCC
Al–Cr–Nb–Y–Zr–N RMS —
(Al,Cr,Nb,Y,Zr)Nx RMS FCC (NaCl-type)
AlCoCrCu0.5FeNi–N RMS-FN2

/25% —
(CrHfTaTiZr)1Nx — FCC (NaCl-type)
(CrHfNbTiZr)1Nx — FCC (NaCl-type)
(CrHfNbTaTi)1Nx — FCC (NaCl-type)
(CrNbTaTiV)1Nx — FCC (NaCl-type)
(FeCoNiCuAlCrV)N — FCC (NaCl-type)
(Hf,Ta,Ti,V,Zr)N RMS FCC
Hf–Nb–Ti–V–Zr–N RMS FCC (NaCl-type)
(Hf0.2Nb0.2Ta0.2Ti0.2Zr0.2)N SPS FCC
(MoSiTiVZr)Nx RMS —
(HfNbTaTiZr)1Nx — FCC (NaCl-type)
(TiZrNbHfTa)N/WN VAC FCC
(TiVCrZrNbMoHfTaWAlSi)N RMS FCC + HCP
(VAlTiCrMo)Nx RMS FCC
(Zr–Ti–Cr–Nb–Si)N VAD FCC

27874 | J. Mater. Chem. A, 2024, 12, 27855–27891
attributed to the ne-grain strengthening mechanism and the
microcrack deection toughening mechanism. As depicted in
Fig. 17(a)–(d), the fracture model of the sintered sample is
distinguished by typical intergranular fracture, with numerous
regularly faceted and intact ultrane grains that are visible on
Hardness (GPa)
Elastic modulus
(GPa)

Fracture toughness
(MPa m1/2) Ref.

36.7 — — 124
36.1 — — 124
41 30 — 123
33.1 — — 122
36 (5 mN) — — 121
21.78 253.8 — 171
37 — — 172
15.69 � 0.27 — 2.0 173
18.50 � 0.22 — — 173
28.91 � 1.02 — — 173
31.25 � 1.01 — 3.25 173
— — — 174
∼20 433 2.4 14
>40 — — 175
12.3 — — 176
16.9 231.5 — 177
33.1 — — 178
29.6 � 1.2 343 — 179
27 230–370 — 180
9.8 — — 181
26.5 465.5 — 110
27.3 488.4 — 110
26.2 488.9 — 110
24.4 476.7 — 110
38 — — 182
32.5 � 0.8 — — 183
18.8 418 — 184
Up to 33 (4.9 N) — Up to 5.2 18
45.6 — — 185
27.8 502.6 — 110
34 325 — 186
34.8 — — 187
5.731 133.697 — 188
27 273 — 189

This journal is © The Royal Society of Chemistry 2024
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Table 4 Reported mechanical properties of high-entropy carbides

High-entropy carbide Condition Structure Hardness (GPa) Elastic modulus (GPa)
Fracture toughness
(MPam1/2) Ref.

(CuSiTiYZr)C — Amorphous 29.5 — — 120
(CrCuNbTiY)C — FCC 29 — — 119
Hf0.2Ta0.2Ti0.2Nb0.2Zr0.2C — FCC 25.7 � 3.5 473 � 37 — 118
Hf0.2Ta0.2Ti0.2Nb0.2Mo0.2C — — 23.8 � 2.7 — — 118
Hf0.2Ta0.2Ti0.2Nb0.2Mo0.2C — FCC 23.8 � 2.7 544 � 48 — 118
(Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C SPS Rock-salt 17.07 � 0.54 (9.8 N) — 5.9 � 0.7 16
(Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C PLS — 17.7 � 0.5 (9.8 N) — 4.3 � 0.2 190
(TiZrHfNbTaMo)C PLS — 23.2 (9.8 N) — 3.7 � 0.2 191
(Hf,Zr,Ti,Ta,Nb)C CTR Rock-salt 24.8 � 0.8 (4.9 N) 452 � 6 — 192
(Hf0.2Ta0.2Zr0.2Nb0.2Ti0.2)C HP — 24 — 2.306 193
(Hf–Ta–Zr–Nb)C SPS Rock-salt 36.1 � 1.6 598 � 15 — 194
(NbTaZrTiHfVWMo)C — — 38.71 — 4.67 195
(Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)C + 20%SiC SPS FCC 25 � 0.8 (9.8 N) — 5.24 � 0.41 17
(Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)C SPS — 21.9 � 0.4 (9.8 N) — 4.51 � 0.61 17
(TiZrNbTaMo)C HP — 25.3 (9.8 N) — 3.28 36
(Ti0.2Zr0.2Hf0.2Ta0.2Nb0.2)C SPS — 20.39 (9.8 N) — 4.5 � 0.6 196
TiZrHfVNbTaB12-C HP — 12 (98 N) — 4.3 � 0.6 197
(TiZrHfVNbTa)C — — 24.9 (9.8 N) — — 198
(TiAlCrNbY)C DR-0.19 — 15.3 � 1.2 (0.05 N) — — 199

DR-0.17 — 20.7 � 1.4 (0.05 N) — — 199
DR-0.16 — 22.6 � 1.2 (0.05 N) — — 199
DR-0.15 — 12.8 � 0.9 (0.05 N) — — 199

(VNbTaMoW)C5 SPS — 19.6 — 5.4 200
(VNbTaMoW)C SPS Rock-salt 23.8 — 3.34 201
(Zr0.25Nb0.25Ti0.25V0.25)C — Rock-salt 30.3 � 0.7 460.4 � 19.2 4.7 � 0.5 142
(Zr0.25Hf0.25Ta0.25Nb0.25)C SPS — — — 4.73 134
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the fracture surface. The presence of ultra-ne grains not only
elevates the hardness, but also leads to increased deformation
during crack propagation, consequently improving fracture
toughness.

(Hf0.2Mo0.2Ta0.2Nb0.2Ti0.2)B2, with an average grain size of 1.86
mm, exhibits reasonable fracture toughness (4.47 MPa m1/2).13

The ndings indicate that the increased fracture toughness of
(Hf0.2Mo0.2Ta0.2Nb0.2Ti0.2)B2 is attributed to the renement of the
grain structure and improved sintering ability. (Ti0.6W0.1Nb0.1-
Ta0.1Mo0.1)(C0.78N0.22)-Co-Ni (HECN1-Co-Ni) ceramic exhibits
excellent hardness (2053.4 HV) and fracture toughness (12.3 MPa
m1/2).214 It has been suggested that ne-grained strengthening
can greatly improve the strength and toughness of HECN1-Co-Ni.
Specically, the crack deection path caused by ne-grained
intergranular fracture is longer, which leads to the improve-
ment of toughness (Fig. 17(e)–(g)). Zhou et al.215 fabricated
(Ti,Nb,Ta,Mo,W)(C,N) (CA2.5-1450) ceramics with ne grain
structures, which exhibited high hardness (24.5 GPa) and frac-
ture toughness (6.1 MPa m1/2). Similarly, as the cracks propagate
through intergranular fracture, a more pronounced deviation of
cracks is observed in ne-grained samples. The increased crack
deection consumes more energy during the crack propagation
process, thereby signicantly enhancing the fracture toughness
of the ceramic (Fig. 17(i)).

3.4.2 Second phase strengthening/toughening. Second
phase strengthening is an effective means to strengthen the
ceramic. It was proposed that the second phase can manifest in
diverse manners, including bers, precipitates, newly generated
phases (occurring at elevated processing temperatures), and
This journal is © The Royal Society of Chemistry 2024
even individual elements.209 Second-phase strengthening, as an
effective method for improving traditional ceramic materials,
currently holds great potential for enhancing the mechanical
properties of HECs. As depicted in Fig. 18, the materials are
commonly utilized as a secondary phase for strengthening and
toughening.

The (Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)C-20 vol% SiC (HEC-20SiC)
sample exhibited excellent four-point bending strength (554 ±

73MPa) and excellent fracture toughness (5.24± 0.41MPam1/2)
compared to the (Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)C sample.17 As the
sintering temperature increases from 1800 °C to 2000 °C, the
mean grain size of the HEC increases from 5 mm to 35 mm, while
themean grain size of HEC-20SiCmerely increases from 3 mm to
5 mm (Fig. 19(a)). It was suggested that the addition of SiC
particles greatly renes the grain size of the HEC, which in turn
improves the bending strength and fracture toughness.
Fig. 19(b) and (c) depict the Vickers indentation of the HEC-
1900 and HEC-20SiC-1900 samples, aimed at examining the
crack propagation characteristics in both specimens. As shown
in Fig. 19(b), the crack propagation of the HEC is relatively at,
while the HEC with the addition of SiC particles shows a very
tortuous crack propagation path (Fig. 19(c)). Therefore, it can be
reasonably deduced that the crack deection of SiC particles
should be the main reason for the improvement of fracture
toughness.

Peng et al.216 also used SiC particles to improve the
comprehensive mechanical properties of HECs. They used
spark plasma sintering to prepare a series of (NbTaZrW)C-xSiC
(x = 0/5/15/30/50 vol%) HECs and explored the toughening
J. Mater. Chem. A, 2024, 12, 27855–27891 | 27875
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Table 5 Reported mechanical properties of high-entropy boridesa

High-entropy boride Condition Structure Hardness (GPa) Elastic modulus (GPa)
Fracture toughness
(MPam1/2) Ref.

(Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)B2 SPS Hexagonal 17.5 � 1.2 (1.96 N) — — 46
(Hf0.2Zr0.2Ta0.2Mo0.2Ti0.2)B2 SPS Hexagonal 19.1 � 1.8 (1.96 N) — — 46
(Hf0.2Zr0.2Mo0.2Nb0.2Ti0.2)B2 SPS Hexagonal 21.9 � 1.7 (1.96 N) — — 46
(Hf0.2Mo0.2Ta0.2Nb0.2Ti0.2)B2 SPS Hexagonal 22.5 � 1.7 (1.96 N) — — 46
(Hf0.2Zr0.2Ta0.2Cr0.2Ti0.2)B2 SPS Hexagonal 21.0 � 2.8 (1.96 N) — — 46
(Hf0.2Mo0.2Ta0.2Nb0.2Ti0.2)B2 SPS Hexagonal 22.5 � 1.7 (1.96 N) — — 202
(Hf0.2Zr0.2Ti0.2Ta0.2Mo0.2)B2 BCR Hexagonal 24.9 � 1.0 (1.96 N) — — 116
(Hf0.2Zr0.2Ti0.2Ta0.2Nb0.2)B2 BCR Hexagonal 20.5 � 1.0 (1.96 N) — — 116
(Hf0.2Zr0.2Ti0.2Ta0.2Cr0.2)B2 BCR Hexagonal 24.9 � 1.0 (1.96 N) — — 116
(Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)B2 SPS Hexagonal 21.7 � 1.1 (1.96 N) — 4.06 � 0.35 13
(Hf0.2Zr0.2Mo0.2Nb0.2Ti0.2)B2 SPS Hexagonal 26.3 � 1.8 (1.96 N) — 3.64 � 0.36 13
(Hf0.2Mo0.2Ta0.2Nb0.2Ti0.2)B2 SPS Hexagonal 27.0 � 0.4 (1.96 N) — 4.47 � 0.40 13
(Hf0.2Zr0.2Ta0.2Cr0.2Ti0.2)B2 SPS Hexagonal 28.3 � 1.6 (1.96 N) — — 203
(Hf0.2Mo0.2Zr0.2Nb0.2Ti0.2)B2 SPS Hexagonal 26.3 � 0.7 (1.96 N) — — 203
(Hf0.2Zr0.2Ta0.2Cr0.2Ti0.2)B2 SPS Hexagonal 29.3 (1.96 N) — 3.56 204
(Hf0.2Zr0.2Ti0.2Ta0.2Cr0.2)B2 AC — 22.6 (1.96 N) — — 205
(Mo0.2Zr0.2Ta0.2Nb0.2Ti0.2)B2 SPS Hexagonal 23.7 � 1.7 (1.96 N) — — 46
(Ti0.2Hf0.2Zr0.2Nb0.2Ta0.2)B2 BCR Hexagonal 25.6 � 0.8 500 2.83 � 0.15 10
(Ti0.2Zr0.2Hf0.2Mo0.2W0.2)B2 BCR Hexagonal 26.0 � 1.5 (1.96 N) — — 206
(Ti0.2Ta0.2Cr0.2Mo0.2W0.2)B2 BCR Hexagonal 23.7 � 1.3 (1.96 N) — — 206
(Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)B2 BCR Hexagonal 20.9 � 1.3 (1.96 N) 505 3 206
(Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)B2 HP — 23.7 � 0.7 (1.96 N) — 3.81 � 0.40 12
(Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)B2-20 vol% SiC HP — 24.8 � 1.2 (1.96 N) — 4.85 � 0.33 12
(Y0.2Nd0.2Sm0.2Gd0.2Tb0.2)B4 SPS Tetragonal 13–15 (9.8 N) — — 207
(Zr0.2Hf0.2Nb0.2Ta0.2W0.2)B2 BCR Hexagonal 26.7 � 1.1 (1.96 N) — — 206
(Zr0.23Ti0.20Hf0.19V0.14Ta0.24)B2 NRMS Hexagonal 47.2 � 1.8 540.1 � 17.1 — 208

a RMS-reactive magnetron sputtering; FN2
-nitrogen ow-rate ratio; VAC-vacuum arc evaporation; VAD-vacuum arc deposition; PLS-pressureless

sintering; BCR-boro/carbothermal reduction; HP-hot pressing; NRMS-non-reactive magnetron sputtering; DR-deposition rates; CTR-carbothermal
reduction; SSR-solid state reaction; RFS-reactive ash sintering; UHS-ultrafast high-temperature sintering.

Fig. 16 Comparison of fracture toughness in high-entropy ceramics with different grain sizes.35,36,46,210–213

27876 | J. Mater. Chem. A, 2024, 12, 27855–27891 This journal is © The Royal Society of Chemistry 2024
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Fig. 17 (a–d) Fracture surface SEM images of the as-sintered samples at different temperatures. Reproduced from ref. 213 with permission from
John Wiley and Sons, copyright 2020. (a) 1373 K, (b) 1573 K, (c) 1773 K, and (d) 1973 K; BSE micrographs of the fracture surface and crack
propagation of samples of HECN1-Co-Ni, (Ti0.2W0.2Mo0.2Nb0.2Ta0.2)(C0.78N0.22)-Co-Ni and TiCN-Co-Ni. (e) Crack propagation of HECN1-Co-
Ni, (f) crack propagation of (Ti0.2W0.2Mo0.2Nb0.2Ta0.2)(C0.78N0.22)-Co-Ni and (g) crack propagation of sample TiCN-Co-Ni. Reproduced from ref.
214 with permission from Elsevier, copyright 2023; SEM micrographs of crack propagation in (h) CA0-2000, (i) CA2.5-1450 and (j) CA5-1450.
Reproduced from ref. 215 with permission from Elsevier, copyright 2023.

Fig. 18 Second-phase reinforced particle/fiber crystal patterns that
are commonly used in ceramics (the above crystal structures are from
website https://next-gen.materialsproject.org/).

This journal is © The Royal Society of Chemistry 2024
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mechanism of SiC. Additionally, the crystallographic properties
of selected HEC–xSiC samples were analyzed using EBSD, and
the ndings are illustrated in Fig. 19(d)–(i). It was suggested
that when the SiC content was below 15vol%, the crack mainly
propagated through the particle while maintaining the previous
path (Fig. 19(j) and (k)). However, as the SiC content increased
to a relatively large value, a signicant deection of the crack
path was observed. This was attributed to the predominant
occurrence of SiC debonding and pullout, which accompanied
the deection of the crack (Fig. 19(l)). In addition, the SiC
particles can bridge the extended cracks and provide a closing
stress to hinder the formation of a new crack surface, conse-
quently enhancing the fracture toughness. As the crack
continues to propagate, the bridge will experience failure due to
the separation of the weak interface with low fracture energy,
specically the HEC/SiCP interface and SiCP grain boundary.216

Additionally, SiCP will also be pulled out to enhance energy
dissipation,218 leading to further enhancement of fracture
toughness.

Additionally, Al2O3 is oen used to toughen ceramics due to
its high strength and high melting point. Al2O3/(Y0.2Er0.2Yb0.2-
Ho0.2Lu0.2)3Al5O12 high-entropy oxide ceramics exhibit compa-
rable exural strength (333 MPa) and fracture toughness
(6.8 MPa m1/2).217 As depicted in Fig. 19(m)–(p), the interface of
J. Mater. Chem. A, 2024, 12, 27855–27891 | 27877
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Fig. 19 (a) Average grain size of each phase in the HEC and HEC-20SiC samples as a function of sintering temperature; (b and c) SEM images of
the related crack propagations; electron back scattered diffraction (EBSD) results of representative high-entropy carbide ceramic (HECC)-xSiC
samples with different SiCP contents. Reproduced from ref. 17 with permission from Elsevier, copyright 2019; (d–f) HECC-0 sample and (g–i)
HECC-30 sample; scanning electron microscopy (SEM) images of crack paths obtained by the Vickers indentation test: (j) HECC-0; (k) HECC-15;
and (l) HECC-50. Reproduced from ref. 216 with permission from John Wiley and Sons, copyright 2023. Note that the white triangle indicates
crack deflection that occurred inside the high-entropy carbide ceramic (HECC) matrix and red triangle implies the crack deflection in the vicinity
of the HECC/SiCP interface; the SEM image of indentation crack deflection, bifurcation, and bridging in the microstructure of directional
solidified Al2O3/(Y0.2Er0.2Yb0.2Ho0.2Lu0.2)3Al5O12 eutectic HEOCs (m-p). Reproduced from ref. 217 with permission from Elsevier, copyright 2021.
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Al2O3 and (Y0.2Er0.2Yb0.2Ho0.2Lu0.2)3Al5O12 exhibits the
phenomena of indentation crack deection, bifurcation, and
bridging. Thereby, the primary toughening mechanisms can be
attributed to crack bridging, deection, and bifurcation.

3.4.3 In situ self-toughening. In situ self-toughening is to
form ceramic composite materials by adding an inducer to the
ceramic matrix or a raw material that can generate a second
phase, so that uniformly distributed whiskers, grains and other
reinforcements are generated in the ceramic matrix.219 The
mechanism of in situ self-reinforcement is highly similar to that
of second-phase strengthening, with the former achieved by
regulating the generation conditions or reaction process to
enable the autonomous generation of uniformly distributed
second phases. Thereby, in situ self-toughening can make the
toughened phase more compatible with the ceramic matrix.
27878 | J. Mater. Chem. A, 2024, 12, 27855–27891
A new strategy using the low chemical affinity between W
and N to prepare an in situ W2C particle reinforced
(Ti,Ta,Nb,Zr,W)(C,N) high-entropy ceramic was proposed by Li
et al.220 The (Ti,Ta,Nb,Zr,W)(C,N) HEC demonstrated a signi-
cant hardness of 23.46 GPa, as well as an outstanding fracture
toughness of 4.59 MPa m1/2. The diffusion of W and uniformly
distributed W2C particles in the high-entropy carbonitride
matrix enhances the mechanical properties due to the high-
entropy effect and dispersion strengthening mechanism. With
increasing sintering temperature, the W2C diffraction peak
decreases, indicating the progressive diffusion of W into the
lattice of the HEC. In addition, due to the diffusion ofW into the
high-entropy ceramic matrix, the reduction of the W2C phase
also brings about an increase in the Vickers hardness. The grain
size and distribution of the W2C phase are the main factors
This journal is © The Royal Society of Chemistry 2024
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Fig. 20 Microstructure of Al2O3/(NbTaMoW)C composites: (a) SEM image and corresponding EBSD mapping (b and c) EBSD mapping of Al2O3

and (d) grain size distribution of (NbTaMoW)C and Al2O3 composites. Reproduced from ref. 222 with permission from Elsevier, copyright 2021.
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affecting the fracture toughness. However, as the sintering
temperature increases to a certain extent, the coarse particles of
W2C are signicantly reduced and uniformly distributed in the
matrix, thus improving the fracture toughness of the HEC.221

The Al2O3/(NbTaMoW)C HEC demonstrate excellent fracture
toughness (4.5 MPa m1/2) and comparable exural strength (530
MPa).222 Fig. 20(a) and (b) depict the microstructural charac-
teristics of composites consisting of Al2O3/(NbTaMoW)C. The
incorporation of a specic quantity of Al2O3 into the HEC has
been shown to signicantly enhance the exural strength and
fracture toughness of (NbTaMoW)C. As depicted in Fig. 20(c),
the distribution of Al2O3 grains within the HEC matrix appears
to be random. The haphazard arrangement of Al2O3 demon-
strates the ability to effectively resist the applied force and
impede the spread of fractures in the matrix. Furthermore, the
bonding strength at the interface between Al and (NbTaMoW)C
HEC signicantly impacts the exural strength and fracture
toughness of the resultant specimens. Fig. 20(d) demonstrates
the grain size distribution of (NbTaMoW)C and Al2O3 compos-
ites. It was suggested that the in situ fabricated Al2O3 and
a lower sintering temperature can signicantly reduce the grain
size, leading to a considerable strengthening effect.17 Addi-
tionally, the disparate coefficients of thermal expansion
between Al2O3 and the ceramic matrix oen result in residual
stresses.17 During the process of crack propagation, the residual
stress will be released, thereby reducing the stress intensity at
This journal is © The Royal Society of Chemistry 2024
the crack tip. Consequently, the prepared samples can with-
stand larger loads before fracturing, leading to an improvement
in exural strength.

3.4.4 Nanocomposite toughening. The fabrication of
nanocomposite structures necessitates a sufficient chemical
driving force to induce the segregation of elements.223 It has
been proposed that the formation of a nano-composite struc-
ture represents an efficient method for enhancing the strength
of materials while maintaining their toughness. The tough-
ening mechanism of a nanocomposite structure involves the
passivation effect of the metal phase at the crack tip and the
inhibition effect of the phase interface on crack propagation.224

Li et al.224 successfully prepared a nanocomposite (CuNi-
TiNbCr)Nx thin lm by introducing N atoms to react with Ti, Nb,
and Cr to generate the (TiNbCr)N phase. Fig. 21(a) displays the
microstructural features of the (CuNiTiNbCr)Nx high-entropy
lms deposited at a ow rate of 6 sccm, as examined through
TEM and STEM. The nanocomposite (CuNiTiNbCr)Nx high
entropy lms demonstrate elevated levels of hardness (18.3
GPa) and comparable toughness (1.17 MPa m1/2). It was
proposed that the enhancement of hardness can be attributed
to the development of nanocrystalline nitride phases. In addi-
tion, the excellent mechanical properties can be attributed to
the signicant reduction in crack propagation length due to the
presence of numerous interfaces within the structure of the
J. Mater. Chem. A, 2024, 12, 27855–27891 | 27879
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Fig. 21 TEM and STEM images of (CuNiTiNbCr)Nx films deposited at FN = 6 sccm, (a) the low magnified TEM image; (b) the corresponding
selected area electron diffraction pattern; (c) the high-resolution TEM image. Reproduced from ref. 224 with permission from Elsevier, copyright
2023; (d–g) schematic diagram of structural evolution of (CuNiTiNbCr)Cx HEFs with carbon content. Reproduced from ref. 223 with permission
from Elsevier, copyright 2024; toughening mechanisms in HEC–SiCnw. (h) Crack deflection, (i) crack branching, and (j) crack bridging. Repro-
duced from ref. 225 with permission from Elsevier, copyright 2021.
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nanocomposite material, which impedes the expansion of
cracks.

Additionally, they employed a similar approach to fabricate
(CuNiTiNbCr)Cx high-entropy nanocomposite lms with excel-
lent hardness and fracture toughness.223 It was suggested that
with the introduction of C atoms, there is a preference for the
formation of a stable (TiNbCr)C phase through the reaction of C
with Ti, Nb, and Cr. The schematic illustrations depicting the
structural changes in high entropy ceramics as the carbon
content increases are presented in Fig. 21(d)–(g). As the carbon
content reaches 21%, the high-entropy lm exhibits the highest
hardness of 18 GPa (Fig. 21(f)), attributed to the predominant
presence of the stable (TiNbCr)C phase in the matrix. When the
carbide phase reaches saturation, excess C atoms precipitate in
the form of C–C bonds (a-C phase). As depicted in Fig. 21(g), the
dominance of the a-C phase in the matrix becomes evident as
the C content increases to 44%. The fracture toughness of high-
entropy lms increases with the increase in carbon content,
reaching its peak value of 1.28MPam1/2 at a C content of 44%. It
was proposed that the primary factor contributing to the
enhancement of fracture toughness is the hindrance of crack
propagation due to the presence of numerous phase interfaces
within the nanocomposite structure.226,227

We have successfully enhanced the densication and frac-
ture toughness of HECs by employing nanomaterials such as
27880 | J. Mater. Chem. A, 2024, 12, 27855–27891
multilayer graphene and SiC nanowires (SiCnw).225 HEC-
multilayer graphene and HEC–SiCnw ceramics demonstrated
exural strengths of 671.3 MPa and 626.5 MPa, along with
fracture toughness values of 7.1 MPa m1/2 and 6.2 MPa m1/2,
respectively. Due to the presence of SiCnw, crack deection,
crack branching, and crack bridging have been observed in
HEC–SiCnw, resulting in its excellent fracture toughness being
demonstrated as shown in Fig. 21(h)–(j). The high toughness of
HEC-multilayer graphene is related to the inherent bending and
sliding behavior of multilayer graphene. Furthermore, the fric-
tion between the multilayer graphene and HEC matrix serves as
a bridging force, resulting in enhanced resistance to crack
propagation and signicantly improved fracture toughness.

3.4.5 Multianionic structure strengthening. Previous
research has demonstrated that increasing congurational
entropy is a powerful method for enhancing the toughness of
materials.27,228 The disorder in the composition of cation and
anion sites in HECs results in a signicant increase in cong-
urational entropy.

A class of high-entropy carbide-nitrides ceramics, (Ti0.33-
Zr0.33Hf0.33)(C0.5N0.5) (HEC-1), (Ti0.25Zr0.25-Hf0.25Nb0.25)(C0.5-
N0.5) (HEC-2), and (Ti0.2Zr0.2Hf0.2Nb0.2-Ta0.2)(C0.5N0.5) (HEC-3),
with multi-anionic structures has been successfully
prepared.229 In Fig. 22(a), the fracture toughness and Vickers
hardness of the three samples are shown. The fracture
This journal is © The Royal Society of Chemistry 2024
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Fig. 22 (a) Vickers hardness and Young's modulus of HECs with the standard deviation of the error bar; (b) fracture toughness of HECs and the
data reported in the literature. Reproduced from ref. 229with permission from Springer Nature, copyright 2021; the CDD of (c) HEC-2, (d) HEN-1,
and (e) HENC-1. Reproduced from ref. 230 with permission from JohnWiley and Sons, copyright 2020; (f) calculated lattice distortion (d); (g) VEC
e−/f. u.231 Reproduced under the terms of the CC-BY 4.0 license. Copyright 2022, the authors, published by Elsevier.
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toughness of HEC-1, HEC-2 and HEC-3 is 5.7, 6.9 and 8.4 MPa
m1/2 (Fig. 22(b)), respectively. Furthermore, the fracture tough-
ness of HEC-3 is nearly three times that of traditional carbides
and nitrides,232–234 which may demonstrate the enhancing effect
of multi-anionic structures on fracture toughness.229
This journal is © The Royal Society of Chemistry 2024
(Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)(N0.5C0.5) (HENC-1), with a multi-
anion structure, exhibits higher hardness and elastic modulus
compared to (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)N (HEN-1) and (Hf0.2-
Zr0.2Ta0.2Nb0.2Ti0.2)C (HEC-2).230 The data presented in
Fig. 22(c)–(e) illustrate that the charge density distribution
(CDD) values for the three samples are almost in the same
J. Mater. Chem. A, 2024, 12, 27855–27891 | 27881
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range, suggesting that their electronic structures and bonding
characteristics exhibit a high degree of similarity. The existence
of multi-anionic sublattice structures in HENC-1 samples can
lead to substantial mass disorder and distortion of the lattice. It
has been suggested that mass disorder can lead to impedance
mismatch, resulting in the reection and dispersion of group
energy, potentially resulting in an increase in hardness and
modulus.109 Unfortunately, HENC-1 with a multi-anionic
structure did not show satisfactory improvement in fracture
toughness (2.8 MPa m1/2).

High-entropy nitride lms with multi-anionic structures of
hexavalent (TiHfNbVZr)1−xAlxN and heptanary
(TiHfNbVZrTa)1−xAlxN were synthesized.231 In hexanary lms,
the hardness demonstrates an increase from approximately
30.86 GPa at x = 0 to 34.68 GPa at x = 0.51. Similarly, for hep-
tanary lms, the respective values are 29.41 GPa at x = 0 and
33.09 ± 1.85 GPa at x = 0.45. As depicted in Fig. 22(f), an
increase in the Al content within the cation sublattice leads to
an escalation in the disruption of symmetry associated with
lattice distortion. Furthermore, the elevated VEC values in Al-
free and low-x systems can promote additional effects based
on the formation of SFs (Fig. 22(g)). By restricting dislocation
motion on SFs, additional hardness can be achieved. It has been
Fig. 23 Ashby plots showing (a) hardness vs. fracture toughness and (
ceramics from this work and other studies. Reproduced from ref. 236
behavior of HEB5–HEC5, HEB6–HEC6, HEB7–HEC7 and HEB8–HEC8. Re

27882 | J. Mater. Chem. A, 2024, 12, 27855–27891
proposed that the increase in hardness may be due to signi-
cant lattice distortion and robust ionic metal–N bonding in the
Al-rich single-phase lms. Furthermore, the heptanary single-
phase lms with the highest Al content demonstrate a high
yield strength resulting from the synergistic effect of multiple
strengthening mechanisms, with lattice friction strengthening
playing a predominant role. The hexavalent single-phase high
entropy lm of x = 0.51 also exhibits good plasticity due to
phase transformation-induced toughening.

3.4.6 Dual-phase strengthening/toughening. Dual-phase
strengthening/toughening refers to the process of effectively
dispersing and compounding heterogeneous phases to
uniformly disperse them in a ceramic matrix to obtain
composite materials. In dual-phase ceramics, the second phase
is no longer simple crystal whiskers or bers, but rather another
ceramic component. The emergence of dual-phase high-entropy
ceramics has provided a new platform for high-entropy
ceramics with superior performance. This allows for custom-
ization of various properties by altering phase fractions and
microstructures.

The HV1 hardness the (Ti0.14Zr0.2Nb0.2Hf0.2Ta0.26)C/(Ti0.38-
Zr0.18Nb0.22Hf0.115Ta0.105)B2 reaches 29.4 GPa, demonstrating
concurrently a reasonable fracture toughness (3.9 MPa m1/2).235
b) flexural strength vs. elastic modulus relationships for high-entropy
with permission from Elsevier, copyright 2022; (c–f) crack deflection
produced from ref. 237 with permission from Elsevier, copyright 2023.

This journal is © The Royal Society of Chemistry 2024
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Huo et al.236 prepared dual-phase high-entropy ceramic ZHNT–
50Ti that exhibited a bending strength of up to 1017 MPa and
a fracture toughness of 4.7 MPa m1/2. As depicted in Fig. 23(a)
and (b), a range of dual-phase high-entropy ceramics (ZHNT–
xTi, x = 30, 40, 50, 60, 70) prepared by Huo et al. exhibited
superior mechanical properties compared to other high-entropy
ceramics, with ZHNT–50Ti demonstrating the most
outstanding mechanical performance. It was suggested that in
ZHNT–50Ti, the volume fractions of diborides and carbides are
closely comparable, resulting in a higher presence of grain
boundaries and interfaces that impede the movement of grains,
thereby inhibiting grain growth. Consequently, the rened
grain structure enhanced the mechanical properties of ZHNT–
50Ti.

Luo et al.238 prepared various dual-phase high-entropy
ceramics (Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)B2-(Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)
C with different compositions by adjusting the content of B4C
and C in the precursor powders. Among them, B2C8 exhibited
Vickers hardness as high as 24.4 GPa and a fracture toughness
of 3.19 MPa m1/2. The experimental ndings demonstrate that
the Vickers hardness and fracture toughness of
Fig. 24 Schematic of crack propagation of a G/(HfNbTaTiZr)C-Al2O3 gra
ref. 239 with permission from Elsevier, copyright 2024. (a) Crack branch
granular fracture; (f) intergranular fracture; (g) crack deflection; (h) layer

This journal is © The Royal Society of Chemistry 2024
(Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)B2 are 21.3 GPa and 2.34 MPa m1/2,
respectively, while those of (Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)C are
23.1 GPa and 3.04 MPa m1/2. It was proposed that improving the
mechanical properties of high-entropy ceramics can be ach-
ieved through proper adjustment of the phase fractions.

Furthermore, it was suggested that crack deection or
blunting and bridging of rod-like diborides or boron-rich pha-
ses play a role in enhancing the fracture toughness of dual-
phase high-entropy ceramics. Guo et al.237 synthesized a series
of dual-phase high-entropy ceramic, denoted as HEBx–HECx

(x = 5, 6, 7, 8), among which component HEB5–HEC5 exhibited
exceptional fracture toughness (5.4 MPa m1/2). As illustrated in
Fig. 23(c)–(f), crack blunting was observed when a crack inter-
sected a phase rich in boron. Furthermore, despite the reduced
boron content in HEB5–HEC5 and HEB6–HEC6 phases, the
presence of rod-like diborides still induces crack deection,
thereby enhancing fracture toughness.

3.4.7 Gradient structure strengthening/toughening. A
gradient structure material is a type of functional material
characterized by a composition and structure that transition
continuously from one orientation to another. This results in
dient composite (the surface content of G is 0.20%). Reproduced from
ing; (b) crack deflection; (c) crack bridging; (d) microcracks; (e) trans-
interface; (i) G bending.
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gradients in the composition, properties, and functionality of
the material.239

In order to investigate the inuence of the gradient structure
on the mechanical properties of high-entropy ceramics, a ve-
layer symmetrical gradient composite material of G/(HfNbTa-
TiZr)C-Al2O3 with a layer thickness ratio of 0.2 was established
using Abaqus using the Python language.239 The exural
strength and fracture toughness of G/(HfNbTaTiZr)C-Al2O3 are
reported to be 863 MPa and 8.18 MPa m1/2, respectively. Fig. 24
illustrates the toughening mechanism obtained from the
simulation of crack propagation in G/(HfNbTaTiZr)C-Al2O3.
From Fig. 24, it can be observed that the presence of crack
bridging in G/(HfNbTaTiZr)C-Al2O3 hinders crack propagation,
thereby enhancing its fracture toughness. In addition, as illus-
trated in Fig. 24(g) and (h), the crack undergoes deection upon
encountering graphene and traversing various layers, thereby
expending energy to enhance the fracture toughness of the
composite material.

4. Concluding remarks and outlook

In summary, this article provides an overview of the latest
research progress in HEICs and HECs, presenting predictive
criteria for their phase structures and the associated mechan-
ical properties. Additionally, it emphasizes the relevant
strengthening/toughening strategies for HEICs and HECs, with
the aim of accelerating the development of high-performance
materials. In this context, we provide a concise overview of
various crucial topics and potential avenues for future
Fig. 25 Schematic diagram of the mechanism, applications, and develo

27884 | J. Mater. Chem. A, 2024, 12, 27855–27891
investigations concerning HEICs and HECs. The application of
high-entropy materials is continuously expanding. Owing to
their exceptional corrosion resistance and high-temperature
performance, high-entropy materials are driving advance-
ments and developments in the eld of coatings. Furthermore,
high-entropy materials present a novel paradigm for the design
of catalysts. Multi-component alloys, which incorporate
a variety of elements, demonstrate intricate synergistic inter-
actions that arise from the presence of multiple and diverse
active sites.240 It has been suggested that high-entropy alloys can
serve as an economical and reliable catalyst for the complete
decomposition of seawater.241 The application domains of high-
entropy materials are extensive, and it is imperative to intensify
efforts to promote the diverse applications of these materials in
the future.
4.1 High-throughput design

The inclusion of a greater number of constituent elements in
HEICs and HECs as novel materials has signicantly expanded
the exploration space for materials. However, this expansion
has also made the rapid design of high-performance materials
extremely challenging. Utilizing conventional trial-and-error
methods in the development of high-entropy materials has
consumed signicant amounts of time and effort. With
advancements in machine learning and computational tech-
niques, high-throughput computational design is considered
one of the crucial tools for developing materials that are both
reliable and efficient. Feng et al.242 used a CALPHAD-based high-
pment trends of HEICs and HECs.

This journal is © The Royal Society of Chemistry 2024
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throughput computational method to identify a lightweight
high-entropy alloy with precipitation strengthening character-
istics from thousands of initial compositions. Compared to
other similar materials, this alloy exhibits superior strength
performance under both room temperature and high-
temperature conditions. The mechanical properties of mate-
rials are largely inuenced by their chemical elemental
composition. To address this, a method combining high-
throughput design and machine learning has been proposed
to achieve the development of high-strength and low-cost
medium-entropy alloys.243 The research results indicate that
the combination of high-throughput simulations and machine
learning is signicant in searching for optimal mechanical
properties across a wide range of elemental compositions,
which is crucial for developing alloys with desired performance.
High-entropy materials are considered promising catalysts due
to their extensive chemical space and tunability; however, this
also poses challenges for the rational design of high-entropy
catalysts. Singh et al.244 employed high-throughput density
functional theory calculations to create a comprehensive data-
base and developed a high-precision machine learning model
aimed at disentangling the relative contributions of ligand and
coordination effects in high-entropy alloy catalysts. In the
future, further exploration in machine learning and computa-
tional methods should be pursued to accelerate the application
of high-entropy materials. The scope of high-throughput design
should extend beyond the mere prediction of phase structures
in high-entropy materials to encompass the evaluation of their
synthesizability and the anticipation of their mechanical prop-
erties. In addition, the databases of HEICd and HECd should
also be set up to facilitate the discovery of high performance
and high entropy materials.
4.2 Microstructural control and mechanical properties at
elevated temperatures

HEICs exhibit high temperature strength and stability, enabling
their potential applications in high-temperature environments.
Similarly, HECs can maintain their original structure in extreme
temperatures, pressures and chemical environments, making
them stable in various working environments. High-entropy
materials have demonstrated signicant potential in terms of
their mechanical properties at elevated temperatures. As depic-
ted in Fig. 25, HECs are expected to play a signicant role in
cutting tools and aerospace heat-resistant insulation compo-
nents due to their excellent hardness and high temperature
stability. The high-entropy superalloys Al10.3Co17Cr7.5Fe9Ni48.6-
Ti5.8Ta0.6Mo0.8W0.4 and Al7.8Co20.6Cr12.2Fe11.5Ni40.7Ti7.2, devel-
oped by Tsao et al.,245 exhibit remarkable high-temperature and
mechanical properties. Notably, the high-temperature hardness
of Al10.3Co17Cr7.5Fe9Ni48.6Ti5.8Ta0.6Mo0.8W0.4 surpasses that of
conventional nickel-based superalloys. Furthermore, the high-
temperature strength of Al7.8Co20.6Cr12.2Fe11.5Ni40.7Ti7.2, aer
aging for 5 hours at 900 °C, exceeds that of the Inconel 617 alloy.
Senkov et al.246,247 synthesized refractory high-entropy alloys
composed of refractory elements. Among these, two specic
HEAs, NbMoTaW and VNbMoTaW, exhibit a single-phase
This journal is © The Royal Society of Chemistry 2024
disordered BCC structure and demonstrate a yield strength
exceeding 400 MPa at a temperature of 1600 °C. In addition, the
antioxidant properties of high-entropy materials represent a crit-
ical factor inuencing their performance in extreme environ-
ments. During high-temperature oxidation processes, prevalent
failure modes are frequently observed in aircra engines and
aerospace propulsion systems. High-entropy alloys, due to their
distinctive structure and characteristics, demonstrate exceptional
high-temperature oxidation resistance. Research shows that the
Al0.7CoCrFeNi high-entropy alloy doped with Y/Hf exhibits an
extremely low oxidation rate and signicant interfacial bonding
strength, making it a highly promising high-temperature
oxidation-resistant material.248 However, their practical applica-
tion is signicantly constrained by inferior plasticity/toughness.
Therefore, it is imperative to conduct a systematic investigation
on the relationship between the composition, structure, pro-
cessing, and performance of HEICs and HECs in order to over-
come their deciencies and propel the application of high-
entropy materials in extreme environments. It is believed that
HEICs with long-range ordered structures exhibit exceptional
strength at elevated temperatures, making them attractive
candidates for high-temperature structural applications and
potentially serving as substitutes for superalloys249 (Fig. 25). In
the future, it is imperative to dedicate increased efforts and
endeavors towards researching the high-temperature strength
and creep performance of HEICs. On the other hand, it is also
needed to investigate the evolution of the microstructure of
HEICs and HECs at different temperatures, while quantifying the
alloying effects of constituent elements on their high-
temperature stability.

4.3 High entropy cemented carbides

High-entropy cemented carbides (HECCs), which utilize high-
entropy ceramics as the hard phase and high-entropy alloys as
the bonding phase, hold promise for revolutionizing the eld of
high-performance cutting tools. At present, there is a limited
amount of literature on HECCs. Nevertheless, a few researchers
have conducted studies on HEA bonded cemented carbides.
Due to high-entropy alloys serving as the bonding phase, the
WC-HEA exhibits superior mechanical properties and
oxidation/corrosion resistance compared to traditional WC-Co
cemented carbides. Based on the comparison of the perfor-
mance of HECCs with other high-entropy materials discussed
earlier, it is believed that HECCs will play a signicant role in
advanced manufacturing industries in the future.

4.4 Dual-phase high entropy ceramics

In addition, research on dual-phase high-entropy ceramics has
demonstrated their exceptional mechanical properties. The
emergence of dual-phase high-entropy ceramics has provided
a new platform for high-entropy ceramics with superior
performance. This allows for customization of various proper-
ties by altering phase fractions andmicrostructures. Dual-phase
high-entropy ceramics show great promise in applications
within ultra-high temperature environments. It was suggested
that by controlling two distinct high-entropy ceramic phases, it
J. Mater. Chem. A, 2024, 12, 27855–27891 | 27885
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is possible to tailor the microstructural characteristics,
mechanical properties, and thermal stability of dual-phase
high-entropy ceramics. In the future, advancements in sinter-
ing technology, sintering aids, and other aspects should be
utilized to enhance the densication of dual-phase high-
entropy ceramics, while incorporating various strategies to
improve their fracture toughness.

4.5 Gradient structure high entropy ceramics

Research has demonstrated that gradient structures can
enhance the thermal shock life of high-entropy coatings. High-
entropy (La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Ce2O7 (LECO) has been
suggested as a promising candidate for use as a thermal barrier
material due to its exceptional thermo-physical characteristics.
To further enhance the thermal stress resistance of LECO
coatings, gradient multilayer LECO has been developed, con-
sisting of ve ceramic sub-layers.250 The thermal shock resis-
tance of multilayer LECO was signicantly improved by a factor
of approximately four.

The gradient structure is identied as a primary factor
contributing to the enhancement of thermal shock resistance in
coatings. This underscores the potential of gradient structures
in accelerating the application of high-entropy ceramics in the
eld of high-temperature coatings. However, there is currently
limited research on mechanical properties of gradient struc-
tures in high-entropy ceramics. Our simulations demonstrate
the potential of gradient structures to improve the mechanical
properties of high-entropy ceramics,239 and using gradient
structure materials may be an effective strategy for improving
the mechanics of high-entropy ceramics in the future.
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212 V. Kombamuthu, H. Ünsal, Z. Chlup, M. Tatarková,
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I. Dlouhý and P. Tatarko, J. Eur. Ceram. Soc., 2023, 22, 93–
97.

213 M. Ma, B. Ye, Y. Han, L. Sun, J. He and Y. Chu, J. Am. Ceram.
Soc., 2020, 103, 587–592.

214 C. Chen, H. Zhang, D. Qiao, P. Xia, X. Tao, W. Dang, S. Gu
and Y. Yang, Ceram. Int., 2024, 50, 5570–5578.

215 Y. Z. Zhou, K. H. Huang, G. X. Bo, S. C. Luo, W. M. Guo,
S. K. Sun and H. T. Lin, Ceram. Int., 2023, 49, 33652–33658.

216 F. Peng, Z. Wei, Q. Song, L. He, F. Dai, W. Zhang and Z. Wu,
J. Am. Ceram. Soc., 2023, 106, 4443–4454.

217 Y. J. Zhong, W. S. Xiang, L. T. He, J. Z. Li, J. Hao, Z. l. Tian
and X. Wang, J. Eur. Ceram. Soc., 2021, 41, 7119–7129.

218 A. G. Evans, J. Am. Ceram. Soc., 1990, 73, 187–206.
219 Z. Cao, J. Sun, L. Meng, K. Zhang, J. Zhao, Z. Huang and

X. Yun, J. Mater. Sci. Technol., 2023, 161, 10–43.
220 R. Li, R. Y. Luo, N. Lin, A. Q. Li, X. C. Zhang, Y. Tang,

Z. G. Wu, Z. Y. Wang and C. Ma, Ceram. Int., 2022, 48,
32540–32545.

221 D. Baril, S. P. Tremblay and M. Fiset, J. Mater. Sci., 2004, 28,
5486–5494.

222 D. Liu, A. Zhang, J. Jia, J. Han, J. Zhang and J. Meng,
Composites, Part B, 2021, 212, 108681.

223 Y. T. Li, X. M. Chen, X. K. Zeng, M. Liu, X. Jiang and
Y. X. Leng, J. Mater. Sci. Technol., 2024, 173, 20–30.

224 Y. T. Li, X. Jiang, X. T. Wang and Y. X. Leng, Scr. Mater.,
2024, 238, 115763.

225 J. Sun, J. Zhao, Y. Chen, L. Wang, X. Yun and Z. Huang,
Composites, Part B, 2022, 231, 109586.

226 Z. Wang, X. Li, X. Wang, S. Cai, P. Ke and A. Wang, Surf.
Coat. Technol., 2016, 304, 553–559.
This journal is © The Royal Society of Chemistry 2024

https://doi.org/10.1039/d4ta04183f


Review Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 1
8 

Se
pt

em
be

r 
20

24
. D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 2
3/

07
/2

02
5 

10
:3

5:
34

 A
M

. 
View Article Online
227 Y. X. Wang, S. Zhang, J. W. Lee, W. S. Lew, D. Sun and B. Li,
Surf. Coat. Technol., 2013, 231, 346–352.

228 T. Yang, Y. L. Zhao, Y. Tong, Z. B. Jiao, J. Wei, J. X. Cai,
X. D. Han, D. Chen, A. Hu, J. J. Kai, K. Lu, Y. Liu and
C. T. Liu, Science, 2018, 362, 933–937.

229 P. Zhang, X. Liu, A. Cai, Q. Du, X. Yuan, H. Wang, Y. Wu,
S. Jiang and Z. Lu, Sci. China Mater., 2021, 64, 2037–2044.

230 T. Wen, B. Ye, M. C. Nguyen, M. Ma and Y. Chu, J. Am.
Ceram. Soc., 2020, 103, 6475–6489.

231 A. V. Pshyk, A. Vasylenko, B. Bakhit, L. Hultman,
P. Schweizer, T. E. J. Edwards, J. Michler and
G. Greczynski, Mater. Des., 2022, 219, 110798.

232 C. Zhang, A. Gupta, S. Seal, B. Boesl and A. Agarwal, J. Am.
Ceram. Soc., 2017, 100, 1853–1862.

233 N. Alexandre, M. Desmaison-Brut, F. Valin and
M. Boncoeur, J. Mater. Sci., 1993, 28, 2385–2390.

234 Y. Hu, J. H. Huang and J. M. Zuo, J. Mater. Res., 2016, 31,
370–379.

235 A. Naughton-Duszová, D. Medveď, L. Ďaková,
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