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The advancements of human civilization are largely determined by the materials 
and tools that were manufactured and mastered by humans. During the Stone Age, 
the ancient human could use only natural materials, including stone, bone, and 
wood. After that, with the capability of reduction and extraction of copper, tin, lead, 
and iron from their ores, tools made of copper and iron were widely used in daily 
life, transportation, and construction during the Bronze Age and the Iron Age. 
Nowadays, more and more materials with specific properties and performance have 
been discovered and utilized due to the more efficient metallurgy techniques and 
material design paradigms, as shown in Figure 1.1 [2]. In the early stage of material 
design, one principal element is chosen and alloyed with other elements in trace 
amount to improve the properties of the original element. This design strategy is 
still dominant in our material design, such as Al alloys, Ni alloys, Fe alloys, and 
binary solid solution ceramics. Thus, information and understanding are highly 
developed on materials close to the corners and edges of a multicomponent phase 
diagram, with little known about those located at the center of the diagram [1, 3]. 
Recently, crystalline multi‐principal element materials located at or near the center 
of the phase diagram with equal or near‐equal atomic fraction of constituting ele-
ments have been introduced and have attracted increasing attention due to their 
unique compositions, microstructure, and unexpected properties. In this chapter, 
the basic concepts and information about these fascinating materials will be 
reviewed.

1.1  History of High-Entropy Materials

Attempts to synthesize multicomponent alloys were driven by the desire of metallic 
glasses with super‐high glass‐forming ability. After examining the works of Inoue 
et al. and Peker et al. [4, 5], Greer proposed a “confusion principle,” which states that 
the more the number of elements involved, the lower is the chance that the alloy could 
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1  Introduction to High-Entropy Materials2

select viable crystal structures, and the greater is the chance of glass formation [6]. He 
also pointed out that the most “confused” elements were those that differed most from 
each other in size. This principle has boosted the subsequent search of metallic glasses 
in multicomponent alloys with large atomic size difference [7–9].

In 2004, two independent papers regarding multicomponent alloys have been 
published by Yeh et al. and Cantor et al.  [10, 11]. Their results seemed to falsely 
verify the principle of confusion. In Cantor’s paper, entitled “Microstructural devel-
opment in equiatomic multicomponent alloys,” the authors performed induction 
melting and melt quenching rapid solidification experiments on an equiatomic mix-
ture of 20 elements (Mn, Cr, Fe, Co, Ni, Cu, Ag, W, Mo, Nb, Al, Cd, Sn, Pb, Bi, Zn, 
Ge, Si, Sb, and Mg) and 16 elements (Mn, Cr, Fe, Co, Ni, Cu, Ag, W, Mo, Nb, Al, Cd, 
Sn, Pb, Zn, and Mg) [11]. Surprisingly, instead of glassy phases, these alloys were 
multiphase, crystalline, and brittle, even after melt spinning. Moreover, they found 
that these alloys consisted predominantly of a single face‐centered cubic (FCC) pri-
mary phase containing many elements but particularly rich in transition metals, 
notably Cr, Mn, Fe, Co, and Ni. Based on these results, they designed and prepared 
an equimolar Cr20Mn20Fe20Co20Ni20 alloy with a single FCC structure and a typical 
dendritic microstructure in the as‐cast condition. They also found that the total 
number of phases was always well below the maximum equilibrium number 
allowed by the Gibbs phase rule and even further below the maximum number 
allowed under non‐equilibrium solidification conditions. They argued that the con-
fusion principle might not apply and other factors were more important in promot-
ing glass formation rather than chemical complexity.
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Figure 1.1  Rising trend of alloy chemical complexity versus time (IMs: intermetallics or 
metallic compounds, HEA: high-entropy alloy). Source: Reproduced with permission from 
Cantor [1]/Springer Nature.

Xiang350353_c01.indd   2 12/22/2022   7:54:45 AM



1.1  History  of High-Entropy Material  3

Simultaneously, Yeh et  al. published the paper entitled “Nanostructured high‐
entropy alloys with multiple principal elements: novel alloy design concepts and 
outcomes,” and clearly defined the term of high‐entropy alloys (HEAs)  [10]. By 
rough estimation of mixing entropies of multiple‐principal‐element alloys, they 
found that the mixing entropy of alloys with five or more constituent elements was 
larger than that of metal fusion and formation enthalpies of strong intermetallic 
(IM) compounds, indicating the preferred tendency of formation of random solid 
solutions during solidification of these alloys. Due to the central role of mixing 
entropy in stabilizing the solid solution, they defined these alloys as HEAs. They 
took the as‐cast CuCoNiCrAlxFe alloy system as an example to illustrate that how 
simple the structure of these chemically complex alloys could be. In the same paper, 
they also concluded some conspicuous properties of HEAs, such as nanostructures 
resulting from difficulty in substitutional diffusion of elements, high hardness 
induced by multi‐strengthening mechanisms, excellent resistance to annealing sof-
tening, wear, and oxidation. These promising properties made HEAs potentially 
suitable for many applications such as tools, molds, dies, mechanical parts as well as 
anticorrosive high‐strength parts in chemical plants, integrated circuit (IC) found-
ries, and even marine applications. Moreover, unlike the commonly used traditional 
alloy systems, the number of HEAs was countless, even after excluding chemically 
incompatible elements that produced liquid immiscibility, and the concept of HEAs 
led to a whole new and uncharted territory, in which many possible new materials, 
phenomena, theories, and applications were awaited [9].

These two innovative works have ignited enthusiastic research on HEAs. It is 
worth mentioning that, before they published their groundbreaking works, years of 
related and ground works have been conducted. Cantor started the study of multi-
component alloys consisting of a large number of constituents in equal or near‐
equal proportions with his undergraduate students since the beginning of 1980s [12], 
while the exploration on multicomponent alloys by Yeh and his students could be 
traced back to 1995 [13].

The attempts to search high‐entropy ceramics (HECs) were started by Chen et al. 
in their pursuit of promoting the hardness of HEA films by introducing non‐metallic 
elements, such as nitrogen and oxygen [14–16]. They found that introducing nitro-
gen into Al0.5CoCrCuFeNi, Al2CoCrCuFeNi, and AlCrNiSiTi resulted in the amor-
phization and hardening of the nanostructured metallic solid solution [14, 15]. The 
oxidation of AlxCoCrCuFeNi (x = 0.5, 1, 2) HEAs led to the formation of a single 
cubic‐spinel crystalline phase  [16]. Although they synthesized the ceramics with 
multi‐principal elements, the concept of high‐entropy‐stabilized ceramics was not 
used to describe these materials until Rost et  al. published their work on high‐
entropy oxides (HEOs) with a single rock‐salt phase and five different cations in 
equiatomic fractions [17]. This work has led to a significant increase in the number 
of publications about HEOs, and up to now, a large part of the publications is related 
to HEOs due to their fascinating mechanical and functional properties. Inspired by 
this work, high‐entropy borides, high‐entropy carbides, and other non‐oxide HECs 
have been discovered and reported subsequently [18–21].
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1  Introduction to High-Entropy Materials4

1.2  Definition of High-Entropy Materials

There are two generally accepted and widely used definitions for HEAs. One is 
based on composition and the other is based on configurational entropy. The first 
one was proposed in 2004 by Yeh et al. based on the compositional requirements [10]. 
They defined the HEAs as those containing at least five major principal elements 
with the concentration of each element being between 35 and 5 at.%. In their defini-
tion, the ratio of the major elements was not restricted to be equimolar, taking CuC
o0.5Ni1.2CrAlFe1.5Ag0.02B0.1C0.15 as an example, leading to countless high entropy 
(HE) alloys with multiple principal elements. Moreover, HEAs were not required to 
be a single‐phase solid solution according to this definition, and CuCoNiCrAlxFe 
alloys with 0.8 < x < 2.8 was an illustration.

The second definition is based on the magnitude of mixing entropy. According to 
the Boltzmann’s thermodynamic statistics principle, the quantitative relationship 
between the entropy and complexion of the system is given by:

	 S kconf ln 	 (1.1)

where k is the Boltzmann’s constant, and ω is the thermodynamic probability, 
which represents the total number of microscopic states contained in the macro-
scopic state. With the increase in the number of microscopic states, the configura-
tion entropy of the system increases. For a solid solution consisting of n kinds of 
atoms, the configurational entropy can be estimated by:

	 S R c c c c c c R c cconf n n
i

n

i i1 1 2 2
1

ln ln ln ln 	 (1.2)

where R is the gas constant, ci is the mole fraction of the ith element, and n is the 
total number of components. According the extreme value theorem, the configura-
tional entropy reaches its maximum value when the mole fraction of all elements is 
equal, which is Rlnn. Yeh calculated the configuration entropies of equimolar alloys 
with constituent elements up to 13 [22]. Comparing the configurational entropy of 
a three‐element equimolar alloy and a five‐element alloy, they believed that 1.5R 
was large enough to compete with mixing enthalpy as well as to be used as a border 
line between HEAs and medium‐entropy alloys (MEAs). In addition, 1R was used to 
separate the MEAs and low‐entropy alloys (LEAs). Accordingly, the alloy world 
could be categorized, as shown in Figure 1.2. They also suggested a practical upper 
bound of 13 principal elements for HEAs, since the benefit from the high‐entropy 
effect of more principal elements was quite limited with the cost of complexity in 
handling raw materials or recycling the alloys.

Generally, the HEAs defined by these two definitions overlap with each other in 
most cases. Still, some exceptions exist. For FeCoNiAl0.2Si0.2 alloy  [23], it can be 
recognized as HEA by the composition definition since it contains five principal 
elements with the atomic percentage larger than 5 at.%. However, the configura-
tional entropy of this alloy is approximately 1.41R, which is located in the MEA 
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1.3  ­Core Effects of HEM    5

territory according to the entropy definition. On the other hand, with the develop-
ment of novel synthesis method, the number of constituent elements that could 
mixed in one alloy progressively increases. Extreme mixing of 15 and 21 metals in 
one alloy has been recently reported [24, 25]. For the alloy containing 21 elements, 
the concentration of each element is smaller than 5 at.%, which cannot fit the com-
position definition but still can be regarded as HEA due to its large mixing entropy. 
As stated by Yeh, it is not easy to give a clear‐cut definition for HEAs, and these two 
definitions are just guidelines for the design of HEAs [22].

The concept and definition of HECs are inherited from those of HEAs. Due to the 
existence of more than one sublattice in the structure, the molar configurational 
entropy of HECs should be calculated by [26]:

	 S R c cconf
j

n

i

m

i
j

i
j

1 1

ln 	 (1.3)

where ci
j represents the mole fraction of elements in the jth sublattice. Similarly, 

with the mixing entropy larger than 1.5R, the ceramic solid solution can be classi-
fied as HECs. From Eq. (1.3), it is quite clear that for ceramics with chemical disor-
der in more than one sublattice, the mixing entropy is significantly larger than that 
of HEAs. We should emphasize that, for both HEAs and HECs, the composition and 
entropy definitions are just guidelines without the guarantee of formation of a 
single‐phase solid solution.

1.3  Core Effects of HEMs

Based on their ground research studies, Yeh summarized mainly four core effects 
for HEAs, which were as follows: (i) thermodynamics: high‐entropy effects, (ii) 
structure: lattice distortion, (iii) kinetics: sluggish diffusion, and (iv) properties: 
cocktail effects [22, 27].

High-entropy alloys

Medium-entropy alloys

Low-entropy alloys
(traditional)
ΔSconf ≤ R

ΔSconf ≥ 1.5R

1.5R ≥ ΔSconf ≥ 1R

Figure 1.2  Alloy world based on configurational entropy. Source: Reproduced with 
permission from Yeh [22]/Springer Nature.
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1  Introduction to High-Entropy Materials6

1.3.1  High-Entropy Effect

The high‐entropy effect is the most important for HEAs since it promotes the forma-
tion of random solid solution alloys with a simple structure rather than intermetal-
lic compounds in multicomponent alloys. Thermodynamically, the state having the 
lowest mixing free energy ΔGmix among all possible states would be the equilibrium 
state. The mixing free energy is determined by the competitive mixing enthalpy 
ΔHmix and entropy ΔSmix by: ΔGmix = ΔHmix − TΔSmix. For a solid solution with a 
large number of elements, the mixing entropy is high, as discussed in Section 1.2, 
and it becomes more dominant at higher temperatures. Therefore, the significantly 
higher mixing entropy of HEAs for the random solution state is expected to signifi-
cantly extend the solubility range for terminal solutions and form simple multi‐
element solution phases, especially at higher temperatures. The formation of 
single‐phase CrMnFeCoNi alloy is a vivid illustration of competition of enthalpy 
and entropy. For this alloy system, the as‐cast ingot exhibited a typical dendrite 
structure from its melts with a single FCC structure  [11], indicating the random 
occupation of all elements in a solid solution. However, minor precipitates on the 
grain boundaries of samples annealed at temperatures lower than 800 °C were 
found and determined to be intermetallics  [28, 29]. The metastable nature of 
CrMnFeCoNi HEA demonstrated the significant role of mixing entropy in the for-
mation of this single phase at high temperature. This effect has also been used to 
understand the formation of single phase HEOs, (CoCuMgNiZn)O [17]. Rost et al. 
found an endothermic reaction upon cyclic heat treatment of rocksalt (CoCuMgNiZn)
O HEO. They attributed this to the enthalpic penalties of Zn and Cu for crystalliza-
tion of a rocksalt structure. To lower the barrier of formation of a single solid solu-
tion, these two elements were excluded from HEO. However, this was not the case, 
exclusion of Zn and/or Cu led to the formation of multiphases. This was a strong 
indication that the role of mixing entropy was prominent, since it decreased when 
one cation was removed.

Although high‐entropy effect is important for the formation of HEMs, it is not the 
only factor that determines the phase formation for multicomponent alloys and 
ceramics, as will be discussed in Chapter 2.4. Nevertheless, it is still the core effect 
for HEM formation and reduces the number of phases as predicted by Gibbs phase 
rule that permits the number of phases in equilibrium to increase with the number 
of components.

1.3.2  Lattice Distortion

This structure feature is quite obvious due to the random distribution of different 
atoms with different atomic size in one structure, as schematically illustrated in 
Figure 1.3 [30]. Also, due to the different electronegativity of atoms, the bonding 
strength and bond length between atoms differ from each other, which is also 
responsible for the lattice distortion. This crystal feature was proposed by Yeh et al. 
in the investigation of CuCoNiCrAlFeTiV alloys [31], and the effects on the X‐ray 
diffraction (XRD) intensities of CuNiAlCoCrFeSi alloy were mathematically 
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1.3  ­Core Effects of HEM    7

determined [32]. With the help of various characterization techniques, lattice dis-
tortion was observed in multiple HEAs and ceramics [33–37].

In addition to the reduction in the intensity of XRD pattern, lattice distortion is 
also used to explain the variation in other properties. Lattice distortion can hinder 
dislocation motion and result in significant solid solution strengthening effects [10]. 
It is also responsible for the severe scattering of electrons and phonons, leading to 
the significant decrease in electric and thermal conductivity and weak temperature 
dependency of the transport properties [38]. It might also lead to the amorphization 
when sufficiently large atomic size differences collapse the distorted lattice. The 
influence of lattice distortion on the properties of HEMs will be discussed in 
Chapter 7.

1.3.3  Sluggish Diffusion

Atom diffusion in the matrix is an important process in the formation of new phases 
and grain growth, and it is closely related to the high‐temperature strength and 
structure stability. This effect has been used to explain the formation of nano‐
precipitates in the as‐cast HEA matrix  [10], and easier formation of amorphous 
structure for a higher number of elements in HEAs [27].

To verify this effect, Tsai et al. examined the diffusion phenomenon of constituent 
elements in a quinary HEA, CoCrFeMn0.5Ni [39]. Through theoretical analysis, they 
were able to determine the intrinsic diffusion coefficients from quasi‐binary diffu-
sion couples and validate the comparison of their data with other tracer‐based diffu-
sion results. The measured diffusion rate of elements in CoCrFeMn0.5Ni decreased 
in the sequence of Mn, Cr, Fe, Co, and Ni. The extrapolation values of the diffusion 
coefficients for each element at the melting point, DTm

, were the smallest in the  
Co–Cr–Fe–Mn–Ni alloy system, comparing with other FCC matrices, including Fe–
Cr–Ni–(Si) alloys, Fe, Co, and Ni. In addition, the activation energies normalized by 
melting points, Q/Tm, of all elements in HEA were the largest. They concluded that 
these results were direct evidence for the sluggish diffusion effect in HEA. The ori-
gin of the sluggish diffusion effect was also identified to be the fluctuation in lattice 
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Figure 1.3  A schematic illustration of serious distorted AlCoCrFeNiTi0.5 lattice.  
Source: Reproduced with permission from Zhang et al. [30]/John Wiley & Sons.
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1  Introduction to High-Entropy Materials8

potential energy (LPE) by calculating the so‐called seven‐bond interaction energy 
(SBIE, which represents the energy difference before and after the atomic migra-
tion) using a pair potential or quasi‐chemical model. They found that the mean 
difference (MD) values of SBIE in different matrices were quite different. The calcu-
lated MD for Ni in HEA was nearly 1.5 times of those in Fe–Cr–Ni ternary alloys, 
indicating that a diffusing Ni atom experienced significantly greater LPE fluctuation 
in HEA than in traditional alloys. As illustrated in Figure 1.4, due to the existence of 
MD in LPE of HEAs and traditional alloys, the transition frequencies between adja-
cent lattice sites were asymmetric, and the atoms preferred to stay at lattice sites 
with lower LPE, which served as atomic traps that hinder diffusion. The larger the 
LPE fluctuation, the stronger is the trapping effect, and the lower the diffusion rate 
would be.

On the other hand, Miracle et al. argued that the measured diffusion coefficients 
in CoCrFeMn0.5Ni were not essentially different from diffusion in elements and con-
ventional alloys [40]. The data they extracted from the experiments demonstrated 
that diffusion coefficients in CoCrFeMn0.5Ni were generally higher than in conven-
tional materials when compared at the same temperature, as shown in Figure 1.5. 
For instance, at 1173 K, the diffusion coefficients of Ni in CoCrFeMn0.5Ni, 
Fe–15Cr–20Ni, and pure Fe were 14.3 × 10−18  m2/s, 6.56 × 10−18  m2/s, and 
3.12 × 10−18 m2/s, respectively. Moreover, the higher activation energies normalized 
by melting points was based on the empirical observation that diffusion coefficients 
at Tm, DTm

, were roughly equal for alloys with similar crystal structure and bonding 
type, and the value of DTm

 for all elements in HEA fell in the range of DTm
 values in 

pure metals and binary alloys, thus demonstrating no significant difference between 
HEA and conventional alloys in diffusion when the data were normalized at Tm.

Controversy exists on this structure characteristic, and additional works on the 
intrinsic diffusion coefficients in HEAs may be needed, which is challenging 
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Figure 1.4  Schematic diagram 
of the variation in lattice 
potential energy (LPE) and mean 
difference (MD) during the 
migration of a Ni atom in 
different matrices. The MD for 
pure metals is zero, whereas that 
for HEA is the largest. Source: 
Reproduced from Tsai et al. [39]/
with permission of Elsevier.
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1.3  ­Core Effects of HEM    9

in  experiment. Nevertheless, more atomic diffusion relation phenomena have 
been reported, such as good irradiation resistance and slow grain growth [41, 42].

1.3.4  Cocktail Effect

The initial intent of Ranganathan using the phrase of “multimetallic cocktails” was 
to emphasize alloy pleasures in alloy design and development [43]. In HEMs, cock-
tail effect is used to emphasize a synergistic effect of the whole properties from the 
overall contribution of the constituent elements. Considering the expanded solubil-
ity of different elements in HEMs, the design freedom of HEMs is huge, which gives 
great opportunity for property adjustment in HEMs based on the mixture rule since 
different elements with different chemical states and properties can be selected. 
Moreover, because of the mutual interactions among the elements, unexpected 
results could be obtained through synergistic effect.

The central idea of cocktail effect is that the properties of HEMs are designable by 
adding proper ingredient according to the mixture rule. For example, the hardness 
of body‐centered cubic (BCC) structured material is normally higher than that of 
FCC structured material due to the limited slip systems. Thus, by adjusting the con-
tent of BCC phases, the hardness of HEAs changes accordingly. Al element is a 
strong BCC stabilizer, and adjusting the content of Al can control the content of 
BCC phases. As demonstrated by Yeh et  al., with the Al content increasing in 
CuCoNiCrAlxFe HEA, the phases changed from FCC to BCC + FCC and finally to 
BCC structure  [10]. The lattice constant for both the FCC and BCC structures 
increased as well as the hardness of the HEA. This situation was also observed in 
Cu‐free AlxCoCrFeNi HEA  [44]. Another example on the application of cocktail 
effect is the property optimization of a soft magnetic HEA, FeCoNi(AlSi)x alloys [45]. 
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Figure 1.5  Diffusion coefficients of Ni in FCC elements, stainless steel alloys 
(compositions in the legend are shown in at.%) and CoCrFeMn0.5Ni as a function of inverse 
absolute temperature. Source: Reproduced from Miracle et al. [40]/with permission of 
Elsevier.
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1  Introduction to High-Entropy Materials10

For an applicable soft magnetic material, high saturation magnetization, electrical 
resistivity, and malleability are required. Due to their ferromagnetic nature, Ni, Co, 
and Fe elements are positive to the improvement of saturation magnetization. 
However, experimentally proved low electrical resistivity of NiCoFe MEAs brought 
large eddy current loss. To optimize the combinational properties of NiCoFe MEA, 
Al and Si were chosen. First, the nonmetal element Si was known to increase the 
electrical resistivity, while large Al atoms led to severe lattice distortion that could 
scatter the electrons efficiently. Secondly, co‐doping of smaller Si and larger Al 
atoms enhanced the crystal lattice distortion, resulting in a solid solution‐
strengthening effect that could promote the mechanical property. Thus, mixing of 
Ni, Co, Fe, Al, and Si could lead to a satisfactory result. By careful adjustment of Al 
and Si content, Zhang et  al. found that the alloy with the composition of 
FeCoNi(AlSi)0.2 had the best combination of Ms (1.5 T), Hc (1400 A/m), ρ (69.5 μΩ·cm), 
and εp (>50%) for application as a soft magnetic material [45].

Some deviations from the mixture rule are often observed in HEMs due to the 
synergistic effect. In the hardness measurements of high‐entropy borides, Gild et al. 
found that the measured hardness of six single‐phase high‐entropy metal diborides 
were generally greater than the averages of the hardness values measured from indi-
vidual metal diborides [18], as shown in Figure 1.6. In addition, thermal expansions 
that depart from their average values have also been reported in HEAs and HECs, 
which will be discussed in Chapter 7 [46–48].

Due to the existence of cocktail effect, designing HEMs with desired properties is 
feasible. It is important for one to comprehensively consider various factors involved 
before selecting appropriate composition and processes. Moreover, one has to keep 
in mind that unexpected result that can come from the unusual synergistic interac-
tions between the selected elements.
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Figure 1.6  Measured hardness of high-entropy borides and the average values from the 
rule of mixture of individual metal diborides. Source: Gild et al. [18]/Springer Nature/
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1.4  Development of the HEMs

In the early stage of HEAs investigations, most of the works aimed to achieve a single 
phase with superior properties from equal or near‐equal atomic fraction of constituting 
elements. With the development of HEAs, it is found that HEAs with non‐equimolar 
compositions or multiphase structure prevail in mechanical properties. For instance, 
Li et al. developed a new class of transformation‐induced plasticity‐assisted dual‐phase 
(TRIP‐DP) Fe50Mn30Co10Cr10 HEA, which overcame the strength–ductility trade‐off, 
as shown in Figure 1.7 [49]. By departing from equiatomic composition, the stability of 
this HEA decreased with two key benefits: interface hardening due to a dual‐phase 
microstructure and transformation‐induced hardening, leading to the simultaneous 
increase in strength and ductility. Lu et al. proposed a novel strategy to design HEAs 
using the eutectic alloy concept to solve the strength–ductility paradox, inferior casta-
bility, and segregation issues of HEAs [50]. The eutectic‐like microstructure that con-
sisted of an alternate layer of soft FCC and brittle BCC phases was developed in 
AlCrFeCoNi2.1 HEA. This alloy exhibited unusual work hardening behavior, attribut-
ing to the fine lamellar structure. They also proposed a strategy, specifically, through 
calculation of mixing enthalpy, to locate eutectic compositions in HEAs  [51], and 
designed a series of eutectic HEAs containing Zr, Hf, Nb, and Ta. The complete eutectic 
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Figure 1.7  XRD patterns and electron backscatter diffraction (EBSD) phase maps of 
Fe80−xMnxCo10Cr10 (x = 45 at.%, 40 at.%, 35 at.%, and 30 at.%) HEAs. The Mn content plays an 
important part in phase constitution and tuning phase stability for the activation of  
specific displacing transformation mechanisms. Source: Reproduced with permission from  
Li et al. [49]/Springer Nature.
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structures were observed in Zr0.6CoCrFeNi2.0, Nb0.74CoCrFeNi2.0, Hf0.55CoCrFeNi2.0, 
and Ta0.65CoCrFeNi2.0 HEAs. These results demonstrate impressive comprehensive 
performance of HEAs with non‐equimolar compositions or multiphase structure, 
which is considered as the next‐generation HEAs [52].

Inspired by the exciting discovery in the field of HEAs, Wright et al. proposed to 
expand HECs to compositionally complex ceramics (CCCs) to include non‐equimolar 
compositions [53]. They found in their works that the ideal mixing (configurational) 
entropy was not the best descriptor to describe thermal conductivity and high con-
figurational entropy could not guarantee low thermal conductivity  [53, 54]. For 
instance, the nominal oxygen vacancy concentration determined the thermal con-
ductivity of Yttria‐stabilized zirconia (YSZ)‐like fluorite oxides, while in cubic pyro-
chlore oxides, size disorder governed the thermal conductivity. These combined 
studies demonstrated that various medium‐entropy compositions could outperform 
their high‐entropy counterparts in tuning the thermal conductivity. Moreover, high 
E/κ ratios could be achieved in medium‐entropy ceramics, as shown in Figure 1.8 [55].

By broadening the concept of HEMs, the compositional space for these materials 
increases significantly, and the degree of freedom in tuning the properties, particu-
larly multiple properties at the same time, is rendered.
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