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The high-entropy ceramic is a new type of ceramic material system that has been gradually developed based on high-entropy 
alloy in recent years, and its emergence provides new design concepts and technical routes for the development of non-
metallic materials with excellent performance. Due to the complex elemental composition and unique high-entropy e�ect of 
high-entropy ceramic, the use of conventional solid-state synthesis and solid-state sintering techniques requires long holding 
times and high temperatures. With the development of advanced synthesis and sintering technologies, some researchers have 
adopted novel methods to prepare high-entropy ceramics, and have achieved excellent results in shortening the cycle time 
of powder synthesis, lowering the sintering temperature, and optimizing the properties of ceramics. This work analyzed 
and summarized the research on advanced synthesis and sintering techniques for the preparation of high-entropy ceramics, 
discussed the principles, characteristics, advantages, and development prospects of di�erent synthesis techniques as well as 
sintering techniques, and looked forward to the future direction of research on the synthesis and sintering methods of high-
entropy ceramics.
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Introduction

Human society's progress and development have 
placed increasing demands on material properties, 
which motivates researchers to explore new material 
design concepts and develop novel material systems. In 
recent years, new materials with excellent performance 
have emerged and become research hotspots one after 
another [1]. A high-entropy material is a new type of 
multicomponent material composed of multiple elements 
in equal or nearly equal molar ratios [2]. The concept 
of high-entropy was first introduced in the late 1990s 
and applied to high-entropy alloys by Ye et al. [3, 4]. 
High-entropy materials break the traditional concept of 
material design and exhibit many structural and physical 
properties that are different from those of traditional 
materials, including excellent fracture resistance, tensile 
strength, corrosion resistance, and oxidation resistance 
[5-8]. At the beginning of the 21st century, Centor et al. 
[9] proposed the concept of multi-major element alloys, 
and then the research field of high-entropy materials 

was extended from alloys to other materials, including 
high-entropy ceramics, high-entropy polymers, and 
high-entropy composites [10]. In 2015, Rost et al. [11] 
reported for the first time a (Mg0.2Co0.2Ni0.2Zn0.2Cu0.2)O 
high-entropy oxide ceramics with five principal elements, 
which could solid-solve monoclinic CuO and hexagonal 
ZnO in a face-centered cubic crystal structure, which was 
different from the conventional solid-solution formation 
guidelines for oxide ceramics. This study demonstrated 
that high-entropy effects also exist in ceramic materials 
and successfully applied the high entropy concept 
formally to the study of oxide ceramics.

Entropy is a thermodynamic parameter that indicates a 
substance's chaotic state or degree of disorder. Entropy is 
affected by different configurations, including magnetic 
distance, atomic vibrations, and atomic ordering. For 
multi-major solid solutions, the stability is related to the 
Gibbs free energy Gmix [12]:

mix mix mixG H TS= −     (1)

where Hmix is the enthalpy of the mixture, Smix is the 
entropy of mixing, and T is the absolute temperature. As 
the entropy of mixing increases, the Gibbs free energy 
decreases, and the solid solution becomes more stable 
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[13, 14]. Since the entropy is affected by the temperature, 
the number of elements, and the atomic fraction of each 
element in the composition, the relationship between the 
mixing entropy Smix of a multi-principal solid solution 
and the atomic fraction of each element can be expressed 
according to the Boltzmann entropy function equation:

1
ln

N

mix i i
i

S R x x
=

= − ∑     (2)

In this equation, R is the gas constant, Xi is the atomic 
fraction of the i-th element, and N is the sum of elements. 
According to Eq. (2), when the number of elements is 
large enough and has the same atomic fraction, the mixed 
entropy of the multi-component solid solution will reach 
the maximum value [15]. From the entropy value, when 
the mixing entropy Smix ≥ 1.61R of the multi-element 
solid solution can be a high-entropy material, and this 
material has high stability. Akrami et al. [12] calculated 
the relationship between the entropy of mixing and 
the number of elements for multi-major element solid 
solutions (Fig. 1). They proposed a practical method to 
increase the entropy and stabilize medium/high-entropy 
materials. This entropy stabilization not only effectively 
improves the phase stability of single-phase materials 
but also contributes to the four major effects of high-
entropy ceramics, including the thermodynamic high-
entropy effect, structural lattice distortion effect, kinetic 
hysteresis-diffusion effect, and performance "cocktail" 
effect [16-20]. 

(1) Thermodynamic high-entropy effect: Theoretically, 
material systems of N elements can form up to N+1 
phases. However, high-entropy ceramics tend to form 
single-phase solid solutions. High-entropy ceramics 
have high configurational entropy due to their complex 
composition and disordered atomic distribution. 
According to the Gibbs free energy formula, the higher 
the entropy value, the lower the Gibbs free energy. 
Moreover, the Gibbs free energy will be even lower 

under a high-temperature environment, which helps to 
promote the formation of a single-phase solid solution.

(2) Structural lattice distortion effect: Severe lattice 
distortions in high-entropy ceramics are due to different 
atomic sizes in the high-entropy phase. The atoms of 
various elements in high-entropy ceramics are randomly 
distributed in the crystal dot matrix, which can shift 
each lattice position due to the differences in radii and 
chemical bonds of different atoms. Therefore, the lattice 
distortion and defects of high-entropy ceramics will be 
more severe than those of conventional ceramics.

(3) Kinetic hysteresis-diffusion effect: Due to the 
lattice distortion effect of high-entropy ceramics, the 
diffusion activation energy of atoms inside the lattice 
increases, and the effective diffusion rate decreases. 
Therefore, elemental diffusion and phase transition rate 
within high-entropy ceramics is prolonged, and structural 
changes such as grain coarsening, recrystallization, 
and phase transition do not quickly occur under high-
temperature conditions.

(4) Performance “cocktail” effect: High-entropy ceramics 
ultimately present properties that are not a simple, linear 
superposition of the fundamental properties of multiple 
components but rather the interaction and synergistic 
gain of multiple components, with a particular property 
sometimes exceeding the sum of the properties of all 
components. Unlike other core effects, the cocktail 
effect is neither hypothesized nor needs to be proven, 
it represents a special material effect.

Research on high-entropy ceramics with different 
compositions and structures has been continuously 
increasing in recent years. According to different 
compositions, high-entropy ceramics can be summarized 
as high-entropy oxide ceramics, high-entropy nitride 
ceramics, high-entropy carbide ceramics, high-entropy 
boride ceramics, high-entropy silicide ceramics, high-
entropy fluoride ceramics, high-entropy phosphate 
ceramics, and high-entropy sulfide ceramics [21-29]. 
Among them, high-entropy oxide ceramics can be 
divided into perovskite structure, rock salt structure, 
pyrochlore structure, spinel structure, fluorite structure, 
and rutile structure according to their different structures 
(Table 1) [30-35]. High-entropy ceramics, as a new 
type of ceramics, have excellent mechanical properties, 
thermal insulation, corrosion resistance, energy storage, 
and conductivity performance. For example, high-
entropy oxide ceramics with pyrochlore structure have 
lower thermal conductivity than YSZ ceramics in high-
temperature environments, and their thermal expansion 
coefficient is also similar to NiCoCrAlY metal, so they 
are considered a promising ceramic material for thermal 
barrier coatings [36]; High-entropy boride ceramics and 
high-entropy nitride ceramics have high hardness, high 
strength, low thermal conductivity, and can further 
optimize their mechanical properties through second 
phase control [37, 38]. Therefore, applying high-entropy 
boride ceramics in the ultra-high temperature field has 

Fig. 1. Relation between entropy of mixing and number of 
elements and definition of medium-entropy ceramics and high-
entropy ceramics [12].
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Table 1. Continued.
Category Structure Appearance Composition Characteristics Reference

High-
Entropy 
Oxide

Perovskite (Bi0.2Na0.2Ba0.2Sr0.2Ca0.2)TiO3
High energy recovery density and 
ultra-high efficiency [39, 40]

Rock-salt (Co0.2Cu0.2Mg0.2Ni0.2Zn0.2)1−xLixO
High dielectric constant and low 
dielectric loss [41, 42]

Pyrochlore (Sm0.2Eu0.2Gd0.2Dy0.2Er0.2)2Zr2O7

Low thermal conductivity, and 
excellent resistance to radiation 
damage

[43, 44]

Spinel (FeCoCrMnZn)3O4
High discharge capacity and high 
conductivity [45, 46]

Fluorite (Dy0.2Ho0.2Er0.2Tm0.2Lu0.2)2Hf2O7
Low thermal conductivity and low 
coefficient of thermal expansion [47]

Rutile TiSnNbTaGa2O12

Excellent microwave dielectric 
properties and high-temperature phase 
stability

[35]

High-
Entropy 
Nitrides

NaCl-type (HfNbTiVZr)N High hardness and good scratch 
resistance [48, 49]

High-
Entropy 
Carbides

Rock-salt (HfTaZrTi)C
Higher strength and stiffness, larger 
coefficient of thermal expansion, but 
poor ceramic toughness

[50]

High-
Entropy 
Borides

AlB2 (HfZrTiTaNb)B2

The Young's modulus and Vickers 
hardness are high, but the shear 
modulus is low, and there is a second 
phase containing Nb

[51, 52]

High-
Entropy 
Silicides

CrSi2 
prototype (Mo0.2Nb0.2Ta0.2Ti0.2W0.2)Si2

High nano hardness and Vickers 
hardness, low thermal conductivity [53]

High-
Entropy 

Fluorides
Perovskite K(MgCoNiCuZn)F3

Provides excellent catalytic activity 
for oxygen evolution reactions in 
alkaline media

[54]

Table 1. Main crystal structures of the high-entropy ceramics.
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received widespread attention.
In the application of high-entropy ceramics, the 

synthesis and sintering methods are the most important 
and central aspects. In the synthesis process, it is possible 
to change the microstructure of the material by adjusting 
the powder raw materials and process conditions, and 
to influence the degree of densification, grain size, 
grain distribution, grain boundaries, and internal stress 
of the ceramic material, which in turn affects the using 
properties of the ceramic material. In terms of sintering, 
the degree of densification of high-entropy ceramics has 
an important effect on their properties such as hardness, 
fracture toughness, and corrosion resistance. Therefore, 
when researching high-entropy ceramics, researchers 
often need to optimize the properties of the ceramics 
through various powder synthesis and sintering methods. 
The purpose of this paper is to review the advanced 
synthesis and sintering methods in the preparation of 
high-entropy ceramics, summarize the principles and 
technical flow of different processes, and discuss the 
current problems and future development directions.

High-entropy Ceramic Synthesis Methods

Owing to their notable physical and chemical 
characteristics, including their elevated melting point, 
substantial hardness, exceptional mechanical attributes, 
and commendable resistance to corrosion, high-
entropy ceramics have found extensive applications 
in industries demanding superior performance, such 
as metallurgy, refractory materials, precision cutting, 
cement manufacturing, aerospace engineering, and other 
technologically advanced sectors [58]. The synthesis 
of high-quality powder raw materials is a prerequisite 
for preparing high-performance and high-entropy 
ceramic materials. The purity, particle size, morphology, 
dispersion state, and other factors of powder raw 
materials significantly impact the physical and chemical 
properties of high-entropy ceramic materials [59]. The 
selection of a suitable powder synthesis route is based 
on the following aspects: the high-temperature phase 
stability of the powder, the uniform distribution of 
rare-earth elements inside the powder, the appearance 
and size of the powder, the properties, and application 

scenarios [60].

Solid-state reaction methods
The solid-state reaction method is the traditional 

method for synthesizing high-entropy ceramic powders. 
It is based on controlling the interdiffusion between the 
initial precursor powders to prepare high-entropy ceramic 
powders. The solid-state reaction is a chemical reaction 
involving the participation of solid-state substances. 
It refers to the process in which reactants, including 
solid-state substances, react for a certain period at a 
specific temperature to form the most structurally stable 
compounds by mutual diffusion of various elements 
[61]. At present, the solid-state reaction method used to 
prepare high-entropy ceramics is mainly a solid-solid-
phase reaction. Due to the considerable bond strength 
between the atoms of different solid substances, the 
reaction rate is slow at room temperature, but through 
powder refinement, the temperature can be increased to 
enhance the transfer of heat between the substances and 
improve the reaction rate [62, 63].

The solid-state reaction method used to prepare high-
entropy ceramics mainly consists of ball milling and 
high-temperature solid-state synthesis. For the lower 
melting point of ceramic powder raw materials, in the 
ball milling process, grinding balls, grinding jars, and 
inorganic material powder in the high-speed movement 
of mutual collision, shear, and friction, inorganic material 
powder in the strong impact and friction under the action 
of repeated extrusion, deformation, fracture and cold 
welding, and then through the enhanced hardening of 
the process for the synthesis of ceramic powder with 
a very fine microstructure [42]. The ceramic powder is 
continuously cold-welded, fractured, and refined to form 
many diffusion reactions while the diffusion distance 
is significantly shortened. Finally, the synthesis of 
high-entropy ceramic powder can be realized at room 
temperature [64]. Moskovskikh et al. [65] prepared two 
single-phase high-entropy carbide ceramic powders, 
(Hf0.2Ta0.2Ti0.2Nb0.2Zr0.2)C and (Hf0.2Ta0.2Ti0.2Nb0.2Mo0.2)
C, by high-energy ball milling of Hf, Ta, Ti, Nb, Zr, 
Mo and graphite powders. Chicardi et al. [66] used 
Ti, Zr, Hf, V, Nb, Ta, and graphite powder as raw 
materials and passed 50-70 h of ball milling in an argon 

Table 1. Continued.
Category Structure Appearance Composition Characteristics Reference

High-
Entropy 

Phosphates

Monazite-
type (La0.2Ce0.2Nd0.2Sm0.2Eu0.2)PO4

Low thermal conductivity, and 
appropriate coefficient of thermal 
expansion

[55]

High-
entropy 
sulfides

Cubic (HfZrTiTaNb)S2
High catalytic activity for oxygen 
evolution reaction and good stability [56, 57]
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atmosphere to synthesize six single-phase high-entropy 
carbide ceramics such as TiZrHfVNbC5, TiZrHfVTaC5 
and TiZrHfVTaC5. 

The basic principle of the ball milling method is to 
use mechanical energy to induce chemical reactions or 
changes in the organization, structure, and properties 
of the material. This has the effect of significantly 
reducing the activation energy of the reaction, refining 
the grains, greatly improving the activity of the powder, 
and improving the uniformity of particle distribution 
[67]. In addition, the ball milling method can promote 
the diffusion of solid-state ions at low temperatures and 
retain ceramic materials' electrical and thermal properties, 
so applying this method to the synthesis of microwave-
mediated high-entropy ceramics can effectively avoid 
dielectric property damage [68].

For oxide ceramic powders with high melting points, 
the heat generated during ball milling does not effectively 
activate the surface of the ceramic powders. Hence, ball 
milling is usually only used to achieve homogeneous 
mixing between different powders. Elemental diffusion 
between ceramic powders usually occurs during high-
temperature solid-state synthesis after ball milling. 
The high-temperature solid-state method refers to the 
occurrence of interfacial contact between different kinds 
of powder particles in a high-temperature environment 
(1000-1500 °C) [69]. A chemical reaction occurs on 
the surface of powder particles in contact with each 
other, forming a new phase with fine organization 
and containing many structural defects. Finally, the 
structural adjustment and crystal growth of the new 
phase occur. In the high-temperature solid-state reaction, 
the factors affecting the solid-state reaction include the 
physicochemical properties of the powder feedstock and 
the powder morphology characteristics, including specific 
surface area, reactivity, and free energy change. Other 
influencing reaction conditions include reaction temperature, 
pressure, and additional environment [70, 71]. Zhu et 
al. [72] synthesized (Nd1/6Sm1/6Eu1/6Gd1/6Dy1/6Ho1/6)TaO4, 
(Nd1/5Sm1/5Eu1/5Gd1/5Dy1/5)TaO4 and (Nd1/4Sm1/4Eu1/4Gd1/4)
TaO4 high-entropy ceramics by high-temperature solid-
state reaction method using RE2O3 (RE = Nd, Sm, 
Eu, Gd, Dy and Ho) and Ta2O5. The three ceramics 
prepared by this method have ferroelastic domains 
formed by a single-phase monoclinic structure and a 
square-monoclinic second ferroelastic phase transition. 
The presence of ferroelastic domains provides good 
mechanical properties (9.97 ± 2.2 GPa) as well as low 
thermal conductivity in high-temperature environments 
(2.98-1.23 W·m-1·K-1, 100-1000 ℃). Li et al. [73] used 
rare-earth oxide and ZrO2 as raw material powder, and 
prepared (La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 high-entropy 
ceramic by traditional solid-state reaction method, 
and the high-entropy ceramic demonstrated the highly 
sintering resistant and possess excellent thermal stability.

High-temperature solid-state synthesis has also been 
applied to the synthesis of dual-phase high-entropy 

rare-earth zirconate ceramics. The dual-phase high-
entropy ceramics are a newly developed ceramic 
structure in recent years, in which defects in the ceramic 
lattice are enhanced by elemental substitution in order 
to improve the thermophysical properties of the material 
[74]. Fan et al. [75] designed pyrochlore-fluorite dual-
phase high-entropy rare-earth zirconates based on the 
average ionic radius ratio and the size disorder, and 
found that the formation of pyrochlore and fluorite 
dual-phase structures is more preferred when the ionic 
radius ratio (rA/rB) is in the range of 1.4-1.5 and the size 
disorder parameter (δ) is higher than 5%. Yang et al. [76] 
found that the single-phase formation ability of high-
entropy rare-earth zirconates depended on the cation 
radius difference and was independent of the entropy, 
and proposed the value of the cation radius difference 
of about 5.2% as a basis for predicting the formation 
of single- and dual-phase, which provided theoretical 
guidance for the preparation of dual-phase ceramics 
with good properties. Huang et al. [77] successfully 
prepared three kinds of high-entropy ceramics with 
different size disorder, (La0.25Nd0.25Gd0.25Yb0.25)2Zr2O7, 
(La0.2Nd0.2Sm0.2Gd0.2Yb0.2)2Zr2O7, and (La1/6Nd1/6Sm1/6 

Eu1/6Gd1/6Yb1/6)2Zr2O7, by high-temperature solid-state  
synthesis. Zhu et al. [78] prepared (La0.2Nd0.2Y0.2 

Er0.2Yb0.2)2Zr2O7 and (La0.2Nd0.2Sm0.2Gd0.2Yb0.2)2Zr2O7 
high-entropy ceramics with dual-phase structure by 
high-temperature solid-state synthesis and compared the 
thermal conductivity with conventional single-phase high-
entropy ceramics. The results showed that the dual-phase 
high-entropy ceramics had lower thermal conductivity 
compared with the single-phase high-entropy ceramics. 
This was due to the fact that the dual-phase structure 
was at the critical position of ordered and disordered 
phase transition, and there were more obvious lattice 
distortions as well as lattice relaxation phenomena inside 
its lattice. In addition, there were greater atomic mass and 
radius differences in the dual-phase ceramics, resulting 
in stronger phonon scattering from point defects within 
the dual-phase high-entropy ceramics. 

Thermal reduction
The thermal reduction method for synthesizing high-

entropy ceramic powders involves using reducing agents 
to reduce the reactants, such as carbon (carbothermal 
reduction), boron (borothermal reduction), and boron 
carbide (borocarbothermal reduction) [79-81]. Before 
using the thermal reduction method to synthesize high-
entropy ceramic powders, it is necessary to mix the 
reactants and reductants uniformly by mechanical means 
[82]. After that, the powders are heated to a certain 
temperature under a vacuum or inert gas environment 
so that the powder can produce a reduction reaction and 
a solid solution reaction and ultimately produce single-
phase high-entropy ceramic powders [83]. The thermal 
reduction method can be expressed in terms of a general 
chemical Eq. (3):
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 MeX + Me’ = Me’X + Me + Q  (3)

In this formula, MeX generally represents the reduced 
oxide, Me' represents the thermal reducing agent, and 
Q represents the heat of the reaction. Feng et al. [84] 
synthesized high-entropy (Hf0.2Zr0.2Ti0.2Ta0.2Nb0.2)C 
powders with a single face-centered cubic structure by 
carbothermal reduction in a vacuum environment using 
transition metal oxides (TiO2, ZrO2, Nb2O5, Ta2O5, 
and MoO3) and carbon powder as raw materials. The 
synthesized reaction formula for the powder is shown 
in Eq. (4).

TiO2 + ZrO2 + 0.5Nb2O5 + 0.5Ta2O5 + MoO3 + 17C 
  → 5(Ti0.2Zr0.2Nb0.2Ta0.2Mo0.2)C + 12CO    (4)

Chen et al. [85] synthesized porous high-entropy 
(Zr0.2Hf0.2Ti0.2Nb0.2Ta0.2)B2 ceramics by borothermal 
reduction as well as borocarbothermal reduction, with 
synthetic reaction formulae shown in Eq. (5) and Eq. 
(6), respectively.

6ZrO2 + 6HfO2 + 6TiO2 + 3Nb2O5 + 3Ta2O5 + 104B 
  → 30(Zr0.2Hf0.2Nb0.2Ta0.2Ti0.2)B2 + 22B2O3   (5)

14ZrO2 + 14HfO2 + 14TiO2 + 7Nb2O5 + 7Ta2O5 + 52B4C 
  → 70(Zr0.2Hf0.2Nb0.2Ta0.2Ti0.2)B2 + 34B2O3 + 52CO  (6)

Based on the traditional carbothermal reduction 
method, Wu et al. [86] proposed a novel method of 
carbothermal reduction-melton calcium treatment, which 
was used to synthesize high-purity and high-entropy 
carbide powder. The specific process is as follows: Using 
transition metal oxides and excess carbon powder as raw 
materials, the metal oxides are first reduced to carbides 
by carbothermal reduction at lower temperatures. After 
that, the metal Ca is added to the carbides with free 
carbon and heat-treated. The Ca reacts with the free 
C to form CaC2 at high-temperatures, and the final 
product is acid-washed to remove the CaC2. Currently, 
Wu et al. [87] have used this method for the synthesis 
of high-purity, high-entropy carbide powders such as 
(Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)C, (Zr0.25Hf0.25Nb0.25Ta0.25)C, and 
(Ti0.25Hf0.25Nb0.25Ta0.25)C, which verified that the method 
was feasible in the synthesis of high-entropy ceramic 
powder.

Despite the many advantages of thermal reduction in 
synthesizing high-entropy ceramic powders, controlling 
the reductant content in the feedstock is crucial. 
For example, transition metal monocarbides used in 
carbothermal reduction methods generally have face-
centered cubic crystal structures. It has been shown that 
carbides with face-centered cubic structures can rarely 
exist in ideal stoichiometric ratios and that carbon 
vacancies are widely present in the nonmetallic sublattices 
of transition-metal carbides, resulting in transition-
metal carbides usually existing in nonstoichiometric 

forms [88]. At present, further determination is needed 
regarding the effect of carbon content on the synthesis 
of high-entropy carbide powders. In addition, when 
synthesizing high-entropy carbons using carbothermal 
reduction, insufficient carbon in the feedstock leads 
to the presence of unreduced oxide impurities in the 
product, while excessive carbon leads to the presence 
of free carbon in the product, which is not conducive 
to the synthesis of high-purity powders. Therefore, the 
reducing agent's content needs to be precisely controlled 
before the preparation of high-entropy ceramic powders 
using the thermal reduction method.

Self-propagating high-temperature synthesis
In the late 1960s, Borovinskaya et al. [89] first 

proposed the method of self-propagating high-temperature 
synthesis (SHS), which was used to prepare materials. 
After over 50 years of development, the self-propagating 
high-temperature synthesis method has been widely used 
to prepare powder materials, such as high-melting point 
ceramic powders, nanostructured alloy powders, and 
intermetallic compounds [90-92]. The self-propagating 
high-temperature synthesis method, also known as the 
combustion synthesis method, refers to a technology that 
synthesizes materials with a series of unique properties 
by self-heating and self-conducting effects under the 
condition of inert gas protection, utilizing external 
energy to induce a local chemical reaction in the reacting 
materials, and the heat of the released chemical reaction 
spreads to the immediately adjacent area and makes the 
reaction continue to take place [93]. During the synthesis 
process, the combustion reaction rate and transfer rate 
of the combustion wave is very rapid, generally 0.1-
20.0 cm/s, and can reach a maximum of 25.0 cm/s. 
The combustion wave or reaction temperature is usually 
above 2100-3500 K and can reach 5000 K [93]. 

The reaction system for the self-propagating high-
temperature synthesis of high-entropy ceramics can be 
a chemosynthesis reaction, a substitution reaction, or 
a decomposition complex reaction [94-96]. Regardless 
of the reaction system's form, the combustion-synthesis 
process is self-sustaining only if the heat generated by 
the reaction per unit mass burned is greater than the 
activation energy of the reactants. According to the laws 
of thermodynamics (Eq. (7)) [97].

0 1
298 298

0 0
( ) ( )

n m

i i
i i

G H H
= =

D = D − D∑ ∑  (7)

In this formula, n, m, DG, DH 0298, and DH 1298 represent 
the number of moles of the products, the number of 
moles of the reactants, the value of the standard Gibbs 
free energy change, the formation enthalpy of products 
at 298 K, the formation enthalpy of reactants at 298 K, 
respectively. Since most combustion synthesis is a highly 
exothermic reaction done instantaneously, with a short 
time for heat to propagate to the surrounding space, the 
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reaction system can be considered an adiabatic system. 
Under adiabatic conditions, the self-exothermic nature 
of the system leads to a gradual increase in the system 
temperature so that the amount of heat released at the 
start of the reaction can be expressed by Eq. (8) [97]:

1 0
d

TT r
Tx

Q H x
=

= D∫  (8)

where x is the degree of reaction with time t at 
temperature T; ΔH rT is the change in reaction enthalpy 
at temperature T. When the reaction is carried out under 
adiabatic conditions, the reaction system entirely absorbs 
heat. It heats the whole reaction system to a temperature 
T when the total heat absorbed by the reaction system 
is [97]:

( )
0

2 0 0
d d d

x T lT m
i pi ki kx T T l

Q n C H l x T
= = =

= + D∑ ∑∫ ∫ ∫  (9)

where Cpi is the molar heat of component i, ni is the 
number of moles of component i, ΔH mk is the enthalpy 
of melting (transition) of component k, l is the degree of 
melting of component k at (x, T). When the entire reaction 
system gives off the same amount of heat as it absorbs 
at temperature T, the relationship between x, T and l 
for a given reaction stage can be calculated from all the 
thermodynamic data. When the system is fully reacted, 
and x = l = 1, the maximum temperature T reached by 
the whole reaction system can be calculated, and this 
temperature is also made the adiabatic temperature (Tad). 
It is generally accepted that Tad is the determining factor 
for self-propagating high-temperature synthesis and that 
the system is capable of self-sustaining combustion when 
Tad ≥ 1800 K. Tad and reaction rate can be adjusted in 
the following way [98-101]:

(1) Powder particle size and compaction density: Self-
propagating high-temperature synthesis is a solid-phase 
reaction in which the reaction driving force is related 
to the contact area between the solid-phase particles. 
The smaller the powder particle size, the greater the 
diffusion of elements at the interface and the higher 
the peak temperature. Similarly, a higher billet density 
also increases the contact area between the powders, 
increasing the peak temperature and the reactivity.

(2) Reaction material ratio: For synthetic reactions 

with high combustion temperatures, changing the ratio 
of components in a chemical reaction can reduce the 
adiabatic value, and an excess of reactants or products 
usually reduces the reaction's exothermic heat and 
adiabatic temperature. Therefore, the Tad can be lowered 
by adding a diluent.

(3) Initial ignition method: Since different initial 
ignition methods require different degrees of preheating, 
different amounts of heat released, and different areas of 
ignition, the degree of impurity introduction is different. 
This ultimately affects the rate and heat release of the 
reaction and changes the product morphology and 
particle size.

(4) Shielding gas pressure: The shielding gas pressure 
inhibits the expansion of the raw material during 
combustion and accelerates the combustion rate by 
improving the contact behavior between the powder 
particles. If the shielding gas does not participate in the 
reaction, the burning rate increases with the external 
pressure increase. It remains stable when the shielding 
gas pressure reaches a certain level.

The SHS preparation process has gradually matured 
in recent years, and its application in synthesizing high-
entropy ceramic powders has increased. Nikolay et al. 
[102] carried out a self-propagating high-temperature 
synthesis under an argon environment using Hf-Ti-Cr- 
(Fe0.5V0.5) as the raw material according to the process 
in Fig. 2, and prepared the (Hf0.25Ti0.25Cr0.25(FeV)0.25)N 
high-entropy ceramics with a single-phase face-centered 
cubic crystal structure. Tallarita et al. [103] carried out a 
self-propagating high-temperature synthesis of Hf, Mo, 
Ta, Nb, Ti, and B in a closed argon environment and 
finally prepared (Hf0.2Mo0.2Ta0.2Nb0.2Ti0.2)B2 high-entropy 
ceramic powders, with a reaction process as shown in 
Eq. (10):

0.2Hf + 0.2Mo + 0.2Ta + 0.2Nb + 0.2Ti + (2 + x)B → 
(Hf0.2Mo0.2Ta0.2Nb0.2Ti0.2)B2

(10)

The design of duplex composite high-entropy ceramics 
is one of the future development directions of new 
materials, and the thermodynamic properties of ceramic 
materials can be effectively improved by homogeneous 
doping of the second phase in high-entropy ceramics 
[104]. The self-propagation high-temperature synthesis 
method can achieve the homogeneous mixing of duplex 

Fig. 2. Stages of obtaining of HEC material synthesis from Hf-Ti-FeV-Cr-N system [102].
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composite high-entropy ceramics in the synthesis 
stage. Evseev et al. [105] performed a self-propagating 
high-temperature synthesis of Ti, C, Hf, and B in 
a nitrogen atmosphere. Finally, the HfTiCN duplex 
composite high-entropy ceramics containing 40 wt% 
TiB2 second phase uniformly doped were prepared. 
Pakhomova et al. [106] combined the self-propagating 
high-temperature synthesis with the spark plasma 
sintering to prepare (Hf0.2Mo0.2Ti0.2Ta0.2Nb0.2)B2-SiC and 
(Hf0.2Mo0.2Ti0.2Ta0.2Zr0.2)B2-SiC duplex composite high-
entropy ceramics. The reaction process is shown in Eq. 
(11).

0.4Hf + 0.4Mo + 0.4Ti + 0.4Ta + 0.4Nb/Zr + Si 
+ B4C → 2(Hf0.2Mo0.2Ti0.2Ta0.2Nb/Zr0.2)B2-SiC

(11)

After a long period of continuous development and 
research, the self-propagating high-temperature synthesis 
technology has made many breakthroughs in theory and 
practice, and its application in high-entropy ceramics 
synthesis has gradually increased. However, although the 
self-propagating high-temperature synthesis technology 
has the advantages of low energy consumption, simple 
process, and high product quality, the overly fast 
reaction process and large temperature gradient limit 
the development of this technology in the field of 
nanoscale high-entropy ceramic powder synthesis, for 
example, poor uniformity of the powder composition and 
non-uniformity of the powder particle size distribution 
[107]. Therefore, to optimize the application of self-
propagating high-temperature synthesis technology in 
the synthesis of high-entropy ceramic powders, research 
should focus on the following aspects [108-110]: (1) 
Reduces adiabatic temperature by slowing down the 
combustion rate by adding diluents. Optimization of 
compositional uniformity and particle size distribution 
of high-entropy ceramic powders through reduction 
of combustion temperature gradient; (2) Optimization 
of the self-propagation process through a combination 
of processes, such as ball mill pretreatment, chemical 
furnace pretreatment, and modification of the reaction 
system; (3) Precise control of the reaction process is 
realized by combustion wave quenching and real-time 
XRD scanning; (4) Optimization of the control of high-
entropy ceramic powder synthesis parameters through 
the continuous development of self-propagating sintering 
technology and the combination of thermochemical 
simulation and modelling.

Sol-gel method
The sol-gel method originated in the 1860s when 

Graham et al. [111] discovered that the protosilicate 
tetraacetic acid produces glassy SiO2 by hydrolysis 
under acidic conditions. The sol-gel method is a wet-
chemistry process. In the typical process, metal salts 
or inorganic salts are dispersed into a solution for the 
hydrolysis-condensation reaction and then polymerized 

into a gel at the appropriate temperature. The particle 
size distribution of the colloidal particles is controlled by 
adding a complexing agent such as ethylene glycol or 
citric acid. Ultimately, ceramic powders are prepared by 
calcining the cured gel at a specific temperature. The sol-
gel method is based on the reaction between the alkoxide 
and the salt of metals to produce an oxide (Eq. (12)), 
and the process can be conducted in water (hydrolytic 
sol-gel) or under dry conditions (nonhydrolytic sol-gel) 
[112].

M-Cl + M-OR → M-O-M + RCl (12)

The alkoxide can be directly used for the oxide 
ceramics or it may be produced by an in-situ reaction 
between the salt of metals and ether or alcohol [112].

M-Cl + R-O-R → M-OR + RCl (13)
M-Cl + ROH → M-OR + HCl (14)

Modifying the synthesis parameters when preparing 
high-entropy ceramics using the sol-gel method can 
control the morphological characteristics of ceramic 
powders. Compared to solid-state reactions, the sol-gel 
method offers the following advantages [113-115]: (1) 
The raw materials used in the sol-gel method are first 
dispersed into the solvent and form a low-viscosity 
solution, so that homogeneous mixing of the raw materials 
can be achieved quickly. In particular, homogeneous 
mixing at the molecular level can be achieved between 
the reactants during the gel formation process; (2) After 
a reaction step in solution, homogeneous doping of trace 
elements at the molecular level can be achieved, and 
the elemental distribution can be optimized in high-
entropy ceramics; (3) Chemical reactions will be easier 
to carry out and require lower synthesis temperatures 
than solid-phase reactions. It is generally accepted that 
the diffusion of components in a sol-gel system is in the 
nanometre range, whereas the diffusion of components 
in a solid-phase reaction is in the micrometer range, so 
the sol-gel method's reactions can be carried out at lower 
temperatures. 

Fig. 3 shows the process of preparing ceramic powders 
using the sol-gel method [116]. Depending on the raw 
material, the chemical process can be divided into 
organic and inorganic processes. Depending on the sol-
gel process, it can be classified into colloidal, inorganic 
polymers, and complexes. Specific characteristics are 
shown in Table 2.

Currently, the sol-gel method has been widely 
used for the preparation of high-entropy ceramic 
powders. Zhang et al. [117] successfully synthesized 
(La0.2Yb0.2Nd0.2Gd0.2Sr0.2)CrO3 high-entropy ceramic 
powders with a single-phase orthorhombic chalcogenide 
crystal structure by the sol-gel method, and the average 
particle size of the powders was 800-1000 nm. Guo  
et al. [118] synthesized (La0.2Nd0.2Sm0.2Gd0.2Yb0.2)2 
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(Zr0.75Ce0.25)2O7 high-entropy ceramic powders by the sol-
gel method. The powders have typical defective fluorite 
structures, and the average particle size of the powders 
is about 15 nm, which lays the foundation for high-
performance high-entropy nano-structured materials for 
future application in thermal barrier coatings. Yang et al. 
[119] synthesized nanoscale (Hf0.2Nb0.2Cr0.2Ta0.2Mo0.2)B2 
high-entropy boride ceramic powders by sol-gel method, 
and the synthesized powders have hexagonal single-phase 
structure and the average particle size reaches 62.09 nm. 
In addition, the synthesized single-phase high-entropy 
ceramic powders have a specific capacitance that is 27% 
higher than that of several powders, and the electrodes 
of high-entropy powders show 97.03% capacitance 
retention after 5000 cycles, which indicates that the sol-
gel method can prepare high entropy boride ceramics 
with excellent electrochemical properties. Liu et al. [120] 
prepared (Sm0.2Eu0.2Tb0.2Dy0.2Lu0.2)2Zr2O7 high-entropy 
ceramic aerogels by combining the sol-gel method with 
the three-dimensional structural reconstruction technique 
after high-temperature calcination. By characterizing the 
ceramic aerogel's microstructure, thermal conductivity, 
and strength, researchers found that it has a typical 
nanoporous structure, a low thermal conductivity of 
only 0.031 W·m-1·K-1 (900 ℃), and a strength of 12.95 
MPa. Zhang et al. [121] utilized a combination of sol-gel 

and ball milling to prepare (CuNiFeCoMg)x-Al2O3 high-
entropy ceramics with a cubic phase and mesoporous 
structure, and this ceramic exhibited superior SO2 
resistance in CO catalytic oxidation.

Solution combustion synthesis
Solution combustion synthesis (SCS) is a technique 

for producing oxide nanopowders. This material 
synthesis technique is developed based on SHS [122]. 
Since the combustion temperature of the SHS method is 
usually between 2100 K and 3500 K, the higher reaction 
temperature imposes limitations on the product synthesis 
process and properties, making it difficult to realize 
the synthesis of ultrafine or nano-ceramic powders 
[123]. Therefore, the SCS method, which has a lower 
combustion temperature, has been developed. SCS is 
a violent redox reaction that combines wet-chemistry 
and combustion synthesis. Because its combustion 
temperature is low, it is also known as low-temperature 
combustion synthesis [124].

Solution combustion for the preparation of nanoceramic 
powders usually involves using metal nitrates as oxidizing 
agents and organic fuels as reducing agents [125]. The 
additions can be calculated based on propellant chemistry 
theory, in which the stoichiometric ratios are determined 
from the oxidizing agent's total oxidation valence and the 

Fig. 3. Schematic diagram of ceramic powders prepared by sol-gel method [116].

Table 2. Characterization of different sol-gel processes.
Types Precursor Gel Chemical characteristics

Colloid type Metals, inorganic 
compounds, and additives

Gels are formed from dense particles. The 
gels have a high solid phase content and are 

transparent

Adjusting the pH or adding 
electrolytes to neutralize the charge 

on the particle surface
Inorganic 

polymer type Metal hydrocarbon oxides Inorganic polymers are formed from 
precursors and result in the formation of gels

Hydrolysis and polycondensation of 
precursors

Complex type Metal alcohol salts, 
nitrates, acetates

Formation of gels through hydrogen-bonded 
complexes

Complexation reactions lead to the 
formation of complexes
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reducing agent's reduction valence in the reaction system. 
If the fuel content is more than the stoichiometric ratio, it 
is called a rich fuel system; less than the stoichiometric 
ratio is called a poor fuel system [126]. When the metal 
ions and organic fuels are in solution, after sufficient 
mixing, heating, evaporation, and concentration, the final 
solution foaming and combustion reaction at 150-500 
℃ environment. This process releases a large amount 
of gas due to decomposition, ultimately resulting in 
the formation of primary powder. This powder can 
be obtained in nanometer-scale ceramic form after 
appropriate temperature calcination [127]. 

Fig. 4 shows the flow chart of the solution combustion 
method for the preparation of high-entropy ceramic 
powder [128]. Metal nitrates and organic fuels are first 
mixed with water to prepare the sol. NO3- has better 
solubility in solution due to its excellent oxidizing 
ability and lower decomposition temperature. The 
homogeneously mixed solution was dried to produce a 
gel, after which the dried mixture was subjected in an 
elevated ambient environment to form a high-entropy 
ceramic powder. The combustion temperature can be 
estimated by the Eq. (15) [129]:

( ) /o o
c o r p pT T H H C= + D + D  (15)

where T0, DH 0r, DH 0p, and Cp are room temperature, 
formation enthalpy of reactants, formation enthalpy of 
products, and the heat capacity of the products at a 
constant pressure, respectively.

The solution combustion method for synthesizing 
high-entropy ceramic powders has several advantages 
compared to the solid-state reaction method [130-
132]: (1) The solution combustion method has low 
requirements on equipment and process. Only the raw 
materials need to be configured into a solution, which is 
then ignited in the set way to prepare ultra-fine powder; 
(2) The reaction has low energy consumption and high 
efficiency. It can sustain itself with its own heat after 
ignition, without needing an additional heat source. The 
entire self-propagating reaction process can be completed 
within a few minutes; (3) The composition of the product 
is easily controlled, ensuring accurate stoichiometric 
ratio and homogeneity of the internal components of 
high-entropy ceramics at the molecular or atomic level; 
(4) Due to the rapid heating and cooling rates of the 

reaction, non-equilibrium or metastable phases may 
form in the product, increasing its reactivity. Based 
on its numerous advantages, the solution combustion 
method is now widely utilized in synthesizing high-
entropy ceramic powders. Cong et al. [133] used the 
solution combustion method to synthesize high-entropy 
ceramics with the composition (Y0.2Gd0.2Dy0.2Er0.2Yb0.2

)2Hf2O7. After examining the structure and properties, 
they discovered that the high-entropy ceramics had a 
single disordered fluorspar structure, with the rare-earth 
cations evenly distributed in the ceramic powders. The 
thermal conductivity of the synthesized ceramics was 
only (0.73-0.93) W·m-1·K-1, which was significantly 
lower than that of traditional YSZ. Zuo et al. [134] 
synthesized (Sr0.6Bi0.2Na0.2)(Ti0.75Zr0.125Al0.0625Nb0.0625)O3 
high-entropy ceramics with a single-phase chalcogenide 
structure using the solution combustion method. The 
ceramics demonstrated a high recoverable energy density 
of ~4.46 J/cm3 at a high critical electric field of 520 
kV/cm, a high energy efficiency of ~88.52%, a large 
power density of ~176.65 MW/cm3 (at 400 kV/cm), 
and an ultrafast discharge time of ~48 ns. This research 
confirmed that the solution combustion method could be 
used for the synthesis of high-performance high-entropy 
dielectric ceramic powders. Cong et al. [135] synthesized 
(La0.2Ce0.2Pr0.2Sm0.2Eu0.2)2Hf2O7 ceramics with a single-
phase ordered pyrochlore structure using solution 
combustion. This ceramic had highly homogeneous in 
composition at the nanometer and micrometer scales,  
excellent phase stability at 1600 °C, as well as demon-
strated a low thermal conductivity (1.0-1.24 W·m-1·K-1) 
which was lower than those of rare-earth hafnates. 
Gautam et al. [136] developed a sol-gel self-combustion 
method by combining the sol-gel method with the 
solution combustion method. The synthesis of the high-
entropy rock salt phase (CoCuMgNiZn)O typically 
requires annealing at 850 °C. However, the sol-gel 
self-combustion method allows the synthesis of single-
phase structured rock salt (Co0.2Cu0.2Mg0.2Ni0.2Zn0.2)O 
high-entropy ceramics at a lower temperature of 185 °C.

The solution combustion method has made significant 
progress after years of research and has become an essential 
way to prepare high-entropy ceramic powders. However, 
a few issues still need to be addressed in the solution 
combustion method [137, 138]: (1) It's challenging to 
precisely control the solution combustion process, and 
it's important to thoroughly investigate the mechanism 

Fig. 4. Simplified scheme for the synthesis of (Co0.2Cu0.2Mg0.2Ni0.2Zn0.2)O by SCS method [128].
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of synthesizing high-entropy ceramic powders using this 
method; (2) The powder products tend to agglomerate 
easily, affecting the homogeneity and stability of the 
powder particles; (3) It's difficult to accurately control 
the characteristics of powder size, morphology, and 
crystalline shape on the nanometer scale. Therefore, it 
is crucial to enhance the solution combustion method 
by integrating it with other technologies to gain better 
control over the size, morphology, and crystal shape 
of high-entropy ceramic powder. The development of 
environmentally friendly synthetic methods for large-
scale production is a significant focus for future research.

Co-precipitation method
The main mechanism of the co-precipitation method 

is to use a specific chemical reaction to make metal ions 
co-precipitate with precipitant to realize the purification, 
enrichment, and effective use of metal elements, and 
finally to obtain high-entropy ceramic powder through 
different heat treatment methods [139]. The specific 
preparation steps are as Fig. 5 [140, 141]: First, the metal 
chloride or nitrate is dissolved in deionized water to form 
a salt solution; Then an appropriate amount of chemical 
precipitant is added, resulting in a co-precipitation 
reaction; Ultimately, high-entropy ceramic materials 
can be obtained through washing, drying, calcination, 
and other subsequent processes. The preparation of 
high-entropy ceramics by co-precipitation method has 
many advantages, such as simple experimental principle, 
convenient operation, easy batch production, and product 
collection. In addition, by changing the test parameters 
such as solution pH, reaction temperature, and nature 
of precipitant, the regulation of product properties, 
morphology, and size can be realized.

The mechanism of preparing nanoscale high-entropy 
ceramic powders by co-precipitation can be illustrated 

by the growth mechanism of the powders during the 
synthesis process [142]. Typically, the synthesis of high-
entropy ceramics involves two processes, including the 
uniform nucleation of monomers with a critical size and 
the growth of multiple crystal nuclei. According to the 
schematic growth mechanism of Lamer's theory, the 
nucleation and growth process of high-entropy ceramics 
can be divided into three stages: In the first stage, the 
concentration of the components gradually increases 
to the over-saturation state, and there is no nucleation 
in this stage; In the second stage, when the monomer 
concentration is over-saturated to a certain degree, a 
large number of nucleation begins, and the component 
concentration decreases sharply to the critical nucleation 
concentration; In the third stage, when the concentration 
between the saturation concentration and the critical 
nucleation concentration, the concentration of the 
component remains stable, at which time the nucleation 
process stops and the grain growth stage begins [143].

Luo et al. [144] prepared (Ce0.2Nd0.2Sm0.2Eu0.2Yb0.2)2Zr2O7 
high-entropy ceramics by reverse co-precipitation 
method using CeCl3, Nd2O3, Sm2O3, Eu2O3, Yb2O3, 
and ZrOCl2·8H2O as raw materials. They dissolved the 
rare-earth oxide powder in nitric acid to form a nitrate 
solution, while ZrOCl2·8H2O and CeCl3 were dissolved 
in deionized water, and these solutions were mixed to 
form a homogeneous mixed solution containing all the 
desired elements. The mixed solution was slowly added 
dropwise to the NH4OH while stirring continuously 
to ensure a homogeneous reaction. Under alkaline 
conditions, metal ions in the solution will combine with 
hydroxide ions to form a mixed hydroxide precipitate. 
Ultimately, high entropy ceramic powder was obtained 
through precipitate treatment and high-temperature 
calcination. 

Fig. 5. Synthesis route diagram of Ln2Zr2O7 and RE2Zr2O7 ceramic powders [141].
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Hydrothermal synthesis
The hydrothermal method is to use the water sealed in 

the container as the medium, at a certain temperature and 
pressure, to make the normal temperature and pressure 
insoluble in water substances dissolved and chemical 
reaction or recrystallization reaction. Ultimately, the 
reaction product over-saturates precipitation and yields 
the nanoceramic material [145].

Since the hydrothermal method is a wet chemical 
synthesis completed in a closed vessel, it differs from 
the sol-gel method mainly in terms of temperature and 
pressure. Hydrothermal methods are usually used at 
temperatures between 130-250 °C, and the corresponding 
vapor pressure of water is 0.3-4 MPa [146]. The 
advantages of ceramic powder prepared by hydrothermal 
synthesis can be summarized as follows: (1) Under 
hydrothermal conditions, the ions can react according 
the stoichiometry, and the grains can grow following the 
crystallization habit to produce perfect crystals; (2) The 
ceramic powders prepared by hydrothermal method have 
excellent performance compared to powders prepared 
by other methods, which is mainly demonstrated in 
the complete development of the powder grains, the 
particle size distribution is narrow, and the degree of 
agglomeration is light; (3) The hydrothermal production 
process is relatively simple and avoids the agglomeration 
of powders, the introduction of impurities, and structural 
defects that occur during high-temperature scorching and 
ball milling [147-149].

With the improvement of the current equipment 
manufacturing technology, the hydrothermal synthesis 
technology has been very mature and widely used in 
the powder synthesis and preparation of high-entropy 
ceramics. In recent years, the hydrothermal method 
has become an important method for the preparation 
of regular morphology high-entropy ceramic powders. 
Sun et al. [150] synthesized (Bi0.2Na0.2Ba0.2Ca0.2Sr0.2)
TiO3 (BNBCST) high-entropy ferroelectric ceramics 
by hydrothermal synthesis method with high-pressure 
heating of the suspension at 200 °C. The innovation of 
synthesizing high-entropy ferroelectric ceramics by this 
method was that NaOH solution not only provided a 
solvent environment, but also could be used directly as 
a Na source and mineralizer for high-entropy ceramics, 
which avoided the use of an additional Na source and 
provided a high-purity powder synthesis route. However, 
the ceramic powders synthesized using the hydrothermal 
method showed a multiphase structure (Fig. 6), and 
since BNBCST was considered to be a solid solution 
formed by Bi0.5Na0.5TiO3, BaTiO3, CaTiO3, and SrTiO3, 
it was assumed that there existed Bi0.5Na0.5TiO3, BaTiO3, 
CaTiO3, and SrTiO3 in the multiphase product. This result 
confirmed that it is difficult to realize the preparation 
of single-phase high-entropy ceramics by hydrothermal 
method.

Yu et al. [151] analyzed the effect of hydrothermal 
reaction temperature (120-220 °C) on the composition 

of (Ba0.2Mg0.2Ca0.2Sr0.2Pb0.2)TiO3 high-entropy ceramic 
phases. The results showed that when the temperature 
was in the 100-120 °C range the high-entropy oxide 
powder was a single phase. However, the Pb5O8 impurity 
phase appeared in the powder product in the temperature 
range of 120-220 °C, and the diffraction peaks of the 
lead oxide phase increased with the increase in reaction 
temperature. 

Nebulized spray pyrolysis
Nebulized spray pyrolysis originated in the 1950s 

and has been successfully applied to the preparation 
of MgO ceramic powders [152]. After decades of 
continuous improvement, this method is widely used 
in the preparation of metal alloy powders, ceramic 
powders, organic-inorganic composite powders, and 
other materials [153]. Due to the features of high 
purity, homogeneous composition, and excellent micro-
morphology of the ceramic powder produced by using 
this method, and the simple production process of this 
method, which can realize one-step molding and large-
scale mass production, this method is regarded as a high-
entropy ceramic powder synthesis technology with great 
application prospects [154-156].

The process of preparing ceramic powders by nebulized 
spray pyrolysis is shown in Fig. 7 [157]. Compared 
with synthesis methods based on conventional batch 
reactions (solid-state reaction, sol-gel, and co-precipitation), 
nebulized spray pyrolysis is a powder synthesis 
technique with relatively simple equipment, and its 
advantages mainly include the following aspects [158-
160]: (1) The raw materials of high-entropy ceramics 
can be uniformly distributed in the solution, and the 
stoichiometric ratio between the rare-earth components 
can be precisely controlled through calculation, which 
effectively reduces the amount of tests needed to 
explore the ratio between the components; (2) The raw 
material droplets are suspended in the atmosphere after 
atomization, and various physicochemical reactions can 

Fig. 6. XRD patterns of hydrothermal-synthesized BNBCST 
powders and HECs sintered at 1200 °C [150].
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be completed in a very short time, which reduces the 
possibility of agglomeration between the nanopowder 
particles, and the final formation of the high-entropy 
ceramic powder exists in the form of hollow spherical 
particles and effectively avoids the influence of the 
purity and activity of the product in the mid-stage and 
late-stage milling process; (3) The droplets can realize 
the formation of high-entropy ceramic powders with 
different microstructures and thermophysical properties 
by controlling the concentration of precursor solution, 
solution flow rate, gas flow rate and decomposition 
temperature and other parameters during the reaction 
process; (4) The process equipment is relatively simple, 
without special requirements for the vacuum degree 
of the environment, and the one-step molding process 
does not require subsequent filtration, washing, drying, 
grinding, and other complex processes, which reduces 
the opportunity for the doping of impurity elements and 
is conducive to improving the purity of the powder.

The nebulized spray pyrolysis technique has great 
potential for application in both industrial and laboratory 
studies due to its unique advantages. With the continuous 
research and improvement of the nebulized spray 
pyrolysis technique, researchers have applied this method 
to the powder synthesis of high-entropy ceramics. 
Saker et al. [161] prepared (Gd0.2La0.2Nd0.2Sm0.2Y0.2)
(Co0.2Cr0.2Fe0.2Mn0.2Ni0.2)O3 high-entropy ceramics by 
nebulized spray pyrolysis. They continuously delivered 
a waterbased solution containing appropriate equiatomic 
cation combinations into a piezo-driven nebulizer, where 
particles were formed by flowing oxygen into a hot-wall 
reactor at 1050 °C and a pressure of 900 mbar. The 
generated mist containing fine droplets of the precursor 
solution was conveyed to a hot-wall reactor, where 
the synthesized particles were collected using a filter-
based collector and calcined at 1200 °C for 2 h in air 
atmosphere with a heating/cooling rate of 10 °C·mm-1. 
Ultimately, the prepared high-entropy ceramics had a 
single perovskite structure and the powder morphology 
was a spherical hollow agglomerate with an average 

particle size of 180 nm.
Flame spray pyrolysis is a new material preparation 

technology developed based on nebulized spray pyrolysis 
technology [162]. By spraying the precursor solution to 
form an aerosol and introducing it into a high-temperature 
flame, the solvent is rapidly evaporated and triggers the 
thermal decomposition of the metal salts, and then the 
solid state is precipitated due to over-saturation, and 
ultimately nano-scale or micron-scale ceramic powders 
are obtained [163]. This technological process not only 
includes a series of physicochemical processes such 
as solvent evaporation, solute precipitation to form 
solid particles, particle drying, thermal decomposition 
of particles, and sintering densification, but also can 
be performed at high temperatures and in vacuum 
environments [164].

The advantages of flame spray pyrolysis include its 
simple process, low production cost, and the ability 
to rapidly realize the synthesis and preparation of 
nanopowders [165]. During the preparation process, 
the precursors undergo decomposition, nucleation, 
solidification, sintering, agglomeration, and cooling 
in a very short period. Compared with nanomaterials 
prepared by conventional methods, the sintering behavior 
of flame spray pyrolysis at high temperatures and the 
effect of loading on the surface activity of ceramic 
powders have unique characteristics, including non-
porous powder surface morphology, easy-to-control 
powder crystallinity, excellent high-temperature stability, 
and product reproducibility [166, 167]. Therefore, the 
researchers applied this technique to the synthesis and 
preparation of high-entropy powders.

Phakatkar et al. [168] prepared (Mn0.18Fe0.16Ni0.18Cu0.28-
Zn0.19)3O4 high-entropy oxide nanoparticles (HEO NPs) 
by flame spray pyrolysis. They used anhydrous ethanol 
as a solvent and dissolved equimolar metal salts of Mn, 
Fe, Ni, Cu, and Zn in ethanol solution for the preparation 
of metal salt precursor solutions. The preparation process 
is shown in Fig. 8(a). To achieve the homogeneously 
mixed precursor solution, the solution was continuously 

Fig. 7. Schematic diagram of nebulizer spray pyrolysis setup [157].
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stirred for 3 h at 700 rpm, and successive 20 min of 
ultrasonication was used. The twinfluid nozzle with 
air-assisted external mixing capability was utilized to 
generate the aerosol droplets. The compressed air was 
used as the atomizing gas. The precursor solution flow 
rate was 5 mL/min. The precursor solution aerosol 
droplets were directed through the propane torch flame at 
1900 °C. Fig. 8(b)-(d) shows the powder morphology and 
elemental distribution, which confirmed that the elements 
were uniformly distributed inside the nanopowder, and 
the nanoceramic powder with a hollow structure was 
successfully prepared.

Sarkar et al. [169] prepared (Co, Cu, Mg, Ni, Zn)O 
and (Co, Mg, Ni, Zn)O high-entropy oxides by flame 
spray pyrolysis. They atomized the precursor solution 
in a compressed air atomizer and the mist formed was 
carried by oxygen into the flame. Since the residence 
time of the mist in the flame was very short, thus rapid 
heating, thermal decomposition/pyrolysis, and quenching 
of the powder particles occurred in the flame. Ultimately, 
ceramic powders with a particle size distribution of 10 
± 2-73 ± 32 nm were obtained.

High-entropy Ceramic Sintering Methods

In the preparation process of high-entropy ceramics, 
sintering is also the most crucial step. In the sintering 
process, with the temperature increases and time extends, 
the powder particles in the ceramic blanks are bonded 
to each other, the grain size increases, and the sample 
is transformed from a loose and porous structure 

to a homogeneous and dense structure. Finally, it 
becomes a polycrystalline sintered body with complex 
characteristics. The densification level of high-entropy 
ceramics significantly impacts their hardness, fracture 
toughness, corrosion resistance, and thermomechanical 
properties. The sintering process of high-entropy ceramics 
exhibits complex densification characteristics due to the 
hysteresis diffusion effect. Efforts are being made to 
develop efficient sintering processes for high entropy 
ceramics to reduce production energy consumption and 
shorten the sintering cycle. 

Solid-state sintering
Solid-state sintering is the most common and well-

established method used in the preparation of ceramics. 
The sintering method involves placing the ceramic green 
body into a conventionally heated furnace and using 
conventional heating to complete the densification of 
the sample at high temperatures [170].

The densification process of solid-state sintering 
consists of three stages [171]: The initial stage of solid-
state sintering consists of a certain degree of sintering 
neck formation between the ceramic particles, and the 
contact area between the particles increases from zero to 
an equilibrium state. The contribution of the initial stage 
of sintering to the densification of the ceramic green body 
is small, generally less than 10% [172]. The theoretical 
models for the initial stages of solid-state sintering were 
based on the two-sphere model and assumed that the 
change in the center distance between the two spheres 
was equal to the linear shrinkage of the sintered body 

Fig. 8. (a) Schematic representation of HEO NPs synthesis by the FSP route; (b) SEM micrograph of the synthesized HEO NPs; (c) 
Digital photograph of as-synthesized HEO NPs; and (d) STEM-EDS mapping of single HEO nanoparticle [168].
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[173]. Under this assumption, mass transfer processes 
such as surface diffusion, vapor-phase evaporation, and 
volumetric diffusion are assumed not to contribute to the 
linear shrinkage of the sintered body. In contrast, viscous 
flow, interfacial diffusion, and volumetric diffusion  
in the sintering neck are considered to reduce the center 
distance between particles and improve densification 
[174]. The middle stage of sintering starts at the beginning  
of grain growth and is accompanied by the extensive 
formation of intergranular interfaces, but the pores are 
still interconnected and form a continuous network, 
while the intergranular crystalline interfaces still exist 
in a mutually independent state [171]. Most of the 
densification process and some of the microstructural 
changes arise in this stage, thus the middle stage of 
sintering contributes the most to the densification [175]. 
As the pores become independent during sintering 
and the grain boundaries begin to form a continuous 
network, the sintering enters the latter stages. At this 
stage the freestanding pores are often located at the grain 
interfaces or may be encapsulated in the grains. In the 
latter stages, the rate of ceramic bulk densification slows 
down significantly, however, the grain growth is more 
rapid [171, 176].

Li et al. [177] prepared high-entropy ceramics of  
(La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 with pyrochlore structure  
by solid-state sintering. They analyzed the synthesis 
temperature of (La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 by XRD, 
and found that the diffraction peaks of the sintered 
samples showed a single-phase pyrochlore structure 
when the sintering temperature was increased to 1000 
°C, which proved that this compositional high-entropy 
ceramic could be synthesized at 1000 °C. As the sintering 
temperature increased to 1500 °C, the half peak width of 
the (400) diffraction peak decreased and the crystallinity 
of the sample increased. Qin et al. [178] successfully 
prepared Nb-Ta-Ti-Zr-Ce-Hf-Sc-Y-La-Pr-Nd-Sm-Eu-
Gd-Tb-Dy-Ho-Er-Tm-Yb-Lu-O high-entropy ceramics 
using the solid-state sintering method by holding the 
ceramic green body at 1600 °C for 24 h. Moreover, 
weberite and fergusonite phases and a pyrochlore-
weberite transformation appeared for the first time in 
this high-entropy ceramic.

Solid-state sintering is the simplest and most common 
method for the preparation of ceramics, but to obtain 
dense ceramics, it is necessary to hold them at high 
temperatures for a long period, which can easily lead to 
grain coarsening. To reduce the grain growth rate during 
solid-state sintering, the researchers proposed a two-step 
sintering method based on solid-state sintering [179]. 
After the first step of holding the ceramic bulks at a 
high temperature for a short time to achieve the required 
densities, the second step of holding the ceramic bulks at 
a lower temperature for a long time to avoid excessive 
grain growth and obtain relatively dense samples. Yu et 
al. [180, 181] prepared (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C high-
entropy carbide ceramics using solid-state sintering and 

two-step sintering, respectively. The solid-state sintering 
process was held at 2200 °C for 2 h, and the two-step 
sintering process was reduced to T2=1900 °C and held 
for 8 h after the temperature reached T1=2200 °C. 
Compared with the solid-state sinter samples, the two-
step sintered samples showed a decrease in the average 
grain size from 7.00 μm to 6.19 μm, and a decrease in 
the average pore size from 0.90 μm to 0.75 μm.

The preparation of high-entropy ceramics using  
traditional solid-state sintering requires a long time 
of sintering at high temperatures to complete the 
densification of the ceramic samples, and it consumes a 
large amount of energy and time to achieve the desired 
results. Therefore, the development of more efficient and 
energy-saving sintering technology has great significance 
for the research and application of high-entropy ceramics.

Spark plasma sintering
Spark plasma sintering (SPS), also known as plasma-

activated sintering or pulsed current sintering, is a rapid 
sintering process that has been researched since the 1990s 
[182]. In this process, high-frequency pulsed currents pass 
directly between the molds and powder particles or in the 
block samples, generating plasma discharges between 
the powder particles. This leads to the rapid sintering and 
densification of the ceramic green body, facilitated by 
the combined effects of a local high-temperature field, 
electric field, and pressure field [183]. Spark plasma 
sintering technology is a process that combines plasma 
activation, hot pressing, and resistance heating. It offers 
several advantages such as uniform heating, high heating 
rate, low sintering temperature, short sintering time, and 
high productivity [184]. This technology can achieve 
surface purification of ceramic powder particles, inhibit 
grain growth, and create a homogenous and controllable 
structure [185]. In comparison to vacuum hot press 
sintering, spark plasma sintering is cost-effective and 
straightforward. Additionally, the sintering process can 
be promoted using DC pulse voltage based on Joule heat 
and powder plastic deformation [186]. 

The SPS device's basic structure is illustrated in Fig. 9 
[187]. It primarily consists of a pressure system, vacuum 
system, water cooling system, temperature measurement 
system, power supply, and control system. During the 
SPS sintering process, the on/off pulse current generates 
a significant amount of heat as it passes through the mold 
and powder [188]. Additionally, due to the gaps between 
the ceramic powder particles within the powder blanks, 
spark discharges occur between adjacent particles, 
ionizing some of the gas molecules. The positive ions 
and electrons resulting from ionization move toward the 
cathode and anode, respectively, and discharge between 
the particles to form a plasma. As the plasma density 
increases, the high-speed movement of the particle 
flow on the surface of the ceramic powder produces 
a significant spark impact, removing adsorbed gases 
from the powder surface [189]. This process activates 
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the particle surfaces, promoting material migration and 
achieving rapid sintering.

The procedure of spark plasma sintering for sintering 
high-entropy ceramic green bodies is shown in Fig. 10. 
Before performing the specific SPS, the specimen is first 
loaded into a graphite mold, which is then placed between 
the upper and lower electrodes. The specimen underwent 
pressurization using an oil pressure system, followed 
the cavity was evacuated using a vacuum pump. Once 
the sintering environment reached the required vacuum 
level, a pulsed current was applied to the graphite 
abrasive tool. The pulsed current is applied directly to 
the conductive mold and the sample [190]. A portion 
of the current passing through the sample causes partial 
discharges between the sample's pores and generates 
plasma, while another portion passing through the mold 
heats the mold and transfers heat to the ceramic green 
body. The specimen begins to shrink as the temperature 
rises, and the degree of shrinkage increases with the 
extension of the sintering time. Until the contraction 
ends after reaching the sintering temperature, the ceramic 
green body densification reaches its maximum [191].

Since the pulsed current voltage applied for sintering 
can provide high-density energy for sintering and form 

a diffuse motion of the discharge point, the edge of the 
ceramic powder particles can instantly form a high-
temperature field under the action of the pulsed electric 
field and achieve the rapid sintering of the ceramic billet 
under the action of pressure [192]. Based on the above 
characteristics, the researchers applied the spark plasma 
sintering technology to sintering high-entropy ceramic 
materials with the hysteretic diffusion effect. Zhang et al. 
[193] prepared high-entropy (Y, Gd, Sm, Eu, Dy)3Fe5O12 
garnet ceramics by SPS. The results indicate that SPS 
can significantly reduce the sintering temperature (1100 
°C) and sintering time (3 min) of high-entropy garnet 
ceramics. Moreover, the high-entropy garnet ceramics 
have superior thermal expansion stability and leaching 
resistance compared with conventional garnet ceramics. 
Lu et al. [194] prepared (Bi0.2Na0.2Sr0.2Ba0.2Ca0.2)TiO3  
lead-free relaxation ferroelectric ceramics using 
conventional sintering as well as spark plasma sintering, 
respectively, and compared the effects of different 
sintering methods on the properties of dielectric 
ceramics. The ceramics prepared using the conventional 
sintering method exhibited a polarization value of 34.9 
μC/cm2, an energy storage density of 2.53 J/cm3, and 
an energy storage efficiency of 56.8% under an electric 
field of 250 kV/cm. In contrast, the ceramics prepared 
with SPS demonstrated a higher polarization of 57.2 μC/
cm2, an energy storage density of 6.66 J/cm3, and an 
energy storage efficiency of 77.2% at an electric field 
of 430 kV/cm. The enhanced performance of the SPS 
samples can be attributed to their high density, refined 
grains, number of oxygen vacancies, and compositional 
homogeneity within the samples. Chen et al. [195] 
prepared (La1/7Nd1/7Sm1/7Eu1/7Gd1/7Dy1/7Ho1/7)2Zr2O7 using 
SPS by setting the sintering temperature, pressure and 
the time to 1600 °C, 16 kN uniaxial pressure and 3 min, 
respectively. The results showed that the relative density, 
nanoindentation hardness, and fracture toughness of the 
sintered samples reached 97.72%, 13.86 GPa, and 1.1 
MPa·m1/2, respectively, which were much higher than 
those of the conventional single-component sintered 
pyrochlore structural ceramics.

Fig. 9. Schematic diagram of spark plasma sintering [187].

Fig. 10. Procedure of spark plasma sintering for sintering high-entropy ceramic green bodies.
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The research on high-entropy boride ceramics started in 
2016, it is difficult to achieve sintering densification due 
to the hysteresis diffusion effect and impurity influence 
of high-entropy materials. Gild et al. [196] prepared 
high-entropy boride ceramics (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)B2 
for the first time by high-energy ball milling method 
and spark plasma sintering. They densified the ceramic 
green bodies using spark plasma sintering at 2000 °C, 30 
MPa, and 5 min after high-energy ball milling and cold 
isostatic pressing of the mixed powders. The results of the 
compositional analysis showed that the sintered blocks 
had a uniform internal distribution of metal elements 
without segregation and a relative density of 92-93%. 
The preparation of high-entropy boride ceramics with 
the same composition using hot-press sintering needed 
to be held at 1800 °C for 1 h to obtain dense samples. 
Compared with hot press sintering, the spark plasma 
sintering technique reduced the sintering time, but the 
sintering process needed to be optimized to obtain denser 
samples.

Zhang et al. [197] combined the borothermal 
reduction with the spark plasma sintering to prepare 
(Hf0.2Zr0.2Ta0.2Cr0.2Ti0.2)B2, (Hf0.2Mo0.2Zr0.2Nb0.2Ti0.2)B2, 
and (Hf0.2Mo0.2Ta0.2Nb0.2Ti0.2)B2 three dense high-entropy 
boride ceramics by 10 min sintering at 2000 °C and 30 
MPa. Fig. 11 shows the cross-sectional morphology of 
the three high-entropy ceramics, the relative density of 
the (Hf0.2Zr0.2Ta0.2Cr0.2Ti0.2)B2 ceramics was 99.2% and 
the hardness was (28.3±1.6) GPa. On this basis, Zhang et 
al. [198] combined borocarbothermal reduction and spark 
plasma sintering to prepare (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)B2, 
(Hf0.2Zr0.2Mo0.2Nb0.2Ti0.2)B2, and (Hf0.2Mo0.2Ta0.2Nb0.2Ti0.2)
B2 high-entropy boride ceramics. Compared with the high-
entropy ceramics previously prepared by borothermal 
reduction, the high-entropy ceramic powders obtained by 
borocarbothermal reduction were characterized by higher 
purity, and the densities of (Hf0.2Mo0.2Zr0.2Nb0.2Ti0.2)B2 
and (Hf0.2Mo0.2Ta0.2Nb0.2Ti0.2)B2 were increased from 
97.7%, 95.0% to 98.1%, 98.5%, respectively.

High-entropy carbide ceramics also suffer from the 
problem of difficult sintering. Ye et al. [199] investigated 
the synthesis conditions of (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C 
by the first principle calculations and found that the 

ceramic green bodies could be sintered at 1800 °C 
and 30 MPa for 30 min to obtain ceramic bulks with 
a relative density of 95.3%. Yan et al. [200] prepared 
(Hf0.2Zr0.2Ta0.2Nb0.25Ti0.2)C by spark plasma sintering, 
and sintering the ceramic green bodies at 2000 °C and 
30 MPa for 10 min to obtain ceramic bulks with the 
relative density of 93%. The performance test results 
showed that the high-entropy carbide ceramics had 
excellent performance in thermal conductivity, electrical 
conductivity, and mechanical properties compared with 
HfC, ZrC, TaC, and TiC.

Castle et al. [201] used spark plasma sintering to 
prepare (HfTaZrTi)C and (HfTaZrNb)C high-entropy 
carbide ceramics. They investigated the effect of sintering  
time on high-entropy carbide ceramics by subjecting 
the ceramic green bodies to spark plasma sintering at 
2300 °C for 2 min, 5 min, and 10 min, respectively. At 
2 min of sintering, the relative density of (HfTaZrNb)
C ceramics was 94% and the elemental distribution 
was inhomogeneous; at 5 min of sintering, the relative 
density increased to 97% and the EDS results showed 
that the elemental inhomogeneity still existed; at 10 
min of sintering, the relative density of the ceramic 
blocks reached 98% and the elements were uniformly 
distributed, but chemical decomposition occurred in the 
ceramic blocks, forming two rock salt structural phases. 
Finally, they set the sintering time at 7 min and kept 
the samples at 1800 °C for 10 min before spark plasma 
sintering, and obtained high-entropy carbide ceramics 
with high hardness, high purity, and high hardness.

Spark plasma sintering technology has been widely 
used in the preparation and sintering of high-entropy 
ceramics. Compared with hot-press sintering, although 
spark plasma sintering does not reduce the sintering 
temperature, it significantly promotes the synthesis 
and densification process of high-entropy ceramics 
and reduces the sintering time to a few minutes [202]. 
Currently, the spark plasma sintering still has some 
limitations. The first one is the microscopic mechanism 
of the current effect during the sintering process is 
not clear. If the effects of the electric field on powder 
surface cleaning and material sintering kinetics can be 
determined, more precise parameter control during the 

Fig. 11. Fractured surface SEM images of the as-fabricated ceramics after SPS at 2000 ℃: (a) (Hf0.2Zr0.2Ta0.2Cr0.2Ti0.2)B2, (b) 
(Hf0.2Mo0.2Zr0.2Nb0.2Ti0.2)B2, and (c) (Hf0.2Mo0.2Ta0.2Nb0.2Ti0.2)B2 [197].
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sintering process can be performed to obtain superior 
material properties. The second is that the spark plasma 
sintering is a near-net-shape process, carbon molds 
will lead to the unqualified surface smoothness of the 
ceramic bulks or contamination by carbon. Therefore, 
the future development of mold materials will improve 
the spark plasma sintering. The third is the limitations 
of the sample shape, the current spark plasma sintering 
samples are prepared mainly for simple cylinders, and it 
is difficult to prepare ceramic green bodies with complex 
shapes, which cannot satisfy the needs of the actual 
engineering. In addition, in the process of developing 
new molds, it is necessary to consider the densities and 
tissue uniformity at different locations. Therefore, the 
development of diversely shaped ceramics is the future 
of spark plasma sintering.

Flash sintering
Flash sintering is a highly prospective sintering process 

for the rapid densification of ceramic powders [203]. 
Flash sintering is an electric field-assisted sintering 
technology that rapidly densifies ceramic powders 
through the combined effects of the electric field, 
current, and temperature [204]. Flash sintering has its 
own characteristics compared to SPS, mainly in terms 
of current conduction and heat generation mechanisms 
[205, 206]: (1) In terms of current conduction, spark 
plasma sintering relies heavily on the more conductive 
graphite mold for current flow. In flash sintering, current 
is forced to flow from one end of the specimen to the 
other; (2) In terms of the mechanism of heat generation, 
spark plasma sintering achieves the heating of ceramic 
powder through thermal radiation and heat conduction, 
while flash sintering generates Joule heat through electric 
current and forms a small amount of liquid phase inside 
the ceramic powder, and ultimately obtains the densified 
sintered blocks through liquid-phase sintering and solid-
state sintering.

Fig. 12 illustrates the flash sintering device structure, 
including the sintering furnace, displacement sensor, DC 
or AC power supply, electrode material, and multimeter 

[207]. Compared to spark plasma sintering, flash sintering 
is more designable. This includes the shape of the 
ceramic green body and customization of the sintering 
equipment [208, 209]: (1) In terms of the shape of the 
ceramic green body, researchers have used strips, rods, 
and bone-shaped specimens for sintering. A simple flash 
sintering unit can be set up by connecting electrodes 
to the ends of the specimen and then connecting the 
electrodes to an external power supply; (2) In terms 
of sintering equipment, for sintering that needs to be 
accomplished at a suitable temperature condition, tube 
or box furnaces can be used to heat the green body to 
the desired initial temperature; For samples that can be 
flash sintering at low temperatures, a heating plate can 
be used in place of the high-temperature furnace, and for 
samples that can be flash sintering in a room-temperature 
environment, the heating device can be eliminated. In 
addition, researchers can also add thermocouples, infrared 
thermometers, optical cameras and other components to 
realize real-time monitoring of the sintering process. It 
can be seen that flash sintering has a broader scope for 
equipment enhancement compared with spark plasma 
sintering.

Fig. 13 shows the variation curves of current, voltage, 
power loss, and other parameters over time in the flash 
sintering process [210]. Generally, the flash sintering 
process can be divided into three stages: gestation, 
mutation, and steady-state [211]. In the gestation stage, 
with the increase in temperature, the resistivity of the 
sample gradually decreases, and the current through the 
sample gradually increases; In the mutation stage, the 
resistivity and voltage of the sample suddenly decrease, 
and the current and power loss increase dramatically; 
In the steady state stage, the current, voltage and power 
loss of the sample enter into a stable state. Compared 
with conventional sintering methods, the most apparent 
advantage of flash sintering is the substantial reduction 
of sintering temperature and the significant reduction of 
sintering time. Flash sintering is a rapid ceramic sintering 
process that can complete the sintering of ceramic 
samples in just a few minutes or even seconds. This 

Fig. 12. Schematic diagram of the experimental platform [207].
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method allows the furnace temperature to be lowered by 
several hundred degrees Celsius, effectively preventing 
the ceramic green body from being exposed to high 
temperatures for extended periods. As a result, it helps 
to avoid issues such as coarse grain formation, making 
it a promising high-entropy ceramics sintering technique 
with great potential for practical application.

In 2020, Kumar et al. [212] first synthesized the 
high-entropy oxide Mg0.2Ni0.2Co0.2Cu0.2Zn0.2O by flash 
sintering. They applied an electric field of 100 V·cm-1 
to a ceramic green body at a furnace temperature of 350 
°C and flash sintering for 3 min at a preset current to 
obtain samples with densities above 90%. In addition, 
they investigated the effect of current on the sintered 
samples. When the sintering currents were set to 600 
mA, 700 mA, and 900 mA, the sintered samples were all 
single-phase rock salt structure and had relative densities 
of 92%, 93%, and 95%, with an increase in the average 
size of the grains from 400 nm for 600 mA to a value 
of 1-2 μm for 900 mA, respectively. 

Liu et al. [213] prepared high-entropy oxide 
Mg0.2Ni0.2Co0.2Cu0.2Zn0.2O ceramics using flash sintering. 
The ceramic green bodies were flash sintering at 25 °C, 
electric field strength of 250 V·cm-1, and a current density 
of 80 mA·mm-2 for 1 min, and a further reduction of 
the sintering temperature was realized. In addition, they 
investigated the effect of current density on the phase 
transformation of the ceramics during the flash sintering 
process. The XRD results showed that the flash sintering 
samples were in a multi-phase mixed state when the 

current density was 70 mA·mm-2, and the flash sintering 
samples were in a single-phase rock salt structure when 
the current density was increased to 80 mA·mm-2. On this 
basis, Li et al. [214] prepared Ca0.2Co0.2Ni0.2Cu0.2Zn0.2O 
ceramics by room temperature reactive flash sintering 
and compared them with solid-state sintering samples. 
The reaction flash sintering was carried out at 25 °C with 
an electric field strength of 60 V·cm-1, and several groups 
of samples were flash sintering for 30 s by applying 
current densities of 100 mA·mm-2, 200 mA·mm-2, and 
300 mA·mm-2, respectively. The XRD results showed 
that the flash sintering samples with a current density 
of 300 mA·mm-2 exhibited a single-phase rock salt 
structure, while the solid-state sintering samples still had 
some CaO and did not fully synthesize the single-phase 
rock salt high-entropy ceramics.

Ma et al. [215] prepared (MgCoNiCuZn)1-xLixO (x=0, 
0.10, 0.15, 0.20, and 0.30) high-entropy oxide ceramics 
by flash sintering and investigated the optimal current 
density for flash sintering of materials with different 
compositions and the effect of flash sintering on the 
electrical properties of the materials. The results showed 
that the optimal sintering current density of the undoped 
high-entropy oxide ceramics was 210 mA·mm-2, while 
the optimal sintering current density of the Li-doped 
high-entropy oxide ceramics was 735 mA·mm-2. During  
solid-state sintering, oxidation of Co2+ occurred in 
the undoped high-entropy oxide ceramics. During 
the reactive flash sintering of Li-doped high-entropy 
ceramics, the charge imbalance was compensated by 
holes and oxygen vacancies in the valence band of the 
oxides, and the formation of more oxygen vacancies 
leads to an increase in the ionic conductivity with the 
increase in Li concentration.

Wang et al. [216] prepared high-entropy perovskite 
ceramics Sr(Ti0.2Y0.2Zr0.2Sn0.2Hf0.2)O3-x by flash sintering 
for 1 min at a furnace temperature of 1000 °C and a 
current density of 40 mA·mm-2. Compared with solid-
state sintering, the sintering time for the synthesis of 
single-phase high-entropy oxides using flash sintering 
was reduced from 10 h to 1 min, and the sintering 
temperature was lowered from 1500 ℃ to 1314 ℃, 
which makes flash sintering highly advantageous for 
the rapid synthesis of high-entropy oxides. However, 
the relative density of the flash sintering samples was 
about 70%, and subsequent optimization of the current 
density or sintering time was needed to obtain dense 
ceramic bodies.

High-entropy ceramics with a pyrochlore structure 
have low thermal conductivity and excellent high-
temperature phase stability, which make them highly 
potential materials for thermal barrier coatings and 
superior host phase for the long-lived radionuclide in 
nuclear waste. However, solid-state sintering is difficult 
to obtain dense high-entropy pyrochlore ceramics 
and requires prolonged sintering in high-temperature 
environments. Zhao et al. [217] synthesized high-entropy 

Fig. 13. Variation of voltage, current, and the power dissipation 
of the circuit during the FS process [210, 211].
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pyrochlore ceramics (La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 
by reactive flash sintering and characterized the phase 
transformation process, densification behavior, and grain 
growth process of high-entropy ceramics during the 
flash sintering process. The results are shown in Fig. 
14. The samples consisted of a mixture of the original 
oxides and a minimal high-entropy ceramics before 10 
s of the flash sintering started; at the beginning of 1 s 
of the sintering, most of the samples had formed high-
entropy ceramics but a small amount of oxides still 
existed; when the sintering time was prolonged to 5 s, 
the original oxides had been wholly transformed into 
(La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7; when the flash sintering 
time continued to be prolonged to 180 s, the crystallinity 
of the samples increased, and the diffraction peaks of 
high-entropy ceramics became more sharp. According 
to crystal growth kinetics calculations, the flash sintering 
densification rate was 60 times that of solid-state 
sintering, while the grain growth rate was only 1.5 - 6 
times that of solid-state sintering.

Mao et al. [218] successfully prepared high-entropy 
pyrochlore ceramics (La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 by 
reaction flash sintering for 1 min at 1200 °C, electric 
field strength 9 V·mm-1 and applied pressure 10 MPa. 
The effects of different current densities on the relative 
density, hardness, and Young's modulus of ceramic 
blocks were investigated and compared with the solid-
state sintering samples sintered at 1600 °C for 3 h and 
6 h. The results showed that when the current density 
was increased from 60 mA·mm-2 to 200 mA·mm-2, the 
average grain size of the ceramic blocks increased from 
0.6 μm to 2.4 μm and the relative density increased from 
91 % to 99 %. However, the relative density of the solid-
state sintering samples was 97%, which was lower than 
that of the flash sintering samples at 200 mA·mm-2, and 
the average grain size of the solid-state sintering samples 
was 5.2 μm, which was a larger increase in the average 

grain size than that of the flash sintering samples. In 
terms of mechanical properties, the flash sintering 
samples had better hardness and fracture toughness.

In summary, compared with solid-state sintering, the 
applied electrical field of flash sintering facilitates the 
material diffusion and densification process, which not 
only shortens the sintering time of high-entropy ceramics 
from several hours to several minutes or even tens of 
seconds but also significantly reduces the sintering 
temperature and effectively suppresses the excessive 
growth of grains. The flash sintering technique, as a 
new type of high-entropy ceramic sintering method, has 
shown excellent sintering results in practical applications. 
However, the research on the micro-mechanism of 
sintering is still insufficient, and the shape of the ceramic 
green bodies used for sintering is mainly in the dog-
bone shape, so the research and design of the sample 
shape, electrode shape, electrode type, and the rate of 
temperature rise and fall are the future development 
direction.

Oscillatory pressure sintering
For a long time, material defects such as porosity, 

microcracks, and agglomerates have been the primary 
factors limiting the strength and reliability of ceramic 
materials [219]. The advancement in ceramic sintering 
equipment and sintering technology is crucial for 
overcoming this challenge. Oscillating pressure sintering  
is based on hot press sintering and transforms a constant 
pressure into an oscillating pressure, which can be 
programmed in both size and frequency [220]. In 2014, 
Xie et al. [221] proposed the use of dynamic oscillating 
pressure with controllable frequency and amplitude, 
based on constant static pressure, to achieve coupled 
dynamic pressure sintering during the ceramic powder 
sintering process. In the early stage of sintering, the 
oscillating pressure helps the powder rearrange and 
increases the packing density of the original powder; 
In the middle stage of sintering, the oscillating pressure 
can provide a greater driving force for powder sintering, 
which is more conducive to promoting grain slip, plastic 
deformation, and diffusive mass transfer phenomena in 
the sintered body [222].

In 2021, Li et al. [223] first prepared high-entropy 
ceramics using oscillatory pressure sintering and 
investigated the crystal structure, microstructure, and 
thermal conductivity of the sintered samples. High-
entropy boride (Zr0.2Ta0.2Nb0.2Hf0.2Mo0.2)B2 ceramics 
were subjected to oscillatory pressure sintering for 1h 
at 1900 °C and 25-35 MPa. The prepared ceramic 
samples had a relative density of 96.6%, a typical 
hexagonal structure, and a Vickers hardness of 24.0±1.0 
GPa, with significantly improved mechanical properties 
over the SPS samples. In terms of thermal performance, 
(Zr0.2Ta0.2Nb0.2Hf0.2Mo0.2)B2 had a thermal conductivity 
of 12.2 W·m-1·K-1 at room temperature, which was much 
lower than that of conventional boride ceramics.

Fig. 14. XRD patterns of flash sintered samples and conventional 
pressurelessly sintered samples [217].
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Oscillatory pressure sintering technology can continue 
to provide sufficient sintering driving force in the later 
stages of sintering, further enhance the densification 
of the material, and improve the properties, such as 
flexural strength and hardness. The research related to 
the preparation of high-entropy ceramics by oscillating 
pressure sintering is still in the early exploratory 
stage, and the established research has shown that the 
oscillating pressure has an obvious promotion effect on 
the particle rearrangement and movement in the process 
of high-entropy ceramics densification. In the preparation 
of dense high-entropy ceramics, oscillatory pressure 
sintering has an advantage that cannot be ignored.

Microwave sintering
Microwave sintering uses the dielectric loss of ceramic 

materials in the microwave electromagnetic field, making 
the ceramic green body to the sintering temperature and 
complete the densification [224, 225]. Microwave is an 
electromagnetic wave with a wavelength between 1 mm 
and 1 m, and a frequency between 300 MHz and 300 
GHz. In the 1960s, researchers used microwave sintering 
for the first time in the preparation of ceramic materials, 
and in the mid-1970s the microwave sintering technology 
was studied in a more comprehensive and systematic 
way. In the late 1980s, microwave sintering technology 
was frequently applied to cermet materials with excellent 
properties [226]. Compared with hot press sintering, 
microwave sintering has many features and advantages: 
(1) The thermal effect of microwaves is mainly provided 
by the conductivity losses and dielectric losses caused 
by the electric field part and the magnetic losses caused 
by the magnetic field part [227]. The sintered material 
itself becomes a heat source, generating heat inside the 
material and transferring it outward. For microwave 
sintering technology, due to the method of heat transfer 
from the inside to the outside, a negative temperature 
gradient is created inside the sample and ultimately 
the holistic heating of the specimen is realized [228]. 
Compared with the traditional sintering method, it can 
effectively reduce the heat loss in the heating process, 
improve the energy utilization, avoid the phenomenon 
of high temperature on the sample surface and low 
temperature inside the sample caused by the traditional 
heating, meanwhile reduce the deformation and cracking 
phenomenon of the sample caused by thermal stress. 
During the sintering process with different substances, 
the monolithic sintering characteristics can effectively 
reduce the generation of internal stresses, provide a larger 
driving force for the ceramic billet, and significantly 
increase the density of the material. At the same time, 
due to the higher heating rate of microwave sintering 
technology, the sintering cycle has also been greatly 
reduced, limiting the grain size, which is conducive 
to the preparation of high-density ceramic materials 
[229]; (2) The coupling effect between microwaves and 
various types of materials is related to their microwave 

properties, including the electrical conductivity, magnetic 
permeability and dielectric constant of the material [230]. 
The different dielectric properties of the material, and the 
microwave coupling effect are different [231]. In the 
non-homogeneous system of materials for the heating 
process, the electromagnetic field is preferentially 
coupled with high-loss materials, and then coupled 
with low dielectric loss materials, and therefore can be 
adjusted through the distribution of the electromagnetic 
field or the composition of the material to control the 
heating process, to produce ceramic materials with a 
special structure or special properties [232]. For example, 
adding some SiC particles to Al2O3 powder particles, 
during the microwave sintering process, the microwave 
preferentially reacts with the SiC particles, which have 
a stronger absorption capacity at room temperature, 
in a coupling reaction, and subsequently transfers the 
heat to the Al2O3 powder particles, to rapidly heat the 
particles to achieve the purpose of preheating. When the 
Al2O3 powder particles reach the critical temperature, 
their dielectric loss increases significantly, and they 
begin to be coupled with microwave heating. The 
disadvantage of selective microwave heating is that it 
can cause thermal focusing inside the specimen, leading 
to thermal runaway phenomenon, which requires special 
attention when selective microwave sintering of multi-
component materials [233]; (3) Microwave coupling with 
different substances will appear to accelerate the atomic 
movement, reduce the sintering temperature, enhance the 
heating rate, affect the crystalline phase transition, the 
rapid formation of the sintering neck, and other special 
phenomena can be summarized as "non-thermal effects" 
[234]. The research on non-thermal effects of different 
substances has become the focus of current research, 
but due to the current lack of characterization means, 
the mechanism of non-thermal effects is only limited to 
the initial exploration stage.

Since the heating method of microwave sintering 
technology is different from the traditional heat transfer 
and radiant heat transfer of hot press sintering, it is 
necessary to select suitable materials according to the 
heating principle before using microwave sintering. Due 
to the different materials have different dielectric loss 
abilities and microwave responsive abilities, so according 
to this characteristic can be distinguished into microwave 
absorbing materials, microwave reflective materials, and 
microwave transparent materials [235]. The stronger the 
dielectric loss capability of the material, the stronger its 
coupled thermal and plasma effects with microwave 
excitation, and the easier it is to sinter materials with 
new microstructures and excellent properties under the 
combination of the two thermal effects.

Fig. 15 shows a schematic diagram of a microwave 
sintering furnace commonly used in industry, including 
an insulation box, a microwave generator, a SiC 
susceptor, a control system, and a thermocouple [236]. 
The microwave generated by the microwave generator 



Jiahang Liu et al.1034

is transferred to the SiC susceptor and coupled with the 
material inside the insulation box for heating, and the 
equipment can be applied to the microwave sintering of 
most ceramic materials.

Song et al. [237] prepared (MgCoNiCuZn)O high-
entropy ceramics using microwave sintering technology 
and investigated the effect of sintering temperature on 
the microstructure of the ceramics. The results showed 
that the single-phase (MgCoNiCuZn)O high-entropy 
ceramics could be prepared in about 1 h when the 
preform pressure was 5 MPa and the temperature was 
higher than 900 °C, and the density of the samples 
increased gradually with the increase of temperature. 
When the temperature was higher than 1000 °C, the 
pores in the samples indicated that the Cu atoms 
accumulated, agglomerated, and polarized at the grain 
boundaries.

Ultrafast high-temperature sintering
In 2020, Wang et al. [238] first reported the ultrafast 

high-temperature sintering (UHS) technology, and the 
core principle of this technology is to realize rapid 
heating-holding-cooling by high-power radiation in an 
inert atmosphere. Ultimately, the rapid and efficient 
sintering of materials is accomplished, which is a highly 
universal sintering process. The principle of UHS is 
shown in Fig. 16 [239]. The carbon felt and carbon paper 
generate a large amount of Joule heat under the action 
of electric current, so that the whole sintering system 
can reach a high temperature (up to 3000 °C under an 
inert gas environment) in a short time and realize rapid 

sintering of ceramic green bodies through radiation and 
heat conduction. Compared with the traditional hot press 
sintering method, UHS has the characteristics of uniform 
temperature distribution, fast heating/cooling speed, and 
high sintering temperature. The shortest sintering process 
can be shortened to 10 s, and the efficiency is much 
higher than the traditional hot press sintering process 
[240].

Ultrafast high-temperature sintering technology has 
been applied to the research of rapid densification 
of high-entropy ceramics. Spiridigliozzis et al. [241] 
successfully prepared high-entropy fluorite oxide ceramics  
Ce0.2Zr0.2Y0.2Gd0.2La0.2O2-δ by UHS technique and 
investigated the effects of current and sintering time on 
high-entropy ceramics. The results showed that when the 
current was 20 A, the samples were hardly sintered and 
the relative density was only 70%; when the maximum 
current was 25 A, ceramic blocks with high relative 
density could be obtained regardless of the sintering 
time (10 s, 20 s, and 60 s). In addition, they compared 
with the samples sintered by the traditional solid-state 
sintering, and found that the grains of the UHS samples 
were finer, with an average grain size of only 347 nm, 
and the samples obtained by the solid-state method had 
more serious grain coarsening, with an average grain 
size of 10 μm.

Ye et al. [242] prepared (La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Hf2O7 
ceramics by UHS technique and characterized 
their hardness and high-temperature stability. They 
homogeneously mixed the original oxide powders and 
pressed them into circular green bodies, which were 
later placed in the middle of a carbon felt. To uniformly 
distribute the heat in the samples, the heating program 
was set as a staged heating, with the current reaching 
20 A, 30 A, 40 A, and 50 A for 20 s, 20 s, 20 s, and 
150 s, respectively. The final high-entropy ceramics 
were prepared with a micro-hardness of 1089 HV0.3 and 
very low thermal conductivity (0.93 W·m-1·K-1). On this 
basis, Ye et al. [243] prepared defective fluorite high-
entropy ceramics (Y0.2Dy0.2Er0.2Tm0.2Yb0.2)4Hf3O12 by a 
step-up heating method, and the samples were sintered 
at a current of 52 A for 150 s. The final high-entropy 
ceramics obtained had a high coefficient of thermal 

Fig. 15. Schematic of the microwave sintering furnace [236].

Fig. 16. Schematic illustration of the UHS apparatus [239].
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expansion (11.23×10-6 K-1), low thermal conductivity 
(0.94 W·m-1·K-1, 1300 ℃), and a low grain growth rate 
(0.088-0.096 μm·h-1, 1500 ℃).

Guo et al. [244] prepared three oxide ceramics, 
Al2O3, La2Zr2O7, and (La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7, 
by UHS technique (Fig. 17). The high-entropy powders 
were synthesized by solution combustion method and 
then pressed into blanks and subjected to ultrafast 
high-temperature sintering at 1600 °C for 30 s. The 
relative density of the final samples was about 99%. In 
contrast, the relative density of the solid-state sintering 
sample obtained by pressureless sintering at the same 
temperature for 6 h was only 95%, which was lower 
than that of the UHS sample. To investigate the 
mechanism of the electrical and thermal effects on the 
rapid densification during the sintering process of UHS, 
they prepared (La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 coated 
with BN nanopowder on the surface using the same 
sintering process, and the samples also had very high 
relative densities (99%), which proved that the thermal 
effect plays a dominant role in the process of rapid 
densification. However, the high entropy ceramic sintered 
bodies isolated from electrical effects differ from pure 
(La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 in fracture morphology, 
with the former fracturing along the grain and the latter 
through the grain with higher grain boundary strength, 
which proved that the electrical effect is favorable to 
increase the grain boundary strength of sintered blocks.

Xie et al. [245] combined UHS with liquid phase-
assisted sintering to prepare high-entropy boride ceramics.  
A mixture of (Ti0.2Ta0.2Mo0.2W0.2Zr0.2)B2 and B4C was 
rapidly heated up to 3000 K and held for 2 min, and 
it was found that a eutectic liquid was formed at the 
interface between high-entropy ceramics and boron 
carbide, and this eutectic liquid was able to fill the 
intergranular gaps and form ZrB12 distributed along the 

crystals. When the sintering temperature was 2400 K, the 
sintering driving force of surface energy reduction was 
very small, the sintered bodies contained more pores, and 
only a small amount of eutectic liquid formation, so it was 
necessary to extend the heat treatment time to complete 
the densification; When the sintering temperature was 
3000 K, the (Ti0.2Ta0.2Mo0.2W0.2Zr0.2)B2 still remained 
solid-state, the amount of eutectic liquid generation 
was moderate, and the samples were able to complete 
the sintering within a short time; When the sintering 
temperature rose to 3300 K, the (Ti0.2Ta0.2Mo0.2W0.2Zr0.2)
B2 ceramic started to melt, and the sample could not 
maintain its original state. In summary, 3000 K was a 
more suitable temperature, and the high-entropy boride 
composites prepared by UHS had high hardness, with 
a Vickers hardness of 36.4 GPa (load 0.49 N), which 
was much higher than that of the pure high-entropy 
boride without B4C and ZrB12. It was demonstrated 
that the liquid phase-assisted ultrahigh-temperature 
sintering technique contributed to the densification of 
the composites.

Conclusion and Prospect

As a novel ceramic material system, high-entropy 
ceramics are characterized by a complex composition, 
a large research system, a unique entropy effect, and 
modifiable material properties. This paper describes 
and analyzes the research progress of the application 
of advanced synthesis and sintering technologies in the 
preparation of high-entropy ceramics. In the process of 
synthesizing high-entropy ceramic powders, factors such 
as synthesis process, material composition, particle size 
distribution, and type of additives need to be considered. 
The production of high-quality ceramic powder needs to be 
through strict process control and raw material selection, 
for any structure and composition of ceramic powder, the 
preparation process is the basis of ceramic performance, 
the performance of the final ceramic product has a 
decisive impact, and high-performance ceramic powders 
and slurries prepared with the upgrading of process 
equipment is inseparable. At present, high-performance 
high-entropy ceramics require the raw powder with high 
purity, fine particle size, narrow particle size distribution, 
and stable properties. Among the existing industrialized 
production processes, ball milling and solid-state reaction 
methods are characterized by abundant raw materials and 
simple processes, but the main drawbacks of the two 
methods are incomplete conversion of raw materials, 
large powder particle size, and wide distribution. 
Therefore, the development of new powder synthesis 
technology to shorten the process flow, improve the 
feasibility of industrialized production and obtain ideal 
powder samples has become the development goal of 
high-entropy ceramic powder synthesis technology. In 
the sintering of high-entropy ceramics, the traditional 
sintering technology has the disadvantages of long 

Fig. 17. Relative density versus temperature for a variety of 
ceramics prepared by UHS (dwelling time ≤ 30 s; heating and 
cooling rates: 500-1000 °C/min, depending on the thermal 
conductivity of ceramics) [244].
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sintering time, high sintering temperature, difficulty in 
making high-entropy ceramics dense, and coarse grains 
of sintered samples, which hinder the application and 
research of high-entropy ceramic materials. Therefore, 
the development of new sintering technology to shorten 
the sintering time, reduce the sintering temperature, and 
optimize the thermomechanical properties of the sintered 
samples has become the development goal of high-
entropy ceramic sintering technology. It has been shown 
that advanced sintering technology is an important way 
to obtain high-entropy ceramics with excellent properties. 
Among them, advanced sintering technologies such as 
spark plasma sintering, flash sintering, and ultrafast 
high-temperature sintering have great potential in the 
preparation of high-entropy ceramics and have obvious 
advantages in enhancing the properties of high-entropy 
ceramics such as relative density, fracture toughness 
and hardness. Although the powder synthesis and the 
sintering technology of high-entropy ceramics have 
made certain research progress, the relevant direction 
is still worthy of in-depth exploration, which can be 
considered from the following aspects:

The current research and development of high-entropy 
ceramics has been from the original tendency to single-
phase and high-purity features to the direction of multi-
phase composite development, the main purpose of the 
composite is to give full play to the ceramic material's 
high hardness, high temperature, corrosion resistance, 
and improve the toughness. Among them, the multi-
phase toughened high-entropy ceramic is achieved by 
introducing a second-phase ceramic with ferroelasticity 
into the original ceramic phase. When the introduced 
second-phase material has a high Curie temperature, the 
toughening of high-entropy ceramics can be realized 
at high temperatures. Therefore, it is crucial to study 
the synthesis process of complex-phase high-entropy 
ceramic powders to explore the distribution behavior of 
different phases as well as the toughening mode.

Combining a single new sintering technology with 
other sintering technologies, such as through the two-
step sintering method to obtain a dense block at the 
same time can effectively inhibit grain coarsening 
and improve the mechanical properties of the sample. 
Currently, there are relevant studies on two-step spark 
plasma sintering and two-step flash sintering. Combining 
two-step sintering with new sintering technology not 
only retains the advantages of new sintering technology 
such as high efficiency and low energy consumption, 
but also can realize grain refinement and further improve 
the performance of ceramic materials. In the future, the 
research and application of sintering technology should 
pay attention to the combination of multiple sintering 
technologies, give full play to the advantages of 
traditional sintering technology and advanced sintering 
technology, and promote the research and development 
of materials.

Development of nanoscale high-entropy ceramic 

powders with grain size, grain boundary width, second-
phase distribution, pore size, and defect size controlled 
on the nanometer scale. Due to the grain refinement 
contributes to the inter-grain slip and makes the ceramics 
superplastic, so the grain refinement can improve the 
original properties of ceramics. The development of 
nanoceramics is an important trend in the current 
ceramic research and development, which will prompt 
the research of ceramic materials from process to theory, 
from performance to application are upgrade to a new 
stage.
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