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As a new type of alloy with high hardness, high heat resistance, strong corrosion resistance, high wear resistance and
fatigue resistance, high-entropy alloys are different from any existing traditional alloy. As a new alloy system, high-entropy
alloys have important research value and broad application prospects. Therefore, the design, preparation and application
of high-entropy alloys have become an important direction for the development of new materials.
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| 1. Introduction

As early as the end of the 18th century, Franz Karl Achard carried out experimental research on multicomponent alloys of
five to seven elements. The innovative work was not discovered and reported until 1963 by Professor Cyril Stanley Smith,
which is the earliest recorded study on high-entropy alloys. In 1993, Professor Cantor of Cambridge University first
expounded the concept of multiprincipal alloys . In the subsequent research work, Cantor @ also pointed out that the
traditional alloy design concept caused the lack of research on the alloy phase diagram. Under the traditional alloy design
concept, the research on the endpoint or edge region of the phase diagram has been greatly developed, while the large
area in the middle of the phase diagram is poorly understood, especially the phase diagram analysis of the alloy in the
presence of equal moles of several or more elements. As shown in Figure 1, there is a large degree of blank area in the
phase diagram of binary and ternary alloys. Therefore, it is necessary to expand and supplement the alloy phase diagram.
It is generally believed that there are two ways to achieve this goal. One is to increase the alloy element content on the
basis of traditional alloy design, and the other is to use an equal atom substitution method, that is, to replace individual
atoms in the component with other elements. Through the above two methods, a multicomponent alloy system with closer
composition can be obtained.
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Figure 1. Schematic diagram of ternary and quaternary alloy systems (3],

Around 1995, scholars represented by Professor Yeh have also carried out a lot of basic research on multiprincipal alloy
[IE] 1n 2004, Professor Yeh proposed the concept of the “high-entropy alloy” for the first time, which was expressed as:
an alloy composed of five or more elements mixed in a near-equal molar ratio, with each element content (atomic ratio)
greater than 5% and less than 35% [&l. On this basis, the research of multiprincipal alloys has been raised to a new height.
In 2016, Lim from Singapore mentioned in an article published in Nature journal that the advent of the “high-entropy alloy”
has created unprecedented broad prospects for the innovative development of materials metallurgy science, and provided
new ideas and opportunities for the research and development of special property materials that can be used under
extreme conditions and the upgrading and replacement of traditional materials €.

High-entropy alloys are alloys with high-entropy values. The initial definition of high-entropy alloys is based on the mixed
entropy of the alloy. In physics, entropy is a physical quantity that characterizes the degree of confusion of the system. In
general, the greater the number of microscopic states corresponding to a macroscopic system, the greater the entropy of
the system is.



According to the principle of Boltzmann statistical thermodynamics, the entropy of a system can be expressed by the
following equation:

S = kinwW

In the formula, S represents the entropy of the system, k is the Boltzmann constant, k = 1.38 x 1013 J.K™1, and W is the
thermodynamic probability, which represents the total number of microscopic states in the system. Since entropy is the
macroscopic property of the system and the thermodynamic probability has microscopic characteristics, this formula
organically combines the macroscopic and microscopic quantities of the system and lays the foundation of statistical
thermodynamics.

According to the hypothesis of Boltzmann on the relationship between entropy change and chaos degree, the mixing
entropy of n principal alloy systems can be expressed as

ASpix ==R3 XiInx;,

where AS,x is the mixing entropy, R is the molar gas constant, 8.314 J/(K-mol), and x; is the molar ratio of the i principal
element in the alloy system. When the principal element atoms in the alloy system are equal molar ratio, the maximum
mixing entropy is expressed as follows:

ASpix =RINN

| 2. Four Effects of High-Entropy Alloys
2.1. High-Entropy Effect

According to the classical thermodynamic theory, the relationship between Gibbs free energy G and enthalpy H, absolute
temperature T and entropy S can be expressed as follows:

G=H-TS
For a certain alloy system, the Gibbs free energy of the system before and after mixing changes as follows:
AGpjx = AHpijx = TASpjx

Here, AG,x is the variation of Gibbs free energy and AH,;, and AS,,x represent the mixing enthalpy and mixing entropy of
the alloy system, respectively. The mixing entropy and mixing enthalpy are competitive with each other. The Gibbs free
energy will descend with the decrease in mixing enthalpy and the increase in mixing entropy. High-entropy alloys are
more likely to form simple solid solutions due to their high mixing entropy. The schematic diagram of the formation of solid
solution promoted by high-entropy effect is shown in Figure 2.
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Figure 2. Schematic diagram of the formation of solid solution promoted by high-entropy effect.

The high-entropy effect of high-entropy alloys has been confirmed in many aspects [AEBIRILOLLNAZMAS] The influence of
high-entropy effect on the phase structure of high-entropy alloys is more intuitive. It can be seen from Figure 3 that the
phases in quinary, senary, and septenary alloys remain rather simple. The major phases have simple structures such as
BCC and FCC.
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Figure 3. The effect of component increase on the XRD pattern of the alloy 141,
3.2. Lattice Distortion Effect

The high-entropy alloys can easily form a disordered solid solution because of the high-entropy effect, as shown in Figure
4. The atoms in the solid solution are randomly distributed. Each atom may be surrounded by different atoms. Each
principal element will be different because of the structural characteristics. These differences will inevitably cause a
certain degree of deviation in the lattice atom. Then, the lattice distortion is generated. This characteristic is called lattice
distortion effect, which will have a remarkable impact on the microstructure and properties of high-entropy alloys.

(a) (b)

Figure 4. Schematic diagram of the lattice distortion effect. (a) BBC no lattice distortion, one component alloy; (b) BBC
servere lattice distortion, five component alloy.

The lattice distortion can enlarge the X-ray scattering and reduce the diffraction peak intensity. When the atoms with
different properties randomly occupy the crystal lattice position, the X-ray is scattered due to the serious distortion of each
diffraction surface. Professor Yeh 13 studied the decrease in X-ray diffraction peak intensity in alloy systems in 2007. The
results are shown in Figure 5. The intensity of the diffraction peak decreases with the enlargement of the number of
alloying elements in high-entropy alloys. The degree of reduction is much larger than that of the thermal effect, which
means that the internal lattice distortion of the alloy has an important effect on the change of X-ray diffraction peak
intensity.
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Figure 5. Schematic view of lattice distortion effect on Bragg diffraction: (a) a perfect lattice with the same atoms;(b)
distorted lattices of solid solutions composed of different atoms; (c) temperature and distortion effects on the XRD
intensity (131,

The serious lattice distortion will increase the scattering of electrons and phonons, which will reduce the electrical
conductivity and thermal conductivity of the alloy. Research shows that the electrical conductivity and thermal conductivity
of the alloy decrease with the increase in aluminum content, and are lower than pure aluminum 28!, |t can be seen that the
slope of the curve of the high-entropy alloys has a small positive value, while the slope of the curve of pure aluminum has
a large negative value from Figure 6.
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Figure 6. The curves of thermal diffusivity of pure aluminum and high-entropy alloys with temperature change (181,

2.3. Sluggish Diffusion Effect

Diffusion is the phenomenon that occurs when atoms migrate away from their original position, and the macroscopic flow
of material is caused. In the process of phase transition, the formation of a new phase usually requires the cooperative
diffusion of many atoms. In the liquid state, the principal elements of the high-entropy alloys are disordered due to the
high-entropy effect. In the cooling process, the diffusion of the high-entropy alloys involves the diffusion and redistribution
of the principal element atoms. The nucleation and growth of the new phase are inhibited. It can be called the sluggish
diffusion effect in kinetics of the high-entropy alloys.

Yeh et al. 4 selected the alloy system with a single-phase face-centered cubic structure as the research object to
analyze the diffusion coefficient. As shown in Figure 7, the diffusion coefficients of the five elements in high-entropy alloys
are significantly smaller than those in traditional alloys.
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Figure 7. The relationship between the diffusion coefficient of different materials and the temperature change 4.

The sluggish diffusion effect not only promotes the formation of supersaturated solid solution and the precipitation of
nanophase, but also has a beneficial effect on the comprehensive properties of high-entropy alloys [L8I[19[20]21][22][23]
These beneficial effects include slowing down the phase transition rate, increasing the recrystallization temperature of the
alloy, inhibiting the nucleation and growth of crystal grains, improving creep properties, etc. Therefore, the sluggish
diffusion effect in kinetics is beneficial to control the properties of high-entropy alloys.

2.4. Cocktail Effect

The cocktail effect was firstly proposed by Professor Ranganthan 24, as shown in Figure 8. It shows that the
microstructure and properties of high-entropy alloys are determined by the various elements added, and the performance
can be greatly changed by adjusting the principal component composition. Reference 7 shows that the strength of the
Al,CoCrFeNiCu alloy increases with the increase in Al content, as shown in Figure 9. The phase structure of the alloy
changed from FCC structure to FCC + BCC structure, and then to BCC structure. In addition, some experiments have
shown that the addition of an aluminum element can reduce the density of high-entropy alloys 22, If some refractory
elements are added, the high-temperature properties can be enhanced 28, |n the alloy system, the effect of Cu
contributes to the formation of an L1,((Ni, Cu)sAl) phase &l It may be possible to obtain an unforeseeable high

performance using the cocktail effect.



Figure 8. Schematic diagram of cocktail effect.
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Figure 9. Comparison of hardness and lattice constant of alloy system [,
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