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Introduction

One of the fundamental and practically oriented tasks of solid-state physics and phys-
ical materials science is the development of physical bases of creating new metal-
lurgical materials with a complex of necessary physico-mechanical and operational
properties and technologies of their production. As it is known, mechanical proper-
ties of materials depend essentially on their chemical composition and characteristic
features of the structural state, such as type, grain size, form of their boundaries,
grade, quantity and distribution in size and volume of excessive phases, density and
type of dislocation substructure, etc.

Considerable improvement of complex of practical design, functional and techno-
logical parameters of alloys and intermetallics was connected with additional micro-
and macro-alloying (with the third, fourth, fifth, sixth elements), development of
special strengthening and plastifying technologies of both synthesis and subsequent
treatment of poly- and monocrystals, modification of their micro- and submicrocrys-
talline structures. At the beginning of the twenty-first century the papers on creating
and complex studying the new so-called high-entropy polymetallic alloys including
5–6 or more principal elements appeared.

In papers (Tong et al. 2005a, b; Chen et al. 2006; Li and Zhang 2009; Tsai et al.
2010; Braic et al. 2010; Huang and Yeh 2009; Hu et al. 2010; Lin et al. 2010; Dolique
et al. 2010; Zhang et al. 2010; Singh et al. 2011; Chen et al, 2005; Chuang et al.
2011; Lin and Tsai 2011; Liu et al. 2012; Manzoni et al. 2013; Li et al. 2013; Qiu
2013; Tariq et al. 2013; Daoud et al. 2013; Pradeep et al. 2013; Manzoni et al. 2013;
Hsu et al. 2005; Chen et al. 2006; Yeh et al. 2007; Hsu et al. 2007; Wang et al. 2007;
Tung et al. 2007; Wang et al. 2008), published in 2000–2015 years the results of
the studying the methods for manufacturing high-entropy alloys (HEA) of different
chemical composition, microstructure and properties are considered. It is necessary
to add the papers (Tsai et al. 2010; Wen et al. 2009; Strife and Passoja 1980; Ng
et al. 2012; Jones et al. 2014; Shun and Du 2009; Kao et al. 2009; Tsai et al. 2009;
Otto et al. 2013; Gludovatz et al. 2014; Mills 1997) in which the effect of thermal
and deformation treatment on the structure and mechanical properties of HEA alloys
were analysed. The original results obtained in the field of HEA prior to 2015 are
considered in detail in analytical reviews (Zhang et al. 2014; Cantor 2014; Miracle
and Senkov 2017; Zhang and Zhang 2018; Osintsev et al. 2021) where the HEA
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vi Introduction

thermodynamics is described, results of modelling of their structure are considered
and new variants of methods for obtaining the multi-component alloys are discussed.

The HEA studies have shown that it is possible to form in them nanodimen-
sional structures and even amorphous phases due to considerable distortions of lattice
caused by the difference in the atomic radii of substitution elements. In this case,
the rate of diffusion processes decreases, and as a result, the speed of crystal growth
reduces (Pogrebnyak et al. 2014).

Due to differences in dimensions of atoms of different metals the HEA crystal
lattice turns out to be heavily distorted, therefore the structure of such phases may
be considered as intermediate between stable crystal phases with relatively small
equilibrium concentration of defects, including impurity atoms, andmetastablemetal
glasses in which long-range order is completely absent.

By nowmore than 10,000 papers in Scopus andWeb of Science bases had already
been published. The share of publications on HEA amounts from 5% in Iran to
20–22% in China and the USA (Rogachev 2020). Such an exponential growth of
publications will not fail to raise the question: whether the HEA concept is just
another scientific fashion such as the ideas of individual dislocations of the last
century capable of explaining all the diversity of deformation behaviour of crystalline
materials.

By now there is no unambiguous answer to this question. It is connected with
the fact that direct comparison of data is difficult, due to differences in the type
and concentration of principal elements, the type and extent of thermo-mechanical
processing, and the temperature and duration of post-process thermal treatment
(George et al. 2020).

Practically all types of such alloys (structural, cryo- and heat resistant, corrosion-
resistant, thosewith specialmagnetic and electrical properties), aswell as compounds
(carbides, nitrides, oxides, borides, silicides), are being developed. In the majority of
cases, researchers succeed in manufacturing a single-phase high-entropy material or
multi-phase material consisting of a multi-component matrix and inclusions which
may result in dispersion hardening (Rogachev 2020).

Nowadays the process of accumulating and comprehending the results concerning
HEA production, their mechanical properties, microstructure, etc. goes on beginning
with classical alloys of Cantor CrMnFeCoNi and Senkov TiZrHfNbTa and finishing
by unique compositions with rare-earth elements. Estimation of HEA uniqueness
in comparison with traditional alloys is a crucial importance for the development
of different branches of industry. On the basis of the data available, there are good
reasons to consider that HEA’s rapid development will continue in the nearest future.
The major task of the present monograph is to analyse the latest results over the last
years according to the main sections: 1. Methods of HEA production; 2. Mechanical
properties and mechanisms of deformation; 3. Stability; 4. Prospects for application;
5. Possibilities of use of external energy effects for improving the HEA structural-
phase states and properties.

Precisely these sections are decisive, in our opinion, in estimating the perspectives
of the large-scale industrial introduction of high-entropy alloys into the industry.
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Chapter 1
Methods of Manufacturing
the High-Entropy Alloys

Abstract In this chapter, the most promising techniques of the manufacturing of
high entropy alloys are considered. Generally, methods could be divided bymanufac-
turing of powders and corresponding powdermetallurgy, casting techniques, coatings
deposition and additive manufacturing methods of the high-entropy alloys. All of the
mentioned methods are described in detail, both disadvantages and advantages are
given. Technologies are ranged by the quantity of the published articles over the
whole period up to December 2020. To determine the most popular manufacturing
methods and to process the high-entropy alloys, the analysis of a number of published
works was carried out, including papers, books and materials of conferences over the
whole period up to December 2020 inclusively. Statistical data were collected from
Scopus and Web of Science (WoS) databases, combined the most similar methods
and presented as histograms. Based on this analysis, it could be drawn that one of
the most widespread methods of obtaining bulk samples nowadays is vacuum arc
melting technology. Manufacturing the coatings is performed using laser deposition
in the majority of the presented works. The most widespread method of additive
manufacturing is selective laser melting. The Research is supported by the Russian
Science Foundation (project No. 20-19-00452).

The high-entropy alloys, as a new class of materials, appeared at the beginning of
twenty-first century. In the first investigations concerning the study of microstructure
and properties of high-entropy alloys (HEA), the induction and arc melting followed
by casting (Cantor et al. 2004; Yeh et al. 2004) were used as methods of production.
Later on, the number of methods increased, however, common to all remained that
the majority of them use powders as initial materials.

In the chapter the different technologies of manufacturing the high-entropy alloys
are considered, their characteristic features are presented as well as their advantages
and disadvantages are revealed. In order to determine the most popular methods of
manufacturing and processing the high-entropy alloys the analysis of the number of
published works was carried out including papers, books and materials of confer-
ences over the whole period up to December 2020, inclusively. Statistical data were
collected from Scopus andWeb of Science (WoS) databases, combinedwith themost
similar methods and presented as histograms.

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021
V.E.Gromovet al.,Structure andProperties ofHigh-EntropyAlloys,AdvancedStructured
Materials 107, https://doi.org/10.1007/978-3-030-78364-8_1

1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-78364-8_1&domain=pdf
https://doi.org/10.1007/978-3-030-78364-8_1

