
  

     

 

 
 

       
  

Chapter  1 
Introduction 
 



  

1.1 .   Brief history of materials design 

 

Growing environmental concerns, continuous depletion of fossil fuel reserves and changing 

geo-political scenario has incentivized the search for new energy resources and 

technologies [1-5]. It has been well understood that future sustainable and green energy 

revolutions will be driven by the innovations of materials [4-7]. Modern day civilization 

relies heavily on the production and processing of numerous materials at very large scales 

for a plethora of applications. This includes bulk production of innumerable kinds of 

materials for manufacturing familiar daily life objects to components for critical 

engineering applications [8,9]. India alone produces over 100 MT of crude steel every year 

for its use in construction, automobile and allied industries, whereas Taiwan on its own 

produces more than 15 million semiconductor wafer microchips per year for application in 

the fields of physical and biological sciences, sports and entertainment alike [10,11]. 

Interestingly, our ancestors from prehistoric times too depended on various materials, 

however on a much more modest scale. Weapons, tools, ornaments and artworks were 

forged from simple materials which would help in protecting themselves (survival of the 

fittest) while at the same time hunt effectively and migrate efficiently. A schematic 

representing the chronological evolution of materials along with the human race is 

presented in Figure 1.1. Since time immemorial, stone and wood were extensively used to 

perform miraculous things of the time, lighting fire and making wheels. After a few 

thousand centuries of stone age and crudities of our neolithic ancestors, the chalcolithic 

period saw man using native metals like copper, tin, lead and arsenic for the first time [12]. 

In this era of early metallurgists, people quickly realized how to extract metals from their 

relatively pure naturally occurring mineral ores and once extracted they could be hardened 

by repeated hammering (forging). Gold and silver also caught attention due to their luster 

but were too soft to be used in anything apart from ornamentation and craft. However, the 



  

importance of gold as a precious metal led to the dishonest mixing of other elements in 

small quantities and thus the art of alloying was brewed for the first time. This led to the 

explosion from copper age to bronze age. People soon realized that alloying makes a 

material stronger and easier to cast into various shapes than their monolithic counterparts. 

Alloying, which started as an accidental malpractice ~5000 years ago, soon became a 

quintessential practice and continues to thrive to this day [13]. The historical milestone of 

the industrial revolution and renaissance in many parts of the world may directly be 

attributed to the age-old cumulative understanding of metallurgy and materials, which then 

started to bloom as a young subject of science [14]. It is now one of the most fascinating 

interdisciplinary branches of science today. Thus, metallurgy and materials knowledge 

evolved from rudimentary art to state-of-the-art science over thousands of years, with 

incremental progress until recently. Current advances in science and technology have 

brought us at the forefronts of materials exploration [4-9].  

 
Figure 1.1: Schematic representing the long arduous journey of pre-historic humans in 
relationship with materials, which in turn holds huge promise for the future.    



  

Materials design encompasses a broad knowledge-based approach in discovering and/or 

synthesizing materials with a desired combination of properties. Traditionally, there was 

no well laid principle to arrive at a particular composition with a specific structure and 

specific set of properties. Empiricism-based heuristic approach has led traditional 

metallurgists to design alloys/materials for various applications. This approach demands 

observing a large number of material systems so as to decipher underlying patterns and it 

-driven trial-

and-error and serendipity [15,16]. Hume-Rothery rules for solid-solution formation, 

, Pettifor structure maps for synthesis of intermetallic 

compounds materials are some of the notable 

achievements of the age-old heuristic approach [17-20]. However, this approach is not 

being able to keep pace with the modern-day scenario where there is an ever-increasing 

demand for materials. In the field of engineering alone, more than 1000 different types of 

metallic alloys are being used daily [21]. Regardless, this is a miniscule fraction of the 

possible number of alloys that can be synthesized [22]. In this context, inverse-heuristic 

approach is gaining momentum with the advent of data mining and machine learning. The 

new-

several descriptors namely atomic identity, chemistry and structure (ACS) as input 

parameters to ensue specific material output properties. However, with the advancement in 

computational prowess, a contrary approach where the desired target properties are used as 

an input to determine the ACS which in turn can reveal the material composition space, is 

-heuristic design philosophy 

[23,24] -fashioned heuristic approach is irreplaceable, although 

clubbed with data mining, modelling and simulation is bound to make newer materials 

exploration more exciting. A brief review of materials design philosophy over the last 



  

century and a paradigm shift in it are presented in this chapter. The chapter culminates with 

identifying the scientific bottlenecks in the field thus far and formulate problem statements 

which shall serve as the objectives of the thesis. 

 

1.2. Metallic alloys and compounds 

1.2.1. Traditional multicomponent alloys 

The early 19th century witnessed the birth of inductive reasoning and observation-based 

empiricism and its father is widely regarded as Francis Bacon. Soon, most of the demand 

for robust alloys were propelled by core manufacturing industries of automobile, electrical 

and construction sectors [14]. Development of grain-oriented texture in Fe-Si alloy, along 

with other minor alloying elements, by controlled heat-treatment schedule for transformer 

core laminations was one of the first concise alloy design strategies to be adopted 

successfully at industrial scales [25]. In this context, seminal works of Sorby (birth of 

metallography), Matthiessen (conductivity in alloys), Bozorth (Invar), Barrett (silicon-

iron), Seebeck (thermoelectricity), Graham and Sieverts (gas occlusions in metals), Zackay 

(TRIP steel), Bauschinger (deformation of metals), Buerger (deformation micromechanics) 

are worth mentioning [15]. The discovery of x-rays by Roentgen during beginning of the 

20th century followed by the invention of Transmission Electron Microscope by Ruska and 

Knolls shortly after, completely transformed the dimensions of the subject [26,27]. This 

led eminent scientists such as Bragg and Bragg, Von Laue, Ewald, Otto Müller and others 

to directly investigate the microstructure at unprecedented resolution and indirectly explore 

the crystal structure of crystalline materials [28,29]. On top of that, seminal works on 

equilibrium constitutional diagrams for binary alloys during this period made alloy design 

a very conscious strategy for several varied applications [30]. In this regard, the traditional 

alloys were mainly composed of one element (in principal amount) alloyed with several 



  

elements in non-

X-based alloys (X: element in principal amount). A list of note-worthy dilute alloys is 

mentioned in Figure 1.2. along with their rough timeline of development. 

 

 

Figure 1.2: Broad categorization of profound engineering materials based on their alloy 
design strategy and their estimated timeline of evolution during the last two centuries. 
 
 
The most notable dilute alloy is steel with 40-85 wt% Fe, 0.08-2 wt% C and balance other 

alloying elements, which in itself is a broad subject of study owing to its versatility, 

diversity and relevancy even to this day [31-33]. A typical microstructure of steel usually 

consists of multiple phases predicted by Gibbs phase rule from Fe-Cequivalent constitution 



  

diagram (in case of near equilibrium processing) or from TTT/CCT diagrams (for non-

equilibrium processing). It then becomes possible to engineer the second phase(s) in terms 

of shape, size, distribution, volume fraction to achieve strength-ductility tradeoff, a 

common performance barrier well-documented in steel literature [34]. Expanding to non-

ferrous alloys, it was systematically reported that several multi-phase dilute alloys often 

yield good combination of properties while many do not. The Ni-based superalloy may be 

c  dual-phase microstructure with shape-controlled 

ordered domains within the matrix phase provides excellent properties even at elevated 

temperatures [35,36]. Additionally, Ti-6Al-4V is an ( -Ti alloy and is commonly 

regarded as Ti-superalloy [37]. On the other hand h -Ti alloys suffer from 

poor combination of properties due to -phase transformation products [38,39]. It is 

because of the heavy mismatch of active slip systems in the BCC -Ti when 

compared to hexagonal (complete-collapse) or trigonal (partially-  nano-

domains, that crack generation and propagation gets favoured along the interphase 

interfaces, causing embrittlement and premature failure of structural components [40,41]. 

A quintessential strategy in alloy development, after a general composition is ball-parked, 

is to seek explanations to fundamental root causes of failure or poor performance and how 

to favourably engineer them. This helps to develop better structure-property-performance 

co-relationships and strategies to make existing alloys better. Hence tremendous efforts 

have been put over several decades in the areas of material processing and heat-treatment 

induced strengthening mechanisms so as to improve the performance of the existing dilute 

alloys [31-41].     

During this period, Hume-Rothery postulated few empirical rules for extensive solid-

solubility considering the atomic size, electronegativity and crystal structure of individual 

elements, which is useful to this day [42]. These rules could predict, barring a few 



  

exceptions, simple isomorphous (complete miscibility across entire composition range) 

systems from that of limited solubility systems coupled with one or more invariant 

reactions. This qualitative approach in tandem with thermodynamic descriptors and 

advanced metallographic techniques of the time proved to be a great combination in 

designing and processing newer alloys of both ferrous and non-ferrous nature with huge 

success [43,44].  

1.2.2. Bulk metallic glasses 



  

 

 

 



  

 

 



  

 

 

 

 

 



  

 

1.3. High entropy oxides 

This class of materials were conceived following the lines of high entropy alloys by Maria 

and Rost in 2015 [78]. The model high entropy oxide (HEO) system is the equimolar 

mixture of Co+2, Cu+2, Mg+2, Ni+2 and Zn+2 which forms a phase-pure solid-solution phase 

with the cubic rocksalt (MO) structure. Their work demonstrated entropic reversibility i.e. 

transformation of multi-phase to single-phase above a threshold sintering temperature and 

back to multi-phase on lowering the temperature [78,79]. This was achieved by in-situ 

heating XRD experiment. STEM-EDS too revealed random distribution of cations in the 

ordered oxygen sub-lattice ion columns. These observations convinced the scientific 

community to promote this particular composition of HEO as entropy stabilized oxide 

(ESO) with homogeneous single-phase structure, which is a subset of HEO and in turn of 

multiprincipal materials. This has been depicted in Figure 1.5. With the discovery of high 

entropy oxide, a host of several classes of high entropy oxides based on different crystal 

structures evolved. A comprehensive list is shown in Figure 1.6, which is far from 

exhaustive since novel oxides are continuously being synthesized [80-82].  



  

Although the material design premise of HEOs is an extension to the principles of HEAs, 

there are certain fundamental distinctions between the two. A HEO has two separate 

sublattices for cation and anion compared to a single lattice framework for HEA [78]. 

However, that is just one scenario. 

 

 

 

 

 



  

They can have multiple sublattices for either cation or anion or both and substitution may 

occur in either of them, which makes calculation of configurational entropy of the system 

much more robust.  

In addition, any ceramic system is governed majorly by ionic bonding in contrast to metallic 

bonding in HEAs. This makes such systems sensitive to environment and processing 

conditions in order to sustain their defect equilibria and net charge neutrality. Despite 

challenges, empirical criteria for formation of ESOs highlight the importance of similar 

cationic radii at specific oxidation state and coordination number, along with non-

isostructuralism in at least one precursor oxide coupled with immiscibility in at least one 

pair of constituent binary oxides [78,83]. It is further believed that in HEOs, the presence 

of ordered anion-sublattice accommodates the non-stoichiometry and possible defect 

structure in the cation-sublattice during processing. This helps to preserve the complete 

disorder in the multi-cationic sublattice, allowing the formation of a homogeneous single-

phase solid-solution [78-84]. 

1.3.1.   Thermodynamics 



  



  

 



  

 

 

 

1.3.2.   Structure 



  

 

 

 

 

 

 



  

 

 

 

 

 



  

 



  

 

 

 

 

 



  

 

1.3.3.   Properties 

1.3.3.1. Mechanical properties 

 



  

 



  

 

1.3.4.   Fields of application 

The field of high entropy ceramics (HECs) blossomed since the first ever reported HEO in 

2015 [78,80]. They mainly caught attention of researchers because of their remarkable 

properties, apart from debatable schools of thought so far their phase formation, stability 

and microstructural evolution is concerned [81, 85-87]. Focusing on the properties, HEOs 

have been reported to be promising candidates in various fields of application, an overall 

schematic of which is given in Figure 1.11. Understanding and engineering charge transport 

mechanisms in HEOs offer promising avenues for exploring enhanced properties, 

especially as electrode material for secondary-ion batteries and fuel cells [112-114]. 

 

 

 



  

HEOs have already become promising candidates as anode material, cathode material as 

well as solid-state electrolyte for Li-ion batteries [119,120]. Soon after the first HEO was 

successfully synthesized, Berardan and coworkers reported room temperature superionic 

conductivity of Li-ions (> 10-3 S/cm) and fast mobility of Na-ions (> 10-6 S/cm) in 

(MgCoNiCuZn)1-x-yGayAx (where A=Li, Na, K) HEO, significantly exceeding the 

generally used lithium phosphorous oxy-nitride solid-state electrolyte [117]. They also 

reported colossal dielectric constant for doped rocksalt-based HEOs, which have the 

potential to serve as high-k dielectric materials [116]. 

 



  

 

 

 

 



  

 

 Systematic partial substitution of one or more cationic species with other ones is 

theoretically known to keep the configurational entropy of the whole equimolar mixture 

intact [72]. However, this simple logical assumption has been debunked in the recent 

past in HEA literature [75-77]. Thorough investigations with a clear understanding in 

this regard is yet to be realized in HEOs and it has been taken up in this research. 

 In principle, HEOs should crystallize in a single-phase with random and homogeneous 

distribution of ions across all length scales [78]. However, that is perhaps not the 

scenario. The initial goal of the current research has been to synthesize and characterize 

equimolar binary, ternary, quaternary derivatives of the equimolar quinary rocksalt and 

spinel HEOs (CoCuMgNiZn)O and (CoCrFeMnNi)3O4 respectively by systematic 

partial substitution. The random distribution of multiple cations forming simple solid-

solution phase with rocksalt or spinel structure has been explored throughout this thesis, 

in an attempt to understand the mechanism behind the entropic stabilization in HEOs. 

 Thermodynamic stability of HEOs has been a pressing issue since its inception and it 

has hardly been tackled in literature [85,86]. The consequences of prolonged heat 

treatments on the phase stability and microstructural evolution in various 

multicomponent oxides have been examined through systematic diffraction, electron 

microscopy and spectroscopy experiments. In this regard, XRD, SEM-SE/BSE imaging, 

SEM-XEDS analytical mapping, TEM imaging and SAED techniques have been 

exhaustively utilized.   

 Another primary objective behind carrying out the current research revolves around the 

manifestation of lattice strain due to geometric frustration in both the sub-lattices in 

HEOs. Additionally, the effect of volumetric strain due to competition between multiple 

cations with non-ideal interactions among them has been explored. There is also a 



  

possibility of interfacial strain build-up due to local structural modulation or intergrowth 

of correlated second phases, which too has been investigated throughout this research 

work. 

 Presence of secondary phase(s), evolution of defect microstructure, chemical or 

structural modulation at sub-micron length scales and diffusion-assisted reconstructive 

phase transformations have been thought of in HEO literature [91,92]. However, direct 

evidences for such schools of thought are scarce. It has been carefully examined 

throughout the research work carried out in this thesis. 

 HEOs have been reported to outperform its monolithic counterparts by leaps and bounds 

in several applications so far [112]. The enhanced properties are often attributed to the 

synergistic effect arising out of high configurational entropy [113,114]. However, a 

sound picture of structure-property correlation is missing. The research work in this 

thesis explores the catalytic activities of several multicomponent oxides for efficient 

evolution of oxygen and hydrogen from electrochemical water-splitting experiments. 

The properties have been correlated with the crystal structure, its deviation from ideality, 

relative phase fractions and segregation of redox active species. 

 

been adopted throughout this thesis. It is schematically represented in Figure 1.12. 

Synthesis and processing of various MCOs/ESOs/HEOs have been characterized at the 

microstructural and crystal structure length scales, and a correlation is established with 

the obtained properties. Modeling and simulation techniques have also been employed 

to validate the experimental findings.  



  

 

Figure 1.12: Materials tetrahedron describing the correlative interconnection between 
processing and properties via characterization and computation after a suitable 
composition is identified. This approach has been followed throughout the thesis and 
implemented on several multicomponent oxides. 
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