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
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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].
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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.
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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
heavily relies on the researcher’s experience, grasp over the subject, intuition-driven trial-
and-error and serendipity [15,16]. Hume-Rothery rules for solid-solution formation,
Inoue’s criteria for glass formation, Pettifor structure maps for synthesis of intermetallic
compounds and Pauling’s rules for formation of ionic 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-age materials design adopts a forward or “function follows form™ approach. It involves
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
being explored. This is the “form follows function™ inverse-heuristic design philosophy
[23,24]. In the author’s opinion, old-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
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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 19" 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
20" 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 Miiller 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
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elements in non-major proportions. They were commonly referred to as “dilute alloys™ or
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.
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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
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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
cited as one such example where the y/y 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 (a+p)-Ti alloy and is commonly
regarded as Ti-superalloy [37]. On the other hand however, most -Ti alloys suffer from
poor combination of properties due to w-phase transformation products [38,39]. It is
because of the heavy mismatch of active slip systems in the BCC matrix of f-Ti when
compared to hexagonal (complete-collapse) or trigonal (partially-collapse) ® 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
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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

Turnbull and Duwez demonstrated for the first time a rapid solidification technique which
was able to produce cooling rates as high as 10° K/second in their seminal work during late
1950°s [45,46]. The first liquid alloy to be vitrified by cooling from the molten state was
Au-Si alloy [47]. Decades after this discovery, dozens of ferrous and non-ferrous alloy
systems were found to form glasses over a wide range of composition [46]. There is usually
no recalescence process associated with glass formation and thus it is categorized as a 2"-
order phase transformation under Landau scheme of phase transitions. The characteristic
microstructural feature is the amorphous structure of the alloy with electron diffraction
revealing diffuse-ring pattern [48-50]. Amorphization of an alloy essentially involves the
kinetic suppression of nucleation and growth from its undercooled melt. Initially, the glassy
state was understood from Kauzmann’s paradox of undercooling [51]. It depicts a scenario
where the entropy of molten liquid (above the melting point) when extrapolated backwards
under the action of undercooling, becomes lower than the entropy of the solid phase of the
same composition, which is absurd. To avoid this absurdity, the system chooses to be in a
glassy-state without crystallizing. However, such high cooling rates posed a practical
difficulty in the dimensions of the rapidly cooled alloy, often restricting specimen geometry
to thin foils, ribbons or powder [47]. Metallurgists of the time started dreaming of newer

alloys that could form glasses at much lower cooling rates like their silicate glass
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counterpart, which would realize their production in bulk form as well as in bulk quantities.
After almost thirty years of research in the field of metallic glasses, pioneering work by
Inoue during late 1980°s and Johnson a decade later, catapulted the emerging field to new
heights and bulk metallic glasses (BMG’s) were born [52,53]. A number of La-, Mg-, Zr-,
Ti-, Pd-, Fe-, Al-, and Ni-bearing glass formers were identified which could be vitrified
with cooling rates as low as 0.1 K/second [53-55]. They could also be cast into 12mm
diameter rods [55]. This development directly extended the opportunity to understand long-
standing problems in solidification science and the structure of the liquid phase of the
alloys. Extensive research in BMG’s often captured precipitation of nano
crystals/quasicrystals upon cooling, establishing a link with possible short-range order
(SRO) in the liquid state, which is proven to be a statement of fact with advancement of

electron microscopy [56-59].

Several empirical criteria for formation of BMG’s were proposed by Inoue which later
became synonymous with inverse Hume-Rothery criteria for solid-solution formation [49].
Inoue argued that multicomponent alloys with large atomic radii mismatch between
constituent elements and highly negative heats of mixing between each pair of binaries
should favour glass formation [52]. This is why constitution diagrams with deep eutectics
and intermetallics are prone to glass formation [53-55]. It is envisaged that geometric
frustration in the lattice, if allowed to exceed beyond a certain threshold can structurally

destabilize the lattice from crystallizing and hence solidify in a glassy-state.

1.2.3. Multiprincipal elemental alloys

High entropy alloys (HEAs) were brought into existence by innovative thinking coupled
with a dash of serendipity by Cantor and Yeh, independently during 2004-05 [60,61]. They

argued in favour of little or no data on ternary, quaternary, quinary and subsequent higher-
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order constitution diagrams which has confined traditional metallurgists to explore alloys
based on one or two components in principal amounts only. Although this approach has
enriched the database of alloys pertaining to the corners/edges of the binary and to some
extent ternary constitution diagrams, it also has led to the center composition-space of

higher-order equilibrium diagrams practically unexplored [60].

In binary or ternary dilute alloys, physical metallurgists are primarily concerned about
solid-solution phases and invariant reaction products at the terminal ends of the diagram.
This is usually because of the formation of hard and brittle topologically packed
intermetallic and vacancy-ordered phase(s) at the centers of the phase diagram, most
prominent example being the Al-Ni phase diagram [62,63]. Linearly extrapolating the
argument to the center composition-space of higher order systems, predict several
secondary phases in accordance to the Gibbs phase rule. However, it is counterintuitive to
find one or two simple solid-solution phase(s) when a large number of elements (>5) are
mixed in principal (equiatomic or near-equiatomic) amounts [61]. This has been coined as
the “High Entropy” effect which constitutes one of the four core effects in concentrated
alloys, apart from “sluggish diffusion™, “lattice distortion” and “cocktail effect” which are
well documented in literature [64-67]. The birth of such concentrated alloys of 5-6 or more
elements in equiatomic or near equiatomic ratio exponentially increased the number of
alloys that could be formed and studied, which was previously unanticipated. A simple
palette of 40 elements from the periodic table if alloyed in equiatomic or near equiatomic
proportions offers a possibility of ~10'° multiprincipal elemental alloys [22]. An explosion
of materials research based on the newly formulated alloy design technique yielded several

novel classes of materials which is summarized in Figure 1.3 [68-71].
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Figure 1.3: Fruits of concentrated alloy design strategy.

Figure 1.4: As-cast AlCoCrFeNi HEA (a) optical micrograph showing dendritic
solidification, (b) 3D reconstruction of Al, Co, Cr, Fe and Ni atoms from APT experiment
and (c,d) TEM BF images of dendritic and interdendritic phase with definite morphology.
The dark contrast matrix phase (marked as A) is Al-Ni rich while the bright precipitate
phase (marked as B) is Cr-Fe rich [77].

The high entropy effect has been attributed to the overwhelming dominance of
configurational entropy of mixing (ASmix), which would always offset enthalpy of mixing
(AHmix) term in the free energy equation and consequently in the energy landscape of the
alloy [72]. Hence, it was believed that such a thermodynamic mandate holds the clue to
simple solid-solution phase formation, with randomly distributed motifs in the disordered
lattice. However, it was a matter of time before the scientific community found out through
careful experimentation that almost all the HEAs were not phase pure [73,74]. Even if in
rare instances some of them like CoCrFeMnNi Cantor alloy were established to be single-
phase, it was later found to be metastable with respect to time-temperature assisted phase

separation events [75,76]. Thus, what started out as clean microstructures composed of
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simple solid-solution phase, turned out to be highly complex in due course of research. One
such example of microstructural evolution from AICoCrFeNi HEA processed via solid-
state route and consolidated by spark plasma sintering is shown in Figure 1.4 [77]. It depicts
a two-phase mixture of sub-micron sized ordered BCC second phase decorating a
disordered BCC matrix phase. Furthermore, transmission electron microscopy in
conjunction with spectroscopy has revealed nanoprecipitates, ordered solid-solution
phases, intermetallic phases, amorphous phases and short-range order domains in numerous
alloys. These observations essentially hint at the shortcomings of the oversimplified model

for entropic stabilization in multiprincipal elemental alloys [22, 73-77].

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*?, Mg*?, Ni*? and Zn"? 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].
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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.
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Figure 1.5: (a) Entropy driven reversible transition from multiphase to single phase (b)
corresponding STEM-HAADF-EDS mapping of rocksalt HEO and (c) Venn diagram of
concentrated materials [78,79].
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Figure 1.6: Various sub-class of HEOs with their space group and Pearson symbol.
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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

The desire to come up with “new” and “exotic” materials is envisaged to outrun basic
thermodynamic considerations for designing future HEOs [22,85]. Ideal mixing dictates
that the number of components in a solid-solution does not affect the solubility of an
additional component, but such systems are rare-most, if not hypothetical. In real systems,
the type and nature of the additional component, its structural transformations and its pair-
wise non-ideal interactions with other components determine the solubility limit. Due to
ionic-covalent bonding in ceramics, long-range or short-range (LRO/SRO) ordering is
believed to be the norm producing homologous series of compounds, which in turn

decreases the overall configurational entropy [85,86]. Moreover, synthesis of
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nanocrystalline HEOs can have huge impact arising out of contributions of surface energy
to the overall free energy, which may shift the phase boundaries stabilizing certain
polymorphs or altering the solubility-limit [87]. Proponents of entropic stabilization in
multicomponent oxides over that of multi-principal elemental alloys, often argue in favour
of the omnipresent ordered anion-sublattice, in the interstitial voids of which cations
populate in a random disordered fashion and forms their own cation-sublattice [78]. The
ordered oxygen-sublattice is thought to accommodate any defects arising out of pairwise
interactions in the multi-cation sub-lattice. It is believed that ordered anion-sublattice
framework protects the randomness or disorder in the cation sub-lattice, provided mixing
(configurational) entropy is maximized by incorporating 5 or more cation species in
equimolar or near equimolar proportions [82-84]. However, the physical picture might not
be as straight forward as previously reasoned. This is so because there are families of oxides
where the cation builds the lattice framework and anion goes to the interstitial voids instead;
the most technologically relevant system is that of ceria (CeO>) and other lanthanide-based
oxides [88]. The relative size of anion and cation at a specific oxidation state and
coordination environment determines their site specificity in the lattice [89]. Apart from
that, there could be more than one cation and/or anion sublattices dictated by order, disorder
or both. Processing conditions, especially partial pressure of the gas being purged can
significantly alter the local defect structure in either of the sublattice along with
enriched/deficient sub-lattice in order to maintain net charge neutrality [89]. This
introduces complexity in the already oversimplified entropy of mixing term in the free
energy equation, which is frequently overlooked. In the literature of CoCuMgNiZn HEO,
there are few reports on the possible co-existence of allied spinel phase in minor fraction
apart from defect microstructure and Jahn-Teller distortions caused by Cu* and/or Co** ions

in the phase evolution process [90-92]. Moreover, in the x-ray diffraction signatures of the
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HEO, the intensity ratios do not match with the ideal cF8 (Fm-3m) crystal structure of
rocksalt. Apart from that, systematic shoulder peaks at roughly half the intensity of
accompanying Bragg peaks could be observed in sintered and quenched HEOs, which has
been attributed to Ko excitation [84]. However, this does not appear to be very convincing
since wavelengths of the Ka doublets differ in the 3™ place of decimal which results to
angular deviation in the second place of decimal of 20, but experimentally observed
difference in angular disposition are several times higher. Documentation regarding
stability of the entropy stabilized single-phase in CoCuMgNiZn ESO as well as other HEOs
is quite scarce in literature so far. Although few theoretical modelling and simulation, along
with in-situ heating and calorimetry experiments have explored the stability of the phases,
however for very limited exposure times, which may not be comparable to the kinetics of
such chemically complex multicomponent systems [78-84]. In this context, thermodynamic
stability is a pressing issue and it is worth re-visiting this fundamental aspect with the help
of Figure 1.7. Assuming the solid in Figure 1.7 to be iron, which can exist in all three solid,
liquid and gaseous states, it is known for a fact that enthalpy of liquid iron will always be
more than that of solid iron, as entropy too of liquid iron will always be greater than that of
its solid. However, below the melting point, a state of matter with lower enthalpy or entropy
is more stable, but in transforming to liquid above its melting point makes both the enthalpy
and entropy higher. Thus, a generalized statement cannot be made that a phase with lower
enthalpy or higher entropy is always stable or shall remain to be stable. Above the melting
point, the liquid has lower free energy at all temperatures than the solid, and below the
melting point, the solid always has lower free energy. To summarize, solid is always stable
below T while liquid is always stable above T, as both have lower free energy. This is
the reason that free energy (G) is the only thermodynamic descriptor that is used as a single

stability criterion.
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Figure 1.7: (a) G vs T plot of a solid and its liquid at constant pressure, where the slope of
the curves gives entropy and its intercept the enthalpy while (b) is the schematic
demonstration of local minima separated by activation barrier in the energy landscape of
a mechanical object as it falls.

Therefore, a phase with higher configurational entropy but higher free energy is less stable
than a phase with lower configurational entropy but lower free energy. The manifestation
of enthalpic penalties combined with maximizing randomness in the multi-cationic

sublattice in multicomponent oxides shall be demonstrated throughout this thesis.

1.3.2. Structure

Metallurgists are traditionally interested in impure materials, be it alloyed or doped. They
are also most interested in deciphering the crystal structure and exploring the
microstructure of alloys, compounds and composites. It is well established that composition
is profoundly co-related with both microstructure and crystal structure of any material and
vice-versa, which in turn dictates the material properties [93,94]. Hence, understanding the
crystal and microstructure paves the path for engineering them to extract better material
performance, consequently innovating materials design in general. Majority of ceramic
crystal structures are based on either FCC or HCP close-packing of one type of ion(s) while
the other type of ion(s) occupies specific sets of interstitial sites. The rocksalt (MO) crystal

structure, having NaCl as the prototype, forms by mutual interpenetration of multiple cubic

51

—
| —



sub-lattices. This results in the bigger CI” ions to build up the lattice framework with motifs
at (0,0,0), (1/2,1/2,0), (1/2,0,1/2), (0,1/2,1/2) and the smaller Na" ions to fit in the
octahedrally located voids at (1/2,1/2,1/2), (0,0,1/2), (0,1/2,0), (1/2,0,0) [93.94]. The space
group becomes Fm-3m and Pearson symbol cF8. Between any two close-packed layers of
anions, a hexagonal array of cations with identical periodicity can be visualized. A model
structure with edge-sharing MOg octahedra is shown in Figure 1.8, with inset depicting the
maximum radius of the ionic species occupying the octahedral voids without any distortion.
For FCC close-packed systems, the motifs when approximated as hard spheres touch along

the close-packed directions i.e. <110> resulting in:
4r=2a @)
maRy = (V2-1)r (ii)

Where ‘a’ depicts the lattice parameter of the cubic structure, ‘r’ is the ionic radius of CI°
at six-fold coordination and ‘™Ryv’ is the maximum ionic radius of the smaller Na* ions

that can snugly fit in the octahedral void. Solving equations (i) and (ii) yields:
maxRy =0.146a (iii)

Since the formation and stability of all ionic compounds are governed by Pauling’s rules,
it demands that the radius ratio (r¢/ra) must lie between 0.414-0.732 for a rocksalt structure
[20]. Transitioning to spinel crystal structure, it is a 2x2x2 supercell where anions decorate
the overall FCC lattice framework while cations partially fill up both the octahedral and
tetrahedral voids. Spinels have general formula of AB>O4 where cations in +2 oxidation
states prefer filling half of the octahedral voids whereas cations in +3 oxidation states prefer
to fill out one-eighth of the tetrahedral voids [93-95]. There could be inverse spinel
structure with different site-specificity of the cations or there could be mixed spinel with

random occupation of cations.
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Figure 1.8: A typical rocksalt prototype structure with anions (marked in blue) decorating
the fcc lattice positions and cations (marked in red) occupying the octahedral voids. Three
edge-sharing six-fold coordination polyhedras are depicted for clarity.
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Figure 1.9: Recurrent compositional phase separation leading to a chessboard-like
microstructure in CoFeMn medium entropy oxide characterized by spinel structure [103].
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The cubic spinel is designated by Fd-3m space group and cF56 Pearson symbol. This is the
highest symmetry group of cubic spinel, while other polymorphs of the phase have lower
symmetry elements [95]. Apart from that, both cubic rocksalt and cubic spinel are amenable
to distortions in the cubic crystal structure leading to tetragonal, orthorhombic,
rhombohedral and even monoclinic variants [96-99]. It is perhaps important to further
realize that the spinel mineral (MgAl>Os) is a highly ordered normal spinel which forms
under extreme heat and pressure over geological time spans. Thus, lab or industry
synthesized MgAl>,O4 will always be disordered to certain degree, which holds good for

most of the spinel forming materials that has been synthesized or ever will be [94].

Polytypism is another well documented phenomenon closely related to polymorphism in
ceramics, although the variants of a particular structure only differ with respect to the
stacking sequence of intermediate 2-D layers [94]. Complex disposition of anti-phase
boundaries (APBs) has been witnessed in simple parent structure types [97]. Moreover,
phase separation within monophasic transition metal oxides has been well explored by Rao
and his co-workers [100,101]. They are mostly driven by the competition between charge
localization and delocalization which has contrasting magnetic and electric properties.
Such kinds of phase separation were mostly recorded during early 2000°s in cuprates and
manganates with length scale of phase separation lying anywhere between 1-200 nm [100-
102]. Couple of decades later, Pal et. al successfully demonstrated chessboard-like (CB)
microstructure in multicomponent CoFeMn and CoFeGaMnZn spinel oxide through
recurrent compositional phase separation and cross-penetration of twin variants, shown in
Figure 1.9 [103,104]. The sequence of phase transformation events leading to nano CB
microstructure has been explained in light of twinning-induced, pseudo-spinodal
segregation of ionic species. Crystallographic model of evolution of CB microstructure

based on irregular octahedra’s face-sharing with one another along elastically soft <022>
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directions has also been put forth. During the same time, Singh et al. reported type-I and
type-II rthombohedral distortions in layered rocksalt structured Li(Ni,Mn)O cathode
material [105]. Non-cubic distortions to binary/ternary cubic rocksalt and cubic spinel is
also reported [110]. Apart from chemical modulation, phase separation and ordering, early
works of Tilley, Anderson and Hyde during 1970’s reveal extensive planar fault mediated
exotic structures in various metal oxides [106-109]. Earlier it was believed that non-
stoichiometry in metal oxides is structurally accommodated by point defects like in Fe1-,O,
TiO14n, VO1+n among others [110]. Later it was found that most often than not, such changes
due to anion/cation ratio is accommodated by planar faults or intergrowth structures like in

reduced WO3, TiO2, Nb2Os and many others [106-109].

Figure 1.10: (a) Disordered Sr31i2O7 crystal with phase intergrowths from varying
stoichiometries, (b) intergrowth of stable Sr1iOs (c) TEM BF image of disordered faults on
(210) planes of doped TiO> with corresponding electron diffraction pattern at the inset and
(d) phase-contrast image of 2Nb20s, 7WQOs3 [108,109].
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They also demonstrated special tiling structures at atomic scale due to mutual rotation
between domains in geometrically frustrated spinels, perovskites and spinelloids such as
CaFe»04, BaFe2019, SrTioO3 among others [106-109,111]. The process of interaction of
planar defects leading to ordering, clustering or elimination of point defects is known as
“crystallographic shear” (CS) and the trace of such planes are termed CS planes. The
micrographs of such extensive faulted structures have been depicted in Figure 1.10 along
with corresponding streaked electron diffraction pattern and high-resolution phase-contrast

image [108,109].

1.3.3. Properties

1.3.3.1. Mechanical properties

Extensive research on HEOs in less than a decade has made them a popular choice for its
use in several applications along with scope for further enhancement. The rutile (TiO»
prototype) structure exhibits highest hardness and elastic modulus among all the HEO
family of structures [112]. The fluorite (CaF, prototype) HEOs generally show greater
hardness than pyrochlore HEOs [113]. Due to the inherent oxidation and corrosion
resistance, HEOs are also being fabricated in thick and thin films for environmental and
abrasive coatings in structural components. Alb(CoCrCuFeNi)O and (AICrTaTiZr)O have
shown the highest hardness in all of the existing oxide coatings at ~22 and ~20 GPa
respectively [114]. Low thermal conductivity coupled with sluggish grain-growth kinetics
have made HEOs viable options for refractory applications as well as thermal barrier
coatings (TBCs) for aero-engines and gas-turbines [112]. Moreover, there remains
tremendous scope for engineering the composition, phase and microstructure of such HEOs
in order to explore materials with very low or negative thermal expansion coefficients [112-

114].
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1.3.3.2. Functional properties

Transition metal oxides have long been explored for their favourable polarization and
charge-lattice coupling response [115]. Chemical modulation has been intrinsically linked
with the phase stability for desirable ferroelectric, dielectric and piezoelectric response
[115]. In this context, MCOs/ESOs/HEOs have emerged as attractive candidates for
enhanced properties owing to the entropic stabilization of disordered solid-solution
phase(s) in them [112-114]. It is believed that global-scale disorder in materials may give
rise to polar nanoregions (PNR) and its coupling with lattice phonons propels the property
as a relaxor ferroelectric material [112]. Additionally, geometric frustration may induce
local distortions which enhances dielectric and piezoelectric response [114]. Few research
groups have shown that (CoCuMgNiZn) rocksalt ESO exhibit structural tunability upon
varying the composition, owing to Jahn-Teller distortions induced by Cu- and/or Co-ions,
which results in high dielectric constants and favourable catalytic activity [92,116]. It has
also been demonstrated to possess superior lithium-storage properties due to tunable
pseudocapacitive contributions [117]. Relaxor-like characteristics have been reported for
Ba(ZrSnTiHfND) perovskite HEO [112]. (LaPrNdSmEu)NiO3 HEO have been found to go
through a low temperature metal-insulator transition, attributed to geometric distortions
arising out of coordinated octahedra tilting [80]. Fluorite (CeLaPrSmY)O: have
demonstrated that the band gap and crystal structure can be tuned via oxygen stoichiometry
due to the hybridization of oxygen and rare earth elements, which in turn may be developed
for scintillator and laser applications [81]. Furthermore, double-exchange and super-
exchange phenomena renders HEOs with tunable properties like ferro-/anti-ferro-, ferri-
/anti-ferri- and diamagnetism [118]. Ferrite based spinel HEO like (CoCuMgNiZn)Fe>O4
have shown soft magnetic character with coercive field of ~100 Oe, whereas, chromite-

based spinel HEOs like (CoCuFeMgNi)Cr204 have recorded coercive field as high as 1 T
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[112]. HEO ferrites are also promising candidates as magnetic insulators with good quality

surface for its application in spintronics and nonvolatile memory devices [112-114].

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].
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Figure 1.11: Fields of application for HEOs reported so far.
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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 S/cm) and fast mobility of Na-ions (> 10 S/cm) in
(MgCoNiCuZn)ixyGayAx (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].

(MgCoNiCuZn) HEO has also demonstrated good charge cycling response and very high
specific capacities. The currently favoured anode material is graphite with a capacity of
~360 mAh/g [112]. Rocksalt type high entropy oxyfluorides have also been explored as
cathode material for Li-ion batteries and they have delivered specific energies up to ~307
mAh/g, with scope for further improvement [119]. An equimolar hexanary HEO has been
reported to show ~40% increase in capacity and energy density as cathode material than its
constituent lower-order oxides [112]. Coin cells fabricated with (MgCoCuNiZn)O as
polysulfide anchor show competitive reversible capacity, excellent cycling stability and

low-capacity decay for its use in lithium-sulfur batteries [120].

Multi-cationic HEOs have compositional freedom which translates to substantial electronic
structure and coordination environment tunability, that makes them ideal candidates as
catalysts [121]. (FeNiCoCrMn)-layered glycerate HEO have shown rapid transport of
reactants to the material while providing additional catalytic active sites [121]. The use of
(FeMgCoNi1)Oj > poly-cationic oxide (PCO) has demonstrated a significant reduction of
temperature under which efficient hydrogen evolution reaction occurs via two-step
thermochemical water-splitting [122]. HEOs have also shown promise as catalytic booster

for oxidative desulphurization of diesel [112]. Mesoporous (MgCoNiCuFe)x-Al,O3; have
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reported against CO oxidation and CO> hydrogenation and have showed negligible
degradation after 48h along with superior sulfur tolerance to CuO-Al,O3 [113]. Spinel-
based HEOs are further being exploited for efficient oxygen evolution reaction (OER) and
hydrogen evolution medium (HER) from electrochemical water-splitting [123]. Rocksalt-
based HEOs on the other hand have been found to exhibit long-range antiferromagnetic
ordering below Neel temperature of ~113 K, suitable for its use in memory devices

[124,125].

It has been demonstrated that local disorder in ionic charge can further reduce the thermal
conductivity of HEOs without compromising on the mechanical stiffness. Equimolar
(MgNiCoCuZnSb) HEO has shown the lowest conductivity of ~1.4 W/mK among similar
class of materials [126]. Perovskite-based (BaCaLaPbSr)TiO3 HEO have shown ~5 times
reduction in thermal conductivity compared to SrTiO3, with figure of merit over 0.2 [112].
Thin films of hexanary Ba(ZrSnTiHfNb)O3 HEO with perovskite structure has recorded
thermal conductivity of ~0.55 W/mk, which is an order of magnitude lower than binary or
ternary perovskites [114]. High entropy niobates or zirconates have become promising
candidates for thermal and environmental protection applications, owing to their very low
thermal conductivity along with uncompromised mechanical rigidity [80]. (AlCrTaTiZr)
HEO has been reported extremely high hardness values of ~22 GPa as well as exceptional
wear resistance [81]. (LaNdSmEuGd),Ti,O7 HEO with pyrochlore structure has been
reported to withstand up to 5 times the thermal cycling as La>Zr,07 can withstand [112].
Similar HEOs are also known to have reduced leaching rates compared to its lower-order

derivatives, and consequently are being considered for managing nuclear waste [112].
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1.4. Objectives of the thesis

e 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)3;O4 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.

e 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.

e 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
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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.

In order to arrive at a holistic picture, the popular ‘materials tetrahedron’ strategy has
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.
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composition is identified. This approach has been followed throughout the thesis and
implemented on several multicomponent oxides.
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