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General Intfroduction

General Introduction

Throughout history, material development has relied on multiple
approaches. Scientists often question the limited effectiveness of traditional
design concepts, pushing them to explore new possibilities in pursuit of unfamiliar
discoveries and to achieve qualitative leaps. Among these approaches, chemical
composition modification—known as alloying in metallic systems and
doping/hybridization in non-metallic systems—is the most common method for
designing new materials. Despite the success of traditional alloy design strategies
in producing useful and valuable materials, they are inherently limited; they do
not allow for the exploration of the full potential compositional space of alloys.
To overcome these limitations, a design strategy emerged that relies on combining
several principal elements in similar proportions, known as Multi-Principal
Element Alloys. In these alloys, the single solvent element is replaced by an equal
or near-equal mixture of two or more elements, enabling the exploration of new
regions in the compositional space of alloys. This design creates unique atomic
environments that result in unpredictable properties due to the complex
interactions between components. This promising category forms advanced
materials that exhibit outstanding performance in advanced engineering
applications.

For many centuries, the concept of alloy design remained based on the same
model, until the beginning of the current millennium when a new class emerged,
known as High-Entropy Alloys (HEAS). Researcher Yeh et al. first defined them
as modern materials consisting of a homogeneous mixture of five or more
principal chemical elements, distributed in equal or near-equal atomic
proportions. The high configurational entropy contributes to reducing the system's
Gibbs free energy, which enhances the stability of the solid phase of these alloys.
Compared to traditional alloys, unique phenomena emerge in High-Entropy
Alloys such as: severe lattice distortion, sluggish diffusion, and the significant
cocktail effect. These mechanisms collectively led to the discovery of
unprecedented crystalline compositions and alloys with exceptional mechanical

and physical properties, surpassing their traditional counterparts. These
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advantages have stimulated the development of the field to include a broader
category known as High-Entropy Materials (HEMSs), which includes non-metallic
systems.

Since 2004, research efforts have been made to explore non-metallic high-
entropy materials such as nitrides and carbides. However, interest in High-
Entropy Oxides (HEOs) saw a qualitative leap after the publication of the
pioneering research by Rost et al. in 2015, which demonstrated—for the first
time—the possibility of incorporating five metal elements (Co, Cu, Mg, Ni, Zn)
into the cation sublattice sites of the rock-salt structure, forming the homogeneous
compound (Cog.2Cug.2Mgo.2Nig.2ZNg.2)O0. This compound was characterized by
the presence of a single stable crystalline phase, challenging previous expectations
that ruled out the possibility of forming multi-cation oxides of such complexity
(five or more cations in equiatomic ratios). This achievement represents a
conceptual shift in materials science, due to the absence of experimental evidence
or theoretical models supporting this possibility prior to the mentioned study.

In this context, the current study focuses on high-entropy oxides with a
pyrochlore structure, which exhibit unique properties such as high thermal
stability and enhanced ionic conductivity, making them promising candidates for

applications in thermal barrier coatings (TBCs) and solid-state electrolytes.

Chapter I: Provides a comprehensive literature review of the classification of
high-entropy oxides and their physicochemical properties, with a focus on
applying Pauling’s Rules to cation selection.
Chapter I1: Details the experimental methods used to prepare samples, including
ball milling and sintering techniques, alongside characterization tools such as X-
ray diffraction (XRD) and scanning electron microscopy (SEM).
Chapter I11: Discusses results analysis, including:

- Confirmation of pyrochlore phase stability via ionic radius ratio

calculations.
- Study of thermal behavior and coefficient of thermal expansion (CTE)

using thermogravimetric analysis (TGA/DTA) and dilatometry.

2
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- Microstructural analysis and elemental distribution via energy-dispersive
X-ray spectroscopy (EDS).

The study concludes by emphasizing the importance of high-entropy oxides in

high-temperature  engineering  applications,  highlighting  experimental

contributions to understanding their stability mechanisms and functional

performance.



Chapter One
Bibliographic Study




Chapter One Bibliographic Study

This chapter focuses on a bibliographic overview of the physicochemical
properties, including the structure, preparation methods, and applications of

ceramics and high-entropy oxide ceramics (HEOCS).

1.1. Introduction

Ceramics represent one of humanity's oldest engineered materials, with
archaeological evidence tracing ceramic production back to approximately 15,430
years ago in Yuchanyan Cave, Hunan Province, China, as confirmed by
radiocarbon dating of associated charcoal and bone collagen [1]. This ancient craft
has evolved into a sophisticated field of materials science that bridges traditional

manufacturing with cutting-edge technology.

Materials are fundamentally categorized into metals, polymers, and ceramics
based on their chemical bonding, forming the core of engineering and materials

science. Among these, ceramics stand as the oldest manufactured material.

Figure 1.1 illustrates the historical timeline of materials, highlighting ceramics'
enduring significance from prehistoric times to modern applications. The term
"ceramic" itself, derived from the Greek "keramos" meaning "burned stuff," aptly
describes materials that acquire their characteristic properties through high-

temperature processing [2].

Traditional ceramics are typically defined as non-metallic, inorganic, and
predominantly polycrystalline, containing at least 30% crystalline compounds.
Ceramic grains, usually ranging from 1 to 50 um, are observable under a
microscope [2,3]. Over centuries, ceramic processing techniques have evolved
from simple clay firing to sophisticated methods including powder synthesis,
shaping, drying, and sintering, as detailed in comprehensive reviews of ceramic

processing and sintering technologies [3].

Today, the ceramic family encompasses a diverse range of materials beyond
traditional pottery, including advanced ceramics for structural applications and
specialized bioceramics for medical uses [4]. Modern ceramics exhibit a broad

spectrum of thermal, optical, mechanical, electronic, and biological properties,
4
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and are composed of inorganic compounds such as silicates, simple and complex

oxides, nitrides, and sometimes monoxides [2,4].
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Figure 1.1: Timeline of materials development [2].

1.2. Types of Ceramics
Ceramics are broadly classified into two categories based on their

composition, processing, and applications: traditional ceramics and

advanced ceramics [2].

1.2.1. Traditional Ceramics

Traditional ceramics, representing the earliest engineered materials,

date back to approximately 15,430 years ago, as evidenced by ceramic

remnants from Yuchanyan Cave, Hunan Province, China [1]. These

materials are primarily derived from naturally occurring raw materials

such as clays, micas, feldspars, and quartz, with some non-silicate

minerals (e.g., magnesite) or simple oxides also used [2].

Common applications include general pottery, Chinese porcelain,

sanitary ware, bricks, and tiles [2]. Their processing typically involves

shaping and firing natural minerals at moderate temperatures, resulting
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in polycrystalline microstructures with silicate-based compositions
[2,3].

1.2.2. Advanced Ceramics

The limitations of traditional ceramics in meeting modern technological demands
spurred the development of advanced ceramics, also termed functional and
structural ceramics [2]. These materials are synthesized from high-purity,
nanoscale or microscale precursors, including alumina (Al,0O3), magnesia (MgO),
silicon carbide (SiC), silicon nitride (SizN,), and other simple or complex oxides
[2,3]. Advanced ceramics are engineered for specialized applications across
diverse fields, Electrical (Insulators, capacitors), Optical (Transparent ceramics,
laser hosts), Medical (Bioceramics for implants (e.g., hydroxyapatite)) [4],

Thermal (Refractory components, thermal barrier coatings) [5].

Unlike traditional ceramics, advanced ceramics prioritize tailored combinations
of properties (e.g., high strength, wear resistance, biocompatibility) over

individual characteristics, enabling their use in extreme environments [2,4].

1.3. Transition from Traditional Ceramics to High-Entropy
Ceramics

The evolution of ceramics from traditional to advanced forms reflects humanity’s
growing demand for materials capable of withstanding extreme conditions. While
traditional ceramics (e.g., pottery, bricks) are derived from natural minerals like
clays and feldspars, advanced ceramics emerged to address limitations in strength,
thermal stability, and functionality. High-entropy ceramics (HECS) represent a
groundbreaking subset of advanced ceramics, leveraging multi-cation disorder

and entropy stabilization to achieve unprecedented properties.
1.4. Definition of High-Entropy Ceramics

High-Entropy Ceramic is a type of advanced ceramic material that falls under the
broader category of High-Entropy Materials (HEMSs). High entropy systems can
be defined through two primary approaches: the compositional definition and the

thermodynamic (configurational entropy-based) definition [1].

6
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1.4.1. The compositional definition

High-entropy systems are characterized by the presence of four or more principal
elements (no less than four distinct cations or anions ) in equimolar or near-
equimolar ratios [6-10]. This multi-element composition is a defining feature,
distinguishing high-entropy materials from traditional alloys or ceramics that

typically contain one or two dominant elements.

The constituent elements are distributed in near-equiatomic ratios, with each
element typically constituting between 5% and 35% of the total composition by
atomic fraction [6-8]. This balanced distribution ensures that no single element

dominates the structure, maximizing the configurational entropy of the system.

1.4.2. Thermodynamic Definition of High-Entropy Systems (Based on
Configurational Entropy)

Yeh et al. [8] defined high-entropy materials based on the configurational entropy

(AS conf) calculated using the Boltzmann equation (Equation 1.1):
ASConf = _R(Z?Ll x;lnx;) (1'|)

Where:
« AS ¢onf : Molar configurational entropy of the system (Jmol'K™).
« X : Mole fraction of element i.
« N : Total number of principal elements (or cations in ceramics).
. R :Ideal gas constant (8.314 Jmol'K™).
A system is classified as high-entropy when AS cons >1.5R, a threshold that
promotes single-phase solid solution formation despite conflicting atomic/ionic
sizes or bonding preferences [6,9]. Materials are broadly categorized by their
configurational entropy values:
- Low-entropy systems: AS cont <1R.
- Medium-entropy systems: 1R< AS ¢onf <1.5R.
- High-entropy systems: AS conf >1.5R .
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This entropy-driven stabilization mechanism underpins the design of advanced
materials like high-entropy alloys (HEAs) and high-entropy oxide ceramics
(HEOCs) [8,9].

1.5. The Four Core Effects in High-Entropy Materials

The exceptional properties of high-entropy materials (HEMS), including high-
entropy alloys (HEASs) and high-entropy ceramics (HECs), are attributed to four
synergistic core effects as outlined in Murty et al. (2014) [11]. These effects

collectively enhance stability, mechanical performance, and functional versatility:
1.5.1. High-Entropy Effect

The increase in configurational entropy is a defining characteristic of high-
entropy materials, playing a central role in their thermal stability. A significant
rise in configurational entropy reduces the Gibbs free energy (Equation 1.2),
thereby promoting the formation of single-phase or fewer-phase solid solutions,
particularly at elevated temperatures. Additionally, high entropy mitigates phase
separation dynamics and reduces electronegativity differences between

constituent elements [12.13].
G=H-TS (1.2)
Where:
« G: Gibbs free energy.
. H: Enthalpy.
« S: Entropy.
« T: Absolute temperature in Kelvin.

High entropy reduces the Gibbs free energy (AGmix=AHmix—TASmix), favoring

single phase formation even with positive mixing enthalpy (AHpyix>0)
1.5.2. Lattice Distortion Effect

High-entropy materials (HEMSs) are characterized by a unique crystalline structure

resulting from their crystalline lattice containing five or more elements with

8
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varying atomic sizes. This atomic size disparity leads to noticeable lattice
distortions, where larger atoms displace neighboring atoms (inducing lattice
compression), while smaller atoms create local vacancies (inducing lattice
tension). This distortion generates internal lattice stress, increasing the system’s

total Gibbs free energy and directly impacting the material’s physical properties.
Studies [14, 15] confirm that lattice distortion:

A. Enhances mechanical strengthening by impeding dislocation motion in the

solid solution, thereby increasing deformation resistance [14].

B. Reduces electrical and thermal conductivity by increasing electron and phonon
scattering due to lattice disorder, thereby negatively impacting the material’s

optoelectronic dynamics [15].
1.5.3. Sluggish diffusion effect

The sluggish diffusion effect—one of the four core effects in high-entropy
materials—proposes that atomic diffusion in multi-component systems (e.g.,
HEAs or HECs) is slower than in conventional alloys due to complex energy
landscapes, high configurational entropy, and lattice distortion. While some
studies attribute enhanced thermal stability and nanophase formation in HEAS to
this effect, debates persist over its universality, as diffusion rates depend on
temperature, crystal structure, and composition. In high-entropy ceramics,
sluggish diffusion contributes to resistance against grain growth and phase
separation at elevated temperatures, supporting their use in extreme environments
[16-18].

1.5.4. Cocktail effect

Before the discovery of high-entropy materials, in 2003, Ranganathan [19]
published an article titled "Alloy Delights: Multimetallic Cocktails,” in which he
explained how multiple elements can produce unique properties when compared
to a pure metal. Grain boundaries, phase boundaries, grain size distribution, and
the distinctive properties of each phase contribute to the observed properties. The
cocktail effect is one of the four core effects proposed to explain the unique

9
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properties of high-entropy materials, including high-entropy ceramics (HECSs). It
describes the synergistic interplay of multiple elements in a system, leading to
unexpected or enhanced properties that cannot be predicted by the sum of

individual elemental contributions [20].

High-entropy materials derive their exceptional properties from the interplay of

four core mechanisms:

1. Thermodynamic: High configurational entropy stabilizes single-phase solid

solutions by lowering Gibbs free energy.

2.Kinetic: Sluggish diffusion impedes phase separation and slows microstructural

evolution.

3.Structural: Lattice distortion (from atomic size mismatch) enhances

mechanical strength while reducing thermal/electrical conductivity.

4.Synergistic: The "cocktail effect" generates unexpected properties through

multi-element interactions.

This integration of thermodynamic stability, kinetic sluggishness, and structural
complexity enables high-entropy systems to achieve unprecedented performance

in extreme environments.
1.6. Classification of High-Entropy Materials

High-entropy materials are classified through multiple approaches in the scientific
literature. The primary thermodynamic classification is based on configurational
entropy: low-entropy (AS_conf < 1R), medium-entropy (1R < AS conf < 1.5R),
and high-entropy (AS conf > 1.5R) systems. They can also be categorized by
material class (high-entropy alloys, ceramics, or oxides), phase constitution
(single-phase or multi-phase), crystal structure (FCC, BCC, HCP, or complex
ceramic structures), application domain (structural or functional), and processing
method (cast, powder metallurgy, additive manufactured, or thin film). This

comprehensive classification framework enables researchers to select appropriate

10
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high-entropy systems for specific applications based on their entropy values,

composition, structure, and desired properties [6].
1.7. Classification of High-Entropy Materials

High-entropy oxides (HEOSs) are an emerging class of advanced ceramic materials
defined by their single-phase crystalline structure and incorporation of five or
more principal metal cations in near-equiatomic proportions. Unlike traditional
oxides, HEOs leverage configurational entropy to stabilize unconventional

compositions, enabling unique properties and functionalitie [21,22].

1.8. Pauling's Rules for Cation Selection in High-Entropy Oxides

Linus Pauling formulated five fundamental rules in 1929 to predict and rationali
ze the crystal structures of ionic compounds. These rules can be applied to high-
entropy materials to enhance understanding of their crystalline behavior, with th
e rules ranked below in descending order of their influence on structural stability

and physical properties [23,24].
1.8.1. Radius Ratio Principle

A coordinated polyhedron of anions is formed about each cation, the cation-anion
distance equaling the sum of their characteristic packing radii and the coordination

polyhedron being determined by the radius ratio.
1.8.2. Electrostatic VValence Balance

An ionic structure will be stable to the extent that the sum of the strengths of the

electrostatic bonds that reach an anion equal the charge on that anion.
1.8.3. Sharing of Polyhedron Elements

The sharing of edges and particularly faces by two anion polyhedra decreases the

stability of an ionic structure.
1.8.4. Rule for Multi-Valent Cations

In a crystal containing different cations, those of high valency and small

coordination number tend not to share polyhedron elements with one another.

11
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1.8.5. Principle of Parsimony
The number of essentially different kinds of constituents in a crystal tends to be

small.
1.9. Crystalline Structures of High-Entropy Oxides

High-entropy oxides (HEOSs) exhibit diverse crystalline structures that depend on
their chemical composition and preparation conditions, despite their

compositional complexity. The main structures are as follows:
1.9.1. Rock-salt structure

It is also called B1 structure. Many halides and oxides crystallize in the cubic rock
salt structure. In this structure the large anions are arranged in cubic close packing
and all the octahedral interstices positions are filled with cations, as shown in
Figure 1.2. Oxides having this structure are MgO, CaO, SrO, BaO, CdO, MnO,
FeO, Co0O, and NiO. The coordination number is 6 for both cation and anion. For
stability the radius ratio should be between 0.732 and 0.414, and the anion and
cation valences must be the same. All the alkali halides except CsCl, CsBr, and

Csl crystallize with this structure, as do the alkaline earth sulfides [25].

Generally, transition metal oxides crystallized in this structure exhibit distinctive
properties like magnetism, electrochemical activity, and catalytic behavior. These
properties are directly linked to the distribution of unique impurities and crystal

defects within the rock-salt structure [26].

Figure 1.2: The crystal structure of Rock-salt oxides.

12
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1.9.2. Spinel Structure

A number of oxides of the general formula AB,O4, such as magnesium aluminate
(spinel), MgAl,O,4 as shown in Figure 1.3, have a cubic structure which can be
viewed as a combination of the rock salt and zinc blende structures. The oxygen
ions are in the face centered cubic close packing. The unit cell contains 32 oxygen

ions, 16 octahedral cations, and 8 tetrahedral cations.

Two types of spinel occur. In the normal spinel the A%* ions are on tetrahedral
sites and B®* ions are on octahedral sites. (This is the structure observed for
ZnFe;04, MgAIO4, FeAl;O4, NiAlO4, MnAILLO4 and ZnAl,O,4). In the inverse
spinel, the A%* ions and half the B3* ions are on octahedral sites; the other half of
the B3 ions are on tetrahedral sites, B(AB)O,. This is the more common structure
and is observed for FeMgFeQO,, FeTiFeO,, FesO,4, ZnSnZnO,4, FeNiFeO,, and

many other ferrites of importance for their magnetic properties [27,28].
General Formula: AB2X4

Lattice: Face-Centered-Cubic

Z= 8 MgAl,04 = MgsAl1603,

Atom positions: There are 56 atoms in the unit cell

Figure 1.3: The crystal structure of Spinel.

13



Chapter One Bibliographic Study
1.9.3. Perovskite Structure
The name "perovskite" (Perovskite) originates from the natural mineral

perovskite, CaTiO3z. Compounds of the perovskite type adopt the general formula
ABX3, where:

A represents a cation with a large ionic radius, B denotes a cation with a smaller

ionic radius, X is the anion.

In oxides, the formula simplifies to ABO;. The ideal perovskite structure is cubic.

In this arrangement:

The A cations and O2™ anions together form a face-centered cubic (FCC) lattice.
The A cations occupy the cube corners, while O2” ions reside at the centers of the
cube faces [29,30].

This configuration creates a regular octahedral coordination environment at the

center of which the B cation is located, as shown in Figure 1.4.

a) b) TL/\

‘ Axt . ". . .
. B 8\ ® L ®
0% L N
o P 'k ¢ "

2" VAR

Figure 1.4: Perovskite crystal structure (a) cubic structure (b) orthorhombic structure.
1.9.4. Fluorite structure

The fluorite structure is named after the mineral fluorite (CaF,) and follows the
general formula MX, for compounds, where M represents cations and X

represents anions. In oxides, this structure has the formula MO,.

14
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In the fluorite structure (as shown in Figure 1.5): The anions (typically O2” in
oxides) form a simple cubic lattice. Cations occupy all tetrahedral interstitial sites

within this anion lattice.

The coordination number is 8 for cations (each surrounded by 8 anions) and 4 for
anions (each surrounded by 4 cations). The structure features a face-centered

cubic (FCC) arrangement of cations.

High-entropy oxides with fluorite structures are generally represented by formulas
such as (CeRE)O,_sand (HfZrCeM)O,_s, where: RE denotes rare-earth

elements (e.g., La, Sm, Nd, Ho, Yb, Gd). M refers to transition or alkaline earth

metals. 6 is determined by the valence balance of cations [31].

Another important formula is RE,TM,0;, where TM denotes transition metals
such as Zr, Ti, Hf. This compound is characterized by its ability to crystallize in
two different crystal structures, where the nature of the resulting crystal structure
is determined by the ratio of the radius of the RE3* cation to the radius of the TM**
cation [r(RE®*")/r(TM*)]. When this ratio ranges in the region of 1.46-1.78, the
compound crystallizes in the pyrochlore structure, whereas when the ratio less
than 1.46, the compound crystallizes in a disordered or defective fluorite structure
[32].
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Figure 1.5: The crystal structure of Fluorite.
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1.9.5. Pyrochlore structure

The pyrochlore structure is characterized by the formula A,B,0- and belongs to
the space group Fd3m (No. 227). Here, A represents trivalent cations (rare earth
elements) occupying the 16d crystallographic sites at coordinates (¥2, %2, ¥2), while
tetravalent B cations (transition metals) occupy the 16c sites at coordinates (0, O,

0). Oxygen ions are distributed over two distinct crystallographic sites:
-The 48f site at coordinates (x, 0.125, 0.125) (where X is a variable parameter).
-The 8b site at coordinates (0.375, 0.375, 0.375).

Natural oxygen vacancies are present at the 8a crystallographic sites at
coordinates (0.125, 0.125, 0.125), creating a complex structure with ordered

vacancies in the lattice [33], as shown in Figure 1.6.

Figure 1.6: The crystal structure of Pyrochlore.

Based on the crystallographic site distribution, coordination patterns depend on
cation ionic radii and bonding. Large A-site cations exhibit 8-fold coordination,
bonding with two 8b oxygen ions and six 48f oxygen ions. Smaller B-site cations
show 6-fold coordination with 48f oxygen ions. Intrinsic oxygen vacancies at 8a
sites, surrounded by four A-site cations [34], drive phase transformations that

confer unique physical/chemical properties to pyrochlore
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1.10. Properties of High-Entropy Materials

1.10.1. Mechanical Properties

High-entropy materials are characterized by a set of advanced mechanical
properties that make them promising materials for engineering applications.
These properties are determined by the complex interaction between the chemical
composition, structure, and the preparation method used [35]. These fundamental

properties include the following:

a. High Strength and Hardness: High-entropy materials exhibit exceptionally
high strength and hardness [36, 37], giving them superior ability to resist
deformation and fracture under various loads. This property is attributed to their
complex crystal structure and strong bonding between their constituent elements,

making them suitable for applications requiring high mechanical resistance.

b. Outstanding Corrosion Resistance: These compounds show exceptional
corrosion resistance [38] thanks to their unique chemical composition and
distinctive structural coherence. This robust cohesion allows for maintaining
stability in aggressive and oxidative environments, ensuring a longer lifespan

under harsh conditions.

c. Superior Thermal Performance: High-entropy compounds maintain stable
mechanical performance over a wide range of high temperatures [39]. This
thermal stability is attributed to the strength of atomic bonds and the regularity of
the crystal structure, making them capable of withstanding thermal stresses

without significant degradation in their basic properties.

d. Resistance to Fatigue and Cyclic Loads: As a result of their structural
homogeneity and multi-element composition, these compounds exhibit
remarkable resistance to mechanical fatigue. This property enables the materials
to maintain their structural stability and mechanical performance under repeated
cyclic loads for extended periods, making them ideal for applications requiring
long-term stability and durability [35].
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1.10.2. Thermal Properties

Thermal conductivity is defined as a material's ability to conduct heat, which is
determined by the transfer of phonons and electrons [40]. High-entropy materials
generally possess low thermal conductivity due to the presence of multiple
elements in their composition [41]. This complex composition induces lattice
distortion, leading to phonon scattering and consequently a significant reduction

in thermal conductivity.

High thermal stability and appropriate thermal expansion compatibility with the
substrate are other features of thermal barrier coating ceramics [42]. Additionally,
these materials typically exhibit excellent thermal stability [43], allowing them to
maintain a consistent structure and performance even in high-temperature
environments. This stability is attributed to the high-entropy effect, which
prevents diffusion and phase separation processes that could weaken the material's

properties.
1.10.3. Electrical and Dielectric Properties

The multiple cations in high-entropy materials influence their electrical properties
through lattice distortion and complex interactions between elements. These
materials exhibit exceptional flexibility, as their conductivity can be tuned from
insulators to conductors [44] by changing elements and their ratios. Some types
show high electronic conductivity [45], while others exhibit excellent dielectric
properties with very low conductivity [46], opening wide prospects for advanced

technological applications.
1.10.4. Magnetic Properties

Magnetism is a fundamental physical phenomenon arising from the movement of
electric charges and the spin behavior of electrons, leading to a wide range of
applications extending from traditional magnetic memory storage devices to
advanced applications in spintronics, quantum sensing technologies, and
emerging computing [47-49]. High-entropy materials emerge as an innovative

class revolutionizing magnetic properties, as their high-entropy disordered nature
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perturbs and modifies traditional magnetic properties in unprecedented ways.
These materials exhibit diverse magnetic properties including paramagnetism,
ferromagnetism, antiferromagnetism, and ferrimagnetism, allowing for the design
of materials with specific properties by controlling the types and ratios of

components [50].
1.10.5. Optical Properties

The optical properties of high-entropy oxides represent a vital research focus, not
only for their future application potential but also for their fundamental role in
exploring the electronic structure of these advanced materials. These optical
properties gain exceptional importance when studying oxides doped with rare-
earth elements, which exhibit unique capabilities in converting light wavelengths,
qualifying them as promising candidates for enhancing the quantum efficiency of
photovoltaic cells [51, 52].

1.11. Synthesis methods

Synthesis methods play a pivotal role in the production of high-entropy ceramics,
where the selection of the appropriate method requires consideration of phase
stability, elemental distribution, and the final product's morphology. Synthesis
methods are classified into: solid-state (e.g., ball milling for spherical sol), liquid
(e.g., sol-gel and precipitation), and gaseous (e.g., sputtering deposition). In our
study, we focused on solid-state methods (ball milling).

1.11.1. Ball Milling (Solid-State Reaction)

Ball milling (Figure 1.7) is a common technique for preparing high-entropy
ceramics, where initial oxide powders are mixed with grinding balls to produce
nanoparticles. This method is characterized by its simplicity and low cost,
although the resulting particles may be irregularly shaped. Two types of reactions
occur in it: solid-state reactions (for powders) and mechanochemical synthesis
(for metal salts). The efficiency of the reaction depends on the melting point of
the materials. When dealing with low melting point materials, diffusion between

particles can occur during milling at room temperature [53]. For high melting
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point materials, ball milling is usually used only for mixing components, and

diffusion primarily occurs during the subsequent heat treatment stage [54].

Figure 1.7: Principle of Ball Mill technique.

1.11.2. Sol-Gel Method

The sol-gel method (Figure 1.8) is a versatile wet chemical synthesis technique
for high-entropy ceramics (HECs), offering low cost, high-purity nanoparticles,
and low-temperature processing. It involves reacting metal alkoxides (M—OR)
with metal salts (e.qg., nitrates or chlorides) to form the target oxide. Alkoxides are
typically synthesized by dissolving metal salts in alcohol (not ethers), followed
by hydrolysis and condensation to generate a sol-gel precursor. These reactions
proceed in aqueous or organic solvents, enabling precise control over composition
and nanostructure. The method is widely used to synthesize high-entropy oxides
(HEOs) like (Mg,Co,Ni,Cu,Zn)O and fluorite-structured (Ce,La,Nd,Sm,Eu)O,,
which exhibit tailored properties for applications in energy storage and catalysis
[55].
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Figure 1.8: Sol-Gel Method.

1.11.3. Solution Combustion

The solution combustion method is used to synthesize high-entropy ceramic

oxides through a reaction between a fuel (such as glycine), an oxidizer (usually

metal nitrates), and oxygen, leading to the formation of oxides, water, and carbon

dioxide. The sol is prepared by mixing hydrated metal nitrates with water and

fuel, then it is dried to produce a gel which undergoes a thermal combustion

process [56].

This method is characterized by efficiency, low cost, and applicability to a wide

range of oxides and other ceramic materials. Sol-gel combustion is a similar

approach that combines solution combustion and sol-gel techniques by using

citric acid as both fuel and complexing agent [57].

Add anti-solvemnt
—— - o
- — e— —
L\_/’ l 1 Filtration/centrifugation
-’J and washing L

Drug and polymer
Dissolved in a common

Solvent

Controlled Precipitation Anti-solvent residuc

removed

Drying

Powder

Figure 1.10: Solution Combustion Method.
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1.11.4. Hydrothermal and Solvothermal Synthesis

Hydrothermal and solvothermal synthesis rely on the crystallization of materials
in a sealed autoclave under high pressure and temperature, where water is used as
a solvent in the hydrothermal method and an organic solvent in the solvothermal
method. Particle morphology and sizes are controlled by several factors such as
temperature, pH, and reactant concentration. These two methods are used to
produce nanomaterials such as TiO, and graphene, and they are suitable for
synthesizing high-entropy ceramics due to their simplicity compared to other
methods. For example, Wang et al. were able to prepare (CoCuFeMnNi)3;04 with

sizes up to 5 nm using solvothermal synthesis [58].
1.11.5. Co-precipitation and Hydrothermal Treatment

Co-precipitation is commonly used to synthesize oxide or fluoride-based
nanophosphors [59], where precursors (such as chlorides or nitrates) react with a
base like NaOH in a suitable solvent. This method can be combined with
hydrothermal treatment to enhance product homogeneity. These methods are used
to synthesize some high-entropy oxides, such as (Mg,Co,Ni,Cu,Zn)O [60]. These
approaches contribute to obtaining high-purity materials with advanced properties

in applications.
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I1.1. Introduction

Sample preparation represents an essential step in materials research. This chapter
details the experimental protocols employed for synthesizing the ceramic powders
and the characterization techniques utilized to investigate their properties. The
experimental methodology encompasses several key analytical methods:
o Structural Characterization: X-ray Diffraction (XRD) provided the
baseline for identifying crystalline phases and analyzing crystal structure.
« Thermal Property Analysis: Thermogravimetric Analysis
(TGA) monitored weight changes during heating, indicating processes like
decomposition or  oxidation. Differential Thermal Analysis
(DTA) complemented TGA by detecting enthalpic changes associated with
reactions or phase transitions (e.g., melting, crystallization).
« Dimensional Stability: Dilatometry (DIL) measured the critical parameter
of linear thermal expansion or contraction as a function of temperature.

I11.2. The Raw Materials

The chemical formula Re,(Zr, sTip5),0, represents a complex type of High-
Entropy Oxide (HEO), and it is classified among High-Entropy Ceramics (HECs)
The synthesis of Re,(Zry.5Tig.5)207 involves high-purity oxide precursors to
ensure stoichiometric accuracy and minimize impurities. The selection of raw
materials is based on their compatibility with the target composition and their role
in forming the pyrochlore lattice.
High-purity oxide powders (all with a purity of 99.9%) were used as starting
materials (Figure 11.1):
1.Rare-Earth Oxides (Re) :

e Nd,O; (neodymium oxide): Provides Nd3* ions (r = 1.109 A, 8-fold

coordination).

e Sm,0; (samarium oxide): Supplies Sm3* ions (r = 1.079 A)

e La,0; (lanthanum oxide): Supplies La3* ions (r = 1.16 A)

e YDb,0; (ytterbium oxide): Supplies Yb3* ions (r = 1.008 A)
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2. Transition Metal Oxides :
e ZrO, (zirconium dioxide): Provides Zr** ions (r = 0.72 A, 6-fold
coordination)
e TiO, (titanium dioxide): Supplies Ti** ions (r = 0.605 A)
The A-site incorporates four rare-earth cations with varying ionic radii (1.008—
1.16 A) to maximize configurational entropy while maintaining an average radius
compatible with pyrochlore stability (r(A) = 1.089 A). The B-site combines Zr**

and Ti** to fine-tune lattice strain and thermal expansion behavior.

Figure 11.1: the raw materials used.

11.3. Preparation of Powders and Samples

Synthesis methods are of great importance in the growing fields of high-entropy
ceramics, and selecting an appropriate synthesis route depends on various factors.
Re,(Zry5Tip5),0, was synthesized in this study by the solid-state reaction
method. The raw materials included neodymium(lll) oxide (Nd,O53),
samarium(l1l) oxide (Sm,03), lanthanum(lll) oxide (La,Os3), ytterbium(lll)
oxide (Yb,03), titanium(lV) dioxide and zirconium(lV) dioxide (also commonly
referred to as zirconia (ZrO,)) powders, all with a purity of 99.9% . The synthesis
reaction was proposed according to the following equation:

Nd.O; + SmO;3 + LaOs + Yb,O3 + ZrO, + TiO, + H,O =
(Ndg.255Mg.25L80.25YDg.25)2(Zr0.5Tlg.5)207 + H0O

The starting powders were accurately weighted based on the designed molar
ratios (15.17 wt.% of Nd,O3, 15.73 wt.% of Sm,03, 14.69wt.% of La,03,17.77
wt.% of YD,03, 22.22 wt.% of ZrO, and 14.41wt.% of TiO,). After completing
the precise weighing of the raw materials, a mechanical mixing process with

distilled water (2-3 ml) was carried out using a high-energy planetary ball mill
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(Fritsch P6), equipped with zirconia balls (diameter of 10 mm), as shown in
(Figure 11.2). The milling process was conducted at room temperature at a speed
of 300 r-min for 2 hours, while maintaining a milling ball-to-powder ratio of
10:1 to ensure the efficiency of the mixing process. After milling, the milled
mixture was dried in an oven at 120°C for 24 hours, to remove adsorbed moisture
and ensure obtaining a dry, fine, and homogeneous powder in preparation for the

thermal sintering stage

Figure 11.2: Planetary ball mill (Fritch P6) and zirconia balls

After preparing the homogeneous powders, cylindrical ceramic samples were
formed using a uniaxial hydrostatic press, as shown in Figure (11.3). We took
weighted amounts of these powders and placed them in a steel mold, then pressed
them under a pressure of 250 MPa for a sufficient time to allow pressure
distribution inside the mold, resulting in the production of cylindrical samples
with a diameter of 10 mm.

To improve the physical and mechanical properties of the ceramic and to obtain
ceramics with high density and good crystallization, the compacted samples
underwent heat treatment inside a Nabertherm electric furnace at temperatures
ranging between 1400-1500°C for 4-8 hours. A controlled heating and cooling
rate were maintained to avoid cracking of the samples during the expulsion of. 1.
Figure 11.4 shows the flowchart for (Ndg.25SMg.25L80.25YD0.25)2(Zrg.5Tip.5)207

preparation process.
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N ~ Placing the powder

in10 mm mold

Uniaxially press the powder
under a chosen pressure

Heat treating to
diffrent temperatures

Figure 11.4: the flowchart of preparation process.
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11.4. Characterization techniques and equipment
11.4.1. Thermal Analysis and Calorimetry (TGA/DSC/DTA)

Thermal analysis (TA) techniques such as thermogravimetry (TG), differential
thermogravimetry (DTG), differential scanning calorimetry (DSC), and
differential thermal analysis (DTA) are widely employed to characterize material
properties, including thermal capacity, mass changes, enthalpy, and thermal

expansion.

Among these, thermogravimetry (TG) measures the mass change of a sample
(e.g., ceramics, metals, polymers) as a function of temperature or time under
controlled conditions, including specific environments (using various gases like
nitrogen, helium, and air), with typical sample masses exceeding 25 mg and
heating rates ranging from 1-50 °C/min, providing valuable information on
evaporation rates and decomposition reactions. Complementary to TG,
differential thermogravimetry (DTG) represents the first derivative of the TG
curve (mass loss rate vs. temperature/time), highlighting subtle mass changes and
enabling precise identification of decomposition steps and reaction temperatures.
Differential Scanning Calorimetry (DSC) quantifies the heat flow required to
maintain the sample and reference at the same temperature during heating,
cooling, or isothermal conditions, with the term "differential” referring to the
measurement with respect to a standard reference, as illustrated in Figure I1.5,
primarily measuring heat flow as a function of temperature and time to identify
different phase transitions, where endothermic transitions (negative temperature
differential) appear as downward peaks while exothermic transitions point

upward.

Differential Thermal Analysis (DTA) works on a similar principle to DSC but
measures the temperature difference (AT) between the sample and an inert
reference as a function of time or temperature, with the signal typically expressed
in microvolts (LV), showing peaks that correspond to endothermic or exothermic

events.
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Figure 11.5: Diagram of a heat flux DSC system.
To identify and determine the phase transformation for the synthesized powders,
thermal analysis using LABSYS Evo DTA/DSC-TG SETARAM 1600 °C
equipment (TG/DTG and DSC) shown in Figure 11.6 was used.
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Figure 11.6: LABSYS Evo DTA/DSC-TG SETARAM 1600 °C equipment (univ of M’sila)

11.4.2. Dilatometry (DL)
Dilatometry is a technique used to measure the thermal expansion of materials by

observing the length change of a sample as it is subjected to controlled
temperature variations. The dilatometry equipment used is shown in Figure 11.7.
The method involves using a pushrod to transmit the displacement of the
expanding sample to a Linear Differential Variable Transformer (LVDT), which

converts the mechanical movement into a voltage signal that is recorded and
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processed by specialized software. This allows precise monitoring of the sample's
elongation as a function of temperature. The equipment used in dilatometry
includes a dilatometer apparatus equipped with an LVVDT, a sample holder, and a
furnace for heating the sample, as shown in Figure 11.8.

Netzsch DIL 402 ES dilatometer system also incorporates a Thermal Analysis
System Controller (TASC) to connect the dilatometer to the measurement
software, a coolant system to maintain the LVDT at a constant temperature
(25°C), and a vacuum pump for removing oxidizing gases.

The entire system is managed through a CPU that logs and processes the collected
data. The CTE OF prepared samples were analyzed using a Netzsch DIL 402 ES
dilatometer in the range of [100- 1200 °C].

Figure 11.7: Netzsch DIL 402 C dilatometry (DL) equipment and close-up view of the sample
holder (univ of M’sila).

Inductive
transducer

Furnace heating element A\

Figure 11.8: Schematic of dilatometer in horizontal configuration.
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11.4.3. X-ray Diffraction (XRD)

X-ray diffraction is a non-destructive means of determining crystalline structure,
studying phase equilibria, determining the orientation of crystals, and measuring
particle size. The technique of X ray diffractions at the beginning was linked to
the German physicist Von Laue’s (1879-1960) discovery in 1912, which stated
that x-rays diffract by means in crystals if the interatomic distance in crystals were
equal to the wavelength of x-rays electromagnetic waves, later on, an English
physicist W. L. Bragg expressed necessary conditions for diffraction to occur and

formulated what is known today as the Bragg’s law (EqQ. 1):

2.dsinf@ = ni (1)
Where:
0: is the angle between the incident ray and the scattering planes
d: the spacing between the planes in the atomic lattice
n: is an integer determined by the diffraction order
L. X-ray wavelength.
In this research, we utilized X-ray analysis equipment to perform qualitative
analysis of the samples before and after any treatment. The analysis was
conducted using the Xpert Pro Panalytical instrument available in laboratory at
M'sila University, as shown in Figure (11.9), which operates at room temperature.
It operates with a voltage of 40 kV and a current intensity of 30 mA. This
instrument emits a monochromatic X-ray beam with a wavelength of (A = 1.5418
A) from a Cu(Ka) source, which falls on the sample and then diffracts after

interacting with the crystalline phases according to Bragg's Law.
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Figure 11.9: X-ray diffractometer (X’Pert Pro, Analytical) (univ of M’sila).

11.4.4. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is a versatile technique used to obtain high-
resolution and detailed imagery for selected sample surfaces compared to optical
microscopy. Such type of analysis uses a focused accelerated electron (1 KeV- 30
KeV) beam (1- 20 nm diameter) to scan and then create an image of the specimen
surface, as shown in Figure 11.10. The produced signals collected using
specialized detectors (detectors such as backscattered electron detector (BSD) and
secondary electron detector (SED)) are used to provide high-resolution imagery.
The signals detected with the aid of an external computer help in forming images
and collecting various information like the surface’s elements composition and

topography.

This thesis used the SEM (QUANTA 250 FEG-FEI) shown in Figure 11.11 to

study the microstructure of samples.
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Figure 11.10: Scanning electron microscopy (SEM) schematic with other detectors.

11.4.5. Energy Dispersive Spectroscopy (EDS)

Understanding that the unique electrons transition between different energy levels
inside different element atoms can be used to characterize materials. EDS or EDX
can be coupled with scanning electron microscopy (SEM), EDS measures the
energy of the characteristic X-ray spectrum emitted by the material, these x-rays
are produced when primary focused electron beam (sufficient to knock electrons
off from inner layer in atoms) bombard the sample. To convert the x-ray energy
to voltage signals, a detector is used; by displaying selected x-ray line intensity,
the chemical composition and elements distribution of the sample can be

determined.

37



~ Chapter Two Materials & Methods

——

Figure 11.11: Scanning electron microscopy (SEM) combined with Energy Dispersive

Spectroscopy (EDS) (univ of Bejaia).
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I11.1. Crystal Structure Analysis of A;B,0; Oxides: Pyrochlore vs.

Defect Fluorite
The formation of a stable A,B,0O,-type pyrochlore structure is closely determined
by the ionic radius ratio between the A-site and B-site cations, as described by the
Shannon-Prewitt effective ionic radii [1]. For the pyrochlore structure to form,
the ratio r(A)/r(B) [where A is in eightfold coordination (VIl1-fold coordination)
and B is in sixfold (VI-fold coordination)] typically falls within the range of 1.46
to 1.78 [2]. This geometrical constraint ensures the formation of a long-range
ordered superstructure, distinct from the disordered defect fluorite phase.
In the case of the (Ndo.255Mg.25L80.25Ybg.25)2(Zro.5Tig.5)207 System:
a. A-site cations (VIl1-fold coordination):
« La**:1.16 A
« Nd®*:1.109 A
e Sm3:1.079 A
« Yb3*:1.008A
> Average r(A) = (1.16 + 1.109 + 1.079 + 1.008) / 4 = 1.089 A
b. B-site cations (VI-fold coordination):
Zr*: 0.72 A
. Ti*":0.605A
> Average r(B) = (0.72 + 0.605) / 2 = 0.6625 A

Thus, the ionic radius ratio is:

r(A)/r(B) = 1.089 / 0.6625 ~ 1.64

This value clearly falls within the stability range of the pyrochlore structure (1.46
<r(A)/r(B) < 1.78), indicating that the system has a strong tendency to crystallize
in an ordered pyrochlore phase.

Additionally, the compositional complexity due to multiple rare-earth and
transition-metal cations increases the configurational entropy, which enhances
structural stability and may influence functional properties such as oxygen
vacancy concentration, radiation tolerance, and thermal conductivity. Therefore,

(Ndg.255Mg.25L80.25YDg.25)2(Zr0.5Tlp.5)207 can be regarded as a promising
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high-entropy pyrochlore ceramic with potential for advanced energy and

environmental applications.

111.2. Thermogravimetry (TG/DTG), Differential thermal analysis
(DTA)

To investigate the thermal stability, mass loss behavior, and phase transformation
characteristics occurring in A,B,0, Oxides powder during heat treatment,
thermogravimetric analysis (TG) and its derivative were performed on
(Ndg.25Smg.25L80.25YDg.25)2(Zr.5Tlg.5)20, powder at a heating rate of 30
°C/min under an argon gas flow of 40 mL/min. Figure Il11.1 shows the TG and
dTG curves as a function of temperature from room temperature up to 1400 °C.
These curves reveal multi-step mass loss processes. In the low-temperature range
(ambient to ~300 °C), the first mass loss (approximately 0.2 wt%) corresponds to
an endothermic peak observed near 100-200 °C, which is attributed to the
removal of adsorbed water introduced during the mixing of oxides with distilled
water in the synthesis process. In the temperature range (200-700 °C), two
endothermic peaks are observed in the dTG curve, accompanied by an additional
mass loss of approximately 0.6 wt% in the TG curve. This behavior is attributed
to the thermal decomposition of residual precursor compounds, such as rare-earth
hydroxides or carbonates, which may have formed during the synthesis or
subsequent storage due to atmospheric moisture or CO, adsorption. Specifically,
hydroxides like RE(OH); decompose to RE,O3 with the release of water vapor,
while carbonates such as RE,(CO3); decompose to oxides with the liberation of
CO, gas [3]. When Sm,0; or La,O5 is used as a precursor, it may react with
atmospheric CO, , or it may partially hydrolyze during the mixing step with
distilled water (for example: during wet milling or mixing with distilled water, the
oxide undergoes partial hydrolysis to form Sm(OH)3, as described by the reaction:
Sm;0; + 3H,0 — 2Sm(OH)3), forming Sm,(CO3); or Sm(OH);. These
compounds thermally decompose in the 400-800°C range, explaining both the
two endothermic peaks and corresponding mass loss in this region. The
decomposition follows the reaction: Sm,(CO3); — Sm,0; + 3CO,%, or

2Sm(OH); — Sm,03; + 3H,07 consistent with the observed 0.6% mass loss .
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This phenomenon has been well-documented in rare-earth oxide systems,
particularly for Sm, La-containing compositions. A subsequent mass loss event
(<0.4 wt%), detected at higher temperatures (700—-850°C) is associated with final
decarbonation of stable oxycarbonates (RE,O0,CO; — RE,O; + CO,) and
Initiation of the solid-state reaction (RE,O3 + ZrO,+ TiO, — RE,(Zr,Ti),0-)
[3,4].

Beyond 850°C, the TG curve stabilizes, indicating the formation of a thermally
stable oxide phase. The stability of the structure at elevated temperatures, along

with the absence of further mass loss, suggests the formation of a single-phase

pyrochlore.
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Figure 111.1: TG and dTG curves for (Ndg.25SMg.25H0¢.25YDg.25)2Zr,0, powder heated at
30 °C/min up to 1400 °C.

The DTA curve (Figure 111.2) provides essential information about the thermal

events associated with physical and chemical transformations occurring in the

(Ndg.255Mg.25L80.25YDg.25)2(Zr0.5Tip.5)20, System during heating. Multiple

endothermic and exothermic peaks were observed, relating well with the mass

loss features identified in the TG and dTG curves.
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o The first endothermic peak, observed between 100°C and 200°C, is
attributed to the evaporation of adsorbed water introduced during the wet
synthesis involving distilled water.

« The second endothermic peak, occurring in the 200-400°C range,
corresponds to the decomposition of rare-earth hydroxides such as
Sm(OH); and La(OH)3, formed by partial hydrolysis of Sm,0O; or La,03
during mixing with water.

« A third endothermic peak, detected between 400°C and 700°C, is
associated with the thermal decomposition of rare-earth carbonates, e.g.,
Sm;(COs3)3, releasing CO,, gas.

« An additional endothermic event, observed between 700°C and 850°C, is
attributed to the decarbonation of stable oxycarbonates (RE,0,CO; —
RE,O3; + CO,), alongside the onset of solid-state reactions between RE, O3,
ZrO,, and TiO,, which lead to the formation of the final A,B,0O, oxide
phase.

« Notably, the DTA curve also exhibits two broad exothermic peaks centered
around 1100 °C and 1400 °C. The first transformation is recorded in the
thermal range of 1091°C to 1134°C, characterized by an endothermic
peak in the Differential Thermal Analysis (DTA) curve with no associated
mass change in the Thermogravimetry (TG) curve. The maximum
transformation rate occurs at 1115°C. This event is attributed to a solid-
solid phase transition in the zirconium oxide (ZrO,) structure—a material
known for its temperature-dependent polymorphic behavior. The transition
Is identified as the transformation from the monoclinic phase to the
tetragonal phase, a well-documented phenomenon in scientific literature
[5].

« The last exothermic peak at 1400°C likely reflect crystallization processes,
structural rearrangements, or grain growth associated with the formation or

stabilization of the pyrochlore phase at elevated temperatures.
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Figure 111.2: DTA curve for (Ndg.255Mg.25H0¢.25Ybg.25)2.Zr,0-, powder heated at 30 °C/min
up to 1400 °C.

111.3. X-ray diffraction analysis (XRD)

A series of thermal treatments were performed on the (Sm, Nd, La, Yb),(Tiq.s,
Zry.5)2,0, compound using Differential Thermal Analysis (DTA) at different
temperatures 1080 °C, 1200 °C, and 1450°C to investigate the effect of
temperature on phase formation and structural evolution. Following each thermal
treatment, the sample was subjected to X-ray diffraction (XRD) analysis (Figure
111.3) to identify the resulting crystalline phases. These patterns are compared with
the standard reference patterns of Sm,Zr,O; pyrochlore type (PDF#00-024-1012)
with space group Fd3m (No. 227).

At a temperature of 1080°C and according to phase identification using
HighScore Plus software, the elemental distribution indicates that the rare-earth
cations (Sm, Nd, La, Yb) remain segregated at the A-site, while Ti and Zr occupy
the B-site. This suggests that the complete formation of a homogeneous A,B,0.,
solid solution (pyrochlore) has not yet been achieved at this temperature. At
1200 °C, the disappearance of some precursor-related signals and the emergence

of sharper diffraction peaks indicate the onset of a more advanced crystallization
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stage. This temperature marks a significant step in the formation of a

thermodynamically stable phase. Specifically, the partial disappearance of distinct

signals corresponding to individual rare-earth or transition metal oxides suggests

that the constituent elements have begun to react more completely and integrate

into a single, ordered lattice structure. Further heating to 1400 °C intensified the

crystallization process, resulting in the elimination of most secondary phases and

the development of a well-defined and thermally stable structure (pyrochlore-type

configuration). These results emphasize the critical role of temperature in

governing the structural development of high-entropy oxides and demonstrate a

gradual evolution toward a thermodynamically stable phase.
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Figure 111.3: XRD patterns of (Ndg.255Mg.25H00.25Ybg.25)2Zr,0, ceramics sintered at
1080°C, 1200°C and 1450°C, compared with the standard reference patterns of Sm>Zr.07

(PDF#00-024-1012).
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I11.4. Crystal Structure Visualization Using VESTA
The crystal structure of the (Sm,Nd,La,Yb),(Tig.5,Zr¢.5)20, compound was

modeled using the VESTA software, based on structural parameters obtained
from crystallographic databases or previous XRD results. The model (as presented
in Figure 111.4) revealed that the compound crystallizes in the typical pyrochlore
structure, which belongs to the cubic crystal system (with space group Fd3m (No.
227). The visualization clearly showed the ordered arrangement of rare-earth
cations (RE3") at the A-sites and Ti**/Zr** cations at the B-sites, surrounded by
oxygen atoms forming a three-dimensional, stable network. VESTA allowed for
a detailed visualization of the atomic positions and coordination environments,
including the characteristic vacancies and distortions associated with the
pyrochlore structure. This structural representation enhances the understanding of
the material’s atomic-scale architecture and supports the interpretation of its
physical properties, such as thermal stability, thermal expansion, and potential

ionic conductivity.

Figure 111.4: Crystal structure of the (Sm,Nd,La,Yb),(Tig.s5,Zre.5)20, compound visualized
using VESTA software, showing the typical cubic pyrochlore structure (space group Fd-3m).
Rare-earth elements occupy the A-sites, while Ti and Zr occupy the B-sites in the BOg
octahedra. Oxygen atoms form a three-dimensional framework, with partial vacancies typical
of pyrochlore-type oxides. The visualization highlights the atomic ordering and coordination
environments within the unit cell.
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[11.5. Dilatometry (DL)

The  temperature  dependent  dilatometric  behavior  of  sintered
(Ndg.255Mg.25L80.25YDg.25)2(Zr0.5Tlo.5)207 ceramics is depicted in (Figure
[11.5). The linear dimensional change demonstrates a monotonic increase with
rising temperature, consistent with the thermal expansion behavior of pyrochlore-
structured materials (space group Fd3m) [6]. This phenomenon is primarily
attributed to the amplification of atomic vibrational amplitudes at elevated
temperatures, which induces a progressive expansion in the interatomic lattice
spacing. As thermal energy increases, the resultant augmentation of atomic
oscillation amplitudes drives volumetric expansion of the ordered pyrochlore
lattice, manifesting as quantifiable linear dimensional changes. Such thermally
induced dimensional variation aligns with the intrinsic thermomechanical
response of A,B,0,-type pyrochlores, where the rigid framework of corner-
sharing BO¢ octahedra and A site cation coordination governs thermal stability
[7,8]. These experimental observations corroborate the structural integrity and
thermal resilience of the (Ndg.25SMg.25L80.25Y00.25)2(Zr0.5Tlp.5)20; ceramic
system at elevated temperatures, further supporting its classification as a defect-
tolerant pyrochlore rather than a disordered fluorite structure [9].

The thermal expansion coefficient (CTE) of
(Ndg.25SMg.25L80.25YDg.25)2(Zrg.5Tlg.5),0- ceramics was determined to be 7.27
x 107® °C~* within the temperature range of 100-1200°C. This value is lower than
that of unsubstituted Ln,Zr,0O, pyrochlores (typically ~8—-10 x 10°¢ °C™1) [10],
likely due to the partial substitution of Zr** with Ti**, which introduces lattice
strain and reduces atomic vibrational amplitudes [11]. Compared to conventional
zirconia-based ceramics (~10 x 107° °C™?) [12], the studied system demonstrates
enhanced thermal stability, making it suitable for high-temperature structural
applications where dimensional mismatch is critical. The observed CTE aligns
with the defect-tolerant pyrochlore framework of the material, where the rigid
corner-sharing BO¢ octahedra (B = Zr/Ti) and mixed A-site occupancy
(Nd/Sm/La/Yb) synergistically moderate thermal expansion [11]. This balance
positions the ceramic as a promising candidate for thermal barrier coatings or
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refractory components in oxidizing environments up to 1200°C, outperforming

silicon-based ceramics (~1600°C limit) in specific high-stress scenarios [13].
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Figure 111.5: The temperature dependence of linear shrinkage (AL/L,%) and the linear
thermal expansion coefficient (o)) for the (Ndg.25SMg.25L80.25YDg.25)2(Zr0.5Tig.5)20, sample
sintered at 1500 °C for 4 hours.

[11.6. Microstructural and EDX Analysis
The morphologies of
(Ndg.255Mg.25L80.25YDg.25)2(Zr0.5Tlo.5)20- ceramic sintered at 1500 °C for 4

hours were analyzed using a Scanning Electron Microscopy (SEM) equipped with

microstructure, and elemental distribution

an Energy-dispersive X-ray spectroscopy (EDX) analysis.
The
(Ndg.255Mg.25L80.25YDg.25)2(Zr0.5Tlg.5)20-
understanding its thermal and mechanical behavior. Here, we analyze the surface

microstructure and elemental distribution of the sintered

ceramic are critical to
(Figure 111.6a) and fractured interior microstructures (Figure 111.6b) and energy-
dispersive X-ray spectroscopy (EDX) (Figure 111.7) results, contextualized with

prior studies on pyrochlore ceramics.
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a. Microstructural Characterization

a.l. Surface Morphology (Figure 111.6a)

The surface SEM image (Figure I1ll1.6a) reveals a dense, polycrystalline
microstructure typical of sintered pyrochlore ceramics. Key features include:

- Grain Size and Shape: Equiaxed grains with an average size of ~1-5 um,
consistent with solid-state sintering at high temperatures (likely >1400°C). The
uniformity in grain size suggests controlled grain growth, minimizing abnormal
grain coarsening that can degrade mechanical properties [14].

- Porosity: Minimal visible porosity (<5% area fraction), indicating near-
theoretical density. This aligns with the material’s high thermal stability, as
porosity acts as a site for crack initiation under thermal stress.

a.2. Fractured Interior Morphology (Figure 111.6b)

The fractured surface (Figure 111.6b) provides insight into grain boundary strength
and fracture mechanisms:

- Fracture Mode: Predominantly transgranular fracture (cracks propagate
through grains), indicating strong grain boundaries. This is characteristic of
pyrochlores with high bond strength between A-site cations (Nd/Sm/La/YDb) and
the BOg octahedral framework (Zr/Ti) .

- Grain Boundary Structure: Smooth, well-defined grain boundaries without
visible secondary phases or voids, supporting the high sinterability inferred from
the surface image.

b. EDX Analysis

Energy-dispersive X-ray spectroscopy (EDX) analysis (Figure I111.7) was
performed on several regions of the sample surface to determine the elemental
distribution. The results confirmed the presence of Sm, Nd, La, Yb, Ti, and Zr in
approximately consistent proportions, indicating a relatively homogeneous
distribution of these elements on the microscale. No significant elemental
segregation or structural discontinuities were observed, supporting the formation
of a compositionally uniform phase. This elemental homogeneity reflects the
successful incorporation of multiple cations into a single matrix, a key feature of
high-entropy oxides.
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Figure 111.6: SEM images of (Ndg.25SMg.25L80.25YD0.25)2(Zr0.5Tip.5).07 sample sintered
at 1500°C for 4h, where (a) the surface and fractured interior (b).
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Figure 111.7: EDX analysis of (Ndg.25SMg.25La0.25Ybg.25)2(Zr0.5Tig.5)207 sample sintered
at 1500°C for 4h.
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General Conclusion

This study presents a comprehensive analysis of the composition and
properties of high-entropy pyrochlore ceramics
(Ndg.25SMg.25L80.25YDg.25)2(Zrg.5Tlg.5)20~, With a focus on its relationship to
high-temperature applications. Through the combination of various analytical
techniques (TG/DTG, DTA, XRD, SEM/EDX), it was confirmed that the system
exhibits an ordered pyrochlore structure under appropriate sintering conditions,
where the ionic radius ratio (r(A)/r(B) = 1.64) confirmed phase stability within
the theoretical range (1.46-1.78).

The results of thermal analysis (TG/DTA) showed that mass loss occurs in
multiple stages associated with the decomposition of precursors (hydroxides and
carbonates of rare earth elements) up to 850°C, followed by stabilization of the
sample mass at higher temperatures, indicating the formation of a single
crystalline pyrochlore phase. XRD results also confirmed that sintering at 1400°C
leads to the formation of an ideal pyrochlore structure (matching the PDF#00-

024-1012 reference), with the absence of secondary phases.

In terms of thermal properties, the coefficient of thermal expansion (CTE)
recorded a relatively low value (7.27 x 107® °C™) compared to unsubstituted
pyrochlore ceramics, which enhances its suitability for applications requiring
dimensional stability under thermal stress, such as Thermal Barrier Coatings
(TBCs). SEM images also showed a dense microstructure with homogeneous
element distribution, supporting the material's durability and suitability for use in

oxidizing environments up to 1200°C.

This study provides a qualitative addition to the field of energy and
environmental materials, showing the potential of using high-entropy pyrochlores
as alternative materials to traditional ceramics (such as zirconia or silicon-based)
in high-temperature requirement applications. It also opens the door for further
research into the effect of ion substitution on radiation tolerance and ionic
conductivity properties, which may expand their application range in the field of

nuclear energy or catalysis.
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General Conclusion

On the recommendations side, future studies are advised on:

1. The effect of different substitution ratios of rare earth elements on phase
stability.

2. Evaluation of mechanical properties (toughness, hardness) under cyclic stress
conditions.

3. Study the Optical and Electrical properties.

In summary, the results of this study show that
(Ndg.255Mg.25L80.25YDg.25)2(Zr0.5Tlo.5)20- represents a promising candidate
for the development of advanced ceramic materials that meet the requirements of

modern engineering applications in the field of energy and space.
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ABSTRACT

The pyrochlore structure has the general formula A,B,0O-, where the A-site is typically occupied by trivalent
rare-earth elements, and the B-site contains tetravalent transition metal elements. Owing to the wide range of
both elements A and B sites, a larger number of pyrochlore ceramics have been developed through introducing
partial substitutes or doping into A and B sites. In this study, the A.B,O7 (A = La, Sm, Nd, Yb; B= Zr, Ti)
ceramics with a pyrochlore phase structure were sucessfully synthesized using a high temperature solid-state
reaction method and its characterization, morphology, structural and thermal properties were summarized. The
A;B,0O7 samples calcinated at various temperatures were investigated by using a series of technique, such as
Thermogravimetry (TG), Differential Thermal Analysis (DTA), X-ray diffraction (XRD), Dilatometry (DIL),
Scanning Electron Microscopy (SEM), and Energy-dispersive X-ray spectroscopy (EDS) , in order to follow
and characterize the crystalline phases and their transformation as a function of temperature. The results show
that the prepared samples have a single-phase of pyrochlore structure, and all presented elements are
distributed homogeneously at A and B sites, respectively. The material exhibits a thermal expansion coefficient
(CTE) of 7.27 x 107® °C™* over the temperature range of 100 to 1200 °C. The results conclude by discussing
how high-entropy oxide ceramics will be used in various future applications.

Key Words: Pyrochlore, rare-earth elements, solid-state reaction, high-entropy oxide ceramics
RESUME

La structure pyrochlore a la formule générale A,B,0-, ou le site A est typiquement occupé
par des eéléments de terres rares trivalents, et le site B contient des éléments métalliques de transition
tétravalents. En raison de la large gamme des éléments sur les sites A et B, un plus grand nombre de
céramiques pyrochlores ont été développées en introduisant des substituts partiels ou un dopage dans
les sites A et B. Dans cette étude, les céramiques A,B,0, (A = La, Sm, Nd, Yb ; B = Zr, Ti) avec
une structure de phase pyrochlore ont été synthétisées avec succes en utilisant une méthode de
réaction a l'état solide a haute température, et leur caractérisation, morphologie, propriétés
structurales et thermiques ont été résumées. Les échantillons A,B,0, calcinés a différentes
températures ont été étudiés en utilisant une série de techniques, telles que la thermogravimétrie (TG),
I'analyse thermique différentielle (ATD), la diffraction des rayons X (DRX), la dilatométrie (DIL), la
microscopie €électronique a balayage (MEB) et la spectroscopie a dispersion d'énergie (EDS), afin de
suivre et de caractériser les phases cristallines et leur transformation en fonction de la température.
Les résultats montrent que les échantillons préparés possedent une phase unique de structure
pyrochlore, et tous les éléments présentés sont respectivement distribués de maniere homogene sur
les sites A et B. Le matériau présente un coefficient de dilation thermique (CDT) de 7,27 x 107¢ °C™?
sur la plage de températures de 100 a 1200 °C. Les résultats concluent en discutant de la maniére dont
les céramiques d'oxyde a haute entropie seront utilisées dans diverses applications futures.

Mots clés : Pyrochlore, éléments de terres rares, réaction a I'état solide, céramiques d'oxyde a haute
entropie
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